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ABSTRACT 

Short-period surface waves can usually be observed on strong motion 
records. Theoretical seismograms provide a user ul tool for the prediction 
and interpretation of differences in the surface wave excitation of various 
earthquakes. The complex polarization filter followed by Vidale (1986) is 
used in this paper. The influence of source parameters (source depth, source 
type and orientation) on the excitation of Rayleigh waves for the elastic half
space and a single layered half-space model is discussed in detail. 

Results show that the epicentral distance beyond which the fundamental 
mode Rayleigh waves can be generated is around 3 to 5 times �f the source 
depth for the point dislocation source in the half-space model. These critical 
distances are a little longer than those for the finite length sources. The 
orientation parameter is not generally of significance. When a flat low-velocity 
layer is overlying on the top of the half-space, the computations suggest that 
the complex waveforms are observed and about 10 km of the critical distance 
obtained is not changed for all kinds of sources used in this study. Moreover, 
the most important quantity for identifying the Rayleigh wave, namely the 
ellipticity, is estimated to be in the range of 0.6 to 0.7, except with a layer 
over half-space model. 

1. INTRODUCTION 

In the period of the 1960's and 1970's, seismologists investigated the Earth's crust-upper 
mantle structures using the dispersive characteristics of surface waves (e.g. Dorman et al., 
1960; Knopoff, 1972). Progress has since been further accomplished with the higher quality 
data recorded from dense advanced seismometers and the development of computer facilities 
which enable more precise statements on local structure. Therefore, numerous papers are 
focused on the behaviors of short-period surface waves (Kafka and Dollin, 1985; Yao and 
Dorman, 1992), concerning the recent popularly discussed site responses. 

1 Institute of Earth Sciences, Academia Sinica, P.O. Box 1 ·55, Nankang, Taipei, Taiwan, R.O.C. 
2 Central Waattier Bureau, 64, Kung Yuan Road, Taipei, Taiwan, R.O.C. 

351 



352 TAO, Vol.4, No.4, December 1993 

It has been recognized for some time that damage during earthquakes is often caused 
by significant amplification of seismic ground motions near the Earth's surface sedimentary 
deposits with very low shear rigidity (Hong and Helmberger. 1978). The most noticeable 
recent examples were the severe damages observed in the lake-bed zone of Mexico City during 
the Michoacan Earthquake of 19, September 1985 (e.g. Singh et al., 1988; Campillo et al., 
1989) and in the San Francisco Bay area dwing the 17, October 1989 Loma Prieta Earthquake 
(Hough et al., 1990; Hanks and Brady, 1991). Besides the large amplitude observed in these 
cases, the long-lasting duration could essentially be composed of the resonant modes excited 
by the geometry-dependent enclosed basins (Bonamassa and Vidale, 1991; Rial and Ling, 
1992) and the basin-induced surface waves (Bard et al., 1988). 

The generation of surface waves is mainly controlled by the neaMurface stiucture in 
the Earth which traps the seismic energy within it (Keilis-Borok, 1989). Surface waves 
generated by conversion of incident body waves at the basin edge were investigated by Bard 
and Bouchon (1980). Phillips et al. (1993) also showed that the 1-sec Love waves emanate 
from a short segment of the Kanta basin boundary for a wide distribution of earthquakes in 
Japan. However, the other important purpose of analyzing the surface waves is to inverse 
source parameters making use of different approaches (Mendiguren, 1977; Kanamori and 
Given, 1981; Yan and Alexander, 1990). Most of their studies were based on relatively 
far-field observations. Up to now, as is well understood the generation of near-source surface 
waves has yet to be discussed in great detail. In order to isolate the source term from the path 
and structure effects, this study numerically simulates the simplest available environments 
for developing surface waves by using the polarization characteristics of particle motions. 

Different from earlier studies (Sexton et al., 1977; Wang and Wu, 1989), these re
searchers estimate the ellipticity of particle trajectory by tracing the wavelet spreading from 
source on the two-dimensional space, to determine the surface wave generating distance un
der different source patterns. This procedure, in turn, may provide some ideas on the problem 
of structural inversion on the interpretation of seismograms. 

