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INTRODUCTION

The NORESS array, a 25 element, 3 km aperture array in Norway, (Mykkeltveit et al., 1983)
is designed for detecting regional signals from small events. The underlying motivation is the
need for improved capabilities to monitor underground nuclear explosion testing down to very
low magnitudes. The array désign cannot be said to represent an entirely new concept, since
the ‘Geneva arrays’ deployed in the 1960°’s were similar in many ways (e.g.. Romney, 1985).
However, the improved instrumentation and processing capability now available make it possi-
ble to more effectively use the data from small, dense, high frequency arrays.

Our focus in this paper is on the use of data from NORESS-type arrays to locate regional
events. We anticipate a network that includes several of these arrays, along with single
seismometer stations. The events of primary interest are small and detectable by only a few
arrays (perhaps only one). Thus, our objective is to develop and test a regional event location
estimation procedure which takes full advantage of unique characteristics of data from these
arrays and which is suitable for a network including arrays and lower quality stations. For
location estimation, the unique feature of the data from the NORESS-type arrays (aside from
the low detection threshold) is that one can obtain quite accurate estimates of the azimuth of

detected phases. Thus, we need a location estimation procedure which takes maximum advan-
tage of this capability.

The NORESS data are now automatically processed (Mykkeltveit and Bungum, 1984) to pro-
duce a bulletin of regional seismicity that is quite good for a single station (Mykkeltveit,
1985). The locations are computed from Lg - Pn travel time and Lg azimuth. Thus, azimuth
data are now used routinely. Our objective is to extend this idea by developing a formal inver-
sion procedure that allows the incorporation of all useful data (from one or more arrays and
stations) and that provides an estimate of the solution uncertainty. We are particularly con-
cerned with the calculation of the confidence ellipsoid for the solution and evaluation of its
validity as a measure of solution accuracy. Azimuth estimates play an important role, and with
a single array no confidence ellipsoid estimate is possible without them. Parenthetically, we
note that the confidence ellipsoid for a single array location estimate provides key information
for associsting signals from the same event recorded at different stations and arrays.




Several investigators have examined the utility of including azimuth measurements as con-
straints on event location. Early studies by Shlien and Toksoz (1973), Julian (1973), Gjoystdal
et al. (1973) considered the use of azimuth estimates from arrays, but were primarily con-
cerned with teleseismic data. Smart (1978) used Lg azimuth estimates to locate regional
events, and the work of Rivers et al., 1981 extended this study to incorporate these azimuths in
formal location inversion procedures. However, their azimuth estimates were obtained from
three-component stations and were much less accurate than those available from frequency-
wavenumber (f-k) processing of NORESS-type array data. Thus, Rivers er al. concluded that
their azimuth estimates were not very useful, which is quite different from our conclusion
based on the accurate azimuth estimates available from NORESS-type array data.

The location algorithm used (and extended) in our work is that of Jordan and Sverdrup (1981),
which was specifically designed to provide reasonable confidence bounds when the data are
few. This is the situation of primary interest, so this algorithm is especially well-suited to our
problem. The confidence bounds are functions of the solution residuals, a priori estimates for
the data variances, and a parameter which weights their relative contribution. These data vari-
ances can to some degree be estimated from the data, and as empirical experience is accumu-
lated, the weight applied to them can be increased.

In this study we begin by describing the location estimation procedure of Jordan and Sverdrup
(1981) and our extenéions to incorporate azimuth data. We demonstrate the major features
with ‘synthetic’ data. We then consider solutions obtained with actual data from a single array
(NORESS) and from two arrays. The second array, FINESA (Korhonen et al., 1986), is
smaller (10 elements) and is located near Helsinki. We examine both the location precision,
expressed by the confidence ellipsoid, and the location accuracy, which can best be evaluated
by comparing estimated locations with actual locations determined by independent methods.

The examples we present are relatively few, but illustrate all important aspects of the technique
and the quality of the solutions obtained. Further, they demonstrate that our choice of algo-
rithms to compute the arrival time and azimuth variances for particular phases and our initial
choice of the parameters controlling the confidence ellipsoids appear to be appropriate. We

also demonstrate how the parameters can be adjusted to reflect accumulated experience.




ESTIMATING LOCATION WITH SMALL DATA SETS

Most methods for the estimation seismic event hypocenters are based on variations of the
method of Geiger (1910). The unknown solution X is a vector with up to four elements: event
latitude, longitude, depth, and origin time. (In our notation we will use x to represent an esti-
mate for X, and similarly for other variables). In conventional solutions the N observations are
arrival times #(X) of various phases at each station in the network. A theoretical estimate
(2.(x,)) of the data is computed from a trial solution at x. and an assumed earth model. An

estimate for the actual location X is obtained by minimizing the residual vector:

r=(-1¢). (1)

Linearized versions of the equations relating ¢ to x are obtained by expansion in a Taylor series

about the trial hypocenter x.. Based on these equations, the residuals can be represented by:
r=AANk @

where A is an N x M system matrix of the partial derivatives of travel time with respect to x,.

The Ax is a vector of perturbations from the trial solution toward a solution that minimizes 7.

It is assumed that each element of 7 is a normally distributed random variable with zero mean
and variance 6,2 The &; are typically estimated a priori, and are represented by an "assigned”
standard deviation, ©; Though the G; may adequately characterize the effects of
approximately-random processes such as reading errors and small-scale variation in velocity
structure, they may poorly account for sources of bias like station elevation and gross structural

heterogeneity. The bias effects are typically handled by applying station corrections to the data

or by computing joint or relative location solutions (e.g., Douglas, 1967; Jordan and Sverdrup,
1981).




The assigned variances are frequently used to weight the data and associated partial derivatives.
The assigned variance matrix is:
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If the elements of r are independent and the ratios of the O; were assigned correctly, the

~

assigned variance matrix V; is related to the actual variance matrix V, by:
Vv, =8V, )

where § is the variance scale factor, to be discussed later. Of course, when the C; = §; that
is, when the assigned variances accurately describe the scatter in 7, the §is unity. Weighting
by the variances transforms the residual and system matrices:
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As a result of (5), a relative decrease in the assigned standard deviation of a given datum

increases the weight of that datum in determining the final solution.

If the trial solution (x,) is sufficiently close to the actual solution (%) for (2) to be linear, x can
be determined immediately by inverting (2) for Ax, using any number of methods (see Aki and
Richards, 1980). We use the generalized inverse technique:

Ax = (.A:w dw)-l 'iw L% (6)




where A,, is the transpose of A,, and ()”! denotes the matrix inverse. The new estimate of x

is x. + Ax. Usually the problem is nonlinear, and several iterations are required before r, is
minimized.

