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ABstract

In the case of a strong local earthquake, a quick report

about the earthquake’s location is expected. Such reports are
usually performed automatically, where the identification

of the seismic-phase arrival of the various seismic waves on
the seismogram is the most important task. For this purpose,
numerous detecting methods for the first P-wave arrival
identification and determination are used. But in some
cases, where the number of seismic stations in a local seismic
network is very small, an automatic reading of the S-wave
arrival is required. An algorithm for the automatic picking
of the S wave arrival from three-component seismic data has
been developed. Three parameters of the signal are calculated
from these data and the S phase arrival is declared when the
product of the three parameters increases above a reference
level. Such a so-called S-phase picker is used to automatically
analyze the data from local earthquakes in Slovenia's seismic
network.
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1 INTRODUCTION

The seismic-phase arrival identification of the various
seismic waves on the seismogram is the most important
task for a seismologist; it is the basic input data for
additional geophysical and seismological studies,

where earthquakes are the source of information. The
complexities of different earthquake source mechanisms,
the effects of propagation through inhomogeneous
media, scattering, reflection and refraction on different
boundaries of the earth’s interior and the vast amount of
seismic data mean that this task is very complicated and
is performed by human experts who have to recognize
the arrival of different types of seismic waves and their
phases, which are frequently covered by seismic noise or
the seismic waves themselves. In addition, the further
the earthquake is from a seismic station, the more
complex is the seismic record of such an earthquake.

For local earthquakes there are two important seismic
wave identifications. A seismic station first detects the
arrival of the P (primary) waves, which are compres-
sional elastic waves; then it detects the arrival of the S
(secondary) waves or transverse waves. The experts,
who analyze the records of a local earthquake, usually
denote just the entry of the first P seismic waves on the
vertical record of the earth’s movements, while the S
seismic waves are marked on the horizontal record. The
entry of the S seismic wave appears within the scattered
P seismic waves; therefore, it is less conspicuous. To
distinguish one from another, an expert must pay atten-
tion to the amplitude, the frequencies and the motion
change, as well as to the position of the extreme of the
amplitude. Consequently, it is not always easy to fix the
entry of the phases in time. When both entries are well
defined, the time difference between the entries is used
to calculate the distances of the seismic station form
the earthquake's hypocenter, and when this distance is
known, the magnitude of the earthquake can also be
estimated.
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The very first and most basic purpose of a local seismic
network is an accurate determination of the earthquakes'
locations. This is also the goal of governments, which
often finance the local seismic network. In the present
era of a rapid exchange of information, many organiza-
tions, such as civil defense, expect a quick report about
the earthquake’s location. The civil defense uses this
information to mitigate the social and economic conse-
quences in the case of a strong earthquake. Such reports
are usually performed automatically and depend on the
quality of the local network of seismic stations, as well
as on the information infrastructure, and on the algo-
rithms, which perform the automatic phase-arrival iden-
tifications and consequently automatically estimate the
basic parameters of an earthquake, such as its location
and its magnitude. A modern seismic station consists of
an acquisition unit, which digitizes the analogue signals
from the seismometer and sends seismic data in real
time to the supervision center, and a broadband seis-
mometer, where three sensors detect the ground motion
in the vertical and two horizontal directions (usually
the east-west and north-south directions). When the
seismic signal is received at the supervision center, a
seismic-wave (or seismic-phase) arrival identification is
automatically performed, and based on this information
the basic parameters of the earthquake are calculated.

In recent years, numerous detection methods for the first
P-wave arrival identification and determination have
been developed and brought into use, from a very simple
threshold algorithm to more sophisticated, adaptive
methods, including neural networks and pattern match-
ing [11,[2],[3],[4],[51,[6],[7],[8],[9],[10],[11]. Although
these methods still cannot completely replace expert
knowledge, they play a significant role in any automated
location procedure, which provides the first information
about an earthquake’s parameters for an emergency
centre. The number of seismic stations that provide
earthquake-waveform data (or information about trigger
times) and pass them to the center in real-time play an
important role in the automatic procedure. For sufficient
information, the number of seismic stations should be

as high as possible. In some cases, however, the number
of seismic stations in a local seismic network, which
contribute their information to supervision center, can
be very low. For this reason, an automatic reading of the
secondary-waveform arrival is recommended. But the
automatic S-wave arrival-identification methods are very
few [12],[13],[14],[15], and they tend to be relatively
complex. The reason why there are so many first P-wave
arrival detectors compared to just a few first S-wave
arrival detectors lies in fact that the seismic signal is,
especially for a strong earthquake, significantly higher
than the seismic noise, while the S seismic waves travel
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with a lower velocity than the P seismic waves, and the
first S-wave arrival can be hidden in the P seismic waves.

