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1 Introduction

By introducing digital seismic data acquisitionpdpterm continuous recording and archiving
of seismic signals has become a demanding techmioblem. A seismic network or even a
single seismic station operating continuously aghhsampling frequency produces an
enormous amount of data, which is often difficolistore (and analyze) locally or even at the
recording center of a network. This situation hascéd seismologists to invent triggered
seismic data acquisition. In a triggered mode, iange station or a seismic network still

process all incoming seismic signals in real timeig near-real-time) but incoming data is
not stored continuously and permanently. Processirityvare - a trigger algorithm - serves
for the detection of typical seismic signals (equidkes, controlled source seismic signals,
underground nuclear explosion signals, etc.) indbestantly present seismic noise signal.
Once an assumed seismic event is detected, regoagid storing of all incoming signals

starts. It stops after trigger algorithm ‘declaties’end of the seismic signal.

Automatic trigger algorithms are relatively ineffee when compared to a seismologist's
pattern recognition ability during reading of sesgrams, which is based on years of
experience and on the enormous capability of theamubrain. There are few exceptions,
where the most complex detectors, mostly dedicabed given type of seismic signals,

approach to human ability. In all practical cassagtomatic trigger loose some data on one
side and generate falsely triggered records, warehnot seismic signals, on the other. Small
amplitude seismic signals are often not resolvethfseismic noise and are therefore lost for
ever, and, if the trigger algorithm is set sensliy false triggers are recorded due to
irregularities and occasionally excessive amplitafigeismic noise. False triggers burden off-
line data analysis later and unnecessarily occ#g chemory of a seismic recording system.
As a result, any triggered mode data acquisitiopaiins the completeness of the recorded
seismic data and produces some additional worleletel false records.

Several trigger algorithms are presently known asdd - from a very simple amplitude
threshold type to the sophisticated pattern re¢mgmiadaptive methods and neural network
based approaches. They are based on the amplifbelesnvelope, or the power of the
signal(s) in time domain, or on the frequency agussmcy domain content of seismic signal.
Among the more sophisticated ones, Allan's (19782) and Murdock and Hutt’s (1983)

trigger algorithms are probably the most commonhown. Many of these algorithms

function in association with the seismic phase tipneking task. Seismic array detection
algorithms fall into a special field of researchjigh will not be discussed here. For more
advanced algorithms see, e.g., Joswig (1990; 19935). However, in practice, only

relatively simple trigger algorithms have been Isebloadly accepted. and can be found in
seismic data recorders in the market and in mdstark's real time processing packages.

The simplest trigger algorithm is the amplitudesginold trigger. It simply detects any amplitude
of seismic signal exceeding a pre-set threshold. rébording starts whenever this threshold is
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reached. This algorithm is rarely used in weak-amo8eismology but it is a standard in strong
motion seismic instruments, that is in systems wimgh sensitivity is mostly not an issue, and
where consequently man-made and natural seisnse @onplitudes are much smaller than the
signals which are supposed to trigger the instrimen

The root-mean-square (RMS) threshold trigger islamto the amplitude threshold algorithm,
except that the RMS values of the amplitude incatdime window are used instead of ‘instant’
signal amplitude. It is less sensitive to spike-likan-made seismic noise, however it is rarely
used in practice.

Today, the ‘short-time-average through long-timerage trigger' (STA/LTA) is the most
broadly used algorithm in weak-motion seismologycdntinuously calculates the average
values of the absolute amplitude of a seismic $ignwo consecutive moving-time windows.
The short time window (STA) is sensitive to seisewents while the long time window (LTA)
provides information about the temporal amplitutisegsmic noise at the site. When the ratio of
both exceeds a pre-set value, an event is 'dectarddlata starts being recorded in a file.

Several more sophisticated trigger algorithms arewk from literature (e.g., Joswig 1990;
1993; 1995) but they are rarely used in the seislaia loggers currently in the market . Only
some of them are employed in the network's rea software packages available. When in the
hands of an expert, they can improve the evergsHalggers ratio significantly, particularly for

a given type of seismic events. However, the stiphted adjustments of operational parameters
to actual signals and seismic noise conditiongel seismic site that these triggers require, has
proven unwieldy and subject to error in practichisTis probably the main reason why the
STA/LTA trigger algorithm still remains the mostdar.

Successful capturing of seismic events dependsrapep settings of the trigger parameters.
To help with this task, this Information Sheet exp$ the STA/LTA trigger functioning and
gives general instructions on selecting its parametTechnical instructions on setting the
trigger parameters depend on particular hardwadesaftware and are not given here. Refer
to the corresponding manuals for details.

2 Purpose

The short-time-average/long-time-average STA/LTiger is usually used in weak-motion
applications that try to record as many seismicevas possible. These are the applications
where the STA/LTA algorithm is most useful. It iganly a standard trigger algorithm in
portable seismic recorders, as well as in manytmea processing software packages of the
weak-motion seismic networks. However, it may abso useful in many strong motion
applications, except when interest is limited t® $skrongest earthquakes.

