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likelihood estimation
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Abstract

We have investigated the potential automatic use of an onset picker based on autoregressive likeli-
hood estimation. Both a single-component version and a three-component version of this method have
been tested on data from events located in the Khibiny Massif of the Kola peninsula, recorded at the
Apatity array, the Apatity three-component station and the ARCESS array. Using this method, we
have been able to estimate onset times to an accuracy (standard deviation) of about 0.05 s for P-
phases and 0.15-0.20 s for S-phases. These accuracies are as good as for analyst picks, and are consid-
erably better than the accuracies of the current onset procedure used for processing of regional array
data at NORSAR. In another application, we have developed a generic procedure to reestimate the
onsets of all types of first-arriving P-phases. By again applying the autoregressive likelihood tech-
nique, we have obtained automatic onset times of a quality such that 70% of the automatic picks are
within 0.1 s of the best manual pick. For the onset time procedure currently used at NORSAR, the
corresponding number is 28%. Clearly, automatic reestimation of first-arriving P-onsets using the au-
toregressive likelihood technique has the potential of significantly reducing the retiming efforts of the
analyst.

Key words seismology - signal processing — processing module (SigPro) used for process-
autoregressive analysis — onset time ing the regional array data at NORSAR,
a two-step onset time algorithm is in
use. This procedure consists of first apply-
ing a series of short-term to long-term aver-
. . . age (STA/LTA) detectors in parallel to a set

A precise estimate of the onset time of  of filtered beams. When one or more of the
seismic phases is needed to obtain an accu- STA/LTA detectors exceed a predefined
rate event location. To obtain very precise  threshold, a phase detection is declared and
onset times for all types of seismic signals,  a detection time is found. Subsequently, a
seismological observatories around the time domain phase timing algorithm is ap-
world mostly rely on the picks provided by plied to the filtered beam with the highest
their human analysts. However, the in-  SNR, using the detection time as the start-
crease in the number of seismic stations  ing value. A detailed description of this al-
worldwide has not been followed up by a gorithm is found in Mykkeltveit and

1. Introduction

similar increase in the number of analysts. Bungum (1984).

The availability and operational use of reli- These SigPro estimates of the onset
able, automatic procedures therefore be- times are subsequently used by the auto-
come more and more important. matic phase association and event location

In the automatic detection and signal procedure (ESAL) of the Intelligent Moni-
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Fig. 1. Map showing the locations of the six regional arrays currently used by the Intelligent Monito-
ring System at the NORSAR data processing center.
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toring System (IMS) (Bache et al., 1993) to
produce a fully automatic event bulletin.
The IMS currently provides for joint pro-
cessing of data from six arrays located in
Northern and Central Europe, see fig. 1.
The events in the automatic bulletin are fi-
nally reviewed and corrected by the analyst
using the Analyst Review Station (ARS) of
the IMS. Through the analyst review we
have experienced that the phase onset
times often have to be significantly ad-
justed. In order to improve the precision of
the automatic event locations provided by
the IMS and in order to reduce the ana-
lyst’s workload, there is therefore a strong
need to improve the precision of the auto-
matic onset time estimates.

Autoregressive modelling has been
shown to provide a useful tool in character-
izing seismic noise and signals. Tjgstheim
(1975a,b) applied such modelling to the
seismic discrimination problem. Takanami
(1991) used autoregressive models for onset
time estimation for microearthquake net-
works. Pisarenko et al. (1987) developed a
general autoregressive onset time estima-
tor, which was further elaborated by Kush-
nir et al. (1990). In this study we will inves-
tigate the use and performance of this onset
time estimation method when applied in an
automatic mode under various types of
conditions.

2. Autoregressive likelihood estimation
of onset time

Following Pisarenko et al (1987) and
Kushnir et al. (1990), the autoregressive
likelihood algorithm for onset time estima-
tion is based on regarding the signal onset
as the time when the statistical features of
the observed time series are abruptly
changed. For each argument 7 within a pre-
defined search interval (t,, t;) of length N,
autoregressive models of the observations
within the intervals (¢,, 7) and (z,2,) are cal-
culated by a Levinson-Durbin procedure.
From the variances 67 and 6% of the autore-
gressive model residuals of the two time in-
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tervals, a maximum-likelihood algorithm is
used to calculate the likelihood function
L(r) in accordance with the formula

L(r) = [tlno(r) — (N — 71)ino,(7)]
(2.1)

where the argument to the maximum of
L(r) defines the onset time of the signal,
see fig. 2.

