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ABSTRACT

Joint Epicenter Determination (JED), a least squares
method of estimating earthquake epicenters and station
corrections, is shown to be unstable for some teieseismic
nets in that estimated locations and station corrections
change substantially when a few readings from a large set
are omitted. Locations are also shown to change if different
travel-time tables are used. The result is established both
for a North American and 2 world-wide net, using an epicentral
region ranging 30° alcng the Aleutian Islands. If the suite
of epicenters were to be spread over the earth, a case not
discussed in this study, JED may be stable. However, in that
case it would appear to be impossible, using JED, to discover
the corrections to the average earth travel time tables caused
by geology at the source or in the mantle. Thus JED could
not be used to determine station corrections which would
result in teleseismic locations accurate to 2-4 kilometers.

JED does seem to be a suitable method for simultaneously
determining improved locations and an improved travel time
table in a region where the travel-time table is poorly known.
An example of such an application for a local Alaskan network

is given in this study.
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INTRODUCTION

Douglas (1967) has présented a méthod of calculating
travel time corrections to be applied to obtain a more
accurate location whenever 2 particular station records an
earthquake. We shall call these corrections "station
corrections",'but it must not be assumed that by this nomen-
clature we intend to imply that the correction is mostly due
to the geology in the "vicinity" of the station. For example,
if a high-velocity material lay to the south of an epicenter,
then all stations to the south would receive signals early;
if only epicenters from this restricted region were considered,
then the "station effect" would be due to geology near the
epicenter: However, if epicenters were uniformly distributed
over the earth, it seems plausible that any "'station correction"
which on the average improved all locations would be due to
the geology in the vicinity of the station.

These are at least two reasons for interest in these
corrections: first, one can locate epicenters more precisely
with them. This is important for the underground test detection
program in order to narrow the area of search in on-site
inspection. It is also important to determine if an event is

on one side or the other of a political boundary, or within

a tectonic region which is a source of earthquakes having known
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characteristics. For geophysical purposes, more accurate
locations serve to define more precisely these tectonic
zones. Also, if it can be determined how much of the station
correction is due to station geology, the remainder may be
traced to geophysical effects of interest at the source and
_in the manfle.

Douglas has called his method Joint Epicenter Deter-
mination (JED). In each equation expressing the difference
between the observed and predicted station arrival time he
includes an unknown station correction. Equations for several
events and stétions are written down at once, and, using least-
squares, the station corrections are adjusted along with the
origin times and epicenter locations to produce a minimum in
the sum of the squared travel-time error terms.

In his first paper (1967) Douglas selected seven events
distributed along the Aleutian chain from the Komandorskys
to south of Alaska. One of these events was the underground
test LONG SHOT which has been mislocated 20 km to the north
by a 329 station world-wide net with good distribution.

Lambert, Ahner, and von Seggern (1970) have shown that
with station corrections derived using the known location of
either LONG SHOT or MILROW, one can locate the other event to

within 1 km. LONG SHOT and MILROW were only 2.4 km




¥

apart, so-that one would expect the station corrections
‘determined from”one event to be the same as for the other,
within reading error. The accurate locations indicate that
this is true. One should note that even poorly distributed
sub-networks give good locations when these corrections are
applied. .

On the other hand, Chiburis and Ahner (1970a)‘have shown
that the LONG SHOT corrections, when applied to the FLEXBAG
"explosion,(70 km south of LONG SHOT), give locations
with errors betwe;n 5 and 10 km for different networks (we
might note that the true location of FLEXBAG is uncertain
within + 3.7 km). This is, however, a substantial imprdvément
o&er the 10-20 km error typical of locations without the
corrections. Still, it suggests that station corrections
cannot be substantially constant over the entire Aleutian
chain,

Douglas’ (1967) used 30 stations, well distributed in
distance and azimuth, to estimate the station corrections for
the seven events mentioned above. For this example he determined
station corrections, implicitly valid for the entire Aleutian
chain, which locate LONG SHOT with oaly a 1 km error.

Douglas and Lilwall (1968) apparently have averaged

station corrections from LONG SHOT, a volcanic earthquake in




Hawaii, and tests at Eniwetok and Bikini. These corrections
were deduced by knowing the correct origin time and location;
no use was made of JED. When the average corrections were
applied to each of the individual events, the average error
of location changed from 17 to 6 knm. Presumably, using
corrections from a shot close to each of the individual
eévents would reduce the error to the 1-2 km achieved by
Lambert et al. (1970). The fact that in Douglas and Lilwall's
paper all source areas are surrounded by the stations of the
net helps all of them to have approximately a common ray-path
to each seismometer. If this were not true the averaged
corrections might not give such good locations. |

Blamey and Gibbs (1968) used JED to perform relative
locations in a small area, a procedure which can also be
Carried out by using one event to calculate travel time
corrections for each station.

