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Evaluation of Models for Earthquake Source Spectra 

in Eastern North America 

by Gail M. Atkinson and David M. Boore 

Abstract There have been several relations proposed in the last few years to 
describe the amplitudes of ground motion in eastern North America (ENA). These 
relations differ significantly in their assumptions concerning the amplitude and shape 
of the spectrum of energy radiated from the earthquake source. In this article, we 
compare ground motions predicted for these source models against the sparse ENA 
ground-motion database. The source models evaluated include the two-comer models 
of Boatwright and Choy (1992), Atkinson (1993a), Haddon (1996), and Joyner 
(1997a,b), and the one-comer model of Brune [as independently implemented by 
Frankel et al. (1996) and by Toro et al. (1997)]. The database includes data from 
ENA mainshocks of M > 4 and historical ENA earthquakes of M > 5.5, for a total 
of 110 records from 11 events of 4 _-__ M _-__ 7.3, all recorded on rock. We also include 
24 available rock records from 4 large earthquakes in other intraplate regions; con- 
clusions are checked to determine whether they are sensitive to the addition of these 
non-ENA data. 

The Atkinson source model, as implemented in the ground-motion relations of 
Atkinson and Boore (1995), is the only model that provides unbiased ground-motion 
predictions over the entire period band of interest, from 0.1 to 10 sec. The source 
models of Frankel et al. (1996), Toro et aL (1997), and Joyner (1997a,b) all provide 
unbiased ground-motion estimates in the period range from 0.1 to 0.5 sec but over- 
estimate motions at periods of 1 to 10 sec. The Haddon (1996) source model over- 
predicts motions at all periods, by factors of 2 to 10. These conclusions do not change 
significantly if data from non-ENA intraplate regions are excluded, although the ten- 
dency of all models toward overprediction of long-period amplitudes becomes more 
pronounced. 

The tendency of most proposed ENA source models to overestimate long-period 
motions is further confirmed by an evaluation of the relationship between Ms, a 

measure of the spectrum at 20-sec period, and moment magnitude. A worldwide 
catalog of shallow continental earthquakes (Triep and Sykes, 1996) is compared to 
the M s - M  relations implied by each of the source models. The Atldnson source 
model is consistent with these data, while other proposed ENA models overpredict 
the average Ms for a given M. 

The implications of MMI data from historical earthquakes are also addressed, by 
exploiting the correlation between felt area and high-frequency source spectral level. 
High-frequency spectral amplitudes, as specified by the Atkinson and Boore (1995), 
Frankel et al. (1996), Toro et aL (1997), and Joyner (1997a,b) source models, equal 
or exceed the levels inferred from the felt areas of most of the large ENA events, 
with the noteable exception of the Saguenay earthquake. By contrast, high-frequency 
spectral amplitudes specified by the Haddon (1996) source model agree with the felt 
area of the Saguenay earthquake but overpredict the felt areas of nearly all other 
large events. In general, models that fit the Saguenay data--be it intensity data, 
strong-ground-motion data, regional seismographic data, or teleseismic data--will  
not fit the data from the remaining earthquakes. 

A source model derived from the California database, suitably modified for re- 
gional differences in crustal properties, is also evaluated. This model is not signifi- 
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cantly different f rom the Atkinson model  for  ENA. There is an important practical 
application of  this similarity, which we develop as an engineering tool: Empirical 
ground-motion relations for California may be modified to predict ENA ground mo- 
tions from future large earthquakes. 

Introduction 

The prediction of ground-motion amplitudes for future 
earthquakes, as a function of magnitude and distance, is an 
important problem in earthquake engineering. It has been 
established that ground-motion amplitudes at distances rang- 
ing from several kilometers to several hundreds of kilome- 
ters can be estimated accurately on average, if the underlying 
earthquake source spectrum is known. Ground motions can 
be modeled, with comparable accuracy, using stochastic 
modeling techniques, ray theory, or some combination of 
the two; examples for eastern North America (ENA) are pro- 
vided by Ou and Herrmann (1990), EPRI (1993), Atkinson 
and Somerville (1994), Atkinson and Boore (1995, 1997), 
and Toro et  al. (1997). The techniques differ in the way in 
which the propagation of motions through the Earth' s crust 
is modeled, but all will predict similar motions for the ENA 
crustal structure, given the same source description. Thus, 
the accurate specification of the earthquake source spectrum 
for future earthquakes is a critical issue for the development 
of reliable ground-motion relations for ENA. It is also the 
most controversial issue at present. Alternative ENA ground- 
motion relations are similar to each other in their assump- 
tions regarding the attenuation of ground-motion amplitudes 
with distance but differ greatly in the assumed near-source 
amplitude levels and their frequency dependence, for a given 
moment magnitude. 

The reason that the development of ground-motion re- 
lations in ENA has remained controversial is that strong- 
ground-motion data are too sparse to allow ground-motion 
relations to be derived directly from empirical data, neces- 
sitating considerable reliance on models of ground-motion 
processes. This is an important distinction between ENA and 
California. In California, strictly empirical approaches are 
routinely employed to develop ground-motion relations for 
engineering applications [see Abrahamson and Shedlock 
(1997) and references therein]. Questions concerning the un- 
derlying shape of the source spectrum and its scaling with 
earthquake magnitude thus have limited consequences for 
earthquake engineering, in the California case. For ENA, by 
contrast, these issues have significant engineering implica- 
tions. 

The general approach to the ENA ground-motion prob- 
lem, given the lack of strong-motion data, is summarized as 
follows: 

"Because of the lack of high-quality data for large 
earthquakes in ENA, reliable estimates of strong ground 
motions for future large earthquakes in the region must 

necessarily be based either on empirical S-wave data 
from large earthquakes in other, analogous regions or 
on theoretical extrapolations, based on reliable interpre- 
tation of empirical data from small and moderate earth- 
quakes that have previously occurred in the region" 
(Haddon, 1996). 

Recent ENA ground-motion studies have applied one or 
both of these general approaches to ENA ground-motion 
modeling, with results differing most significantly with re- 
spect to the source spectrum (e.g., Boore and Atkinson, 
1987; Toro and McGuire, 1987; Boatwright and Choy, 1992; 
EPRI, 1993; Atkinson and Boore, 1995, 1997; Frankel et  al., 

1996; Haddon, 1996; Toro et al., 1997; Joyner, 1997a,b). 
In this article, we critically examine the implications, 

for ground-motion prediction, of the following proposed 
source spectral models for ENA: 

• the single-corner-frequency Brune (1970, 1971) model, as 
independently implemented in the ENA ground-motion re- 
lations by Frankel et al. (1996) and by Toro et al. (1997; 
originally published as EPRI, 1993); 

• the empirical model of Boatwright and Choy (1992), as 
determined from analysis of teleseismic signals of intra- 
plate earthquakes; 

• the empirical model of Atkinson (1993a), as implemented 
in the ENA ground-motion relations of Atkinson and Boore 
(1995, 1997); 

• the theoretical model of Haddon (1996); and 
• the empirical model of Joyner (1997a,b). 

For comparison purposes, we also evaluate the appli- 
cability of an empirical model derived from the larger Cali- 
fornia database (Atkinson and Silva, 1997), with appropriate 
modifications for regional crustal differences. Finally, we 
discuss the source model implied for ENA by the SSHAC 
(1996) process; the underlying source spectrum is not di- 
rectly specified for this model but can be inferred from the 
ground-motion amplitudes. 

Each of the source models is evaluated by using it to 
make ground-motion predictions for ENA, which are then 
compared to the ENA ground-motion database; comparisons 
are made for all magnitude-distance combinations for which 
there are observations. The goal is to determine whether the 
sparse ENA ground-motion database is sufficient to discrim- 
inate among the proposed source models. To simplify the 
comparisons, all predictions and observations are for hard- 
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rock sites; this is the most prevalent site condition for the 
database. 

ENA Ground-Motion Database 

The ground-motion database for moderate-to-large ENA 
earthquakes includes digital recordings from six main- 
shocks, and one foreshock, of moment magnitude (M) 4.0 
and larger. Aftershock data are not included because they 
appear to be characterized by lower high-frequency ground- 
motion amplitudes, for a given moment, than are mainshocks 
(Boore and Atkinson, 1989; Atkinson, 1993a). There are 
also about a dozen digitized records from historical ENA 
earthquakes (Atkinson and Chen, 1997). Finally, there are 
strong-motion data from four large events from other stable 
continental interiors that might be considered analogs for 
large ENA events (subsequently discussed). All seismo- 
graphic and strong-motion data used in this study were re- 
corded at hard-rock sites. Table 1 lists the instrumental data, 
and Figure 1 plots the magnitude-distance distribution. 

In addition, there are Modified Mercalli intensity (MMI) 
data from several large historical events. Table 2 lists the 
MMI data and provides key letters for the events that also 
have instrumental data, to aid in identifying them on the data 
plots. 

Modern Ground-Motion Data 

The modern ENA ground-motion database, extracted 
from Atldnson and Boore (1995), is comprised of data re- 
corded on rock sites within southeastern Canada and the 
northeastern United States, with a notable exception. The 
exception is the M 6.8 Nahanni earthquake of 1985, which 
occurred in the Northwest Territories, near the western edge 
of the Canadian shield (also recorded on hard rock). An anal- 
ysis of the Nahanni earthquakes by the Geological Survey 
of Canada (Wetmiller et al., 1988) concluded that "The 
thrust mechanisms, regional stress regime, shallow focal 
depth, and high-velocity sedimentary rocks in the focal re- 
gion suggest that the Nahanni earthquakes and particularly 
the near-field strong ground-motion recorded for the second 
event are ideal engineering design data for critical facilities 
in eastern North America." Thus, although the Nahanni data 
do not fall strictly within ENA, they fall within the category 
of "empirical S-wave data from large earthquakes in other, 
analogous regions" as stated earlier. We have, to date, con- 
sistently included the Nahanni earthquake as an ENA event 
in our ground-motion studies. 

