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Abstract

A robust bearing estimation process for 3-component stations has been developed and explored.
The method, called SEEC for Search, Estimate, Evaluate and Correct, intelligently exploits the in-
herent information in the arrival at every step of the process to achieve near-optimal results. In
péﬂiculan the approach uses a consistent framework to define the optimal time-frequency windows
on which to make estimates, to make the bearing estimates themselves, to construct metrics helpful
in choosing the better estimates or admitting that the bearing is immeasurable, and finally to apply
bias corrections when calibration information is available to yield a single final estimate. The al-
gorithm was applied to a small but challenging set of events in a seismically active region. It dem-
onstrated remarkable utility by providing better estimates and insights than previously available.

Various monitoring implications are noted from these findings.
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1.0 Introduction

As the monitoring thresholds of global and regional networks are lowered, bearing estimates be-
come more important to the processes which associate sparse detections and which locate events.
Current methods of estimating bearings from observations by 3-component (3-c) stations lack both
accuracy and precision [Alewine, 1992][Koch & Kradolfer, 1997]. Methods are required which
will develop all the precision inherently available in the arrival, determine the measurability of the
arrival, provide better estimates of the bias induced by the medium, permit estimates at lower
SNRs, provide an indication of the precision of the estimate, and develop insights into the effects
of the medium on the estimates.

Various approaches have been advocated to estimate the polarization properties and bearings asso-
ciated with seismic arrivals. The theoretical basis for defining the polarization properties of signals
appears to have arisen from the seminal work of Born and Wolf [1975] where analytical (complex-
valued) signals and notions of coherency were introduced for narrowband signals. It was perhaps
this work that motivated Samson [1983] to define the degree to which signals are polarized in high-
er dimensional spaces. Later efforts by Vidale [1986] reminded us how important it is to define po-
larization in terms of analytical signals and that the general vibrational modes associated with three
component observations are elliptically polarized. Magotra, et. al. [1987] showed how the horizon-
tal components of an entire wavetrain could be used to estimate back-azimuths. Here the polarity
of the z component relative to the horizontal signal components was used to remove the azimuthal
ambiguity. Jurkevics [1988], limiting the analysis of P arrivals to real-valued (as opposed to com-
plex-valued) signals, demonstrated how to construct an observational covariance matrix by aver-
aging the covariance matrix over 3-c elements of an array to realize bearing estimates having more
precision. Although Jurkevics advocated the use of polarization properties to isolate intervals on
which to make bearing estimates, no viable rationale to isolate the appropriate estimation interval
was offered. Indeed, Jurkevics suggested using signal frequency bands having the best SNR rela-
tive to the background noise as a method for defining a measurement interval. However, this ap-
proach fails in practice because it does not account for signal-induced noise. In a more recent work
Walck and Chael [1991] evaluated various combinations of frequency bands and time-windows in
the context of four bearing estimation techniques [Magotra, 1987][Flinn, 1965][Christoffersson, et.
al., 1988][Roberts, et. al., 1989] to demonstrate the bearing estimation capability of the three com-
ponent RSTN. They showed that bearings for events in Eastern North America could be estimated
with an accuracy of 6 degrees rms if the estimates from station RSSD, residing on a “pathological”
geology, are eliminated. In a notable work by Lilly and Park [1995] complex-valued orthogonal
Slepian wavelets were used to elegantly estimate the polarization properties of seismic signals.

The 3-c bearing estimation method disclosed in this work differs from prior efforts in that
it makes the following assumptions: 1) not all frequencies or time intervals will be equally effec-
tive in producing measurable bearings, 2) only those time-frequency windows having good polar-
ization properties will result in precise estimates, 3) the estimates themselves may be frequency




- dependent, 4) those estimates having the largest effective degrees of freedom (a confidence mea-
sure) will experience the greatest variance reduction and are the best candidates to combine for a
refined estimate which may include bias corrections, and 5) the bearing estimates associated with
an event from a given epicentral region will, in general, require correction for frequency depen-
dent lateral refraction or diffraction. A bearing estimation method, called SEEC for Search, Esti-
mate, Evaluate, and Correct, was developed on these underlying assumptions. Earlier disclosures
of this technique may be found in Claassen [1998a] [1998b].

In the following section the SEEC methodology is disclosed. To evaluate the beariné, estimator the
method was applied to a small but challenging set of regional events observed in an écﬁve tectonic
region of the western United States by a station located near Pinedale, Wyoming. In subsequent
sections the results of this evaluation are described and discussed. To assist in the interpretation of
the results, various geological features in and about the station are described. In a final section con-
clusions regarding the effectiveness of the SEEC method are offered and several monitoring impli-
cations are highlighted.

2.0 The Basis for Implementing the SEEC Method

The block diagram of Figure 1 provides an overview of the SEEC approach. Three-com-
ponent signals are spectrally decomposed by a quadrature filter bank. The resulting quadrature
time series are then searched over short time intervals for suitable polarization properties. SEEC
makes bearing estimates on the favorable time intervals of adequate duration and also constructs
metrics helpful in evaluating and selecting estimates or discarding all estimates when none is pos-
sible. Bias corrections are applied to the accepted estimates and a single final estimate is then con-
structed from the bias-corrected estimates in a near-optimal way.

This section details the basis for implementing the SEEC method. It addresses the procedure by
which to design the quadrature filter bank. Several useful polarization measures are introduced. A
pseudo SNR estimator is constructed from these measures. The manner in which the SNR estima-
tor is used to search the 3-c records for the more favorably polarized regions in time ;and frequency
is described. Two related methods of estimating the bearings on contiguous well-polarized time-
frequency intervals and their relative utility are then presented. Finally, a method of evaluating and
selecting the estimates having better precision and a means of correcting them for the bias intro-

duced by the earth are addressed.