Estimation of confidence bounds on the final solution x has been the topic of numerous studies
(e.g., Flinn 1965, Evernden, 1969). We have adopted the Jordan and Sverdrup (1981) method
which takes advantage of a priori knowledge about data uncertainties to permit reasonable esti-
mation of the location confidence ellipse when few data are available. We will briefly review
this procedure.

A general formula for points x, on the p percent confidence ellipsoid for solution x is:
x -V @E -»=1x M
where V, is an estimate for the parameter covariance matrix,
V. = @A) ®
The confidence coefficient Kg is:
2 = M F,M, N - M), 9)

where F, is the F statistic with M and N ~ M degrees of freedom at the p percent confidence
level. The §* is usually not known, but has been traditionally been estimated a posteriori by
the normalized sample variance, :3:

I2al”

(10

d N-M
The error ellipse described by (7) through (10) is essentially that of Flinn (1965) and is incor-
porated into most widely used location algorithms such as HYPOINVERSE (Klein, 1978).




The sf from (10) is a satisfactory approximation of §# only for large data sets (N:»M). How-
ever, as N approaches M, the s?. the Fp, and therefore the dimensions of the confidence ellip-
soid, become unreasonably large. Alternatively, both sf and the confidence ellipse can become
unreasonably small when t’_wlz is near zero; a situation more likely when the number of data
used is small. Evernden (1969) suggested an alternative approach which mitigates these prob-

lems. If one assumes the variances Vd to be perfectly known a priori, then § = 1, and the
confidence coefficient reduces to:

€ = 20, )

where x; is the p percent chi-squared statistic with M degrees of freedom. But this estimate is
incorrect to the extent that the Vé are not perfectly known, and in many cases our estimate is
rather poor.

The unique contribution of the Jordan and Sverdrup (1981) method is its incorporation of both
a priori and a posteriori information about the data to derive location confidence bounds.

Using Bayesian statistical theory, they rederive (9) and (10) and obtain the confidence
coefficient:

2 = M$2F M, K+ N - M, (12)
where the new effective a posteriori estimate for the variance scale factor 2is given by:

K sk +

= — 1
¢ K+N-M =

The :% is an a priori estimate for §2 and can be determined from the normalized sample vari-

ances computed during a series of J location experiments:

J

sk = 2 (14)
1

1
J =




K can be viewed as a measure of uncertainty in s%( Jordan and Sverdrup (1981) relate K
directly to the standard deviation of the quantity (1 / s,) for the J experiments used to estimate
s%. When K = 0, §2 is not known a priori, and it must be estimated from the data. In this
case equation (13) reduces to (10). The dimensions of the resulting confidence ellipsoid
depend only on the variance-weighted misfit between the observations and the solution (i.e.,
the Flinn (1965) solution). When K = oo, §2 is assumed to be known perfectly a priori, i.e., sf
=2 mn this case equations (12) and (13) reduce to (11), using FP[M, o] = xg[M] M
(i.e., the Evernden (1969) solution). For intermediate values of K the dimensions of the
confidence ellipsoid depend both on the solution residuals and the a priori assumptions about

the data variances, with the weighting determined by the chosen K. For example, when K = 1

and 8, the implied standard deviations in (1 / 5,) are about * 60 % and 25 %, respectively.

The use of this procedure for sparse network location estimation is straightforward. As more
data are accumulated, area-specific values of s%( are computed. If the assigned data variances
have been estimated reasonable well, s;( should be close to unity. Alternatively, the SZK and
residuals for individual types of data (i.c., P-waves at a particular station) can be used to re-
adjust the variances so that s,z( moves toward unity. As the variances for data from events in a
particular region become better understood, the standard deviation of (1 / s,), should decrease,
and this is reflected by an increase in K. Thus, the accuracy of the "K-weighted" confidence

ellipsoid (as we will refer to it throughout the text) improves with experience, even though the

number of data used to locate individual events remains small.




EXTENDING LOCATION SOLUTIONS TO INCLUDE AZIMUTH DATA

The Jordan and Sverdrup (1981) location algorithm can easily be extended to include azimuth
data. This is done by including additional rows in the residual (r) and system (A) matrices as
follows:

I~
[}

(15)

-atl all a‘l atl ]
ox dy oz T,

(B
]

(16)
aa)v aaN
R

Azimuth residuals are computed as the difference between the observed azimuth (measured
clockwise from the north) and the azimuth from the station to the trial location. As before, the
solution is obtained by minimizing the norm of r,,, the normalized residual vector. The A
includes partials of azimuth with respect to cartesian coordinates x (easterly) and y (northerly).
Figure 1a illustrates the change in @& produced by a eastward change (8x°, in radians) in event
location from x,, to xgz. The station is initially A radians distant and @, radians azimuth from
the event. Side b is drawn from xg to side A to form two right spherical triangles. From

spherical trigonometry, the change in azimuth at the station may be represented by:

_ sin (b)
sin (A - 84)

sin (- da) an




(a)

STATION

(b)

STATION

Figure 1. Geometry for determining the partial derivatives of azimuth (@) with respect to
cartesian coordinates (a) x (easterly direction) and (b) y (northerly direction).
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Assuming angle 8¢t and sides b and 8A are small, we simplify equation (17):

_ b
Sa = sin (A) (18)

The small distances involved permit 3x° at the event to be estimated using plane trigonometry:

b
cos (a,) (19)
Combining (18) and (19) and changing units we obtain:
_32_ _ _ cos (@,) 0.0090° 20
ox sin(d) km 20
The partial with respect to y are obtained in a similar fashion (see Figure 1b):
da _ sin(a) 0.0090° 21
dy ~ sm@)  km @l

The partials of azimuth with respect to depth (z) and origin time (T,) are zero. The non-
linearity of these partials poses little problem, as long as the first trial solution is within the
same quadrant as the correct azimuth for most of the stations providing azimuth data. This cri-
terion is easily satisfied by using the azimuth data themselves to compute the first trial location,
as explained below.

We have written a program (TTAZLOC) implementing this location procedure in the following
way. If there are data from multiple arrays, the initial trial location (x,) is defined as the cross-
ing point of great-circle paths along the best determined (smallest standard deviation) azimuths
from the two closest arrays. If azimuth data are available from only one array, x. is assumed
to be at a range of 100 km and at the best determined azimuth. If no azimuth data are avail-

able, x. is placed near the station reporting the earliest amrival time. The theoretical arival

10




times and azimuths are calculated from this trial hypocenter, and the data residuals are deter-
mined. The A matrix is filled by computing finite difference travel-time partials for the
appropriate phases, and by using (20) and (21) to compute the azimuth partials. We next nor-
malize r and A by the appropriate standard deviations (5) and compute the parameter perturba-
tions using (6). The program iterates until convergence criteria are met. The epicentral error
ellipse, the depth uncertainty, and the origin time uncertainty are all computed separately, using
the method of Jordan and Sverdrup (1981) described in the previous section.