Not everyone agrees with our classification of the Na- 
hanni earthquake as an ENA event. It can be argued that if 
Nahanni is to be included in the ENA database, then we 
should also include available rock records from other large 
intraplate earthquakes (A. Johnston, personal comm., 1998). 
To address this controversy, we have added rock records 
from the 1976 Gazli, USSR (M = 6.8), 1978 Tabas, Iran (M 
= 7.4), and 1991 Georgia, USSR (M = 6.2), earthquakes 
to our database. The advantage of adding these data is that 

they improve the magnitude-distance distribution of the 
database significantly at large magnitudes. The disadvantage 
is that there is some uncertainty as to whether these events 
are truly analogous to ENA earthquakes: There may be sig- 
nificant differences, either in the source spectra or in the 
amplification through the crustal velocity gradient. To ac- 
commodate this uncertainty, we will explore the implica- 
tions of two approaches. One approach is based on the prem- 
ise that all analogous events should be included; the other 
excludes all "questionable" (e.g., non-ENA) events. Be- 
cause the classification of Nahanni as an ENA event is con- 
troversial, we group it with the analogous continental earth- 
quakes (e.g., Gazli, Tabas, Georgia, and Nahanni) for the 
purpose of this exercise. 

The ground-motion database, as listed in Table 1, in- 
cludes digital ground-motion recordings from regional seis- 
mographs and digitized strong-motion records. For seismo- 
graphic stations recording only the vertical component of 
ground motion, a conversion to a single equivalent horizon- 
tal component was made, using the empirical relation deter- 
mined by Atkinson (1993b) for eastern hard-rock sites. The 
assumed H/V ratio is near unity at 1 Hz, then increases with 
frequency to a value of 1.4 for frequencies above 5 Hz. For 
stations recording horizontal component data, both horizon- 
tal components are included. 

Historical Instrumental Data 

The database includes digitized recordings from several 
large historical ENA earthquakes, extracted from Atkinson 
and Chen (1997). The events are the 1925 Charlevoix earth- 
quake of M 6.4, the 1929 Grand Banks earthquake of M 7.3, 
the 1935 Timiskaming earthquake of M 6.2, and the 1944 
Cornwall-Massena earthquake of M 5.8 (moment magni- 
tudes according to Johnston, 1996). It has been demonstrated 
that the digitized records can recover spectral amplitudes 
with reasonable reliability (i.e., to within about 20%) in the 
period range from 0.5 to 20 sec (Atldnson and Chen, 1997). 
Because a lightly damped single-degree-of-freedom oscil- 
lator responds primarily to periods near its natural period, 
the digitized records can be used to compute response spec- 
tra at periods from about 0.5 to 10 sec. These response spec- 
tra, for both horizontal- and vertical-component data, are 
included in Table 1. Vertical-component data are converted 
to a single horizontal component as described in the previous 
section; for frequencies less than 1 Hz, the H/V ratio is as- 
sumed to be unity. 

Intensity Data 

The other important body of ground-motion observa- 
tions for ENA are the MMI data from large historical earth- 
quakes. For most of the damaging ENA earthquakes this cen- 
tury, these data are our only source of information on the 
levels of high-frequency ground motion (because the digi- 
tized historical seismograms cannot recover frequencies 
above 2 Hz). The relationship between MMI data and spec- 
tral source parameters in ENA has been investigated by 
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Table 1 
E N A  M a i n s h o c k  D a t a  o n  H a r d - R o c k  S i t e s  

H/V 

Moment hypoR 
M (km) 