Lilwall and Douglas (1970) used JED on 81 events, 15 of
them shots with known epicenters. The average location error
was reduced from 10 km to 7 km. This result, not as good as
in their 1968 paper, could be due either toc JED or to the fact
that the events are intermixed geographically with the 146
recording stations, thus making the corrections determined
representative only of the average of the v1c1n1ty of each

Station.




The JED studies discussed above suggest that 1f an
ep1centra1 region is recorded at teleseismic distances which
are large compared to its typlcal dimension, JED can determine
corrections which will locate the events in this epicentral
region to within 1 or 2 km. It is principally this hypothesis
which we investigate in this study.

Douglas and Lilwall (personal Communication, 1971) have
applied JED to simulated data and have shown that for certain
plausible epicenter-station.distributions JED will not give
an accurate answer. It is our conclusion tha't this‘is’true
also for real ﬁata.

J. W. Dewey (personal Communication, 1971) has used WWSS
data to show that JED gives better relative locations at NTS
than does the master event technique.

In the first section following we discuss the JED method
in some detail. 1In the following sections we then make four
applications of the technique: (1) A suite of Aleutian events
as seen by a North American net. (2) An attempt to reproduce
Douglas's 1967 results for a similar suite of Aleutian events
as seen by a world-wide network. (3) A world-wide network
as applied to NTS and other North American explosions. (4) A
local Alaskan network as applied to local Alaskan events. In
this case a modification to JED which estimates a new travel-

time table is also studied.
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METHOD

In the standard method of earthquake location, see e.g.
Flinn (196 ), the travel times for a particular event and a
particular station are assumed to be nonlinear functions of
the epicenter co-ordinates. For the i'th event and j'th
station with longitude and latitude co-ordinates (xi,yi) the
arrival time at the j'th station is written as Aij (we assume
in this study that the events are restrained to a best
estimate of the depth. To allow the depth to vary involves
only a minor theoretical elaboration, but Douglas (1967) has
stated that convergence of JED is unreliable in that case).
Then it is conventional to expand the nonlinear function in

a first order Taylors series about some fixed initial location,

(0) (o)

(xi ~,yi ) so that, for i=1,2,...n and j=1,...k
(0), A, (x.-x’.(o)) 3A (y__ng))
A=A 7+ i i) )+ i i 7Yy
1] 1) i xgo) Syi ygo)
(0
’ (ti-ti )) (1)

Now aAij/axi = aTij/axi where T;j is the travel time from

ito j.
Also Tﬁg) = A§g)-t§0), so that the linecarized model may be
written




8T, . aT, |
A, -t p(U) i : 1

ij i ij oy %% ¢ _—T%) Sy TSN ©ij (2)
9%y O

where ¢ _ is a normal error independent of € mgi, ngj. In
ij mn

the usual method we determine for a fixed i the solutions

which minimize Z.e?., say 8 .,3 . and § .3 then since
J 13- X1’ y1 t1
I (1) I
X, -Xg X, (3)
we have
;Ei = xi(O) + gxi (4)

In particular it is convenient to define the k x 3 matrix

[ i R
9Ty a4
% Jx{0) 3; Jy !
1 y
1
LI : : (5)
Ty T 1
3% [x(0)  3y; |y (0)
N 1 1 -l




and the 3 x 1 vectors

F(Sx, 1 Fx.-
i i
§ =138 Z = ] 6
=i yi =i }’1 (6)
St t.
| i | i
and the k x 1 vectors
FRil Feil
R = . ’ E, = (7)
=i . i
R, €
i 1k4 I 1k4
_ (0) (0)
wherelRij = Aij ti - Tij

Then the least squares solution for the i'th event would come

from the regression model

Ri = Hi8; + g4 (8)
with
_ L 0) 4
Ei - Zi i éi (9)

As a practical matter the iteration continues using each time
the previous solution as Zgo).
The solution is seen to be

8 = w'ajt w R (10}
—1 11 1 ~1



The error variance of the fitted model is

62__1— - A . A
Of = N-3(Rj-H;8:)" (Ry-H;8.) (11)