11




DESCRIPTION OF EXAMPLES

The motivation for developing TTAZLOC was the need to compute accurate locations for a
sparse network including NORESS-type arrays, and we will illustrate its application with
examples from a network including two arrays. In this section we describe these arrays and
the examples. The two small-aperture arrays are NORESS, located within NORSAR, and
FINESA, located near Helsinki, Finland. NORESS includes a single center element and 24
others distributed in three concentric rings. The diameter of the outer ring is 3 km. Its design
and capabilities are described in a number of papers by the NORSAR staff, including Myk-
keltveit, et al. (1983), Mykkeltveit and Bungum (1984), and Bungum er al. 1985. FINESA
(Korhonen er al. 1986) is composed of a center element, eight elements in two concentric rings
(the largest of which has a diameter of about 600 m), and a tenth seismometer located approxi-
mately 1 km from the center. The locations are listed in Table 1 and plotted in Figure 2.

Table 1

Center Element Location
Array Abbreviation Latitude Longitude

NORESS NOR 60.735 N 11.542E
FINESA FIN 61444N 26079 E

The velocity model in Table 2 is used for regional phases recorded at both arrays. This is
most appropriate for travel paths to NORESS from the east, and there are known differences
for paths from the west and for the vicinity of FINESA (Mykkeltveit, personal communica-
tion). However, these differences are small, and we choose to keep the model simple for these
examples. Incorporation of laterally and vertically varying velocity structure into the location
procedure is straightforward.




@ 363-21 \
c /N
g “-

v
@ 350-16 o
|
/ NORESS ' FINESA 351-13
) > >
‘ 359-18 ' 361-1
ok +———— 400 km
200
J\/\/ > STATIONS
/{ »
S1 @ REAL EVENTS

B SYNTHETIC EVENTS

Figure 2. Locations of arrays (asterisks), synthetic events (boxes) and real events (circles)
used in this study. See also Table 3.
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Table 2

Velocity Structure.
Layer Thickness (km) VP (knvs) Vs (knvs) VL‘(kas)

1 16 6.2 36 s
2 A 6.7 39
3 15 8.1 4.7
4 8.3 48

The examples include actual and synthetic data. The actual data are from seven regional
events occurring between December 16 and 29, 1985. Most have been located by independent
networks, and these locations are given in Table 3 and plotted in Figure 2. Five of the seven
are explosions in known mines and are probably accurate to £1 km. Event 359-14 (Julian date
359, hour 14) appears to be a mine blast, but was not detected by the local networks. The
location for the seventh event (363-21) is from the Preliminary Determination of Epicenters
and may be in error by tens of kilometers. We assume that the focal depths for the mine blasts
are zero. The depth for 363-21 is unknown.

We also consider four hypothetical events that allow us to isolate certain features of the solu-
tions, and these appear at the bottom of Table 3. For these examples, synthetic arrival-time
and azimuth data are generated by tracing rays through the structure of Table 2.

Table 3

Independent Event Locations
Designation Type Latinde Longitude Depth Magnitude
350-16 Mine Blast 67.1 20.6 0 m25
361-11 Mine Blast 61.4 316 0 mp22
359-12 Mine Blast 60.9 293 0 mg2i
359-14 Mine Blast* 61.0 289 0 mg;26
361-12 Mine Blast 59.4 28.5 0 m 24
351-13 Mine Blast 61.1 30.2 0 m 2S5
363-21 Earthquake 732 5.7 7 my4n
S1 Synthetic 540 18.0 0
S2 Synthetic 60.0 14.0 0
S3 Synthetic 61.0 310 0
S Synthetic 60.0 14.0 20

* Location from this study. No independent location available.
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The location solutions are obtained as part of a larger system for automatically processing data
from a network including arrays. As currently implemented, the signal detection is done with
relevant portions of the RONAPP program (Mykkeltveit and Bungum, 1984). Signal detection
occurs when the ratio of short-term average amplitude to long-term average amplitude
(STA/LTA) is greater than an empirically-determined threshold on one or more of a set of
fixed beams. The beam parameters are slowness, azimuth, band-pass filter, and weighting
applied to individual when forming beams. Figure 3 shows two beams for NORESS and
FINESA for event 361-11. For each array the top trace is a delay-and-sum beam at high velo-
city (8 km/s) and high frequency (2 to 8 Hz). It is designed to accentuate P arrivals. The
lower trace is an incoherent beam (rectify, delay-and-sum). It is beamed for low velocity (4.5
km/s) and low frequency (2 to 4 Hz), and so is configured to accentuate Lg and Sn amivals.
Both beams are steered toward the actual location of the event. To compute the location, the
required information includes the onset time, phase identity (i.e., Pn, Pg, etc.), and azimuth for
each detection. The onset time is determined with the RONAPP algorithm (Mykkeltveit and
Bungam, 1984). Phase identification is is 8 complex task done by a rule-based expert system,
but a description of this is outside the scope of this study.

Estimates for the azimuth for each detection are computed with frequency-wavenumber (f-k)
analysis. We are using a program developed by Kvaerna and Doornbos (1986), which com-
putes the average power versus wavenumber over a band of frequencies. Examples of power
contours computed with this method for the NORESS detections of Figure 3 are shown in Fig-
ure 4. The frequency averaging is done over one octave centered about the dominant fre-
quency of the detection. Estimates of the slowness and azimuth of the incoming wave are pro-

vided by the wavenumber of the peak of the power contours. For assigning a variance to the

azimuth estimate, we need a measure of the quality of the solution. A simple measure is
obtained from the relative height of the highest peak. We call this fkq. It is assigned the value
1 when the ampliude of the second peak is more than 6 dB less than the highest pesk. The
assigned fq is 2, 3, and 4 when the difference between the first and second peaks is 4 to 6
dB, 2 10 4 dB, and 0 to 2 dB, respectively. The fkq for the spectra in Figures 4a, b, and ¢ are
indicated.
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Figure 3. Examples of NORESS (top) and FINESA (bottom) beamed seismograms for event
361-11. The twop trace for each array is a coherent, high velocity, high frequency
beam. The bottom trace is an incoherent, low velocity, low frequency beam. All
beams are steered to the actual event azimuth. See text for details.
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The location solution and confidence bounds on that solution depend on the variance assigned
to the data. Currently, we compute the arrival-time (G,p and G5) and azimuth (O,) standard
deviations automatically using the formulas described below. With more experience these rela-

tions will be refined to more accurately portray the true uncertainty in the hypocenter estimate
(as will be illustrated in a later section).