For this reason we have developed our own S phase
detector for the local earthquake waveforms. The
algorithm is fairly simple, efficient and also provides
good information in spite of the higher seismic noise.
Since the end of 2002 this algorithm has been working
automatically in the Slovenian seismic network, and in
the case of the strong earthquake in 2004, contributed to
the rapid automatic location of this earthquake.

2 ALGORITHM AND METHOD

A three-component seismic station monitors the ground
motions, usually the velocities along the east-west
(E-W), north-south (N-S) and vertical (V) directions.
With the help of an automatic first P-wave arrival
detector the measuring system prepares a set of data
containing a record of the local earthquake. Let us define
the vectors for all three components as

Y, =(ee,,..e) (1)
Y =(n,n,,...n,) 2)

Y =W,v,,.0v,) 3)

The subscripts e, n and v indicate the east, north and
vertical velocity components, respectively, and k is the
number of samples. Let the first P seismic wave arrive
at the sample i, and the first S seismic wave arrive at the
sample i , where 1 < i, < i <i . The following vector

0=(0,,0,,...,0,) (4)
with the components

o,=e +n +v. for i=1, ..,k—I

can be used to estimate the relative total energy of an
earthquake [16], [17]. This vector can also be expressed
as the square of an envelope function, which is thought
of as a positive outline of the seismogram [18]. In a simi-
lar way, we define the envelope function for earthquake
records in horizontal planes, in an non-rotated data
system, as the following vectors

E=(le le | -lecD  (5)

N:(lnl |>|n2 |’ ""lnk |) (6)
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The S-wave picker algorithm was developed on the basis
of an energy analysis, where the idea of minimalism is
followed: “the less the filtering, the better the algorithm”
[19]. The energy analysis was based on the ratio of

the short-term average (STA) energy to the long-term
average (LTA) energy level, derived from the same
seismogram [17]. These types of algorithms are referred
to as STA/LTA detectors. Today, the ‘short-time-average
through long-time-average trigger’ (STA/LTA) is the
most broadly used algorithm for a P phase picker
because of its simplicity and efficiency. Several different
algorithms have been developed, but the most popular is
the procedure where the average values of the absolute
amplitude of a seismic signal are continuously calculated
in two consecutive moving-time windows [24]. The
short-time average is sensitive to seismic events, while
the long-time average provides information about

the temporal amplitude of the seismic noise at the
measurement site. When the ratio of both exceeds a
pre-set value, an event is declared” and data starts being
recorded in a computer data file. Because the first S-wave
arrival is hidden in the P seismic waves, this algorithm
is not useful for S-wave detectors. For this reason, we
define a transformation f{x) for the vector x, where f(x,)
is given by

and [ is the number of samples in an STA window. While
the nominator still follows the idea of STA and is 'sensi-
tive’ to local changes in the amplitudes, the denominator
provides information about the amplitude variation from
the sample i to the end of the signal. Because, generally,
the amplitudes of the S seismic waves for a local earth-
quake are about five times larger than those of P seismic
waves, and also S seismic waves are much more strongly
attenuated than P seismic waves [24], the value of the
denominator is expected to be higher in the cases where
i is before the first S-wave arrival, i < i. Using equation
(7), the transformation of the total energy presented by
(4) reduces to

fo - (f(01)>f(02)> --->f(0k71)) (8)

Similarly, the transformations of the envelopes of the
horizontal components, presented with (5) and (6), are
then given by

fE = (f(el)>f(ez)’ '"’f(ek—l)) 9)
fy =(f(n), f(n,), ... f(n,)) (10)

The relative position of the seismic station with refer-
ence to the source mechanism of an earthquake means
that it is not possible to predict on which horizontal
component the S-wave’s arrival will be more accurately
detected. Because of this uncertainty, we create the
following, so-called characteristic, vector [12]

C=(c,5¢55 ..6;) (11)

with the components

¢, = fle)f(n)f(o,) for i=1, ...k—I (12)