"~
at each stage and since E(gi) = gi the variance-covariance

matrix of the estimated location is approximated by
E(gi-E Zi)(gi-E Zi) =
E(8,-6;)(8,-6.)" = o2(utn,)L (12)
i 717810 ivi
where we have set 0;=0, anticipating the hypothesis of equal
expected variance for each event. Now suppose that it is
proposed with the classical model that the epicenters be located

jointly, say for all events so that the overall model corresponding

to (8) gets written as

- I -

R FH 0 o0 0 ) 0 F-G €

R = 0 Hzo. 1] . é. + E (13)
2 . . 2 02

R 0 0 H [ ]s €

L I n _ " L

or
R = Hs + € (14)

where R and € are nk x 1 matrices with H an nk.x 3n matrix and




§ is a 3n x 1 vector. The new solution would be
§ = (i'm) lur (15)
or
[ ] 1
u - LI I !
s H, H, 0 0 H R,
‘1
= H'H_~l.. 0 . _ 16
: 22 (16)
§ \ 0 H'H -1 H H'R
- nn n—n
d J
or
8 H'H )"1 H'R
! (HyH)) 171 \
. = L] (17)
8 H'H | -1 H'R
n \ nn n'n

or exactly the same solution as in the separate case (see
equation (10)).

Now suppose we attempt a generalization based on incorporating
station corrections into the model. Then we might rewrite the

observed arrival time as

Gij(u.Sj. Xj)¥i) = v + Sj + Aij (xi’yi) (18)

-10-



" where p is a constant network correction for the origin times,
and Sj a station correction. Since we are estimating the mean
of the correction to the origin times we may restrain Iét, = o.
The true t; may be recovered by adding p to the final estimate
for tio). Then the expansion corresponding to (1) yields,

replacing the letter G by A,

Ajj = (o) rJ‘]xgo) (x; - x§°))
. (19)
JA., .
i _v(0)
+ Wil] = (y;=vi )
Vi
o ©) . 7o) -
(o] 0
Ajj = ti 0 - T: "Tl) 84
(20)

+

oT. .

1 ’.
-3—(%7 6)’1 + 6(.1 + 81;
Yi

Now in order to reduce the dimensionality to the full-rank

situation we restrict the station corrections by requiring that

it

68. = 0 (21)

=1 )

The condition 268j= is not physically significant, since

if each Sj is increased by some constant amount, the only

-11-




effect is to.change the origin time of all events, which would

be absorbed in u.

Then under the reparameterized model the matrix represent-

ation becomes
8 W
U

R=(1,x,x ,H)] ¢ (22)
- -1 2

s

where R and § are as before with

- - -
6ty 681
Sy =du 8 =|: v 8| (23).
6t .1 65y .1
- L -
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1000.0
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000-01
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(24)
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S,

j

Then the overall solution could be written from (22) as
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A nk 1'x, 1'x, 1'H\}[1'R
1x1 [8 -1 2 i
M
n-1)x1 § x!'1 ! ! 'H 'R
(n-1) & Looxx xix, X xR B3
(k-1)x1]8_ |7} x'1 x'x x'x x'H x'R

—u, 2 21 22 2 2~
2nx1\§_ ) \H'l Hix  TH'x, H'H/ \H'R }

Hence under the full model the total number of‘pa}ameters to be
estimated is l+n-1+k-1+2n=3n+k-1. The program is set up to
handle a different number of stations (say ki) for each event,
but for convenience we have chosen ki=k, i=1l, ..., n in
illustrating the X, and X, matrices. The program will run
with or without station corrections.

Station elevation corrections are used, assuming a

velocity of 5.8 km/sec. Ellipticity corrections are calculated

using the standard Clarke 1866 ellipsoid.

-14-



RESULTS

1,
+

- Aleutian Teleseismic Results

The first‘test of the method used a set of nine earthquake51
plus LONG SHOT strung out along the Aleutian Chain from the
Near Islands to the Fox Islands, as shown in Table I together
with the:north latitude and east longitude determined at SDL
using primarily NOS arrival times and observed depth phases.
LONG SHOT has its true latitude and longitude. '

Table II gives the nine stations used in the test. Arrival
times were read for every‘evént at every station, and are
giver in Table III. The Jeffrey-Bullen travel-time tables
were used in the JED calculations.

Figure 1 is a map showing the event locations, and
Figure 2 is a map showing the station locations. The
azimuth aperture of the array around the relatively small
source area is roughly 100 degrees. The variation in distance
is between 20 and 70 degrees.

