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DETERMINATION OF AMPLITUDE AND DURATION
MAGNITUDES AND SITE RESIDUALS FROM SHORT-PERIOD SEISMOGRAPHS
IN NORTHERN CALIFORNIA

ABSTRACT

Equations for determinig amplitude magnitude (MX) and
duration magnitude (MF) that employ all calibrated instruments in
the U.S5.G.S. short-period telemetered seismic network in northern
California (NCSN) were developed and tested against a set of 1276
earthquakes from 1986-1990 that were analyzed on the Caltech-USGS
processing system (CUSP). The expressions for decay of amplitude
and record duration in these equations are functions of distance
alone. Sensitivity corrections for both MX and MF are simply the
logarithms of the ratios of the magnification of the reference
instrument to that of the instrument actually used. Component
corrections were chosen so as to minimize the dependence of
instrument site residuals on instrument component. MF site
residuals were found to be closely linked to MX site residuals in
a manner that suggests both depend primarily on site
amplification. Both MX and MF site residuals vary systematically
with bedrock lithology: older well consolidated rocks produce
negative residuals (smaller amplitudes and shorter durations) and
younger unconsolidated rocks produce positive residuals (larger
amplitudes and longer durations).

Average station magnitude residuals are virtually
independent of distance from the epicenter to at least 800 km;
and MX - MF, averaged over 0.5 unit magnitude intervals, is less
than 0.05 from M0O.5 to M5.5.

Comparison of MX and MBK (M, U C Berkeley) for 293 events in
both the CUSP data set and the Berkeley catalog shows that
calculated MX's are marginally larger than the corresponding
MBK's. MX-MBK averages about +0.04.



The characteristics of the standard Wood-Anderson
seismograph employed to calculate MX are: free period 0.8 sec,
damping constant 0.8, and static magnification 2080.

INTRODUCTION
In the original development of magnitude, Richter (1935)

attempted to rank southern California earthquakes crudely
according to size on the basis of the instrumental records most
widely available to him. Magnitude was defined as "the logarithm
of the maximum trace amplitude expressed in thousandths of a
millimeter with which the standard short-period torsion
seismometer (free period 0.8 sec., static magnification 2800,
damping near critical) would register that earthquake at an epi-
central distance of 100 kilometers". To permit calculation of
magnitudes from Wood-Anderson seismograms recorded at other
distances, Richter introduced the concept of the "zero magnitude
earthquake" and worked out the relationship between its amplitude
and epicentral distance empirically. Then M=logA(D)-1logA (D),
where A is the amplitude recorded and A, is the amplitude of the
zero magnitude earthquake at epicentral distance D.

For large earthquakes, records near the epicenter are off
scale or too faintly recorded to read; so their magnitudes are
determined from on-scale records at larger epicentral distances.
This practice makes the accurate determination of the zero-magni
tude-earthquake amplitude curve an extremely critical part of the
magnitude calculation process.

The development of the Richter scale and its use for
determining earthquake source parameters has been reviewed by
Boore (1989).

The introduction of the current generation of more sensitive
seismographs has exacerbated old problems and raised new ones in
the determination of magnitudes. The most important of these
are: 1) with more sensitive seismographs, records are "clipped"
out to greater distances than with the Wood-Anderson instruments,
2) the response of a simple high-gain electronic seismograph like



that employed in NCSN is proportional to ground velocity from 1
hz to 20 hz, not to ground displacement as is that of the
Wood-Anderson (Figure 1), and 3) the Wood-Anderson measures the
horizontal compenent of earth motion, while most of the NCSN
stations measure the vertical component. The first problem has
been ameliorated in NCSN by the installation of low-gain systems,
including about twenty three~component ones, with the same
spectral response as the usual high-gain system. The second
problem is minimized by maintaining accurate records of the spec-
tral response and sensitivities of the network seismographs so
that their records, or measurements from them, can be reduced to
the equivalent Wood-Anderson records or values (Eaton, 1980,
1986; Bakun and Joyner, 1984; Hutton and Boore, 1987; Uhrhammer
and Collins, 1990).

Methods for computing magnitudes from short-period electronic
seilsmographs have developed along two lines. In the first
approach, which includes MX, amplitudes corresponding to those of
the Wood-Anderson seismograph are derived from the electronic
seismograph records and employed in Richter's method to determine
magnitude. In the second approach, which includes MF, an
independent scale based on record duration, not on maximum
amplitude, has been developed and scaled to Richter magnitude
empirically. Both methods have been used to calculate magnitudes
from NCSN data, but each has had limitations related to range of
applicability, availability of required observations, and
adequacy of validation by comparison with magnitudes based on
Wood-Anderson records.

The goal of the present paper is to evaluate procedures for
calculating both MX and MF magnitudes from data that are measured
in the analysis of NCSN records: peak amplitudes and associated
periods, and earthquake durations. Both types of measurement are
made on records from both vertical and horizontal component
instruments operating at a wide range of sensitivities: 6db to
72db attenuation (or 86db to 20db electronic amplification).



4

Our task parallels Richter's determination of the zero-magni
tude-earthquake amplitude-versus-distance curve for southern Cal
ifornia, but it involves further complications. For both MX and
MF, the magnitudes computed for the same earthquake at a number
of stations should be independent of epicentral distance,
instrument sensitivity, and component of ground motion measured.
Moreover, MX and MF computed for a given event should agree
throughout the range of magnitudes observed, at least in the
average if not for individual events. Thus, we must
simultaneously, or iteratively, determine the functional
relationship between magnitude, peak amplitude and associated
period (for MX), duration (for MF), and distance as well as
corrections for instrument component, instrument sensitivity, and

recording site.

