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SUMMARY

The reduction in spatial variance of strong ground motion with increasing earthquake magnitude has been reported
recently. However, we show that the observed dependence of spatial variance on magnitude is its implicit dependence on
the frequency content (dominant frequency) of the wave field. Time-domain cross-correlations of pairs of accelerograms
are used to quantify the spatial variations in this paper. Magnitude is one of the factors contributing to the dominant
frequency. We attempt to study separately the effects of magnitude, hypocentral distance, peak ground acceleration and
focal depth on the dominant frequency in order to find the most significant one. The data base consists of 1965 records of
horizontal acceleration from 148 local earthquakes in Taiwan. The analysis shows the overwhelming effect of the source
magnitude on the formation of the dominant frequency with an empirical relationship:

fo(Hz) = 199 — 284M, + 193 for 31 < M, < 70

No significant effect of hypocentral distance, local acceleration amplitude or depth is detected for all their values
available (up to 170 km, 250 cm/s?, and 100 km, respectively). The prevailing effect of magnitude on the dominant
frequency is a real cause of the consistently observed reduction of spatial variance of ground motion with increasing
magnitude of earthquakes.

INTRODUCTION

Nearly all published attenuation relations assume that the standard error of Peak Ground Acceleration
(PGA) is constant over the range of distances and magnitudes considered.! However, several studies having
tested this assumption revealed the dependence of spatial variation of strong ground motion on the
magnitude of earthquakes, propagation distance and local acceleration. The magnitude dependence is most
evident and is manifested in a general decrease of the spatial variation as magnitude increases. For instance,
Sadigh? and Idriss,® who studied standard error of PGA, noted that the PGAs recorded during main shocks
were less variable than the PGAs recorded during the aftershocks for the 1971 San Fernando, 1975 Oroville,
1979 Coyote Lake and 1979 Imperial Valley earthquake sequences. The similar quantitative dependence for
opa Was established by Abrahamson,! who used records of 25 events selected from SMART1 array data set.
On the other hand, Tsai and Bolt* suggested that the spatial variability of PGA depends on the source
radiation and propagation path effects. Donovan and Bornstein® use a standard error of PGA that increases
with increasing acceleration. Conversely, Chin and Aki® suggest that the ground non-linearity can contribute
to the reduction of variance in peak acceleration with increasing acceleration level.

The above studies raise the problem of the magnitude, distance, or local acceleration effect on spatial
variation of ground motion, while they do not solve completely the question of its probable mechanism. It is
known that a major factor controlling the spatial variance is the frequency content of the wave field. For
instance, Wen and Tsai’ found that the spatial variation of PGA increased as the frequency of the ground
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motion increased. They based their analysis on the records of one SMART1 event (event 22). Abrahamson®:®
and Harichandran and Vanmarcke!® analysed spatial variations on the SMART]1 array in the frequency
domain using coherency functions. They also showed that for a given separation distance between stations,
the value of coherency falls off with increasing frequency. Therefore, one can suppose, that the source, path or
site effect on spatial variance can be primarily associated with their effect on the frequency content of the
ground motion. This assumption was made by Beresnev.!! Indeed, different authors observed the correlation
between the frequency content and the magnitude of earthquakes (References 12-14). Zhou'? showed from
the analysis of local earthquakes in Sweden that the corner frequency f,.., shifted towards lower values as
earthquake magnitude increased. Caillot'# established the same regularity for the dominant frequency using
the data of three events recorded by SMART1 array (events 20, 41 and 45). Thus, the mechanism of the effect
of magnitude on spatial variation proposed by Beresnev'! consists in that larger magnitude earthquakes
have more low-frequency energy that causes the reduction in spatial variance. Other factors, such as distance
or acceleration, may work in the same manner through the dominant frequency of the wave field, so that to
conclude about their influence on the spatial variance, one should address their effect on the frequency
content of the seismic field.

A limited comparative analysis of the effects of magnitude and distance on the frequencies of ground
motion recorded by the SMART1 array was done by Beresnev!! and Roca.!? Beresnev!! studied the
dominant frequencies using accelerograms of 18 events, while Roca'? considered corner frequencies of 45
events. Both authors concluded that the contribution of magnitude was stronger than the contribution of
distance. To our knowledge, the comparative analysis of all the factors affecting the dominant frequency
including source, path and site effect using large data set was never done.