This set of data was chosen for our first test of JED
because the times had been read at SDL and we could be
confident that they were correct. Furthermore these data
had been used extensively in studies of single event location
procedures and welhad some knowledge of the location errors
which should result from their use. For example, the slightly

different network used in Case II (mentioned below) is

-165-




interesting in that it happens to be one wh1ch locates LONG SHOT

to within 1 km without statlon correctlons.‘

The networks in Cases I ‘and II have the defect that they
are not as well d1str1buted as is requ1red for satisfactory
use of JED, (Douglas, personal communlcatlgn). However, it
would seem plausible that if JED worked well with a good
distribution, it would work fairly well for a moderately good
distribution. In any event these results are the first in
the literature, showing that results from JED are indeed very
poor with a moderately good network of stations.

After the following discussion of Cases I and II we shall
take up the case of a well-distributed network, in particular
we shall use the same network and suite of events used by
Douglas (1967).

As a check of the method, we applied the JED program
without station corrections to the data from Case I and found
to the number of decimal places printed out, exactly the same
locations and mean square errors for each event as were found
by running each event through our standard single-event
location program.

When JED is applied using station corrections, all the

locations move, more or less in parallel, 200 km to the

northwest. (The average single-event location shift was 10 km) .

-16-




The result was repeated using double-precision arithmetic and
resulted in no change in the computed locations.

Exactly the same results were obtained using two different
sets of initial conditions. First, we determined locations
with zero initial estimates for the station corrections. We
did this accepting both the full estimated correction, and
accepting 0.1 of the estimated correction on each successive
iteration. Secondly, we located the events using as initial
guesses for the station qorrections the values determined from
LONG SHOT,

As another test of JED we took the station corrections
as determined by JED and entered them into the standard single-
event ldcation'prOgram. The event locations moved off to
exactly the same locations as were determined in the JED runs,
and had, naturally, exactly the same mean-square time errors.
Table IV gives the net shifts in degrees of each event from
the input locations. J

There is no question that JED is achieving its goal of
reducing the sum of the squares of the error terms. Without
station effects the squared error is 38.70 seqz (an average
error per equation of 0.65 sec). With station effects this
error is reduced to 9.14 sec’. There are respectively 60 and

52 degrees of freedom for the two cases. This results in an

-17-
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F statistic at 8 and 52 degrees“of fréedom"of421.0, which is
51gn1f1cant far above the 99 9% confidence 1nterva1 | :

Table V shows che breakdown of the squared t1me exréf
among events, with and without statlon correctlons. 'Only
évent nﬁmber 9 shows an incres=e with station correctiqns.'

Table VI shows the station corrections together with
their standard errors. The station corrqcti&ns can be seen
to be much larger than are normally seen,'reflecting the
200 km error in location.

One clue within the statistics indicating that the new
“locations are incorrect is given by the estimated averége
Sfandard deviations of locations. In the runs without station
corrections the standard deviations are about 12 km in latitude
and longitude, wﬁiie'with station cofrections the standard
deviations go up to 60 km in longitude and 30 km in latitude.

Thus we see that. minimizing the residual time terms has not

minimized the estimated squared lo6cation errors. It is not -

surprising that this should occur, since the matrix in (25),
which also connects the locatlon variances to the squared
residual time terms, could well have been substaﬁtially
changed from the single-event location matrix by the addition
of the terms corresponding to station corrections.

Another measure of the unreliability of this solution

-18-



may be found in the.fact that the estimated mean correction
to the initial guegéés of the origin times is 0.99 sec with
a sténdard d;vi;tion of 2.36 seconds.

A second test, Case II, was run in which LAO, WMO, and
KN-UT were replaced by PRU, EDM, and SHL, at (49.99N, 14.54E),
(53.22N-113.3SW), and (25.57N, 91.88E) respectively. The
station at SHL is opposite North America from the Aleutians,
thus substantially improving the azimuthal'coverage of the
net. ﬁerhaps as.a result, the locafions shifted only 50 km
to the northwest. However, the statistics are generally
similar. The variance of the locations is closely similar,
the station corrections are sﬁaller by about a factor of 2.0
but the variances of the station corrections are larger by
a factor of about 2.0. The decrease in the squared time
residuals is as significant as before. The mean origin time
correction and its variance is much the same as before.

As the next step in our study we decided to study the
stability of JED, when used with a well-distributed net, to
perturbations in the data. We thought to use as our starting
point the network and events used by Douglas (1967).

To do this it was necessary to use the Herrin-61 travel-
time table, since it was that table and not the Jeffrey-Bullen

table that Douglas used, (Douglas, personal communication).

-19.




