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INTRODUCTION 

This report covers the work accomplished under AFOSR 

grant number AFOSR 414-67 which has not yet been covered in 

our existing reports or publications,  in particular, we have 

attempted to present the theory and empirical results which 

we believe represent the state-of-the-art in travel-time 

estimation and the determination of epicenters.  Many of the 

findings follow from results previously reported.  These 

results are not discussed in detail in this report; thus, the 

reader may need to refer to some of the references in order to 

follow the discussion.  Many of the pertinent reference papers 

are in the "Special Number-1968 Eeismological Tables for P Phases" 

Bulletin of the Seismological Society of America. Vol. 58, No. 4. 

In the report we first develop a useful, mathematical 

model for the teleseismic travel-times and then discuss the sta- 

tistical techniques involved in the estimation of    model 

parameters.  The problems which limit the accuracy of epicenter 

determinations are discussed in detail, we believe that the 

theory and numerical results presented in this report provide 

a good appraisal of current capabilities for epicenter determin- 

ation and a satisfactory base for further studio designed to 

improve the accuracy of estimated location parameters. 
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SEISMIC TRAVEL-TIME MODELS FOR TELESEISMIC P-WAVES 

Basic to any statistical technique is the model used 

to represent the travel times.  This model must adequately 

explain differences between observed and predicted arrival 

times,  m order to be useful the model must (1) have a 

reasonable physical basis and (2) be estimable in the sta- 

tistical sense.  The first requirement enables the model to 

be related to underlying theory and the second enables per- 

tinent parameters to be estimated from observed data.  We 

begin with a complete definition of such a model and then 

consider approximations needed to make the location prob- 

lem and the estimation of travel times tractable. 

Our general model is: 

where i refers to the station, 

j refers to the source, 

k refers to the observation, 

tijk is the  observed arrival time, 

Oj is the origin time of the source, 

T(^ij' V is the Predicted travel time from the 

jth source to the 1th station (from double-entry 

(1) 

-1- 
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tables), 

H is the distance fr™, ^ 13 rjce from  source to station 

(in great circle degrees), 

hj iSthes— depth (inküometers), 

J^) ij is - interaction ti^e tern, and 

ijk ls the error term. 

In this model 6.   i*  ^ 
1Jk   the error of observation and can be 

-™one(varyingk).  ___ 

—tee that thiä error tela  oan ^ ^^^^ 

■»"ture of normal c^trlbutione  Ths  . nS- The Prrnclpa! error com- 
ponents are- IT,™  J •>re.  (Preedman, 1968) 

(1) Miscounts - These „~ 
These occur ln multiples of seconds, 

minutes, quarter hours or «, 
' 0r eVen hour^ independent 

or the errors listed below. 

(2) Misidentifications _ 
ese arise ^ a result of 

Poor signal-to-noise ratios  O-M 
anos.  This error and the 

reading error are dependent variables. 

(3)  instrumental errors - These arise fro.   • 
arise from variations 

ln Paper SPeed' olock errors, variation, i  • ' variations m instru- 
ment response, etc. 
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(4)  Reading errors - This is the residual error which 

would remain even though the above were eliminated, 

By employing only the better stations and larger events 

it is possible to virtually eliminate types (2) and (3).  m 

practice, it can then be assumed that any G^  consists of 

components (1) and (4).  This implies, unfortunately, that 

the eijk are contaminated (Tukey, I960, 1962).  since contam- 

ination, even a very small proportion, may vitiate the usual 

estimators, data sets must routinely be truncated, with the 

data truncated for outliers, then the usual least squares 

techniques are applicable (Tukey, I960; Dixon, 1953).  We 

will return to this point later.  However, with truncation 

it is possible to assume that: 

eijj~(Truncated)NID (0,6
2) over all i, j, k.     (2) 

Studies employing the above considerations and using repeat- 

ed explosions at the Nevada test site, indicate that G*  is 

of the order of 0.01 to 0.04 sec2. 

Furthermore, we shall place restrictions on the travel 

time model based on geophysical considerations,  we require, 

from the concept of reciprocity, that all travel time terms 

be symmetrical; that is, 

/Oj = Xf (3) 
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The travel time remains the same if we interchange source 

and station.  In addition, we restrict the value of A .. 
ID 

such that, 

The model given by equation (1) (Model 1) meets the 

two criteria.  Consider a fixed source, j, and station, i. 

The observed arrival time with repeated events at j consists 

of an origin time plus a calculated travel time (from double 

entry tables) plus a correction term for the difference in 

the true travel time from j to i and the tabled value and 

finally, plus measurement error. Also with explosion data 

it is possible to estimate the only important unknown, 

(0 0)^..  With the assumption of normality the unique mini- 

mum variance unbiased estimator of {faff).     is 

where i, j are fixed, 

n = the number of events at source j, and 

0jk is the origin time for the kth event at j. 

Since in practice it is difficult to repeat explosions at 

exactly the same site another way to accomplish the estima- 

tion is to have one event and a number of recorders at each 

station.  The minimum variance unbiased estimator is again 
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given by equation (4) with 0jk replaced by oj.  The explo- 

sion data from the Nevada test site could reasonably fit 

either of these situations,  m fact the procedure amounts 

to a calibration of the source-station pair. 

in practice, the procedure cannot be carried out since 

the layout in i and j is very incomplete.  Suitable explo- 

sions have taken place at only a few locations.  Asymmetries 

in the networks and the scarcity of sources means that (^Jij, 

can be  estimated for only a few paths.  That is, complete 

travel time calibration can be obtained for a very restrict- 

ed set of source-station pairs. 

However, Model 1 has a more serious drawback.  The tra- 

vel-time term T (Ä^hj) can come from any travel-time 

tables,  m fact one could use 

for every distance and depth and Model 1 would still apply. 

Thus, in this respect Model 1 is trivial.  The usefulness of 

the T( A.-^hj) term is that, hopefully, it will be a func- 

tion of only the distance from the source to the station 

and (0 0).. win be on the order of a few seconds>  Let us 

now consider only surface events and set 
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T^oj.-rr^jj. 

We wish to define a "world wide average travel-time curve" 

and consider to what extent this travel time is a function 

of distance only. Computational techniques exist, Engdahl 

et al., (1968), by which the surface focus case can be ex- 

tended to cover nonzero depths. 

Suppose that events and stations can be placed at will 

throughout the world.  We restrict stations to be on surface 

land masses and make the spatial layout in i and j complete 

with the requirement that all distance ranges appear,  sup- 

pose, further, that the measurement error is zero,  m this 

case the model for an observed arrival time becomes: 

t^Oi+rCA^ + tfe).^ (5) 

where i refers to the station, 

j refers to the source, 

(1) is a dummy subscript and refers to the {i)th 

distance range, 

tij(l); is the observed arrival time, 

Oj is the origin time of the source/ 
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num- 

T(^(Jl)) is the Predicted travel time from fixed 

tables, 

(i)   is the (Ä-)th distance from source j to station 

i, and 

^^iJU) iS an interaction time term. 

The interaction term accounts for the failure of the pre- 

dicted travel time to agree with the observed travel time. 

The model (Model 2) given br equation (5) describes our 

population of travel times.  That is, Model 2 gives a de- 

scription of any specific one of the total travel times 

that we will consider.  By indefinitely increasing the 

ber of sources and stations the population approaches the 

population of all possible travel times from any source to 

any station, with the restriction that stations are on 

surface land masses. 

Known geological and geophysical properties of the 

Earth indicate that different regions,will have different 

seismic properties.  To the extent possible we, further, 

assume that the Earth has been stratified according to 

differing seismic path properties and that an equal number 

of events occur in each stratum,  we stratify primarily to 

insure that the population gives a truly "world wide" 
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description and to reduce the sampling variance of any 

estimators.  That stratification can si,nificantly reduce 

the variance in sampling is well known (Cochran, 1963).  We 

consider only source-station pairs that meet the distance 

requirement, 

Z50*A zioo 
o o 

and suppose that each event is seen by a number of stations, 

N..  We do not require that the N. are all equal.  We will 

consider this further when we discuss randomization,  we will 

assume that all events are in the magnitude range 5h  to 7, 

We make this assumption in order to keep the observational 

error of any real data set independent of the randomization 

errors due to averaging over model effects. 

With these restrictions we suppose that a population 

of source-station pairs and their corresponding travel times 

is selected and fixed.  This p0pUiation of seimic  events 

then consitutes the population of events for which we will 

define a world wide average travel time function. 

Further, any estimators ultimately considered will be 
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unbiased for this population and, in general, will be 

biased for any other population. This emphasizes the care 

that is necessary in actually selecting the population or 

in its hypothetical selection. For example, in estimating 

travel time corrections (Tucker, et al., 1968) a world wide 

population of events was envisioned. This population was 

suitably stratified and events selected at random from each 

stratum.  We thus believe that the 1968 Herrin travel times 

(Herrin, et al., 1968) are unbiased tor this world wide 

population. The actual problem is more complex than we 

here state and we will amplify later.  However, our present 

point is that the sample produces unbiased estimators for 

the population sampled. 

Recalling equation (5), we see that each travel time 

in the population can be expressed as 

tjjuf0]*1'^*^)^®. (5) 
Define 

W'jlß-Cfahp-Cfcl^ 
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where 

A/Uj*t      J 'N..W) 
and distance. / 

N..(Ä)   * t:he number of travel paths at distance Jt. 

Also set 

T (Aft)'z ?(&(!)) +(pa)tt(JI), (7) 
With these definitions equation (5) can be rewritten as 

txj«) = Oj + T*r Aö)+m*jie). (8, 
For future reference observe that 

dtstones I 
and that T* ( A (|)) is a function of only the distance 

from the source to the event.  In general, (00)* ..^x v^w» /  X3(JI) 

varies not only with j and i but with i as well. However, 

in view of ^9) this is a local change with ft for each j-i 

pair.  The term T* (^ ,^.) is the world wide average travel 

time function and varies only with t (that is with ^ ). 

It is possible to give a physical interpretation to 

the terms in equation (8).  suppose that the Earth is a 

sphere with radius r (r is the radius of a sphere with 

volume equal to the volume of the Earth).  In any actual 
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computations ellinfiV-:*. 

-umption is valid  ^    ""^ "^ ^  - -t this 

-ocity distributlon lt i •— given 

differpnf,- , aPPropriate 
t  •»............ ........ „. na M _ th> 

egions  of the Earth differs       MrM 

foll     . However,  we make the ;7 ass~ns ~- - velocity structure. 
1  ^ ""^ ™— -y anomalous velocity 

fracture is confined to the crust and 
T,  . ^ CrUSt and Wer mantle, 

lateral inhere it ies which produce these 

the Earth and below that depth the  ,     • yepen the velocity dis- 
tribution is spherirvm, öpnerically symmetric. 

(2)  The velocity distribution of * 
10n of any region of the 

Earth is such that for distances in nces xn  excess of 25" 
the deepest point of the ray path i. ^ , y Pat« is below 500- 

symmetrical region of ^ y-Lon of the mantle. 
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We associate T* ( A) with the spherically symmetrical 

portion of the path.  Here T* (A) represents a virtual 

travel time dependent on distance in that the symmetrical 

portion of the velocity distribution may not extend to the 

surface.  The average over many paths represents an appar- 

ent symmetrical distribution that extends to the surface 

and which would produce T*( A ).  Then {0(5 )|j(ft) represents 

deviations from a complete spherically symmetrical distri- 

bution.  Qualitatively, we see that (0Ö)*i-f«) tends to 

decrease with increasing ^ since the inhomogenous part 

makes up proportionally less of the total path. 

Even if the inhomogeneous layer extended below 700 km, 

say, included the entire path, the interpretation of T*(A ) 

as a virtual travel time would still be valid.  However, in 

this case there would be no general similarity in any path 

in the Earth and the usefulness of T*(A) would be dimin- 

ished,  m this case the variation in iPG)*.,*.  would be 

large and the characterization of a P ray path in terms of 

epicentral distance would have little meaning. 

We will henceforth suppose that the assumptions (1) 

and (2) are in effect and that T* (A),   for the range of 

A of interest, is of the order of hundreds of seconds and 



-13- 

due primarily to a spherically symmetrical velocity distri- 

bution,  we assume that a further consequence is that 

i06)*ij{l)   iS at m0st  an order of magnitude smaller than 

T* (A),     in any event, T* (A) is unique once the population 

under investigation is fixed.  Further, for an increasing 

coverage of event-station pairs and assumptions (1) and (2) 

holding the dependancy of T*(A) on the parent population 

will decrease. 

Equation (8) „in be termed Model 3 a„d represents the 

population under study, „ode! 3 with the addition of obser- 

vation error will be called model 4.  „ode! 4 is not trivial 

in that TMA) is well defined and essentially unique. Thus, 

Model 4 does not have the serious defect of Model 1 but again, 

in practice, neither T*,*) ana W«)*^ can be estimated, 

suitable explosions have taken place at only a few locations 

and. therefore, the layout in i and j is very incomplete. 