DATA SET

Prior to 1984 the primary recording of NCSN data was on
Develocorder film and backup recording was on analog magnetic
tape. Routine analysis was based on Develocorder film, fronm
which event durations could be measured but peak amplitudes could
not. Thus, the magnitudes that were routinely reported were
duration magnitudes (Lee et al,1972), and the data on which they
were based were hand-read event durations. Many large events and
several important earthquake sequences, however, were studied
from paper playbacks from magnetic tape (Eaton, 1990). These
playbacks were calibrated and permitted reading of peak
amplitudes and associated periods at stations that were not
clipped. Magnitudes reported for these earthquakes were
amplitude magnitudes, and the data on which they were based were
hand-read peak amplitudes and associated periods from calibrated
tape playbacks.

From 1984 onward primary network recording and analysis has
been carried out on the digital CUSP system and backup recording
has continued on analog magnetic tape. The CUSP system provides
an automatic measurement of event duration on low-noise traces,



but the version of CUSP used for routine analysis does not
support the measurement of peak amplitudes. A revised trace
editor for CUSP that does support the measurement of amplitude
and associated period was developed by Chris Stephens in mid-
1987. The Stephens trace editor has been used to analyze events
not captured by the on-line CUSP system, from digitized magnetic
tape, from 1986 onward. Such events tend to be concentrated
around the perimeter and in the northern part of the northern
California network where station coverage is poor and/or
telemetry is noisy. Additional moderate and large events that
were initially analyzed routinely on the CUSP system have been
reanalyzed with the Stephens trace editor so that amplitudes and
associated periods could be measured. Finally, the Stephens
editor has been used to analyze the first few days of the
aftershock sequence of the Oct. 17, 1989 Loma Prieta earthquake,
providing data on hundreds of earthquakes in the densest part of
the network.

The events processed by the Stephens editor on the CUSP
system constitute the principal data source for this study.
Their importance lies in the large numbers of amplitude/period
and duration measurements available for them and in the large
range of distance over which these measurements were made. The
1276-event CUSP data set, BTALL, is plotted in figure 2 and
listed in table A2. It contains more than 74,000 duration
measurements and 38,000 amplitude/period measurements. The
distributions of MX and MF determinations (single station) by
magnitude and distance are shown in tables 1 and 2, respectively.
The distribution of events in BTALL by magnitude is given in
table 3. BTALL has been divided into two subsets on the basis of
the number of amplitude/period and duration measurement available
per event.

BT10: 755 events, at least 10 observations each of

amplitude/period and duration;

BT5: 521 events, fail the test for BT10, but contain at

least 5 observations each of amplitude/period and duration.



The 80 large hand-timed events from 1982-1988 constitute a
supplemental data set, LHT. It contains about 6300 measurements
of amplitude/period but none of duration. Data set LHT is listed
in table A3.

DERIVATION OF THE MX EQUATION

The original NCSN procedure for computing amplitude
magnitudes was based on that used to compute 1966 Parkfield
aftershock magnitudes from calibrated playbacks of the 10-day
tape recorder stations (Eaton et al, 1970). The maximum peak to
trough amplitude and associated period on a record were read
without regard to which wave group they represent, P, S, or
surface waves. That amplitude was multiplied by the ratio
SWA/SGS, where SWA and SGS are the Wood-Anderson and USGS system
magnifications at the measured period, respectively, to reduce it
to the equivalent Wood-Anderson amplitude. The equivalent
Wood-~Anderson amplitude so obtained was then used to compute
magnitude on the basis of a slightly modified version of
Richter's original zero-magnitude-earthquake amplitude-~versus-
distance table, logA; vs D (Gutenberg and Richter, 1942). A
correction of +.25 was added to values computed from vertical
components on the basis of the observed ratio of maximum
horizontal to vertical peak amplitudes measured from a small set
of 3~-component records of central California earthquakes
available in 1970. Differences in sensitivity among the USGS
instruments were taken into account in the calculation of the
equivalent Wood-Anderson amplitude.

To adapt the logA; vs D (epicentral distance) data for use
with small earthquakes recorded at distances that were small
compared to focal depth, D was replaced by R (hypocentral
distance) on the assumption that the logA, vs D table applied to
earthquakes with an average focal depth of 8 km. The resulting
table was then plotted as'logao'vs logR. It was found that the
plotted data points could be represented quite closely (within
0.1 unit of magnitude) by two straight line segments:



I logA,~0.15-1.610gR 30 km < R < 200 km

IT 1logA,=3.38-3.010gR 200 km < R < 600 km
The first few plotted points for R < 30 km did not fit the curve
very well, but they were not well established: so curve I was
extrapolated to hypocentral distances smaller than 30 km as a
means of estimating loga,.

The procedure for calculating amplitude magnitude outlined
above was incorporated in HYPO71 (Lee and Lahr, 1975), where the
resulting magnitude was called XMAG. Because it uses a log A,
versus distance curve based on the Gutenberg-Richter data from
southern California, its application to northern California
earthquakes is questionable. However, when tested against the
primary data set from northern and *central California, BTALL,
this bi-linear formula for logaA, versus R yielded magnitude
values that depended only slighty on distance; but the dependence
was systematic.

Bakun and Joyner (1984) developed a formula for loga, that is
based on central and northern California earthquakes. Their data
set consisted of 957 maximum zero-to-peak Wood-Anderson amplitude
readings from 106 central California earthquakes read from
"synthetic" Wood-Anderson records from 17 short-period low-gain
USGS stations (34 conmponents) and real Wood-Anderson records from
3 UC Berkeley stations (6 components). They adopted the standard
Wood-Anderson parameters (T=0.8, h=0.8, and V=2800) for the
calculation of synthetic Wood-Anderson records. They inverted
their data set to obtain magnitudes for each event, station
corrections for each instrument component, and the constants n
and K in the expression logA,=+nlog(R/100)+K(R-100)+3. Although
in the inversion "the nminimum rms error occurs for n about 1,
there is a trade-off between n and K, and the minimum is broad".
For n between about 0.6 and 1.4 the rms error varies from 0.202
(n about 0.6) to 0.200 (n about 1) to 0.202 (n about 1.4). 1In
this range K=0.00301-0.005802(n-1). n is the goemetrical
spreading coefficient and K is the attenuation coefficient.



