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Empirical Attenuation of Ground-Motion Spectral Amplitudes in

Southeastern Canada and the Northeastern United States

by Gail M. Atkinson

Abstract A database of 1700 digital seismograms from 186 earthquakes of mag-
nitude my 2.5-5.6 that occurred in southeastern Canada and the northeastern United
States from 1990 to 2003 was compiled. Maximum-likelihood regression analysis of
the database was performed to determine a model for the attenuation of Fourier
spectral amplitudes for the shear window, for the vertical and horizontal component
of motion, for frequencies from 0.2 to 20 Hz. Fourier amplitudes follow a hinged
trilinear attenuation model. Fourier spectral amplitudes decay as R~ '* (where R is
hypocentral distance) within 70 km of the source. There is a transition zone from 70
to 140 km as the direct waves are joined by strong postcritical reflections, where the
attenuation is described as R *%%; spectral amplitudes actually increase with distance
in this range for low frequencies. Beyond 140 km, the attenuation is well described
by R, corresponding to geometric spreading in two dimensions. The associated
model for the regional quality factor for frequencies greater than 1 Hz can be ex-
pressed as Q = 893f%32. O can be better modeled over a wider frequency range (0.2—
20 Hz) by a polynomial expression: log Q = 3.052 — 0.393 log f + 0.945 (log f)*
— 0.327 (log f)*. The polynomial expression accommodates the observation that Q
values are at a minimum (about 1000) near 1 Hz and rise at both lower and higher
frequencies. Correction factors for the spectral amplitude model that describe the
effects of focal depth on the amplitudes and their attenuation are developed using
the subset of events with known focal depth. The attenuation model is similar to that
determined from an earlier study with more limited data (Atkinson and Mereu, 1992),
but the enlarged database indicates more rapid near-source amplitude decay and
higher Q.

The attenuation model is used to play back attenuation effects to determine the
apparent source spectrum for each earthquake in the database and hence determine
moment magnitude (M) and Brune stress drop. The events have moment magnitude
in the range from 2.5 to 5. Stress drop increases with moment magnitude for events
of M <4.3, then appears to attain a relatively constant level in the range from 100
to 200 bars for the larger events, as previously noted in Atkinson (1993b).

The results of this study provide a useful framework for improving regional
ground-motion relations in eastern North America. They further our understanding
of attenuation in the region through analysis of an enlarged ground-motion database.
In particular, the inclusion of the three-component broadband data gathered over the
last decade allows extension of attenuation models to both horizontal and vertical
components over a broad frequency range (0.2-20 Hz).

Introduction

The attenuation of ground-motion amplitudes in the fre-
quency domain is an important problem in engineering seis-
mology. It is of particular practical interest in regions such
as eastern North America (ENA), where seismographic data
of moderate events are relatively abundant but strong-mo-
tion data are lacking. In such cases, an empirical attenuation

model determined from moderate events provides critical
input to models of ground-motion generation and propaga-
tion from larger events. These ground-motion relations are
a key input to seismic hazard analysis for engineered struc-
tures. Commonly used engineering ground-motion relations
for ENA that rely on an empirical model of attenuation in-
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clude the stochastic-model relations of Atkinson and Boore
(1995), Toro et al. (1997), and Frankel et al. (1999) and the
hybrid-empirical model of Campbell (2003). All of these
relations use as input the spectral attenuation model for ENA
determined by Atkinson and Mereu (1992). The Atkinson
and Mereu attenuation model was derived from analysis of
approximately 1000 digital short-period vertical-component
seismograms recorded from 1980 to 1990 on the Eastern
Canada Telemetered Network (ECTN). In recent years, the
ENA seismographic database has grown significantly, as data
continue to accumulate. Furthermore, most of the short-
period vertical-component instruments in southeastern Can-
ada have been replaced with the broadband three-component
instruments of the Canadian National Seismographic System
(CNSN) (operated by the Geological Survey of Canada).
(Note: Regrettably, the upgrading of instruments in the
northeastern United States has not kept pace due to political
delays in the implementation of the Advanced National Seis-
mic System.) It is therefore timely to revisit the attenuation
model of Atkinson and Mereu (1992), refining it to include
new data gathered since 1990. The attenuation model can
also be improved by extending it over a broader bandwidth.
The ECTN data of 1990 produced an attenuation model that
was valid from 1 to 10 Hz, whereas the the broadband data
can be used to develop an attenuation model from approxi-
mately 0.2 to 20 Hz. Furthermore, since CNSN and U.S.
National Seismic Network (USNSN) stations are three com-
ponent, the new model can explicitly address horizontal-
component ground motions, which are of most engineering
interest.

In this study, I perform regression analyses to determine
an attenuation model for Fourier spectra of earthquakes in
southeastern Canada and the northeastern United States, us-
ing digital seismographic data gathered through 2002. The
data sources include the older ECTN database analyzed in
Atkinson and Mereu (1992) plus broadband three-compo-
nent data recorded primarily on the CNSN from 1997 through
2002, for earthquakes of Nuttli magnitude (my) 2.5-5.6. The
new data allow attenuation and source issues to be addressed
over a much broader bandwidth than was possible in the
previous data analyses of Atkinson and Mereu (1992) and
widen the scope to three components of motion.

The regression analysis will be used to determine the
shape and level of attenuation of Fourier spectral amplitudes
for the S window as a function of frequency; the § window
is selected to include the strongest shaking, as this is the
portion of the signal of most engineering significance. In
previous studies (Atkinson and Mereu, 1992; Atkinson and
Boore, 1995), it has been determined that the attenuation can
be described by a hinged-trilinear form, in which the slope
of the attenuation relation is different in three distance ranges
(<70, 70-130, and >130 km). This is explained by the tran-
sition in wave types dominating the signal that makes up the
S window. At close distances the signal is composed of di-
rect waves whose amplitudes decay due to geometrical
spreading in a whole space. Beyond 70 km, the presence of
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strong postcritical reflections from the Moho discontinuity
cause flattening of the attenuation curve, leading to little
apparent attenuation between approximately 70 and 130 km
(Burger et al., 1987; Somerville and Yoshimura, 1990; At-
kinson and Mereu, 1992). At large distances (>130 km) the
signal contains mutiply reflected and refracted waves trav-
eling in the crustal wave guide (Herrmann and Kijko, 1983;
Kennett, 1986; Shin and Herrmann, 1987; Ou and Herrman,
1990; Bowman and Kennett, 1991).

The regression analysis of this study will revisit both
the form and the hinge points of this attenuation function,
as well as determining a new Q (quality factor) model to
describe the associated anelastic attenuation. Source param-
eters for moderate earthquakes will also be determined by
the regression analysis. The attenuation and source infor-
mation is important for modeling ground motions from fu-
ture large earthquakes, particularly at intermediate frequen-
cies, which have not been well represented in previous
databases.