We also define Model 5 as Model 4 without the depth restric- 

tion. Employinq the computational techniques developed by 

Engdahl, et al., (1968) it is possible to determine a velo- 

city distribution from T*(Ä).  Once a velocity distribution 

is established it is possible to obtain TMA.h) where T*(4,h) 

represents a world wide average travel time for a distance A 
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and with an event at depth h.  It is important to note that 

TM^h) was not developed by "averaging" as was T* (A ) • 

Thus, T*(Alh) can only be interpreted as a world wide aver- 

age of a suitable population to the extent that a spheri- 

cally symmetrical velocity distribution exists.  This is so 

since the computational methods of Engdahl, et al., (1968) 

employ T*(A) and its derivative to "strip'' the crustal 

layers from the surface-focus curve and then by inversion to 

obtain a velocity distribution which is employed in obtain- 

ing T*(A/h) for h nonzero. 

In order to go further in the practical analysis of 

travel times, we must make further simplifying assumptions. 

Since assumption (1) seems to hold in practice and assump- 

tion (2) is not unreasonable, if we consider principally 

lower order effects, we shall partition the interaction term 

as folloAS: 

where 0.  «. is primarily associated with the station and 

6 .  .  is primarily associated with the source.  It follows 
ij(i) 

that 

^«J..«j s fS-S + S..(D (in 
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where 

ditUnit I 

and N>#(Ä)   is as before.     Then 

= **m+ %) 
where 

and 
^jV)~ ^jlLf^-m 

^ßr^M-äM. 
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Again note that 

^J  '       for every t (13) 
All i, j al distance )l 

and      —   *     _ 0  for every Ä. (u, 

All i, j at distance Jl 

Our models now become Model 3a, Model 4a and 5a, 

respectively, and are given by 

V^9+T^^^«J + ^öO+e^. . ,X7, 

We note that if k is one, that is, only one event is con- 

sidered, then it is impossible to separate 0*    fi* 

^ ij(jl)k-  Thus ^e mu.b know ^ija) and Ö ^ j a) f havö 

suitable estimates of these terms or have a simpler model 

hold if we are to observe variances of the order of 0.01 to 

0.04 sec2. 

One possible simplification was made by cleary and Hales 

{19 66a),  who assumed that the partitioned interaction terms, 



-17- 

0*ij(i) and ff*ij(jl) are ^dependent of distance and azimuth. 

The resulting "zero th order" model is, 

ttj^i + T^h-Ufr + Q.+ e;. 
(18) 

where 

^ is the "station time term", and 

Oj is the "source time term". 

If the origin time is unknown then Oj and <5 , are statistically 

confounded so that we may write 

t^o^T'fA^h&t^ (i9, 
where 0* is the "biased" origin time. 

It is possible to express the zero th order model terms 

0i  and ff. as suitable means of ^ij(1) and (5*..^ and the 

error term 6 ij as a sum of €ij(1)k and mean deviations in 

the ^ij^) andO*ij(|) terms of Model 5a.  However, it is 

impossible to give a randomization interpretation if k is 

one so that we will not pursue this further. We, thus, inter- 

pret % and Oj as true model terms that are not functions of 

distance.  Furthermore, the error term 6^ is also assumed 

to be independent of distance,  m fact C ^ is just measure- 

ment error under the models given by equations (18) and (19). 
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If the zero th order model is adequate, the sum-square 

of residuals (suitably normed) resulting from locations of 

earthquakes used to estimate 0-*,   T*( A,h) and 0,  should be 

comparable to the variance of € . .   m i-h* m 
^ij.  in the Cleary-Hales (1966) 

studies this sum was of the order of 1 sec2 (Hales, personal 

communication, 1969) , much larger than expected from the 

simplified travel time model (less than 0.1 sec2).  clearly 

:..ie error term, €.., in equation (19) was absorbing more 

"error" than would be expected due to uncertainties in measure- 

ment and timing alone.  The Cleary-Hales studies indicate that 

the simplified model is inadequate in explaining the interaction 

terms of Models 3a, 4a and 5a. 

Later Douglas and Lilwall (1968) made a further model 

simplification in studying essentially four events in the Pacific 

whose locations were known from independent studies.  Douglas 

and Lilwall in effect assume that G.   is constant for the four 

event areas. The data are from the Eniwetok series, Bikini series, 

a large Hawaiian earthquake and Longshot.  The standard errors 

of observation as quoted by Douglas and Lilwall are Longshot: 

0.8 sec, Hawaii: 1.2 sec, Eniwetok:  0. 5. sec (average) and 

Bikini:  0.5 sec (average).  The range on Eniwetok is 0.3-0.7 sec 
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and on Bikini 0.4-0.6 sec.  Thus it again appears that the 

error term in a simplified model is absorbing more "error" 

than would be expected.  In this model the station time terms, 

0^, are independent of source location and could thus be 

equally well determined (i.e. unbiased estimates obtained) 

from any given explosion.  Joint estimation using four events 

serves only to reduce the variance of the estimates under the 

assumed model. 

It follows as an implication of this model that estimates 

of station time terms obtained in the manner just described 

should be equally applicable to sources anywhere.  Ignoring a 

base line shift (which could be due to not estimating the con- 

stant source terra) the 1968 Douglas-LiIwa11 estimates differ 

from those given by Lilwall and Douglas (1970).  A further 

consequence of this model is that the estimated time terms 

should never appear to be a function of source location.  That 

is, time terms must not appear to vary with distance or azimuth 

from station to epicenter,  Cleary and Hales (1966b) later re- 

ported that in fact "the remaining residuals were ai^imuthally 

dependent for some stations". Also Lilwall and Douglas (1970) 

obtained azimuthally dependent estimates which for many stations 

are statistically significant.  Thus, the simplified model 
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and on Bikini 0.4-0.6 sec.  Thus it again appears that the 

error term in a simplified model is abr orbing more "error" 

than would be expected,  m this model the station time terms. 
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is, time terms must not appear to vary with distance or azimuth 

from station to epicenter.  Cleary and Hales (1966b) later re- 

ported that in fact "the remaining residuals were azimuthally 

dependent for some stations".  Also Lilwall and Douglas (1970) 

obtained azimuthally dependent estimates which for many stations 

are statistically significant.  Thus, the simplified model 
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appears to be inadequate in that the interaction terms, 

^ij(l) and ö*ij(l)' can not adequately be represented by 

two simple time terms. 

Cleary and Hales (1966b) and Herrin and Taggart (1968a) 

have, using statistical analyses of earthquake data, shown 

that the station time terms for a number of stations are 

dependent upon azimuth from station to source.  These find- 

ings, however, may not be, strictly speaking, pertinent to 

this discussion in that they are based on a simplified travel 

time model.  To use these results as evidence for keeping the 

interaction term in the travel time model is, in a sense, 

begging the question.  However, there are other studies of 

azimuthal effects which do not suffer from this drawback. 

Ritsema (1959) showed that normalized amplitudes of P-waves 

recorded at Djakarta varied sinusoidally with azimuth, using 

P and p? phases recorded by the Berkely network, Otsuka (1966) 

found the time terms to be sinusoidal functions of azimuth to 

the event.  Nizai (1966) reported the same effect at the 

Tonto Forest Array.  Bolt and Nuttli (1966) studying data 

from the Berkely network showed conclusively that the time 

terms for Shasta and Marysville varied sinusoidally with 
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sec Errors in epicentral determinations and ^ the ^^^ 

studies. 

Heciprocity requires that ^^ ^ weii ^ ^^^ ^^ 

S mUSt " —^   ^ —Pl, t0 vary with azimuth 

If an axpiosion were fired bene 
n cne Shasta station we would 

-pact to see a vacation of trave! time with a2i«th of at 

ieast ± i See at teieseis.ie aistanees,  ThUs „e a« forced 

to return to the .ore oon.plicatea tr.vei time .oaei, 

With .iXa re^iarit, assumptions we oan eXpand the two 

coe«ioients being .unctions of epicentrai aistance. Thus 

^y//f ^/ +1 fye ^ Zxy +, B^OJ 2^.' 

and J 

(17) 

^^V'^M*^ 
t,^ 2 ^ S'" 2^x <• £ By/ ^^ + • • • 
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where »».. indicatee the dependence of a parameter on opicentral 

distance,  A/*.  . 

We now „rite a first order „odel, neglecting second and 

higher order terms in the Fourier expansion, as follows: 

where Zij  is the azimuth angle from station to source, z-, 

is the angle from source to station and 6*. .,., is <= • - . 

plus the remaining Fourier tprmQ r,f 4-T,„ J J.VJUJ. ..Kir terms ot the expansion of 0* 

and 6 ij(i).  Note that the symmetry of doubly indexed 

variables has been lost in this expression, not because of 

a failure of reciprocity, but because the two azimuth angles 

associated with the ends of a great circle arc are not simply 

related.  This travel time model is an expansion to the first 

order in azimuth angle, of the complete interaction model 

(Model 5) under the assumption that the interaction term can 

be separated into a source effect and a station effect. 

Using the explosion data where Q.;   A {i)   and hj are 

known, we can attempt to estimate the parameters in the first 
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order model, provided sources and receivers are well distri- 

buted geographically and in distance ard azimuth relative to 

one another. Attempts to make such estimates have generally 

failed because known sites of large explosions are rare. 

A further simplification can be obtained if the dis- 

tance dependence of the Fourier coefficients is neglected. 

As final model forms we consider, Model 6, 

Up = Oj + T V%) + & + ^; sin Z,,■ 

^j^Zji+etJiv (2i) 

and,  Model  7, 

Up* 0j + T*^>J)4 ^ + ft- si» Z/j 

f Bi cos ?xj + <5'+aj sin iji 

where £* + j(ft) is G^y^   plus the difference between ^*j{Ä) 

and 0i+ AisinZij + B^osZ^ and the difference between 

<S*iJ(l) ^ ^j + aj ^»Zji ^jcos z.. . 

Models 6 and 7 represent expansions to the first order in 

azimuth angle with constant coefficients under the assumption 

that the interaction term can be separated into a source effect 

and a station effect. 



STATISTICAL PROBLEMS IN THE ESTIMATION 

OF MODEL PARAMETERS 

With the exception of measurement errors, the popula- 

tion described by Model 5a is deterministic; that is, repeated 

observations on a fixed travel-time path will result in 

essentially the same travel time.  Any simplified model, for 

example, Model 7, will thus hüve a fixed error term that 

represents the difference in the true travel time and that 

predicted from the simplified model.  In an attempt to treat 

this fixed error term we assume that any seismic event can be 

considered to have been selected at random from the population 

of possible events.  Observe that if we do not employ random- 

ization that this model difference remains a fixed and unknown 

time error.  Hence any estimation techniques must be arbitrary. 

To avoid this dilemma we chose to employ randomization. 

Consistent with our model studies we suppose that a fixed 

set of events and stations has been determined.  How repre- 

sentative of the whole Earth our final results are depends on 

the population of source-station pairs.  Thus the 1968 P 

travel times may be biased toward the seismically active 

i 
regions of the Earth since approximately 98% of the data 

-24- 
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employed came from these regions.  Also the results may be 

biased toward earthquakes since only 13 of the total of 292 

events employed were shots.  That is, we cannot reasonably 

assert that the sample employed in the 1968 P travel time 

study (Special Number - 1968 Seismological Tables for P 

Phases, Bull. Seism, soc. Am. 58 No. 4) was a random sample 

from a world wide population or a population with extensive 

shot data.  However, if we restrict the scope of the popula- 

tion then we can claim that we obtained a random sample,  it 

is to this restricted population that we make inferences. 

Until data are obtained in the less active regions of the 

Earth there is no way to assertain the usefulness of the 1968 

P travel times for use in these areas.  However, in view of 

the known geological and geophysical properties of the Earth, 

we believe that the 1968 times should be quite useful; recall 

that a spherically symmetric velocity distribution appears to 

hold for the Earth.  Thus we believe that the restricted popu- 

lation is representative of the whole Earth as regards earthquakes. 

We could similarly argue that the results would apply to 

shots in general,  m view of independent work by Veith and 

Clawson (1972) we shall consider the shot data problem somewhat 
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differently.  Pigure l 
1  are exceWed fro. veith and 

Clawson (1972) which the authors were kind .   . 
6 ]Clnd enough to let us use 

before publication.  Fiam-e 1 .^ ^ • •figure 1 contains a plot of i-y,* ^xoc ot the residuals 
-» the 19S8 P tines of the shot data ^^ ^ ^^ ^   ^ 

p™. .igurs, multiple observations of ^^^ ^^^ ^ 

the same path were averaaed ^n^i 
veraged and considered as one. Aiso any 

niean source ef-F&ni-  ,,-,„ effect „as removGd from the data on each event 

""" WU1 redUCe ^ V^""V in the data but should ^ 

vitiate the results if most sources seP .  ^ 
rpM  . UrCeS See a W1^ range of distances. 