The (STA/LTA) trigger significantly improves the amrding of weak earthquakes in
comparison with amplitude threshold trigger aldoris. At the same time it decreases the
number of false records triggered by natural and-made seismic noise. To some extent it
also allows discrimination among different typesafthquakes.

The STA/LTA trigger parameter settings are alwaysadeoff among several seismological
and instrumental considerations. The goal of séagcfor optimal parameter settings is the
highest possible seismic station sensitivity f@ivgen type of seismic signal (which may also
includes the target 'all earthquakes') at a stiirable number of false triggers.
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The STA/LTA trigger is most beneficial at seismigajuiet sites where natural seismic noise
(marine noise) is the dominant type of seismic @wolisis also effective in case of changes of
‘continuous’ man-made seismic noise. Such charigesgxample, occur due to day/night
variation of human activity nearby or in urban a:€bhe STA/LTA algorithm is less effective
in the presence of irregular, high amplitude mardenseismic noise which is often of burst
and/or spike type.

3 How it works - basics

The STA/LTA algorithm continuously keeps track dietalways-present changes in the
seismic noise amplitude at the station site andraatically adjusts the seismic station's
sensitivity to the actual seismic noise level. Agsult, a significantly higher sensitivity of the
system during seismically quiet periods is achieaed an excessive number of falsely
triggered records is prevented, or at least migatduring seismically noisy periods.
Calculations are repeatedly performed in real tiffileis process is usually taking place
independently in all seismic channels of a seigetorder or of a seismic network.

The STA/LTA algorithm processes filter seismic silgn(see section 5.1 'Selection of trigger
filters' in this Information Sheet) in two movinigie windows — a short-time average window
(STA) and a long-time average window (LTA). The Sin&asures the ‘instant’ amplitude of
the seismic signal and watches for earthquakes.LTi#etakes care of the current average
seismic noise amplitude.

First, the absolute amplitude of each data sampbBnancoming signal is calculated. Next,
the average of absolute amplitudes in both windewslculated. In a further step, a ratio of
both values — STA/LTA ratio—is calculated. Thisioais continuously compared to a user
selected threshold value - STA/LTA trigger threshlelvel. If the ratio exceeds this threshold,
a channel trigger is declared. A channel triggessdaot necessarily mean that a multi-channel
data logger or a network actually starts to rec@mic signals. All seismic networks and
most seismic recorders have a ‘'trigger voting' raeigm built in that defines how many and
which channels have to be in a triggered stateredfee instrument or the network actually
starts to record data (see section 5.4 below e¢8eh of voting scheme parameters’). To
simplify the explanation, we shall observe only angnal channel. We will assume that a
channel trigger is equivalent to a network or arder trigger.

After the seismic signal gradually terminates, ¢thannel detriggers. This happens when the
current STA/LTA ratio falls below another user-etéel parameter - STA/LTA detrigger
threshold level. Obviously, the STA/LTA detriggérdshold level should be lower (or rarely
equal) than the STA/LTA trigger threshold level.

In addition to the data acquired during the 'triggetive’ time, seismic networks and seismic
recorders add a certain amount of seismic datag@vent file before triggering — pre-event-
time (PEM) data. After the trigger active statertgrates, they also add post-event-time (PET)
data.

For better understanding, Figure 1 shows a typioedl event and the trigger variables
(simplified) during STA/LTA triggering. Graph a) @lws an incoming continuous seismic
signal (filtered); graph b) shows an averaged albsdignal in the STA and LTA windows,
respectively, as they move in time toward the rgide of the graph; and graph c) shows the
ratio of both. In addition, the trigger active stgsolid line rectangle), the post-event time
(PET), and the pre-event time (PEM) (dotted lingtargles) are shown. In this example, the
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trigger threshold level parameter was set to 10 theddetrigger threshold level to 2 (two
short horizontal dotted lines). One can see thatrigger became active when the STA/LTA
ratio value exceeded 10. It was deactivated wherSthA/LTA ratio value fell below 2. On
graph d) the actually recorded data file is sholvincludes all event phases of significance
and a portion of the seismic noise at the beginning

In reality, the STA/LTA triggers are usually slightnore complicated, however, the details
are not essential for the understanding and pregi&ing of trigger parameters.
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Figurel Function and variables of STA/LTA trigger caldidas (see text for explanations).

4 How toadjust STA/LTA trigger parameters
To set the basic STA/LTA trigger algorithm paramgiene has to select the following:
* STA window duration
* LTA window duration
e STA/LTA trigger threshold level
» STA/LTA detrigger threshold level.
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However, optimal triggering of a seismic recordeaaeismic network does not depend only
on these parameters. There are usually four additiassociated parameters which, only if
well tuned with the trigger parameters, guaranteinal data recording. These parameters
are:

 trigger filters

 pre-event time (PEM)
e post-event time (PET)
e trigger voting scheme.

Although not directly related to the STA/LTA triggelgorithm, these additional parameters
are also be discussed below in order to providenaptete information.

The STA/LTA trigger parameter and associated pararsiesettings depend on the goal of the
application, on the seismic noise condition atdite, on the properties of seismic signals at a
given location, and on the type of sensor used. tAdlse issues vary broadly among

applications and among seismic sites. Obviouslgreths no general, single rule on setting
them. Each application and every seismic site requsome study, since only practical

experience enables the determination of reallynogitirigger settings.