The algorithm working on single compo-
nent data, hereafter denoted ESTON 1,
takes into account changes in both power
and frequency content, and it is therefore
important that the broadband signal wave-
forms are retained. This is very different
from the onset time estimator currently
used in SigPro, which only exploits power
differences within the narrow frequency
band with the highest signal-to-noise ratio
(SNR). The algorithm working on three-
component data, hereafter denoted
ESTON3, is in addition sensitive to
changes in the polarization characteristics
of the three-component observations. Fol-
lowing the recommendations of Pisarenko
et al. (1987), we have in all our calculations
used autoregressive modelling of order 3.

It is noteworthy that both ESTON1 and
ESTONS3 require that the search be limited
to a relatively short time window. If an ini-
tial event location and origin time is
known, we can determine the required
short time window for the search. Alterna-
tively, the phase onsets provided by SigPro
can be used to restrict the search. In any
case, the autoregressive likelihood estima-
tion of onset time should be well-suited to a
post-processing application.

3. Generic application: retiming
of first-arriving P-phases

This application of post-processing con-
sists of reestimating the onset time of all
first-arriving P-phases defined in the auto-
matic IMS bulletin, using the ESTONI1
method. For a period of four days (Septem-
ber 27-30, 1993), 391 first-arriving  P-
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Fig. 2. The top trace is the likelihood function resulting from autoregressive onset time estimation of
the data in the bottom trace. The maximum of the likelihood function corresponds to the estimated

onset time.

phases associated with events in the IMS
bulletin were defined. They were distributed
among all the arrays shown in fig. 1,
and originated from events at both local,
regional and teleseismic distances. All P-
phases were carefully retimed using an in-
teractive signal processing package (EP)
with high-resolution graphics (Fyen, 1989),
and about 10% of them were rejected due
to false detections or erroneous phase asso-
ciation, such that 350 first-arriving P-phases
remained for further analysis after this
manual screening process. When compar-
ing these numbers to the general IMS per-
formance (Mykkeltveit et al, 1993), it ap-
pears that this sample is fairly typical for an
operational situation.

The 149 P-phases recorded during the
two first days of the time period were used
to tune the implementation of ESTONI.
By comparing the differences between the
manual and the SigPro onset times, a maxi-
mum difference of 2.8 s was observed.
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Consequently, the search interval to be
used by ESTONI1 was set to +3 s around the
SigPro onset.

The different types of P-phases (Pg, Pn,
P and PKP) spanned a wide range of signal
characteristics with respect to spectral con-
tent, complexity, SNR and signature (im-
pulsive, emergent). From extensive testing
of ESTONI1, we found that in order to suc-
cessfully process all types of signals, we had
to identify the widest possible spectral band
for which the signal had usable SNR. This
was done in the time domain by estimating
the maximum SNR within the search inter-
val in a series of narrow passbands. The
spectral band was defined such that we ini-
tially selected the narrow frequency band
with the highest SNR. If the neighboring
frequency bands had an SNR within a fac-
tor of 5 of the maximum and also exceeded
an SNR of 4, the spectral band was ex-
tended so as to include this band as well.

Our experiments also showed that in or-
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der to obtain stable estimates of the likeli-
hood function L(7), it was important to fil-
ter and decimate the data in accordance
with the highest frequency of the signal
spectrum. For signals with a high SNR
(typically above 40) and a wide bandwidth,
no filtering or decimation was needed.

We found that the onsets provided by
ESTONT1 were biased slightly late, and the
delay appeared to be linearly dependent on
the dominant period of the signal. By linear
regression of all signals with SNR > 6, the
bias b could be approximated by the rela-
tion b = 0.38p where p is the dominant
period of the signal. The flowchart of fig. 3
outlines the processing steps involved in

First-arriving P-phases from the automatic IMS bulletin
Y
- Prewhiten the data based on a noise sample
est signal frequency 2
Y

Define a search interval ‘
Find the widest possible frequency band [f1,f2]
preceding the search interval
|
Measure the dominant period of the signal and [

Form beam in accordance with the
slowness and azimuth from SigPro
around the SigPro onset time
|
for which the signal has good SNR
- Bandpass filter the data in the band [f1,f2]
- Decimate the data in accordance with the high-
Y
Eaun ESTONT1 on the search interval ’
[
[ compensate for the period-dependent bias
[
Fig. 3. Flowchart illustrating the processing
steps involved in the reestimation of the arrival

time of first-arriving P-phases using the
ESTON1 method.