2.1 The Design of the Quadrature Filter Bank

To search spectral domains for those time intervals having the best polarization properties, the 3-c
signals were filtered by a quadrature digital filter bank whose individual filters are based on orthog-
onal Slepian wavelets [Lilly & Park, 1995] having a constant time-bandwidth product (IB). The
wavelets were weighted (tapered) with a Hanning window to reduce spectral leakage into the filter



sidebands. Experience with actual signals had demonstrated that the reduction of leakage from ad-
jacent sidebands is essential to preventing signals in adjacent bands from influencing the bearing
estimate in the band of interest. The constant TB property of the filters permits one to logarithmi-
cally space the filter center frequencies for efficient spectral coverage. The rationale for defining
the individual filters in the bank using the notation of Lilly and Park [1995] is described below.

If the entire frequency interval of interest is defined by [f}, 5] and N is the desired number of filters
to cover that bandwidth, the frequency separation for the filters in logarithmic units can be specified
by

d; = log(]];j)/(N -1) €y

The filter center frequencies are, therefore, given by

log[fi+(n—1)ds]

F(n) =10 @

wheren = 1, 2, ..., N.If p is defined as the target 75/2 product and p,, is defined as the target center
frequency-time product for the filter, then the required half bandwidth for the nth filter is

M) = pf(n)/p, ®

and the required filter length in samples is

M, (n) = nint[pf /f, ()] )

where nint is the nearest integer function and f; is the sampling frequency. If M,,(n) is even, its order

is increased by 1 to simplify the alignment of the signals emerging from digital filters having dif-
ferent lengths. The actual resulting wavelet parameters are given by

pn) = f ()M (n)/f )
and

p,,(n) = f, (WM, (n)/f ®

pc(n) and p,(n) will closely approximate p and p,, respectively, for every n, but will be constrained
by the integral property of M, (n).



As shown by Lilly and Park, the parameters M,,(n), p.(n), and p,,(n) are used to define a Toeplitz
matrix whose eigenvectors define a family of orthogonal wavelets centered at f,(n). Adjacent pairs

of eigenvectors form quadrature filters having almost identical bandpass characteristics. Although
the dominant eigenvector is the solution to the posed bandwidth maximization problbm, the subse-
quent eigenvector pairs can be used to expand the frequency band to the target width. In the filtering
operation, quadrature filter pairs contribute statistically orthogonal complex—valued‘(analytic) sig-
nals centered on f(n). The quadrature signals after filtering with tapered filters become statistically

independent and have a slightly larger bandwidth.

A provision was included in SEEC to partially whiten the signals with a low order prediction meth-
od thereby reducing leakage of dominant spectral content into the desired passband when a strong
narrowband signal is processed. This technique was found to be essential in extracting good esti-
mates at the lowest frequencies, which are sensitive to estimation error resulting from leakage of
unwanted frequencies as well as from intense background noise.

Setting the filter parameters to p = 5 and p, = 2 appeared to work best for signals sampled at 50

Hz. Although these parameters should produce 3 quadrature pairs for every center frequency to re-
alize the specified bandwidth (See Lilly and Park, 1995), the quadrature pairs were limited to two.
This choice, after Hanning weighting, not only provided the proper frequency overlap between fil-
ter bands but also provided suitable spectral resolution to define a bearing unique to that center fre-
quency (Recall the spectral leakage problem). The band of interest ranged from 0.5 Hz to 15 Hz
and was covered by 12 sets of quadrature filters. The spectral characteristic of this filter bank is
shown in Figure 2. The Hanning taper reduced filter sidelobes to about -50 dB relative to the central
passband compared to the -25 dB that occurred without tapering.

2.2 Searching for the Polarized Regions in the Waveforms

The frequency band centered on frequency f, having half bandwidth f,, is spanned by M > 0 quadra-
ture filter pairs (M is not related to M,,). The argument » is dropped at this point fox}‘ convenience.

Define a vector of 2k+1 sequential quadrature (complex-valued) signal samples centered on the
sample j from the ith sensor axis and mth quadrature filter as

. - . . - - T
S,-m(fc,J) = [sim(]—k) sim(]—k+]) Sim(J) Sim(J+k_]) sim(]+k)] )

where i € {x,yz}, m=1, 2, ... M, and T is the transpose operator. Here bold symbols will denote
vectors and matrices. Vectors of samples from the M quadrature filters are used to prepare a rect-
angular observation matrix of the form
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Each vector row contributes additional degrees of freedom to the observation matrix through addi-

tional frequency content. The singular values xl and right singular vectors €; of R, where I = 1,2,

or 3, are used to form polarization measures which are used to search intervals of time having suit-
able polarization properties. The measures found to be useful in defining polarized signal segments
are defined below.

These include the degree of polarization

1 2 2 2
—A/—EA/(?»]—}»Z) + (A, =A3) +(A3—A)) | o

}‘1”‘2"'7‘3

DOP(f, 1) =

the degree of linear polarization

Realz(e]x) + Realz(e]y) + Realz(e]z)

DOL(f_ j) = > (10)
|
where e; is the dominant singular vector, and the degree of dyadicy
x] “\
DOD(f, j) = i a

x1+x2+k3

The definition of the degree of linear polarization (DOL) is thought to be unique to this work. It is
premised on the fact that linear polarization must be defined by real-valued singular vectors. The
DOL polarization measures how close the dominant eigenvector is to being real valued. This defi-
nition of “linearity” is important to characterizing a propagation environment in which multipath,
mode conversion, and scattering introduce noise which may be correlated with the linearly polar-
ized transmission.