For their preferred solution (for n=1),
Bakun and Joyner: logA,=-1ogR-0.00301R~0.70.
When tested against the primary data set of this paper, this
formula for logA, yielded magnitude values that fit the data well
from the epicenter to 400 km but became increasingly too large
beyond about 450 km.

Hutton and Boore (1987) analyzed nearly 10,000 peak
amplitude measurements from Wood-Anderson or simulated Wood-
Anderson instruments from 972 earthquakes recorded by the
Southern California Seismographic Network to refine the log A,
equation for that region. They concluded that the form of the
Bakun and Joyner equation was appropriate for their data set but
that different coefficients were required for southern California
than for northern California.

Hutton and Boore: ~logA,=1.11010og(R/100)+0.00189 (R-100)+3.0.
When tested against BTALL, the Hutton and Boore equation
underestimated magnitudes between 130 km and 580 km by as much as
0.2 unit.

We have attemped to combine elements of the Bakun and Joyner
and bi-linear equations for logA to obtain a more uniformly good
fit to our primary data set over the range 0 km to 800 km.
Because we have a relationship between n and K corresponding to
near-optimum inversion of Bakun and Joyner's data set, as well as
the condition that the zero magnitude earthquake have an
amplitude of 1 micron (Wood-Anderson record) at 100 km, we can
stipulate a value for n and compute the coefficient of R (i.e. K)
and the constant in the equation for logaA,. The slope of the
logA, vs logR curve becomes increasingly more negative with
increasing distance, and we can calculate the distance (logR) and
the ordinate (logA,) at which it takes on a prescribed value.
Thus, we can specify logA, so that it closely fits the Bakun and
Joyner curve (and data set) out to the distance at which the
slope attains a prescribed value and then continues with that
slope toward greater distance.
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After testing a number of trial equations based on different
spreading coefficients (n) and far-out logA, vs logR slopes, we
obtained the relationship:

MX: logAﬁ=~0.8210gR~0.00405R~0.955 R. < 185.3 km
logAd=—3.57-2.55(logR-109185.3) R > 185.3 knm

This equation for logA, fits the primary data set more
closely than either the bi-linear equation or the original Bakun
and Joyner equation. A still better fit can be obtained if we
apply a small correction at distances less than 70 km:

6 (logA,)=0.09sin(0.07 (D-25)) D < 70 km.

The slope of the hybrid curve described above, beyond 185
km, is -2.55, which is somewhat smaller than the ~3.0 slope of
the original Richter curve beyond 200 km.

The bi~linear, Bakun and Joyner, Hutton and Boore, and
uncorrected MX equations for logA, are compared in figure 3,
where differences between the first three and the last are
plotted as a function of distance. Differences between tabulated
logA, values from Richter (1958) and the MX equation are also
plotted in figure 3.

The Bakun and Joyner (BJ) and MX equations, both fitted to
northern California data, agree within 0.1 magnitude unit from 0
km to 400 km; and the divergence beyond 400 km reflects the lack
of -observations beyond 400 km in the BJ data set. The Hutton and
Boore (HB) and MX equations, fitted to southern California and
northern California observations, respectively, agree within 0.1
magnitude unit from 5 km to about 180 km. From 180 km to 600 km
the HB equation indicates that logA, in southern California
exceeds that in northern California (MX) by 0.10 to 0.20 unit.

DERIVATION OF THE MF EQUATION
Duration magnitude was defined for NCSN initially by Lee (Lee
et al, 1972). Event durations were measured from the onset of the
P waves to the point on the seismogram where the coda amplitude
diminished to 1 cm amplitude on the Develocorder film viewer
screen with x20 magnification. The instruments employed were the
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normal high-gain USGS verticals. No corrections were made for
different station sensitivities, but traces that appeared
abnormally long or abnormally short were not read. A histogram
of attenuator settings at network stations showed strong peaks at
12db and 18db (almost equal) with a rapid deérease for lower as
well as higher attenuator settings. We conclude that the average
sensitivity of the stations for which codas were measured
corresponds to an attenuator setting of about 15db.

To calibrate the coda magnitudes against Wood-Anderson
magnitudes, Lee et al employed a set of earthquakes in central
California for which amplitude magnitudes had been éomputed: MBK
for earthquakes larger than about M2 and XMAG (HYPO71l), based on
calibrated portable 10-day-tape playbacks, for smaller events.

On the basis of a log T vs log D comparison, where T is record
duration and D is epicentral distance, Lee et al (1972) developed
a duration magnitude equation of the same form as that developed
by Tsumura (1967) for use in Japan with earthquakes in the
magnitude 3 to 5 range.

Tsumura: M,=-2.53+2.8510gT+0.0014D 3 <M<S5

Lee: M,=-0.87+2.0010gT+0.0035D 0.5 <M< 5
HYPO71 employs the Lee equation to compute duration magnitude,
called FMAG, in the routine processing of NCSN data.

Several problems have arisen with the application of the
original Lee et al equation: 1) it has been found seriously to
underestimate magnitudes of events larger than M3.5, 2) as
network practice improves, seismic system noise decreases and
station gains are turned down to increase dynamic range, which
alters the calibration of the network for duration magnitudes, 3)
codas measured automatically in the RTP (real time processor) are
arbitrarily cut off at about 140 seconds; so rapid estimation of
maghitudes from high-gain stations is not possible for
earthquakes larger than about M3.5.