New onset time
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the reestimation of the arrival time of
first-arriving P-phases using the ESTON1
method.

The 201 P-phases recorded during the
last two days of the test period were used
to evaluate the new procedure. Figure 4a
shows the difference between the manually
picked onsets and the automatic onsets
from SigPro versus the highest SNR mea-
sured in any narrow filter band. For com-
parison, fig. 4b shows the difference be-
tween the manually picked onsets and the
automatically reestimated onset times using
the ESTON1 method. From comparing
these two figures it is apparent that the im-
provement when using ESTONI is signifi-
cant for all SNRs.

To quantify the improvement, we have
plotted in fig. 5 the percentage of the ob-
servations within a range of absolute time
differences between the automatic and the
manual picks. For SigPro, 50% of the auto-
matic onsets were within 0.23 s of the man-
ual pick, whereas for ESTON1 the 50%
level (median) was as low as 0.05 s.

We also divided the observations into a
teleseismic and a local/regional data set. For
SigPro, the median time differences were
about equal for the two data sets. For
ESTONI, the median time difference was
slightly smaller for the local/regional data
set than for the teleseismic. This difference
could be due to generally longer dominant
periods of the teleseismic P-phases.

As expected and also seen from figs. 4a,b,
the precision of the automatic onsets is best
for high SNRs. By again dividing the obser-
vations into two data sets, one with SNR
less than or equal to 10 and one with SNR
greater than 10, we found that SigPro had a
median difference of 0.29 s for the low
SNR data set and 0.19 s for the other. The
corresponding numbers for ESTON1 were
0.10 s and 0.04 s, respectively.

The implications on the analyst’s retim-
ing efforts can be illustrated by the follow-
ing example: if we assume that the analyst
will accept a maximum deviation of 0.1 s
from the «correct» manual pick without do-
ing retiming, we can see from fig. 5 that
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Fig. 4a,b. This figure shows the time difference
between the automatic and the manually picked
onsets of the 201 first-arriving P-phases analyzed
in this study plotted versus the SNR of the si-
gnal. a) Shows the time differences between the
automatic onsets from SigPro and the manual
picks. The median absolute time difference is
0.23 s. b) Shows the time differences between
the reestimated onsets from ESTON1 and the
manual picks. The median absolute time diffe-
rence is 0.05 s.
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28% of the SigPro onsets are acceptable,
whereas 70% of the ESTON1 onsets are
acceptable. Clearly, automatic reestimation
of first-arriving P-onsets using the algo-
rithm described above has the potential of
significantly reducing the retiming efforts of
the analyst.

Region-specific application, reprocessing
of events from an area with recurring
seismicity

The basic principle of region-specific
post-processing is to start by subdividing
the area to be monitored into smaller re-
gions. For each small region, a set of refer-
ence events is analyzed in order to obtain
typical features. These characteristics are
subsequently utilized when designing an
optimum region-specific processing algo-
rithm, which again is activated when an
event is located within or close to the actual
region. In the following, we will discuss ap-
plication to a well-calibrated mining area
(the Khibiny Massif of the Kola peninsula,
Russia) with a high activity rate (Kvaerna
and Ringdal, 1994).

4.1. The Khibiny Massif events

Six apatite mines are located within an
area of about 10 km? in the Khibiny Massif
on the Kola peninsula of Russia (see fig. 6).
A detailed description of these mines
and the mining activity is found in
Mykkeltveit (1992). Although we have no
explicit information on the exact sizes of
these mines, interpretation of various maps
suggests that the typical size is about 1 km?2.
The Kola Regional Seismological Centre
has, since the beginning of 1991, provided
NORSAR with information on mining
blasts in the six Khibiny Massif mines. The
information provided contains an assign-
ment of the relevant mine (1-6), P (and
normally also §) arrival times at the analog
APA (Apatity) station (co-located with the
three-component station APZ9 of fig. 6),
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Fig. 5. These two curves show the percentage of the automatic onsets within a range of absolute time
differences from the manual picks. For SigPro (dashed line), 50% of the onsets are within 0.23 s of the
manual pick, whereas for ESTON1 (solid line) the 50% level (median) is as low as 0.05 s.

the amplitude and period of the signal, and
the total charge size in tons. Detailed infor-
mation on the 58 events used in this study
is given in Kvaerna (1993).