^ is the case (Ciawson, personal co^unication, l97i, Furthe_e 

no station corrections were aonl^r!  mv 
applied.  Thus Figure 1 presents 

the residuals fr^i the 1968 P t^oa   • 
P times m a set of 43 shots with 

-* observation3 at telesalsinic distances_  ^^ ^^ ^^ ^M 

not be bias.a due to pat. overloadin9 or mean removal_ Tha ^ 

BUUa a. moat piaas.n.. visual inspection reveais ^ ^ 

- no app^eolaMo mean shift from the ,ero axls ^ ^ 

- orast to ^antitauvexv inVesti9ate the aata the actua! 

residuals were read from Figure 1 bv ov. i  • 
gure 1 by overlaying graph paper. 

The readings were mn^o +-~ ■, 
made to .1 second.  The results of 

anyalyzing this data on a 5° cell ^ • 
a ^  cell basis are presented in 
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Table 2.  Due to the close agreement of the computed standard 

deviations with the plotted curve calculated on a 2° basis 

we believe not much accuracy was lost.  Again the results are 

pleasing.  In the distance range 25° - lOCT the largest mean 

is .192 sec. at 3 5° - 40°.  The largest relative error is 

approximately one part per thousand and occurs in the 3 0° - 35° 

and 35° - 40° cells.  These errors are so slight that they 

would never affect a seismic location with reasonable station 

coverage.  In fact if one is only concerned with location then 

the removal of the source mean from the residual data has no 

effect since for adequate networks this could only bias the 

origin time estimate (Tucker et al., 1968). 

If we assume that the observations are independent normally 

distributed, the efficacy of which can be questioned, then we 

can make t tests for each cell.  The t values are in the last 

column of Table 2.  If we choose an «< of .01, then the means 

of cells 25o-300, 30°-35o and 95°-100o are significantly dif- 

ferent from zero.  The degrees of freedom for any of these tests 

are so large that they are effectively infinite.  The critical 

t value is 2.576 for a two-sided test.  Thus only the 35°-40° 

cell appears to be definitely significant.  However, since any 

**™mueuK}.aai,mnm 
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travel-time curve must possess certain differential properties 

we believe a better procedure is to fit a smooth curve to 

the data. With randomization we can obtain "optimal" estimates 

of the fitted curve without the assumptions of independence 

and normality.  We return to these considerations after we 

finish the discussion of the randomization procedure. 

We thus believe that the 1968 P times are not seriously 

biased against the shot data population of the Veith-Clawson 

work.  Again geological and geophysical considerations lead 

us to believe that the restricted population is representative 

of the whole Earth.  We conclude that while we sampled a 

restricted population in the 1968,studies that this population 

is representative of the whole Earth with respect to both 

earthquakes and shots.  We will consider this point again in 

the section on estimation. 

However, representative or not, we envision a final 

population of event-station pairs and their corresponding 

travel times,  we list these events as shown in Figure 2 and 

suppose that there are K strata, M events and N stations in 

the population.  Kot all stations see all events, that is, 

are within the distance restrictions.  Also each event-station ' 

pair is at some unique distance value.  We suppose that the 
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range of A has been broken into cells and that there are L 

of these. We assume that the cells are of equal width and 

small enough that the effects of grouping are negligible. 

The events are classified first according to stratum and second 

according to event within a stratum, that is, all events are 

different so that event 1 in stratum 1 is different from 

event 1 in any other stratum and so on.  However,the N stations 

under each individual event are the same N stations, that is, 

station 1 in stratum 1 - event 1 is the same station 1 in all 

other stratum-event combinations,  since each event-station 

pair has a unique distance there is one travel time value for 

each row of the figure.  These are indicated by the x's in the 

body of the figure.  The randomization scheme is given by the 

following procedure: 

(1) Select by simple random sampling, that is, with 

equal probabilities and without replacement, k^ of the K 

strata where li k^ « K. 

(2) Select by simple random sampling m^of the M events 

in each stratum selected in (1) where I^ITUäM. 

(3) Let N^ be the number of stations that see the mth 

event in the kth stratum.  Select by simple random sampling 

n  of the Nkm stations for each event selected in (2) where 
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1 - ^ * N^. 

^Cer, etal., 1968 and Herrin# et ^ 
data w '   a^ 1968).  The available 
data were grouped on a 1« latitude by l0 ,   .^ 
tho , ae by i longitude basis and 
the largest source event selected fron,   . 
are the s.  . eCted ^ each group.  The groups 
are the strata and k, = K  wo 

1  K.  we assume that the ^vr.« *. 
in ^ 04-  . largest event 
•»■n a stratum dop^ r.^+- u n. 

0eS n0t behave systematically in th. 
so that- ^   , Population 

that the selction of events in the str.. 
nf 

he Strata can be thought 
of as random.  Here m - i = ^ 

met in that n  = N    „,, ^ vo; was 

^   km-  ^ mOSt Seri0US ^iculty with the 
1968 procedure is that the cell ^    ■ 

cell grouping will not produce straf« 

active seismic reaion^ i-u 
e310nS the —^-n ^ egua! sue atrata 

should be adequate.  Note that since n„ -„ 
lnoe nkm -  »km w have "km/N,, =1 

Now consider" ^-v,^ Km 

the ^nera! randomi2ation scheme with the 
restriction that *,m/ .,_ a 

«"t, not necessarily eoual 

- -. .hen one can show that the „iut, that an  d 
evenf--«*--^- n lndividual 

"--"--—din a sample is, VK,,^,. 

insider a given distance ranee  t. " al.  If We 
range, then the „u^er of observations i„ 
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the whole sample at this range is a random variable.  Sim- 

ilarly the number of observations made by any station is 

random.  Thus it is not obvious that the usual statistics 

(sample mean, sample variance, regression estimates, etc.) 

are applicable. 

We shall now discuss a general estimation scheme that 

will justify the use of the ordinary statistics and indicate 

some further implications of randomization.  The technique 

is a generalization of the linear regression estimator in 

sampling theory (cochraq 1963).  suppose we have a population 

of observables Yj,, i = 1, 2, ..., N.    We would like to 

predict the Y;^ values in terms of a set of independent vari- 

ables  XjLi« X2i, ..., Xki , that is, for given i 

and hence X^, ..., xki we desire an estimate of Y^.  In 

order to obtain a solution we assume that the Y's can be 

suitably estimated by linear combinations of known functions 

of the X's, that is, we assume a set of basis functions exists, 

We employ these basis functions in only finite sums so that 

we, in genera], cannot approximate the Y's exactly.  We write 

/; =/3
ö 

+f^i^/;/-/4;)+"^hn(/arA>S}23) 
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where 

we suppose that the jS^ are such that 

Q((3) 

is a mi„lm„m.  Thus the (population) pre(,ictor .s determ.ne(a 

by least squares. 

This definition of the predictor is admittedly arbitrary 

but can be Justified as foilows. suppose that an individual 

Vi is selected at random fro™ the population. Then one by 

randomization theory (Kempthorne, 1955,- cornfield, 1944) can 

sho« that if we egress this ^ as in equation (23) with 

then Yi becomes a random variable with mean ^  and can be 

expressed as 

' A ^ (25) 
The mean of   C;   i*  7p>v-o  -.r^  4-u~ • ■_     ^» « w/.  -LS  zero and the variance of     Cl       is 

A/    i 

A'l /N    ' (26) 
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We see from equation (26) that v( 6;) is a minimum consistent 

with our model requirements, that is, linear basis,  if no 

Yi is any more important than any other than our assumptions 

on theß's  is not unreasonable. 

Since the population predictor is based on linear least 

squares we have an immediate solution for them's (Graybill, 

1961); 

^(X'xfx'Y; (27) 

where 

X = 
» 

-' U^'"'\^-    K(w^ykN)i 

r- , y= 
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-1 
^d   denotes inverse and '« 
fl.sa« ^tes transpose. Thus the 
P -re ..„ear functions of ^ popu 

"-o-en impossible to ^^ ■ • --ouoe 

know the y's  TO, Vs  Slnce »a do not 
Y S- ThüS "e "■"« estimate the fl .s h 

Si"«the fi'sar ,- P S "y s°^ sohene. 
(3 s are linear in the ys i, 

random sample . h»„ '     take a sin'Ple 
J^Ple, then ,n optimum estimate of x'y ia „■ 

where  X ^"m^^ 

^(» =[5aw<pfeJ rows of X] 

/rn= [Samp UJ r0Cl)s ^f yj 
ana "" iS  the  «»P^  si'*,   that  is    x    is  t„ 
basis f„„ctions      , "        the ^^ °f ^mpled i-unctions  and y    ie  4.v,Q 

The      f. /        ^ ""^"^-Pled v values. 
- -rmator X.y is called a ^^.^^ 

-a a ls onZy an ^^ ^^^ ^^ ^ ^^ 

aSed ^^ — — of the totals x.y ex sts 

- -PUn« from finite populations (Goda^.l955.H 1968)   D-^i  • •'•»ao, Hanurav. 
K  RelaXln3 »a uniformity oriterion H j- L^^cerion Hanurav MQfipi i,-. 

ahown that the in  estin,-,t  . 
Stlmat0r does h"a a oertain optimal 

P-perty andis The IIT estimal   . 
IIT estimator is unbiased. Por 

"a oomplete properties see „anurav(l968). 
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Thus 

F(x/yJ = x// 
so  that 

f[ftVJ>V)J = fy//rVx 
ß 

as we see from equation (n\ 4   ■Lon V27).  Thus an ontinwl ^^^ • P optimal estimator of 
is given by 

'   lnr,y ^^ ^ • (28) 

in order to employ equation (; 

In the 1968 studies the 
28) we must know N and x. 

we have 
se quantities were not known. 

However, 

Mä> SX^"' 

= 
* 

rvi « 

IN   ;     n 
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t. *,• \ - v. fv       x .).  If the sample chosen is 
where h^(i) ^ "jvxii'*'*' Aki; 

representative of the population X's, then 

in fact, if the strata are such that the X's are grouped into 

m equal size sets of common values and we sample such that 

one from each common set is chosen, then 

as one can easily show, unfortunately this was only approx- 

imately done in the 1968 studies since not all events see all 

distance ranges and there was no stratification with respect 

to stations. 

However replacing (m/N X'X)"1 by (X'm Xj"
1 is analogous 

to forming a linear regression estimator (Cochran,1963). We 

thus consider 

which is the usual linear least squares estimator (Graybxll, 

i-l.  / . . (30) 

1961). 

We will now develop a bias formula for the general 

estimator given by equation (30).  From equation (25) we 

have 

4 6^ öD ym=xMp m 

 — 
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where 

Thus 

= (^a^p(eJ e's ) 

= 0 +rv'v.>'v'« 
Now 

f^ej^x'e 
where N ^3) 

But  from equation   (25) 

x'c-y'tY.xt) 

=y'v - x'y 

randcra vector distrlbuted ^     ■       * * *    * * 
,       : ero mean  vector and for 
large m the bias should be s„U. 

We haVC fro'» ^uation (32) that 

(34) 

[   ' P ~ 1AM -%,J Aw Cm 
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Now 

= (VA ^^^^j (^)^ ^^ * <35 

^\-| 

^(^'xjti+ayV^YXlWj <-. 

if ~L>Y V_ " ^r— XX in probability and m is suitably 

large. From equation (36) we obtain, neglecting higher 

order terms, 

E/ a-AV.-L ('f.^Vfe yi^fiYVVL'e. .(37) 

Let the entries in any X matrix be denoted by x.. and 

the entries in (X'X/N)"1 be denoted by X 
13 

Set p=n +  1. 

Then —f 
X»«\ Xvn (Kf X XJ Xw\ ^wt 

/--i k=i f i Äs| 
ki^^/^j 

nil 
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as one may show by straight forward but tedious algebra. 

We have for the qth entry in equation (38) that 

- E 2. Z Xtf; Z Z ^tr^LAy'-^A 

11, ^[sfeiw^ ^^i¥.: 

=M^^IY^ 
from equation (34),  Thus 

-——«»w 
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■^ 

m p w 

iuMw&K'h-^ a   (39) 

where     f = m/N 

and      P ^ «-; v-» 

Finally, from equation (37) we have that 

(41) H3-Wx,k5fc) • 
Therefore the bias is of order 1/m if Sk is of order 

unity for every k.  A sufficient condition for this is that 

the Xj^.g and Yiis be bounded. This is the case for the 

data of the 1968 studies.  Thus the bias due to randomiza- 

tion is of order 1/m for these studies. 

Following Cochran (1963 pages 194-196) one can show that 

an assymptotically valid estimator of .Z- O* is 

V?e;)=X«/ [I -X JXX)V] X/   (42, 
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the usual estimator.  Recalling equation (30) we see that 

the usual least squares estimators are appropriate with our 

randomization model. 

Thus employing the usual least squares estimators should 

produce negligible bias in the travel time estimates since in 

the distance range 25° - 100° the fewest observations were 

81 in the 100° cell.  The case for station terms is not as 

conclusive since we reported estimates for stations with as 

few as 10 observations.  However, most of the station terms 

were estimated with much more data. 