Bakun (1984) analyzed a subset of the events employed in the
Bakun and Joyner study of M, to develop a duration magnitude
equation that would yield better estimates of magnitudes for
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earthquakes larger than M3.5. His definition of duration was the
same as that of Lee, and he utilized only the normal high-gain
vertical-component NCSN instruments.

Bakun: M,=0.92+0.60210g?T+0.00268D

Michaelson (1987) reexamined events of the Bakun and Joyner
earthquake list to establish a relationship between total lapse
time Tl (coda threshold time - origin time) and magnitude. Her
lapse time readings were also made on Develocorder film. She used
station attenuator settings to correct for variations in station
sensitivities, unlike previous investigators; but she still used
only the high-gain vertical-component NCSN instruments. Her
preferred equation had no term in distance to account for
decrease in coda length with distance.

Michaelson: M' =-1.03+2.1010g911+0.00268T1+Csen
where 11 is lapse time and Csen is the sensitivity correction.

To permit rapid estimation of magnitudes from RTP data,
Hirshhorn et al (1987) developed a duration magnitude equation
for use with the low-gain vertical-component NCSN instruments.
Duration was measured by the RTP from the onset of P until the
average absolute trace amplitude of the coda dropped to 60 mv.
The low-gain verticals were operated with an attenuator setting
of 42db, as opposed to the 12db to 24db range for the high-gain
vertical-component instruments. Except for the constant, which
reflects the different sensitivities of the two systems used,
their equation is nearly the same as the Tsumura equation.

Hirshhorn: MZ=-0.72+2.951ogT+0.001D 3 <M«<®6

Johnson (1979) developed a method for calculating magnitudes
from measurements made in the decaying coda of local earthquakes.
A routine implemented in CUSP measures r,, averade absolute
amplitudes over a 2 second window, from the onset of the
earthquake record until r, diminishes to 60 millivolts, a level
that has been found empirically to produce the same 1 as the 10
mm threshold on the Develocorder viewer. The program fits a line
to a logr, vs logt plot of the coda data, where t is the time of
a "window" minus the P onset time. The coda magnitude that
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Johnson defined involves the extrapolation of the measured coda
amplitude to the onset time of P and employs a rather elaborate
periodic recalibration of the network against a set of Wood-
Anderson or simulated Wood-Anderson instruments to maintain the
relationship between M, and coda magnitude. Johnson (1979) used
a 5 second averaging window rather than the 2 second window used
currently.

Johnson also studied the post-S decay of seismogram
amplitudes using logr, vs logt plots. If time is measured from
the onset of P, then the coda decay data can be fitted by
straight lines with slopes that are insensitive to magnitude.
This result is very important for the determination of instrument
sensitivity corrections for duration magnitude.

To estimate the effect of instrument sensitivity on duration
magnitude we make the following assumptions:

1) duration magnitude can be calculated from an equation of the
form of the Lee and Tsumura equations: M=a+b*logl+£(D,h)

2) coda amplitude decays with time according to the relationship
described by Johnson: logB=logB,-m*logt, where t is measured from
the onset of P.

To determine the change in the calculated value of M caused
by a change in instrument sensitivity S, for a fixed recording
distance, D, and focal depth, h, we note that a change in
sensitivity produces a change in record amplitude and,
consequently, in the time at which the coda amplitude falls to
the threshold at which 1 is measured. The change in record
amplitude, B, caused by a change in sensitivity from S, to S, is
given by: 0 (logB)=log(S,/S,). From the equation for M,

OM=b*0 (1logT). From the equation for B, & (logt)=-1/m*6log(B); and
at the cutoff threshold, t=1. Thus, OM=-b/m*log(S,/S,). Noting
that b=2 and m=2, approximately, 0M=log(S,/S,). To preserve a
link with the original definition of FMAG, let S,=CAL15 and
S,=CAL, where CAL15 is the sensitivity factor for a 15db
attenuator setting and CAL is the sensitivity factor for the
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instrument used to measure 1. Then, 6M=log(CAL15/CAL), to be
added to M.

Because 6 (logB)/6 (logt) is constant in the Johnson equation,
the equation for OM should be valid for large changes in
sensitivities.

The equation we have developed for computing duration
magnitudes from vertical-component NCSN instruments is

MF=-0.81+2.221ogT+0.0011D+1log (CAL15/CAL)+D'+HF (h)

where D'=0.006(D-40.) if D < 40.0 knm
D'=0.0006 (D~350.0) if D > 350.0 km
HF (h)=0.014 (h-10.0) if h > 10.0 km

The D' term was added to reduce systematic MF residuals for D <
40 km and for D > 350 km, and the HF term was added to reduce a
dependence of MX-MF on focal depth.

When applied to our primary data set, BTALL, this equation
was found to minimize the dependence of computed magnitude on
distance and to produce MF values that tracked the corresponding
MX values over the range M0.5 to M5.5.