The predictive magnitude variable for the regressions is
m;, determined from the 1-Hz spectral amplitudes as defined
in Chen and Atkinson (2002):

m, = 4.4665 + 0.7817 log (A,)0
+ 0.1399[log (A)),o]> + 0.0351[log (Ao, (1)

where (A))o is the 1-Hz spectral acceleration in centimeters
per second at a reference distance of 10 km. To determine
(A1), the attenuation curve determined by the regression
model (equation 2) is assumed (with the set model param-
eters of by, by, b3, R, and R, for that regression trial, as
described later), with the initial estimate of anelastic atten-
uation given by ¢, (1 Hz) = 0.00035. For each event, m, is
determined as the average value over all stations in the data-
base that recorded the earthquake. (Note: The regression is
iterated if the final estimate of ¢, at 1 Hz differs significantly
from the initial estimate. Thus I ensure that the determined
m; values are consistent with the final regression model.)
Figure 1 compares the determined values of m;, to the catalog
values of my for all earthquakes in the spectral database. The
advantages of using m, as the predictive magnitude variable
are that (1) m; characterizes the strength of the earthquake
signal in a clearly defined frequency range and (2) m, is
nearly equal to moment magnitude for the moderate earth-
quakes of this study, as will be shown later.

Database for Analysis

Figure 2 shows the locations of earthquakes and seis-
mographic stations used in this study; different symbols are
used to distinguish the new broadband CNSN/USNSN sta-
tions from the older short-period ECTN stations. The new
data include several notable events, including three events
of my >5 (1997 Cap Rouge, Quebec; 2000 Kipewa, Ontario;
and 2002 Au Sable Forks, New York, earthquakes). All sta-
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Figure 1. Relationship between the 1-Hz magni-

tude measure m; and Nuttli magnitude my for the
study earthquakes.

tions used in this study are sited on bedrock. Seismic re-
fraction surveys at selected sites in southeastern Canada sug-
gest that the average shear-wave velocity for a typical rock
site is about 2.8 km/sec (Beresnev and Atkinson, 1997). Sta-
tions in the Charlevoix seismic zone may have somewhat
lower shear velocities owing to the meteorite impact struc-
ture that has resulted in a highly fractured upper crust in that
region.

The ECTN data to 1990 were previously processed and
tabulated in Atkinson and Mereu (1992). Briefly, for each
record the window of strongest shaking (shear window, in-
cluding direct, reflected, and refracted phases) was selected,
and a 5% taper was applied at each end of the window. The
Fourier spectrum of acceleration was determined, correcting
for instrument response. The spectra were smoothed and tab-
ulated in increments of 0.1 log frequency units, for log fre-
quencies of 0 to 1 (e.g., 1-10 Hz). Spectra for a pre-event
noise window, normalized to the same duration as the signal
window, were processed and tabulated in the same manner.
Data were retained for further analysis only at frequencies
for which the signal-to-noise ratio exceeds 2.

The broadband CNSN data for events from November
1997 through December 2002 (plus an event of my 4.1 that
occurred in June 2003) were compiled and processed in a
similar manner to that used for the ECTN data. In the case
of CNSN data, however, the spectra were smoothed and tab-
ulated in 0.1 log frequency increments over log frequencies
from —1 to 1.3 (e.g., 0.1-20 Hz). The smoothing applied
takes the geometric average of the spectral amplitudes in
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each log frequency bin; thus the log spectral amplitude at
log frequency = 1.0 is the average log amplitude for all
spectral values with 0.95 = log frequency < 1.05, for ex-
ample. Data were compiled for the shear window for the
vertical component and two horizontal components at each
CNSN station. A minimum signal-to-noise criterion of 2 was
adopted.

Finally, the compiled spectral data were checked to
eliminate data in magnitude—distance ranges affected by
low-amplitude quantization noise problems. Amplitudes are
not reliably recorded where the signal strength is not suffi-
ciently strong relative to the minimum level that the instru-
ment can detect (regardless of signal-to-noise ratio). This
problem can be detected in the processed data by plotting
amplitudes versus distance for all data within a limited mag-
nitude range, then examining such plots for evidence of a
floor in the recorded spectral amplitudes that may appear
beyond certain distances. The low-amplitude floor problem
is frequency dependent, affecting low frequencies more
strongly than higher frequencies. Based on examination of
amplitude plots, I retained CNSN data within the distance
limits given in Table 1.

Figure 3 shows the magnitude—distance range for the
compiled vertical-component data for f = 1 Hz, distinguish-
ing between ECTN and CNSN/USNSN data. Data at lower
frequencies are available only for the CNSN/USNSN subset
of the database (subject to the limits described earlier). Hor-
izontal-component data are available for the CNSN/USNSN
data and a limited subset of the ECTN data (as described by
Atkinson [1993a]). It should be noted that a few records for
larger events exist, notably the records from the 1988 my
6.5 Saguenay, Quebec, earthquake and distant records from
two earthquakes of my 5.7 and 6.1 in northern Quebec in
1989. These data are not included in the regression because
the sampling of the magnitude space above magnitude my
5.6 is too sparse and might bias the determination of the
magnitude scaling of the spectral amplitude model. How-
ever, the attenuation model may still be used to estimate
near-source amplitudes for these events if desired, by play-
ing back the attenuation effects for each event.

Regression Methodology and Form

Regression is performed by the maximum-likelihood
method using the algorithm of Joyner and Boore (1993,
1994). Because of the wealth of vertical-component data, the
regressions initially focus on the vertical component, then
the horizontal component is addressed later in the article. I
fit the observed Fourier amplitudes at each specific fre-
quency to an equation of the general form
logA; = ¢ + ¢, (M — 4)

+c; M — 42> —blogR — ¢, R, (2)

where A is the observed spectral amplitude, R is hypocentral
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Figure 2. Locations of the study earthquakes and seismographic stations. Note that

ECTN stations obtained vertical-component data over the 1- to 10-Hz frequency range
for events up to 1990. Post-1995 data are from the three-component broadband stations

of the CNSN and USNSN.

Table 1
Distance Limits For Reliable Amplitudes

f < 1 Hz (km) f = 1Hz (km)
my <3 0 100
3=my <35 80 200
35=my<4 100 400
4=my <45 200 800
my = 4.5 800 2000

distance, b is the assumed (or determined) geometric spread-
ing coefficient, and ¢, through c, are the coefficients to be
determined. M is a magnitude measure. The most commonly
available magnitude for the events from the earthquake cat-
alogs is my. The optimal magnitude measure would be mo-

ment magnitude (M), but this is available for only a few of
the larger events. Moment magnitude can be determined for
most of the events of this study, especially those for which
broadband data are available, but only after detailed evalu-
ation of the regression model and results. I therefore use the
intermediate spectral magnitude measure m;, as defined in
Chen and Atkinson (2002), as the predictive magnitude vari-
able. I choose m, because it is simple to determine at the
outset of the study and is a close approximation to M for
events of M <5, which dominate the database (shown later
in Fig. 16). No site response term is included in equation (2)
because all recordings are on hard-rock sites. The results are
thus applicable to typical hard-rock site conditions in ENA.
Variability in site response among the rock sites is evaluated
later in the article based on analysis of regression residuals
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Figure 3.

Distribution of the study ground-motion database (vertical component)

in magnitude (m;) and hypocentral distance. Circles show ECTN data (vertical com-
ponent, short period). X’s show CNSN/USNSN data (three-component broadband).

on a site-by-site basis. The anelastic coefficient, c,, is in-
versely related to the quality factor, Q:

Q = (#)/[In (10) ¢, Bl, 3)

where f is the shear-wave velocity (e.g., Atkinson and
Mereu, 1992).