While we have assumed simple random sampling in proving 

these results, the HT estimator is optimum under general 

randomization.  Also, if the design is balanced so that the 

inclusion probabilities are equal and further the second 

order inclusion probabilities are equal, then the bias is 

again of order 1/m.  We have previously shown that the 

(first order) inclusion probabilities are equal.  Since we 

sample all strata and use all stations that see any event 

the second order inclusion probabilities are either 

1, m(m-l)/M(M-l) or (m/M)2.  We obtain 1 when we consider 

two stations that see the same event, m(m-l)/M{M-l) when 
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we consider two ovent. in the Seme etratun, end („/«)2 

when „e oonsidet two events in dl£ferent strata_ ^ 

the second order inclusion probabiiities are not equal_ 

However, from the derivation of equation (39) it is 

obvious that with these inciusion probabilities again 

the bias is of order l/m.  Mso with a sufficiently ^^ 

total sample size the usual variance estimator is also 

applicable.  Thus thesp r^n+.o 
6 results aPPly in the randomization 

scheme employed in thp i Qf;« «4-, J • 
y  in tne 1968 studies and the usual esti- 

mators are applicable in that work. 

Let us now consider the general case in which measure- 

ment error is also present.  Thus suppose that 

An ^ Am ß 
^ (43) 

where 

Then 

whxch rs the result given earlier in e 
guation (32). 
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Also 

( Mv\    L ^ " ^ N Am Am)  XM J   '**/ 
tm-kj 

=(^3 [E^ +^)/LI- x^rx^ ^"VMJ^^J 

since € and 

we have that 

em are independent.  Now from equation (42) 

Also it is well known (Graybill, 1963) that 

Thus =   <sa. 

and again the usual estimator is appropriate.  Finally. 

in the general ease the usual least squares estimators are 

assymptotically unbiased   Tf -^ - unDiasca.  If we require that the 

regression estimator be optical with .respect to the 

randon^ation sche.e then the derived estimator is the only 

one since the HT estimator is unique.  ' 
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We now consider one final result of randomization. 

Suppose that a single event is drawn at random; that is, 

one stratum is selected at random and then one event is 

selected at random within the selected stratum.  We 

suppose that Model 4 holds and T^) is known.  With 

randomization (^<y)^(Ä) becomes random.  Also suppose 

that for each event in the population each station is at 

a different distance cell.  Then for a fixed distance 1 

we have 

--ZW%(i) mj*tt 

from equation (9).  Thus, if we draw random samples from 

our population, we expect that at each distance. A, the 

residuals from T\A)  would average out to zero.  This is 

essentially the case with the Veith-Clawson data.  It is 

in this sense that a world-wide average travel-time 

function is unambiguously defined. 

Note further that if an event is fixed then the 

(Pö^ijdj are not random.  The only random quantity is £ 

If one is then attempting to locate this fixed event with 
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a fixed set of station;;, then the location may be signifi- 

cantly biased.  Longshot is an example of this phenomenon. 

If repeated shots were made on Amchitka and a given set of 

stations used to locate these shots, then the 1968 travel 

times would, in general, give locations approximately 25 km 

to the north.  One could argue that the 1968 times are not 

"tuned" to Amchitka and this is the case.  However, if the 

1968 times are altered to fit Amchitka, the altered times 

would not fit the Veith-Clawson data.  We shall return to 

this point when we consider possible models of the Veith- 

Clawson data.  This being the case, it should be obvious 

that how well a given world-wide average travel-time 

function locates a specific event is not a suitable 

criterion of the validity of the travel-time function. 

The problem now arises of how to make statistical 

tests with the randomization scheme employed.  Three 

approaches are possible.  One is to consider non-parametric 

techniques.  We rule these out since ranks, runs, etc. of 

travel times make little sense.  A second possibility is 

to employ as symptotic theory to justify the normality 

assumption.  In general, this requires conditions on the 

higher order moments of the population (Madow, 1948). 
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In our problem it is impossible to verify these conditions. 

However, with "reasonable" sample sizes for many problems 

the assumption of normality is adequate (Kempthorne, 1955). 

Thus we believe the assumption of normality is justified 

in the 1968 studies for the estimation of travel times. 

This should also be true for the estimation of station 

corrections for those stations that had large numbers of 

observations.  A third approach is to employ tests that are 

robust; that is, perform adequately when the assumption of 

normality does not hold.  There is a vast literature on 

the subject of robustness   (Govindarajulu and Leslie, 1970) 

Much of this work is on specific problems and employs Monte 

Carlo studies.  The results vary.  In some cases the usual 

test procedures,  t,  F, analysis of variance, etc., work 

well and in some they do not.  Now not only sample size is 

important, but i^lso population size since randomization 

produces correlation and the standard assumption is of 

independent normal observations.  Since there exist broad 

classes of data for which the usual tests are robust (with 

suitable sample and population size) we again believe that 

the usual test procedures are adequate in the 1968 studies 

in those cases where the sample size was large. 
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To compliment these considerations histograms of the 

travel-time residuals were plotted for each distance cell 

and for ten selected stations.  None of the plots exhibited 

extreme non-normality.  We made no goodness-of-fit tests 

since these must necessarily be chi-square tests (popula- 

tion parameters were not known). 

With respect to the Veith-Clawson data, we can again 

expect the usual tests to be robust since the fewest num- 

ber of observations, 50, occurred in the 95o-100O cell. 

Thus the t-test indicates that at a significance level of 

.01 that the mean of cell 35O-40O is not zero.  However, 

as stated earlier, any travel-time function must possess 

certain differential properties, and the t-test does not 

indicate how this can be done.  Further, for these data, 

the t-test is not exactly correct since the data are 

corrected residuals and hence correlated at each distance,1. 

Since optimum estimators can be obtained without the 

assumption of normality, we shall do this and, in any 

event, we will have valid estimates. 

We suppose that the Veith-Clawson data constitute a 

random sample from a suitable population.  Due to the path 

averaging this assumption should hold approximately.  The 
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fact that no Russian or Chinese stations are represented 

in the data, and all events are in the northern hemisphere 

implies that the population is even more restricted than 

that of the .1968 studies. These data represent  the most 

extensive collection of teleseismic shot data'analyzed. 

In particular it includes all shots employed by Lilwall 

and Douglas (1970), Cleary and Muirhead (1969), and 

Muirhead and Cleary (1969).  TheSe works are especially impor- 

tant since the results indicate that the 1968 times are in 

error.  Ignoring a baseline shift tho corrections with 

respect to these works are (Douglas, 1970): 

and 

TCM=TI366-0.ö23A 

where LD indicates Lilwall-Douglas and CM indicates Cleary- 

Muirhead and T denotes travel time. 

We shall follow these authors and suppose that any 

error in the 1968 times is given by a linear function, say, 

3 + b jf"  In order to make comparisons with the Cleary- 

Muirhead results, we shall consider the distance range 

20 -100 .  Also, we must allow for a mean source correction. 

Our model is then 
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where 

and 

T CAM)= +^ 1363 P -fravc/ 4IWJ 

^' = a source, rime carrzcVio* -fenvr 

Let 

£Äj^=^*j«J^')+e^' 

Then  equation   (44)   becomes 

Ujaf Oj + TCA^J)-I a + bA^ + ^ + e* 

(44) 

(45) 

Denote an observed residual by Yij(fc); that is, 

or    aw-^o-q-T^)) 
frjO) = a + b A^ + ^ + e^* aj , (46)     | 

Equation (46) gives a suitable model for estimating a 

"smooth" change in the 1968 times by employing the Veith- 

Clawson data. 

With randomization our previous work indicates that 
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least squares analysis is appropriate.  Since 

where 

and ^        ^ 

n^ = number of observations on the j   event, 

we obtain the result — 

From equation (47) we have directly that 

(47) 

-r-   .2 

(48) 

We are now confronted with a dilemma. It is not possible 

to evaluate the denominator of equation (48) from the Veith- 

Clawson data.  Since 

(as can be readily shown), we have that 
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where 

J N ' 

and       «J 

k = the number of events. 

We obtain the result that 

b = 0.00/3 
and,   therefore, 

b ^ O. OÖl3^ 

a result in direct opposition to the results of Lilwall- 

Douglas and Cleary-Muirhead. 

Since inspection of Figure 1 indicates that the 

variance of 6-*.^ decreases with increasing %,   employing 

weighted least squares would seem advisable.  We employ 

weights proportional to the cell variances to obtain 

o =:       J—- —— ~_ (49) 
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where    Z S \ 

and 

(irj) indicates a sum over all i,j at distance I.  It 

is now  impossible to evaluate both the numerator 

and denominator of equation (49) from the Veith-Clawson 

data.  In order to proceed further, we suppose that 

- Z r* Ajj/ z 

f.      /ö> 

= ^3ad- (50) 

Since the 0^ are unknown, we shall estimate them with 

the data of Table 2.  With these assumptions, we obtain 

and 

However, most of the events had stations over a wide dis- 

tance range so that the assumption ^k,^, Jj-A« may not 

be seriously in error.  Unfortunately, it is impossible 

to ascertain the effect of this assumption in equation (49) 

Since the cell residuals are correlated, we cannot 

, 
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A A 
^ve« enUfnaN th» wdfia^es of Äor b.   Thus w© eannol nln 

a«y tests #v#« ir m^ assimplioa ©f f^rp^lliy Is mäe*    wHit 

is m§de4 is «Ht v#iiH»<?läMS@« ö«i@ wliHeyi iHt s&yr^e ttr«s 

ff#«<i®vf^,   yur^rtuf^iftly« UMSO ö«!« «ere ^4i»¥#lldble,   m tH# 

ii#Äi s€ctl@f* m *mn m'** m «p^f««i5?atl^ tl^ai aU&m si»« 

i isi led i ttst« to to mdo«   por tfct presont, ^tlllotlve 

coneloslons V^A bo «doo   Tl^re is dlnosi e#ftolfUy o dfcr#ie# 

in vorionco witi« iitoreo«!^ ilSst#i«c#o   rlwf pore prtelso 

mn i^»i©fs oro ofetoifi^i fey eopley*«^ wlghtod lt#si s^aros. 

A difflf^lif i# #^|yi#| WOIQIIIOCI loosl square« 8* «^< xw 

uolftils dr# «01 luw^,    ft I« «öl eleor how osl^ #sti«^i#<) 

M#lil«t§ offeeio tlio results.   Allowitq for tlie spproMlotion« 

mp\&^4 ilm totlftote of th» slope Is 0.001) <vfiil^»i welfttts 

mm$ >D>.0032 vHh welflits.    If It wore oot for correlotloA the 

estitmed ««olfhts Mould Ice seeeptable since ttae fewest ote- 

servsil^fis In s cell m% fO.    in view of these eonsIderatIons 

we holleve that the slope Is tivall sni ftefailve.    farther• 

'she estl^t« -0.00)2 Is pftikaklf slfiilfleant or Just sifni- 

flcani In vie** of the result! of the cell t-tests.    Sfiote 

also that if -0.00)2 Is a significant difference then the 

Lliv^ll-oou^las value of -0.006 is significantly different 

frew the value indicated fey the Veith-Clawson daia and the 
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valwe ©f -e.©l3 as tilmn by el#dry-Mylrn@dd is imviMtleiiably 

slgnlftedfil« that I«« m a stutlstieel basis it Is 4iipesslbl@ 

to aec#pt tlit valm -0.023 as eenpared to sero,   M# contliMto 

that tli#r# Is p^sltely a sllfht n^fatlvely tilled eorrcetlon 

t© tlie l%8 p tines with rtspf^t t© Kto p^latl©^ rff*resented by 

U» V#li^«cla»#i©ii data,   notrever« w«# d© fi@i b©Ei««a fctat this 

corrtrti©© Is ©v©n as tarft I© sfai^lt«^© as Od©flas |lff©| st^tfts, 

»# shall retur© t© this p©l©t I© the n©Ml s«etl©©. 

Simm th© Cl©ary-niilrh©ad (19691 results ar« based on 

loofslwt residual© It Is ©MI apparent that If the I9M 

ti«\«s «ere altered t© fit the Lonphat data, then they 

eould not possibly fit the VoUb-ClMon data,   m tupha- 

siae the fact that ho» well a five© «aridmidt average 

travel tl«e fwnetlo© leeates a specific event Is not a 

sei table criterion of the validity of the travel-tine 

fenctlon.    in erd#r to locate accurately arai frtcistly the 

effect of the ipO* terw» m&\ be accounted for. 

with the assuecd «tod^ls and randoiteatien schssie we 

have two possible «Ktreese casest    (I) a simplified model 

does. In fact, a^r«^ «*iih r^al data and w^asureirent errors 

are the only errors «nd (il) there Is no neasurt^ent error 

a»^ all errors are due to Inadequacies of a specific eodel. 

the actual sii«ijtiif»n Is at*Hs»$t certainly between these two 
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berw ^S#rviiuew, yo «re 4^ to a itdS| s^^rt« i^u^ 

Pf©e^f# in time prrer« CTwefc#r, et «l,#  mo|.   Typically 

i« tooat^M pvabteM the data o^M^ed drl6#t fron those st#- 

tioiis tl»t aataally etaom tut ev^nt.   if tHIs l« tue ease, 

«»^« it caiMol to cldlined that the stations were fixed and 

SIMM tofore eiwefvatioa.   neuever, oer results ladloate that 

with an adequate total saeple site the ordinary estimators nay 

still ^ tnpioyed.   on this feasis. the location procedure Cfaoha* 

et al,. 19691 etiploy^ la tte l%i studies can lie lustlfied. 