For a rough comparison of the five duration magnitude
equations described above, they were used to calculate duration
magnitudes versus duration for a recording distance of 100 km and
an attenuation of 15db. For the Michaelson equation elapsed time
T1 was computed from duration time T as 11=7+100.0/6.0. The
constant in the Hirshhorn and Lindh equation for the low-gain
vertical seismograph (42db Z component) was corrected to the 15db
high gain vertical by subtracting 1.35 for the 42db to 15db
conversion and 0.07 for the Z component to V component
conversion. The computed magnitudes in figure 4 are in
reasonable agreement for magnitudes between 2.5 and 3.5, but they
diverge seriously outside that range. Similar plots for several
recording distances show that the region of agreement increases
in magnitude with increasing distance from about 2.0 at 0 km, to
about 2.5 at 50 km, to about 3.0 at 100 km, and to about 3.5 at
200 km. At larger distances the differences among the equations

become quite large.
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MX AND MF EQUATIONS AND THE ITERATIVE PROCEDURE
FOR ESTABLISHING AND TESTING THEM
Complete equations for MX and MF include terms for component

corrections, sensitivity corrections, and site corrections in
addition to those describing the observations and the zero-
magnitude-earthquake amplitude and duration as functions of
distance and focal depth. Subscript i denotes a unique
instrument and subscript j denotes a unique event. A double
subscript ij denotes an observation of event j at instrument i;
and single subscripts i or j denote constant properties of the
instrument or event, respectively. The "station" magnitudes,
MX;; and MF;; are calculated by the equations:
Mxij=log (Aij/Z) -1logA,+10g (SWA/SGS;) m.+xci+xs,.
MF,,=2.22(logT;~10gT,) +10g (CAL15/CAL,) +FC,+FS +HF (h)
where,

-1ogA;=0.955+0.8210gR;;+0.00405R;; D;; < 185.3 km
=3.57+2.55(1ogR;;~10g185. 3) D;; > 185.3 km
8(-long)=0.09$in(0.07(Dij—25.0)) if D;; < 70.0 knm
and
-2.2210g1,=-0.81+0.0011D;;+0.005(D;;-40.) D;; < 40.0 km
=-0.81+0.0011D;, 40.0 km < D;; < 350.0 km
==0.81+0.0011D;;+0.0006 (D;;,~350.0) D;; > 350.0 km
HF (h) ;=0.014 (h;-10.0) if h; > 10 km

Variable list
Aﬁ=maximum peak-to-trough amplitude
Tﬁ=period associated with A
Ts;
CallS5=sensitivity factor for 15db attenuator setting

=event duration

CAL;=sensitivity factor for attenuator setting ATTN,
SWA=Wood-Anderson magnification at period T;;
SGS;=USGS systen " " " "
R;;=hypocentral distance

D;;=epicentral "

t5=foca1 depth
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XC.,=MX component correction
Fci=MF 11} "
XS;=MX site correction
Fsi=MF 1" 11}
logAg=zero—magnitude-earthquake Wood-Andersoh amplitude
logl,=zero-magnitude-earthquake duration on a vertical component
USGS seismograph with 15db attenuator setting
HF(h)j=empirica1 depth correction for MF

These equations show that the distance correction for MX is
far more severe than for MF: A, decreases from a relative value
of 1 at 20 km to 1/91 at 300 km hypocentral distande, while 1,
decreases from a relative value of 1 at 20 km to 1/1.4 at 300 km
epicentral distance.

Further definitions
MXj=median(MXij) event MX
MFj=me:dian(MFi i) event MF
RX”=MX”-MXj station MX residual
RF;;=MF,-MF, station MF residual
DXF;=MX;-MF, difference MX,-MF, for event j
ARX,;=SUM(RX;;) /N average MX residual at site i
ARF;=SUM(RF;;) /N average MF residual at site i
ADXF=SUM (DXF;) /N average (MX-MF) over entire set of events

Iterative procedures

We have used a two-stage iterative procedure to test and
adjust the MX and MF equations against the data of this paper.
In the first stage, the expressions for logA, and logl, and for
the MX and MF sensitivity corrections, as well as the stipulated
values of the component corrections, were assumed to be correct.
Values of the site corrections XS; and FS, (which are the
negative site residuals) were determined by iteration:
1) the initial values of XS, and FS; were set equal to zero.
2) the magnitude equations were employed to calculate ARX., and
ARF,,, where the subscript 1 denotes the result of the first
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iteration. The site corrections were reset to XS,=-ARX., and
XF,=-ARF,,.
3) this process was repeated an additional five times to
calculate ARX. and ARF, , k=2 to 6, with the_site corrections
being updated between iterations.
4) The final site corrections were calculated as
XS, =-SUM ARX,,, FS,=-SUM ARF, , k=1,6.

In the second stage, the loga,, logl,, and MF equations as
well as the component corrections were modified, if neccessary,
to reduce systematic trends in various residuals.

5) the magnitude equations were employed to calculafe MXﬁ, MFJ,

]

logA, and logl, equations as well as the relationship between MX

RX”, RF;;, and DXT},‘which were used in the evaluation of the

and MF. The site corrections employed were those determined in
step 4.

6) RX;; and RF,; were averaged over non-overlapping 20-km-long
distance intervals from 0 to 800 km. Plots of these average
residuals versus distance were analyzed to determine how the
logA, and logl, equations might be adjusted manually to reduce
average residuals.

7) DXF; was averaged over non-overlapping 0.5-unit magnitude
intervals from MO to M6.5; and a plot of average magnitude
difference versus magnitude was analyzed, along with ADFX, to
determine how well MF tracked MX across the range of magnitudes
sampled by the data. The coefficient of (logl-logl,) and the
constant in the MF equation were then adjusted, if neccessary, to
improve the agreement between MX and MF.

8) for both MX and MF, the site residuals computed in step 4
(-XsS; and -FS;) were averaged for each component class: V=high-
gain verticals (attenuator setting 6db to 36db), Z=low-gain
verticals (attenuator setting 42db or 48db), and H=low-gain
horizontals (attenuator setting 42db). Assuming a random
relationship between site residual and instrument component, we
would expect these component averages to be zero. Thus, if the

component averages are not zero we suspect that errors in
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component corrections have "leaked" into the site residuals. The
H-component correction for MX and the V-component correction for
MF must be zero to insure that MX and MF conform to the initial
definitions of amplitude and duration magnitude. The other
component corrections can be modified, however, to minimize the
average component site residuals.