In addition Dr. Douglas kindly made available to us three
arrival times fér LONG SHOT which were not availaﬁle from the
USC&GS Earthquake Data Reports and which were used in his calcu-
lations; they were as follows:

MAT 21:06:32.2

CPO 21:10:45.6

BMO 21:07:48.7.
The remaining data were taken directly from the Earthquake
Data Reports.

Following the prescription given in Douglas' paper, we
discarded all readings from stations closer than 15° to the
epicenter. We also discarded the following readings from the
set:

BRS-19 July, Andreanof Islands

BRS-19 July, Komandorsky Islands

UBO-06 February

COL-06 February

BRS-22 January

KOU-22 January

WES-19 July, Komandorsky Islands.
These readings were the ones discarded by Douglas (personal
communication) in his 1967 paper because they had residuals

greater than 3 sec after convergence of the first run.

-20-




The calculation yielded a location for LONG SHOT 14 km
to the southwest of the true location. This is not in
agieement with Douglas' result, which placed the estimated
location 1 km north of the true location. The standard
deviation of the LONG SHOT location estimated by our program
was 20 km in latitude and 15 km in longitude.

The typical station correction was on the order of 2.0
sec, and the typical standard deviation of the station
corrections was about 1.3 sec.

To investigate the stability of the procedure when a
different travel-time curve was used, we repeated the above
calculation using the J-B tables. In this case the estimated
location was 20 km almost due west of the true location. The
standard deviations of the estimated location of LONG SHOT were
again 20 km in latitude and 15 km in longitude. The station
corrections were, naturally, different; the typical correction
was still on the order of 2.0 sec and the typical standard
deviation on the order of 1.3 sec.

We then decided to investigate other methods of discarding
poor readings. Using the NOS locations, we first discarded
all readings which resulted in residuals greater than 5.8 sec.
Ten readings were discarded by this procedure, and application

of JED to the remainder gave a location for LONG SHOT 25 km
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to the northwest of the true location. The standard deviation
of the location was 18 km in latitude and 13 km in longitude.

Four readings gave residuals greater than 2.0 sec on the
final iteration of the above calculation, so these were
discarded and the run repeated. The result was a location
35 km almost due north of LONG SHOT with a standard deviation
of 14 km in latitude and 10 km in longitude. Both the station
corrections and their standard deviations were close to 1.0
sec. The largest two residuals were 2.15 and -1.86 sec.

In all of the cases discussed above, the residuai time
sum of squares using JED was reduced by a highly significant
amount.

It seems apparent that on the scale of about 10 km, JED
is unstable for a geometry like that used in Douglas' original
paper. It seems unstable both to travel-time table changes
and to discarding a few out of many readings. This instability
probably explains our failure to duplicate Douglas' results.
Only a few misreadings from the Earthquake Data Reports by

either of us might cause this result.

NTS and other North American Teleseismic Results

We thought then to apply JED to a suite of NTS explosions,
using a well-distributed world-wide array. We shall not report

this result in detail, because as anticipated the calculations
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were extremely unstable, the iteratiops would not converge,
and all the events shifted around at distances of several
hundred kilometers from NTS. Had one of the event locations
been restrained, this would not occur; but simpler relative
location techniques which work well are already available
(Chiburis, 1968).

Table VII gives a list of North American explosions
with their true latitude and longitude, the latitude and
longitude determined by the single event location program,
and also the latitude and longitude determined by the JED
calculation. Table VIII gives the arrival times read for
the network of stations used. Every station recorded at
least two events and a total of 94 readings were used. All
times were read at SDL. FLEXBAG, SALMON, GNOME, and SHOAL
were recorded at the least number of stations: 65, 7, 7, 7
respectively. In this calculation the events do not have
even approximately a common ray-path to the stations, so
we can only expect to estimate a station correction
characteristic of the iumediate vicinity of the station and
constant for all azimuths.

We may note that for only three of the nine explosions

does JED locate better than the single-station location program.

A noteworthy feature of this calculation is that the
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standard deviations of location using JED are only about

10 percent larger than when using the single-event location
program. This is presumably due to the wide range in space
over which the explosions are spread since this is the
principal difference between this calculation and all previous
ones where the standard deviations of locations calculated
using JED were two or more times larger than from the single-

event determination method.

Alaskan Regional Results

The events and stations in Figure 3 were used to study
applications of JED in a small seismic region. The event
locations shown were those determined by the NOS.

If events can be accurately located with a regional
network and also detected teleseismically, then they may be
used to determine teleseismic travel-time corrections. We
may ask if it is possible to use JED to obtain more accurate
locations with a regional net than is possible with a single-
event program. Certainly one might imagine that in a small
area of the crust there exist station corrections (or possibly
corrections for small distances to the world-wide average
travel time table) which would improve locations.