In applying the general form of equation (2), the coef-
ficient b is allowed to take on different values in different
distance ranges, to accommodate the geometric attenuation
behavior of the shear window as different phases arrive.
Within approximately 70 km of the earthquake source, the
shear window is dominated by the direct S-wave arrival.
Within the distance range from about 70 to 120 km, the
direct S wave is joined by the first postcritical reflections
from the Conrad and Moho discontinuties (Burger et al.,
1987). At distances beyond about 100—150 km, the signal is
dominated by the Lg phase, consisting of multiply reflected
and refracted shear waves (Herrmann and Kijko, 1983; Ken-
nett, 1986; Shin and Herrmann, 1987; Ou and Herrmann,
1990; Bowman and Kennett, 1991). The attenuation behav-
ior varies with distance according to these arrivals. Atkinson
and Mereu (1992) and Atkinson and Boore (1995) used a
hinged trilinear shape to model attenuation, where the co-

efficient b was given by b; = 1.0 from the source to 70 km
(=R,), b, = 0.0 from 70 (=R,;) to 130 km (=R,,), then
by = 0.5 beyond 130 km (=R,), corresponding to direct
arrivals, strong reflections, and surface-wave spreading, re-
spectively.

In this study, the attenuation model follows the hinged
trilinear shape determined in Atkinson and Mereu (1992),
but I redetermine the slopes (b, and b,) and hinge points (R;;
and R,,) of the attenuation model. The attenuation beyond
Ry, corresponding to surface-wave spreading of multiply re-
flected and refracted shear waves in the crustal wave guide,
is well established from previous studies (Herrmann and
Kijko, 1983; Kennett, 1986; Shin and Herrmann, 1987; Ou
and Herrmann, 1990; Bowman and Kennett, 1991; Atkinson
and Mereu, 1992) and is therefore fixed at b; = 0.5. The
best-fit attenuation model is determined by repeating the re-
gressions many times to search the parameter space defined
by the selected transition distances (R,; and R,,) and geo-
metric coefficients (b, and b,). All combinations of the fol-
lowing model parameters for the regression are evaluated:
R, = 50, 60, 70, . .. 100; R, = 100, 110, 120, . . . 200;
b, =10,11,12,...1.6; b, = —0.5, —04, —03,. ...
+0.5; and b; = 0.5. Note that this parameter space covers
the possibility of a hinged bilinear model (single transition
distance) as well as the hinged trilinear model. The best-fit
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attenuation model is that which produces the lowest average
error (lowest residuals) over the frequency range from 1 to
10 Hz (for which the data are most abundant).

The best-fit shape for the attenuation model is obtained
when b, = 1.3, b, = —0.2, b3 = 0.5, R; = 70 km, and
R, = 140 km. This is similar to the result of Atkinson
and Mereu (1992), but with steeper attenuation near the
source and negative attenuation in the transition zone (low-
frequency amplitudes actually increase slightly from 70 to
140 km). The finding that the attenuation within 70 km of
the source is clearly steeper than R ' is perhaps a surprising
result of this study. Interestingly, J. Boatwright (personal
comm., 2003) has reported a similar finding in regression of
seismographic data from moderate events in California and
argued that this effect is a consequence of directivity. Sonley
(2004) has also reported near-source attenuation steeper than
R~ in the Charlevoix region; this finding was based on
using the reverse two-station method of Chun et al. (1987)
to eliminate source and site effects, isolating path effects
only. Herrmann and Malagnini (2004) used synthetic seis-
mograms generated for a number of crustal models, focal
mechanisms, and depths to show that attenuation is expected
to depart from R~ for many cases, especially for typical
thrust events in eastern North America. The attenuation
shape is illustrated in Figure 4, which plots the spectral am-
plitudes for a subset of the data of m; 3.5-4.0, in comparison
to the determined attenuation model.

It may not be clear from Figure 4, which shows only a
subset of the data, that an attenuation slope steeper than 1.0
is really required for R = 70 km, particularly given possible
parameter trade-offs. Since this is an important new finding,
I explore it in more detail to assess the confidence with
which this conclusion can be drawn. The shape of the near-

m1 = 3.75 (+/-0.25)
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source attenuation can be explored by using just earthquakes
that were recorded within 70 km on at least three stations;
there are 270 data points in this subset. I assume that the
source spectra for each earthquake in this subset, at low to
intermediate frequencies, can be estimated by correcting all
observed spectra for geometric spreading by multiplying by
R (thus I am not preconditioning the result in any way by
assuming a steeper attenuation). At frequencies =2 Hz, ane-
lastic attenuation effects for observations within 70 km are
negligible (<10%). The source spectra for each earthquake
is estimated by averaging (log average) the attenuation-
corrected spectra over all stations that recorded the event
(hence the requirement that each event be recorded at at least
three stations). I then subtract the log source spectrum for
the event from each of its observed log spectra, to obtain
spectral amplitudes that have been normalized to a common
source level (log amplitude = 0 at R = 1 km). The nor-
malized spectral amplitudes are thus defined as

log An(f) = log Ayf)

N
— (I/N) X llog Ai(f) + log Rjl, (4)

i=1

where An;; is the normalized amplitude for earthquake i at
station j, A; is the observed amplitude of earthquake i at
hypocentral distance R;;, and the sum is over the N stations
that recorded earthquake i. Figure 5 plots the log normalized
spectral amplitudes at a frequency of 2 Hz, along with the
mean and 90% confidence limits of these data grouped into
distance bins that are 0.2 log units in width. It is clear on
Figure 5 that the attenuation is significantly steeper than that
defined by 1/R. Regression of the normalized log amplitudes

Figure 4. Vertical-component Fourier
spectral amplitudes in the shear window for
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Figure 5.  Attenuation of normalized 2-Hz Fourier

spectral amplitudes, for all events having at least three
observations within 70 km of the earthquake source.
Normalization is done by subtracting an initial esti-
mate of the earthquake’s source amplitude from each
observation.

of Figure 5 indicates a slope of 1.41, with 95% confidence
limits of 0.19 on the slope coefficient. Thus we can be 95%
confident that the true slope is steeper than 1.2.

Results

Vertical-Component Attenuation Model

Table 2 provides the regression coefficients for the fit
of the vertical-component data set to the regression equation,
which can be written as

IOgA = Cl + 62(ml - 4) + C3 (ml - 4)2
— 13 1logR — ¢4, R for R = 70 km,

(5a)
logA =c¢ + ¢, (m — 4)
+ ¢; (m; — 4 — 1.3 log (70)
+ 0.2 log (R/70) — ¢4 R
for 70 < R = 140 km, (5b)
IOgA = + Cy (ml - 4)
+ C3 (ml - 4)2 - 13 log (70)
+ 0.2 log (140/70) — 0.5 log (R/140)
— ¢4 R for R > 140 km. (5¢)
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The standard errors of the regression coefficients are typi-
cally about 0.02 for c;, 0.03 for c,, 0.02 for c3, and 0.00003
for c,. Thus the coefficients c;, ¢,, and ¢, are well deter-
mined, while the c; coefficient (the quadratic term in mag-
nitude) is not significant at some frequencies.