Spatial variation of strong ground motion is an important factor from the geotechnical point of view. It
directly affects the seismic hazard calculation.!** 3 This emphasizes the importance of the study of the factors
controlling the variation. In this paper we focus on the separate analysis of source, path and site effects using
a full set of data available from the SMART1 and SMART?2 arrays. Recordings of 148 events are used. We
first consider individual examples of the dependence of spatial variation of ground motion on magnitude and
dominant frequency using time-domain correlational approach to quantifying spatial variation, showing
that its apparent dependence on magnitude can be explained by the relationship between magnitude and
dominant frequency. We then study separate contributions of the magnitude, hypocentral distance, local
acceleration, and focal depth to the dominant frequency in order to determine the most important factor.
Dominant frequencies of the horizontal component of acceleration are considered in this paper. A theoretical
estimate of the effect of attenuation on the dominant frequency is also given.

SMART1 AND SMART2 SEISMIC ARRAYS

SMART]1 seismic array is installed in the north-east corner of Taiwan (Figure 1). It is a dense array of 39
three-component accelerographs configured in three concentric circles of radii 200, 1000 and 2000 m. All the
stations are installed on recent alluvium deposits with almost uniform site conditions except for the station
E-02 that is on slate outcrop. Reference 15 gives a comprehensive description of the layout and the data of
SMART]I array. A geological description of the area is given by Wen and Yeh.!® SMART1 array was
operated between 10/18/1980 and 12/13/1990 and now is closed. Over this period it recorded 60 local
earthquakes with the local magnitudes ranging from 3-6 to 7-0 and hypocentral distances from 2-2 to 151 km.
Maximum acceleration recorded is 375 cm/sec?. Sampling interval of all accelerograms is 0-01 sec, and the
working frequency range is 0-1-25 Hz. We selected 54 events out of 60 for this analysis (Table I).
SMART? accelerograph array'’ is located in the eastern part of Taiwan (Figure 1). It was designed to
supersede SMARTI1 array and has been operating since 12/13/1990. SMART?2 array consists of about 40
stations dispersed through the area of approximately 20 x 10 km. It does not have as regular geometric shape
as SMART1; however, there is a dense subset of stations in the northern part of the array consisting of about
10 stations (Figure 1). Among them station 37 has three downhole instruments in addition to the surface one
whose depths are 50, 100 and 200 m. We will use the data of only this subarray. These stations are
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Figure 1. Location and layout of SMART1 and SMART? arrays in Taiwan

geologically uniform and represented by Pleistocene gravel, sand and clay deposits. SMART?2 array employs
higher precision 16-bit instruments compared with 12-bit ones in SMART], that ensures a better quality
data. Over approximately 2 years of operation SMART2 array recorded about 200 events with local
magnitudes ranging from 3-1 to 6-0 and epicentral distances up to 50 km. The maximum recorded acceler-
ation is 317 cm/sec?. The sampling interval is 0-005 sec, and the working frequency range is 0-1-50 Hz. Table
II gives the description of the SMART?2 events used in this study.