From analysis of the Khibiny mining
events recorded at the Apatity array
(APAO), the Apatity three-component sta-
tion (APZ9) and the ARCESS array, sev-
eral typical characteristics were observed.
In order to optimize the automatic algo-
rithm for processing these events, we have
utilized different types of characteristic in-
formation for each of the three recording
stations. We will discuss in the following
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the details of the retiming sequence that
was derived for the Apatity array.

— The Apatity array is located within a
distance range of 32-49 km from the differ-
ent Khibiny mines. For all events, clear P,
S and Rg phases are observed.

— The difference between the SigPro P
onset time and the manual pick were all
within +2 s. This was the search interval to
be used by ESTONT1 for reestimating the P
onsets.

— The P signals had generally the best
SNR at high frequencies, such that band-
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Fig. 6. In the upper part, a large reference area is shown. The location of the ARCESS array is given
by a filled circle, and the location of the Khibiny Massif region is shown. The lower part shows a de-
tailed picture of the Khibiny Massif region. The locations of the six mining sites are given by large
numbers 1-6. The Apatity array (APAO) is shown as a filled circle and the three-component station
(APZ9) in the town of Apatity is shown as a large triangle.
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pass filtering and decimation was unneces-
sary in order to obtain precise onsets by
ESTON1. Unlike the generic algorithm for
reestimating all types of first-arriving P-
phases, only prewhitening of the data was
needed.

— The peak of the Rg phase was identi-
fied from an STA envelope created from z-
component data filtered between 0.8 and
2.0 Hz. The end of the search interval for
the Rg maximum was conservatively set to
20 s after the P onset.

— For estimation of S-onsets, the three-
component data at the Apatity array was
bandpass filtered between 2 and 8 Hz and
decimated to 20 Hz sampling. The three-
component ESTON3 onset estimator was
then applied within a time interval that
started 2 s after the P onset and stopped at
the time of the Rg peak.

An illustration of the automatic retiming
sequence at the Apatity array is shown in
fig. 7, and more details on the retiming se-
quences for APZ9 and the ARCESS array
can be found in Kvaerna (1993). Note that
we were not able to apply the autoregres-
sive likelihood onset time estimator suc-
cessfully to the Rg-phases. We believe that
this is primarily due to the surface wave Rg
not having a well-defined onset like the
body waves P and S.

4.2. Precision of the onset time estimates

To evaluate the automatic onset esti-
mates, P and S onsets at APAO and APZ9,
and the Pn onsets at ARCESS were man-
ually picked using the interactive EP pro-
gram (Fyen, 1989). Given the fact that the
characteristics of the Khibiny Massif events
were known, the manual phase picking was
considered to be done under «optimum
conditions». By «optimum conditions» we
mean that the analyst utilized information
on the approximate phase arrival times and
looked for typical signatures of the differ-
ent phases. We also selected filters and
seismometer components to obtain the
highest SNR.
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In addition, all events were reviewed by
another analyst using the Analyst Review
Station (ARS) of the IMS. We consider the
phase picks from the ARS to be obtained
under so-called «operational conditions»
and they therefore are less precise than
those obtained under «optimum condi-
tions». This is due to the fact that ARS is
used as a tool for routine analysis (i.e., rel-
atively short time spent on each pick) of
large quantities of data and that the analyst
did not have readily available information
on the characteristics of the Khibiny Massif
events.

Following Sereno (1990), an unbiased
estimate of the measurement variance is
determined from the arrival time difference
between two phase observations for re-
peated events in the same mine. Specifi-
cally:

2 2 _
01,pick T 0% pick =

Nmines Nobs

2 2 [A Tobs,-k - <A Tobs>k]2
_ k=1 i=1

(N obs N, mines)

(4.1)

where 07 and 0% are the picking variance of
each phase, 4T, is the ith observation of

the arrival time difference for the kth mine.
(4T4s), is the mean arrival time differ-
ence for the kth mine. N, is the total num-
ber of observations (at all mines), and
Npines 1S the number of mines.