From the above definitions various pseudo signal to noise ratios (SNR) can be constructed to in-
clude




DOD(f.. J)

SNR,(Fe 1) = T-DoD(r . 5)

(12)

and by analogy

DOP(f . J)
1-DOP(7, J)

SNRy(f . j) = 13)

|
These definitions of SNR actually account for noise components which may be unconj"elated Or COI-
related with the signal. The pseudo SNRs are based on coherency-like notions but are not strictly
rigorous. This is readily understood from Equation 12 for the case of non-coherent noise and a sta-

. . . . 2 2 2.
tionary polarized signal. Under these assumptions, A; = o + Gi and b, = A3 = &, where o is the

. . 2. . . .
signal variance and G, is the noise variance. In this case SNR; becomes

2 2
o +0C
n

2

20
n

SNR;(fJ) = 149

When the SNR becomes large, this pseudo SNR approaches half the actual SNR.

When estimating the polarization properties the lengths of the signal vectors contributing to R were
restricted to a fraction of the filter length, typically 1/4 or 1/2. At each center frequency this selec-
tion assures that the polarization properties of the signal can be identified with sufficient temporal
resolution while retaining one or two cycle(s) of the filtered waveform to fill R (see Equation 8).

To illustrate the screening capability of two of the above polarization measures, the polarization
indicators, DOP and DOL, were computed and plotted for a regional P arrival. These properties
were portrayed by gray-tone encoding the intensity of the measure in a two dimensional setting
where time runs horizontally and frequency vertically. In interpreting these polarization spectro-
grams, the reader is cautioned that a polarization response can occur before the actual onset of the
signal since the quadrature filters are non-causal.

The intensity plot of Figure 3 illustrates the degree to which polarization (DOP) is localized in time
and frequency for a P arrival. Since the actual type of polarization is not indicated by! this measure,
DOP must be assisted by the test for linear polarization. The plot of Figure 4 indicates that the DOL
delineates the linearly polarized regions clearly. It is not surprising to see that both the background
noise and signal frequently exhibit linear polarization content over short time intervals. However,
the waveform energy must be concentrated in the principal component if it is to be, truly linearly
polarized. The DOD is capable of demonstrating this concentration. Since an empirical investiga-
tion indicated that the DOP is highly correlated with DOD, DOP may be as a substituted for DOD.




It was also observed that the DOP resolves polarization in time and frequency better than does the
DOD.

In view of the properties noted above, the interval selection process was actually based on a pseudo
SNR defined in the following way

JDOP(F s NDOD(F ;, DDOL(f . J)
1.0~ [DOP(f ; NDOD(F ,, HDOL (f - ) @

SNRy(f 1) =

The use of both DOP and DOD through a geometric mean assures that both measures influence the
interval selection process with DOP tending to increase the resolution. In addition DOL was re-
formulated as

2 2
Real (e]x)+Real (e]y)

Z ., 2
o2 +leny)

This form of DOL was motivated by the fact that the SVD algorithm conveniently returned a real-
valued z component for the principal eigenvector (The z-component served as the phase reference
for the eigenvector). Hence, this form for DOL slightly heightens the sensitivity of SNR; to linear

DOL_(fpd) = a6

polarized components by imposing real valuedness on the two horizontal components which really
convey the bearing information.

2.3 Estimating the Bearings within the Same Mathematical Framework

Bearing estimates can be formed in a number of ways as discussed by Walck and Chael [1991]. In
this work the estimates of the bearing and apparent incident angles are based on the right principal
singular vector of a rectangular observation matrix (Equation 8) associated with a selected window
simply because the method is compatible with the formulation for the polarization search parame-
ters. Contiguous points are regarded as candidates for a bearing estimate if the pseudo SNR3(f7)

now denoted as r(f, j) , exceeds one for every j and the duration of the concatenated sub-intervals

is longer than two cycles. Suppose the points j € {J-L, J-L+1,..., J, ..., J+L-1, J+L} satisfy this SNR
criteria. On such an interval, two approaches, both based on the principal component method, were
taken to estimate the angles.

The first approach makes an estimate on the sub-interval of 2k+1I points for each j. Let the collec-
tion of resulting bearing and incidept angle estimates be given by [0(j), 6()], j € {J-L, J-L+1,..., J,

.., J+L-1, J+L}. To assure physically realizable incident angles, when 6(j) < 90° for any j, set 8(j)
= 180° - 6(j) and ¢(j) = ¢(j) + 180°. This action is mathematically justified by the fact that if e is




a singular vector, then -¢ will also be an eigenvector. Since the pseudo SNR will vary throughout
the interval, it is appropriate to estimate the bearing on the basis of a weighted mean given by

J+L J+L
B(fod) = | 3, 7(fo DOD |/ D, r(fer ) an
J-L J-L
A variance given by
J+L J+L
varlB(f o ] = | 3 rf 0 0O || S rif o )| -8 1) 1s)
J-L J-L

and an average pseudo SNR given by

J+L

5 = Zr(fc,j) /(2L + 1) (19)
J-L

may also be associated with @ . Admittedly the estimates of the means and variances are biased

because the estimates are based on correlated (overlapping) samples. However, if the variance is
small, the mean established in this manner has been found to be acceptable in practice. Further-
more, if the variance is large, the estimate should be discarded anyway.