Table I. SMART1 event parameters

i I Depth  A? A®

Event (Hz) (Hz) N# M, (km) (km) (km)
1 34 12 15 61 82 453 46-0
2 46 10 16 59 62-1 101 62:9
3 4-8 12 12 57 59-3 126 60-6
5 30 11 26 63 111 30-2 322
6 59 22 10 55 76:6 17-4 786
8 74 33 19 4-8 71 7-0 100
9 10-4 2-3 11 42 11-2 9-8 14-9
10 59 1-6 9 51 685 216 71-8
11 54 22 6 56 15 321 321
12 62 35 16 49 01 2:2 2:2
13 85 1-3 12 4-4 03 40 4-0
14 4-0 1-6 30 50 02 231 231
15 111 3-8 29 36 36 31 4-8
16 1-2 04 11 62 33 853 854
17 94 2-4 8 47 08 109 109
18 71 30 24 51 10-0 75 12-5
19 54 16 27 4-9 80 225 239
20 2-8 11 35 64 273 1166 119-8
21 42 -1 11 66 974 1158 1513
22 2-4 1-8 34 64 1-2 354 354
23 19 07 23 66 14-8 1184 1193
24 11 03 31 69 250 1153 1180
25 14 04 35 68 18-0 989 100-5
26 3-8 08 10 55 58-8 56 591
27 0-8 o1 11 63 10-3 1349 1353
28 3-8 13 28 59 59 49-3 49-7
29 39 1-0 30 6-0 87 354 365
30 33 15 31 63 60-7 29-3 674
31 31 1-0 36 59 4-1 483 485
32 50 1-1 21 60 53 482 485
33 34 i-7 36 65 33 44-9 45-0
34 55 1-8 24 5-8 1-3 344 344
35 60 2:0 36 57 8-0 47 93
36 39 11 36 63 61 466 470
37 41 10 33 53 17 29-8 29-8
38 4-7 05 14 55 73-8 12-8 749
39 14 07 36 65 102 222 244
40 09 02 37 66 15-8 679 69-7
41 30 14 37 62 218 709 742
42 51 1-8 37 50 20 53 57
43 1-3 0-8 38 62 16 58 6-0
44 61 1-8 36 4-9 23 4-9 54
45 -2 07 35 7-0 139 793 80-5
49 32 12 22 58 980 40-3 1060
50 27 1-1 33 62 27-8 80-8 854
51 2-8 14 30 58 70-1 20-0 729
52 2-5 05 25 57 306 529 611
53 56 17 26 53 05 411 41-1
54 39 0-8 34 52 345 286 44-8
55 36 1-2 22 56 62-5 68-0 924
57 2-8 12 22 4-8 220 419 473
58 3-8 1-1 20 55 34-3 64-2 72-8
59 1-1 02 21 50 29 91-5 91-5
60 0-8 0-0 5 50 11 1021 1021

*Average dominant frequency.

Standard deviation of dominant frequency.
‘Number of stations used to caleulate f;, and o
*Epicentral distance from central station C-00.
*Hypocentral distance from central staton C-00.
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Table II. SMART?2 event parameters

= ot Depth Af Ay®

Event  (Hz) (Hz) N¢ M, (km) (km) (km)
58 22 10 2 55 0-8 518 51-8
61 20 12 2 49 42 383 385
65 4-8 01 2 53 24-2 19-8 312
68 2:5 04 2 44 13 162 16-3
69 44 21 2 53 29 50-2 503
72 88 07 3 50 10-3 181 20-8
76 82 10 3 4-8 16-8 157 230
77 90 06 2 41 117 158 197
78 66 12 3 4-8 24-8 12-8 279
79 1-5 06 3 52 11 20:0 201
81 64 04 2 39 41 134 140
95 67 25 6 45 187 22-8 29-5
96 58 10 7 43 06 10-1 101
97 85 43 6 41 179 99 205
99 1-5 04 4 4-8 06 150 15:0
100 9-5 1-5 3 42 14-3 360 387
101 61 21 6 49 149 22:6 271
102 82 11 3 41 17 229 229
103 79 14 7 43 107 193 221
104 11-6 60 10 36 1-5 95 9-6
105 100 54 9 36 37 31 48
106 10-1 27 9 31 29 94 99
107 65 17 9 42 26-8 207 338
108 52 19 9 44 20 44 4-8
109 11-5 27 6 32 66 20 69
110 99 05 2 40 10-1 199 223
111 10-3 2:6 4 41 9-8 16:8 194
112 12-1 37 4 33 45 62 7-6
113 102 10 2 37 13-5 211 250
114 7-5 21 6 4-5 239 199 3111
116 74 23 4 46 21-8 57 225
118 77 1-6 3 42 133 200 240
119 8-5 02 3 4-5 179 36 18-3
121 67 16 4 53 833 141-1 1639
122 85 15 6 44 12-5 217 250
123 1-8 04 4 53 240 160-5 162-3
124 57 10 6 47 65 292 300
125 62 20 6 47 11-4 22:6 253
126 56 18 8 45 163 24-5 29-5
127 162 53 8 38 66 04 66
128 65 1-8 7 41 88 133 160
130 52 25 8 4-8 99 24-7 26:6
131 69 1-1 7 42 150 222 268
132 65 13 3 47 346 653 73-9
133 112 24 2 38 81 17-6 19-3
134 61 1-8 5 45 76 276 286
135 68 31 6 46 29-3 97 309
136 79 17 3 31 4-8 266 270
138 92 32 5 40 120 22:0 251
139 87 02 2 39 49 197 203
140 79 2-4 8 45 40 01 40
142 67 07 3 50 359 97-8 104-2
143 84 23 7 3-8 61 01 6:1
144 77 0-6 7 44 16-7 18-1 24-6
145 36 2:4 S 46 1-0 240 240
148 60 24 5 46 306 135 334
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Table II. (Contd.)