The data variability, given by the standard deviation of
residuals (sigma), is relatively large (factor of about 2 at
most frequencies). This is not surprising, especially given
the large magnitude and distance range of the data. The Q
value implied by the c, coefficient (equation 3) is also listed
in Table 2. The Q values are systematically higher than those
found by Atkinson and Boore (1995), which is explained by
the differences in the associated geometric spreading coef-
ficients. For frequencies above 1 Hz, the Q values can be fit
by the commonly used exponential form as

0 = 89310, (6)

As shown in Figure 6, a better fit is obtained, over all fre-
quencies, by a third-degree polynomial:

log O = 3.052 — 0.393 log f
+ 0.945 (log f)* — 0327 (log /). (7)

The polynomial form accommodates the observation that Q
values are at a minimum (1000) near 1 Hz and rise at both
lower and higher frequencies. However, the cubic polyno-
mial should not be extrapolated beyond 50 Hz, as equation
(7) results in decreasing Q for f > 50 Hz. Boore (2003)
reported a similar U-shape for Q, based on a survey of Aki
(1980) and Cormier (1982).

Figure 7 plots the residuals of the regression against
distance, where the log residual is defined as the log of the
observed spectral amplitude minus the log of the predicted
spectral amplitude according to equation (5). There are no
discernible trends in the residuals when plotted against dis-
tance. In Figure 8, I plot the residuals for data with known
focal depths (at a frequency of 5 Hz) to determine if there
is evidence for depth-dependent effects in the attenuation.
There is a clear depth effect on attenuation that is apparent
in this figure, with events deeper than 20 km showing low
amplitudes near the source and large amplitudes at large dis-
tances, relative to the average attenuation model. Events
shallower than 8 km show an opposing trend. This tendency
is modeled by regressing the log residuals against the term
[(h — 10) log R], where A is the focal depth in kilometers
and R is hypocentral distance in kilometers. The term (2 —
10) is used in the regression because 10 km is near the av-
erage focal depth of the data set. Table 3 provides the co-
efficients of this regression. The focal depth effects are most
significant at frequencies of 5-10 Hz; they become insignif-
icant for frequencies less than 1 Hz. These coefficients may
be used to estimate correction factors for the ground-motion
amplitudes given by equation (5), based on focal depth. The
factors given by Table 3 may be added to the predictions of
equation (5) (or subtracted from the observations) to obtain
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Table 2
Coefficients of Regression for Vertical-Component Fourier Amplitudes (equation 5)
Frequency c c c3 Cy a Mgy 0]
0.20 —0.305 0.895 0.2294 0.00000 0.46 241
0.25 —0.324 0.961 0.2665 0.00000 0.39 253
0.32 —0.296 1.066 0.2489 —0.00003 0.38 291 3388
0.40 —0.278 1.435 0.4174 —0.00006 0.32 358 2424
0.50 —0.193 1.614 0.3903 —0.00009 0.31 443 1955
0.63 —0.081 1.640 0.2545 —0.00017 0.26 555 1378
0.79 0.080 1.693 0.2138 —0.00026 0.24 702 1140
1.00 0.262 1.577 0.0968 —0.00035 0.22 1313 1055
1.26 0.466 1.544 0.0325 —0.00045 0.22 1532 1004
1.59 0.624 1.515 0.0191 —0.00054 0.24 1620 1058
2.00 0.742 1.453 0.0058 —0.00063 0.25 1693 1161
2.51 0.902 1.411 —0.0104 —0.00080 0.26 1679 1155
3.16 1.003 1.329 —0.0160 —0.00096 0.27 1651 1219
3.98 1.101 1.250 —0.0211 —0.00118 0.28 1577 1250
5.01 1.204 1.198 —0.0198 —0.00144 0.29 1523 1284
6.31 1.255 1.115 —0.0200 —0.00164 0.31 1450 1425
7.94 1.298 1.035 —0.0095 —0.00185 0.32 1383 1588
10.00 1.337 0.946 —0.0173 —0.00204 0.32 1277 1811
12.59 1.315 0.905 0.0232 —0.00214 0.33 880 2176
15.85 1.320 0.827 0.0148 —0.00244 0.35 862 2401
19.95 1.167 0.682 —0.0366 —0.00271 0.49 821 2722

Values are in centimeters per second.
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T T T o Q (this study)
— Q=89370.32
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Figure 6. Q values determined from regression

analysis (rectangles); error bars show standard error
of Q based on standard error of ¢, coefficient of the
regression (error bars lie within symbol width at high
frequencies). Heavy solid line shows polynomial fit
to Q values. Light solid line shows linear fit to Q
values. Dashed line shows Q model of Atkinson and
Boore (1995).

the depth-corrected values of the Fourier acceleration spec-
trum.

In Figure 9, the residuals are plotted against magnitude;
there are no apparent trends. I conclude that the attenuation
model of equation (5) provides a satisfactory description of
the vertical-component data. The fit may be improved by
adding the focal-depth correction factors given by Table 3

to the predicted value, for cases where the focal depth of the
event is known.

The residuals were averaged on a station-by-station ba-
sis to determine whether the relative vertical-component site
response at any of the stations is significantly different from
zero. A large average residual for a particular station would
be indicative of significant site response. The residuals av-
eraged by station show large variability among observations.
As shown in Figure 10 for two frequencies (1 and 5 Hz), the
standard deviations tend to be much larger than average re-
sidual values. Thus, although there may be some minor site
response effects (especially at high frequencies), even for
the vertical component, they do not appear to be very sig-
nificant in relation to the overall data variability.

Horizontal-Component Attenuation Model

The horizontal-component database is not as rich in
magnitude and distance as the vertical-component database.
Rather than developing an independent attenuation model
for the horizontal component, I apply the vertical-component
model (equation 5) to the horizontal-component database,
then examine the behavior of the residuals. If the residuals
show no trends with distance (i.e., ratio of horizontal to ver-
tical (H/V) does not depend on distance), then an indepen-
dent attenuation model is not warranted for the horizontal
component. It is generally believed that the ratio of the
H/V component is a site parameter, controlled primarily by
the near-surface attenuation (Bonilla ef al., 1987; Nakamura,
1989; Lermo and Chavez-Garcia, 1993; Theodulidis et al.,
1996; Seht and Wohlenberg, 1999; Atkinson and Cassidy,
2000; Siddiqqi and Atkinson, 2002; Tsuboi et al., 2001). The
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Figure 7. Log residuals (=log observed — log predicted Fourier acceleration) for
the regression of vertical-component data versus distance, for frequencies of 1 and 5 Hz.
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Figure 8. Examination of focal depth effects on
residuals, for events with known focal depth, at 5 Hz.
Large open circles plot residuals for shallow events
(=8 km), small circles plot residuals for events of
depth 8—19 km, and triangles plot residuals for events
20 km or more in depth.

Table 3
Dependence of Regression Residuals on Focal Depth

Frequency (Hz) d, d,

<lI. 0. 0.

1. 0. 0.

