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Abstract

As well known, each type of seismic waves has a specific particle motion. The basic surface waves
Love and Rayleigh show the particle motions polarized linearly in the transversal-horizontal plane
and elliptically in the vertical-radial plane, respectively. Like in the body waves, polarization
properties can be used to design the surface wave discrimination filter. The process consists of
weighting the amplitudes of vertical (Z), radial (R) and tangential (T) components of the ground
motion at each frequency according to the particle motion. The weighting process is applied to en-
tire length of each component for selected window length and moving interval, but weights are not
applied to the original phase values. The weighted parts for each window are transformed to the
time domain and filtered signals are obtained as the arithmetic average of values of the overlap-
ping points. The method has been applied to the broad-band digital three-component records at
stations having about 10° epicenter distances of Bogazici University Kandilli Observatory and
Earthquake Research Institute (KOERI) of Erzurum earthquakes and noticed that the window
length and moving interval in proportion to epicenter distance affect the results on a large scale.
For the cases in which the best results are obtained, it has been determined that the ratio between
the window length and moving interval for increased epicenter distances are 3.95, 4.5 and 4.8,
respectively.
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1. Introduction

The parameters such as group arrival times, phase angles and amplitude values of surface waves are used to re-
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searching elastic properties of the Earth. The environmental noise, the noise related to signal, the equal sharing
of seismic energy between components and the other factors influence discrimination of surface waves forms on
seismograms. The differences between polarization properties of surface waves and microseismic noises enable
to filter a desired type of surface waves on three components records. Discrimination filter based on the polari-
zation properties can be used to substantially improve the discrimination of surface waves on three components
records. The analysis of polarization depended on rectilinearity and directionality properties. These properties
provide to design weighting functions for seismic wave discrimination. If the signals of the different compo-
nents have same phases, they are called as P- or S-waves and have linear movement. If the signals have different
phases, they are called as Rayleigh waves and have elliptical movement. Therefore, Rayleigh wave with ellipti-
cal particle motion in the vertical-radial plane and Love wave with linear particle motion in the tangential-hori-
zontal plane can be discriminated on seismograms by weighting functions.

The basis of the surface wave discrimination filter depended on polarization properties was explicitly given
by [1]. Preliminary research about this subject has been applied by [2]. Later, [3]-[5] have been developed dif-
ferent algorithms related to the polarization analysis. Reference [6] noted that rectilinearity and directionality
properties are simply obtained by data covariance matrix. Reference [7] has determined the weighting functions
as depend on frequency. References [8] [9] have investigated the data belonging to three component stations
network. Reference [10] has applied polarization analysis to multichannel seismic data. Reference [11] applied
to surface wave discrimination filter based on polarization properties on long-period three components records
of the three major earthquakes with different epicenter distances larger than 40°. They found that in case of exis-
tence of the surface waves having substantially great amplitudes recorded on seismograms, it can be filtered
perfectly. Body wave polarization was investigated by [12]-[15]. References [16] [17] have designed to modi-
fied weighting functions for epicenter distances smaller than about 20° to corresponding with angular distribu-
tion of polarization parameters obtained from computed synthetic seismograms and applied to three component
earthquake records for discrimination of surface waves. In this study, it has been investigated applicability of the
surface wave discrimination filter to the earthquake records having about 10° epicenter distances.

2. Surface Wave Discrimination Filter Based on Polarization Properties

This process is a digital procedure for extracting long-period surface wave signals from microseismic noise. The
technique is deterministic and means basically to frequency filtering using measurements on particle motion to
shape the filter response. Filtering process is performed in the frequency domain-because of dispersive charac-
ters of surface waves. The discrete Fourier transforms of vertical, radial and tangential components of the ground
motion are computed for a selected window length and moving interval. The amplitude coefficients at each fre-
quency are weighted according to how closely the three-dimensional particle motion pattern at that frequency cor-
responds to theoretical patterns for Love and Rayleigh waves, arriving from some pre-assigned direction. The
weights or adjustments are not applied to the original phase values. Weighted segments for each window are trans-
formed to the time domain, and filtered signal is obtained as the arithmetic average of the overlapping amplitudes.