I O Depth At Ag®
Event (Hz) (Hz) N# M, (km) (km) (km)

149 67 19 5 41 343 149 374
151 17:2 2:0 4 35 i6:1 129 206
152 88 12 8 39 12-1 132 179
153 71 09 5 46 407 810 90-7
154 64 12 6 40 274 271 385
156 50 27 6 49 245 292 381
157 64 11 8 43 223 41 227
158 7-5 06 3 48 68-0 63:6 93-1
159 137 7-0 3 33 12-:6 110 167
160 34 2:5 4 55 472 162-8 169-5
161 6:0 11 9 49 22:6 39 229
162 79 09 6 37 24-8 11-0 271
163 40 22 7 50 242 156 288
164 72 09 6 44 22:1 137 260
165 69 13 6 4:4 273 94 289
166 112 27 3 33 155 1-8 156
167 11-6 28 7 4-6 153 119 19-4
168 41 12 7 57 84 225 240
171 65 19 7 50 250 259 360
173 42 2:6 7 51 33 209 212
175 64 2:6 7 4-7 190 34-6 395
177 81 2:0 9 4:5 12:6 230 262
178 64 16 10 43 46 238 24-3
179 83 09 3 32 73 63 96
183 46 17 1 48 227 1-0 227
184 121 38 11 38 13-4 10-1 16:8
185 59 1-8 11 48 286 152 324
187 49 2:5 11 49 578 477 749
189 60 1-5 8 4-8 12-8 218 250
190 4-3 16 11 51 30-0 241 385
191 45 19 11 4-6 11-7 11-6 16:5
192 52 15 11 48 157 9:0 181
194 1-4 08 11 52 51-4 41-4 660
195 11-7 53 8 41 191 242 30-8
196 07 00 6 58 17-6 110-8 112-2
197 54 2:2 7 49 332 507 60-6
198 12-4 2:3 8 36 19-0 14:3 23-8
199 6:6 25 12 4-8 202 17-4 267

*Average dominant frequency.

*Standard deviation of dominant frequency.

¥Number of stations used to calculate f; and o ,.

*Epicentral distance from central station 43,
Hypocentral distance from central station 43.

COMPARISON OF DEPENDENCE OF SPATIAL VARIATION OF GROUND MOTION ON MAG-
NITUDE AND DOMINANT FREQUENCY

Calculating characteristics of spatial variation and dominant frequencies

To show that the earlier observed magnitude dependence of spatial variation of ground motion is in fact its
frequency dependence, we plot its characteristics separately against magnitude and frequency using all the
data available from SMART]1 array.

Spatial variation of strong ground motion can be quantified by various parameters such as the correlation
or coherency. The correlation is a time-domain measure, while the coherency is a frequency-domain measure.
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Coherency functions are now commonly used by engineers.” Calculations of frequency-dependent coherency
for SMART! data have been performed earlier.®~1° In the studies of spatial variation dependence on
magnitude, distance or acceleration, different authors used standard deviations of PGAs,' "3 ie. the time-
domain measure. To combine these results we choose the correlation coefficient of acceleration time histories
at two spaced stations as a measure of spatial variation. The pairs of stations selected in this study inctude the
central station and the stations in the inner ring (Figure 1). The separation distance is 200 m. The
wave-passage effect is present in all accelerograms due to inclined wave propagation and results in systematic
shifts in the wave arrival. Triggering times of instruments do not coincide as well. To remove these effects we
shift records with respect to each other to obtain their maximum correlation coefficient. Full records of the
EW-component are used. To obtain a more statistically significant result, we average the obtained correla-
tion coefficients over all available pairs.