Note that seismic recorders and network softwackgges come with a set of default (factory
set) trigger and trigger associated parameter salid@ey are rarely optimal and must
therefore be adjusted to become efficient in ai@adr application. For best results, changing
these parameters and gradually finding the beshgstis a process which requires a certain
amount of effort and time.

4.1 Sdection of short-time averagewindow (STA) duration

Short-time average window measures the 'instahtevaf a seismic signal or its envelope.
Generally, STA duration must be longer than a feniquls of a typically expected seismic
signal. If the STA is too short, the averagingloé seismic signal will not function properly.

The STA is no longer a measure of the average Isi(gignal envelope) but becomes
influenced by individual periods of the seismicngilj On the other hand, STA duration must
be shorter than the shortest events we expecptorea

To some extent the STA functions as a signal filfdre shorter the duration selected, the
higher the trigger’s sensitivity to short lastirmgdl earthquakes compared to long lasting and
lower frequency distant earthquakes. The longeiStha duration selected, the less sensitive
it is for short local earthquakes. Therefore, bgrafing the STA duration one can, to some
extent, prioritize capturing of distant or locakets.

The STA duration is also important with respecfaige triggers. By decreasing the duration
of the STA window, triggering gets more sensitivespike-type man-made seismic noise, and
vice versa. Although such noise is usually of unstental nature, it can also be seismic. At
the sites highly polluted with spike-type noisee amll be frequently forced to make the STA
duration significantly longer than these spikes, féflse triggers are too numerous.
Unfortunately, this will also decrease the sengitiof the recording to very local events of
short duration. Figure 2 explains the effect of Sduration on local events and spike-type
noise.
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Figure 2 Influence of STA duration on trigger sensitivity short local events and 'spiky'

noise in seismic signals.

On graph a) a signal with an instrumental spiketlos left and with a short, very local
earthquake on the right side is shown. Graphs th)cashow STA, LTA, STA/LTA ratio, and
trigger active states along with PEM and PET. TR&/&BTA trigger threshold was set to 10

and detrigger threshold to 2. One can see that wkigmg a relatively long STA of 3 sec, the
earthquake did trigger the system, but only bardiywever, a much bigger amplitude (but

shorter) instrumental spike did not trigger it. TBFA/LTA ratio did not exceed the

STA/LTA threshold and there was no falsely triggerecord due to the spike. The lower two
graphs show the same variables but for a shortér &10.5 sec. The spike clearly triggered

the system and caused a false record. Of cousseattthquake triggered the system as well.

For regional events, a typical value of STA dumatis between 1 and 2 sec. For local
earthquakes shorter values around 0.5 to 0.3 coanenonly used in practice.
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4.2 Sdection of long-time averagewindow (LTA) duration

The LTA window measures average amplitude seismigen It should last longer than a few
‘periods’ of typically irregular seismic noise fluations. By changing the LTA window
duration, one can make the recording more or kessitve to regional events in the 'Pn'-wave
range from about 200 to 1500 km epicentral distafbese events typically have the low-
amplitude emergent Pn- waves as the first onsshdkt LTA duration allows the LTA value
more or less to adjust to the slowly increasing lgoge of emergent seismic waves. Thus the
STAJ/LTA ratio remains low in spite of increasing AThominator and denominator of the
ratio increase). This effectively diminishes triggensitivity to such events. In the opposite
case, using a long LTA window duration, trigger stwity to the emergent earthquakes is
increased because the LTA value is not so rapidlyenced by the emergent seismic signal,
allowing Sg/Lg waves to trigger the recording.

Figure 3 explains the described situation. In graptan event with emergent P waves is
shown. Graphs b) and c) show the time course gdéri parameters for a relatively long LTA
of 60 sec. The LTA does not change fast, allowihg STA/LTA ratio to exceed the

STA/LTA trigger threshold (short horizontal dottkle) and a normal record results. Graphs
d) and e) show the same situation with a shortex bff30 s. The LTA value increases much
faster during the initial phase of the event, tdaesreasing the STA/LTA ratio value which

does not exceed the STA/LTA trigger threshold. Mggering occurs and the event is missed.
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Figure 3 Influence of LTA duration on trigger algorithm s#ivity to earthquakes with
emergent seismic signals.
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Similarly, efficient triggering of recording of ents with weak P waves compared to S waves
requires a longer LTA for two reasons. First, WBves do not trigger, they ‘contaminate’ true
information about seismic noise prior to the evergasured by LTA, since their amplitude
exceeds the amplitude of seismic noise before Weate This results in diminished trigger
sensitivity at the moment when S waves arrive. Té¢ogtamination' is decreased if a longer
LTA duration is selected. Second, longer LTA malkesstrigger more sensitive to P waves as
well, if they are not strictly of impact type.