The Velth-clauson data Indicate that for the larger 

•hots and earthquakes that case fll) ny ^ ^fe appropriate. 

If «e assume case (III «e are led to a Jeast squares loca- 

tion procedure In distal errors,    if we consider the 

distance ranfe W - %• |« n^f* h «e etoam that 

the snoothcd, ataadaxd deviation is very nearly proportion- 

al to tHe travel ttae derivative curve.   Thus, If we 

divide by the travel tine derivative, then we can 

ensentlally obtain a constant variance for the error 

tcr»«  that is. we perform a variance stablllaiing transforma- 

tion.    Transfon^tionn of this type are frequently einploycd 

and can lead to improved results (Kcwpthornc,  1952). 



Tl«e tm% tl»*i ih§ slmi^fd «iiivi<»tien Is pre^rliondl lo 

%}w ir^w#l felw d@rlv#(iv@ is not unff^sendble.   Jtesi <|^)* 

ten» fhould be N^II,    If Uils Is the ease, the« ifa)* 

etn be refl@€te^ In a «wsU «ilet#ftee eliange.   toefsltot Is 

possiiil^ m mumm ease md die disi#fiee error Is abooc 

II I».   A if^il ^istanee dmifo sets lilie e pertortotlui 

and produces a tine ehanfe at a ql^en dlstanee propertioaaI 

to tN* 4irl^ii^e,    fr *»# ta^e a eoli@ctiofi of tliese per* 

lyrbed tlffre terns tlteo tbelr staad^r^ delation Mill also 

be proportion's to tlie tine derivative. 

f^rttier« eons Iderat Ion of tbe standard loeation 

equations tTuelier« et al. 19681 shows that dividing by the 

tiae derivative essentially produces a location procedure 

in distance,    for si^licity we Justine that depth is known 

and only desire an epicenter determination, fc* Aftj^T"{A) A 

an observed dietdnee and   Ck^ an initial distance.    If 

(tucker,  et al«   1968) 

UQ    UIQ true origin time 

p ■ oast longitude of the event 



and 

IH@A @fi# f@ii||^ @^t#lnp f}i@ first ©f^#f reiyll iHit 

«   * ll»© ©tliwtli M9I© fro» il«e MridijM« tltfAUfli 

ih© ©^ic^ier, eeasiired ^©fil« ihrouffli «©§1, 

to the are ffen epieenler to the station, 

iquation fill is dt^l©f@tis to tht tl«w equation of 

Kieker, et al (l%8). 

Since T(Al  i® «ronotone Inereaslnf anJ 

derivative for ev^ry dlsiane@« we have that 

and 

Thus, if we locate by iteration, depth is known and a 

common set of stations is employed, then location by 

distance is essentially equivalent to location by time. 

JT-  Vg 



Tlierefere, if the dlstdnte prsefNlyfe H#d b©#n et^l^eä In 

the If68 studies, e§§efittally the sm$ eptipates would 

h#ve hee« ehtdlned. ©I if hl äittmemm In lee#tlen would 

probably ha^e occurred since truncation was employed In 

the 196t studies. 

estimated and in routine location prscedures truncation 

mot always bo pwployed so that these two techniques, 

In feneral, yield different locations for Identical Initial 

4a%& P#I#S ini|«ctlon of the Vetth^Cla^on data Indicates 

that for the shorter distances It Is possible to truncate 

a station due to nodel Inadequacies as well ^s tine con- 

tamination. Velth (personal co*ftf**nicdtlon„ 1970) reports 

that frequently In routine locations the closer stations 

are. In fact« truncated. Use of the distance location pro* 

cedure has Ipprove^ Ratty of these locations (Vcith. per- 

sonal ccnRunicacion, 1970). Theref@f@» U dppears that 

the distance procedure iwiy be superior to the tim  pro- 

cedure In large scale routine location techniques. 

Regardless o£ the final estimation scheme employed, 

the presence of non-normal errors (gross timing errors, 

etc.) roust somehow bo taken into account. Thus, we trun- 

cate any data set using essentially the sample median and 
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the mm öevietuen about tbe iseöian, w# f#f#r the relief 

to iteffin. et dl CW8K ^af© Ufl f^ «ho details, tfo© 

i^oft^nt point to note Is that #ny trunedtlon procedure 

em truncate doe to eontAPlnation and also dye to nodel 

pi#fit. In view of the data set ^ployed in tfce 196t 

siodles «o belies» tl^M tl«e tmncMion ^e to «»del »(iffit 

coeprlsed a eeoll portion of tlie truncated obtervationi. 

Hinie the distance location procedure is e^^ntisUf a 

variance stabilising teclmique« It should reduce even 

further the proportion of truncation due to eodel misfit. 



A»0 Of FIRST ©RPBR STATiet« IMTBI^Tieji 

FUNCTION 

M§tMtln9 tHdl the only errers dr@ masHmmi a«ö 

awe« due t© rdfi#@ipisdt ief) ever e §©öfc# eff@€t ««^ ti^t 

d «et ef etetleet **#§ flsed toefere eteservetlee (Cf^^ef, 

et ei, 19611* *# t^ve estü^ii^ rerreedees to tHe Jeffreys* 

Sullen travel tisre? ttterrln, et el« 196tI and e first 

order station tnteraetlon fonetto«! Cflerrln and TOffart, 

I96ta|, S4iw# net all stations set all events« we fe#ll#v# 

Hat tlie stations sl»eald lie eensiteeed as liavisi fe##n selected 
at randoii 

^fron a fixed total set.        Ifefardless of fctoici* randonlxa* 

tlon setwm Is assuned« our present results Indicate that 

iH@ esilmntes are essentially untilased and optical If wo 

»eiu^ftj KIüM nie events have ^ns^n lecaiiens.    M previously 

observed,  if we assu»© normality,  then the usual tests 

can he Ktade. 

Since oost of the daia In the 1968 studies were 

from edfthqudkes» the nodel «»H^loyed puüt include location 
a 

terpg.    time the first order atrierirhal ^eurce terms are 

(ttquation (21) and  (22) h 

aisinZtl a**! kj&*%/ji 

-59- 
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amJ thß Httt order €>pie@nli*r loedtloit boms örp (Tyeiier, 

ei dl,  1968)t 

«© that t© «TTfirst ©rder th# locdlioft enö seyrce ©ffeeto 

dud il«t Bttei« ©f ©srwil i^«iÄii©«is |t«^dtlefii ©f e©f^ition) 

i® siAfvldf.    I« miii ea§©# ttie effete »r© €««pl©i©ly 

confounded «nd no osiimate of «MII fiopdrm&ly ran b© p^dn« 

In the 196t siudles, all ev#ntfi «tfiloyed %«©r© lootfeod 

teven shots t^iofe loeatlons yere kaoim} so that there wy 

he bios due to nlslocatlon In the estlffotoe ©htdüned. 

Our previous «nal^ls of the Velth-Cl^i©« dele Indleutoe 

thnt for th© trdv©l-tSiT© ©st lautes this Is probahly net 

the esse.   Me no» continue our Invest If nilon ©f p^sihl© 

bl#s In th© travel>ti«e ©stleotes.   w© shall ifnor© in© 

source «©a« r@9r©vat  In the Velth-eia^son data.   Th© md©! 

or 

tsit 
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wj^r«? **r issu^ that  tta ^, äf# independent «nö f©f leal 

purposes n#r«»aUy äi^triteutefi.   Also« fqudtien (§3) Is in 

ih© fepip ©f Hdnddra f#fres§l@n analysis aiwl ^ lie (wei^ifiie^) 

It «si scpnarts estli^tes are 

and    A 

Tt^s« A Is e«^lvdl#ni to te» a fan that Is e^l@i»s If 

we consider (He least squares efiiailonse    It Is MM possible 

to estimte  Gf   $ ttm varionee of    p   •   «e obtain 

mtm «e asstiff^ tHe wsi^ts are Ineim and are eqoal to tbe 

estlnated cell variances.   Hie observed « Is 

2 ■ -0.0012/0.001414 ■ -1,24. 

If we choose «C « .01 the critical s Is 2.576 ffor a two-sided 

testfäfi^ finrKa .OS ftwo-sldedl the critical s Is 1.960. 

Tfcwi* with an 0i of .01 we do not reject the hypothesis il^i 

A   i@ t#f@ #«vd with ano< of ,&h w# do reject.    It appears 

that thrre aisiy ^ a slight correction needed to the 1968 

tlffnes will» r«?is|w?ci to the popylation repr«senied by the Velth' 
elawgon   data or 

T* * -r1%0 - 0.0012^ 



=*,,?. 

»ay be a BOKO seemate eeuwate ©f a teleseiswJe sltol w©rW-vide 

Atfwei-tim  fimciion. «»rever. the renwlte are not that 

conclusive and MO Uelleve that, baged on the Veith-Clawson 

data, there Is no coffpellinf reason to alter the 1968 

tines. Note also that If we test the hypothesis that^ 

4» eero versus the alternative that* * -0.006 (the L-D 

value) MO obtain analefous results. The observed « is 

again -2.24 but n&*  the test is one-sided so that the 

critical >•■ are -2.326 C0(s .01) and -1.645 K « .05). 

FO* co««i4arison. we shall test 

HQI ß « -0.006 (L-D) 

versus 

MA« ß >-0.006 

and 

If t Ä * -0.023 (C-M) 

versus 

"A* ^>-0.023. 

For the first test the observed s is 1.98. The critical 

«•e are 2.236 (OU .01) «nd 1.645 («. .05).  (The tent 

is in the positive direction.) *» dgäi„ reach the sai^ 

conclusion with re^pgct to the value suggested by Lllwall 
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and l>ou(|lan (Douglas, 1970). However,   for the second test 

the ohnei'vcd z  is 14.00 which is significant with any 

reasonable o<level. The value of -0.023 suggested by Muir- 

head and Cleary (1969) is just not consistent with the 

Veith-Clawson data. 

To further test for possible bias due to rnislocation 

in the travel time estimate- we made »"Monte carlo" study 

of island arc events in the pacific and Atlantic. The actual 

events simulated and the procedure is based on a model of 

Longshot which will be discussed in detail in the section 

on the source interaction function. The event regions and 

events for this study are given in Table 3.  We employed 

20 events and 52 stations.  The stations are given in Table 4. 

All stations employed are from the 1968 studies (Herrin and 

Taggart, 1968a). We attempted to make the station selection 

both world-wide and representative of those stations for 

which we have estimated station corrections. The event 

regions arc basically island arc regions and all but two 

are in the Pacific. We attempted to make thtse regions 

representative of the data set employed in the 1968 studies. 

Most of the event regions are in the western Pacific which 

is consistent with the 1968 data set (Herrin, et al., 1968). 
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The Puerto Ricnn event is ircprfsnetativo of only one event 

near the Lesser Antilles and as such might not have been 

included. To the extent that these events and stations are 

representative of the 1968 data the results will indicate 

the possible effects of mislocation in travel time bias. V7e 

tacitly assumed that event locations outside of island arc 

regions in the 1968 studies were unbiased and hence no data 

for these regions is included in the study. To give an ex- 

treme case we assumed that a source function equivalent to 

Longshot existed in each event region.  This source function 

approximates that of the Longshot model study and is given by 

[-0.5 +1.52 Sl'n (Zji+27:U0+$k)] (Herrin and Taggart, 

1968b) where 0^  gives an adjustment to Hv^ for the trend of 

the island arc.  (For the Longshot event ^=0,    ) with 

this source function and the 1968 times we generated observed 

arrival times at each of the stations.  No additional random 

errors were introduced so that the study is Monte Carlo in 

nature only to the extent that the event regions and stations 

constitute a random sample from the 1968 data set. 

The generated arrival times were then employed in locat- 

ing the events.  Time residuals were obtained from these 
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esniwatedl locations. The residuals wore then grouped on a 

5° coll basis to  compute the moan and standard deviation and 

the results are presented in Table 5. The means given in 

Table 5 can be thought of as estimated corrections to the 

1968 times. We thus take as true the 1968 times and use 

data that has as error only model misfit cr source interaction. 

We then simulated the first iteration in a procedure to estimate 

the true travel times. This should represent an extreme case 

since only one step in the iteration was performed.  In find- 

ing the final estimated curve we would apploy the corrections 

given in Table 5 to obtain a new travel-time curve, then re- 

estimate the locations, etc.  The data of Table 5 represent 

that portion of estimated corrections that would be due to 

mislocation and as such are over-corrections.  Any estimates 

that have this phenomenon included should have the corrections 

of Table 5 subtracted in order to eliminate mislocation bias. 