Dominant frequencies are calculated as follows. Again, we use full records of the EW-component of
ground acceleration. Their Fourier power spectra are smoothed using a three-point running Hanning aver-
age.'® The number of smoothings is chosen experimentally considering its visual effect on the spectral shape,
and it is 80 for SMART]1 and 640 for SMART?2 records. Dominant frequency is defined as the frequency at
the maximum ordinate of the smoothed spectra. This procedure does not exclude the uncertainty in
determining the dominant frequency when the spectrum is broad enough. An extreme example of such an
uncertainty is given in Figure 2. Raw and smoothed spectra for one of the SMART2 accelerograms are given.
The width of the EW-component spectrum is 5 to 30 Hz approximately. Smoothing changes the frequency of
the maximum from 6-3 to 25:5 Hz, but all the peaks remain comparable in their magnitude. There is no
significant change in the location of spectral maximum on the other components. We deliberately chose
Figure 2 to show the worst case of the widest spectrum observed. Ordinarily, the uncertainty is much smaller.
To minimize its influence we average calculated frequencies over a group of stations. It was the whole array
in SMART]1 case, and a dense subarray in SMART?2 case. The hypocentral distances used in subsequent
analysis were determined relative to the central station and station 43, respectively. Selected SMART2 events
listed in Table II triggered at least two stations in the subarray. Note that uncertainty in the dominant-
frequency (fp) determination is reflected in the value of its standard deviation. The average fps and their
standard deviations are summarized in Tables I and II. One can see that the event 127 discussed above
corresponds to the extremely large .

Comparison of magnitude and frequency effect on spatial variation

Figure 3 shows the average correlation coefficient of pairs of accelerograms versus local magnitude.
Vertical bars indicate one standard deviation. This plot clearly shows a close-to-linear growth of the
correlation with increasing magnitude. The correlation coefficient of the plotted dependence is 0-81. Event 40
has a maximum spatial uniformity (average correlation coefficient 0-94, standard deviation 0-01, magnitude
6-6, hypocentral distance 69-7 km). The maximum variability is given by earthquake 15 (average correlation
coefficient 0-26, standard deviation 0-07, magnitude 3-6, hypocentral distance 4-8 km).

In Figure 4 we plot the relationship of the same correlation with an average dominant frequency of the
records (in this special case we averaged frequencies over the inner ring and central station only). Horizontal
bars correspond to the standard deviation in the dominant-frequency determination. Negative correlation is
observed with a correlation coefficient equal to —0-74. Comparison of Figures 3 and 4 demonstrates that
larger magnitudes are associated with lower frequencies, so that spatial variance decreases with increasing
magnitude or decreasing frequency. This fact suggests that the frequency content, not the magnitude, is
responsible for the degree of spatial variance of surface accelerations. The somewhat smaller absolute value
of the correlation between quantities plotted in Figure 4 with respect to that in Figure 3 (0-81 versus 0-74) is
probably explained by the fact that the dominant frequency does not characterize entirely the actual
frequency content of the wave field. This is reflected in the standard deviations plotted in Figure 4.
Nonetheless, the tendency of the variance to be reduced with decreasing frequency is clear. Plots illustrating
direct relationship between the dominant frequency and magnitude are discussed in the next section.