Figure 4 represents such a case. Graph a) shoypscaltevent with significantly bigger later
phase waves than P waves. Graphs b) and c) slyyetparameters for a long LTA of 100 s.
P wave packet as well as S wave packet triggerdherder. Appropriate PEM and PET
assure that the event is recorded as a wholeimgéedile with all its phases and a portion of
seismic noise before them. Graphs d) and e) shewdme situation but for a shorter LTA of
45 sec. One can see that the P waves did not traggel, while the S waves barely triggered.
The STA/LTA ratio hardly exceeds the STA/LTA triggthreshold. As the result, the
recorded data file is much too short. P waves afadrnation about seismic noise before them
are missing in this record. A slightly smaller et/ould not trigger at all.
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On the other hand, a short LTA will successfullg@omodate recorder sensitivity to gradual
changes of 'continuous' man-made seismic noisgh 8ansition' of man-made seismic noise
from low to high is typical for night-to-day tratish of human activity in urban areas.
Sometimes, using a short LTA can mitigate falsggers due to traffic. Examples of such
cases could be a single heavy vehicle approacmdgassing close to the seismic station on
a local road, or trains on a nearby railway. A shdrA can ‘accommodate’ itself fast enough
to such emerging disturbances and prevent faiggeirs.

Figure 5 shows an example of the LTA response d¢eeased seismic noise. Graph a) shows
seismic noise, which gradually increased in thedbeidf the record. Note that the change of
its amplitude is not sudden but lasts about 2MteeX. Graphs b) and c) show the situation at
a short LTA of 30 sec. One can see that the LTAiahore or less keeps track of the
increased noise amplitude. The STA/LTA ratio remamell below the STA/LTA trigger
threshold and there is no false trigger in spiteighificantly increased seismic noise at the
site. Graphs d) and e) show the situation withragéo LTA of 60 s. In this case, the LTA
does not change so rapidly, allowing a higher STi®Lratio during noise increase. As the
result, a false trigger occurs and a false recogenerated which unnecessarily occupies data
memory.
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Natural seismic noise (marine noise) can changaniglitude by a factor exceeding the value
of twenty. However, these changes are slow. Siamti changes can occur only during a few
hours period, or at worst, in several tens of n@aufherefore even the longest LTA duration
is short enough to allow LTA to accommodate conghjetto marine noise amplitude
variations.

The LTA duration of 60 seconds is a common ini@ue. A shorter LTA duration is needed
to exclude emergent regional events from triggerihdesired, or if quickly changing man-

made noise is typical for the site. A longer LTAndae used for distant regional events with
very long S-P times and potentially emergent P wave

4.3 Frozen versus continuoudy updated LTA during events

Calculations of the LTA value during an event, tisaafter a channel trigger is declared, can
be performed in the first approximation in two di#nt ways.

Either the LTA value is continuously updated anltwated during the event as usual, or the
LTA value is kept frozen at the moment when charingger is declared. In this case the
LTA is not allowed to change (increase) during aen¢ at all. Most of seismic recorders
available in the market have both frozen or comusly updated LTA user-selectable
options. However, each approach has its good ath¢ghdiats.

The 'frozen' LTA window (the word ‘clamped’ isalgsed in literature) can force the unit
into a permanently triggered state in case of aesndncrease of man-made seismic noise at
the site. The situation is illustrated in Figure 6.

Graph a) shows an earthquake during which seiswigenncreases and remains high even
after the termination of the event. Such a situatian happen if, for example, a machinery is
switched on in the vicinity of the recorder. In Bukcase, a completely frozen LTA (graph b)
would never again allow the STA/LTA ratio to faklow the STA/LTA detrigger threshold
level (graph c) and a continuous record would tediile result is that the seismic recorder's
memory soon gets full and blocks further data reicgy.

A continuously updated LTA (the word 'unclampedalso used in literature), on the other
hand, frequently terminates records too early. @ga@) and e) of Figure 6 explain this

situation. Very often records with truncated codaves result because the LTA increases
rapidly if the beginning portion of a large earthga signal is included in its calculation.

Thus the STA/LTA ratio decreases too rapidly anthieates recording prematurely. Coda
waves of the event are then lost, as shown in igne& 6. This undesired result could be even
much more distracting for records of regional esemth longer duration.

Some seismic recorders work with a special calmraif LTA. The LTA value is, to the first
approximation, 'frozen' after a trigger. Howevduist'freezing' is not made complete. Some
‘bleeding’ of event signal into the LTA calculatios allowed. Such an algorithm tries to
solve both problems: it does not cause endlesgigdred records in the case of a rapid
permanent increase of seismic noise and, at the sane, it does not cut coda waves too
early.

10
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Figure 6 Potential problems with two conventional ways dtakating the LTA: an endless
record with a completely frozen LTA and cut codavesawith updated LTA calculations.

4.4 Sdection of STA/LTA trigger threshold leve

The STA/LTA trigger threshold level to the greatestent determines which events will be
recorded and which will not. The higher value oeéssthe more earthquakes will not be
recorded, but the fewer false-triggers will resihe lower the STA/LTA trigger threshold
level is selected, the more sensitive the seistaitos will be and the more events will be
recorded. However, more frequent false triggers aifl occupy data memory and burden the
analyst. An optimal STA/LTA trigger threshold lewd#pends on seismic noise conditions at
the site and on one’s tolerance to falsely trigdeseords. Not only the amplitude but also the
type of seismic noise influence the setting ofdpémal STA/LTA trigger threshold level. A
statistically stationary seismic noise (with legsegular fluctuations) allows a lower
STAJ/LTA trigger threshold level;, completely irregul behavior of seismic noise demands
higher values.