The second method of estimating the bearing simply constructs an observation matrix over the en-
tire interval centered on J and uses its right principal singular vector and eigenvalues to construct

a single estimate (@, ©) and its pseudo SNR given by Equation 15 with j = J, here denoted as rg, .

The underlying polarization parameters are dictated by the entire interval as opposed to the sub-
intervals. The observation matrix, however, is modified in a special way to emphasize the individ-
ual rows having a better pseudo SNR, namely,

$ulF o U=D) 5, (Ffu =) 5,,(f I =L)
SedFoT=1) sy (fod=L) s, (f T = 1)
R(f.f,) =W : : : (20)

S Fpd+D) s, (Fud+L) 5, (fuJ+L)

ST+ 1) 5, (T + 1) 5, (F T + 1)



where W is a (2L+1)M by (2L+1)M weighting matrix given by

r(f I-D)I 0

T(f o J~L+1)I
W = F(f o NI (21)

7(f, J+L— DI

0 T(f, I+ DI

and I is a M by M identity matrix and the individual 7(f,,j) are the pseudo SNRs associated with

the individual 2k+1 long sub-intervals surrounding each j € {J-L, J-L+1...., J, ..., J+L-1, J+L}.
Here, the row elements in Equation 20 are not column vectors.

In practice, estimates of either type having shallow apparent elevation (incident) angles were dis-
carded operationally because the bearings were typically absurd. The use and choice of the two
bearing estimators are treated in the following sub-section.

2.4 Evaluating and Correcting the Estimates

SEEC yields a bearing for each time-frequency window considered measurable by the criterion de-
scribed above. To select the better estimates from the entire set of bearings, an information theo-
retic criterion commonly associated with estimation theory is applied to each estimate. The crite-
rion simply states that the variance of an estimate is reduced by 1.0/(SNR*TB) where SNR and TB
characterizes the signals contributing to the estimate. For an example of this principle, see Equation
11 in an article by Shumway and Kim [1998]. As a consequence, estimates whose SNR*TB exceeds
a given threshold are accepted as precision estimates. The others are discarded. In this work
SNR*TB is defined as the effective degrees of freedom (DOF) associated with an estimate. Expe-
rience with events from the same locale has shown the estimates have utility when DOF > 10.

Since two estimates are potentially available for each interval satisfying the DOF criterion, a meth-
od was constructed to select between the two estimates. Since the standard deviation is a measure
of consistency of the bearings (singular vectors) throughout the interval, estimates of either form

are only accepted if var]/z[ﬁ( f 1 <15 degrees. Furthermore, ® was accepted over ® only
if rq, TB>10and rg TB exceeded rg TB by 5. This choice indicates a strong preference for es-

timates over the entire interval as opposed the average estimate over many sub-intervals. This pre-
sumes that better estimates are possible if the rectangular observation matrix has a large number of
effective degrees of freedom. Of course the polarization coherency must be sustained throughout




the entire interval to build an estimate on self-consistent information. var[®( fod )] is an indi-

cator as to whether this consistency really exists. This selection process is applied to all time-fre-
quency intervals satisfying the DOF requirement and may result in several estimates or possibly
none.

When multiple estimates satisfying the acceptance criterion are available for an event, the effects
of frequency dependent bearing biases may have to be addressed. Only then can all the inherent
accuracy and precision associated with the accepted bearings be achieved. The biases for an epi-
central region of the earth may be determined by using well-located reference events within that

region. Suppose that the frequency dependent estimates @i( fc) and their degrees of freedom
DOF({f.) as observed by a particular station are available for reference events i={1,2,...,I} within

the epicentral region. The frequency dependent biases are compared with the true i(great-circle)
bearings CIDZ. to establish the bearing bias in the following near-optimal manner

D 1&,(f,)-®]- DOF(f)

bias(f,) = - 22)
D DOF(f,)
[/

Once the regional bearing biases are established as a function of frequency for a particular station,
estimates & (f .) for a subsequent event with effective degrees of freedom DOF| (f.) arising from

the same epicentral region may be corrected for bias in the following near-optimal manner

Y [&(f,)+bias(f )] - DOF(f )
& = Je : (23)

fZDOF(fc)

c

to achieve a single bearing with all the inherently available accuracy and precision. Conceivably
the summation could also extend over different time intervals as well as frequency intervals.

3.0 Application of SEEC to Event Data

The polarization-based bearing estimator was applied to a reasonably large set of regional P arriv-
als arising from events located in the western US and observed by a high frequency station located
near Pinedale, Wyoming. The locations of the events analyzed as part of the entire effort appear in
the map of Figure 5. The event truth for the events only appearing in this article is listed in Table

10



1. The arrivals were extracted from the S-3 seismometer channels, which had been electronically
altered to provide an acceleration output having a nominal 0.5 to 80 Hz passband which was sam-
pled at 200 Hz. The bearing estimates were restricted to the central frequencies associated with the
filter bank (0.5 to 15 Hz) after having decimated the data to a 50 Hz sample rate. Contiguous sam-
ples were included in a measurable interval if /(f, j) > 1 for every j in the interval. The locations

of the events analyzed as part of the entire effort appear in the map of Figure 5. The event truth for
the events addressed in this article appears in Table 1.