The O, represent uncertainties in the arrival time due to random errors in estimating the arrival
time and random deviations from the theoretical earth model. They are computed as functions
of the STA/LTA (snr) and STA/LTA threshold (bth) for the beam upon which the detection is
declared. The G, for Pn and Pg phases is given by:

0.75 for snr> 2 bth
Ow = 1225 ~0.75 bthisnr for bth S snr < 2 beh (22

That is, the standard deviation on the arrival time is assumed to be 0.75 seconds, except for
small snr, when it is increased to a maximum of 1.5 seconds. Sn and Lg phases are assumed
to have double the standard deviation of P-type phases with the same snr/bth ratio. That is,
they vary from 1.5 to 3.0 seconds.

The azimuthal standard deviations (G,) are based on the beam resolution at the selected fre-
quency and the quality of the particular solution (given by the fkq). The beam resolution is
determined from the theoretical beam pattern for the dominant frequency; in particular, from
the azimuthal difference between the peak power and the 1 dB contour (daz). The daz and
fkq are related to G4 by:

0.5 da:, for fkq =1,
Cq = 10.75 daz, for fkq =2, (23)
daz, for fkq=3

Detections with fkg = 4 are not used for location. Note that G, is proportional to daz, which
increases with phase velocity and is inversely proportional to frequency. The daz also depends
on amray geometry, with the smaller and asymetric FINESA array having larger and
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azimuthally-dependent daz for a given frequency. Note that the standard deviations represent
random processes and may not adequately account for systematic bias due to, for example,
lateral heterogeneity in earth structure. The values computed with (22) and (23) are reason-
able, but somewhat arbitrary. The only way to validate them is to study how well the resulting
confidence ellipse represents the true precision of the location solutions. The standard devia-
tions assigned to the synthetic data are given in Table 4. These values are slightly larger than
those usually encountered with real data, but this choice highlights the effects of adding or sub-
tracting a datum.

Table 4
Standard Deviations for Synthetic Data.
Data Symbol  Value
Pn, Pg arrival times C,p 1.5s
Sn, Lg arrival times O 30s
Pn, Pg, Sn, Lg back azimuths G 10°
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LOCATION SOLUTIONS

In this section, we demonstrate the use of TTAZLOC with examples. In particular, we are
concerned with an assessment of the precision and accuracy of the solutions obtained. The pre-
cision is represented by the size of the hypocentral confidence ellipsoid. This depends on the
data residuals, data variances, uncertainty in these variances (the K in equations 12 and 13),
and the parameter covariance matrix, which is a function of network geomewry. Thus, the vali-
dity of the confidence ellipsoid as a measure of precision depends on the validity of both a
priori and a posteriori assumptions about random characteristics of the data. If there is bias in
the data, solutions can be precise, but not accurate. The accuracy is simply the proximity of the
actual location to the estimated location, and depends largely on the validity of the assumption
that the elements of the residual vector r are samples of zero-mean, random processes. Sys-
tematic errors or bias due to structural heterogeneity, station elevation, etc., reduce the accu-

racy. Data selection and weighting also play a role in determining location accuracy.

We illustrate the capabilities of TTAZLOC by examining solutions for the hypothetical and real
events of Table 3 and Figure 2. Synthetic data furnishes a level of consistency that allows
solutions for different events and for different subsets of data from a given event to be easily
compared. We use these solutions to demonstrate the effect on location precision of varying
the number, type, and quality of data used. We also present some examples where arrival

times are not adequate to determine a solution, so the azimuths are critical.

Application of TTAZLOC to data from actual events demonstrates the use of our technique in
practice. We show how the a priori variance scale factor sf( and associated uncertainty
(represented by K) are derived from preliminary solutions for these events. We then use these
quantities to determine new "K-weighted” confidence bounds on the solutions. Comparing our
solutions to well-constrained independent locations, we assess the accuracy of locations with
and without azimuth data and the validity of the s%, K, G, and the K-weighted confidence
ellipsoids.
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Application to Synthetic Data

Without azimuth information, the determination of event location and confidence bounds with
data from a single array is impossible. Figures S and 6 show single-array locations and
confidence ellipses computed by TTAZLOC from hypothetical NORESS detections of signals
from synthetic events. The base map shows the region around the NORESS and FINESA
arrays, which are indicated by asterisks. The interstcion distance is about 780 km. Dashed
lines radiating from an array show the azimuth of incoming phases. Each such line is labeled
at its termination by a phase identifier. Two character identifiers (PN, PG, SN, LG) are phases
used to locate the event, while single character markers denote other detected phases from the
same event. Sparsely-dotted arcs are drawn to azimuths that are + 26, from the mean azimuth
estimate. The 90% confidence ellipses are shown for each location solution. The depths are
fixed at zero unless stated otherwise. All our solution plots are in this format. For the syn-
thetic examples we set s%( = 1.0 and K = oo (see equations 12 and 13). The resulting
confidence ellipsoids are %2 error bounds, and thus they are independent of the data residuals.
They depend only on the parameter covariance matrix, which reflects the geometry of the
observing network and the assigned data variances.

The single-array solutions depend on the assigned data variances in a simple way. The radial
dimension of the epicentral error ellipse is controlled by the arrival-time variances, and the
azimuthal dimension is controlled by both the azimuthal variances and the distance to the
event. These relationships are illustrated in Figure S (Table 5). The effect of event distance
on the confidence ellipse is demonstrated by comparing ellipses (1) and (2). The two solutions
differ only in the Pn - Sn time separation of the data used. This illustrates what is apparent
from the geometry and (20) and (21); the location constraint imposed by azimuth data
decreases inversely with distance A. Ellipses (2) and (3) differ only in the standard deviation
assigned to the azimuth measurements. Decreasing G, from 10° to 3° produces a propor-

tionate decrease in the azimuthal dimension of the x2 confidence region.




Figure §.

Confidence ellipses (90%) computed using Pn and Sn data from synthetic events
recorded at NORESS. NORESS and FINESA arrays are plotted as asterisks.
Azimuths of arrivals are shown by dashed lines. The + 2 O error on azimuth
measurements are indicated by the dotted arcs. The examples are: (1) event S2 at
1.4° distance; (2) S1 at 7.6°; and (3) S1 with azimuth standard deviation reduced
from 10° to 3°.




Table §

Azimuthal Constraint as Function of Event Distance and Data Uncertainty.
Location Solutions of Figure 5.