Note that some false triggers and some missedcgsaides are an inevitable reality whenever
recording seismic signals in an event-triggered en@hly a continuous seismic recording, if
affordable, completely solves the problem of faisggers and incompleteness of seismic
data.

11
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It is a dangerous trap to select a very high STALifigger threshold level and a high
channel gain simultaneously. Many recorders in rttegket allow this setting without any
warning messages. This situation is particularlggdsous in extremely noisy environments,
where, due to too many false triggers, the instnim@re usually set to record only the
strongest events.

Suppose one has set the STA/LTA trigger threstmldllto 20. Suppose also that one has set
the gain of the channel in such a way that it Hei150 mV of average seismic noise signal
at the input of the recorder and the input fulllscaoltage of the channel is 2.5 V.
Obviously, this setting would require a 0.1%20 = 3 V signal amplitude to trigger the
channel. Since its maximum input amplitude is ledito 2.5 V, it can never trigger, no matter
how strong an earthquake occurs. Note that thier ésrnot so obvious, especially in low
seismicity regions with rare events. One can opesat instrument for a very long time
without records and forever wait for a first receddcearthquake.

With certain products in the market, this potentiahger of an erroneous setting is solved in
the following way: whenever one uses the STA/LTAoaithm, an additional threshold
trigger algorithm remains active in the 'backgrdurgecause of it, the channel triggers
whenever its input amplitude exceeds 50% of champeit voltage range, for example, in no
relation to the STA/LTA trigger setting. In this wathe strongest and therefore the most
important events are still recorded, no matter lcavelessly the STA/LTA trigger algorithm
parameters are set.

An initial setting for the STA/LTA trigger threstblevel of 4 is common for an average quiet
seismic site. Much lower values can be used onthatvery best station sites with no man-
made seismic noise. Higher values about 8 and atm@veequired at less favorable sites with
significant man-made seismic noise. In strong-mo@pplications, higher values are more
common due to the usually noisier seismic enviramraed generally smaller interest in weak
events.

4.5 Sdection of STA/LTA detrigger threshold level

The STA/LTA detrigger threshold level determinee termination of data recording (along
with the PET parameter — for more information se® lielow on “Selection of post-event
time (PET) parameter”).

The STA/LTA detrigger threshold level determinesvhevell the coda waves of recorded
earthquakes will be captured in data records. Taude as much of the coda waves as
possible, a low value is required. If one uses cdd@tion for magnitude determinations,
such setting is obvious. However, a too low STA/LTdetrigger threshold level is
occasionally dangerous. It may cause very longvenesndless records, for example, if a
sudden increase in seismic noise does not allowSRA/LTA ratio to fall below the
STAJ/LTA detrigger threshold level. On the other tiaifi one is not interested in coda waves,
a higher value of STA/LTA detrigger threshold levalables significant savings in data
memory and/or data transmission time. Note thatowsdves of distant earthquakes can be
very long.

In general, the noisier the seismic site, the higie value of the STA/LTA detrigger
threshold level should be used to prevent too lmngontinuous records. This danger is high
only at sites heavily polluted by man-made seismoise.
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A typical initial value of the STA/LTA detrigger tbshold level is 2 to 3 for seismically quiet
sites and weak motion applications. For noisiegsshigher vales must be set. For strong-
motion applications, where coda waves are not efhtighest importance, higher values are
frequently used.

5 How to adjust associated parametersfor proper triggering and data
recording

5.1 Sdection of trigger filters

Nearly all seismic recorders and networks have shdple band-pass trigger filters. They
continuously filter the incoming seismic signalsoprto the trigger algorithm calculations.
Selection of these filters is important for a pnopenctioning of the STA/LTA trigger
algorithm (as well as for amplitude threshold tagglgorithm). The purpose of these filters is
three-fold:

» they remove DC component from incoming seismic agnnamely, all active
seismic sensors have some DC offset voltage aiutput which, if too high, deteriorates
the STA/LTA ratio calculation. The calculation dfiet absolute value of the signal
becomes meaningless if the DC component is highar the seismic noise amplitude.
This results in malfunction of the STA/LTA triggafgorithm and drastic reduction of
trigger sensitivity for weak seismic events;

» their frequency band-pass can prioritize frequencierresponding to the dominant
frequencies of seismic events one wants to record,;

» their stop-band can attenuate dominant frequerafidhe most distracting seismic
noise at a given site.

The trigger filter pass-band should generally acowaate the frequencies of the maximum
energy of expected seismic events. At the sameitisteould have a band-pass that does not
coincide with peak frequency components of typiseismic noise at the site. If this is
possible, a significant improvement of the evergger/false-trigger ratio results. Obviously,
one can understand that if the peak amplitudegisfréc noise and the dominant frequencies
of the events of most interest coincide, the tniddeer becomes inefficient.