2. METHOD 

It has been understood for a long time that body waves and surface waves exhibit 
distinct polarization in an elastic medium (Bath, 1973). Many techniques of polarization 
analysis were proposed (e.g. Montalbetti and Kanasewich, 1970; Vidale, 1986; Shieh and 
Herrmann, 1990). The special importance attached to elliptic and linear polarization is riot 
due to the mere fact that these are simple to study. In fact, the velocities of elastic waves in 
the Earth are intimately related to their polarization. For this reason the division of a record 
into waves based on their typical velocities is largely equivalent to the division into signals 
whose polarization vectors are weakly dependent on frequency (Keilis-Borok, 1989). 

2.1 Numerical Modeling 

With the purpose of modeling complex sources and heterogeneous structures, a finite el
ement method was chosen to formulate the elastic wave equation. Partially following some of 
the ready-made subroutines (Smith, 1982), these researchers used the finite element computer 
code developed by Huang (1988) in the present study. It effectively eliminates numerical re
flections from the artificial boundaries using the absorbing boundary skill proposed by Smith 
(1974), and involves the split node technique (Melosh and Raefsky, 1981) for simulating 
dislocation sources. 
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Two essential conditions, i.e. the wider model and longer duration of calculation, are 
practically necessary for the growing up of surface waves. The model is 150 km long in the 
horizontal direction and 50 km deep in the vertical direction so as to avoid the higher-order 
unwanted reflections that, in fact, the employed analytical formulation cannot eliminate. The 
single element size is 1 km square. As a result, the seismic waves in the wavelength range 
of between 5 and 10 km will be passed by the numerical mesh. 

As the matrix differential full-wave equation is implemented and solved in the time 
domain using the central difference method, the solution undoubtedly includes near-field and 
far-field terms. The synthetic seismogram on each node is then calculated and stored selec
tively for further analysis. It is also beneficial to obtain sequential displacement snapshots 
of simultaneously equal time intervals. The aspects of the propagating waves are then easily 
revealled in the way of a colored cartoon displayed on a computer screen. The behaviors of 
seismic waves in the near-source region are likely to be complicated and difficult to interpret 
before they convert to surface waves. At the same time, the waveforms on every certain 
depth are therefore plotted together to trace the target wavelet and to estimate its apparent 
horizontal velocity. It is necessary to be very careful to pick the correct phase (Figure 1 ). 
The procedures used here are helpful in distinguishing wave types. 

The spatial variation of the amplitude and period of seismic waves can cautiously be 
observed although it's not the subject of the study here. However, this does demonstrate that 
most of the energy is trapped within the top layer or near free surface during the propagation 
of surface waves (Figure 2). Therefore, the polarization parameters are calculated only on 
the section 30 km long and 10 km thick from free surface (the block enclosed by dashed 
lines in Figure 2). 

2.2 Identification of Surface Waves 

The complex polarization analysis (Vidale, 1986) was undertaken to estimate the polar
ization properties of synthesized particle motion in this study. In the case of three-component 
signal, three time series, Ur (t) for the radial component, Yr (t) for the tangential component, 
and Wr (t) for the vertical component, are converted to an analytic signal 

U(t) = Ur(t) + iH(Ur(t)) 

V(t) = Vr(t) + iH(Vr(t)) 

W(t) = Wr(t) + iH(Wr(t)) 

where H represents the Hilbert transform, and i is J=T. 
The analytic signal may be used to compute the covariance matrix ( UU* UV* UW* ) 

C(t) = VU* VV* VW* 
WU* WV* WW* 

(1) 