1.48 1.36 1.22 1.13 1.00 

5% damped PSA (era/s**2) for Period (see) = 

1.00 1.00 

o.1 0.2 0.5 1 2 5 lO Event 

6 .4  960  

6 .4  862  

7.3 1459 

7.3  2 1 9 9  

7.3 2 1 9 9  

6.2  616  

6.2  616  

6 .2  428  

6.2  869  

6.2  1430 

6.2  861 

6 .2  783  

6 .2  783  

5.8 389  

5.8 1007 

5.8 698  

5.8 599  

5.8  599  

*6.8  14 

*6.8 14 

*7.4  17 

*7 .4  17 

" 7 . 4  115 

*7 .4  115 

4.3 275 

4.3  324  

4.3  389  

4.3  537 

4.3  724  

4.3  1175 

5.0  143 

5.0  180 

5.0  199 

5.0  246  

5 .0  257  

5 .0  309  

5.0  324  

5.0 339  

5.0  501 

5.0  562  

5.0  603 

5.0  617 

5 .0  692  

5.0  741 

5.0  776  

5.0  832  

*6.8  8 

*6.8 8 

*6.8  10 

*6.8 10 

*6.8 23 

*6.8  23 

4 .5  794  

4.5 832  

4.5 884 

4.5  891 

4.5 959  

4.8  21 

4 .8  21 

4 .8  525 

4.8  589  

1,7E + 03  

1 ,4E + 03 

6 . 8 E  + 02  

7 ,5E  + 02  

1.6E + 02  

1.8E + 02  

1.3E + 00  

3 .2E - 01 

7 .7E  - 01 

1 .8E - 01 

4 . 2 E  - 02  

5 . 8 E  - 03 

9 . 1 E  + 00  

5 .9E  + 00  

6 .0E  + 00  

3 .1E + 00  

4 . 7 E  + 00  

1.1E + 00  

2 .1E  + 00  

1 .9E + 00  

4 .5E  - 01 

3 .4E  - 01 

4 . 0 E  - 01 

1.BE - 01 

1.BE - 01 

1.5E - 01 

1.3E - 01 

1.4E - 01 

2 .5E  + 03 

2 . 7 E  + 03 

5 .6E  + 02  

6 .5E  + 02  

3 .1E + 02  

2 .8E + 02  

5 .2E  - 02  

5 .8E  - 02  

4 . 7 E  - 02  

4 .1E  - 02  

3 .2E  - 02  

2 .4E  + 02  

2 .3E + 02  

3 .7E  - 01 

4 . 9 E  - 01 

1 .2E + O3 

1.2E + 03 

6 .1E  + 02  

9 .6E  + 02  

2 .6E  + 02  

2 .4E  + 02  

6 . 8 E  - 01 

2 .7E  - 01 

6 .0E  - 01 

2 . 1 E  - 01 

6 .8E  - 02  

9 .6E  - 03 

5 .0E  + 00  

7 . 2 E  + 00  

3 .5E  + 00  

4 . 0 E  + 00  

7 . 5 E  + 00  

1 .4E + 00  

2 .8E  + 00  

1.5E + 00  

9 .3E  - 01 

7 .7E  - 01 

6 . 1 E  - 01 

2 .9E  - 01 

2 . 7 E  - 01 

3 .2E  - 01 

1 .9E - 01 

1.9E - 01 

2 .8E  + 03 

2 .2E  + 03 

5 .3E  + 02  

4 . 1 E  + 02  

1 .6E + 02  

1.8E + 02  

8 .4E  - 02  

1.1E - 01 

4 . 5 E  - 02  

5 .3E  - 02  

5 . 3 E  - 02  

7 . 7 E  + 01 

1.1E + 02  

7 . 3 E  - 01 

7 . 5 E  - 01 

1.1E + 01 7 . 1 E  + 00  1.7E + 00  

5 .5E  - 01 2 .5E  - 01 7 . 9 E  - 02  

1.3E + 00  4 . 4 E  - 01 

9 .6E  - 01 2 . 8 E  - 01 

1.6E + 00  5 .5E  - 01 

1 .3E + 00  7 .4E  - 01 4 . 8 E  - 01 

3 .8E  - 01 1 .7E - 01 7 . 7 E  - 02  

3 .4E  - 01 5 .9E  - 02  

2 .5E  - 01 1 .1E - 01 5 .2E  - 02  

5 . 8 E  - 02  2 . 8 E  - 02  2 .1E  - 02  

1.6E + 00  1.7E + 00  8 .5E  - 01 

1.1E + 00  1.1E + 00  3 .9E  - 01 

1 .3E + 00  8 .0E - 01 5 . 1 E  - 01 

1 .2E + 00  2 . 6 E  - 01 

5 .0E  - 01 1 .3E - 01 

1.3E + 00  2 .6E  - 01 

2 . 0 E  - 01 2 .1E - 01 9 .1E  - 02  

1 .6E - 01 1.3E - 01 4 . 8 E  - 02  

9 . 3 E  + 02  6 .8E  + 02  

1.0E + 03 4 .1E  + 02  

6 . 9 E  + 02  2 . 7 E  + 02 1.5E + 02  

4 . 4 E  + 02  2 .4E  + 02  7 . 3 E  + 01 

1.4E + 02  4 . 1 E  + 01 1 .4E + 01 

1.6E + 02  5 .8E + 01 1.6E + 01 

1 .5E - 01 3 .5E  - 02  

1 .0E - 01 4 . 4 E  - 02  

2 .2E  - 01 2 .4E  - 0 2  

9 . 7 E  - 02  1 .8E - 02  

4 . 2 E  - 02  1.1E - 02  

1.0E - 02  7 .0E  - 03 

1.8E + 00  3 .9E  - 01 

1 .6E + 00  5 . 1 E  - 01 

2 .1E  + 00  6 .1E  - 01 

2 .6E  + 00  9 .4E  - 01 

2 .5E  + 00  5 .0E  - 01 

1 .3E + 00  7 .9E  - 01 

9 . 0 E  - 01 2 .2E  - 01 

1 .9E + 00  2 . 4 E  - 01 

6 .4E  - 01 2 .6E  - 01 

8 .8E - 01 2 . 0 E  - 01 

7 . 3 E  - 01 1 .8E - 01 

5 .0E  - 01 2 .4E  - 01 

3 . 5 E  - 01 2 .0E  - 01 

2 . 9 E  - 01 1.2E - 01 

2 . 2 E  - 01 1.7E - 01 

3 . 7 E  - 01 2 .2E - 01 

7 . 2 E  + 02  4 . 2 E  + 02  9 .0E  + 01 

8 .2E + 02  4 .8E  + 02  1.6E + 02  

7 . 6 E  ÷ 02  2 .8E  + 02  1.1E + 02  

6 .7E  + 02  1.3E + 02  7 .8E  + 01 

4 . 0 E  + 01 2 .3E + 01 1.1E + 01 

5 .8E  + 01 3 .5E  + 01 2 . 9 E  + 01 

9 . 5 E  - 02  3 .0E - 02  

1.3E - 01 3 .4E  - 02  

1 .0E - 01 4 . 6 E  - 02 

7 . 9 E  - 02  3 .0E  - 02  

7 .5E  - 02  2 .7E  - 02  

1 .9E + 01 5 .8E + 00  

4 . 1 E  + 01 9 .7E  + 00  

5 . 4 E  - 01 2 .9E  - 01 

6 . 0 E  - 01 1.8E - 01 

3 .7E  - 01 

2 .1E  - 02  

2 .4E  - 01 

8 .5E - 02  

1.8E - 01 

1 .8E - 01 

5 .2E  - 02  

5 .5E  - 03 

1 .8E - 02  

6 .6E  - 03 

2 . 9 E  - 01 

1 .8E - 01 

3 .0E  - 01 

3 .2E - 02  

3 .0E - 02  

1.9E - 02  

2 .0E  - 02  

2 .6E  - 02  

2 .6E  + 01 

2 .0E  + 01 

7 . 8 E  + 00  

1.9E + 01 

9 .4E  - 02  

9 . 4 E  - 03 

1 .4E - 01 

2 .0E  - 02  

1 .8E - 03 

5 .8E  - 03 

9 .3E  - 03 

9 .6E  - 02  

7 . 4 E  - 03 

4 . 1 E  - 03 

2 .4E  - 03 

4 . 3 E  - 03 

6 .4E - 03 

5 .1E + 00  

9 .8E  + 00  

25/03/01 che  

25/03/01 fo r  

29 /11/18  for  

29 /11/18  a a m  

29/11/18  a a m  

35/11/01 a a m  

35/11/01 a a m  

35/11/01 b u f  

35/11/01 chi  

35/11/01 c sc  

35/11/01 p h i  

35/11/01 w e s  

35/11/01 w e s  

44 /09/05  b u f  

44 /09/05  cin  

44 /09/05  g e o  

44/09/05  phi  

44 /09/05  phi  

76 /05/17  k a r a  

76 /05 /17  k a r a  

78 /09 /16  d a y h  

78 /09 /16  d a y h  

78 /09 /16  f e rd  

78 /09 /16  f e rd  

82/01/19 M N T  

82/01/19 GNT 

82/01119 OTT 

82/01/19  CKO 

82/01/19 VDQ 

82/01/19  MNQ 

83/10/07 W B O  

83/10/07 MNT 

83/10/07 OTT 

83/10/07 SBQ 

83/10/07 TRQ 

83/10/07 GNT 

83/10/07 GRQ 

83/10/07 CKO 

83/10/07 LPQ 

83/10/07 VDQ 

83/10/07 GGN 

83/10/07 EBN 

83/10/07 KLN 

83/10/07 HTQ 

83/10/07 GSQ 

83/10/07 MNQ 

85/12/23 S01 

85/12/23 S01 

85/12/23 S02  

85/12/23 S02  

85/12/23 S03  

85/12/23 S03 

86/07/12  EEO 

86/07/12  CKO 

86/07/12  OTI" 

86/07/12 WBO 

86/07/12  GRQ 

86/01/31 pe r  

86/01/31 per  

86/01/31 SUO 

86/01/31 EEO 

(continued) 
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H/V 1.48 1.36 1.22 1.13 1.00 