Event Oy [Event Latiude Longitude Semi-major Semi-minor

Distance axis (km) axis (km)
m 1.4° 1° s2 60° 14° 81 42
@ 16 10° 81 54° 18° 223 81
3 16° 3% si1 54° 18° 81 74

The x2 ellipses become more precise (i.e., smaller confidence ellipsoid) as more data are used
for the solution. This is illustrated in Figure 6 (Table 6). Ellipse (1) is for a location with
arrival-time data for Pn and both arrival time and azimuth data for Sn. This is the minimum
data set for a unique solution for latitude, longitude and origin time. If we add the Pn azimuth,
ellipse (2) is the result. Thus, a second azimuth datum with the same standard deviation
reduces the azimuthal uncertainty about 30%. Ellipse (3) is the single array solution for all
arrival time and azimuth information for Pn, Sn and Lg. The solution precision could be made
still better with azimuths from additional detections (e.g., P coda detections). However, further
study is required to be sure that adding such secondary detection data will generally act to
improve location accuracy, as well as the precision measured by the confidence ellipsoid.

Table 6
Effects of Additional Data
Location Solutions of Figure 6.
Notes Event Latiude Longitude Semi-major  Semi-minor
axis (km) axis (km)
(1) Pa(n,Sn(e) SI1 54° 18° 31$ 81
@  PnSn(t,0) s1 54° 18° 23 81
(3) PnSnlga)  SI 54° 18° 182 41

Azimuth data can play a major role in location solutions determined by a network of stations,
especially when the detecting network is small and/or the event is close to at least one station.

For instance, for small events it is common for the arrays to detect only a single phase. In this
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Figure 6. Effect of additional data on the shape of the single-array confidence ellipses. The
data included are: (1) Pn arrival time and Sn time and azimuth; (2) Pn and Sn
times and azimuths; (3) Pn, Sn and Lg times and azimuths. (Table 6).
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situation no single-array location is possible. If two arrays each detect a single phase, a loca-
tion is not possible with arrival times alone. However, with azimuth data one can compute a
unique location and its confidence ellipse, as illustrated in Figure 7 and (Table 7). Latitude
and longitude (but not origin time) can be estimated with the azimuths alone.

Table 7

Event Located with a Single Phase at Each Array.
NORESS - Sn, FINESA Pn (Figure 7).

Distances Event Latitude Longitude Semi-major  Semi-minor
NOR/FIN axis (km) axis (km)

) 146.1° Y) 60° 14° 60 20

In Figure 8 (Table 8) we compare solutions with arrival time only (using azimuth estimates
only to select the appropriate quadrant) with solutions obtained with azimuths formally
included in the inversion. For the farther event, solutions with and without azimuth data are
indistinguishable. This is not unexpected in view of the fact that azimuthal constraint decreases
with distance (Figure 5), and that for this example the arrival times from the two arrays pro-
vide near-orthogonal constraints on the solution. For the closer event the NORESS azimuths
provide a strong constraint, and they reduce the northerly dimension of the confidence ellipse
to less than half that computed with arrival times alone.

Table 8
Effect of Including Azimuth in Two-Array Locations
Pn and Sn Data (Figure 8).
Notes Distances Event Latitude Longitude Semi-major Semi-minor
NOR/FIN axis (km) axis (km)

(1) tonly  7.68.6° St 54° 18° 63 33

2 Lo 7.6/8.6° S1 54° 18° 63 32

3 tonly 146.1° s2 60° 14° 119 14

@4 o 1.4/6.1° s2 60° 14° 2 14




200 400 km

Figure 7.

Confidence ellipse for epicenter S2 using only the arrival times and azimuths from
a Sn detection at NORESS and a Pn detection at FINESA. (Table 7).




L S |

-4
200 400 km

Figure 8. Effect of including azimuth data in two-array location solutions as a function of
event distance. All solutions use Pn and Sn data. The ellipses are: (1) epicenter
S1 (7.6° from NORESS, 8.6° from FINESA) arrival times only; (2) S1, times and
azimuths; (3) epicenter S2 (l.4° from NORESS, 6.1° from FINESA), times only;
(4) S2 times and azimuths. (Table 8).
27




The importance of the azimuth data also depend on the geometry of the problem, and in some
geometries azimuth data play a crucial role in defining the precision of the solutions. The most
striking example is for an event nearly colinear with two arrays (Figure 9 and Table 9).
Without azimuth data, there is little control on the location in the direction perpendicular to the
line connecting the arrays. Addition of azimuth information, particularly from the closer array,
decreases the dimension of the confidence ellipse in this direction by 75%. In general, we find
that when only two NORESS-quality arrays furnish data, the azimuth information provide a
significant constraint for events within about S00 km of one array. Azimuth data of lower
quality (e.g., from polarization analysis of three-component data) or from more distant events

do less to improve location precision.

Table 9

Effect of Azimuth Data for Events Nearly Colinear with Two Arrays.
Pn and Sn (Figure 9).

Notes Distances Event Latimde Longitude Semi-major Semi-minor

NOR/FIN axis (km) axis (km)
1) tonly  9.424° s3 61° 3° 275 57
%)) L a 9.42.4° S3 61° 31° 67 s7

As we have demonstrated, the importance of azimuth data to constraining location depends on
the event distance and the assigned uncertainty. Therefore, the relatively accurate azimuth esti-
mates from NORESS-type arrays are much more important than larger variance azimuths
obtained otherwise (e.g., from polarization analysis of three-component data). In general, we
find that when only two NORESS-type arrays furnish data, the azimuth information provide a

significant constraint for events within about 500 km of an array.

In the final example of this section we briefly examine the depth resolution of our location pro-

cedure with data from two arrays. Figure 10 (Table 10) shows recomputed locations for event
S4, which has the same epicenter as S2 but a depth of 20 km. The depth was left uncon-
strained during the location procedure. Ellipse (1) was computed with arrival times and
azimuths for three detections, and the resulting depth uncertainty is £ 148 km. Adding a fourth




A 2
0 200 400 km

Figure 9. Effect of including szimuth dats for an eveat (S3) almost colinsar with NORESS
and FINESA. Pn and Sn data are used for both solutions. The ellipsss are: (1)
arrival times oaly; (2) times and szimuth. (Table 9).
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Figure 10. Plan view of confidence ellipsoid for epicenter S4 (20 km depth) with depth
unconstrained in the solution. The ellipses are: (1) Pn and Sn arrival times and y
azumuths at NORESS, Pn time and azimuth at FINESA; (2) Pn and Sn times and
azimuths at both arrays.




arrival time and azimuth (Sn from FINESA) has litle effect on the epicenter confidence, but
the depth uncertainty is reduced by 35% (ellipse 2). While the depths are poorly constrained by
either data set, the results suggest that two arrays can give location solutions that at least allow
many sub-crustal earthquakes to be identified.