One should not forget that the frequency respouasetibn of the seismic sensor used with a
recorder or in a network channel also modifies fieguency content of events and noise
signals at the input of trigger algorithm. Therefthe sensor used is an important factor in
the choice of a trigger filter. The type of sensmtput - proportional to either ground
displacement, velocity or the acceleration - hasirailar effect. Sensors with ground
acceleration proportional output - accelerometenmphasize high frequencies. They usually
require a filter protection against excessive Higlstuency man-made seismic noise. Ordinary
seismometers have typically an output proportidnaground velocity, sometimes also to
ground displacement and they are less influencdudiyfrequency man-made seismic noise.

The adjustment flexibility of high- and low-corneo$ these filters varies among different
products. The same is true for the steepness diltieflanks. Generally, one does not need
very steep (high order) filters and a lot of flakilp, because events, similar to the seismic
noise, are highly variable. It is generally impb$sito determine very precisely where exactly
to set the frequency limits of these filters.
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5.2 Sdection of pre-event time (PEM ) parameter

Ideally, the triggered earthquake records shouttude all seismic phases of an event and, in
addition, a portion of the seismic noise signabpto it. Selection of an appropriate pre-event
time (PEM) assures that the earthquake recordsamgplete. For the majority of weak
events, the trigger algorithm usually does notgeigat the beginning of the event but
sometimes during the event, when the waves withmiweimum amplitude of ground velocity
reach the station. This happens very often with @aghquakes that have emergent onset
waves, and with most of the weak local and regienahts where the S phase amplitudes can
be much bigger than the P phase. In practice,drigg on the S waves of the weak local and
the regional earthquakes is actually more freqtlean triggering on the P waves. But for
seismological reasons, the P onset waves, plus semmic noise prior to them, should be
included in the record. A proper PEM should take cd this.

Technically this is solved in the following way. $eismic recorders and in a network's central
recording computer, a portion of seismic signaloprio the instrument trigger time is
temporarily stored in a pre-event ring buffer (asation PEM denotes 'pre-event-memory’)
and added to the data recorded.

PEM must surmount the following periods of time:
« the desired record duration of seismic noise gadhe event;
» the maximal expected S-P time of earthquake recards

e time needed to calculate the STA/LTA ratio, whighthe worst case, equals one
STA window duration.

Add these three time periods and the result isfipgopriate PEM value.

The effect of a too short PEM is shown in Figuré&raph a) shows an event approximately
400 km away from the station with weak P waveslypériried in the seismic noise. On graph
b) the STA and the LTA values are shown. Grapthoys the STA/LTA ratio and the trigger
and detrigger thresholds (short horizontal dotieelsl). The trigger threshold is set to 6.

One can see that the channel triggers on the Sswhlsvever, a PEM of 10 seconds is much
too short to catch the P waves. Graph d) showacdhelly 'recorded’ event. It starts much too
late and contains no seismic noise record. Graplase f) show the same event but with a
properly set PEM parameter. Seismic noise as wdha P waves are properly recorded.

The maximum expected S-P time depends on the méaxiistance of relevant earthquakes
from the station and on seismic wave velocity ia tegion. For practice and for local and
regional events, accurate enough results can beddy dividing the maximum station-to-
epicenter distance of interest by 5 (distance iteshior by 8 (distance in km) to get the
required maximum S-P time in seconds.

The application dictates the choice of the despedevent noise record duration. At least a
few seconds are usually required. Note that if waats to study spectral properties of weak
events, seismic noise spectra are usually requmedalculate signal-to-noise ratio as a
function of frequency. This, however, requiresgngicant length of noise records depending
on the lowest frequency of interest. The PEM mussét accordingly.
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Figure 7 Proper and improper setting of the pre-event t{{RiEM) and the post-event time
(PET)

As an example, let us calculate a required PEMmpeater value for a temporary local seismic
network with 50 km aperture, where 0.5 sec is eetttie STA duration. Suppose that no
coincidence trigger exists and all stations rurepehdent trigger algorithms. The operator of
the network is interested in the seismicity 200&mmund the center of the network. He would
also like to have a 10 sec long record of seismisenbefore the P waves. We need 0.5 sec
for STA calculation, 10 sec for seismic noise, an@00 km + 50/2km)/& 28 sec to cover
the maximum expected S-P time. Note that the migsartt station from the epicenter in the
network still has to record P waves — that is wieyadded one half of the network aperture
to the maximum epicentral distance of interest. PE® should therefore be setto 0.5 + 10 +
28 ~ 40 sec. Obviously, smaller networks and shoaeges of interest require shorter PEM
and vice versa.
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5.3 Sdection of post-event time (PET) parameter

The post-event time parameter assures completediegoof seismic events after a detrigger.
The main purpose of PET is catching the remainarthguake coda waves that are smaller in
amplitude than the STA/LTA detrigger threshold leveunctionally PET is simply a fixed
recording time added to the event file after artrumsent or a network (not individual
channels!) detriggers. It has a similar effect @dac waves as the STA/LTA detrigger
threshold level parameter. However, its effectvieng-size independent. This makes it a less
effective coda wave 'catcher’ than a low STA/LTAtridger threshold level. It is most
suitable for local events. Practical values of RE& usually too short to be of any help for
large distant earthquakes with very long coda wa@ntrary to a very low STA/LTA
detrigger threshold level that may cause re-triggeproblems, a long PET is safe in this
respect (see 4.5 above on “Selection of STA/LTAidger threshold level”).