The bearing error estimates, as inferred from the NEIC locations, are presented here to illustrate
the efficacy of the SEEC approach. The SEEC errors are also compared with the errors associated
with a conventional broadband estimator whose solutions were based on the initial arrival and the
principal eigenvector of a real valued covariance matrix. Except to illustrate the features of the
SEEC estimator, only those estimates having effective DOF > 10 were accepted and plotted. For
most of the error plots, a composite polarization indicator related to SNR3 appears above the bear-

ing error plot to make evident the SEEC rationale. The composite indicator is defined by

i_= (DOP-DOD)"’DoL 24)

and nears unity on sub-intervals having favorable polarization properties. The bearing error lines
extend over the measurable time-intervals as defined by the SNR criterion. The frequency at which
the estimate was made is symbol encoded in accord with a key appearing in the attached legend.
The key also provides the effective DOF and the actual bearing estimates (PHI). The following
events were selected to illustrate the characteristics of SEEC and the influence of the earth’s prop-
agation environment on the bearing estimates.

3.1 Event QB288

This arrival was produced by a quarry shot in eastern Wyoming at a range of 3.4 degrees. The
broadband signal to noise ratio for this arrival is poor as implied by the trace of Figure 6a. However,
SEEC was able to identify spectral components and time intervals having usable polarized states
at the middle and lower frequencies as illustrated in polarization spectrogram (Figure 6a). The
bearing error graph of Figure 6b illustrates that nearly correct estimates can be produced while the
broadband approach based on a real covariance matrix fails. Here acceptable estimates primarily
appear at the onset of the arrival.

3.2 Event EQ246

The estimator was applied to an arrival emanating from a magnitude 5.8 earthquake in southern
Utah at a range of 6.4 degrees. The arrival produced strong, linearly polarized content at frequen-
cies less than 3 Hz as illustrated in Figure 7a. The higher frequency selectivity of the constant TB

11



filters at the lower frequencies enabled SEEC to isolate polarized components at frequencies as low
as 0.5 Hz, a frequency at which this event would not have been detected.

An interesting bearing dispersion characteristic emerged for this arrival as indicatecl1 by the graph
of Figure 7b. The bearings move with frequency to the left of the event as observed at ]the recording
station. The most accurate bearing estimates occurred at the lowest frequencies. Perhaps lateral re-
fraction or diffraction causes bearing errors as large as 24 degrees to the left of the Pinedale station
at a frequency of 2.35 Hz. Other events in the vicinity of this one exhibited similar bearing disper-
sion characteristics. In fact this bearing characteristics was evident for events along the Wasatch
range and throughout northern Utah. Comparison of the conventional broadband estimate with the
SEEC estimates appears to indicate that the broadband estimate is a frequency-weighted average

of the SEEC bearings.

3.3 Event EQ031

The graph of Figure 8a illustrates the strength of the SEEC approach in finding useful polarized
content in time and frequency. Here linearly polarized content was identified in both the first and
second P arrivals over broad frequency intervals. This arrival was produced by a local earthquake
that occurred just 1/2 degree east of the Pinedale station.

As evident in Figure 8b, frequency dependent bearings can also occur at short ranges. The ground
truth suggested a reference bearing in the NE quadrant; whereas, the low frequency estimate sug-
gests that event arose from the SE quadrant. The errors have been referenced to an assumed bearing
of 107 degrees because a slight error in location for a nearby event causes large errors in bearing.
The arrivals appear to experience bearing dispersion to the left of the station, although one cannot
state this with complete confidence because the effective DOF are limited. The second P arrival,
however, appears to confirm this possibility, because bearing estimates for the second arrival al-
most replicate the estimates for the first arrival. This possibly suggests that these two arrivals ex-
perienced similar crustal effects.

3.4 Events EQ133 and EQ134

Events EQ133 and EQ134 are two nearly co-located earthquakes in the Hebgen Lake area west of
Yellowstone Park. The nearly identical waveforms (except for amplitude) provide ac‘lditional con-
fidence that these two events are co-located. The bearing estimates for these two events are shown
in Figures 9a and 9b, respectively. The bearings for the two events cluster to the rigﬁt of the great
circle paths with mean biases of 25.9 and 25.4 degrees, respectively. The bearing estimates for
these events suggest that the bearings may be slightly dispersed in frequency to thejright as well,
although orderliness with frequency is not uniquely evident. Comparisons of the estimates for the
two events suggests that the SEEC method can reasonably replicate bearings with a precision
somewhere between 1.2 to 1.8 degrees 1.8 even though the DOF are limited. Furthermore, a com-
parison of the mean unweighted bearings for the two events gives an indication of the potential in-
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crease in precision possible when the individual estimates are combined in a suitable scheme. The
conventional broadband estimates, whose error are denoted by the arrow heads, fall among the
SEEC estimates.

It is interesting to note that even though the amplitude for the initial arrival for event EQ133 was
twice that of EQ134 and the estimation TB products are similar, the available DOF did not rise pro-
portionately with the square of the event amplitude. This illustrates that the arrivals contain noise
components which are correlated to the signal amplitude.-As a consequence, the SNR remains
nearly constant.

3.5 Event QB151

The error estimate of Figure10b show that the best bearing may not always be available at the onset
of the arrival. This arrival arose from a quarry blast in eastern Wyoming but was overridden by the
wavetrain of a preceding event. The polarization spectrogram shown in Figure 10a demonstrates
that the searching method can find frequency-time intervals that yield measurable estimates in the
presence of interference. It is interesting to note that estimates on the initial arrival, whose errors
were comparable to the broadband estimate, were also available from the SEEC process but were
discarded on the basis of too few DOF.

3.6 The Advantages in Correcting for Bias over Frequency

The bearing biases were determined for four earthquakes in southern Utah using the method em-
bodied in Equation 22. The estimated biases were then applied to the same event data to remove
the biases in accord with Equation 23. The actual statistics were based on the “leave-one-out meth-
od” wherein the corrected estimates for an event used biases computed from the remaining events.
The results appear in Table 2. The rms accuracy for this small collection of events is 1.6 degrees.
This compares favorably with the a rms error 7.6 degrees associated with the individual estimates
before creating a weighted average.