Table 10

Locations with Depth Unconstrained.
Pn and Sn Azimuth and Arrival Time (Figure 10). :
|
Notes Event Latitude Longitude Depth Semi-major Semi-minor Depth |
(km) axis (km) axis (km) Esror

(1) noFINSN  S4 60° 14° 20 4 17 148 |
@ 4 o 14° 20 46 18 97 |
]




Application to Actual Data

Many of the events recorded by the NORESS and FINESA arrays were located by independent
networks operated by Bergen and Helsinki Universities. These local network locations are
generally thought to be accurate within § -10 km, particularly when the events occur inside the
network. Further, many of the recorded events were chemical explosions in known mines, and
these are often identified and then located very accurately (within £ 1 km). These independent
locations can be used to assess the accuracy of our locations with one or two arrays. In this
study we use the seven events of Figure 2 (Table 3) to make a preliminary assessment. We
also consider the accuracy of two-array location solutions computed with and without azimuth
data. Using a subset of the events, we show how information about the data variances and
associated uncertainties (specifically, sy and K) can be improved with empirical experience,
and then incorporated into estimates of location confidence bounds ("K-weighted” ellipses).
Comparison of the independent locatons to both the traditional F-statistic and K-weighted

confidence ellipses demonstrates the utility of the latter approach when the available dataset is
small.

For each example we show two tables and two figures. The tables marked "a" give the data
and standard deviations used for each location. The "b" tables give the location results includ-
ing confidence ellipse parameters. In the figures we show the NORESS and FINESS single-
array solutions (labeled ellipses 1 and 2), the joint solutions using the time data alone (ellipse
3), and the solution using both time and azimuth data (cllipse 4). The "a" figures show these
ellipses computed via the traditional F-statistic approach (equations 7 through 10), while the
"b" figures show the comresponding K-weighted ellipses. All solutions presented were com-
puted with the depth constrained to the surface. Note that the location solutions are based on a
single velocity model which is most appropriate for paths to the east of NORESS where five of
the seven events were located. A somewhat different model is better for the FINESA data and
other paths to NORESS, and this has some effect on our examples. Also, the 10-element
FINESA array provides less accurate data on detections than the 25-elements of NORESS.

We first consider the accuracy of our solutions by computing the mislocation, AL, defined as
the difference in kilometers between the TTAZLOC and independent epicenters. The first
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example, event 350-16, is presented in Figure 11 and Table 11. The independent location (star)
is in a mine at 67.1° N and 20.6° E. The available data include Pn arrival time and azimuth at
NORESS and arrival time and azimuth for Pn and Sn phases at FINESA. Also detected was a
later P phase at NORESS, but we are not now using such secondary arrivals in the location
solution. Only FINESA has adequate data for a single array location, but the azimuth esti-
mates are biased to the east, so the solution is not very accurate. The AL of the FINESA loca-
tion is 188 km. For solution (3) we use only the arrival time data from the two arrays, and the
AL is reduced to 37 km. Because of the inaccuracy of the FINESA azimuth estimates, adding
all three azimuth data (solution 4) increases AL by 38%.

Table 11a
Data for Event 350-16, 198S.
Array Datum ¢ (min:isec) G, (sec) a Og
NOR Pn 46:30.0 0.8 26° 7°
NOR P 47:54.4 g 1°
FIN Pn 46:11.4 0.8 358 11°
FIN Sn 47:20.8 2.7 351° 12
Table 11b
Locations for Event 350-16, 1985 (Figure 11).
# Data Latitude Longitude S;  Semi-major Semi-minor AL
Noress  Finess axis (km) axis (km) (km)
t a t a F/K F/K
Independent 67.1° 20.6°
) 2 2 6182° 24.5° 019 4297343 139/ 111 188
3 1 2 67.43° 20.72°  1.00 o / 142 oo/ 32 37
@ 1 1 2 2 67155° 2080° 102 122/121 28/ 28 51

Event 361-11 (Table/Figure 12) is an explosion in a mine about 290 km east of FINESS. The
beamformed seismograms for this event were displayed in Figure 3. Both single array epicen-
tral estimates are within 41 km of the true location. The two-array solution computed from

only the arrival times (solution 3) is 79 km north of the independent epicenter; twice as far

33




'$'T = Y5 pue g = ) \pim spunoq payBiam-y AP smoys (Q) jaueg ‘SINTIIp oW
18 soqm pasaquinu £[Sutpuodsanio) ‘SPUNOQ OUPYUOD INSTEIS-] A SMOYS
(®) jouegd °d|qe|reaw sKem[e J0uU e $I198QNS JNOJ [[¥ Suisn sUOON[OS "SPRWIZE pUr
sown [eAaure YSANIA pue SSAYON (p) ‘sown mAaum YSINIL pue SSTAON (€)
‘sypnunze pue sown [RALR VSINLI (7) ‘Spmuze pue sawn eaum SSTAON (1)
:SMO[|0} ¥ PI[3GE] A5E PUB BIEP AP JO QNS JUAIYIP Sursn powrsoj asm saedid
oupyuo) - s, e Aq paysew am suoneoo| uspuadopuy -sam3y uonbosqns
pue snp 10} pasn st Jeuuoj Sumoflo} AL "9I-0SE UIAD JOj sUONN|OS UONESOT] ‘|| amIy

(q)

4




away as either of the one-array solutions. This is not surprising given the result of Figure 9
which demonstrates the poor constraint afforded by arrival times at two stations for a nearly
colinear event. Adding the corresponding azimuth data, however, improves the location accu-
racy by about 50%.

Table 12a
Data for Event 361-11, 198S.
Array Datum f (minisec) O,(sec) Q Og
NOR Pn 8:44.8 0.8 78° 11°
NOR Sn 10:29.4 28 78° ¢°
NOR S 10:33.8 83° ¢o°
FIN Pg 7:14.6 0.8 98° 16°
FN S 7:20.5 94° 12°
FIN Lg 7:46.6 1.5 711°  16°
FIN S 7:53.3 74°  16°
Table 12b
Locations for Event 361-11, 1985 (Figure 12).
# Daa Latitude Longitude 57  Semi-major Semi-minor AL
Noress  Finess axis (km) axis (km) (km)
t a r o F/K F/K
Independent 61.4° 31.6°
Mm 2 2 61.26° 32.15°  0.00 0/327 0/ 111 33
) 2 2 61.58° 3092° 146 6037180 163 / 49 41
3 2 2 62.07° 31.10° 520 890/ 154 220/ 38 79
@ 2 2 2 2 6mn° 31.30° 154  135/131 34/ 33 38
L

Presented in Tables 13 - 17 are the solutions for the remaining five examples. The effect on
event mislocation of adding azimuth data based on all seven examples can be summarized as
follows. The addition of azimuth data moved the solution farther (relative to the solution using

time data alone) from the independent location for one event (350-16). It moved the solution

closer for two events (361-11, 351-13) and made no significant difference for two others (361-
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12, 363-21). For two events (359-12, 359-14), TTAZLOC failed 1o converge on a solution
using arrival time data alone (arrival time solutions listed in Tables 13 and 14b are the
minimum residual solution from the first 20 iterations of each run). However, the program
quickly converged on solutions for both events when time and azimuth data were included.
These few examples indicate that the azimuth data from these arrays allow computation of rea-
sonable location solutions when they would otherwise be impossible. They also improve loca-

tion accuracy in many cases.