Moment hypoR 5% damped PSA (era/s**2) for Period (sec) = 

M (km) 0.1 0.2 0.5 1 2 

1.00 1.00 

Event 

4.8 603 4.4E - 01 6.3E - 01 3.6E - 01 1.2E - 01 

4.8 741 1.3E - 01 1.7E - 01 1.7E - 01 1.2E - 01 

4.8 776 2.8E - 01 2.7E - 01 1.2E - 01 

4.8 851 9.1E - 02 1.4E - 01 1.5E - 01 1.3E - 01 

4.8 871 8.2E - 02 1.4E - 01 1.2E - 01 1.1E - 01 

4.2 100 3.9E + 00 1.9E + 00 2.3E - 01 9.7E - 02 

4,2 100 4.2E + 00 1.7E + 00 1.8E - 01 9.5E - 02 

4.2 128 3.2E + 00 1.7E + 00 2.1E - 01 1.2E - 01 

4.2 202 3.7E + 00 1.7E + 00 5.8E - 01 6.3E - 02 

4.2 232 5.2E - 01 3.3E - 01 1.1E - 01 5.7E - 02 

4.2 315 1.9E - 01 1.5E - 01 1.2E - 01 5.5E - 02 

4.2 347 6.9E - 01 6.2E - 01 1.3E - 01 2.9E - 02 

4.2 390 6.9E - 01 1.6E ÷ 00 3.2E - 01 3.8E - 02 

4.2 460 3.8E - 01 5.3E - 01 2.4E - 01 3.9E - 02 

4.2 468 2.8E - 01 3.7E - 01 1.6E - 01 3.1E - 02 

4.2 474 9.1E - 02 9.3E - 02 5.0E - 02 2.9E - 02 

5.8 118 3.3E + 02 1.9E + 02 5.0E + 01 4.5E + 00 1.7E + 00 

5.8 118 2.5E + 02 1.7E + 02 3.0E + 01 5.0E + 00 1.8E + 00 

5.8 151 1.3E + 02 9.1E + 01 2.0E + 01 1.5E + 01 3.4E + 00 

5.8 151 1.1E + 02 1.3E + 02 3.5E + 01 1.8E + 01 2.3E + 00 

5.8 112 3.3E + 01 2.1E + 01 3.6E + 00 2.4E + 00 

5.8 98 2.5E + 02 2.5E + 02 1.3E + 02 3 . lE  + 01 6.0E + 00 

5.8 98 1.0E + 02 9.7E + 01 3.4E + 01 1.2E + 01 2.5E + 00 

5.8 126 7.5E + 01 9.7E + 01 5.0E + 01 2.6E + 01 6.0E + 00 

5.8 126 1.3E + 02 1.8E + 02 6.5E + 01 1.8E + 01 3.5E + 00 

5.8 118 1.1E + 02 9.4E + 01 2.8E + 01 2.5E + 01 5.3E + 00 

5.8 118 1.5E + 02 9.4E + 01 8.8E + 01 2.5E + 01 4.4E + 00 

5.8 178 3.1E + 01 5.7E + 01 2.0E + 01 3.3E + 00 1.2E + 00 

5.8 178 2.7E ÷ 01 4.1E + 01 1.6E + 01 8.8E + 00 2.4E + 00 

5,8 5 l  1.8E + 02 1.0E + 02 1.8E + 01 5.0E + 00 

5,8 51 2.6E + 02 1.4E + 02 4.9E + 01 8.8E + 00 

5,8 7 l  1.5E + 02 1.2E + 02 2.8E + 01 4.1E + 00 

5,8 7 l  1.9E + 02 1.0E + 02 1.4E + 01 3.8E + 00 

5.8 96 2.5E + 02 2.2E ÷ 02 6.5E + 01 1.BE + 01 4.4E + 00 

5.8 96 1.9E + 02 9.7E + 01 5.7E + 01 1.6E + 01 2.6E + 00 

5.8 314 8.2E + 00 1.2E + 01 9.1E + 00 2.9E + 00 

5.8 333 1.3E + 01 1.6E + 01 6.4E + 00 2.9E + 00 

5.8 389 4.9E + 00 6.3E + 00 6.5E + 00 1.8E + 00 

5.8 391 8.2E + 00 9.7E + 00 6.6E + 00 1.6E + 00 

5.8 468 7.8E + 00 8.4E + 00 7.1E + 00 1.3E + 00 

5.8 472 3.7E + 00 7.6E 4- 00 4.3E + 00 3.3E + 00 

5.8 537 3.8E + 00 4.0E + 00 2.6E + 00 1.4E + 00 

5.8 550 2.0E + 00 1.4E + 00 1.5E + 00 1.3E + 00 

5.8 708 3.8E + 00 3.0E ÷ 00 1.9E + 00 7.0E - 01 

4.5 27 5.9E + 01 2.7E + 01 2.2E + 00 8.0E - 01 

4.5 87 1.7E + 01 9.6E + 00 8.5E - 01 1.9E - 01 

4.5 170 4.7E + 00 2.5E + 00 9.5E - 01 2.2E - 01 

4.5 123 5.5E + 00 4.0E + 00 2.0E + 00 2.7E - 01 

4.5 191 7.6E + 00 2.8E + 00 5.0E - 01 3.9E - 01 

4.5 219 9.5E + 00 6.1E + 00 1.8E + 00 6.2E - 01 

4.5 407 9.6E - 01 1.6E + 00 4.2E - 01 1.1E - 01 

4.5 407 8.9E - 01 1.2E + 00 3.7E - 01 6.1E - 02 

4.5 417 3.7E - 01 6.6E - 01 2.1E - 01 1.6E - 01 

4.5 417 6.2E - 01 6.8E - 01 3.6E - 01 1.1E - 01 

4.5 437 4.2E - 01 7.1E - 01 4.0E - 01 9.2E - 02 

4.5 437 5.0E - 01 6.4E - 01 2.7E - 01 8.3E - 02 

4.5 437 6,6E - 01 1.0E + 00 3.4E - 01 1.4E - 01 

4.5 437 7,1E - 01 6.9E - 01 2.8E - 01 5.5E - 02 

4.5 457 4.9E - 01 6.6E - 01 3.1E - 01 7.7E - 02 

4.5 457 5.4E - 01 5.7E - 01 2.3E - 01 5.2E - 02 

4.5 468 7.7E - 01 1.8E + 00 1.5E + 00 1.0E + 00 

*6.2 74 2.0E + 01 3.4E + 01 3.3E + 01 2.1E + 01 9.1E + 00 

*6.2 74 2.1E + 01 4.2E + 01 4.8E + 01 2.5E + 01 9.3E + 00 
1.2E + 00 

2.8E + 00 

86/01/31 OTr  

86/01/31 MNT 

86/01/31 VDQ 

86/01/31 SBQ 

86/01/31 GNT 

88/11/23 A61 

88/11/23 A61 

88/11/23 LPQ 

88/11/23 DPQ 

88/11/23 EBN 

88/11/23 GSQ 

88/11/23 MNT 

88/11/23 GRQ 

88/11/23 OTr  

88/11/23 WBO 

88/11/23 GGN 

88/11/25 S01 

88/11/25 S01 

88/11/25 S02 

88/11/25 S02 

88/11/25 S05 

88111/25 S08 

88/11/25 S08 

88/11/25 S09 

88/11/25 S09 

88/11/25 S10 

88/11/25 S10 

88/11/25 S14 

88/11/25 S14 

88/11/25 S16 

88/11/25 S16 

88/11/25 S17 

88/11/25 S17 

88/11/25 $20 

88/11/25 $20 

88/11/25 GSQ 

88/11/25 TRQ 

88/11/25 KLN 

88/11/25 GRQ 

88/11/25 WBO 

88/i 1/25 GGN 

88/11/25 CKO 

88/11/25 LMN 

88/I 1/25 JAQ 

90/10/19 GRQ 

90/10/19 TRQ 

90/10/19 WBO 

90/10/19 OTT 

90/10/19 MNT 

90/10/19 DPQ 

90/10/19 A54 

90/10/19 A54 

90/10/19 A11 

90/10/19 A11 

90/10/19 A16 

90/10/19 A16 

90/10/19 A61 

90/10/19 A61 

90/10/19 A64 

90/10/19 A64 

90/10/19 A21 

91/06/15 ambr 

91/06/15 ambr  

*Indicates a non-ENA intraplate event. 
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Figure 1. Distribution of ground-motion data (Ta- 
ble I) for rock sites by magnitude and distance. Open 
circles show ENA data. Filled circles show data from 
analogous mid-plate regions. 

Hanks and Johnston (1992), Atkinson (1993a), Bollinger et 
al. (1993), Frankel (1994), Atkinson and Hanks (1995), and 

Johnston (1996). Based on these studies, we can evaluate at 

least some of the intensity implications of proposed source 

spectral models for large events, as described later. The key 
parameter is the radius of the felt area of the earthquake; 

these data are given in Table 2. 

Source  Spectra l  Mode l s  

There have been several models of the source spectrum 

of acceleration proposed for ENA earthquakes of moderate- 

to-large magnitudes, as shown in Figure 2. The basis for each 
of the models is summarized later. These models should be 

considered as "apparent source spectra" or "effective 

source spectra," where apparent or effective refers to the 

fact that these representations are what we deduce from far- 

field observations. They are not physical models of source 

processes but phenomenological models of the effect that 
the source processes have on ground motions observed at 
sites on the Earth's surface, far removed from the source 

processes. 
To facilitate comparisons of source models, we have 

expressed them using common functional forms. The gen- 
eral form for the acceleration spectrum at near-source dis- 

tances is given by 

a ( f )  = C(2~zf) 2 MoS(f), (1) 

where Mo is seismic moment and S(f) is the displacement 
source spectrum. The constant C is given by C = 'RVFS/ 

Table 2 
ENA Earthquakes with Ground Motion or MMI Observations 

Key for Felt Radius 
Event Date M PSA Data (kin) 

Charlevoix 1925 03-01 6.4 C25 905 
Attica 1929 08-12 4.9 340 
Grand Banks 1929 11-18 7.2 GB29 1263 
Timiskaming 1935 11-01 6.2 T35 825 
Ossipee 1940 12-20 5.5 443 
Cornwall 1944 09-05 5.7 C44 509 
Gazli, USSR 1976 06-17 6.8 G76 
Tabas, Iran 1978 09-16 7.4 T78 
Miramichi 1982 01-09 5.5 404 
Gaza (NH) 1982 01-19 4.3 G82 
Goodnow 1983 10-07 5.0 G83 453 
Nahanni 1 1985 10-05 6.7 694 
Nahanni 2 1985 12-23 6.8 N85 694 
Painesville 1986 01-31 4.8 P86 332 
Ohio 1986 07-12 4.5 086 
Saguenay foreshock 1988 11-23 4.2 $88F 
Saguenay 1988 11-25 5.8 $88 1027 
Ungava 1989 12-25 5.9 503 
Mont Laufier 1990 10-19 4.5 ML90 453 
Georgia, USSR 1991 06-15 6.2 G91 

Notes: Events with a PSA key have response spectra data (in Table 1). 
Felt radii (where listed) are plotted in Figure 6. 
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Figure 2. Fourier spectrum of acceleration at R = 
1 kin, according to the source spectral models eval- 
uated in this article. The median of the source models 
underlying the TAS97 relations is very similar to the 
Fea96 model; it is not shown because they actually 
use a range of source model parameters. 
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(4zcRpfl3), where R is the radiation pattern (=  0.55 on av- 
erage for shear waves), V is a partition onto two horizontal 
components (=  1/,/2), FS is the free-surface amplification 
(=  2), R is distance from the source, and p and fl are the 
density and shear-wave velocity, respectively, in the vicinity 
of the source. 

The source spectra for each of the models evaluated in 
this study involve one or two corner frequencies (fa, fb) and 
a relative weighting parameter e, whose value lies between 
0 and 1 (where for e = 1, the two-corner model is identical 
to a single-corner Brune model). Table 3 provides the func- 
tional form of the spectra, S(f), for each of the models, Table 
4 provides the shape parameters (fa, fb, and e), and Table 5 

Table 3 
Shape of Source Spectra IS(f) = S~(f) * Sb(f)] 

M o d e l  Sa Sb 

lists the remaining parameters, including physical constants 
and attenuation and duration models. 

All models are implemented for hard-rock sites (near- 
surface shear-wave velocity > 2.5 km/sec). It is assumed 
that there is no significant amplification through the ENA 
crustal profile or due to near-surface rock weathering. Recent 
seismic refraction experiments for hard-rock sites in eastern 
Ontario and western Quebec (Beresnev and Atkinson, 1997) 
have confirmed the appropriateness of this assumption. Typ- 
ical near-surface shear-wave velocities are >2.5 km/sec; the 
implied amplification due to the velocity gradient from mid- 
crustal depths to the surface is negligible (Beresnev and At- 
kinson, 1997). 

We have evaluated the seven source models described 
in the following. 

B C 9 2  f < fa : 1 l 

f>= fo : f  J r  [1 + (f/fb)2] 112 

A B 9 5  1 - e e 1 
_ _  -}- _ _  

1 + (f/fa) 2 1 + Oe/fb) 2 

Fea96  1 1 

1 + (f/fa) 2 

1-I96 1 1 

[1 + (f/f~)8] I/g [ t  + (flfb)8] 1/8 

A B 9 8 - C a  1 - e e 1 

1 + ~]fa) 2 1 + (f[fb) 2 

J97 1 1 

I t  + (fifo)2] 3/4 [1 q- Oe/fb)2] 1/4 

Table 4 
Comer Frequencies and Moment Ratios 

Model log f~ log fo log e 

B C 9 2  M _--> 5.3:?  

3 .409 - 0 . 6 8 1 M  1.495 - 0 . 3 1 9 M  - -  

M < 5.3: 

2 .452  - 0 . 5 M  2 .452  - 0 . 5 M  - -  

A B 9 5  NI ~ 4.0:~ 

2.41 - 0 . 5 3 3 M  1.43 - 0 . 1 8 8 M  2.52 - 0 . 6 3 7 M  

M < 4.0: 

2 .678 - 0 . 5 M  2.678 - 0 . 5 M  0.0 

Fea96*  2.623 - 0 . 5 M  - -  

H 9 6  2.3 - 0 . 5 M  3.4  - 0 . 5 M  - -  

A B 9 8 - C a  M _-> 4.8:5; 

2.181 - 0 . 4 9 6 M  1.308 - 0 . 2 2 7 M  3.223 - 0 . 6 7 0 M  

M < 4.8: 

2 .617 - 0 . 5 M  2.617 - 0 . 5 M  0.0 
Fea96:  

J97  2 .312 - 0 . 5 M  3 .609  - 0 . 5 M  - -  

*This  is the  B r u n e  mode l ,  for  w h i c h  log  f0 = 1.341 + log  [fl(A~r) 1/3] - 

0 .5M,  wi th  fl = 3.6 k m / s e c  and A~r = 150 bars.  

? T h e  s p e c i f e d  m a g n i t u d e  co r re sponds  to the poin t  at w h i c h f ~  = fb- 

~The  specif ied m a g n i t u d e  co r r e sponds  to the  po in t  at w h i c h  e = 1.0. 