This procedure was repeated for 7 events in central Utah. The results are shown in Table 3. SEEC
yielded an accuracy of 1.5 degrees rms for the weighted average technique. The accuracy of the
collection of individual estimates was 5.9 degrees rms. These results demonstrate that individual
low accuracy estimates at different frequencies for a common event can be corrected for bias and
optimally combined to realize improved accuracy. The lack of a dramatic improvement is thought
to be attributed to the small sample size and the inaccuracies in the ground truth.

4.0 Discussion of the Approach and the Results

In the SEEC method quadrature filters spectrally decompose the signals into overlappihg bands.
The use of wavelets having a constant 7B characteristic to define the filters is attractive because the
bandwidth is suitably matched to signal and noise environments where narrower filtering is re-
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quired at the lower frequencies to improve the signal to noise ratio. The retention of the phase sen-
sitivity across multiple channels through the use of quadrature filters is important to isolating the
coherent signal components in a multipath and scattering propagation environment. Multiple
quadrature filters at a given center frequency effectively widen the bandwidth about the center fre-
quency while providing additional independent rows in the observation matrix to enhance the ac-
curacy of the estimate.

A composite polarization search parameter is effective in identifying time-frequency intervals most
likely to produce bearing estimates having good precision. A unique and effective linear polariza-
tion measure was included in the search parameter. This approach is thought to avoid the limita-
tions associated with fixed temporal and frequency windows or, for that matter, with accepting the
detection window as the defining window, either of which may miss important polarized content.

An information theoretic variance reduction parameter associated with the selected intervals is ef-
fective in evaluating and selecting the better bearing estimates from the set of defining intervals.
This variance reduction parameter was specifically found to be useful in calibrating sgb-regions for
bearing biases and for correcting subsequent observations for biases in a near-optimal setting. The
bias correction uses the select bearing estimates and their corrections in a weighted av}erage scheme
to embed as much of the inherent accuracy and precision available into a single final estimate. The

results of Table 2 and 3 show the potential effectiveness of this method.

Bearing biases have been noted in many of the observations at the Pinedale station. bf the biased
observations, some reflected a strong orderly bearing dispersion with frequency. Bearing disper-
sion was evident for events arising throughout Utah and from a local event just east of the station.
This frequency dependence may be attributable to a wavelength effect where the longer wave-
lengths are not as sensitive to thin structures as are the shorter wavelengths. Biases have been typ-
ically attributed to dipping receiver structures at some stations, an example of which was docu-
mented in a recent work by Bear, Pavlis, and Bokelmann [1999] for the 3-component array at Pinon
Flats, California. They assert that the azimuthally varying particle-motion anomalies are frequency
dependent with some anomalies larger than 40 degrees. However, systematic trends with frequency
are not strongly evident in their results.

The results here suggest that more than a simple dipping structure at the receiver accounts for the
observed bearings at the Pinedale station. Possibly source, path and receiver structures are all in-
fluencing the observations depending on the epicentral region. Some of the complexity in the ob-
servations may be attributed to the complexity of the crustal structure in the vicinity of the Pinedale
station. As inferred from the work of Smithson, et al. [1979] the Pinedale station is situated on the
southwestern edge of the Wind River thrust fault which dips to the northeast beneath the Wind Riv-
er Mountains and runs parallel to the mountain range. The Wind River thrust fault overrides the
Green River sedimentary basin to the southwest of the mountain range. This thrust fault apparently
gave rise to the Pacific Creek anticline which is a faulted gentle fold in the basin in front of the
Wind River fault. Synclines and anticlines, to include the Pinedale anticline, also surround the sta-
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tion (see for example, Law and Spencer, [1989]). These folded and faulted zones could give rise to
some of the observed bearing characteristic.

Another possible explanation for the bearing biases are the horizontal velocity gradients in the up-
per mantle of the western US. Estimates of these gradients at a depth of 100 km are illustrated by
the color intensity map of Figure 11. The color-encoded scale covers velocity changes of +5%
about 8.23 km/sec. These velocity gradients undoubtedly extrapolate to the uppermost mantle (45
- 60 km) and lower crust and therefore influence regional P arrivals. These gradients may account
for refractions as great as 25 degrees as inferred from Snell’s law. The bearings associated with the
events in Colorado could be influenced by the velocity contrast across the Archean-Proterozoic su-
ture zone along the Wyoming-Colorado border where island arcs are thought to have collided with
the North American plate [Vernon, et. al., 1998]. Some evidence for this velocity contrast is evident
in the gradient map.

5.0 Conclusions and Monitoring Implications

These results have shown that it is essential to search the temporal-frequency windows for regions
having suitable polarization properties before attempting a bearing estimate. Limiting bearing es-
timates to frequencies having the best detection SNR may miss useful bearing information. Fur-
thermore, on some occasions the useful time-interval may not occur at the onset of the P arrival, as
a result of interference or an emerging arrival.

SEEC is premised on the assumption that the estimates may be frequency dependent. The method
is therefore capable of measuring bearing dispersion, thereby providing the bearing bias as a func-
tion of frequency. In view of the frequency dependence, it is important to avoid contaminating a
bearing estimate at a given frequency through leakage into the sidebands of a filter. Filters having
low sidelobe characteristics, as a consequence, are essential to realizing unbiased estimates. When
quality filtering is inadequate as in the case of strong, narrow band signals, it is helpful to partially
whiten the signals of interest before bandpass filtering. For measurable events SEEC can provide
additional insight at differing time-frequency windows to make appropriate judgements for con-
structing a single final estimate in comparison to conventional approaches which directly produce
a single outcome without regard to the effects of the underlying frequency content.