For the sake of comparison of the time-domain and frequency-domain approaches to quantifying spatial
variations, we emplaced the coherency function on the same plot in Figure 4. This curve is the absolute value
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Figure 2. Raw and smoothed power spectra of one of the SMART2 records (event 127)

of coherency for SMART1 event 45 and same separation distance of 200 m, given by Abrahamson.®

According to Abrahamson,® coherency is defined by a complex number
Su(S)
[S;()Su(f)]'7?

where f is the frequency and S(f) is the smoothed cross-spectrum. The smoothed cross-spectrum is given
by

ij(f) =

M
Su(fn) = Z Wmuj(ﬁ'+m)uk(f'.+m)

m=—-M
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where u;(f) is the Fourier spectrum at station j, W, is the frequency window function, and M is a smoothing
parameter defining the frequency band in which the similarity of spectra is assessed. The modulus of
coherency |y (f)| takes the values between —1 and 1 and does not contain the wave-passage effect, so it is
directly comparable to the correlation coefficients given in Figure 4. Comparison shows that although the
general trend to the lower values with increasing frequency is remarkably consistent in both cases, the
coherency function lies above correlation coefficients for all frequencies. However, this is not a surprising
result. Abrahamson®?® points out that the selection of the smoothing parameter M is critical in the
estimation of coherency. In Reference 9 he shows that |y (/)| rapidly decreases as M increases. Coherencies
shown in Figure 4 correspond to a 2 Hz bandwidth. As for correlation coefficients, they are calculated in the
time domain and thus correspond to a full bandwidth of the accelerogram. One can expect therefore that the
increase in M would reduce coherency values to the values of the correlation coeflicients given in Figure 4.
Consequently, these two approaches give the same conclusion about the spatial variation decrease with
increasing frequency.

COMPARATIVE ANALYSIS OF THE FACTORS CONTRIBUTING TO THE DOMINANT
FREQUENCY OF GROUND MOTION

The above analysis shows that to understand source, path or site effect on spatial variance of ground motion
one should consider their effect on the dominant frequency.

A comparison of Figures 3 and 4 demonstrates that larger magnitude earthquakes have more significant
relative contributions of low-frequency energy. However, it cannot be considered as final evidence that
magnitude governs the frequency content of the wave field unless we consider another factor, Ordinarily,
strong motion data show positive correlation between magnitude and distance. It may happen, therefore,
that the dominant-frequency dependence on magnitude is its implicit dependence on distance, since larger
magnitude events are more distant and may have lower dominant frequencies due to attenuation.

Figure 5 shows the dependence of the average dominant frequency on the magnitude for a set of 148 events
recorded by both arrays. Standard deviations of calculated frequencies can be found in Tables I and II.
SMART1 and SMART?2 data are consistent in the sense that there is no systematic deviation of calculated
frequencies on one array relative to another, despite there being a difference in working frequency range,
instrument type and soil conditions. SMART]1 data cover mostly the high-magnitude range, while SMART?2
data are indispensable to cover the low-magnitude one. Dominant frequency evidently decreases as magni-
tude of the earthquake increases, which accounts for the reduction of spatial variation with magnitude shown
in Figure 3. The correlation coefficient of the entire dependence is —0-79. SMART1 earthquake 40 having
minimum variance in Figure 3 has an average dominant frequency of 0-92 Hz, while earthquake 15 that
demonstrates a maximum variance has a frequency of 11-1 Hz. The frequency decline with magnitude is
approximated by a linear regression law

fo(Hz) = 199 — 2.84M; + 193 for 31 < My < 70 (1)

The ambiguity in estimating the dominant frequency for the broadband events as well as uncertainty in
magnitude estimation may be the causes of the observed scattering of the data around the solid line.

Interestingly, deeper earthquakes show a better correlation of the dominant frequency and magnitude. In
Figure 6 we show the frequency-magnitude dependence for the earthquakes having a focal depth more than
10 km. The data set has been reduced to 90 points. The new value of the correlation coefficient is —0.85. The
equation of the linear regression changes to fp(Hz) = 21-2 — 3-05M; + 1-66.