Boatwright and Choy Model 

Boatwright and Choy (1992) (BC92) derived an empir- 
ical model for the source spectra of large intraplate earth- 
quakes, based on analysis of teleseismic signals from a 
global database of such events. It was presented as an ENA 
source model, using the analogy principle referred to earlier. 
This model is characterized by two corner frequencies. We 

T a b l e  5 

M o d e l  P a r a m e t e r s  

• p, fl, V ,R,  FS: 
all bu t  Fea96:  2.8, 3.8, 0.71,  0.55,  2 .0 

Fea96:  2.8, 3.6, 0 .71,  0 .55,  2 .0  

• G e o m e t r i c a l  sp read ing  ( inc luding  factors  to insure  con t inu i ty  o f  

funct ion):  

r <  7 0 k m :  1/r 

7 0 k m = <  r < 1 3 0 k m :  1/70 

130 k m  N r : (1/70)(130/r) °'5 
• Q: 

all but  H96:  6 8 0 f  °'36 

H 9 6 : 1 3 5 0  

• Source  dura t ion  (a/fa , b/f,o): 
all but  Fea96:  a = 0.5, b = 0 .0  

Fea96:  a = 1.0, b = 0 .0  

• Pa th  durat ion:  

all bu t  Fea96:  

r <  10 k m  : 0 .0  

10 kin--< r < 7 0 k i n :  0 .16  ( r  - 10) 

70  k m  ----- r < 130 k m  : 9.6 - 0 .03 ( r  - 70)  

130km_--< r :  7 .8 + 0 .04  ( r  - 130) 

all r : 0 . 05 r  

• Site amplif icat ion:  1.0 

• Site d iminu t ion  p a r a m e t e r s  (fmax, /£) 
all bu t  Fea96:  50.0,  0 .0  

Fea96:  100.0, 0 .006  
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derived relationships for the source spectra, as given in 
Tables 3 and 4, based on the data presented in Boatwright 
and Choy's article; these data included tables of M, comer 
frequencies, and high-frequency spectral levels for a number 
of intraplate earthquakes. To find the parameters that best 
matched the spectra presented by Boatwright and Choy, we 
first converted their P-wave spectral levels to S-wave spec- 
tral levels using the relationships discussed in their article 
(including a comer frequency shift of 1.5 from S to P, for 
the high comer frequency, and their constant factors ac- 
counting for the ratio of P-to-S wave velocities). Least- 
squares regression was used to fit their high comer frequency 
as a function of M; their high-frequency spectral levels were 
also regressed against M, forcing constant-stress scaling as 
stipulated in their article. Finally, we solved for their low 
comer frequency, assuming the functional form for the 
source spectrum as given in Table 3, and expressed this as 
a function of M. We verified that the resulting equations 
provide an accurate description of the spectral levels of the 
events, as given in Table 3 of their article. 

Atkinson and Boore Relations 

The ground-motion relations of Atkinson and Boore 
(1995) (AB95) implement the proposed source model of At- 
kinson (1993a). This source model, like that of Boatwright 
and Choy, is an empirical model using two comer frequen- 
cies to describe the spectrum. The parameters listed in Ta- 
bles 3 to 5 are those adopted by Atkinson and Boore (1995). 
The Atldnson (1993a) model converges with the Brune 
model, as implemented by EPRI (1993), Toro et al. (1997), 
and Frankel et al. (1996), for M = 4.0. For larger magni- 
tudes, the Atkinson source spectrum features much lower 
amplitudes at intermediate-to-low frequencies, relative to 
those implied by a Brune model. 

Frankel et aL Relations 

The Frankel et al. (1996) (Fea96) source model is a 
single-corner-frequency, co 2 spectrum with a 150-bar stress 
parameter [e.g., a Brune (1970, 1971) point source]. The 
parameter values used in our simulations are those given by 
Frankel et al. (1996, Table A5), except that no site ampli- 
fication was applied, and the diminution parameter K was 
set to 0.006. These two modifications were made in order to 
simulate motions on hard-rock sites; hard rock is the site 
condition used in this article, whereas the Frankel et al. re- 
lations are for a reference site condition of soft rock (fl = 
760 m/sec). The parameters used in the simulations are given 
in Tables 3 to 5. 

Haddon Model 

The source model of Haddon (1996) (H96) is based on 
a circular crack model and incorporates postulated average 
effects of fractional stress drop and directivity. Like the 
Boatwright and Choy (1992) and Atkinson (1993a) models, 
the Haddon (1996) model features two comer frequencies. 
However, the Haddon (1996) model predicts much larger 

amplitudes at short-to-intermediate periods, for all magni- 
tudes, than any of the other source models. Haddon (1996) 
presents his source model in graphical form only. k was thus 
necessary to fit a function to his model to allow its imple- 
mentation in the simulations. Working from his Figure 10, 
we determined that the comer frequencies as given in Table 
4, with the functional form given in Table 3, provide an 
excellent fit to his spectra. [Note: When we overlaid the 
spectra computed from the derived equations on the spectra 
in Haddon's Figure 10, we found a uniform offset in ampli- 
tudes of 0.05 log units. This offset is due to a rounding error 
in the relation between seismic moment and moment mag- 
nitude. Haddon apparently used 

logMo = 1.5 M + 16.0 

rather than the correct relation 

logMo = 1.5 M + 16.05. 

The latter equation comes directly from the defining relation 
of moment magnitude, as given by Hanks and Kanamori 
(1979): M ~ 2/3 log M0 - 10.7.] 

Toro, Abrahamson, and Schneider Relations 

The ground-motion relations of Toro et al. (1997; orig- 
inally published as EPRI, 1993) are based on a single-comer- 
frequency o92 source model, similar to that used in the 
Frankel et al. (1996) relations. The Toro et al. (TAS97) 
parameter values are slightly different than those of Frankel 
et al.; Toro et aL use a median stress parameter of 120 bars, 
slightly different crustal constants, and an attenuation func- 
tion based on modeling of ground-motion propagation in the 
crustal wave guide. We therefore evaluate the TAS97 model 
separately from the Fea96 model, based on the ground- 
motion relations given by Toro et al. (1997) in their article. 
[Note: The source model for the TAS97 relations is not 
uniquely specified because they vary parameter values to 
obtain an estimate of uncertainty in ground-motion ampli- 
tudes; however, their median source model is very similar 
to that shown in Figure 2 for Frankel et al. (1996).] 

Joyner Model 

The source model of Joyner (1997a,b) (J97) is an em- 
pirical two-corner source model. It was derived by refitting 
the data of Atkinson (1993a), for the high-frequency spectral 
level and 1-Hz spectral amplitudes, to a functional form con- 
taining two multiplicative terms in fa and fb, as opposed to 
the two additive terms used by Atkinson. The comer fre- 
quencies were constrained to follow a self-similar scaling 
law (e.g., they both scale as moment to the minus one-third 
power); the slope of the acceleration spectrum between the 
two comer frequencies is o) ~/2. 
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Modified California Model 

We also make ground-motion predictions for ENA using 
a modified version of the empirical source model developed 
for California by Atkinson and Silva (1997) (AB98-Ca). 
This model is included as a test: We wish to determine the 
extent to which ENA ground-motion observations can be 
modeled based on conclusions and models drawn from the 
much larger California empirical database. We do not nec- 
essarily expect this model to be applicable to ENA. 

In order to place the California source model within the 
ENA crust, we adjust the empirically inferred California 
source amplitudes of Atldnson and Silva (1997) to reflect 
the different crustal properties of generic ENA rock versus 
generic California rock. The method of adjustment for 
crustal properties consists of several steps: 

1. We begin with the source terms determined by regression 
of Fourier amplitude spectra of California earthquakes of 
4.4 =< M -< 7.4 (from Atldnson and Silva, 1997). The 
source terms of the regression represent the far-field am- 
plitudes of motion, projected back to a reference distance 
of 1 km from the fault. They implicitly include the am- 
plification effects of propagation from the source depth 
through the California crustal velocity structure to the 
surface, as well as the average effects of kappa, the ex- 
ponential decay parameter that filters high frequencies in 
the near-surface sediments (Anderson and Hough, 1984). 

2. The amplification factors for a generic California crustal 
profile are divided out of the California source terms, to 
remove the effects of the California crustal velocity gra- 
dient. The factors for this spectral division are adopted 
from the California rock amplifications derived by Boore 
and Joyner (1997). 

3. The effect of kappa is removed from the adjusted spec- 
trum of each earthquake (i.e., after division for the crustal 
amplification effects). The average kappa value implicit 
in each of the adjusted source terms is determined by 
fitting a straight line to the log amplitude versus linear 
frequency (Anderson and Hough, 1984), using only that 
portion of the spectrum above the comer frequency. Each 
apparent source spectrum is then divided by the kappa 
operator of Anderson and Hough (1984), using the de- 
termined kappa values. This operation removes the av- 
erage kappa effects caused by near-surface sediments, so 
that the adjusted spectra now better represent the source 
effects. The average kappa values, determined in this 
step, may be represented by the equation kappa = 
-0 .012  + 0.0106 M. 

4. The parameter fb is determined for each event as the fre- 
quency at which one-half of the high-frequency spectral 
amplitude level is attained (for consistency with the 
meaning offo for the case e = 1). The values offb are 
regressed against magnitude to obtain the relationship 
given in Table 4. [The lower comer frequency,fa, is based 
on source duration, as given by Atkinson and Silva 
(1997)]. 

5. The best-fitting value of e is then determined for each 
event, using the prescribed values of fa and fb for the 
given M (i.e., we numerically determine that value of e 
for which the average mismatch between the source 
model equation and the spectral data points are mini- 
mized). These values of e are regressed against magnitude 
to obtain the relationship given in Table 4. 

These model parameters are used with the ENA crustal con- 
stants (Table 5) to represent the expected spectral amplitudes 
from a California source occurring within the ENA crust. 
[Note: To predict expected spectral amplitudes within the 
California crust, we would use the same model parameters, 
but with the appropriate California crustal constants and 
crustal amplification as specified in Boore and Joyner 
(1997); the California kappa from Step 3 would also be ap- 
plied.] 