As an initial calculation we used the observations

available from all the events and stations seen in Figure 3
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and listed in Table IX.

We applied the standard single event location Program
using the Herrin (1968) tables, The resulting locations

were 10-20 xp from the NOSs locations, The locations, both

depths eéxcept for the 31 March and 28 December évents; 3s

The depth—restrained locations Using the j-p and Herrin
tables were Such that the Herrip location jg typicaily 2.5 km
Northwest of the J-p locatijon, For the depth-free locationg

the difference is only 0.4 kp to the Northwest., The locations
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was omitted because of the poor depth estimate determined by
the single event progvam. We might hope that the station
corrections determined by JED would improve the depth
estimate.

The results were similar to those found earlier in this
paper; the travel-time residuals were significantly reduced,
but the location standard deviaticns estimated by the JED
program increased by a factor of 2.0. The average difference
between the apparently reliable single station locations and
the JED locations was 8.5 km. On the other hand, when the
station corrections were inserted in depth-free runs of the
single event location program the depth estimates were found
to be far more accurate, even for the 31 March event which
was not used to determine the corrections.

Similar results were obtained using the J-B tables;
the only notable difference being that the average difference
between the single event and the JED locations was only 2 km.

The clearest indication that JED is unsatisfactory is
that the JED location for the J-B and Herrin travel time
curves are on the average 8 km apart.

We turn now to a modification of JED which seems to have
merit when épplied to a region where the basic travel-time

table is not well known. In this modification we discard the
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notion of station corrections and replace it by a correction
to the travel-time table dependent only on the distance between
the station and the event. Thus, in equation (20) Sj is
replaced by SK where K is the index for the distance interval
which includes the distance between event i and station jo
We assume that ESk= 0. With this constraint, the total change
in the travel time is y + SK' The upper bounds of the six
distance intervals selected were 160, 220, 265, 400, 700,
and 1000 km.

With the program modified to operate in this mode, we
re-analyzed the events in Table IX, using the Herrin tables
and again excepting the 31 March 67 event. Again, the travel
time standard deviation is significantly reduced; in this case,
however, the location standard deviations are substantially
the same as for the single event location program. The
average difference between the JED and single event locations
is a 3.0 km shift of the JED locations to the West. Also,
as can be seen from Table X, when the travel time corrections
are entered in the single event location program, the depth
estimates improve to within observational error, even for
the 31 March event which was not used to determine the travel-
time corrections.

An identical calculation was performed using the J-B
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tables. Again the travel-time standard deviations were
reduced significantly. In this case the location standard
deviation was reduced by 30% on the average, and'thé average
location determined using travel-time table corrections was
5.5 km west-northwest of the single event locations. Again
the depth estimates are improved to within observational
error.

The clearest indication that the changed locations are
valid is that the locations with travel table corrections
using either the J-B or Herrin tables lie on the average
within 1,0 km of one ancther.

Given these results, one would expect that the corrections
to the two travel-time tables would lead to a common travel-
time curve. In Figure 4 we have plotted the difference
between the J-B and the Herrin curves. Also plotted are the
new travel-time curves determined when running with the Herrin
or the J-B curves. We see that the curves are identical
within the error estimates determined by the JED program
itself,

To investigate the stability of this solution we first
repeated the J-B calculation with the 04 November 67 event
excluded. The resulting locations were within 0.1 km of the

previous solutions, and the corrections to the travel time
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table differed from the previous valuzs by an average of
0.04 sec, with a maximum difference of 0.1 sec.

As a second test of stability we inserted a new travel-.
time-table interval, 265 to 330 km. The average resultihg
shift in location was 0.4 km with a maximum of 1.0 km. The
new travel-time table is plotted in Figure 4, and we see
that it also is identical with the previous ones within the
estimated error.

Thus on the basis of depth determination and location
consistency we may tentatively conclude that the locations
determiner using the modified JED are superior to those
determined by the conventional JED or by the single event
location program.