(2) 

where the asteriske (*) represents complex conjugation. Then, the three eigenvalues Ai and 
eigenvectors (Xi, Yi, Zi) of the matrix may be obtained by solving the equations. 
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Fig. 1. Synthetic seismograms at free surface of half-space model (upper) and a 
layer over half-space model (lower) for a point dislocation source located 
at 2 km in depth. The waveform within broad lines are analyzed. 
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Fig. 2. The snapshot of the seismic waves emanating from a point dislocation 
source located at 2 km in depth in the half-space finite element model. 
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(3) 

where I is a 3 by 3 unit matrix. The eigenvector (xo, Yo, zo) associated with the largest 
eigenvalue .\0 represents the direction of the largest amount of polarization. However, the 
phase in the complex plane of the eigenvectors is unknown. Therefore, the eigenvector 
associated with the largest eigenvalue must be rotated by an angle a in the complex plane, 
to find the maxima length of the real component of the eigenvector, i.e. to maximize 

X = y'(Re(xoA))2 + (Re(y0A))2 + (Re(z0A))2 (4) 

where A is cos a + isina and Re (x) is the real part of x. The elliptical component of 
polarization (also called ellipticity) may be estimated by 

Ji - x2 
PE =--x-- (5) 

PE is 0° for linearly polarized motion. In contrast, PE is 1 for circularly polarized motion. 
The strike ( efJ) and dip ( S) of the direction of maximum polarization are 

,1.. =i _ 1 (Re(yo)) 
'f' an Re(xo) ' 

S _ 1 ( Re(zo) ) 
=tan JRe(xo)2 + Re(yo)2 ' 

- goo $ <P $ goo (6) 

- goo $ S $ goo (7) 

By definition, 0° both in strike and dip represents a vector which points horizontally in the 
direction toward the epicenter. 

Simplification of the polarization method to two components is straightforward and 
has been examined by synthetic sinusoidal waveforms. The polarization characteristics esti
mated by applying this method almost match the theoretical values. The covariance may be 
smoothed over a nnming window to provide more stable estimates. But this.procedure will 
result in decreasing the time resolution in compensation. These authors suggest the width of 
the moving window might be about half of the predominant period of synthesized surface 
waves. 

Therefore, the time variant covariance matrix (equation (2)) of each node for the men
tioned profile is averaged individually over a 1 second wide moving window, i.e. 10 times 
the sampling interval, and overlaping one sampling interval to suppress the numerical insta
bility. Finally, the averages of the ellipticity defined by equation (5) over the selected wavelet 
(i.e. the interval between two paralleled dashed lines shown in Figure 3) for each node are 
estimated. and expressed as the contour diagrams. These figures represent the variation of the 
ellipticity of particle motion for certain wavelets propagating through the different positions 
of the two-dimensional medium. 
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Fig. 3. For the case of the half-space model and source excited at 2 km in depth, 
(A) ellipticity - time and (B) dip angle of polarization - time relations 
derived from the theoretical seismograms on smface receivers. The inter
vals between the dashed lines are the time window used for calculating 
average polarization parameters. 

3. RESULTS AND DISCUSSION 

In order to investigate the distance for generating distinct Rayleigh waves controlled by 
different sources, two simplified crustal models of the half-space and a layer over half-space 
were considered (Figure 4 ). Both the bedrock and sediment are homogeneous and isotropic. 
These are the simplest models in which Rayleigh waves can exist and propagate definitively. 

A somce time function of the Gaussian pulse with an amplitude decay factor of 50 and 
a dominant period of 0.6 second is used in all cases. The idealized dislocation sources are 
modeled as norm.al faults with individual dip angles of 26°, 45° and 63°. In addition to the 
point source, the finite source with about a length of 3 km is also considered. The downgoing 
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(a) (b) 
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Fig. 4. Two velocity structures of 150 km in width and 50 km in dcplh. The 
sources (symbolized by *) are located at 2 km, 4 km, 7 km, and 10 km 
deep respectively. pis density. Vp and Vs represent P wave and S wave 
velocities, respectively. 
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rupture propagates from the upper point of the fault with 0.9 times shear velocity. Fur
thermore, the well-known important factor affecting the observation of surface waves is the 
source depth (Aki and Richards, 1980). Four depths of 2 km, 4 km, 7 km, and 10 km 
respectively (calculated from center of the finite fault) are considered in the discussion of 
this effect. 