The S-wave arrival is declared when the characteristic
function increases above the threshold. It is chosen at a
sample ¢, , where the threshold is for the first time lower
than the values in the characteristic function

¢, 3:(¢)5 ..n¢;,_, <threshold) A (c, > threshold)

fori=1,...k—1 (13)

To simplify the search procedure, the S-wave arrival
can be searched in the interval between the previous
automatically defined P-wave arrival and the maximum
value of the characteristic function. It is unlikely that the
first S-wave arrival will fall outside this time window.
For each record the value of the threshold is defined
with regard to the characteristic vector. For example, in
his picking procedure Cichowicz [12] uses the average
value and the variation of its characteristic function. We
simplify the procedure. The threshold is related to the
maximum value of our characteristic function:

threshold = constant(max(C)) ; 0 < constant <1 (14)

The constant is defined from the set of earthquake
records with known P and S wave arrival times.

2.1 CALCULATION OF THE WINDOW
WIDTH L AND THE THRESHOLD
CONSTANT

Two unknown parameters have to be evaluated, the
length of the STA window T and the values of the
constant in the threshold definition. The STA window's
length and the constant are parameters that can be
chosen arbitrarily after gaining some experience from
the real data. These parameters were prepared from the
set of 109 earthquake records from the years 1997 and
1998, with the local magnitudes ranging from 1.3 to 5.6,
and with the epicenter distances ranging from 16 km to
160 km. The distribution of the epicenter distances with

ACTA GEOTECHNICA SLOVENICA, 2009/2 49



I. TASIC & F. RUNOVC: AUTOMATIC S-PHASE ARRIVAL IDENTIFICATION FOR LOCAL EARTHQUAKES

R ™
5
ah
= = =
4
:j 35 L
8 c =
£ u " Eowm "
g 3 ] ] " L
LR & 1
L LA -
LB L}
2.5 = g " = . : -. ” -Hii = -
e = * mr =
= = L]
= L] X L L
2 L] Em " L]
= L] n " =
- L]
- - = L:
1.5
=
1
[4] 20 40 =14] B0 100 120 140 160

apicentral distance (k)

Figure 1. The distribution of epicentral distances with regard to the local magnitude of 109 earthquake records,
recorded at the seismic station LJU, which were used to estimate the parameters used in the algorithm.
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Figure 2. The number of events (colored), where the time difference between the "correct" first S seismic waves and
the automatically estimated ones is less than 0.3 seconds. The sampling rate is 200 sps.
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regard to the local magnitude is shown in Figure 1. All
the events were detected and recorded automatically at
the seismic station LJU, which is located near Ljubljana
(Slovenia) and is equipped with a Guralp CMG40T
seismometer and a Nanometrics RD3 digitizer. The
sampling rate used at this station is 200 sps, and the
pre-trigger time for automatic P seismic wave arrival
detector is set to 10 seconds. Some of these earthquake
records were very noisy. All these events were then
manually checked by an expert (a seismologist on duty),
who manually declared the time of the first P and S
wave arrivals. Let us define that this is our reference
time, which might not always be correct [17]. The fact
is that a simple automatic procedure cannot replace
expert knowledge, and for an automatic procedure it is
difficult to estimate the allowed time difference between
the "correct” manual picking of the first S seismic wave
and the automatically estimated one. We will “define”
the allowed time difference on the basis of using a single

station for an earthquake's location [18]. The time differ-
ence between the first S and P entries is proportional

to the distance between the seismic station and the
earthquake's hypocenter [19]. If the error between the
"correct” and the estimated time difference is about 0.3
s, then the error in the estimated epicenter distance is
less than 3 km, and in the case of using a single station
for an earthquake's location, this error can be taken into
account. If more than two seismic stations contributed
in the automatic evaluation and these stations were
distributed around the hypocenter, the error with
respect to the earthquake's hypocenter location could be
smaller, or even neglected [24]. We will use the value of
0.3 s as an allowed time difference in the procedure of
the window length 7 and the threshold constant defini-
tion. From Figures 2 and 3, the following parameters
were evaluated: the window length (/) is 50 samples and
the relative threshold level is 0.004.

window length=50
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Figure 3. The number of events for different time differences between the "correct” first S seismic waves and
the automatically estimated ones, for the STA window with 50 samples (the sampling rate is 200 sps),
with regard to the constant value of the threshold level.
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3 TEST AND RESULTS