As mentioned earlier, there has been a doubt that the apparent dominant-frequency dependence on
magnitude is not an artifact caused by the magnitude—distance positive correlation. In particular, this
correlation has been reported in References 1, 19 and 20. It means that stronger earthquakes are usually more
distant and are more strongly affected by attenuation. However, Abrahamson® showed that the standard
deviation of PGA was better correlated with magnitude than with distance. Beresnev!! and Roca!?
compared the contribution of magnitude and distance to the frequency content and also concluded that
the magnitude factor was more significant. We check the contribution of the hypocentral distance to the
dominant frequency using the full SMART1 and SMART?2 data set.
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Figure 7. Dependence of the average dominant frequency of ground motion on hypocentral distance. The same events as in Figure 5 are
used

Figure 7 is a ‘dominant-frequency-distance’ dependence for the same events shown in Figure 5. Evidently,
if the dependence of f, on magnitude is its latent dependence on distance one should find its better correlation
with distance. However, Figure 7 does not show any correlation up to the distances of approximately 40 km.
In Figure 7 the larger magnitude events are marked by a larger symbol size. The farthermost events are not
associated with the lowest frequencies. On the contrary, small-magnitude events are shifted to the top and
large-magnitude ones to the bottom of the plot. The overall correlation coefficient is —0-52 versus —0-79 in
Figure 5. An apparent fall-off of the frequency at the distances greater than 40 km is most probably caused by
the scarcity of low-magnitude data recorded in this range.

Figure 7 demonstrates no effect of attenuation on the dominant frequency in the hypocentral distances
range available from our data set. This result must be consistent with the theoretical estimate of the
attenuation-induced shift in the dominant frequency, based on the observed dissipative properties of the
earth’s crust. Such an estimate is given in the next section.

We also check the effect of local acceleration on the dominant frequency of ground motion. Dominant
frequencies of 1407 individual records of 57 SMARTI1 events are plotted as a function of their peak
acceleration in Figure 8. Larger circles correspond to the records of the rock site station E-02. The overall
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Figure 9. Dependence of the average dominant frequency of ground motion on the focal depth of earthquakes. The same events as in
Figure 5 are used

correlation coefficient is —0-26. There is no visible correlation between the frequency and PGA level in the
acceleration range between 0 and approximately 50 cm/sec?. Again, the apparent decrease of f;, for higher
accelerations may be caused by a lack of data in this range. This result evinces that the values of peak
acceleration do not affect the formation of the dominant frequency. There is also no systematic difference
between the rock and soft alluvial sites.

Finally, we check the influence of the focal depth on the dominant frequency. We demonstrated earlier that
the correlation of the dominant frequency with magnitude was better for deeper earthquakes than for the
shallow ones. It may be suggestive of the general relationship between frequency and depth. However, it is
not so. Figure 9 gives the plot of f;, as a function of focal depth. The correlation coefficient has a trifling value
of —0-15.

THEORETICAL CALCULATION OF THE EFFECT OF ATTENUATION ON DOMINANT
FREQUENCY

Figure 7 demonstrated unimportance of the effect of distance, and then attenuation, on the dominant
frequency relative to the magnitude effect in the hypocentral distances range considered. The more accurate
assertion about the extent of the effect of distance can be done using a quantitative approach.
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The path effect in Figure 5 can be manifested in the shift of the dominant frequency to the lower values for
the events that have larger hypocentral distance relative to the events that have the same magnitude and are
closer to the array. Generally speaking, this effect may cause observed scattering of the data around the
regression line. A reasonably accurate estimate of such a shift for a given propagation distance can be done as
follows.

Let us approximate the source spectrum near its maximum by a ‘bell-shaped’ curve

S(w) = e~ l@-wo)aP

where wp i1s the frequency of the maximum, ¢ characterizes the spectrum width and peak amplitude is
assumed to be unity. In the presence of attenuation, the spectrum at distance L is

S(w, L) = ¢ o~ wp)ol?s-al@)L Q@)

where x(w) is the attenuation coefficient. The frequency of the maximum in equation (2) will shift compared
with wyp. To calculate the new frequency, we take a derivative of equation (2) with respect to w and equate it
to zero

Si(o, L) = —S(w, L) [2 <"’ ;f"’) + oc’(w)L] =0

This gives an equation to determine a new frequency of the maximum

2 (“’ ;2‘”") +#(@)L=0 @)
Now it is convenient to work in terms of a quality factor @ and frequency f. We use the definition of Q from
w
a(w) = ——
©= 0w

where c is a wave velocity. Equation (3) becomes

~ Lo? _fQ’(f)] _
-5+ | e h ] @
Let us assume Q in the form

2(f)=QoS" (5)

where Q, and n are constants. After substituting equation (5) into equation (4), we obtain a final form of the
equation for a new frequency of the maximum