3.1 Homogeneous Half-Space Model 

In the case of the half-space model with a Poisson's ratio of 0.27, the wavelet which is 
excited by point source and which corresponds to the theoretical fundamental mode Rayleigh 
wave traveling with 0.92 times shear wave velocity is identified (Figure 5). A typical pattern 
of particle motion polarized in the vertical direction is clearly observed beyond the epicentral 
distance of 9 km for the 2 km deep source (Figure 6 (a)). The ellipticities of 0.62 are 
estimated reliably on the free surface but they decay with depth quickly. In fact, depth
dependent ellipticity talces on the opposite sign (i.e. retrograde trajectory turn to prograde 
motion) below the depth of 0.912 times wavelength. Near the critical depth of about 1 km, in 
this case, the particl� motions are linearly polarized. Comparing the solutions derived from the 
analytical eigenfunction of the half-space model with our computations, this research indicates 
that the agreement successfully verifies the identification of the fundamental Rayleigh waves. 

If the source is individually located at 4 km, 7 km, and 10 km deep, the definite Rayleigh 
wave can be obtained beyond the epicentral distance of 13 km, 20 km and 28 km as shown 
in Figure 6 (b), (c) and (d) respectively. These results indicate the Rayleigh waves are more 
easily generated at short distance for shallower than for deeper sources. Ratios of the critical 
distance to the source depth are in the range of 3 to 5, this result being close to the value of 
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Fig. 5. Synthetic seismograms and particle motions corresponding to the shadow 
block of 1.5 sec wide. Broad and thin lines represent vertical and hori
zontal components respectively. All of the seismograms are ploucd to the 
same scale. 

5 derived by the Cagniard-de Hoop method (Aki and Richards, 1980, p.240). The discrepancy 
is caused by the difference in defining the critical distance, which is defined as the epicentral 
distance in this study but as the source to receiver distance in their formula. Another reason 
for the smaller ratio here is that the critical distances are decided on the diagrams like Figure 
6 and 7 by identifying where the definite, not well-developed, Rayleigh wave begins to build 
up. The variation of ellipticity on the free surface (Figure 8 (a)) can interpret this relationship. 

When a selected wavelet propagates below the free surface, one obvious trend of elliptic
polarization with a dip angle of about 30° is observed for each case of different source depth. 
This is the result of the SY-predominant wavelet contaminated by the reflected P.S and SP 
phases. Another phenomenon is also due to the particle motions exhibiting very complex 
behaviors near the source, especially for the deeper source cases. 

With a change in the source to a 3 km in length normal fault with a dip angle of 45°, the 
results introduce the shorter critical distances of? km, 10 km, 12 km, and 16 km respectively 
(Figure 7 and 8 (b)), compared with the previous point sources. The chaoes in the vicinity 
of source region still exist and the elliptic polarization trends are no longer evident because 
of the superposition of the latter SY-predominant arrivals emanating from the propagating 
rupture to maintain the linear polarized motion at such an angle. In rotating the dip angle of 
the finite fault to 26° or 63°, the critical distances do not show significant changes except 
with the two deeper source cases (Figure 8 (c) and 8 (d)). 

An interesting phenomenon must be mentioned here which is that the ellipticity of the 
wavelet passing on the free surface changes with a periodic fluctuation before it reaches a 
stable value say in the range of 0.6 to 0. 7 .  The cases of point source (Figure 8 (a)) especially 
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Fjg, 6. The averaged ellipticity vanauons of particle motions over space for 
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dimensional half-space medium. These diagrams are for (A) 2 km, (B) 4 
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Fjg, 7. The averaged ellipticity vanauons of particle motions over space for 
certain wavelet propagating through the different positions of the two
dimensional half-space medium. These diagrams are for (A) 2 km, (B) 4 
km, (C) 7 km. and (D) 10 km of 3 km-length source depth respectively. 
The dip angle of the finite--{ault is 45°. 
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dip finite faults. 

characterize this behavior. Besides the contributions from the reflection and refraction phases, 
the ringing effect due to finite element mesh (Shipley et al., 1967) can also be not regarded 
as negligible factor. Although the adequate damping matrix has constantly been added over 
the whole model to attenuate the ringings, the results are nearly the same because the main 
signals are simultaneously reduced in the same degree at such close distances. 