In application of this process, a long-period greater than 2.0 sec is considered since it has substantially high
the signal-to-noise ratios of surface waves which were barely discernible on the unprocessed seismograms. The
physical reason for to achieve this filtering lies the inherent spectral difference between the sought-for signals
and the background noise. Thus, it is possible to obtain favorable signal-to-noise ratios in the frequency domain
from data which appears highly contaminated in the time domain. This spectral difference is generally realizable
in the long-period band because of the characteristics of the noise field.

Whereas surface waves from both earthquakes and detonations usually have energy distributed over a broad
frequency range, microseismic noise energy tends to be concentrated in two fairly restricted spectral peaks,
around periods of 6 sec and 15 sec [18]. In the frequency bands around the microseismic peaks, the particle mo-
tion pattern of a low-level signal is confused by the noise (interfering multidirectional Rayleigh, presumably),
and the resultant error causes to attenuate those frequencies. However, the rest of the signal spectrum remains
relatively uncovered and the reconstructed time traces preserve the basic character and envelope of the whole
surface wave train. The spectral concentration of microseismic noise can further be exploited by straightforward
elimination of the certain frequencies. The following basic functions are performed:

1) The magnifications of the three digitized seismograph traces (a vertical and two horizontal components) are
equalized, then the horizontal axes are rotated so that one component (the “radial”) is in line with the azimuth at
which the desired signal is expected to arrive (not necessarily the great circle path). Theoretically, then, one can
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expect to seek Rayleigh motion appearing only on the vertical and radial trace Z(z) and R(z); Love motion
should appear only on the transverse trace T(z). No correction is done for the seismographs’ frequency response;
both input and output traces are analogous to the seismogram that would be normally recorded.

2) The rotated traces are divided into simultaneous time segments with length T, then for each three direction-
al components the amplitude, A (nf) and phase, @, (7f) information are computed by discrete Fourier se-
ries as in Equations (1) and (2).

A(nf)=[a ()02 ()] @)
@i(nf):arctan{zgiﬂ, n=012,--,N-1 2

where i = Z, R, T which represents the vertical, radial and tangential components of the ground motion, respec-
tively. NF, Nyquist Frequency, f=1/T. a(»f) and b (nf) are discrete Fourier series coefficients.

3) The apparent horizontal azimuth, £(#f) of each harmonic is determined by Equation (3), as if both the ho-
rizontal components were in phase, in terms of the angle from the radial direction (Figure 1). A measure of the
eccentricity of the particle motion ellipse, y(#f) is also calculated by Equation (4), and the phase difference,
o( 77f) between the vertical and radial components is determined by Equation (5).

p(nf)=arctan {—2; EZ: ﬂ ©))

A( f) 2 2 2
y/(nf)zarctan{%}, (A(ryf)z[AR(qf)+AT(77f)T/) 4)

a(nt)=g.(nt)-¢,(nf) (5)

4) The Fourier amplitude coefficients of each direction component, Ag(7f), Ar(#f) and Az(#f) are then weight-
ed according to the formulas in Equation (6).

A, (nf)=A; (nf)-cos™ [ B(nf)]-cos [y (nf)-0]-sin" [a(nT)]
Ay (nf)=Ay(nf)-cos" [ B(nt)]-cos*[y(nf)-0]-sin"[a(nf)] (6)
A (nf)=A(nf)-sin* [B(nT)]-sin [y (nT)]

where sin"[a(nf)],x<a(nf)<2n. A/(nf), Ay (nf) and A (nf) are the weighted vertical, radial
and tangential components of the ground motion. No weights or adjustments are applied to the phase angles.
Note that the Z and R components have identical treatment, and that all weighting factors vary from 0 to 1 as
powers of sinus or cosinus depending upon the degree to which the particle motion corresponds to pure Love or
Rayleigh wave behavior. To date, the most satisfactory results generally have been obtained with the weighting
exponents M, K, and N set to are empirically determined as 8, 8 and 4, respectively, operating on segments 128
sec long with a 1/16 (8 sec) time increment [1].

Figure 1. The relation between the apparent horizontal azimuth g, the eccentricity y and
three orthogonal components of ground motion A, (7f), A-(nf) and A, (7f).
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The effects of the first weighting factors (functions of f) are to attenuate transverse-tending energy on the Z
and R components and radial-tending energy on the T component. In other words, in case the motion in the
horizontal plane is radial perfectly (8(#f) = 0), it is seen that the amplitude coefficients of the Z and R compo-
nents are stable and that of the T component are decreased. This situation is also derived from the Rayleigh
wave particle motion. On the other hand, in case some of dominated periods are on the T component (5(#f) =
n/2) and the amplitudes on the Z component of the ground motion are very small, this situation is corresponding
to the Love wave particle motion.