The results of Table 5 indicate that the estimated curve 

would be slow with respect to the true curve from 20° to 60°, 

unchanged in the range 60o-75o and fast in the range 75o-100o. 

The estimated slope using wexghted least squares with the 

observed variances as weights yields a slope estimate of 
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-0.0030,  However, this is a positive slope with respect to 

the Veith-Clawson, LiIwa11-Douglas or ^leary-Muirhead data 

and indicates that any rotation produced in the 1968 times 

from this effect is in a direction opposite to that suggested 

by Douglas (1970) and Muirhead and Cleary (1969). While only 

one iteration was made, it is unlikely that further iterations 

would change the slope from +0.0030 to -0.0032 or more negative 

values.  If the Longshot model represents an extreme case of 

source function and  the selected events are representative 

of the 1968 study then we conclude that any bias due to mis- 

location should be small. The small negative slope indicated 

by the Veith-Clawson data could be due to effects other than 

mis location. 

As a final check we can compare the 1968 times to the 

Lilwall and Douglas (1970) times.  Employing the smoothed 

times and 95% confidence intervals as given by Lilwall and 

Douglas (1970) for their estimated travel-time curve and 

the 1968 times and 95% confidence intervals (Herrin, et al., 

1968), one can perform a significance test.  Ignoring a 

baseline shift the confidence bands of the two curves 
(1970) curve 

(Lilwall and Douglas considered at only their smoothed 

points) fail to touch or overlap at only the distance 43°. 

■ .■■'■,*■  
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The separation is approximately 0.1 sec.  since adjacent 

confidence intervals are not independent, it is impossible 

to determine the significance level of the test.  Further, 

the data sets overlap somewhat, and many criteria present 

themselves, we could reject the hypothesis that the two 

curves represented by the two data sets are equivalent if 

one or more confidence intervals do not touch or overlap or 

if two or more do not touch or overlap, etc.  it is not 

clear which criterion is appropriate.  We submit that the 

data do not suggest that the two curves differ seriously. 

Lilwall and Douglas (1970) and Douglas (1970) claim 

that the rotation between the L-D times and the 1968 times 

is possibly due to event mislocation.  In support of this 

claim, they simulated one iteration of the 1968 studies with 

their data.  However, it is not correct to compare on just 

one iteration, one iteration gives estimates of the travel 

times that are unadjusted for location and other model effects. 

Any unbiased estimates must be adjusted for all effects. 

This is analogous to attempting to invert a matrix and not 

accounting for the off diagonal terms.  The total estimation 

scheme employed in the 1968 studies (Tucker, et al., 1968) 

was essentially a Siedel iterative procedure (Householder, 
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1953).  The siedel procedure will converge; that is, give 

the same estimates as matrix inversion if certain conditions 

are met.  We believe these conditions were met in the 1968 

studies and probably for the Lilwall-Douglas (1970) data. 

If this is the case, then the joint epicenter method of Lil- 

wall and Douglas and the Siedel method of the 1968 studies 

are mathematically equivalent.  In order to compare correctly 

the two methods, the Lilwall-Douglas data should have been 

iterated enough times to be equivalent to the twelve itera- 

tions performed in the 1968 studies. 

We conclude that there is no appreciable bias in the 

1968 times and, hence, at present no compelling reason to 

alter these times. As more shot data or data from large, 

well located earthquakes becomes available, it should be 

possible to estimate any change in the 1968 times.  Since 

it appears that a slight rotation may be needed to make the 

1968 times more nearly fit a  teleseismic shot average, 

we offer a possible explanation.  The indicated change is 

probably due to many sources.  We first believe that there 

may be real differences between a travel-time curve for the 

population represented by the Veith-Clawson shot data and 

the population represented by the 1968 data.  Inspection of 

'"^ *"*,<*wHaiiaqmaaacMH| 
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Table 1 indicates that only Longshot or approximately 5%  of 

the data come from active seismic regicns.  Thus the Veith- 

Clawson population is primarily from aseismic areas while that of th 
earthquake zones. 

1968 studies is primarily from /   The important result, we 

believe/ is that the Veith-clawson data indicate that the 

1968 times, based essentially on earthquake data, are also 

applicable to shots in aseismic regions.  Also there is 

possibly a slight rotation due to mislocation.  However, part 

of any rotational change may be due to the arbitrary model 

employed for the distance range 0°-20° in the 1968 studies. 

Inspection of the distance ranges 10°-15° and 15°-20° of the 

Veith-clawson data indicates that the 1968 times are highly 

significant and fast.  Since a change in the model could pro- 

duce a slight rotation (Herrin, et al., 1968) and the effects 

of the arbitrary model may go out to 30°, a different initial 

model can account for part of any rotational change.  Finally, 

regional variations in p times may occur at distances as 

great as 60°.  if this is the case, then estimates in the 

range 25°-60° could vary widely depending on the actual data 

set. 

While there is apparently only slight or no bias in the 

1968 times, the results on station terms are not as conclusive. 

■i '."" ''■•»•"»»•I«»!. 
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Witli the exception of the Lilwall-Douglas (1970) work, the 

station corrections show the same overall features as other 

published corrections.  The Lilwall-Douglas corrections for 

European stations appear to have about a 0.5 sec. negative 

displacement with respect to those of the 1968 studies.  This 

shift may or may not be statistically significant.  Further, 

the randomization analysis indicates that a minimum of 50 to 

100 observations per station are required in order to have 

the order of the bias be 0.02 sec or less.  We believe that 

those      station terms of the 1968 studies based on 50 or 

more observations are adequate.  We reason as follows:  To 

the extent that there is no travel time bias, the location 

terms were completly confounded with any first order azimuthal 

source terms and hence were actually estimated.  We cannot 

separate a mislocation and an azimuthal source effect.  Thus, 

any estimable model will not have separate location and azi- 

muthal source terms,  one or the other or some linear com- 

bination of the two will suffice.  Since a mislocation accounts 

for nearly all of a first order azimuthal source effect, there 

are no bias terms in the model; that is, to a first order a 

possible adequate model has (i) location terms, (ii) station 

effect terms and (iii) possibly travel time terms. 

• "-■«^,™.-1i;;.r^,:f;-.-; ^, 



PROBLEM OP THE SOURCE INTERACTION FUNCTION 

Since the location terms are confounded with the first order 

azimuthal terms of a source interaction function, in general, we 

mislocated in the presence of strong source terms, while this 

was desirable for the 1968 studies it is undesirable for a pure 

location problem,  m order to investigate the possibility of 

estimating a source function and a location simultaneously we 

performed a Monte Carlo study using the estimated Longshot 

source function (Herrin and Taggart, 1968b) and a network of 

stations from those employed in the 1968 studies.  The network 

was balanced to the extent possible and had stations well dis- 

tributed in azimuth and distance from the source, we assumed 

an event located on Amchitka.  No station terms were included 

or estimated.  The 46 stations employed are given in Table 6. 

The study was performed as follows:  With the fixed network 

the Longs hot model was used to derive time terms for each station. 

These were added to the true travel times (as given by the 1968 

P times) from event to station.  This constituted a fixed set 

of initial arrival times for each station.  To these times were 

added independent normal deviations with constant variance O*, 
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for all stations. The values of ff =0, 0.08. 0.8 and 1.0 sec 

were employed. The initial arrival times plus the normal error 

terms were employed as a set of observed arrival times at each 

station. These observed arrival times were employed in a 

joint location and source term estimation procedure. The actual 

location was recorded and a series of runs made for each 

variance level,  in the case of G   =0 only one run was made. 

The location was 0.065 kms north and 0.005 kms west of the true 

location, that is, with no error we can locate and estimate a 

source function simultaneously. The matrix of normal equations 

is not singular in a neighborhood of the true location. For 

the other variance levels repeated runs were made. The mean 

location change and standard deviation (both in kms) were ob- 

tained for the north-south and east-west directions about the 

true location. The results are presented in Table 7 where 

To check the validity of the results.certain tests were 

made,  since multiple minima may occur in nonlinear least 

squares an extensive search was made of a selected run.  For 

this run the location without source terms was 16.64 km north 
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and 9.29 ) :n east while the location with aourcc terms was 

29.81 km south and 5.50 km west. The location without source 

terms is apparantly typical while the location with source 

terms appears to be too far south, if spurious minina are 

commonly reached this run should servo as an example. The 

search indicated that the iterative least squares procedure 

did in fact roach the true minimum and that there there is 

only one minimum. This is not unexpected since the travel 

time nonlinearities are not great. Throughout the study 

different initial points were employed on the same run in 

order to check for dependence on the initial point,  in all 

cases the final locations were identical. The more common 

initial point was the true location since this minimized com- 

puter run time. 

The last set of runs given in Table 7 also serve as a 

check.  For this group no source function was estimated. This 

results in locations biased toward the north.  The"true" location, 

that is, the location without error is given by the run with 

6=0  and is 22.46 km north and 1.96 km west.  The mean shifts 

of -0.715 and -0.179 are not statistically significant with 
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Ot - 0.05 or 0( »0.01. in fact the N-S shift is barely olg- 

nlflcant at the 10% level and the E-W ahlft is not «ignificant 

until the 63% level is reached. Here we test each direction 

independently. This Is approximately valid since the network 

of stations is nearly balanced. The off diagonal tern» in 

X'X arc smaller by an order of roagnitude than the diagonal 

terms and the confidonca ellipse is essentially circular. 

Practically, the north-south and east-west locations are 

statistically independent. Based on this consideration the 

results were presented for the individual axes in Table 7. 

Since these checks indicate that the Monte carlo runs 

were properly made we shall now investigate the implications 

of the results. First wc see that the nonllnearities produce 

no apparent effect on the variance of the estimated locations. 

All of the S Ho essentially between 15 and 20 km for those 

runs where source terms were estimated. Also the standard 

deviations for the non-source runs were consistent with real 

data for largo events located by good  stations with balanced 

networks. Standard deviations of 5-7 km are commonly observed. 

It appears that introducing source terms into the given network 
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produces a fourfold increase in the  standard deviation of  the 

estimated Location. This is not unexpected since even for a 

well balanced networH the location terras and astlrouthal source 

terms are partially confounded. The normal equations while ap- 

parently not singular have near-singular tendencies. 

Secondly we note that the ostimated location is affected 

by model nonlinearities. As the «rror standard deviation is 

increased the bias increases. This is not uncommon in non- 

linear regression, investigation of theO>0.08 case indicates 

that the bias is not significant Cor any reasonable Or . in 

fact it appears that for balanced networks if tha only errors 

were observational, then we could simultaneously estimate a 

location and source effect. 

Finally, with the balanced network studied it appears infeas- 

ible to estimate both a location and azimuthal source effect. 

The Go case yields a bias of 22.46 km and a standard 

deviation of 3.99 km for the north-south direction and a bias 

and standard deviation of 1.96 km and 3.43 km respectively for 

the east-west direction. The corresponding mean square errors 

arc 520.36 km2 and 15.61 km2 for the respective directions or 
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an overall MSE of 535.9? km2 based on indopondonco. if wo 

täko <J "1.0 for a typical location« then similar computa- 

tions yield for t,h > source estimated case 339.59 km2 and 

294.61 km2 MSE for the renpective directions for an overall 

MSE of 634.20 km2. Thus the source estimated case does not 

compare unfavorably. However, let us now suppose that there 

is no true source effect present. As ii indicated by the last 

case in Table 7 and by the work of Tucker, ot al.f (1968)in 

the source'not-cstimatcd case the bias would be zero and the 

overall MSE 27.56 km2. However, when the azimuthal source is 

estimated the procedure no longer acts linear. It is not clear 

what the bias would be. A conservative estimate is zero. Fur- 

ther the variances should remain the same since the nonlinearitie 

apparently do not affect them. With these assumptions the MSB 

for the source estimated case with no source function present 

is 633.89 km2, in this case it would be unreasonable to 

estimate simultaneously a location and an azimuthal source effcc 

These results are based on an excellent network. Prac- 

tical network» are often poorly balanced. It is of interest 

to compare the two procedures under these conditions. To 
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simplify nmtteru and reduce run time only the zero error case 

was studied. The networks designated by I, II, til and IV 

and given in Table Q  were studied. The results are presented 

in Table 9. As one might expect the source estimation pro- 

cedure worked reasonably well without observation error (5^0). 

However, for network IV the procedure yielded a N-s error of 

72.93 km as compared to 16.61 km when locating without source 

terms. This is clearly unacceptable. Further« network IV is 

similar to network III. In fact IV was selected while attempt* 

ing to obtain a network that was a reflection of III. There 

is no indication in the two networks that the N-S error would 

go from 0.45 km to 72.93 km. There is no way in practice to 

know that this typo of phenomenon has occurred. 

Wo pursue these considerations by now considering a real 

event, Longthot, which was large and well recorded. The Long- 

shot observations were initially sorted on the estimated sta- 

tion variances and the number of observations per station as 

given by Herrin, et nl.# (1968). The criteria were: minimum 

number of observations 25 and maximum variance 1.00 sec2. 