3.2 A Layer Over Half-Space Model 

It is well-known that the investigation of surface wave propagation in layered half· 
spaces is mathematically cumbersome. The physically relevant information, however, is 
already concealed within a usual period equation obtained by setting a six-order determinant 
equal to zero (Kuo and Nafe, 1962; Malischewsky, 1987). The semi-analytical and pure 
numerical methods are more popular from those of earlier studies. 

In order to solve such a problem, the dispersive wave groups are evidently distinguish
able in our computations. The complicated and large amplitude waveforms are observed 
since the energy trapped in the surface layer corresponds to the multiple reflections. It's also 
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shown on the plots that there are several turns implied in every phase arrival in the particle 
motion orbit. In practice, it is hard to trace one integral wavelet throughout the model 
because of the influence due to the interface. Alternatively, these authors have chosen the 
latest and dominant phase propagating with the group velocity of 1.54 km/sec within the top 
layer. It corresponds to the fundamental mode Rayleigh wave obtained in detail from the 
Newton-Raphson iteration method under the present conditions (Mooney and Bolt, 1966). 

Specific results are given for the different source mechanisms used previously. Figure 
9 shows an interesting phenomenon which is that the critical distances are all about 10 km 
for point dislocation sources located at various depths. Unlike the stable ellipticities obtained 
beyond the critical distances in the half-space model, it can be interferred by other slow 
multiples (Figure 10 (a)). The lobe-like elliptic polarizations are also probably produced 
from the refracted waves of multiples. Although these penetrating waves are relatively weak, 
the fundamental Rayleigh waves with comparable amplitude near the interface boundary and 
in the substratum are derived from the Haskell's method (Drake, 1980). 

It is to be noticed that there is no study of error analysis in this paper. Basically, it is 
felt that the possible source of error comes from the constant window length of the selected 
wavelet. It is difficult to take width dependently corresponding to one wavelength of the 
phase for every record of node. Since there will be irregular contaminations contained in 
the target phase, the ·averaged characteristics of particle motion orbits shown in the figures 
above, then, do not exactly represent the truth. This is expected to be serious mostly in the 
near source region where the seperation of the waves is implicit. 

In order to investigate the effect of the initial slip direction of the dislocation source 
on the results, the "thrust" type Gaussian pulses also used with no changes of the other 
parameters. The critical distances for the Rayleigh wave build-up are the same as those for 
the previous "nonnal" type sources, even the retrograde particle motion trajectories. 

4. CONCLUSIONS 

The behaviors of the polarized particle motion for certain wavelets are calculated within 
a two-dimensional source region to investigate the generation and propagation of short-period 
Rayleigh waves. The results for the half-space model demonstrate that the critical distances, 
which the Rayleigh wave should build up well beyond, are equal to 3 to 5 times the depth 
of the point dislocation sources. These distances are shorter for the finite fault of 3 km in 
length with various orientations. The ellipticities of the Rayleigh waves observed on free 
surface are approximately in the range of 0.6 to 0.7, but in the meantime quickly decay with 
depth. The particle motions near the depth of about 1 km are linearly polarized. They could 
be identified as the fundamental modes. For a layer over half-space model, the complex 
patterns of particle motions are observed due to the superpositions of many non-direct waves 
bounded within the top low-velocity layer. The last and dominant phase propagating with 
the group velocity of 1.54 km/sec within the top layer is analyzed. The estimated critical 
distances are about 10 km for various sources. These results imply that the surface waves are 
generated more efficiently even there is the absence of typical particle motion trajectories. 
At present, these researchers are simulating some of the irregular structures and analyze the 
wavefonns following the same procedures to isolate the source effect from. the systematic 
analysis. However, some further work still remains to be done in order to understand the 
effect of structures including the topography on the origination of surface waves;· 
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Fig. 10. The variations of the averaged ellipticity of the selected wavelet prop
agating through the free surface of different distances for a layer over 
half-space model and (A) point source, (B) 45° - dip, (C) 26° - dip, and 
(D) 63 ° - dip finite faults. 
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