We may note at this point, that as previously seen in
this study, the standard deviation of travel-time residuals
seems to be a misleading indicator of location quality.
Using the J-B tables, the estimated standard deviation of
travel-time residuals for all events except 31 March 67 for
the single event location progrem was 0.66 sec; for the
conventional JED, 0.24 sec; and for the modified JED, 0.36
sec. For the Herrin curve the corresponding numbers are

0.47, 0.28, and 0.36 sec.
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CONCLUSI'ONS;_

All of our tr1als of JED us1ng te1ese1sm1c data have
yielded locatlons less accurate than those determ1ned froml
the 51ng1e event location technlque. It fo;lows that statlon
correctlons der1ved from these locatlons would not be correct

It appears that JED can best be used teleselsmlcally to =N

estimate station corrections for a world-wide array of stations

looking at a world-wide suite of events, or, to estimate
improvements on a spherically symmetric model as done by
Lilwall and Douglas (1970) Such correctlons could not,
of course, be used to locate with an expected error of
2-4 km.

Douglas and Lilwall (personal communlcatlon 1971)
have performed simulations of JED which support the results
in this paper by 111ustrat1ng that a large location variance
is to be expected from the application of JED to teleseismic
data from small source areas such as the Aleutians. They
find that when the JED model does not correspond to the'
simulated data, then JED yields poor results. We have found
the same to be true for real data.

We have seen some preliminary indications that JED can
be used with a regional net to yield improved depth and

location estimates, while simultaneously estimating an
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improved travel“time}table. Whether JED glves better resuLts

in Lhese applications than the c13551ca1 method of- succe551ve

.

approx1mat10ns 1s however not shown.
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Event

Number

10

TABLE 1

Events Used in Test I,

North and East are positive.

Event

19 June 1967

27 November 1968
05 December 1967
25 February 1968
15 May 1966

22 November 1965
29 October 1965
07 April 1968

28 May 1967v

26 February 1966

34

Latitude

52.712
52.502
51.561
51.312
51.461
51.299
51.438
51.516
52.070
52.455

Longitude

-166.977
-170.623
-173.523
-176.076
~178.442

-179.754 "

179.183
176.537
175.033
173.544

(LONGSHOT)



TABLE I1I

Stations Used in Test I,

North § East are Positive

Station Latitude Longitude
NUR - 60.51 24.65
CoL 64.90 -147.79
NP-NT 76.25 -119.37
HN -ME 46.16 - 67.99
RKON 50.84 - 93.67
WMO- 06 | 34.72 - 98.59
LAO-10 46.69 -106.22
KNUT 37.02 -112.83
UB0-10 40.32 -109.57
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TABLE 1V

Change in latitude and longitude from input locations for the
earthquakes and from the correct location for LONG SHOT

(Event 7), Case I.

Event Number Delta Latitude Delta Longitude
1 1.088 -1.675
2 1.066 -1.627
3 1.210 -1.632
4 1.346 -1.685
5 1.268 -1.471
6 1.523 -1.319
7 1.512 _ -1.648
1.553 -1.479
9 1.732 -1,322
10 1.878 -1.382

X7



TABLE V

Squared residual time errors per event

with and without station corrections.

Squared Error

Event Number No Station Correction Station Corrections
1 2.75 0.61
2 5.26 0.55
3 2.33 0.50
4 4.07 0.85
5 5.07 1.75
6 4.51 0.37
7 7.13 1.67
8 4.96 0.83
9 0.99 1.34

10 1.63 0.68
38.70 9.14
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Station

NUR
coL
NPNT
HNME
RKON
WMO-06
LAO-10
KNUT
UBO-10

TABLE VI

Station corrections and their standard error.

Units of seconds.

Station Corrections

8.82
3.68
7.81
0.13
-1.73
-4.63
-3.25
-5.99
-4.84

Standard Error of
Station Corrections

3'

62

1.05

1.
0.
0.
1.
1.
1.

Not Computed

71
44
43
08
08
64

39




Event
Flexbag
Milrow
Jorum
Salmon
Faultless
Shoal
Gasbuggy
Gnome

Rulison

TABLE VII

Location Results for Nine-Explosion Test

True Location

51.125N, 178

51.
37.

31

38,
39.
36.
32.
39.

418N,
314N,
.140N,
634N,
200N,
678N,
260N,
406N,

179.

116

89.
116.
118.
107.
103,
107.

.367E
187E
.460W
S70wW
215W
380W
208W
870W
248w

Distance to
JED Location

0.351N,
0.306N,
0.266N,
0.159 ,
.217N,
. 209N,

0
0
0.165N,
0.140S,
0

. 168N,

0.678E
0.105E
0.108w
0.047W
0.004E
0.043E
0.121W
0.231w
0.124W

Distance to

Single-Event Location

0.270S, 0.441E
0.209N, 0.050W
0.168N, 0.014W
0.123N, 0.186E
0.078N, 0.109E
0.103N, 0.310E
0.062N, 0.021W
0.836S, 0.117W
0.059N, 0.018W
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TABLB X
Arrival times picked at the SDL for the indicated NOS epicenters.