Optimal PET duration depends mostly on the apptioatf coda waves are important, a long
PET should be selected. If coda waves have nofgignce, use a short PET. Obviously, the
short local events require only a short PET, regfiamd teleseismic events, on the other hand,
would require much longer PET.

A reasonable value for local seismology would bes88, and 60 to 90 sec for regional
seismology, assuming one wants the coda waves reetirded. To find optimal value,
observe coda waves of your records and adjustEieaecordingly.

There are usually no practical instrumental lintas on selection of the longest PET.
However, note that very long PETs use up the restadlata memory easily. So, do not
exaggerate, particularly in seismically very actareas or if a high rate of false triggers is
accepted.

5.4 Sdection of voting-scheme parameters

The coincidence trigger algorithm, available eitherseismic networks or within a multi-
channel stand-alone seismic recorder, or in a gafupterconnected seismic recorders, uses
voting scheme for triggering. The voting-schemeap@aters are actually not directly related
to the STA/LTA trigger algorithm. However, inapprape setting of voting scheme prohibits
efficient functioning of overall triggering of a tveork or a recorder. For that reason we also
deal with the voting scheme parameters in this@ect

In section 4 'How to adjust STA/LTA trigger paraemst, we described how each individual
channel would trigger if it were the only one in arstrument or in a network. In the
following section we describe how the individuabkohel triggers are combined to cause the
system to trigger in a multi-channel recorder oaiseismic network. We call this 'voting', as
a number of votes or weights can be assigned to sgismic channel so that they may cause
the system to trigger. Only if the total numbenotes exceeds a given pre-set value, does the
system actually trigger, a new data file opens,datd acquisition begins.

How this voting system is set up depends on thareatf the signals that one is trying to
record and on the seismic noise conditions at sesiggs. The noisy channels, which would
frequently falsely trigger, will obviously have &e&otes' or assigned weights than the quiet,
‘reliable’ channels. One will need some first-hagperience of the conditions at the sites
before optimizing this voting scheme. The votingamanism and the terminology differ to
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some extent among products. However, there ardlygoar basic terms associated with the
voting scheme parameters, namely:

e Channel weights (votes)

A channel weight defines the number of votes thanalel contributes to the total when
it is triggered. If the channel has a good sigrad@ ratio, assign it a positive number of
votes. The more 'reliable’ the channel in termthefevent trigger/false trigger ratio is,
the higher the number should be selected. If amdlais noisy and frequently falsely
triggers, give it lesser or even zero weight. Isecgou want a channel to inhibit
triggering (a rare case indeed), give it negatieggms.

» Trigger weight

This is the total number of weights required to tiet seismic recorder or the network
to trigger.

* Detrigger weight

The Detrigger weight is a value below which theakdtigger weights (sum of all
individual weights) must fall in order to causeeaarder or a network to detrigger. The
Detrigger weight of 1 usually means that all votatgannels must be detriggered before
the recorder will detrigger. However, other defomts are also possible.

« External channel trigger weight

This value represents the number of weights ongrasto the ‘external trigger channel'
source. This parameter is most useful in netwofksterconnected stand-alone seismic
recorders. In this configuration every triggeredoreler 'informs' all other units in the
network that it triggered. If one wants to ensunat @ll recorders in the network trigger
when one unit triggers, the external trigger chasheuld have the same weight as the
Trigger weight. If one wants to use a combinatidran external trigger with other
internal criteria, one should set the weights adiogly.

Understanding of the voting scheme parameters & bained through examples. The
following section gives a few examples of variooesivg schemes.

e A classic strong-motion seismic recorder set at rae-field site has no
interconnected units and normally has a three-compointernal FBA accelerometer.
One would set all three Channel weights to 1 arsd akt the Trigger weight to 1.
Consequently any channel could trigger the systgmoisier sites a Trigger weight set
to 2 would be more appropriate. In the latter case,channels must be in a triggered
mode simultaneously (or within a time period uspalamed aperture propagation
window (APW) time, which is an additional paramedgailable with seismic networks)
for the beginning of data recording.