Evaluation of  Source Models 

It has been demonstrated that the stochastic ground- 
motion model (Hanks and McGuire, 1981; Boore, 1983) 
provides accurate ground-motion predictions, on average, if 
the earthquake source spectrum and regional attenuation are 
known; in fact, its accuracy is comparable to that of more 
detailed wave-propagation methods (Atkinson and Somer- 
ville, 1994). The accuracy of the specified input parameters 
is thus the limiting factor for ground-motion prediction, not 
the stochastic model itself. The stochastic ground-motion 
model is a well-accepted basis for ground-motion relations, 
as evidenced by the fact that all published ground-motion 
relations proposed for ENA within the last 5 or more years 
have been based on this model (e.g., Boore and Atkinson, 
1987; Toro and McGuire, 1987; EPRI, 1993; Atkinson and 
Boore, 1995; Frankel et al., 1996; Toro et al., 1997). For 
these reasons, the stochastic model provides a sound basis 
for a test of the implications of the source models. 

We test the applicability of the source spectral models 
by using each of them, in conjunction with the stochastic 
model as implemented by the random-vibration computer 
code of Boore (1996), to make ground-motion predictions 
for the events listed in Table 1; these predictions are then 
compared to the observations. The single exception to this 
procedure is the ground motions for the Toro et al. (1997) 
model. Toro et al. give equations for ground motions, based 
on fitting the ampfitudes obtained from many stochastic 
model simulations (to account for variability in the model 
parameters). We used their mid-continent equations for mo- 
ment magnitude (Table 2 in Toro et al., 1997), interpolating 
their coefficients to provide response spectra at T = 0.5 sec 
(they provide values for the other periods used in our com- 
parisons). 

The input parameters required for the stochastic model 
predictions are the source spectral model, the attenuation 
model, and a model for the duration of ground motion [e.g., 
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see Boore and Atkinson (1987)]. Fortunately, the required 
attenuation and duration models for the ground-motion pre- 
dictions are much less uncertain than the source model. This 
means that the ground-motion comparisons can effectively 
isolate the effects of source model assumptions. 

In general, we adopt the empirical ENA attenuation and 
duration models used by Atkinson and Boore (1995), which 
are well supported by data over the distance range from 10 
to 1000 km. In this attenuation model, the decay curve for 
spectral amplitudes in the S window (including S, SmS, Sn, 
and Lg) has a hinged trilinear form, with amplitudes decay- 
ing as R -  1 for R -<_N 70 km, as R ° for 70 < R =< 130 km, and 
as R -°'5 for R > 130 km; the anelastic attenuation is in- 
versely proportional to Q, where Q = 680f  °'36. The duration 
also follows a hinged form. The duration model has two 
terms: 

T = T o + bR, (2) 

where the source duration is given by T O = l/(2fa) (Boat- 
wright and Choy, 1992). The distance-dependent term has 
slope b = 0.0 for R _<-- 10 km, then b = 0.16 for 10 < R _-< 
70 km, b = -0 .03  for 70 < R =< 130 km, and b = 0.04 
for R > 130 km (Atkinson and Boore, 1995). 

Exceptions to these assumptions regarding attenuation 
and duration are made wherever the authors of the proposed 
source models or ground-motion relations have suggested 
alternative parameter values. For the Frankel et al. (1996) 
ground-motion relations, the authors have specified the at- 
tenuation and duration model (see Table 5), so we have sim- 
ply used their choices for these parameters. Haddon (1996, 
1997) has suggested that Q = 1350 for the ENA crust, and 
thus, we adopt this attenuation for use with the Haddon 
source model (with the geometric spreading of Atldnson and 
Boore, 1995). Boatwright (1994) obtained attenuation re- 
suits consistent with those of Atldnson and Boore (1995), 
so we apply our attenuation when using the Boatwright and 
Choy source model. Joyner (1997a,b) uses the Atldnson and 
Boore (1995) attenuation and duration with his source 
model, when making ground-motion predictions. 

For each proposed source model, we compute the re- 
sponse spectra (5% damped pseudo-acceleration for the 
random horizontal component of ground motion) for each 
magnitude and distance for which we have instrumental 
ground-motion data. The residual corresponding to each data 
point is calculated as the ratio of the observed ground- 
motion amplitude (Table 1) to the predicted ground-motion 
amplitude for the specified model (for the given magnitude 
and distance). Thus residuals greater than 1.0 imply under- 
prediction of observed values, while residuals less than 1.0 
imply overprediction of observed values (e.g., residuals 
smaller than unity are "conservative" predictions from the 
engineering viewpoint). 

It could be argued that through selection of the con- 
stants, attenuation, and duration parameters of the stochastic 
model, our source-model evaluation could be biased in favor 

of one of the models. This is primarily an issue for the Had- 
don model, because the authors of the other models have 
either specified these parameters (e.g,, Frankel et al.) or pub- 
lished studies that support the choices we have adopted (e.g., 
Boatwright). To be sure that the Haddon model computa- 
tions are not biased, we examined the computed residuals as 
a function of distance, for the two best-recorded events (Sag- 
uenay and Mont Laurier). We evaluated whether alternative 
choices for the attenuation model, for both geometric spread- 
ing and Q, or an alternative duration model would improve 
any discernable trends in plots of the residuals versus dis- 
tance. The factor that makes the largest difference in the 
residual trends is the selected geometric spreading model. 
An example of the impact of the selected attenuation is 
shown in Figure 3, for a period of 0.1 sec. From these eval- 
uations, we concluded that Haddon's preferred value of Q 
= 1350, with our trilinear geometric spreading, produces 
the best distribution of residuals versus distance for the Had- 
don source model. There is very little sensitivity to the du- 
ration model, so this is not a significant issue. The average 
high-frequency residual for the Haddon model, for the Sag- 
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Figure 3. Residuals (log units) of ground-motion 
predictions made with the Haddon source model, as 
a function of distance, for the Saguenay (upper) and 
Mont Laurier (lower) earthquakes, at T = 0.1 sec. 
The effect of alternative assumptions regarding geo- 
metric spreading (l/r or trilinear AB95 shape) is 
shown (open or closed circles, respectively). The ef- 
fect of alternative assumptions regarding Q or dura- 
tion are much smaller than the range indicated for the 
geometric spreading. 
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uenay and Mont Laurier earthquakes, is near unity. This is 
expected, because the Haddon source model was derived 
primarily from study of these two events, and it provides 
confidence that the average attenuation model selected for 
use with the Haddon source model is appropriate. 

Results of  Evaluations 

Instrumental Ground-Motion Data 

Figure 4 plots, as a function of magnitude, the mean 
residuals for each of the events of Table 1, for the Boatwright 
and Choy (1992), Atkinson and Boore (1995), Frankel et al. 

(1996), Haddon (1996), Toro et al. (1997), and Joyner 
(1997a,b) source models, for vibration periods of 0.1, 0.2, 
0.5, 1, 2, 5, and 10 sec. The event keys are as given in Table 
2. The residuals for the empirical California source model, 
modified as described previously for ENA crustal conditions, 
are also shown. Each data point in the figure represents, for 
the selected period, the average residual for the observations 
from one earthquake, based on one assumed source model. 
To avoid clutter, the 95% confidence limits on the mean are 
shown for only one of the models (AB95). These error bars 
are of similar length for all models. 

If a source model is correct, then the residuals will have 
an average value near unity and show no discernible trends 
with magnitude. Deviations from an average event residual 
of unity are expected for individual events, however, be- 
cause the interevent component of variability is signifi- 
c an t - a bou t  a factor of 1.5 (Atkinson, 1995). Thus, a large 
residual for an individual event is not significant, but the 
residual becomes significant if it persists over many events. 

From Figure 4, it is apparent that some models come 
much closer to the unity residual target than do others, for 
particular period ranges. At short periods (0.1 to 0.2 sec), 
the AB95, Fea96, and J97 models are closest to the target; 
they underpredict significantly for the Saguenay earthquake 
(M 5.8) but come close for all other events. Perhaps sur- 
prisingly, the modified California model is also close to the 
target. The BC92 source model significantly underpredicts 
short-period motions for three of the events, while the H96 
source model significantly overpredicts short-period motions 
for most events. The H96 model provides accurate predic- 
tions for the Mont Laurier (M 4.5) and Saguenay (M 5.8) 
events; it is the only model that matches the Saguenay ob- 
servations. 

At long periods (=>1 sec), all of the source models tend 
to overpredict the observed ground-motion amplitudes to 
some degree, at least for the ENA events. The overprediction 
is modest for the BC92, AB95, J97, and modified California 
(AB98-Ca) models; there is pronounced overprediction of 
motions for the Fea96, H96, and TAS97 models. These 
trends persist over the entire range of magnitudes. 

Figure 5 summarizes the mean bias as a function of 
period, averaged first over just the ENA events then over all 
events. In computing the bias, the correlation of residuals 

for a given earthquake has been accounted for, using the 
maximum likelihood scheme of Joyner and Boore (1993, 
1994). From this figure, the key conclusions of our compar- 
isons can be drawn. These conclusions are similar regardless 
of whether the non-ENA intraplate events are included. All 
source models, with the exception of the Boatwright and 
Choy (1992) model, tend to be conservative overall; in other 
words, the models generally overpredict the observed mo- 
tions. The amount of the overprediction is relatively small 
(i.e., factor < 1.2) for the Atkinson and Boore (1995) rela- 
tions, for periods _--<2 sec. The Joyner (1997a,b) model is 
also relatively accurate (within about 30%) for periods of 
0.1 to 1 sec, although it overpredicts significantly at longer 
periods. There is significant overprediction (by more than 
50%) at periods of 0.5 sec and greater for the Frankel et al. 