1.3 0. 0.
1.6 0.00034 0.002
2. 0.0007 0.008
2.5 0.0013 0.006
3.2 0.0025 0.004
4. 0.0034 0.002
5. 0.0042 —0.002
6.3 0.0048 —0.007
7.9 0.0055 —-0.010
10. 0.0052 —0.021
12. 0.0043 —0.020
16. 0.0037 -0.010
20. 0.0033 —0.021

The (log) Fourier amplitudes given by equation (5) may be corrected for
the effect of focal depth by adding the factor log residual(h) = d; (h —
10) log R + d,, where h = focal depth (km) and R is hypocentral distance
(km).

horizontal component of motion is amplified by impedance
gradients as the surface is approached, whereas this effect
on the vertical component is counteracted by the refracting
of rays toward the vertical in the velocity gradient. The net
effect is that there is little amplification of the vertical com-
ponent, making the H/V ratio a crude approximation of the
near-surface amplification. For the hard-rock sites of the
CNSN, near-surface amplification is modest. Correspond-
ingly, the H/V ratio for rock sites in Canada is generally
found to be near unity at 1 Hz, increasing gradually to values



1088

G. M. Atkinson

Regression Residuals (transitions 70, 140 km: b1=1.3, b2=-0.2)
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Log residuals (=log observed — log predicted Fourier acceleration) for

the regression of vertical-component data versus magnitude m,, for frequencies of 1

and 5 Hz.

of 1.2-1.5 at 10 Hz (Atkinson, 1993a; Siddiqqi and Atkin-
son, 2002). This behavior is consistent with a shear-wave
velocity profile that is characterized by near-surface values
of about 2.8 km/sec, increasing to values of about 3.7 km/
sec at seismogenic depths (Siddiqqi and Atkinson, 2002).

Figure 11 shows the residuals that are obtained when
horizontal-component motions are predicted using the ver-
tical-component model of equation (5). Note that these re-
siduals are also the log of the H/V ratio. No discernable
trends with distance are seen. This is confirmed by statistical
analysis, which indicates that the significance of any trend
with distance is low; there is a slight positive distance trend
to the log residuals of Figure 11, but the slope has a low
value (about 107 #R) and is not statistically significant at
most frequencies. I therefore conclude that the H/V ratio is
independent of distance and that the vertical-component at-
tenuation model also describes the attenuation of the hori-
zontal component. The horizontal residuals were also plotted
versus focal depth, to verify that there are no depth trends
in the H/V ratio. The H/V ratio that must be applied to equa-
tion (5) in order to predict horizontal-component motions is
determined by plotting the mean log H/V (along with the
standard error of the mean) as a function of frequency, as
shown in Figure 12. There is a well-defined trend determined
from the plotted points from frequencies 0.16 to 16 Hz,
given by

log H/V = 0.0234 + 0.106 log f ®)

(where the regression is performed on the points shown in

Fig. 12). The implied negative value of log H/V at f = 0.5
Hz may not be meaningful, given the paucity of data at the
lowest frequencies. The apparently low value of the H/V
ratio at 20 Hz appears anomalous and may not be meaning-
ful. The result, corresponding to an H/V ratio of about 1 at
f = 1 Hz, rising to about 1.35 at 10 Hz, is consistent with
previous results of Atkinson (1993a) and Siddiqqi and At-
kinson (2002) for rock sites in eastern Canada.

Source Parameters (Moment M, Stress Drop)

The attenuation model of equation (5) can be used to
play back attenuation effects of each recorded earthquake in
the database, which allows the apparent source spectrum to
be determined for specific events, accounting for the focal
depth of the event where known. For each recorded spectral
amplitude (A), an estimate of the corresponding apparent
source spectrum A, is obtained as

log A, = log A + 1.3 log R

+ ¢4 R — log residual(h) for R = 70 km,

(9a)

log Ag = log A + 1.3 log (70) — 0.2 log (R/70)

+ ¢4 R — log residual(h) for 70 < R = 140 km,
(9b)

log Ay = log A + 1.3 log (70) — 0.2 log (140/70)
+ 0.5 log (R/140)
+ ¢4 R — log residual(h)

for R > 140 km, (9¢)
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Figure 10.  Average vertical-component residual
and its standard deviation by station, at 1 and 5 Hz,
for all stations having at least 10 observations. Station
numbers correspond to station names as follows: 1,
All; 2, A16; 3, A21; 4, A54; 5, A61; 6, A64; 7, CKO;
8, CNQ; 9, CRLO; 10, DAQ; 11, DPQ; 12, EBN; 13,
EEO; 14, GAC; 15, GGN; 16, GNT; 17, GRQ; 18,
GSQ; 19, HTQ; 20, ICQ; 21, KLN; 22, LMN; 23,
LMQ; 24, LPQ; 25, MNQ; 26, MNT; 27, MOQ; 28,
OTT; 29, SADO; 30, SBQ; 31, SCHQ; 32, SMQ; 33,
TRQ; 34, VDQ; 35, WBO.

where log residual(k) is the depth correction factor for the
attenuation as given in Table 3. The apparent source spec-
trum for an event is determined by averaging the obtained
source spectral amplitudes (log A,) over all stations that re-
corded the event (log average). The attenuation can be re-
moved from either the vertical- or horizontal-component
data using equation (9). Because the vertical-component data
are more plentiful, and less influenced by near-surface
amplification, they should provide a better estimate of the
source spectrum. I therefore assume that the vertical-
component spectra equal the horizontal-component spectra
at the source and that the observed H/V ratio is representing
near-surface amplification only (as opposed to a source ef-
fect). I therefore use the vertical-component data with equa-
tion (9) to determine the apparent source spectrum for each
earthquake having at least three recordings. I assume that
this equals the random horizontal-component spectrum at
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the earthquake source (e.g., at R = 1 km). (Note: An alter-
native would be to use the horizontal-component recordings
corrected for both attenuation and average regional site ef-
fects for rock sites; this approach is equivalent but can only
be applied to events having sufficient horizontal-component
data.)

Figure 13 shows typical acceleration source spectra for
events recorded on the broadband networks, for magnitudes
m; 3.5-5, in comparison to the well-known Brune (1970,
1971) model point-source spectrum. The Brune model spec-
trum is plotted for a reference stress drop of 150 bars, which
is a typical value for stress drops of moderate-to-large earth-
quakes in ENA (Atkinson, 1993b). The Brune model accel-
eration spectra are given by (Boore, 1983)

Ay = CM, CrfYIIL + (fif)], (10)

where C = (0.55) (0.71) (2.)/(4 np[)’3), M, is seismic mo-
ment, and f, is the corner frequency. (Note: The constants
in the numerator represent radiation pattern, partition onto
two horizontal components, and free-surface amplification,
respectively.) I assume p = 2.8 g/lcm® and f = 3.7 km/sec
at seismogenic depths (near 10 km) (see Boore and Joyner,
1997; Atkinson and Boore, 1995). The corner frequency can
be expressed as (Boore, 1983)

fo = 49 X 10°8 (Aa/M,)'"? (11)

for Ao in bars, M|, in dyne centimeters, and f in kilometers
per second. The Brune model shape matches the spectra well
overall. Interestingly, though, the stress drop appears to be
significantly less than 150 bars for events of m; < 4; this is
indicated by the fact that the high-frequency levels of the
spectra for events of m,; 3.5—4 fall below the range expected
for a Brune model with a stress drop of 150 bars. This is not
a bandwidth effect, as the high-frequency level is clearly
resolved by the data.