* A small weak motion seismic network around a misie@eésigned for monitoring
local micro-earthquakes. It consists of 5 surfagsrsic stations with vertical
component short-period seismometers and one tlo@@anent down-hole
accelerometer. An 8-channel data logger is useitheatnetwork’'s center. One of the
surface stations is extremely noisy due to neadmnsttuction works. All others have
approximately the same seismic noise amplitudeg €am temporally set a Channel
weight O to the noisy station to exclude its cdnmition to triggering and channel
weights of 1 to all other surface stations. The aldwle accelerometer is very quiet but
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less sensitive than surface stations (acceleros)eteelect Channel weight 2 for each of
its components. For this network a trigger weight3owould be an adequate initial

selection. The system triggers either if at leased surface stations trigger, or two
components of the accelerometer trigger, or onfaseirstation and one component of
the accelerometer trigger. Suppose also that #rerérequent blasts in the mine. If one
wishes, one can use an External trigger channghweiet to -8 and manually (with a
switch) prevent seismic network recording of thédasts (down-hole: 3x2 channel

votes + surface stations: 4x1 channel vote - 8rBatevotes < 3 Trigger votes).

e Let us suppose that an interconnected strong matetwvork of two seismic
recorders with the internal three-component FBAelsmrometers is installed in a
building, one in the basement and one on the Hodfally one can set the Channel
weights to 1 for each signal channel, as well astii@ External trigger channel.
Suppose the Trigger weight is set to 1 as wellaAssult each channel of the system
can trigger both units in the system.

After a while one discovers that the seismic reepmh the roof triggers the system
much too frequently, due to the swaying of the ding in the wind. Changing the

voting scheme of the roof unit so that Trigger vi¢is 3, its channels have 1 weight,
while the External trigger channel has 3 weigh#s compensate for this action. Now,
the recorder installed on the roof triggers onlyait its three channels trigger

simultaneously or if the ‘quiet’ recorder in thesbanent triggers. The number of falsely
triggered records will be drastically reduced.

« A small regional radio-frequency (RF) FM modulatetemetry seismic network,
with a coincidence trigger algorithm at the centedording site, has 7 short period
three-component seismic stations. The three s&gtigh west of the center and #2 and
#3 east, not far from the center, have a low seismise and are connected to the center
via three independent reliable RF links. The twadishs north to the center, #4 and #5,
are linked with the center via a joined RF repealée link between this repeater and
the center is, unfortunately, frequently influencleg RF interference, resulting in
frequent and simultaneous spikes and glitched isixatransmitted seismic signals. Due
to unfavorable geology these two stations havdadively high seismic noise. The two
stations south of the center, #6 and #7, are afsmected to the center via another
common RF repeater. The station #6 is very quidttae station #7 is influenced by
traffic on a nearby new busy freeway. The RF lirdaf this repeater to the center is less
RF interference prone.

In such a situation (apart from trying to techricalolve the RF link problem with the
northern stations and repositioning of the statidf) an appropriate initial voting
scheme would be as follows. A Trigger weight set o disable otherwise much too
frequent false triggering of the system due to Ri€rference on all 6 channels of the
two northern seismic stations) and a Channel welgtd all channels of the northern
stations (their total Channel weight should notesxtthe Trigger weight), a channel
weight 3 to all three channels of the station #latow independent triggering of the
system if all three channels of this good statimteaggered), a channel weight 2 to all
channels of the stations #2 and #3 (to allow trigpgeof the whole system if at least
four channels of these two closely situated stateme activated), a channel weight 2 to
all channels of the station #6 (to accentuateois $eismic noise characteristics but to
prevent independent triggering of the system duectasional RF interference), and a
weight O to all channels of the station #7 (to edel its partition in triggering due to
excessive man-made seismic noise).
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These examples should give enough insight intdfléxbility of the coincidence triggering
options and about some of the ways in which thesilflility can be used for a particular
application. Note also that any initial voting seteecan be significantly improved after more
experience is gained with seismic noise conditadrtbe sites.

6 Practical recommendationsfor finding optimal triggering parameters

A systematic approach is required for successfulstichent of the optimal triggering and the
associated parameters. First, the goals of thengriastallation must be carefully considered
anda priori knowledge about seismic noise (if any) at the(sjtenust be taken into account.
Based on this information, the initial parameters set. Information about them must be
saved for documentation purpose. Start with rakbwrtrigger threshold level settings than
with a too high setting. Otherwise one can wasbemoich time in getting a sufficient number
of records for a meaningful analysis required totHer adjustment steps.

Then the instrument or the network is left to opefar a given period of time. The required
length of operation without changing recording paeters depends strongly on the seismic
activity in the region. At least several earthqualked/or falsely triggered records must be
recorded before the first readjustment of paramagefeasible. Judgments based on a single
or a few records rarely lead to improvements. Swdtk simply doesn't arrive at any
meaningful adjustment.

Afterwards, all records, including those falselyiggered, must be inspected. The
completeness of the event records is checked (sersse, the P arrivals, the coda waves),
and the causes of the false triggers are analydsel.ratio of event-records/false-records is
calculated and compared to the target level. Ifnieber of false triggers does not reach the
accepted level, increase the trigger sensitivityldwering the STA/LTA trigger threshold
level(s). Basically, one will acquire more seisnmtormation for nearly the same price and
effort. If the number of false triggers is too highnd the reasons why and try to mitigate
them by changing STA/LTA and/or voting scheme paatars. Only if this doesn’t help, must
one decrease trigger sensitivities.

After the analysis is finished, the parameters dr@anged according to its findings and the
new settings archived for documentation purposesimthe instrument or the network is left
active for a certain period of time, the new resoatle analyzed, and other changes made if
needed. By repeating this process one will gragldaltl the best parameter setting.

Refer ences (see References under Miscellaneous in Volume 2)
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