P The estimated precision of these locations is reflected in the 90% confidence ellipsoid com-
. puted by TTAZLOC. As discussed previously, the traditional F-statistic ellipse is largely con-
trolled by the a posteriori estimate of the variance scale factor §2. The Jordan and Sverdrup
A (1981) "K-weighted" ellipse incorporates both a priori and a posterior information on the qual-
ity of the data, and this permits reasonable confidence bounds even for small data sets. Our
examples illustrate the drawbacks of the F-statistic approach when few data are available, and
X the benefits of incorporating the K-weighting approach.

The dimensions of the F-statistic confidence ellipses for the seven NORESS-FINESA events
are given in the column marked "F" in Tables 11 through 17b and plotted in Figures 11
through 17a. As is evident from equations (7) - (10), the uncertainty bounds are a strong func-
tion of the normalized sample variance sf, which in turn depends on the normalized data resi-

dual vector L'zm divided by the difference between the number of data (N) and parameters (M =
s 3).

When the available data are highly consistent (relative to the assigned G), the F-statistic ellipse
Y may grossly underestimate the actual region of uncertainty. Examples are the NORESS solu-
tion (1) for event 361-11 (Table 12b) and the FINESA solution (2) for 359-12 (Table 13b)
where the F-statistic solutions indicate no uncertainty. This occurs because each event has one
. P and one S arrival time that provide an unambiguous estimate of event distance and associated
ot azimuth measurements that are identical (Tables 12 and 13a). As a result, the computed _r},. sf
. and confidence dimensions are zero. Though not quite as extreme, the F-statistic ellipse (4) of
events 361-12, 351-13, and 363-21 (Figures 15 - 17a) appear underestimated because they fail

to include the independent event location. Again, the reason is a misleading consistency
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among the few available data.

In most cases, the F-statistic confidence ellipse appears overestimated. As discussed by
Evernden (1969), this problem results because .\'3 and F, become large as the N approaches M.
Examples include the one-array (1 and 2) and arrival time only (3) ellipses for events 361-11
(Figure 12a), 359-12 (13a) and 359-14 (14a). For example, though the lengths of the semi-
major axes for solutions (2) and (3) of event 361-11 are about 600 and 900 km, respectively,
the AL is less than 10% as large. When N = M, the F-statistic (F,(M,0)) is undefined. There-
fore, no confidence bounds may be placed on the location. The arrival-time only solutions for
events 350-16, 351-13, 363-21 (Figures 11, 16 and 17a) suffer from this problem.

The above-described problems can be mitigated by incorporating a priori information from
location solutions in a region of interest into the the calculaton of K-weighted confidence
bounds. The a priori variance scale factor s%( and associated measure of uncertainty K which
contribute to the K-weighted ellipse are computed from the sf of past events in a selected area.
Five of the events examined in this study are concentrated in the area between 150 and 275 km
east of FINESA (351-13, 359-12, 359-14, 361-11 and 361-12). We use s2 from solutions (4)
(i.e., solutions using all available data) for the four events that occurred on days 359 and 361
to demonstrate the derivation of s;( and K. The very low sf for the fifth event in the vicinity
(351-13) indicates that the data for this event were exceptionally accurate and uncharacteristic
of the other four events. We therefore exclude it from the following analysis so as to avoid

biasing the small sample of s§

The s%( is the mean of the sf Using the sf from locations (4) in Tables 12 through 15b, s;( -
2.4. The fact that sir is is not unity suggests that the assigned variances were on the average
underestimated (see equation 4). In an operational situation, it might be desirable to continu-
ally update the variance matrix, V,, so as to keep the sk close to unity. The mean and stan-
dard deviation of the quantity (l/s,) are 0.70 and 0.17. A standard deviation of 24%
corresponds (o a value of K of about 8 (see Jordan and Sverdrup, 1981, Figure 3).

The s% and K are inserted into equations (12) and (13) to derive a new a posterior estimate,

sf, for the variance scale factor and new confidence coefficient lcg. The dimensions of the




resulting K-weighted solutions are given in the columns marked "K" in Tables/Figures 12 -
15b. The same K and :f( were applied in all one and two array solutions. Though, the xf(.nd
o) and K are expected to be area-specific values, we have applied these values to the other
three events shown in Tables/Figures 11, 16 and 17b.

The advantages of the K-weighted ellipses are obvious from the figures. All K-weighted solu-
tions have finite confidence bounds. The reason is evident from examination of equations (12)
and (13). As long as K + N > M, both s and the confidence coefficient K2 will be finite.
Furthermore, the ellipses that appeared greatly overestimated by the F-statistic approach have
been reduced by including the a priori information. Most importantly, all independent loca-
tions now fall within or on the K-weighted confidence bounds derived from all subsets of data
(single array, two array, arrival time only, and time plus azimuth). Thus even with the few
data examined here, the Jordon and Sverdrup (1981) method provides consistent and apparently

realistic measures of the solution accuracy.
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Table 13a

Data for Event 359-12, 198S.

Amay Damum ¢ (minisec) O, (sec) a o,_,
NOR Pn 6:30.3 0.8 80® ¢&°
NOR $n 8:05.5 27 9° ¢°
NOR S 8:54.1 82° ¢°
NOR Lg 9:00.5 29 99° g°
FIN Pg 4:514 08  109° 15°
FN P 4:56.2 123° 12°
FIN Lg 5:12.8 1.5 109° 11°
FIN S 5:20.0 me 17°

Table 13b

Locations for Event 359-12, 1985 (Figure 13).

# Data
Noress  Finess
t Qa t

Independent 60.9°
m 3 3 $9.30°
7)) 2 2 6091°
3 3 2 61.04°
@ 3 3 2 2 6110°

Latimde Longitude

29.3°

28.86°
29.09°
29.43°
29.09°

S  Semi-major Semi-minor AL

246
0.00
8.53
4.16

axis (km)
F/K

325/ 228
0/94
493/ 180
108 / 85

axis (km)  (km)
F/K
85/59 180
0/47 11
113741 17
48/ 38 25
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Table 14a

Data for Event 359-14, 198S.