The Brune model (equation 10) is used to determine the
average value of seismic moment and stress drop for each
event. The seismic moment is first determined for each event
based on the long-period displacement spectral level at fre-
quencies below the corner frequency (given by Dy = CM,).
In order to avoid the lowest frequency points, which are
often unreliable, only the spectral amplitudes in the fre-
quency range from f,/2 to f,/5 are used to determine the
low-frequency spectral level. An initial estimate of f is
made to define this frequency range by using equation (11),
assuming that Ac = 150 bars, m; = M, and M is related
to M, by the definition of moment magnitude (Hanks and
Kanamori, 1979). The determined values of M, are not sen-
sitive to the assumed stress drop used in determining the
frequency limits over which to average the long-period spec-
tral amplitudes, because the dependence of corner frequency
on stress drop in equation (11) is weak.

With M, determined from the long-period spectral level,
the stress drop is then determined from the high-frequency
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Log residuals (=1log observed — log predicted Fourier acceleration) for

the horizontal-component data versus distance, for frequencies of 1 and 5 Hz, obtained
using the vertical-component regression equation to predict the horizontal-component
motion. These residuals are the log of the H/V ratio.

H/V ratio
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Figure 12. Mean log H/V ratio and its standard

error as a function of frequency (symbols). Line
shows fit to H/V ratio for frequencies from 0.16 to

16 Hz.

spectral level. Using the spectral acceleration amplitudes for
frequencies greater than the preliminary estimate of f,, the
average level of the high-frequency spectrum is obtained.
From equation (10), this level (A, for f > f;) can be ex-
pressed as A, = CMAn’f,*, from which the actual corner
frequency of the spectrum can then be calculated. If the ac-
tual value of f, is greater than the initial estimate, I repeat
the process to determine the high-frequency spectral level,
using the higher value of f,, as the new lower cut off on
frequencies included in the spectral averaging, until it is de-
termined that only spectral values above the actual corner
frequency were used to define the high-frequency level and
hence determine f,. The stress drop is not determined unless
there are at least three spectral data points that lie above the
corner frequency; this ensures that a stable high-frequency
level is obtained that includes spectral content well above
the corner frequency. Visual inspection of many events was
used to verify that these procedures resulted in reliable in-
terpretation of both the high- and low-frequency spectral lev-
els. For many of the smallest events, there is insufficient
bandwidth at the high-frequency end of the spectrum to de-
termine the high-frequency spectral level; in the estimation
procedure outlined earlier, the estimate of f, continues to
grow with iteration until it exceeds the available bandwidth.
In such cases, the stress drop cannot be determined.

Table 4 lists the determined values of moment magni-
tude and stress drop for all study events with three or more
recordings. There are 14 events for which moment magni-
tudes are available from independent waveform modeling
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Acceleration Source Spectra for 3.5<m1<4
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Figure 13. Acceleration source spectra (light

lines) for post-1995 study earthquakes (with broad-
band data). Top frame shows events of 3.5 = m; <
4 in comparison to Brune model spectra (heavy lines
with symbols) for a stress drop of 150 bars for M 3.5
and 4. Lower frame shows events of 4 = m; < 5 in
comparison to Brune model spectra (heavy lines with
symbols) for a stress drop of 150 bars for M 4 and 5.

studies (Atkinson and Boore, 1995; A. Bent, 2003, personal
comm.; Du et al., 2003). Figure 14 compares the M esti-
mates of this study with the independent estimates based on
waveform modeling. Most of my moment magnitude esti-
mates are within 0.2 units of the established values; the av-
erage difference is 0.007 units, with a standard deviation of
0.16 magnitude units. Thus the use of regional seismo-
graphic data, corrected for empirical attenuation, is a rea-
sonably reliable method of estimating moment magnitude.
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Table 4

Source Parameters for Study Events

Date Ao fo Ao
(yyyy mm dd) my Depth Ny M (bars) (Hz) (min)

~

198003 11 3.58 10.0 5 353 710 5.93

1981 06 16  3.36 8.0 6 329 — 8.99 448
1981 0704 351 13.0 9 340 447 5.75

19810918 325 10.0 10 3.20 — 10.21 349
19810930 3.26 10.0 10 3.14 10.09 34.0
1981 11 28  3.61 5.0 3 355 — 6.74 9.9
19820109 3.72 5.0 3 3.60 594 146
198201 09 3.72 5.0 4 357 — 5.94 53
198201 11 4.95 5.0 14 495 1233 1.35

198201 13 3.50 5.0 6 3.38 — 7.65 7.3
198201 17 3.59 5.0 4 347 690 6.5
198201 19  4.08 7.0 8 414 1069 3.26

198203 16  3.48 5.0
1982 03 31 4.24 5.0
198204 02  3.85 5.0
198204 11  3.84 5.0
198204 18 3.84 5.0
19820506 3.62 5.0
198206 16  4.19 8.0

5 340 8.8 3.35
13 4.23 83.7 2.71
11 382 30.2 3.12
11 376 532 4.03
11 3.71 27.4 3.44

9 3.62 31.4 3.97
15 421 66.4 257

19820623 3.05 10.0 8 3.05 — 12.85 32.0
198207 13 3.43  10.0 8 337 384 5.61
1982 07 28  3.62 5.0 5 352 — 6.67 5.6
198208 06  3.18 10.0 9 324 — 11.06  38.0
198208 13  3.66 10.0 6 370 1172  5.62
19820903 3.43 10.0 6 334 40.1 591
19821026 3.24 5.0 5 322 — 10.32 9.0
19821204 351 150 10 349 747 6.18
198301 17 3.82 10.0 11 380 74.0 4.29

=N oNelBelel=-) S =l le el lellelelel el el =l el leleleleleleleleleBoBoNel Sl =R =N

1983 05 13 3.31 5.0 4 328 — 952 157
1983 05 13 3.90 5.0 5 391 463 3.23
19830516 355 11.0 11 355 432 4.78
1983 0529  3.80 2.0 15 386 558 3.68
198308 12 3.17 10.0 4 319 — 11.19 53
1983 10 07 4.82 4.0 16 482 3138 2.14
19831007 338 13.0 8 339 708 6.80
198310 11 3.78 14.0 12 377 430 3.73
1983 1117  3.47 5.0 5 3.46 — 792 119
19831228 3.10 10.0 7 3.06 12.13  25.7
1984 0224  3.56 5.0 7 350 265 4.34
198404 11  3.60 10.0 5 355 408 4.70
19840923 3.60 10.0 4 350 — 6.82 7.8
1984 11 30 3.78 5.0 5 364 190 3.29
19850303 3.13 14.0 3295 — 11.72 7.7
198504 12 3.16 9.0 8 3.10 11.32  41.6
19851005  3.69 5.0 15 3.62 16.9 3.25
19851019 3.88 10.0 8 3.85 28.5 2.94
1986 01 11 3.59 6.4 11 354 535 5.22