(1996) and Toro et al. (1997) relations, and large overpred- 
iction (by more than 100%) for the Haddon (1996) model. 
All relations tend to show a period dependence to the mean 
bias, with the bias growing increasingly negative as the pe- 
riod increases. When the non-ENA events are included, this 
trend is less pronounced. For the Atldnson and Boore (1995) 
relations, the inclusion of the additional data suggests that 
the ground-motion predictions are unbiased, to within a stan- 
dard error of the mean, for all periods from 0.1 to 10 sec. 

The pronounced overprediction of long-period ampli- 
tudes indicated in Figure 5 for most models (factors of 2 to 
10) is highly significant with regards to the issue of source 
spectral shape. The data for periods from 2 to 10 sec come 
from earthquakes in the M 5.8 to 7.4 range (see Fig. 4). The 
source spectral levels for these events at very long periods 
(>20 sec) are constrained by their seismic moments, as de- 
termined from teleseismic data. Under the single-corner- 
frequency Brune model, spectral amplitudes for events of 
M < 7 should converge to the long-period end of the spec- 
trum (i.e., constant displacement spectrum) within the 5- to 
10-sec period band; for the two-corner empirical model used 
by AB95, convergence with the moment end of the spectrum 
is pushed toward longer periods. The fact that observed spec- 
tral amplitudes in the 2- to 10-sec period range fall well 
below the required levels for the moment-end of the spec- 
trum is strong evidence for a "sag"  in the spectrum at in- 
termediate periods, relative to the Brune model. This sag 
may be more pronounced than that incorporated into the 
AB95 relations, because these relations are also overpre- 
dicting the observations. These conclusions regarding the 
empirical evidence for an intermediate-period sag in the 
spectrum, relative to the Brune point-source model, echo 
those reached by Atkinson and Silva (1997) based on the 
much more extensive California ground-motion database. 

The source model for the SSHAC (1996) ground-motion 
relations could not be evaluated directly. The SSHAC 
ground-motion predictions were derived from a workshop 
seeking to integrate the views of several ground-motion ex- 
perts. The predictions take the form of ground-motion am- 
plitudes for specific magnitude and distance values and have 
no particular underlying source model. However, the SSHAC 
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Figure 4. Average event residuals (shown 
as multiplicative factor) for ground-motion 
predictions made with various source models, 
for periods of (a) 0.1 sec, (b) 0.2 sec, (c) 0.5 
sec, (d) 1.0 sec, (e) 2.0 sec, (f) 5.0 sec, and (g) 
10 sec. Each data point represents the average 
residual for one earthquake, for predictions 
made with the specified source model. Error 
bars showing the 95% confidence limits on the 
average residual are plotted only for the AB95 
predictions, to avoid clutter. Error bars for all 
models are of similar length. Event keys are 
given in Table 2. 

ground-motion amplitudes are intermediate to those of At- 
kinson and Boore (1995) and EPRI (1993; also TAS97) [see 
Atkinson and Boore (1997)]. It follows that the SSHAC re- 
siduals plot about halfway between the AB95 and TAS97 
residuals in Figures 4 and 5. Thus, the SSHAC model also 
significantly overpredicts motions at periods >= 1 sec. 

Intensity Observations from Large Historical 
ENA Earthquakes 

It is not feasible to use the historical intensity data di- 
rectly in ground-motion modeling. Nevertheless, these data 
provide important constraints on earthquake source models, 
because the high-frequency source spectral level is closely 
correlated with felt area (Atldnson, 1993a). Figure 6 plots 

the radius of the felt area of ENA earthquakes as a function 
of moment magnitude. The implied relationship between 
these quantities is shown for the source models of Boat- 
wright and Choy (1992), Atkinson and Boore (1995), Had- 
don (1996), the Brune model as applied by Frankel et  al. 

(1996), and the modified California model (AB98-Ca). The 
relationship between felt extent and moment magnitude for 
the Frankel et  al. (1996) model is given by the theoretical 
relation of Frankel (1994), based on certain assumptions re- 
garding scaling, attenuation, and the frequency of percep- 
tible motions. For the other models, the felt area correspond- 
ing to each M value was computed based on its 
high-frequency source spectral level, using the empirical re- 
lationship between felt area and high-frequency spectral 
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level (e.g., Atkinson, 1993a). The source models used by 
Toro et aL (1997) and Joyner (1997a,b) were constrained to 
match the high-frequency levels of the Atkinson (1993a) 
source model, as used by Atldnson and B oore (1995). There- 
fore, it is not necessary to plot these relations separately: 
They would lie within the narrow range between the AB95 
and Fea96 relations, depending on whether the theoretical 
(Frankel) or empirical (Atkinson) shape of this function is 
preferred. We conclude from Figure 6 that the high-fre- 
quency spectral amplitudes specified by the AB95, Fea96, 
TAS97, and J97 source models equal or exceed the levels 
inferred from the felt areas of most of the large ENA events, 
with the noteable exception of the Saguenay earthquake. 

These felt areas suggest that the high-frequency spectral lev- 
els implied by the BC92 model are somewhat low, whereas 
the high-frequency spectral levels of the H96 model are too 
high. The modified California model appears to be consistent 
with the felt areas; note that this implicitly includes ENA 
attenuation differences, through the use of an empirical ENA 
relation between high-frequency spectral level and felt area. 
This conclusion supports a similar finding by Hanks and 
Johnston (1992). 

We note that the implied relationship between felt area 
and M for the Haddon source model is consistent with the 
MMI data for the Saguenay (and Mont Laurier) earthquakes; 
the AB95 and Fea96 models are not consistent with the Sag- 
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Figure 5, Mean bias evaluated over all events 
(maximum likelihood estimate), for each of the source 
models used to make ground-motion predictions. Er- 
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uenay data. This points to the root of  the problem: models 
that fit the Saguenay d a t a - - b e  it intensity data, strong- 
ground-motion data, regional seismographic data, or tele- 
seismic da ta- -wi l l  not fit the rest of  the data. 

Long-Period Behavior of  Source Spectrum 
(Ms-M relation) 

The ENA database is particularly weak for long-period 
motions from large events. This aspect of  the source spec- 
trum is perhaps the most controversial and exhibits the larg- 
est discrepancies among proposed alternative models. It has 
been suggested that it may be possible to discriminate among 
the alternative models discussed in this article on the basis 
of the observed relationship between surface-wave magni- 
tude (Ms) and moment magnitude (T. Hanks, personal 
comm., 1997). Indeed, such relationships are frequently ex- 
ploited in the development or testing of  spectral scaling 
models and have been used in previous studies to support 
the concept of  a "spectral sag" (Gusev, 1983; Boore, 1986). 
Specifically, a prominent sag in the long-period spectrum 
implies a lesser value of  Ms, for a given M, relative to the 
Brune model. 

In Figure 7, we plot the Ms-M relationship implied by 
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each of the source spectral models, in comparison to data 
from stable continental regions (SRC) and active continental 
regions (ACR) (data compiled by Triep and Sykes, 1996). 
The M s - M  scaling implied by each of the source spectral 
models was determined as follows. First, from the definition 
of Ms, it follows that Ms scales directly with the log of the 
source spectrum at a period of 20 sec; this establishes the 
shape of the curve (i.e., magnitude scaling) for each of the 
models. To constrain the level of the curves, we require that 
each curve predict Ms = 6 for M = 6 (i.e., all curves go 
through this point); this requirement forces the result that all 
models agree in the magnitude range where the data are most 
abundant. 

The comparison of the magnitude scaling relations to 
data adds limited support for the empirical two-corner mod- 
els, A93 and AB98-Ca. The AB98-Ca model appears to pro- 
vide the best match to the data. All other source models 
appear, on average, to overestimate Ms for M > 7. The 
overprediction is pronounced for the Fea96 and H96 models. 
However, it is acknowledged that the data are sparse and 
highly variable for M > 7, and the differences between the 
models are relatively small for M < 7.4. 

Conclusions 

The ENA ground-motion database, though sparse, is suf- 
ficient to discriminate among alternative models of the earth- 
quake source spectrum that have been proposed for use in 
the development of regional ground-motion relations. Our 
main conclusions can be drawn from Figure 5. We caution 
that in interpreting Figure 5, it is important to bear the mag- 
nitude distribution of the underlying events in mind (Fig. 1). 

ENA Data Only (Fig. 5a) 

For the existing ENA database, comprised largely of 
moderate events, all of the earthquake source models that 
we evaluated overpredict observed ENA motions on rock 
sites at long periods (>2 sec). At short-to-intermediate pe- 
riods (0.1 to 2 sec), the Atkinson and Boore (1995) model 
is the least biased. The AB95 relations tend to overpredict 
the observed data by about a factor of 1.2 or less; the resid- 
uals for the AB95 model fall within the standard error of an 
unbiased prediction. The tendency toward overprediction 
suggests that the sag in spectral amplitudes relative to the 
Brune model may be more pronounced in the data than in 
the underlying source model used by AB95. 

The Frankel et al. (1996) model significantly overpre- 
dicts the motions for periods of 0.5 sec and greater, and the 
Haddon (1996) model overpredicts the motions by more 
than a factor of 2 on average for all periods. The Boatwright 
and Choy (1992) source model underpredicts short-period 
amplitudes but overpredicts intermediate- to long-period 
amplitudes. The Joyner (1997) source model has no signifi- 
cant bias in the period range from 0.1 to 1 sec but signifi- 
cantly overpredicts motions at periods of 2 sec and greater. 