Figures 4 and 5 depict two different earthquake records
(their E-W, N-S and Z components), their characteristic
signal and the evaluated S-wave arrival. The local magni-
tude of both events My, is 2.5, they differ with respect to
the epicentral distances. In both cases the error between
the "correct” and the estimated time difference is less
than 0.1 s. For this time difference no manual retiming is
needed [13]. However, for a deviation larger than 0.1 s, a
retiming has to be performed, but under the assumption
that more seismic stations will contribute their data in
the procedure of the automatic location definition of the
earthquake's parameters, a time interval, which was less
than 0.3 s with regard to the “correct” time, will still give
well-defined earthquake parameters. From our test set of
109 earthquake records this happens in 70% of cases. In
reality, the automatic procedure is important in the case
of a strong earthquake, where the earthquake's signal

in a record is not affected by the seismic noise, and the
probability that the location of an earthquake is defined
correctly, is higher than from our test sets of data. Also,
the time difference, which is larger than 0.3 s, can still
present a satisfactory automatically calculated location
of the earthquake. This statement can be presented in the
next example of an earthquake (Figures 6 and 7), which
occurred on 23 January 2009 at 04:28 local time. Its

local magnitude was 3.0 and it was felt in Ljubljana and
Skofja Loka (Slovenia). The epicenter of this earthquake
was estimated by an expert (using data from 29 seismic
stations) as 14.41° longitude and 46.09° latitude. Figure
5 shows three seismograms of the vertical components
recorded at seismic stations in the Slovenian seismic
network (DOBS Dobrina, CESS Cesta, L]JU Ljubljana).
These stations are equipped with an NMX acquisition
system [20] where our system of automatic location
works, and for this earthquake only these stations
contributed their data to the software for the automatic
epicenter location. On each recording the arrivals of the
P (red line) and S (green line) waves were automatically
denoted and the earthquake's parameters, such as the
coordinates of the epicenter (14.44° lon, 46.07° lat) and
its magnitude (3.0), were calculated. For a comparison,
the automatic and ‘expert’ times of the S wave's arrival at
the station LJU are given in Table 1. The time difference
between the manual and the automatic evaluation was
0.85 s, but the automatically defined location is still close
to the real one (Figure 6).

Table 1. The automatic and the ‘expert’ times of the S-wave
arrival at the station LJU for the earthquake in Figure 5.

Time (UTC)
03h 28min 05.98sec
03h 28min 06.82sec

Manual (expert)

Automatic

&1

"

w

Figure 4. An event with magnitude M, 2.5 recorded at the three-component seismic station LJU at an
epicentral distance of 29 km (E-W, N-S, Z traces). The system output is represented by a green circle, which
represents the S arrival (C trace). The error between the "correct” and the estimated time difference is 0.07 s.
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Figure 5. An event with magnitude M, 2.5 recorded at the three-component seismic station LJU at an epicentral distance of 124 km
(E-W, N-S, Z traces). The system output is represented by a green circle, which represents the S arrival (C trace). The error between the
"correct” and the estimated time difference is 0.09 s.
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Figure 6. The record of an earthquake that occurred on 23 January 2009 at 04:28 local time. The seismograms
of the vertical components were recorded at the seismic stations DOBS (Dobrina), CESS (Cesta) and
LJU (Ljubljana). The arrival of the P (red line) and S (green line) waves was automatically denoted.
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of the earthquake’s parameters, the hypocenter of the earthquake and the automatic determination of the hypocenter’s
location. Even with this small number of seismic stations, the automatic location is still close to the real one.

4 CONCLUSIONS

An automatic procedure for the P and S phase picking
could not completely replace the human experts and
their knowledge, but are very important for the primary
and rapid estimation of the earthquake’s parameters.
The clearest phase to pick is usually the P wave, which
is also the case in the automatic procedure. When a
small number of seismic stations contribute their data
to the automatic procedure, S-phase picking is desired.
Using phases with different velocities enables a better
estimation of the epicenter’s location. Our procedure to
estimate the S-wave arrival time has been in practical
daily use in the seismic network of Slovenia since 2002.
The energy analysis used in our procedure is primarily
suitable for local earthquakes. A procedure, also taking
the frequency content into account, should be used for
earthquakes with larger epicentral distances.
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