(continued)

Figure 15 shows the dependence of stress drop on moment
magnitude for the events from this study. Atkinson (1993b)
noted that the stress drop increases with magnitude until
about M 4, above which it appears to have a relatively con-
stant value in the range of 100-200 bars. The results of this
study are consistent with that observation, although a con-
stant stress level is not attained until M = 4.3. It appears
that the low stress drops for small events really do reflect
low high-frequency spectral amplitudes, not a bandwidth



1092 G. M. Atkinson

Table 4 Table 4
Continued Continued

Date Ao fo Ao Date Ao fo Ao
(yyyy mm dd) my Depth [ ng, M (bars) (Hz) (min) (yyyy mm dd) my Depth [ ng, M (bars) (Hz) (min)
19860131 469 100 1 14 4.69 1588 1.98 19990316 444 190 0 27 450 1044 2.16
1986 0712 448 100 1 15 450 119.7 2.23 19990317 282 180 1 3 253 20.9 12.11
1986 08 06  3.39 100 1 8§ 332 14.6 4.32 19990325 265 18.0 1 8 2.66 20.36 322
19860919 374 220 O 16 3.73 37.0 3.71 199906 18 3.07 220 O 15 3.00 28.6 7.90
19861109 383 100 1 14 3.83 36.0 3.26 19990726 274 205 O 7 244 14.1 11.74
19870806 299 100 1 3 3.02 — 13.77 11.5 19990729 276 180 1 3 230 17.7 14.89
1987 09 26  3.48 50 1 6 342 38.1 5.30 199908 15 225 230 O 3 225 3227 18.8
19871023 334 140 O 6 3.29 50.5 6.84 19991002 270 18.0 1 3 227 14.5 9.65
1987 11 11 3.26 170 0 14 3.17 — 10.09 41.6 1999 10 02  2.80 87 0 8 2.62 17.2 15.29
19880102 324 110 O 8§ 321 — 10.32 144 19991028 266 153 O 5 243 — 20.13 103
19880128 3.69 100 1 10 3.62 6.2 2.29 19991031 351 160 O 19 344 53.9 5.83
198803 10 337 120 O 6 3.36 96.4 7.77 1999 1126 3.24 50 1 7 320 54.9 7.78
1988 03 13 2.96 60 O 9 284 — 1425 149 1999 1221 262 170 O 6 254 21.08 7.2
1988 04 24  3.49 50 1 4 341 12.2 3.69 2000 01 01 442 13.0 0 33 454 1432 2.27
1988 05 09  3.34 50 1 9 323 — 9.20 7.4 2000 01 03  3.41 1.0 1 10 327 9.2 3.93
1988 05 15  3.01 80 O 4 3.01 — 1345 142 2000 01 08 261 18.0 1 3 248 — 21.32 130
1988 08 09  3.07 9.0 0 6 297 — 12.56  27.6 200001 15 281 240 O 7 252 25.5 13.13
1988 08 26  3.63 50 1 8 3.57 — 6.59 9.8 200001 17 351 100 1 11 342 25.1 4.61
1988 10 20  3.56 50 1 7 3.55 — 7.14 105 2000 01 23 2.36 87 0 8 225 — 28.43 9.6
19881123 425 290 0 12 4.26 77.0 2.55 2000 0207 245 180 1 4 256 — 25.63 340
1988 1126 358 260 0 21 357 90.0 6.00 20000207 271 180 1 4 267 63.8 14.93
19890119 337 250 O 9 3.30 42.7 6.37 20000209 260 131 O 6 212 — 21.57 6.6
19890131 298 190 O 6 2.84 — 13.93 215 20000302 281 120 O 6 2.68 22.1 10.36
19890210 390 100 1 5 391 54.6 341 20000320 291 150 O 6 287 27.9 9.05
19890309 3.79 100 1 8§ 3.78 33.1 3.36 20000405 294 180 1 7 272 22.2 9.89
1989 08 10  3.51 50 0 9 3.36 — 7.57 7.9 20000420 371 180 1 20 3.68 21.8 3.29
19891013 327 220 O 7 3.5 22.6 6.15 20000615 338 114 0 14 3.30 72.0 7.62
1989 11 04 2.73 70 0 3 276 — 18.57 18.0 20000629 294 180 1 9 292 435 9.85
19891116 352 100 1 14 3.57 41.9 4.63 20000703 244 116 O 7 2.09 — 25.93 7.7
1989 1122 3.16 80 O 7 3.07 — 11.32  18.8 200007 11 234 180 1 3 230 — 29.10 8.3
1989 1225 4.55 50 0 14 457 2052 2.47 20000712 3.66 180 1 21 3.64 130.6 6.19
19900303 343 200 0 10 341 36.2 5.34 200007 12 3.14 180 1 6 3.11 141.1 11.75
199003 13 299 150 O 7 283 — 13.77 17.8 20000806 3.63 180 1 24 3.60 14.1 8.62
1990 04 21 3.01 90 O 7 2.88 — 1345 163 200000806 297 18.0 1 4 271 46.4 4.59
1990 04 23 2.81 7.0 0 8§ 272 — 16.94 16.1 200008 16 232 157 O 7 214 — 29.77 7.0
19901007 354 130 O 4 351 39.3 4.88 2000 09 21 2.55 74 0 4 236 — 22.85 19.9
19901019 446 130 0 10 449 267.7 2.99 2000 09 27  2.92 81 0 8 2.84 70.2 12.74
19901021 298 150 O 7 292 — 13.93 36.8 2000 1006 3.18 180 1 10 3.20 429 7.11
1990 12 18  3.06 90 0 7 294 — 1270  11.2 2000 10 10 2.60 18.0 O 7 247 — 21.57 19.2
19971106 420 225 0 25 4.22 96.5 2.87 20001023 213 180 1 4 221 37.05 8.3
1998 06 17 2.52 180 1 4 241 — 23.65 9.5 2000 11 10  2.67 18.0 1 7 273 39.8 11.98
199807 13 292 180 1 4 285 643 12.21 20010114 293 180 1 8 275 25.0 9.96
1998 07 15  3.80 50 1 20 3.76 8.6 2.19 2001 01 26 3.98 50 1 10 4.03 56.3 3.01
19980730 252 100 1 4 224 95.2 4.03 20010206 271 120 O 8 274 44.1 12.21
19980730 391 100 1 25 393 — 23.65 104 20010319 336 210 O 5 336 41.9 5.94
199808 08 2.66 180 1 3 257 — 20.13 319 20010324 395 180 1 15 3.92 68.1 3.62
19980918 3.15 180 1 11 3.07 49.2 8.65 20010411 313 220 O 12 3.09 24.6 6.72
1998 09 25 4.54 50 1 5 476 1347 1.72 20010522 3.67 109 0 12 3.61 62.5 5.08
19980929 242 180 1 4 242 — 26.54 25.0 20010612 294 180 1 5 297 24.9 7.76
1998 1005 2.34 180 1 4 212 — 29.10 9.0 2001 0727 3.10 18.0 1 7 312 47.7 8.10
1998 10 21 2.46 98 0 7 214 — 25.34 8.9 2001 08 18 2.65 180 1 5 251 — 20.36  34.6
1998 1022 357 180 1 24 3.50 475 5.24 2001 09 15 3.58 50 1 3 352 12.04 3.24
1998 1225 3.02 180 1 10 299 11.7 5.87 2001 09 16 3.43 50 1 5 330 13.6 431
19990119 282 180 1 9 2.69 23.1 10.39 2001 1110 272 250 O 6 2.66 9.4 8.03
19990122 326 180 1 13 3.12 57.7 8.58 2001 1114 260 180 1 5 267 — 21.57 15.7
1999 0223  2.78 180 1 8§ 251 19.2  12.10 2001 1115 259 150 O 5 260 21.82 9.3
19990226 3.63 180 1 11 3.58 13.2 3.12 2001 1224 314 130 O 9 3.19 51.3 7.71
19990308 2.60 120 O 5 244 — 21.57 16.5 20020120 352 300 1 20 348 63.5 5.90
19990309 282 100 1 7 267 13.1 8.86 20020211 341 100 1 16 3.32 64.1 7.09
19990315 258 180 1 4 245 — 22.07 21.8 20020224 261 180 1 5 266 — 21.32  16.0