The two-stage iterative process was repeated if changes in
the magnitude equations were introduced in step 6,7,or 8. When
we reached an iteration for which no changes were required, we
proceded to evaluate the final (adjusted) equationg for MX and
MF.

TESTING THE MAGNITUDE EQUATIONS

The 755 events in data set BT10 averaged 44 amplitude/period
and 93 duration measurements per event, while the 521 events in
BT5 averaged only 10 amplitude/period and 11 duration
measurements per event. Therefore, BT10 was used with the
iterative procedure described above to determine the constants
and the component and site corrections in both the MX and MF
equations. Those equations were then applied to the entire CUSP
data set, BTALL, as well as to the supplemental LHT data set to
determine whether the fundamental requirements of a magnitude
computing procedure were satisfied.

To check for possible dependence of calculated magnitude
values on distance, we have analyzed the individual station
magnitude residuals computed for each event. For the entire data
set the MX and MF station residuals were averaged over non-
overlapping 20 km intervals from 0 km to 800 km and the standard
deviations of both MX and MF residuals in each interval were
computed. Plots of average magnitude residuals and the
corresponding standard deviations are shown in figure 5. In
general, the average magnitude residuals are small and show no
systematic trend with distance. The standard deviations average
about 0.25 for the MX residuals and show little variation with
distance. The standard deviations of the MF residuals average
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about 0.25 from 0 km to about 200 km, but beyond 200 km they
increase gradually to about 0.40 at 600 km and beyond.

A more detailed picture of average magnitude residuals
versus distance for the CUSP data set is provided by figure 6,
where both average MX and average MF residuals over non-
overlapping 5-km intervals from 0 km to 250 km are shown for
events with M < 3, M > 3, and all M. The short-distance
corrections for both MX (D < 70 km) and MF (D < 40 km) were
required to suppress systematic residuals of about 0.1 magnitude
unit that appear in the plots if the corrections are omitted.

The positive residuals for both MX and MF for distances
greater than about 180 km for events with M < 3 probably result
from the contamination of weak signals by noise at those
distances. The large negative residuals for MX, but not MF, at
distances less than about 50 km for events with M > 3 probably
result from skewed sampling of seismograms at distances where
most records are clipped and unusable for measuring amplitudes;
i.e., unclipped records represent only stations that recorded the
event with abnormally small amplitudes.

When displayed as a function of azimuth (figure 7), MX and MF
residuals, averaged over non-overlapping 10 intervals, are both
near zero and the standard deviations of both are near 0.25
throughout the range 0 to 360 .

To check for possible dependence of the difference between
MX and MF values on magnitude and focal depth, we have analyzed
the event summary data for data sets BT10, BT5, and BTALL. Small
events with, necessarily, few measurements of amplitude/period
and duration are much better represented by BTS (266 events < M2)
than BT10 (131 events < M2).

Figure 8 shows average MX-MF differences as well as the
corresponding standard deviations of the differences for non-
overlapping 0.5 unit intervals from MO to M6.5. The average MX-
MF is small, generally less than 0.05 unit, except for very small
and very large magnitude ranges where the number of observations
is small. The standard deviations of the differences for BTALL,
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with the most observations across the whole range of magnitudes,
lie between 0.11 and 0.23 and average 0.19.

Average MX-MF is shown as a function of depth in table 4.
The difference is 0.05 or less for depths of 0 km to 35 km. For
greater depths the difference increases to -0.27 (35 km to 40 km)
and -0.37 (40 km to 45 km), but the number of events at those
depths is very small.

The MX-MF differences also show a degree of regional
dependence (figure 9). Large negative values dominate the
onshore region east of Cape Mendocino (40 20'N, 124 20'W) and are
common in the Loma Prieta region (37N, 121 '50'W). Large
positive values dominate the Long Valley region (37 '30'N,

118 '40'W), the northern Coast Ranges, the offshore region north
of Cape Mendocino, and are present in the Loma Prieta region.

Site residuals for MX and MF are given in Table A4. As
indicated above, those residuals are the sums of the site
residuals for six consecutive iterations of the magnitude
calculations, starting with zero site residuals. The standard
deviation, number of observations, and attenuator settings are
taken from the sixth site residual list, i.e. they describe the
last increment to the site residuals.

By grouping stations according to component, region, or
attenuation setting and calculating the averages and other
statistics of the site residuals for those groups, we can
determine what linkage might exist between the site residuals and
the station characteristics studied. Thus, when we group
instruments according to component, for which we have already
made explicit corrections, table 5, we would hope that the
average site residual for all instruments of a given type would
be zero. Table 5 shows how well that expectation is met for the
high-gain vertical, V, low-gain vertical, Z, and low-gain
horizontal, H.

Table 6 groups stations according to network region, as
indicated by the first letter of the station names, for the
computation of average site residuals. The rather large regional
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variations in site residual suggest that unequal distribution of
components among regions might cross over into the computed
component residuals.

Table 7 groups stations according to attenuation; and average
site residuals as a function of attenuator sétting are plotted in
figure 10. For both MX and MF the built-in attenuation
correction is +0.301 per 6db step in attenuation. We have an a
priori expectation of some correlation between site residuals and
attenuator setting: for high-gain stations an attenuator setting
was chosen that led to a background noise level of about 50
millivolts at the seismic amplifier output. Thus, noisy sites
were set up with high attenuation and quiet sites with low
attenuation. Experience shows that average good-to-medium
quality sites required either 12db or 18db attenuator settings.
Sites requiring 24db or 30db attenuator settings were commonly on
thick sediments, near noise sources, or both. The 42db and 48db
stations were not set up according to the 50 mv rule. They were
mostly on good-to-medium sites and were set up as low-gain
instruments.