Prom this sorting two reasonably balanced networks were 

'JA- —' 



-76- 

selected.  They are yiven in Table 10 and are labled v and VI. 

The fewest observations for V was 34 and the largest variance 

was 1.00 sec2. For VI these quantities are 33 and .92 sec2 

respectively, with these networks a number of combinations of 

location procedures were investigated.  For each network we 

located with and without station corrections (Herrin, et al., 

1968) and with and without estimates of azimuthal source cor- 

rections.  The results are presented in terms of north-south 

and east-west errors in km in Table 11 and are discouraging. 

The station corrections appear to work reasonably well when a 

source function is not estimated, unfortunately, when we esti- 

mate an azimuthal source function the station corrections appear 

to further degrade the location. However, we note that general- 

ly the corrections are in the right directions, even when all 

are applied or estimated; that is, the corrections move the 

estimated location south. Network v gives a location 19.86 km 

north of the true and VI gives a location 30.22 km north of 

the true. The apparent true location is about 25 km north rf 

the true.  Errors (both measurement and model) in the data for 

these two networks are apparently such that "precise" solutions 
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of earthquakes in the central Aleutian Islands.  Using a 

three-dimensional ray tracing program developed by G. Sorrells, 

we calculated the travel time residual pattern relative to the 

1968 travel times which would result from this distribution of 

velocities beneath Amchitka.  Figure 4 shows the residuals as 

contours; the map is symmetrical about the north-south line 

so that only the eastern half is plotted.  Note the complexity 

of the map and that the most negative residuals, representing 

the fastest ray paths, are at distances of 20° to 60° and 

azimuths northeast and northwest from Longshot.  In Figure 5 

the residuals are plotted as a function of distance for four 

azimuths.  Using the actual locations of 84 stations which 

recorded Longshot we computed the station residuals which would 

result directly from this model. Figure 6, which shows these 

residuals plotted as a function of azimuth, is very similar 

to the same kind of plot of observed Longshot residuals. A 

first order sine-curve was fit to the model residuals of the 

form /9+ ßSi'r\(?|*; + 6)  where  6    is the phase angle. 
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The resulting values were [-^.32 + ^60 SlnC^ + ^ö*)] 

which can be compared to the fit to observed Longshot residuals 

which was, [-0,5+ [32 S(Vltev:+ Z7S.f)l. 

These functions are similar; however, the observed data gave 

larger values for both the A term and the amplitude of the sine 

function.  The similarity can be improved by increasing the 

velocity contrast in the assumed source model or by lengthening 

the down dipping plate. 

The source parameters (SV£ , A/j  and B/£ in the first 

order model were calculated for the source region represented 

by figure 3. We then estimated the Longshot epicenter using 

equation (20) as a statistical model, with the distance depen- 

dence of the station terms, ^Jt J   ^JH   and B;£   being 

neglected.  The resulting location shown on Figure 7 as a 

dot marked "corrected times" is closer to the true location 

than our previous estimate.  Had the length of the dipping 

plate in our assumed source model been 300 km instead of 200 km, 

the computed location would have been very close to the true 

shot point. 
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The use of deterministic source models appears to be 

the most promising course to follow in attempting to remove 

bias from epicentral estimates employed in the 1968 studies. 

Our previous estimates of azimuthally dependent station 

corrections may well be biased because of the spatial corre- 

lation of source effects along the island arcs of the Pacific 

and Atlantic.  The next step in a re-estimation procedure is 

to relocate all of the island arc events we have used, assum- 

ing the travel time tables are correct, based on a modified 

equation (20) and assumed source models for each arc.  (The 

source terms are modeled rather than estimated.)  New residuals 

then obtained can be used to re-estimate the station terms. 

The process must involve serveral interations because the 

time anomaly field for a given source model is very sensitive 

to a shift in location normal to the strike of the dipping plate, 

.-•-•._.„  
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CURRENT CAPABILITIES IN THE ESTIMATION OP LOCATION PARAMETERS 

The Monte Carlo study of Amchitka, the Longshot study 

analysis of the Veith-clawson data and the work of Tucker, 

et al.. (1968) indicates that an error variance of 1 sec2 is 

not unreasonable for present network capabilities and larger 

events.  This reflects, primarily, errors due to 

(i)   higher order model inadequacies and 

(ii)  basic station operational capabilities (timing, 

reading, etc.). 

The overail value of 1 sec^ is onXy justified on a suitahle 

randomization baaia since model inadequacies are not true 

random variables. Further, in order to achieve this value 

we must routinely truncate our data sets to eliminate con- 

tamination errors, since the first error source, (i), is 

approximately an order of magnitude larger than the second 

source, (ii), (for the better stations) any reduct.on ln ^2 

must come from more accurate models. 

äS a first step the distance dependence in station cor- 

rection terms should be accounted for. The Amchitka Monte 

Carlo study indicates that if more accurate and precise 

estimates of the station time terms „ere available it might 

be possible to simultaneously locate and estimate aaimutha! 
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source terms. That is, if „e can get the .agnitude of error 

source (i, comparable to that of source (ii, we can possibly 

eliminate by estimation the bias due to an azimutha! source 

function. However, if an approximate, deterministic source 

model is available (estimated or known from other work), then 

the value of 1 sec^ is operationally adeguate as evidenced by 

the work of Tucker, et al., (1968), „errin ana Taggart (1968b) 

and the mode! studies of our present work. Äll of these 

studies indicate that for a „ell distributed network composed 

of 25 or more good stations, the major contributor to location 

error is source bias produced by an a.imuthal source function, 

in the Herrin-Taggart (1968b)study the improvement in iocations 

produced by use of station corrections was of the order of a 

few km while the improvement by use of source corrections was 

of the order of tens of km. The Monte carlo studies of 

Tucker, et al., (1968) gave similar results_ ^ ^^ 

model studies indicate that this phenomenon is due to the 

confounding of the location terms and a.imutha! source terms 

employed in the least squares estimation procedure. Thus 

any real improvement in location capabilities must come from 

adequately accounting for azlmuthal source terms. 

We have as direct implications of the Monte Carlo studv 
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of Ämohitka and the Longshot studies that 

(i)  bias in a simultaneous location and azim„thal 

source term estimation procedure is of the order of a few „m, 

(ü) in locating either with or without asimuthal source 

terms, the procedure is linear with respect to the variance 

of the estimated location which implies that the location 

diagonal terms of Wx)-l  increase „„,„ .^^ ^^^ 

source terms, 

(iii) in either case a ciiHfav,iA ».  «-ase a suitable measure of network 

effectiveness is given by (X'X)"!. and 

(iv)  for a location without source term estimation, 

using a balanced network r.^ «JK  
a network of 25 or more good stations, standard 

deviations of 5 to 7 tan can be obtained. 

Two possible solutions to the source problem are now 

apparent.  In one we can use ^^ ^ a ^^ ^ ^ ^ 

attempt to minimise the overall „SE by estinating only a 

proportion of any a.imuthal source terms,  on the other hand 

we can model the local structure, e.g., Longshot, and use 

this model to predict residuals.  Both have advantages and 

disadvantages. The first requires no specific model, xt is, 

however, limited to a few terms in an expansion and has the 

drawback of estimating only a proportion of any possible 



-04- 

lower order azimuthal source terms.  This is partially com- 

pensated by the fact that first order terms should be 

adequate and a measure of the overall MSE is available. The 

proportion of any source terms estimated is known and can be 

used to predict the bias and also the variance of the loca- 

tion estimators is known from (X'X)-1 (assuming (5 2 = 1 sec ). 

Tlv second method has an overall variance that is known and 

adequate in view of (iv).  Unfortunately any bias removal is 

a direct function of the model and for many source regions we 

have no knowledge of proper models.  Not only is the model 

important but also the location of the event with respect to 

the model.  For example, with Longshot a change in the epicenter 

of about 50 km to the south should virtually eliminate all of 

the time residuals due to the Longshot source function. Also 

any location procedure would be costly since a search tech- 

nique must be employed.  (Analytic representations of the 

models we have considered are difficult to derive.) 

Either of these methods can be equally effective. Our 

Longshot model studies indicate that a reasonable model 

accounted for about one-half of the bias. Assuming a stan- 

2 
dard deviation of 6 km we obtain an overall MSE of 144 km + 

36 km2 or 180 km2.  To evaluate the first method let us 
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assume that a proportion of one-half yields a standard de- 

viation of 10 to 12 km, say 11 km.  Preliminary work with the 

proportion method locating the Monte Carlo Amchitka event 

indicates that these assumptions are not unreasonable.  With 

these assumptions we obtain an overall MSE of 144 km2 + 121 km2 

or 265 km2 or slightly poorer than the model method.  However, 

both MSB's are comparable.  Thus we conclude that with proper 

modeling or careful proportional estimation of source terms 

epicenter location MSE's of 180 to 265 km2 are obtainable. 

Further, improvement in these values should be obtained 

by employing the distance least squares method.  We have pre- 

viously discussed the usefulness of the distance method in 

routine location procedures where truncation is employed. 

Recall that the distance method is essentially the result of 

a variance stabilizing transformation.  To the extent that 

the distance method produces a constant variance it will, in 

theory, result in lower variances for the location parameters. 

This is so since in the case of unequal variances a weighted 

least squares is optimum.  Thus the distance method should 

improve least squares depth estimates by retaining closer 

stations and should reduce the variance of ail location 

parameters. 
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It is difficult to assess the quantitative affects of 

the distance method on epicenter location errors? however, 

the improvement in standard deviation should be only a few 

km.  If we consider the model case and suppose that the 

standard deviation reduction is 2 km we obtain 144 km2 + 

16 km2 or an overall MSE of 160 km2,  similar considerations 

for the proportional case yield 144 km2 + 81 km2 or an over- 

all MSE of 225 km2.  We then obtain overall epicenter location 

MSB's of 160 to 225 km2.  Again we see that bias reduction is 

the important consideration. 

By employing "good" station corrections a further re- 

duction of the location parameter variances is possible. 

These improvements are again slight with respect to the 

possible improvement in location bias.  We conclude that 

by employing a distance location procedure, "good" station 

corrections and either a source model or the proportional 

method that for a well distributed network composed of 25 or 

more good stations epicenter location MSE's of less than 

200 km2 are obtainable.  Furthermore,, if a region can be cali- 

brated, say, by a number of shots spaced throughout the region, 

then it is possible to obtain location MSE's of less than 50 km2, 
In this case there is essentially no source bias and the errors 
are due to either measurement errors or higher order model in- 
adequacies associated with the stations. 



SUMMARY OF CONCLUSIONS 

The following paragraphs provide a brief summary of the 

most important conclusions reached in this report. 

1. It is possible to develop simplified, practical, 

mathematical models for the prediction of teleseismic travel 

times.  These models lead to a non-trivial definition of a 

"world-wide-average" travel time function. 

2. A randomization procedure for the simplified travel 

time models provides the basis for estimation of model and 

location parameters under two extreme conditions: 

(a) All errors result from inaccuracies of measure- 

ment, in which case the mean square time error is minimized 

for a location estimate, and 

(b) all errors result from model inadequacies, in 

which case the mean square distance error is minimized 

for a location estimate.  In practice, errors arise from 

both source, and either estimation technique will yield 

satisfactory results. Minimization of mean square 

distance errors may be preferable when data from only 

very good stations are available. 

3. when estimating travel times using combined data from 

explosions and earthquakes, all the sources should be treated 
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in the same manner.  That is, the epicenters should be esti- 

mated for the explosions.  Utilization of known location 

parameters for the explosions can, in this case, lead to bias 

in the travel time estimates. 

4. The 1968 p-travel times (Herrin, et al., 1968) are 

essentially unbiased and statiscally equivalent to the most 

complete set of shot derived travel times (Veith and Clawson, 

1972). 

5. The estimated station corrections given by Herrin 

and Taggart (1968a) are probably adequate for those cases based 

on 50 or more observations. 

6. Source location error is essentially confounded with 

the first order azimuthal source terms.  This effect (source 

bias) may be the largest cause of error in estimating epicenters. 

7. It is probably useful to re-estimate station corrections 

to remove any bias due to mislocation of the sources and to 

allow for distance dependence. 

8. With "good" station corrections, methods can probably 

be developed for estimating epicenters with mean-square-errors 

of less than 200 km^, provided the network consists of 25 or 

more well distributed stations.  These methods will require the 

use of deterministic source models or the proportional method 

for approximating the source interaction term. 

  '"^^wmmmsm^ 



TABLE 1* 

SUMMARY OF EXPLOSTONf DRTa 

Site or Event 

Semipalatinsk 

Algeria 

Novaya Zemla 

LONGSHOT 

SHOAL 

Nevada Test site 

SWORDPISH 

CHASE II 

CHASE III 

CHASE IV 

CHASE V 

CHASE VII 

Bikini 

Eniwetok 

Totals 

No. of 
Events 

7 

6 

9 

1 

1 

6 

1 

1 

1 

1 

1 

1 

4 

3 

43 

No. of Observations 
Total  Te lese isnn r 

528 522 

463 442 

257 251 

234 232 

100 46 

531 313 

48 38 

36 33 

53 32 

48 31 

63 31 

53 33 

21 21 

19 19 

2454 2044 

♦From Table 1, Veith and clawson (1972). 
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TABLE   2 

ANALYSIS OmiT^_EXPL0SI0N  RESIDUALS   FOP  THE_HERRIN  TRAVKT.JTTMPC 

Mea n values calculated per  5  deqr ee blocTc 

Cell N 

100 

Mean 

.262 

SD 

2.976 

Variance SD Mean T 

0-5 
8.856 .298 

A. 