In addition, bearings should be estimated on as many time and frequency intervals as possible to
realize the inherently available precision. To assist in achieving accuracy, near-optimal methods
were identified to measure the frequency dependent biases for a given locale and to correct subse-
quent estimates from that locale for frequency dependent biases. The near-optimally combined and
corrected bearing estimates at various time-frequency intervals were shown to improve the accura-
cy over that associated with making bias corrections at the individual frequencies. An information
theoretic information criterion was found to be helpful in evaluating and selecting the higher pre-
cision bearings before making the bias inferences or corrections.
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There must be an awareness that bearing estimates can be frequency dependent in an operational
setting. To do otherwise is to accept poor precision in the estimates for events arising from the same
locale simply because the estimates will be effected by the differing frequency content from event
to event. Further, making bearing corrections without accounting for the frequency content in the
estimate may produce inaccurate corrections.

There must also be an awareness that not all arrivals will yield useful bearing estimates. The SEEC
approach provides insight to the measurability of an event. When an arrival is measurable, a careful
search in frequency and time for polarized content is essential to identifying useful estimation in-
tervals. Estimates at a low frequency, when available, will often yield a near bias-free estimate. The
lowest frequency estimate is probably the most useful bearing in associating detections when build-
ing events. When locating events, bearings will make a better contributions when the estimates are
appropriately selected and have their respective biases removed to form a weighted average of the
corrected bearings.

In the future the utility of SEEC method should be further established on larger data sets which
include observations in stable as well as tectonic regions. This effort should “tune” the parameters
in the algorithm for optimal performance. The resulting algorithm should then be compared with
operational bearing estimation methods. If SEEC demonstrates to be an effective approach, meth-
ods of integrating the technique in an operational context must also be considered. Other efforts
should also consider extending SEEC to other types of polarized arrivals, to codas, and to arrays.
It is anticipated that the SEEC algorithm will eventually appear in MatSeis, a publicly available
seismic analysis tool [Harris & Young, 1996].
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7.0 Table Captions

Table 1. The ground truth for events appearing within this article

Table 2. The bearing errors after correction for regional biases are shown here for
events occurring in southern Utah. The DOF reflects the accumulative precision
from estimates contributing at different frequencies and time intervals for a given-

event

Table 3. The bearing errors after correction for regional biases are shown here for
events occurring in the middle of Utah. The accumulated effective DOF associated

with each event is also indicated.
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8.0 Figure Titles

Figure 1. A block diagram of the SEEC bearing estimation process is shpwn here.
The quadrature filter bank decomposes the 3-component signals into overlapping
spectral bands. A search process finds those time-spectral intervals havin;gy favorable
polarization properties. Bearing estimates are made on those intervals. Thk: estimates
having experienced sufficient variance reduction are included in a frequency

dependent bias correction process to achieve near-optimal results.

Figure 2. The bandpass characteristics of the filters in the quadrature filter bank are
illustrated here. The individual filters, characterized by a constant TB product, have
center frequencies which are logarithmically spaced to efficiently cover the band of
interest. Frequency decomposition of the incoming signal is important because, as

shown in this work, bearings can be strongly frequency dependent.

Figure 3. This gray-scale encoded contour plot illustrates how the degree of
polarization (DOP) can localize time and frequency intervals having highly
polarized content. These estimates were formed from the complex valued signals
produced by the filter bank illustrated in Figure 2. When the DOP approaches one,
the signal is regarded as highly polarized. On the other hand when the DOP
approaches zero, the signal is regarded as unpolarized. The vertical component of the

signal contributing to the DOP estimates appears in the trace above and has been
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synchronized with the DOP estimates. Be aware that a polarization response can

occur before the on set of the signal because the filters are non-causal.

Figure 4. This gray-scale encoded contour plot illustrates how the degree of linear
polarization (DOL) as defined in this work provides additional information for
locating polarized content for the same event illustrated in Figure 3. Whenever DOL
approaches one within a time-frequency interval, the signal or noise is potentially
linearly polarized. Rigorously, those intervals are only linearly polarized when the
degree of dyadicy nears one. This polarization measure together with others serve

together in selecting favorable intervals on which to make bearing estimates.

Figure 5. The location of events contributing to an evaluation of the SEEC algorithm
are shown above. Earthquakes (EQ) are designated by shaded diamonds and quarry
blasts (QB) by asterisks. Not all of the events shown here are addressed within this
paper but are located on the map to illustrate that the SEEC algorithm was applied to
a reasonably large set of events sampling different paths. The location of the

Pinedale station, whose observations contributed to the evaluation, is identified by a

shaded square.

Figure 6. a) Appearing in the upper graph is a gray-scaled encoded composite
polarization indicator which identifies several disjoint windows in time and
frequency having weak linear polarized content for event QB288. The indicator
approaches one when linearly polarized content is present. The signal from the
vertical seismometer appears above the polarization measure. b) The lower graph
illustrates the bearing errors associated with frequency-time intervals carefully

defined by the polarization indicator. Error measures are extended over the
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estimation interval and are only illustrated for estimates having effective degrees of
freedom (DOF) exceeding 10. The solid bar denote the bearing error associated with
an estimate based on the entire available spectrum as opposed to the frequency
intervals defined by the quadrature filter bank. This result demonstrates that the
SEEC approach is effective in defining useful intervals on which to make accurate

bearing estimates.