(1 — n)o’L
(f=Jfo)+ W

By solving the algebraic equation (6) numerically, we can estimate the deviation of the dominant frequency
from its initial value f;, caused by the frequency-dependent Q in Northern Taiwan. Observed dependencies
0(f) = Qo f" valid up to the frequency of 10 Hz are summarized by Wang.?! In calculations we use
fo =8Hz, 0 =5Hz, L = 160 km. We take a value of ¢ = 3600 m/sec characteristic of the average shear wave
velocity in the depth interval 0-80 km given by the one-dimensional crust model beneath Taiwan.?? The
maximum shift fyew — fo = —0-04 Hz is given by the dependence Q = 117f %77 that is the coda Q from
Reference 23. This value is small compared with the standard deviation of the data points in Figure 5. Thus,
the theoretical change in the dominant frequency due to the path effect is in accordance with the observed
data. They show no effect of attenuation on the dominant frequency.

=0 (©)

DISCUSSION

We have studied the dependence of the dominant frequency of strong seismic motion on the factors
characterizing source, path and site effect contribution such as local magnitude, propagation distance, focal
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depth and peak acceleration. The importance of this study is connected with the fact that the dominant
frequency is a major factor determining the degree of spatial variance of ground motion.

An analysis of the records of 148 events of SMART1 and SMART?2 dense arrays (a total of 1965 individual
records) showed the overwhelming effect of source magnitude on the formation of the dominant frequency.
The correlation coefficient characterizing the dependence of the dominant frequency averaged over many
stations on local magnitude is —0-79. It decreases to a negative value of — 0-85 for the events with a depth of
more than 10 km. Despite many authors indicating that such an effect may be a hidden form of the
dominant-frequency dependence on the propagation distance, we did not observe such an artifact in our
data. There are two arguments for it. First, the correlation coefficient of the frequency—distance dependence is
only —0-52. Second, theoretically estimated shift of the dominant frequency due to the influence of
attenuation along the propagation path has a negligibly small value. Therefore, we conclude that the source
effect prevails over the path effect in the formation of the dominant frequency of seismic waves. This is true at
least for the hypocentral distances of up to 170 km considered in this analysis and in the geological setting of
Northern Taiwan. However, we deem that this effect has a more global character.

A remarkable feature shown in Figure 5 is that the frequency values calculated from SMARTI! and
SMART?2 arrays, which are characterized by different soil conditions, do not exhibit any systematic deviation
from each other. This indicates that possible differences created by dissimilar soil characteristics are much
less than the effect produced by the difference in magnitudes, so that these data can be combined together in
the derivation of the empirical formula (1).

Our analysis also showed that there is no visible effect of the local acceleration amplitude on the formation
of dominant frequency. This can suggest that the ground non-linearity does not affect substantially the
formation of acceleration spectra, at least their dominant frequency, or this influence is suppressed by the
source effect.

Chin and Aki® and Yu et al.** argue that the reduction of variance in peak acceleration with increasing
magnitude of earthquake is probably explained by the site non-linearity. However, we show that this is
caused by the decrease in the dominant frequency with magnitude, i.e. the source, not site, effect. However,
non-linearity can also play a certain role. Namely, recent experimental and theoretical investigations show
that it can reduce the soil amplification factor.®2*~27 This can be considered as another mechanism
controlling spatial variation which is a true site effect. It probably is of minor importance compared with the
effect of the dominant frequency, but its contribution may become significant in the high-acceleration range.

The mechanism of the reduction in the dominant frequency of earthquakes with increasing magnitude is
not clear enough. Increase of the magnitude may be accompanied by the growth of the source area that
causes the reduction in dominant frequency. On the other hand, it can also be caused by the non-linear elastic
wave effects in the source itself. For instance, numerical simulation of the non-linear wave equation near the
source?® shows that non-linearity creates the energy at zero and near-to-zero frequencies. This effect becomes
stronger with increasing wave amplitude. Experimental verification of this phenomenon is worthy of special
investigation.
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