Returning to average MX site residuals in table 7, note that
the average for 12db and 18db is ~0.035 and that the average for
42db and 48db is 0.01. The 12db/18db stations and the 42/48db
low~gain stations are presumed to be on comparable sites, and the
built-in attenuation correction appears to track the data through
this range of attenuation very closely although the correction is
large.

Among the high-gain sites with attenuations of 6db, 12db,
18db, 24db, and 30db, however, the average residuals suggest that
the required attenuation correction is only 0.15 per 6db step,
about half of that applied. For MX, however, there is little
doubt that the larger correction is required by the procedure
used to compute MX; so we must conclude that the discrepancy is a
measure of the correlation between site sensitivity and the
attenuation required by the normal station set-up procedure to
limit noise.
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The MF site residuals behave almost the same as the MX site
residuals. The difference between the MX and MF residuals is
0.02 or less for settings 6db through 24db, and the average at
42db and 48db is -0.005. Thus, although the basis for computing
the built-in MF sensitivity correction is not as clear as for MX,
we are led to essentially the same conclusion for the two, that
the appropriate sensitivity correction for both is +0.301 per
6db.

Now consider how the MX and MF site residuals might depend
on each other. The average MF site residuals for non-overlapping
0.05 unit intervals of MX site residual are plotted'against the
centers of the MX site residual intervals in figure 11. They
define a remarkably straight line with a slope near 1.0 (compare
with the reference line). The standard deviations, which average
0.16, increase with increasing site residual. The close
correspondence between MX and MF site residuals plus the manner
in which both MX and MF depend on record amplitude (i.e. the
sensitivity corrections) suggest that the site effect is due
primarily to ground amplification, which changes the amplitude
and duration in similar fashion. At about one site in 8 the
ground amplification is 2.0 or greater.

REGIONAL VARTATIONS IN MX AND MF SITE RESIDUALS AND THEIR
DEPENDENCE ON BEDROCK LITHOLOGY

Maps of MX (figure 12) and MF (figure 13) site residuals
can be contoured into broad regions of positive and negative
values. The maps are quite similar except for a small region
southeast of Monterey Bay. The the bedrock lithologies of the
individual sites were read from the 1:750,000 Geologic Map of
California (Jennings, 1977) and added to the site residual list,
Table A4. The 36 rock units so identified were assigned to 23
rock type categories for analysis: units represented by too few
sites to warrant individual consideration were assigned to
categories containing very similar rocks or to a "miscellaneous"
category that was not included in the analysis. For each rock
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type category, average site residuals, standard deviations of
site residuals, and number of sites are given for both MX and MF
in table 8. The same material is presented graphically in figure
14. In both table 8 and figure 14, rock type categories are
arranged in order of increasing average MX site residual. Rock
type categories and rock unit names and corresponding brief
descriptions (from Jennings, 1977), are given in table Al.

Among rock types representing many sites, average MX site
residuals range from -0.23 for rock type 2 (unit kjfm,
Franciciscan Complex melange) to +0.19 for rock type 21 (unit q,
Quaternary alluvium, etc.). The determining factors influencing
MX site residuals appear to be age and state of consolidation of
the bedrock: older, more consolidated (metamorphic and igneous)
rocks have negative residuals and younger, less well consolidated
(sedimentary and volcanic) rocks have positive residuals. The
rock type categories that we have used, which are based on the
major lithologic units on the Jennings map, show a remarkably
smooth variation in MX site residuals from smallest to largest,
with only one exception. Rock type 22 (qvp and qrvp, qg, and
gs), has an average MX site residual of 0.37, which is twice that
of the next most responsive type, 21 (unit q).

Average MF site residuals generally track the corresponding
MX site residuals for rocks of Miocene or greater age.
Exceptions to this rule are rock types 11 and 12 (units sch and
mx) which consist of undivided pre-Cenozoic metasedimentary,
metavolcanic and schistose rocks. For these categories the MF
site residuals are nearly 0.15 unit smaller than the MX site
residuals. For Quaternary volcanic rocks and Pliocene and
younger sedimentary rocks, the average MF site residuals differ
from the MX site residuals in a manner that depends on rock type.
For Quaternary and recent volcanic flow rocks, the MF site
residuals average about 0.15 unit less than the MX site
residuals; and for Pliocene, Pliocene and/or Pleistocene, and
Quaternary sedimentary rocks the MF site corrections average
about 0.15 unit more than the corresponding MX site residuals.
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The largest MF site residual, +0.45, 1is for rock type category
22, which also has the largest MX site residual, 0.37.

The range of site residuals corresponding to individual rock
type categories is indicated by the corresponding standard
deviations from the averages. For all categories these standard
deviations average 0.17 for MX and 0.19 for MF. Thus, although
the present results indicate a clear dependence of both MX and MF
site residuals on bedrock lithology, the large variations of site
residuals on a given rock type limit the usefulness of these
results for predicting site response for individual stations.

One possible explanation of this variation is related to map
scale: the detail with which lithology is portrayed at 1:750,000
scale is inadequate to pick up features that are important to
site response, such as degree and depth of weathering, small
landslides, sedimentary deposits, etc., and other unmapped small
scale local variations in lithology within a larger mapped unit.

The usefulness of the network in predicting ground
amplification at the more responsive sites would be enhanced by a
closer examination and more detailed description of the geology
of those sites. Moreover, selection of sites for network
stations normally avoids the more sensitive sites because they
are noisy. To extend the range of site conditions studied, a
modest effort to determine variations in site response with an
array of 6 to 10 movable telemetered stations would be effective.

Since the average site residuals are expressed in units of
MX and MF, they can be converted to relative amplitude and
duration by means of the magnitude equations; log(X/X')=XS and
log(T/T*')=FS/2.3, where X' and 1' are amplitude and duration for
zero site residuals and X and T are amplitude and duration
corresponding to site residuals XS and FS, respectively.