Array Dawmum ¢ (minisec) O, (sec) a Gg
NOR Pn 20:07.4 08 97° g°
NOR P 20:12.4 86° 21°
NOR Sn 21:42.6 29 862 11°
NOR Lg 22:31.8 2.8 83° 10°
FIN Pg 18:28.7 08  120° ¢°
FIN N 18:34.5 11 s°
FIN Lg 18:50.0 1.5 1012 9°
FIN S 18:59.7 121° 14°

Table 14b

Locations for Event 359-14, 1985 (Figure 14),

# Data Latitude Longitude 55
Noress  Finess
t Ot o

Semi-major  Semi-minor
axis (km) axis (km)
F/K F/K

Independent - -
a 3 3 59.60° 2853° 177
%)) 2 2 6089° 29.05° 234
3 3 2 61.29° 2908° 361
@ 3 3 2 2 6105° 2890° 237

398 / 316 71/ 56
282/ 68 206 / 50
865 / 412 74/ 35

59/ 53 36/ 32
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Table 15a

Data for Evemt 361-12, 1985.
Array Dawm f (minsec) O, (sec) a °g=
NOR Pn 18:10.5 0.8 81° 1°
NOR Sa 19:44.4 2.6 94° 4°
NOR S 19:49.5 86° 6°
NOR Lg 20:31.8 20 98° ¢°
NOR S 20:37.1 100° s°
NOR N 23:06.1 96° 3°
FN Pg 16:51.2 0.8 148°  g°
FIN P 16:58.4 150° 14°
FIN Lg 17:24 15 159°  g°
FIN S 17:28.3 148° g°
Table 15b
Locations for Event 361-12, 1985 (Figure 15).
# Data Latiude Longimde 57  Semi-major Semi-minor AL
Noress  Finess axis (km) axis (km) (km)
t a t a F/K F/K
Independent 59.4° 28.5°
Mm 3 3 59.11° 272.79° 269 2607176 45/ 67 52
%)) 2 2  5941° 2806° 088 240/ 91 126 / 48 25
3 3 2 59.38° 2795° 303 76/ 38 46 /23 3
@ 3 3 2 2 5938° 2796° 135 29/ 31 18/ 19 31
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Table 16a

Data for Event 351-13, 198S.
Amay Datum (minisec) O, (sec) a °4_l=4
NOR Pn 10:38.2 0.8 81° 15°
FIN Pg 9:04.0 0.8 105° 10°
FIN P 9:08.7 go® 17°
FIN Lg 9:29.8 1.5 103°  12°
FN N 9:34.4 79° s°
FIN S 9:39.4 95° 25°
Table 16b
Locations for Event 351-13, 1985 (Figure 16).
# Data Lattude Longitude 57  Semi-major Semi-minor AL
Noress  Finess axis (km) axis (km) (km)
t a 4 a F/K F/K
Independent 61.1° 30.2°
) 2 2 6094° 29.80° 002 36/ 94 18/ 47 28
3 1 2 60.80° 2970° 000 o0/173 0o /36 43
@ 1 1 2 2 609° 2983° 004 15776 6/30 30

46




'(q pue e91 s3|qe L) “s9sdi[]3 2oUIPYU0d

Pawydam-y (q) ‘Isdya 3ouspyuoo onsums-4 () 'CI-ISE WIAI J0) suonnjog ‘9] amBig

huy 00¢

[ 114 ]

wy 00S

0sZ

(q)

~

Y

N —

(®)

47




Table 17a

Data for Event 363-21, 1985,
Array  Damum 7 (min:sec) O, (sec) Q Gg__‘
NOR Pn 40:58.3 0.8 348  10°
NOR P 41:05.2 356° 11°
NOR P 41:10.8 348° g°
NOR Sn 43:11.6 1.5 352° 11°
NOR S 43:29.0 12 s°
: NOR S 43:33.7 3510 ¢°
" FIN Pn 41:17.2 08  47° 26°
FIN P 41:21.7 3s4°  15°
Table 17b
Locations for Event 363-21, 1985 (Figure 17).
# Data Latitude Longitude s  Semi-major  Semi-minor
Noress  Finess axis (km) axis (km)
' t a t a F/K F/K
Independent 73.2° 5.7°
m 2 2 73.26° 368° 007 495/ 642 50 / 66
3 2 1 73.35° 483° 000 oo /90 oo [ 49
@ 2 2 1 1 7335° 482° 0.11 26/74 157 41
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DISCUSSION

We have shown that extending location algorithms to formally include azimuth estimates pro-
vides a significant improvement in the location solution for regional events detected by one or
a few arrays. Azimuth data have been neglected in location estimation because they are too
uncertain (e.g., from polarization analysis of three-component data) or because they are not
important when the event is far away (most arrays emphasize teleseismic monitoring). But the
NORESS-type arrays are designed to monitor small regional events that are detected by only a
few stations or arrays, and in this situation the azimuth estimates provide a powerful constraint

on the solution and the estimates for the confidence ellipsoid.

The particular location algorithm we have chosen is that of Jordan and Sverdrup (1981) which
is especially well-suited to this problem. The key feature is that it includes the capability to
weight the relative contribution to the confidence ellipsoid of a priori knowledge of the data
variances (developed from past experience) and the solution residuals. It also provides a basis
for refining the validity of the a priori variances, and therefore the confidence ellipsoid, as

experience is accumulated with events in a particular region.

The relative contribution of arrival time data and azimuth data to the solution and the dimen-
sions of the confidence ellipsoid depend on the data variances. We have implemented a pro-
cedure in which the values of these variances depend on the character of the particular signal
(signal/noise, f-k solution quality, beam resolution). But the algorithm for computing the vari-
ances includes some arbitrary factors whose validity can only be assessed with experience.
Thus, we expect to refine the basis for assigning the variances themselves, as well as the
parameters that weight their contribution to the confidence ellipsoid, as experience is accumu-

lated. The examples presented in this study indicate that our initial selection is rather good.

There are some potentially important aspects of the problem that were not examined in any
detail in this initial study. One is the value of including azimuth estimates from secondary
phases with useless arrival times (e.g., a detection in the P coda). For the examples presented
here, the secondary phase azimuths appear to be as accurate as those for primary phases. If all

azimuth estimates are viewed as equally unbiased samples of a random population of estimates




5 of the true azimuth, including these secondary azimuth estimates would improve the solution.

More experience and further study is needed to decide how reasonable this assumption seems
to be.

Finally, we plan a straightforward extension of the location estimation procedure to add the

) capability for ‘master event’ location. The formulation presented assumes that the elements of
the residual vector (r) are due to randem, zero mean processes. This does not account for sys-
tematic bias due to, for example, systematic errors in the earth model. Bias can be substan-
tially reduced by computing locations relative to a nearby ‘master event’ which is well-located
(e.g., Douglas, 1967; Jordan and Sverdrup, 1981).
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