The second set of weighting factors depends upon the angle W as a measure of the eccentricity of the Ray-
leigh orbit. On the Z and R components, the angle desired (€ = 0.21x) is the one corresponding to a theoretical
horizontal/vertical displacement ratio (~0.8) for fundamental long-period Rayleigh waves assuming the Guten-
berg earth model [19]. This value is fairly close to what is actually found at installations on competent, massive
rock. However, this weighting function will attenuate higher mode Rayleigh waves at the shorter periods (less
than 10 sec), as well as short-period fundamental Rayleigh on incompetent surface layers. The amplitudes of the
Z and R components are including unit weighting factor according as a function of cos® l//(l]f )—9] in the
case of y(nf) = 6. The amplitudes at the T component as to function of sin® [y/(nf ] are applied unit
weighting for the case of perfectly horizontal motion (y(#7f) = n/2). The amplitude values of the R and Z
components are decreased by the function of sin" [a(nf)] in interval varied from 0 to 1 for fundamental
mode Rayleigh waves.

The third weighting factor as a function of ¢ attenuates the Z and R components by an amount which de-
creases from 1 to 0 as the phase departs from the theoretical 90° retrograde relationship for Rayleigh motion on a
laterally homogeneous half space. No corresponding weight is possible for the T component. The process clearly
will not work at all if Love and Rayleigh waves of similar frequency content (and comparable amplitudes) arrive
in the same time segment. In such a case, the time and space patterns of both wave groups will be mutually con-
fused, resulting in little or no output.

5) All three seismograms are reconstructed in the time domain using the weighted Fourier amplitude coeffi-
cients, A (nf), Ay(nf) and Al (nf) and the phase angles determined initially 6, (7f), 6;(nf) and
or(nf).

6() Th)e filtered signal is obtained by using the arithmetic mean of overlapped amplitude values.

3. Application of Method

In this study, the surface wave discrimination filter based on polarization properties was applied to the broad-band
digital three component seismograms recorded at eight stations (Table 1, Figure 2) having about 10° epicenter dis-
tances of Bogazici University Kandilli Observatory and Earthquake Research Institute (KOERI) for Erzurum earth-
quake occurred in Turkey. Focal parameters of Erzurum earthquake are given in Table 2. The time sampling is 1 sec.
The magnifications of the three component seismograms are firstly equalized, then the horizontal axes are ro-
tated as shown from Figure 3(a) to Figure 10(a). The rotated seismograms are divided into simultaneous time
segments of length T, then for each of the three directional components the amplitude and phase terms are com-
puted by discrete Fourier series.

The apparent horizontal azimuth, S(#f) of each harmonic is determined by Equation (3). A measure of the ec-
centricity of the particle motion ellipse, y(7f) is also calculated by Equation (4), and the phase difference, o(7f)
between the vertical and radial components is determined by Equation (5). The Fourier amplitude coefficients of
each directional component, Ag(7f), Ar(#5f) and Az(#f) are then weighted according to the Equation (6). In these
equations, M, K, N constants and the angle & corresponding to horizontal/vertical displacement ratio have been
valued as 8, 8, 4 and 0.8, respectively (as suggested by [1]). After, it is back-transformed to the time domain
with original phase value and scaled amplitude values, A; (nf), A,(7f) and A; (7). The same process is
repeated for the other windowing by selected moving interval and this process is continued by scanning all of
the signals. Finally, filtered signals are obtained as the arithmetic average of the overlapping amplitudes
(Figures 3(b)-10(b)). It has been examined on records having to difference epicentre distance for several win-
dow length and moving interval (Table 3). The original and filtered three component seismograms of recorded
at ISP (Figure 3), YLVX (Figure 4), ANTB (Figure 5), ISKB (Figure 6), BALB (Figure 7), MRMX (Figure 8),
MLSB (Figure 9) and EDRB (Figure 10) stations are compared. The start of time axis is 19:33:00 at all records
in figures.
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Table 1. Information of stations used in the application.