04 Dec 67

Latitude - 62,.4N
Longitude - 151.8W
Depth - 108 Km

Station Distance (Km) Distance (Deg) Azimuth (Deg) Arrival Time (GMT)
SCM 228.6 2.06 102 8 19 43,00
BLR 320.3 2.88 63 8 19 55,00
TNN 329.2 2.96 357 8 19 54,75
coL 344.5 3.10 31 8 19 57.10
PGD 364.5 3.28 32 8 19 59.20
BIG 381.6 3.43 212 8 20 1.65
WH2YK 901,2 8.10 94 8 21 4.10
10 Nov 67

Latitude - 62.3N
Longitude - 151.4W
Depth - 93 Knm

Station Distance (KM) Distance (Deg) Azimuth (Deg) Arrival Time (GMT)
SCM 208,1 1.87 101 18 30 28.50
SVW 264.0 2.38 244 18 30 35.15
BLR 308.6 2,78 60 18 30 41.90
TNN 340.8 3.06 354 18 30 44.30
coL 344.1 3.09 28 18 30 44,90
PJD 363.9 3.27 29 18 30 47,25

* BIG 383.9 3.45 216 18 30 50,05
WH2YK 881.6 7.93 94 18 31 50.10

11 Oct 67

Latitude - 63.0N
Longitude - 151.1W
Depth - 113 Km

Station Distance (Km) Distance (Deg) Azimuth (Deg) Arrival Time (GMT)
SCM 224.5 2.02 121 7 57 10,30
TNN 266.1 2.39 350 7 57 14,80
BLR 267.5 2.41 73 7 57 16.05
coL 272.3 2.45 33 7 57 15.50
PiD 292.4 2.63 34 7 57 18.00
SYW 315.0 2.83 232 7 57 20.90
BIG 453.8 4.08 212 7 57 37.85
WH2YK 879.0 7.90 99 7 58 28,70

W



TABLE IX (Cont'd.)

28 Dec 68

Latitude - 63,0N
Longitude - 148,2W

Depth - 85 Km

Station - Distance me] Distance (Deg) Azimuth (Deg) Arrival Time (GNT)
SCM 125.6 . 1,13 58 . 4 16 16.30
BLR 125.7 1.13 165 4 16 16.60
MCBAL 204.7 1.84 10 4 16 25f30
GEOAL 216.9 1.95 2 4 16 2‘.70
coL 221.6 1.99 2 4 16 27.10
PJD 237.5 2.14 5 4 16 29,20
TNN 324,2 2.92 325 4 16 40,10
SV 448.4 4.03 246 4 i6 55.35
BIG 553.8 4.98 227 4 17 8.95
WH2YK 729.0 6.56 104 4 17 29.80

05 May 67

Latitude - 63.7N

Longitude - 148.5W

Depth - 100 Km

Station Distance (Km) Distance (Deg) Azimuth (Deg) Arrival Time (GMT)
CcoL 146.0 1.21 158 17 6 39.30
PJD 163.0 1.47 12 17 6 40.90
SCM 202.1 1.82 166 17 6 46.07
TNN 258.4 2.32 317 17 6 51.75
BIG 601.5 5.41 221 17 7 34.10
WH2YK 759.9 6.83 109 17 7 53.30

31 Mar 67

Latitude - 63.1N

Longitude - -148,.5W

Depth - 82 Xm )

St;tion Distance (Km) Distance (Deg) Azimuth (Deg) Arrival Time (GNT)
SCM 145.,5 1.31 159 4 18 55.00
pJD 222.8 2.00 10 4 19 4,25
TNN 302.8 2.72 326 4 19 13.65
BIG §55.1 4.99 225 4 19 45.20
Wit2YK 746.4 6.71 105 4 20 8.70

1
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Figure 2. Recording stations for Case I.
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Figure 4. Travel time tables determined by different runs of
the modified JED program, plotted as a function of distance.
The solid line is the difference between the J-B and Herrin
tables. The abscissa is therefore the Herrin curve itself.
The dashed line represents the JED estimate for the travel
time curve when the initial travel time estimate was the J-B
table: The open circles determine the corresponding curve
when using the Herrin tables as an initial estimate. The
solid circles are derived from the J-B tables using a different
division of the station-epice.ter distances into Clusters, as
discussed in the text. Below the travel time curves is a
histogram of the number of observations available to determine
the travel-time curve as a function of distance.