We started out by computing the arrival
time differences between the manual P ob-
servations («optimum conditions») for the
three stations APAO, APZ9 and ARCESS.
The observed arrival time differences were
verified to fit a normal distribution using
quantile-quantile plots. From three equa-
tions of the type above, with altogether
three unknowns, we obtained for P at
APAO a standard deviation of 0.04 s, for P
at APZ9 0.06 s and for Pn at ARCESS also
0.06 s. In a similar fashion we computed
standard deviations for the corresponding
automatic picks from the ESTONI algo-
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Fig. 7. The seismograms of this figure are Apatity array (APAO) recordings of an event from mine
n. 6. The source-receiver distance is 49 km. Trace n. 2 from the top is the prewhitened P-beam used
for onset-time estimation using ESTON1. The upper trace gives the likelihood function from ESTON1
after processing an interval of +2 s around the initial P-onset estimate, and the peak of this likelihood
function corresponds to the estimated onset. The bottom trace is the vertical component APAO-sz fil-
tered in a low passband (0.8-2.0 Hz) to enhance the Rg phase, and the trace above is the STA enve-
lope. The peak of this envelope is declared as the peak of the Rg phase. After the P-onset and the Rg
maximum are found, we are searching for the S-onset using the three-component ESTON3 estimator.
The search interval starts 2 s after the P-onset and stops at the Rg peak, as seen from the ESTON3 li-
kelihood function of trace n. 3 from the top. The three-component data processed by ESTONS3 are gi-
ven in traces 4-7. Note that there is no need to rotate the three-component data before using
ESTONS3, but in order to visualize that the S-phase has the largest SNR on the transverse component,
we have rotated the data. Note that both the ESTON1 and the ESTON3 likelihood functions show
clear peaks at the P- and S-onsets.

rithm. The standard deviations were for P mine has an areal extent 1 X 1 km (which is
at APA0 0.04 s, for P at APZ9 0.05 s and  reasonable from interpretation of various
for Pn at ARCESS also 0.05 s. maps), we have found that the location

It is worth noting that part of the mea- variability within each mine could have a
surement variance is likely to be due to the significant impact on the estimates of the
events of each mine not being located at picking precision. With the most unfavor-
the same spot, but being distributed within able deployment of the explosions, the in-
each mine. Under the assumption that each fluence on o for the P-phases could be as
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large as 0.05 s. However, all events ana-
lyzed in this study originate within a 5
month period, and common mining prac-
tice suggests that during such a short time
period the mining activity is usually con-
fined to a small portion of each mine.
Therefore, it is most likely that the location
variability within each mine influence the o
estimates significantly less than 0.05 s. In
any case, the results show that for the rela-
tively high frequency and high SNR P ar-
rivals analyzed in this study, the automatic
ESTON1 method matches the precision of
manual picks obtained under «optimum
conditions».

To illustrate the improvement in auto-
matic picking precision when using
ESTONT1 as a part of an intelligent post-
processing procedure, we have plotted in
fig. 8a the difference between the APAO P-
onsets from SigPro and the manual picks
obtained under «optimum conditions» as a
function of SNR of the signal. Similarly we
have plotted in fig. 8b the difference be-
tween the P-onsets from ESTON1 and the
manual picks. From comparing these two
figures the improvement, when using
ESTON1, is apparent.

For estimating the standard deviations of
the other types of onsets we have used a
slightly different approach than the one
outlined above. Instead of solving three
equations of type (4.1) with three un-
knowns, we have consistently used the
manual P onset at APAQ («optimum condi-
tion») as the reference (with known o),
such that the unknown of the other obser-
vation could be directly computed. Table I
summarizes the standard deviations for the
different types of P onsets. Notice that for
the three-component station APZ9, no
continuous signal processing has been run-
ning.

It it seen from table I that the SigPro P
picks at APAO (o = 0.27 s) have a larger
scatter than at ARCESS (o = 0.13 s). One
way of explaining this may be that the
phase timing procedure has problems for
very high frequency signals like P-phases at
APAQ. Another explanation may be that
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Fig. 8a,b. This figure shows the time differen-
ces between the automatic P-onsets and the ma-
nual picks obtained under «optimum conditions»
at APAO plotted versus the SNR on the prewhi-
tened beam. All 58 P-observations are included.
a) shows the time differences between the auto-
matic P-onsets from SigPro and the manual
picks, whereas b) shows the time differences
between the automatic P-onsets from ESTON1
and the manual picks. In this case, the ESTON1
estimates of the onset times have not been cor-
rected for the period dependent bias of the me-
thod. However, due to the consistently high do-
minant frequencies of the P-phases, the correc-
tion is very small (less than 0.05 s).

ESTONT1 - Manual P-onset (s)
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Table 1. Standard deviations (o) for different types of P-onsets. For the automatic SigPro onsets the

number of outliers are marked in parenthesis.