Station Coordinates Epicenter Azimuth
Code (N) (E) AC) Az(°)
YLVX 40.34 29.22 8.16 90
MLSB 37.18 27.47 10.07 71
MRMX 40.36 27.35 9.59 89
ISP 37.49 30.31 7.82 70
ISK 41.04 29.04 8.33 95
EDRB 41.51 26.45 10.32 95
BALB 39.38 27.53 9.52 83
ANTB 36.54 30.39 8.15 63
Table 2. The focal parameters of Erzurum earthquakes used in the application.
Date Origin Time Coordinates Focal Depth Magnitude
dmy) (h min sec) (°N) (’E) (km) Ms
25.03.2004 19:30:46.3 39.92 40.82 10 6.0
Table 3. Parameters used in the analysis.
Station Epicenter Data Length Window Length Window Length/ Smoothing
Code A(km) (sec) (sec) Moving Interval Operator
ISP 927 720 75 3.95 9
YLVX 928 950 75 3.95 9
ANTB 950 720 75 3.95 9
ISK 1011 720 90 4.10 7
BALB 1113 720 90 4.50 9
MRMX 1134 720 90 4.50 9
MLSB 1176 720 90 4.50 9
EDRB 1211 720 120 4.80 9
25 27 29° 31° 33 35° 37 39° 41° 43 45°E

39

37

35°

Figure 2. Location of the event (e) and stations (4 ) are shown at tectonic map of Anatolia [20].
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Figure 3. Z, R and T components recorded at ISP (Isparta) station. (a) Original records; (b) Filtered
cases.
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Figure 4. Z, R and T components recorded at YLV X (Yalova) station. (a) Original records, (b) Filtered cases.
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Figure 5. Z, R and T components recorded at ANTB (Antalya) station. (a) Original records, (b)
Filtered cases.
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Figure 6. Z, R and T components recorded at ISKB (Istanbul) station. (a) Original records, (b) Filtered cases.
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Figure 7. Z, R and T components recorded at BALB (Balikesir) station. (a) Original records, (b) Fil-
tered cases.
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Figure 8. Z, R and T components recorded at MRMX (Marmara) station. (a) Original records, (b) Filtered
cases.
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Figure 9. Z, R and T components recorded at MLSB (Bodrum) station. (a) Original records, (b) Filtered

cases.
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Figure 10. Z, R and T components recorded at EDRB (Edirne) station. (a) Original records, (b) Fil-
tered cases.
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4. Discussion and Conclusions

In this study, discrimination filter based on polarization properties has been applied to discriminate a desired
surface wave phase on seismograms recorded at stations having about 10° of epicentre distances. For this purpose,
three-component broadband digital seismograms recorded at eight stations of Bogazici University Kandilli Ob-
servatory and Earthquake Research Institute (KOERI) of Erzurum earthquakes were used and filtered seismograms
were compared by original traces.

It has been found that the window length for the minimal epicentre distance (927 km) is 75 sec (for ISP) and,
the window length for the maximal epicentre distance (1211 km) is 120 sec (for EDRB). As can be seen from
analysed records, window length must be increased as related to the ascending epicentre distance (Table 3). Tri-
als related to the surface wave discrimination filter technique have been denoted that window length and moving
interval are significantly effect to the results. In this study, it has been determined that the ratio between the
window length and moving interval is in the interval of 3.95 - 4.80 from the analysis of the records. References
[6] and [11] have found the ratios of 4.4 and 3.0, respectively. Namely, the conclusions of present study agree
with the results of the preview studies for different epicentre distances.

Love waves at records applied polarization filter have been obtained perfectly because the amplitudes on the
tangential component (T) are larger than the amplitudes on the vertical (Z) and radial (R) components in all re-
cords (Figures 3-10). Dominate arrivals in some periods are on the T component and the amplitudes on the Z
component of the ground motion are very small. Namely, total effect of weighting factors has been strengthened
to Love waves at some periods arrive at the station. This result implies that the effects of the first weighting fac-
tors (functions of f) in Equation (6) are to attenuate transverse-tending energy on the Z and R components and
radial-tending energy on the T-component. The directions of travel of obvious but unidentified Rayleigh groups
at records have been determined by simply aiming the process for an azimuth angle about 90° and considering of
the horizontal angles, S. Therefore, filter performance is low on Z and R components and in extracting the Ray-
leigh wave.
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