ENA and Other Mid-Plate Data (Fig. 5b) 

The addition of several large events from other mid- 
plate regions significantly improves the magnitude-distance 
distribution of the database at large magnitudes and close 
distances (see Fig. 1). The expanded database strongly sup- 
ports the AB95 ground-motion model: The residuals for the 
AB95 model are within the standard error of an unbiased 
prediction, for all periods from 0.1 to 10 sec. The modified 
California model, AB98-Ca, matches the database equally 
well. The Joyner (1997a,b) model provides an unbiased pre- 
diction for periods from 0.1 to 1 see but overpredicts longer- 
period motions. All other models are in significant disagree- 
ment with the empirical database over most of the 0.1- to 
10-sec period band. 

The inclusion of non-ENA data does not significantly 
change the residuals, except for periods of 5 and 10 sec. 
These residuals are very uncertain, however, because they 
are based on very few data: Neither Nahanni nor Gazli have 
data at these periods. We infer that the classification of the 
Nahanni event is not a significant issue in judging the resid- 
uals. 

We conclude that most recent ENA ground-motion re- 
lations overpredict observed ground-motion amplitudes by 
more than 40% on average, for periods ->0.5 sec. Specifi- 
cally, this assessment includes the relations of EPRI (1993), 
SSHAC (1995), Frankel et al. (1996), and Toro et al. (1997). 
The Atkinson and Boore (1995, 1997) ground-motion rela- 
tions are in satisfactory agreement (within 20%) with the 
existing ENA ground-motion database, except at periods ---5 
see (for which they are conservative). This agreement is not 
surprising, because the AB95 relations used the empirical 
database more directly in the development of the relations 
than did the other ground-motion relations. However, there 
is some independence in the comparisons: the digitized data 
from the four historical ENA earthquakes of M > 5.5 have 
only recently been added to the database, as have the data 
from large events in other mid=plate regions; thus 7 of the 
15 events are "new,"  in the sense that they were not used 
in our 1995 study. The Joyner (1997) source model would 
appear to offer a compromise between the Brune source 
model, upon which the EPRI, Frankel et al., and Toro et al. 

relations were based, and the empirical source model of At- 
kinson, upon which the Atkinson and Boore relations were 
based. 

Application of California Ground-Motion 
Relations to ENA 

The empirical California source model (AB98-Ca) is 
remarkably similar to the empirical ENA source model 
(AB95), when adjustments are made to account for regional 
differences in crustal velocity structure and near-surface at- 
tenuation. For this reason, the modified California source 
model does a credible job of predicting the observed ENA 
amplitudes, when used with ENA attenuation parameters. 
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There is some period dependence to the bias, which could 
be attributed either to regional differences in source prop- 
erties or to inaccurate estimation of the effects of differences 
in the regional crustal velocity structure. The implication is 
that California ground-motion relations may be applicable 
to ENA if appropriate corrections for regional differences in 
crustal properties can be made. This supports the conclu- 
sions of Hanks and Johnston (1992) that apparent differences 
in the source radiation between the two regions may not be 
significant. 

There is an important engineering application of this 
conclusion. Empirical California ground-motion relations, 
suitably modified for the eastern crustal velocity gradient 
and attenuation, may be used to predict ground motion for 
future large earthquakes in ENA. This is an attractive ap- 
proach because the empirical ground-motion relations for 
California are firmly based in data for much of the magni- 
tude-distance range of interest and also contain empirical 
representations of a number of complex effects, including 
finite-fault effects and nonlinearity. 

We must emphasize the phrase suitably modified. The 
corrections made for crustal effects are large. The use of 
California relations without these corrections would result 
in large errors in prediction. Because we believe this to be 
an important application, we have tabulated the required cor- 
rection factors, which depend on period and distance but are 
independent of magnitude. The correction factors are the 
inverse of the product of four processes: 

• multiplicative constant C for source spectrum (from equa- 
tion 1) is higher in California than in ENA, by the ratio 
(,Op3)Ca[(pp3)E~A ; 

• amplification through the generic crustal profile for Cali- 
fornia rock (Boore and Joyner, 1997); this amplifies Cali- 
fornia motions relative to ENA motions; 

• high-frequency diminution attributable to the California 
kappa operator, with assumed California tc = 0.04 (An- 
derson and Hough, 1984); this reduces high-frequency 
motions in California relative to ENA motions; and 

• effects of regional differences in Q, modeled by the ratio 
of anelastic attenuation in California (from Atkinson and 
Silva, 1997) to that in ENA (from Atkinson and Boore, 
1995); this results in more rapid fall-off of California mo- 
tions with distance. 

It is implicitly assumed that (1) regional differences in geo- 
metric spreading mad ground-motion duration are not sig- 
nificant in the distance range of interest and that (2) the ratio 
of regional anelastic attenuation factors is a reasonable ap- 
proximation of the differences in the shapes of the attenua- 
tion curves. We limit the factors to distances within 100 km 
of the source, in order to stay within the range of validity of 
the California ground-motion relations. 

Table 6 provides the multiplicative scaling factors that 
should be applied to ground motions computed from Cali- 
fornia ground-motion relations, in order to predict the equiv- 

Table 6 
Ratio of Eastern/California Ground-Motion Amplitudes 

HypoR Period (sec) 

(km) 0.08 0.16 0.31 0.63 1.25 2.50 5.00 10.00 

5 1.192 0.638 0.503 0.500 0.543 0.571 0.633 0.685 
10 1.236 0.657 0.515 0.509 0.551 0.577 0.638 0.690 
15 1.282 0.677 0.527 0.519 0.559 0.584 0.644 0.694 
20 1.329 0.698 0.540 0.529 0.567 0.591 0.649 0.699 
30 1.429 0.740 0.566 0.549 0.584 0.604 0.661 0.708 
50 1 .653  0.834 0.623 0.592 0.619 0.632 0.684 0.727 
70 1 .911  0.939 0.686 0.638 0.657 0.661 0.708 0.747 

100 2.376 1.122 0.791 0.715 0.717 0.708 0.746 0.777 

Note: These multiplicative factors may also be obtained by the following 
equation: 

Ratio ENA/Califomia = cl + c2 R + R 2 

Period 
0.08 0.16 0.31 0.63 1.25 2.50 5.00 10.00 

cl 1.155 0.621 0 .491 0 .491 0 .535  0 .565  0 .627  0.681 
c2 0.00772 0.00350 0.00228 0.00182 0.00155 0.00127 0.00108 8.96E-4 
c3 4.48E-05 1.50E-5 7.24E-6 4.25E-6 2.69E-6 1.63E-6 1.03E-6 6.35E-7 

Values for other periods may be obtained by interpolation. 

alent ground-motion amplitudes for events of the same mo- 
ment magnitude, occurring in ENA. Values for intermediate 
distances may be obtained by interpolation or by using the 
equation provided in the table. These factors implicitly in- 
clude the effects of higher shear-wave velocity for generic 
eastern rock sites, as compared to generic California rock 
sites. Therefore, if the factors are applied to empirical rela- 
tions for California rock sites, they will provide motions for 
the hard-rock sites that are typical for ENA. 

We illustrate this technique in Figure 8, which compares 
the empirical California ground-motion relations of Abra- 
hamson and Silva (1997) for generic California soft-rock 
sites ~ ~ 600 m/sec in the top 30 m), modified by applying 
the multiplicative factors of Table 6, to the ENA ground- 
motion relations of AB95 and TAS97. At short periods, the 
modified California relations closely follow the ENA rela- 
tions for M 5. At M 7, the modified California ground-mo- 
tion relations suggest a saturation of near-source amplitudes, 
relative to the constant-stress high-frequency scaling that is 
inherent in the ENA models. This is consistent with the find- 
ings of Atkinson and Silva (1997) (e.g., apparent decrease 
in Brune stress drop with increasing magnitude) and may be 
an indication of pervasive nonlinearity in the California 
short-period amplitudes at large magnitudes and close dis- 
tances. This nonlinearity would not be present in the ENA 
relations, because the shear-wave velocity of generic ENA 
rock sites is much higher. We infer that use of the modified 
California relations in ENA may underestimate near-source 
short-period ground motions from large events, on rock sites. 
This inference may appear inconsistent with our conclusion 
that the modified empirical California source model, which 
has embedded in it any nonlinearity in the California soft- 
rock data, is successful at predicting the observed ENA 
ground-motion database for rock sites. However, large-mag- 
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F i g u r e  8. Comparison of eastern ground-motion 
relations of Atldnson and Boore (1995) (AB95) and 
Tor t  et aL (1997) (TAS97), for rock sites, to corre- 
sponding relations implied by modification of empir- 
ical California ground-motion relations (as discussed 
in text) of Abahamson and Silva (1997) (AS97). 
Comparison is plotted for response spectra at periods 
of (a) 0.1 sec and (b) 1.0 sec. 

nitude data at near-source distances are available only for 
the Nahanni, Gazli, and Tabas events. The AB98-Ca model 
shows a slight tendency to underpredict motions from the 
Gazli and Tabas events at short periods (consistent with our 
inference from Fig. 8), but the data are too sparse to be 
conclusive at this point. We do not view the potential un- 
derestimation of near-source short-period rock motions, 
from large events, as a serious limitation of this technique 
for most seismic hazard applications; however, the reader 
should be aware of this caveat. 

At longer periods (1 sec), for which nonlinear behavior 
is not expected (Abrahamson and Silva, 1997), the modified 
California ground-motion relations are remarkably consis- 
tent with the AB95 relations, particularly for large events. 
The TAS97 relations predict large l-sec amplitudes for M 7 
events, which are difficult to reconcile with California em- 
pirical relations. 

The factors of Table 6 are also applicable to any other 
surficial soil condition represented by the empirical Califor- 
nia ground-motion relations. For example, these factors can 
be applied to obtain ENA motions on soil from California 
ground-motion relations for soil sites, provided the shear- 
wave velocity profiles of the soil sites are comparable. By 
application of the factors in Table 6, then, any empirical 

ground-motion relation for California can be adjusted to pro- 
vide predictions for comparable events in ENA. 
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