Figure 7. a) The composite polarization indicator finds significant polarized content
for event EQ246 at frequencies less than 3.0 Hz. The selectivity of the filter bank was
effective in isolating polarized components at the lowest frequencies over long time
intervals. The corresponding signal from the vertical seismometer appears above the
polarization spectrum. b) The lower graph illustrates the bearing errors associated
with the estimation intervals having DOF greater than 10. Bearing dispersion to the
left of the great circle path is evident in the error characteristic. The lower
frequencies clearly experienced less frequency dependent refraction or (iiffracﬁon

along this Utah to Wyoming path as one would expect.

Figure 8. a) The composite polarization indicator finds linear polarized content
within two time intervals for an arrival associated with a local earthquake, EQ031.
The corresponding arrivals are evident in the vertical seismometer trace above the
polarization spectrum. b) Bearing errors appear in the lower graph. The acceptance
threshold (DOF) was lowered to illustrate the bearing errors for the weak second

arrival. Both arrivals appear to confirm that the bearing dispersion occurs to the left
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of the presumed line of sight for both the first and second P arrival. This result
illustrates that frequency dependent bearings can also be observed at short ranges

and in this case is induced by shallow structures.

Figure 9. a) An earthquake (EQ133) near Hebgen Lake yields a relatively tight but
heavily biased bearing error pattern when observed at the Pinedale station. b) A
nearly co-located earthquake (EQ134) yields a similar bearing pattern. A
comparison of the error estimates for these two events provides a quantitative
indication of the relative precision (-1.0 degrees) with which 3-c estimates can be
made with the SEEC process. It is interesting to note that even though the available
power in event EQ134 was less than 1/4 than that in event EQ133, the effective
degrees of freedoms are comparable for those frequency windows having
approximately the same time span. This implies that the noise is correlated with the

signal amplitude.

Figure 10 a) As observed in the trace above, this arrival experienced interference by
a preceding arrival. Despite the poor SNR, the interval search process found several
polarized regions in the coda of the primary arrival for event QB151. b) The
strongest polarized interval in the P coda resulted in a single usable estimate having
a sufficient number of DOF. A large error is associated with the broadband estimate
at the onset of the event. The arrival time was inferred from the NEIC origin time

and the P wave travel-time characteristic.
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Figure 11. The lateral P velocity gradients at a depth of 100 km across Western
United States are illustrated through a color encoded map. Various tectonic features
in relationship to the velocity gradients are also labelled. The percent deviations in
velocity are referenced to a mean velocity of 8.23 km/sec. A simple exa;ninaﬁon,
based on Snell’s law, suggests that rays could bend laterally by as much/as 25

degrees (The graph was provided by the courtesy of Ken Dueker, University of
Colorado)
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9.0 Tables

Table 1.
—
D Latitude | Longitude | State Date Time Mag | Depth | Range
EQ246 37.090 -113.472 UT 09/02/92 | 10:26:20.9 5.8 15 6.43
EQ355 37.567 -112.322 UT 12/19/91 | 20:26:35.7 3.6 7 5.62
EQ18la 37.736 -113.171 uT 06/29/92 | 01:59:06.0 4.1 14 5.75
EQ181b 37.733 113173 UT 06/29/91 | 22:20:45.8 3.8 31 5.71
EQ081 37.816 -112.995 UT 03/22/91 | 14:59:59.2 3.2 2.0 5.61
EQ221 38.788 -111.587 uT 08/09/91 | 08:49:20.0 35 4.27
EQ176 38.783 -111.554 UT 06/24/92 | 07:31:20.2 44 4.27
EQ193 38.322 -111.123 UT 07/1192 | 13:23:07.8 44 4.27
EQ161 39.302 -111.159 UT 06/09/92 | 23:30:18.6 34 6.1 3.7
EQ074 39.352 -111.171 UT 03/13/91 | 20:33:14.5 3.2 9.0 3.7
EQ303 39.340 -111.161 UT 10/29/92 | 06:57:43.1 29 1.5 3.6
EQ326 39.332 -111.155 UT 11/19/92 | 06:46:57.5 3.0 5.7 3.6
QB288 44.352 -105.391 WY 10/14/92 | 17:31:52.8 34
QB151 42.780 -105.610 wY 05/31/91 | 21:44:53.3 29
EQO031 43.020 -108.947 wY 01/31/92 | 12:01:47.9 34 5(g) 0.5
EQ133 44.533 -111.312 MT 05/13/91 | 14:13:05.8 34 5(© 21
EQ134 44.438 -111.217 MT 05/14/91 | 01:49:43.7 3.1 5@ 21
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Table 2.

Event DOF Actual Estimate Error
(degrees) (degrees) (degrees)'
EQ246 175.51 -150.80 -149.01 1.79
EQO081 74.78 -150.90 -151.21 -0.31
EQI181a 4345 -149.80 -148.51 1.29
EQ181b 130.75 -150.00 -152.19 -2.19
Table 3.
Event DOF Actual Estimate Error
(degrees) (degrees) (degrees)
EQ176 243.29 -158.52 -159.89 -1.37
EQ221 65.34 -158.17 -155.52 2.65
EQ074 105.65 -159.82 -158.09 1.73
EQl61 184.34 -160.21 -162.01 -1.80
EQ303 53.65 -160.00 -159.40 0.60
EQ193 187.41 -160.53 --160.62 -0.09
EQ326 150.87 -160.10 -160.40 -0.30

26
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a) Signal trace and polarization spectrogram for event QB288
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a) Signal trace and polarization spectrogram for event EQ031
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a) Signal trace and bearing errors for event EQ133
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b) Signal trace and bearing errors for event EQ134
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