(continued) (continued)
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Table 4 Moment magnitude comparison
Continued
Date Ao fo Ao T T

(yyyy mm dd) m Depth  f  ng, M (bars) (Hz) (min) 5 r n
20020401 274 130 O 6 267 148 9.23 2 L O =
20020420 469 120 0 32 484 483 1.12 =] 3 O 4
20020420 2.82 180 1 7 266 14.1 3.27 g - 4
20020420 370 180 1 10 3.55 3.1 5.55 € 45 - Oa —
20020425 267 180 1 3 255 46.0 1541 £ F R
20020427 256 190 O 5 256 — 22.59 152 _g - 1
20020503 236 180 1 5 241 — 2843 114 s r O d 1
20020514 290 141 O 8§ 277 362 11.12 ' r 1
20020524 320 100 1 11 313 146 5.40 GEJ 4 O O T
20020528 320 180 1 8§ 298 174 6.80 o r 1
20020601 253 180 1 9 268 — 2338 263 = r 1
2002 06 05  3.83 50 1 40 384 450 3.45 O 1
200206 12 2.79 78 0 8 277 385 11.23 35 r L 1
20020625 3.15 100 1 5 3.01 7.8 5.02 ~35 4 45 5
20020723 353 180 1 22 350 50.0 5.33

20020817 327 133 0 15 324 80.1 8.38

20020824 314 180 1 5 282 42 511 Moment M from waveform modeling
20020907 3.12 230 0 15 3.08 272 7.09

200306 13 356 11,5 0 26 352 537 532 Figure 14.  Comparison of moment magnitude es-

Focal depth in kilometer; depth is assigned (unknown) where indicated

by f = L.

Abbreviations: n

stns

number of stations;

Aa, stress drop in bars;
fo, corner frequency;

timates determined in this study, by correcting ob-
served spectra for regional attenuation effects, to in-
dependent moment magnitudes determined from
waveform modeling studies.

Ac(min), minimum stress drop in cases where apparent corner frequency

lies above the available bandwidth.
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Figure 15.

Brune stress drop based on

high-frequency spectral level, for events hav-
ing at least three spectral frequencies available
above the corner frequency, versus moment
magnitude. Symbols distinguish between focal

depths where known.
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limitation, as the high-frequency levels can be clearly seen
for events of magnitude 3.5-4 on Figure 13. Furthermore,
the stress drops are not plotted on Figure 15 unless at least
three spectral amplitude values are available above the de-
termined corner frequency. Stress drop does not appear to
depend on depth.

Figure 16 plots magnitude m; versus moment magni-
tude. This confirms that m; is an excellent estimate of M for
M <4.5, despite a small offset from the 1:1 relationship at
small magnitudes. Over the magnitude range plotted, the av-
erage difference between m; and M is 0.07 units, with a
standard deviation of 0.10 units. For the purpose of using
equation (5) to predict Fourier spectral amplitudes for events
of M 3-5 for which the moment magnitude is known, m,
can be estimated using the least-squares relation

m, = 036 + 0.91M. (12)

At larger magnitudes (M >5), it is expected that m;, will
deviate from M due to finite fault effects that introduce com-
plexity in the spectral shape (Chen and Atkinson, 2002).

Conclusions

Regression analysis of 1700 digital seismograms has
determined that Fourier spectral amplitudes for the shear
window, for the vertical and horizontal component of mo-
tion, for earthquakes of moment magnitude 2.5-5 in south-

ENA Magnitudes: m1 vs. Moment M

5 L B B L R B |
r *|
Q“ 1
o > +
45 - + -
I &
4 + i
p= n
35 .
L+ ]
3 - -
'i‘f :h;' mi=moment M ]
) == =21 m1=0.36+0.91*Moment M
25 .—|'r PSR ST TR SR T NN SRR SR T SN AN SR T SN SR N SN ST S
2.5 3 3.5 4 4.5 5
Moment M
Figure 16. 1-Hz magnitude m, versus moment

magnitude for the study earthquakes. Solid line shows
1:1 relation; dotted line shows best-fit relation.

G. M. Atkinson

eastern Canada and the northeastern United States follow a
hinged trilinear attenuation model. Spectral amplitudes de-
cay as R~ within 70 km of the source. There is a transition
zone from 70 to 140 km, as the direct waves are joined by
strong postcritical reflections, where the attenuation is de-
scribed as R*%2 Beyond 140 km, the attenuation is well
described by R ™3, The associated model for the regional
quality factor for frequencies greater than 1 Hz can be ex-
pressed as Q = 893f%32. O can be better modeled over a
wider frequency range (0.2-20 Hz) by a polynomial expres-
sion: log @ = 3.052 — 0.393 log f + 0.945 (log f)* —
0.327 (log f)*. The attenuation model can be refined for
events of known focal depth using correction factors devel-
oped from analysis of the ground-motion database (Table 3).

Correction of regional seismographic data for the ob-
served attenuation effects can be used to estimate the spec-
trum of ground motion in the shear window near the earth-
quake source. The apparent source spectra of earthquakes of
2.5 =M = 5 are well described by the Brune (1970, 1971)
source model. From the long-period level of the spectrum,
the moment magnitude can be estimated. Estimates of mo-
ment magnitude obtained this way are consistent with in-
dependent estimates based on waveform modeling. A simple
regional magnitude measure, m;, also provides a good
estimate of M for small earthquakes (M <5). The high-
frequency level of the source spectrum may be used to es-
timate the Brune stress drop. Stress drop increases with mo-
ment magnitude for events of M <4.3, then appears to attain
a relatively constant level in the range from 100 to 200 bars
for the larger events, as previously noted by Atkinson
(1993b).

The results of this study provide a useful framework for
improving regional ground motion relations in ENA. They
further our understanding of attenuation in the region
through analysis of a large ground-motion database. In par-
ticular, the inclusion of the three-component broadband data
gathered over the last decade allows extension of attenuation
models to both horizontal and vertical components over a
broad frequency range (0.2-20 Hz).
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