Automatic picks

Manual picks

Operational Optimum

SigPro ESTON1 conditions conditions
(ARS) (EP)
APAO 0.27 s (2) 0.04 s 0.05 s 0.04 s
APZ9 — 0.05 s 0.08 s 0.05 s
ARCESS 0.13 s (2) 0.05 s 0.09 s 0.05 s

Table II. Standard deviations (o) for different types of S-onsets.

Automatic picks

Manual picks

ESTON3

Operational conditions

Optimum conditions

(ARS) (EP)
APAQ 0.19 s 0.39 s 020 s
APZ9 0.15 s 0.18 s 0.13 s

the complex wavetrain at APAQ, with P-,
S- and Rg-phases arriving within a short
time interval, causes problems for the Sig-
Pro detector in consistently determining the
detection time of the P-phase. However,
the precision of the automatic arrival times
from ESTONI are about the same for all
stations (o = 0.05 s). This precision is much
better than from SigPro, and even matches
the precision of the manual picks obtained
during «optimum conditions». The manual
picks from ARS («operational conditions»)
show a somewhat larger scatter than those
obtained during «optimum conditions» and
illustrate the benefit of having available a
priori information when analyzing the
events.

In a similar fashion we have estimated
the measurement variance of the S-phases
at APAO and APZ9, sec table II. Again,
the precision of the automatic S-onsets
from ESTON3 match the «optimum» man-
ual picks. The automatic onsets at APZ9
(o 0.15 s) are generally more precise
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than at APAO (o = 0.19 s). We believe this
to be due to the more emergent character
of S-phases at APAO, which again is a re-
sult of generally longer source-receiver dis-
tance compared to at APZ9. The manual
ARS phase picks are also in this case less
precise than those obtained during «opti-
mum conditions», and this is particularly
evident at APAQ. The S- and Rg-phases at
APAO and APZ9 have a very short time
separation (1-3 s) such that during routine
operation, the analyst may have difficulties
in consistently determining the correct
S-onsets, especially when the S-phase is
emergent like at APAO. On the other
hand, we have during the «optimum» man-
ual phase picking utilized knowledge on the
approximate time of the S-arrival such that
we could determine the S-onsets more con-
sistently. It would have been interesting to
evaluate the precision of the SigPro S-on-
sets at APAO, but we experienced that the
detector had problems when detecting both
of two arrivals that had little time separa-
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tion and large differences in frequency con-
tent like the S- and Rg-phases. In some
cases the detector triggered on the S-phase,
and in other cases on Rg. We therefore
could not justify including the SigPro
S-onsets in this comparison.

5. Conclusions

The results presented in this study show
that very precise automatic estimates of
phase onsets can be obtained with the au-
toregressive likelihood estimation tech-
nique. Implementation of the method re-
quires that we have available approximate
estimates of the phase arrival times, and we
have shown that such approximate esti-
mates can be obtained from automatic
event definitions (phase association and
event location) by the Intelligent Monitor-
ing System (IMS). In this way the autore-
gressive likelihood estimation method can
provide phase onsets that match the human
precision. This has been demonstrated for
events from the Khibiny Massif, by quanti-
fying the uncertainty of both manual and
automatic onset estimates of various phases
at the Apatity stations and at ARCESS.
Furthermore, the precision of the auto-
matic phase picks shows very large im-
provement in comparison to the automatic
phase onsets from the continuous process-
ing providing input to the IMS.

We realize that in order to obtain accu-
rate event locations, precise onset time esti-
mates are necessary, but not sufficient. If
the theoretical travel-time model used in
the event location deviates from the true
travel-times, the accuracy of the event loca-
tions will be reduced. Introduction of
travel-time corrections as well as other as-
pects of accurate event location are dis-
cussed by Kvaerna and Ringdal (1994).

During the work with the autoregressive
likelihood estimation method, we have ex-
perienced that the display of the likelihood
functions, as illustrated in fig. 7 can assist
the analyst in picking the correct phase on-
sets. In the context of interactive analysis
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of seismic data, we believe that the idea of
making such likelihood functions available
to the analyst should be pursued.

It is clear that when estimating arrival
times by the autoregressive method, the re-
sults for specific, well-calibrated regions are
more precise than can be obtained when
the method is used in a «generic» mode.
Efforts should be made to extend the num-
ber of well-calibrated regions in order to
make such optimum use of the method.
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