.880 

5-10 135 .026 2.928 8.573 .252 .103 

10-15 104 .955 2.924 8.551 .287 3.330 

15-20 102 1.050 2.337 5.462 .231 4.537 

20-25 101 .357 1.722 2.966 .171 2.086 

25-30 100 .083 1.713 2.933 .171 .485 

30-35 109 .367 1.388 1.927 .133 2.760 

35-40 100 .3 92 1.237 1.529 .124 3.170 

40-45 86 .112 1.208 1.459 .130 .857 

45-50 72 .072 1.019 1.039 .120 .601 

50-55 56 -.300 .988 .976 .132 -2.272 

55-60 70 -.116 1.085 1.176 .130 -.893 

60-65 84 -.144 1.212 1.470 .132 -1.089 

65-70 90 -.162 1.091 1.191 .115 -1.410 

70-75 80 .041 1.001 1.003 .112 .368 

75-80 77 -.296 1.092 1.192 .124 -2.380 

80-85 85 -.140 .935 .873 .101 -1.381 

85-90 80 -.043 .948 .899 .106 -.401 

90-95 68 .068 .900 .810 .109 .620 

95-100 50 .364 .904 .817 .128 2.847 

qo 

... 



TABLE 3 

PACIFIC-ATLANTIC MODPr, STUDV ^^ REGTnw 

Event Code 

Amchitka 

Komandorskie 

Kuril 

Japan 

Ryukyu 

Manila 

Event Reginn 

Amchitka is.: Aleutian Trench 

Komandorskie Is.: 

Kuril is.: Kuril-Kamchatka Trench 

Japan: Japan Trench 

Ryukyu is.: shoto Trench 

Philippines:  Philippine Trench 

Western New Guinea  Western New Guinea 

Tonga 

Chile 

Lima 

Columbia 

Guatemala 

Mazatlan 

Kodiak 

Unalaska 

Mariana 

Ogasawara 

Java 

Sandwich Is. 

Puerto Rico 

Tonga Is.: Kermadec - Tonga Trench 

Chile:  Peru-Chile Trench 

Peru: Peru-chile Trench 

Columbia:  Pacific Coast 

Guatemala.-  Pacific Coast 

Mexico:  Pacific Coast 

Kodiak is. 

Unalaska Is..- Aleutian Trench 

Mariana Is.:  Mariana Trench 

Japan:  Japan Trench 

Java:  Java Trench 

So. sandwich is.:  south Sandwich Trench 

Puerto Rico:  Puerto Rico Trench 

Oil 

., .  ..  ■  ■ 
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TABLE 4 

PACIFIC-ATIANTIC MODEL STUDY STATIONS 

Code        Station Code- 

AFI Afiamalu, Samoa PAL 
ATH Athens, Greece PER 
BAG Eaguio, Philippines PVC 
BRK Berkley, California QUE 
BOG Bogota (WWNSS), Columbia REY 
BOK Bokar, India ROM 
BUL Bulawayo, Southern Rhodesia SAP 
CAN Canberra, Australia SEM 
CTA Charters Tower, Australia   SEN 
CMO College, Alaska SHI 
CSC Columbia, So. Carolina SIM 
DAL Dallas, Texas SOD 
GUA Guam, Guam SAN 
HLW Helwan, Egypt THU 
HVO Hawaiian Volcano Obs.; TIK 

Hawaii 
KIS Kishinev, USSR TOL 
LAN Lanchow, China TRN 
LPS Lapalma, El Salvador UPP 
LAR Laramie, Wyoming VAN 
LHA Lhasa, China VCM 
LPB La Paz, Bolivia (WWSS) VIE 
LWI Lwiro, Congo VLA 
MED Medan, Sumatra WAR 
MNT Montreal, Canada WEL 
MOS Moscow, USSR WIL 
MBC Mould Bay, Canada WIN 

Station 

Palisades, New York 
Perth, Australia 
port Vila, New Hebrides 
Quetta, W. Pakistan 
Reykjavik, Iceland 
Rome, Italy 
Sapporo, japan 
Semipalatinsk, USSR 
Sendai, Japan 
Shiraz, Iran 
Simferopol, USSR 
Sodankyla, Finland 
Santiago, Chile 
Thule, Greenland 
Tiksi, USSR 

Toledo, Spain 
Trinidid, West Indies 
Uppsala, Sweden 
Vannovskaya, USSR 
Vera Cruz, Mexico 
Vienna, Austria 
Vladivostok, USSR 
Warsaw, Poland 
Wellington, New Zealand 
Wilkes, Antarctica 
Windhoek, South Africa 

CtfL 



TABLE  5 

Cell 

20-25 

25-30 

30-35 

35-40 

40-45 

45-50 

50-55 

55-60 

60-65 

65-70 

70-75 

75-80 

80-85 

85-90 

90-95 

95-100 

100-105 

PACIFIC- -ATLANTIC  MODFIT,  RT-nnv 

Mean SD Mean N 

.035 .449 26 

.173 .314 20 

.185 .227 25 

.041 .193 29 

.129 .162 23 

.018 .147 32 

.016 .106 38 

.040 .078 39 

.008 .063 40 

.006 .066 49 

.006 .119 53 

-.021 .172 51 

-.049 .177 56 

-.121 .205 57 

-.073 .256 44 

-.060 .256 51 

.004 .259 51 

Q5 



TABLE 6 

STATIONS EMPLOYED IN THE AMCHITKA MONTE CARLO STUDY 

Code 

API 
ATH 
BAG 
BRK 
BOG 
BOK 
CAN 
CTA 
CMO 
CSC 
DAL 
GUA 
HLW 
HVO 
KIS 
IAN. 
LPS 
LAR 
LHA 
MED 
MNT 
MOS 
MBC 

Station 

Afiamalu, Samoa 
Athens, Greece 
Baguio, Philippines 
Berkely, California 
Bogota (WWNSS), Columbia 
Bol^r, India 
Canberra, Australia 
Charters Tower, Australia 
College, Alaska 
Columbia, South Carolina 
Dallas, Texas 
Guam, Guam 
Helwan,   Egypt 
Hawaiian Volcano Obs.,Hawaii 
Kishinev,   USSR 
Lanchow,   China 
LaPalma,   El Salvador 
Laramie,   Wyoming 
Lhasa,   China 
Medan, Sumatra 
Montreal, Canada 
Moscow, USSR 
Mould Bay, Canada 

Code 

PAL 
PER 
PVC 
QUE 
REY 
ROM 
SAP 
SEM 
SEN 
SHI- 
SIM 
SOD 
THU 
TIK 
TOL 
TRN 
UPP 
VAN 
VCM 
VIE 
VLA 
WAR 
WEL 

.Station 

Palisades, New York 
Perth, Australia 
Port Vila, New Hebrides 
Quetta, west Pakistan 
Reykjavik, Iceland 
Rome, Italy 
Sapporo, japan 
Semipalatinsk, USSR 
Sendai, japan 
Shiraz, Iran 
Simferopol, USSR 
Sodankyla, Finland 
Thule, Greenland 
Tiksi, USSR 
Toledo, Spain 
Trinidad, West Indies 
Uppsala, Sweden 
Vannovskaya, USSR 
Vera Cruz, Mexico 
Vienna, Austria 
Vladivostok, USSR 
Warsaw, Poland 
Wellington, New Zealand 

^ 

• 



TABLE   7 

AMCHITKA  MONTE  CARLO  STUDY  RESULTS 

n        G        N-S Mean & N-S g N-S    E-W Mean ^ E-W      ^ E-W 

Source Estimated* 

128 1.0 -4.261 17.93 17.93 -0.560 17.16 17.16 

48 0.8 -3.876 12.11 15.14 1.810 16.28 20.35 

48  0.08   0.126     1.269    15.86   -0.015    1.763    16.60 

Source Not Estimated* 

88  1.0  -0.715     3.988   3.988   -0.179   3.431    3.43. 

♦North and east are plus while south and west are minus. 

qtr 



TADLE 8 

TEST NETWORKS FOR AMCMITKA MONTE CARLO STUDY 

Network Station 

I Berkeley, California 
Hawaiian Volcano Obs., Hawaii 
Laramie, Wyoming 
Mould Bay, Canada 
Sapporo, Japan 
Sendai, Japan 
Thule, Greenland 
Tiksi, USSR 
Vladivastok, USSR 

II Afiamaul, Samoa 
Columbia, South Carolina 
Lhasa, China 
Moscow, USSR 
Palisades, New York 
Port Vila, New Hebrides 
Uppsala, Sweden 
Vera Cruz, Mexico 

III Berkeley, California 
Laramie, Wymoming 
Mould Bay, Canada 
Thule, Greenland 

 TiksU-USSR  

IV Hawaiian Volcano Obs., Hawaii 
Sapper o, Japan 
Sendai, japan 
Tiksi, USSR 
Vladivastok, USSR 

oib 



TABLE 9 

Network 

I 

AMCHITKA 

No. of 
Stations 

9 

TEST NETWORK ERROKS 

Source not 
Estimated* 

17.21 
-0.95 

Source 
Estimated* 

-0.15 
0.05 

II 8 23.15 
-1.34 

-1.31 
0.74 

III 5 18.05 
-0.06 

0.45 
-0.06 

IV 5 16.61 
-1.43 

72.93 
-3.11 

*North and east are plus while south and west are minus. 

Ql 



LONGSHOT STUDY NETWORKS 

Network  Code    Station Code 

V     ALQ Albuquerque, New Mex. LAR 
BNS Bensberg, Germany MAT 
CAN Canberra, Australia MNT 
CTA Charters Tower, Australia NUR 
CMC Copper Mine, Canada PAS 
COL College Outpost, Alaska PMG 
CPO Cumberland plateau S.O., 

Tennessee PRU 
DAL Dallas, Texas QUE 
DH- Delhi, New York RES 
FBC Frobisher, Canada SHI 
ISO Isola, France SOD 
JER Jerusalem, Israel STR 
KJN Kajaani, Finland TOO 
KHC Kasperske Hory, TRO 

Czechoslovakia UPP 
KEV Kevo, Finlan VAL 
KIR Kiruna, Sweden WMO 
KON Kongsberg, Norway 

Station 

Laramie, Wyoming 
Matsushiro, Japan 
Montreal, Canada 
Nurmijarvi, Finland 
Pasadena, calif, 
pt. Moresby, New 

Guinea 
Pruhonice, Czech. 
Quetta, W. Pakistan 
Resolute Bay, cana. 
Shiraz, Iran 
Sodankyla, Finland 
Strasbourg, France 
Toolangi, Australia 
Tromsoe, Norway 
Uppsala, Sweden 
Valentia, Ireland 
Wichita Mts. Seis. 
Obs., Oklahoma 

VI    BKS Byerly, California LON 
BUT Butte, Montana MAT 
COL College Outpost, Alaska MN- 
EUR Eureka, Nevada PRS 
FBC Frobisher, Canada PAS 
GOL Golden, Colorado SOD 
KEV Kevo, Finland SPO 
KIR Kiruna, Sweden TFO 
LAR Laramie, Wyoming 
LAW Lawrence, Kansas TUC 
LC- Las Cruces, New Mex. UBO 
MHO Lick (Mt. Hamilton), 

California VIC 
WMO 

^ 

Longmire, Wash. 
Matsushiro, japan 
Mina, Vevada 
paraiso, Calif. 
Pasadena, Calif. 
Sodankyla, Finland 
Spokane, Washington 
Tonto Forest Seis. 
Obs., Arizona 
Tucson, Arizona 
Uinta Basin Seis. 
Obs., Utah 
Victoria, Canada 
Wichita Mts. Seis. 
Obs., Oklahoma 



TABLK }1 

LONGSHOT STUDY NETWORK ERROi:^ 

Network 

Source 
Not Es- 
timated 

Source    NO station 
Estimated Corrections 

Station 
Corrections 

North-South 
Error* 

No station 
Corrections     19.86 

Station 
Corrections     21.08 

-19.74 

-35.51 

East-West 
Error* 

-1.66 

-1.5C 

1.28 

10.19 

VI 

Source 
Not Es- 
timated 

No Station 
Corrections 

Station 
Corrections 

Source    No Station 
Estimated Corrections 

Station 
Corrections 

30.22 

21.03 

-9.40 

-66.28 

-2.57 

2.05 

-53.11 

6.72 

♦North and east are plus while south and west are minus. 
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Figure 4 

COMPUTED  TRAVEL TIME ANOMALIES  (SEC.) 
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