IRREDUCIBLE VARIABILITY OF AMPLITUDES AND DURATIONS

The spatial variability, after corrections for component,
site, and sensitivity, of our amplitude/period and duration
measurements is reflected in the standard deviations of
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observations used to calculate MX, MF, site residuals, etc.
Standard deviations associated with these quantities for data
sets BT10 and BT5 are summarized in table 9.

The events and observing stations on which the foregoing
results are based were spread throughout central and northern
California; so possible variations related to source region,
path, etc., are included in the average values quoted above.

To investigate the dependence of the standard deviations of
MX, MF, and the difference MX-MF on the regional distribution of
earthquake sources we selected a subset of 40 earthquakes (Cal40)
that lie on the Calaveras Fault between Hollister and Calaveras
reservoir from data set BT10. Data set CAL40 was further reduced
(to CAL18) by eliminating events with fewer than 99 observations
each of amplitude/period and duration. A third special group of
earthquakes, BT100, was generated from BT10 by selecting events
with 100 or more observations each of amplitude/period and
duration. These events were widely scattered through central and
northern California. The statistics for these groups of
earthquakes are summarized in table 10.

From table 10 it is apparent that the standard deviations of
station MX and MF values do not decrease when the source region
of a set of earthquakes is restricted geographically. The
standard deviations of the MX-MF differences, however, are
reduced both by restricting the size of the earthquake source
region and by increasing the number of amplitude/period and
duration observations per event.

To examine the variation in station magnitude residuals more
closely we have prepared plots for one group of earthquakes and
one individual earthquake that show average MX and MF residuals
as a function of distance and as a function of azimuth.

For data set CALl1l8 (figure 15) there appears to be no
systematic variation in residuals with distance or azimuth.
Because moderate and large earthquakes on the Calaveras fault
commonly have right-lateral strike-slip focal mechanisms with one
plane corresponding to the fault, we expect these 18 earthquakes
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to have very similar focal mechanisms. The lack of a dependence
of average station magnitude residuals in figure 15 on azimuth
suggests that the double-couple source radiation pattern is not
an important cause of the variation in station magnitude
residuals. ‘

Individual events generally do not cover all azimuths with a
sufficient number of observations to generate stable averages.
They do permit us to probe for gross variations of average
residuals with distance or azimuth if such exist, however.

One event that shows a remarkable pattern of station magnitude
residuals originated about 30 km beneath Cape Mendocino
(890710KCT, figure 16). The variation in MF residuals is modest.
They diminish slowly with increasing distance from about +0.15 at
50 km to about -0.15 at 300 km. The variation in MX residuals is
much more striking. They are negative for distances less than
380 km and positive for distances greater than 380 km. The
anmplitude of the change is about 0.6 magnitude unit. At
distances greater than 150 km, MX residuals are negative for
azimuths less than 140 and positive for larger azimuths. The
amplitude of the change is about 0.5 magnitude unit. The region
of positive MX residuals at distances greater than 380 km and
azimuths greater than 140 is the central Coast Ranges southeast
of San Francisco Bay and east of the San Andreas fault. The
large range in station MX values for this event is reflected in
the large standard deviation of the MX residuals, 0.38, as
compared to the average, 0.23, for data set BT10.

The variations in amplitude/period and duration that account
for the irreducible part (0.20 to 0.25) of the standard deviation
of station magnitude residuals appear to be a normal feature of
earthquake seismograms. We suggest that the primary cause of
this variation is strong scattering, both by reflection and
refraction, and the consequent multi-pathing and delay of the
most energetic part of the advancing wave train. Such a
mechanism is suggested by the manner in which the very simple
"single wavelet" records of P and S (usually seen on low-gain
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instruments at short distances) become more complex with
increasing distance: i.e., they quickly evolve into wave trains
of several, then many, subequal wavelets. Interference between
multi~-pathed wave trains generated by strong foreward scattering
may explain the variability in the recorded amplitudes. To
explain the duration of the coda, particularly near the source,
requires strong back-scattering (Aki and Chouet, 1975). The
eventful nature of the decaying coda suggests that relatively few
large scatterers play an important role in coda generation.

DEPENDENCE OF MAXIMUM WAVELET PERIOD ON MAGNITUDE, DISTANCE,
AND WAVE TYPE

Data set BTALL contains more than 38,000 measurements of the
period of the maximum amplitude wavelet used to compute MX. The
maximum amplitude occurred in the P wave train (PMAX) in 21% of
the cases and in the S wave train or later (MAX) in 79%. The
measurements extended over a magnitude range of about M0.5 to
M6.0 and over a distance range of 0 km to nearly 700 km. These
period data were analyzed to see how average maximum wavelet
period might vary with magnitude, distance, and wave type.

The measured periods were averaged over non-overlapping 20~
km intervals for events in 1 unit magnitude ranges for both the
MAX (figure 17) and the PMAX (figure 18) data subsets. The
period versus distance curves are smooth where observations are
numerous and irregular where they are few. For a given magnitude
range the average period for MAX is greater than for PMAX; and
average periods for both MAX and PMAX increase markedly with
increasing magnitude. The average periods also can be seen,
generally, to increase with distance where the data are
sufficient to establish the curves. Such increases for MAX are
evident between 0 km and 200 to 300 km for magnitude ranges 2.5-
3.5, 3.5-4.5, and 4.5-5.5. For PMAX such increases can be seen
between 0 km and 100 to 150 km for magnitude ranges 1.5-2.5, 2.5~
3.5, and 3.5~-4.5. This increase in the period of the maximunm
wavelet with increasing distance indicates that relatively high
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frequencies that predominate at short distances are dissipated
more rapidly than the accompanying lower frequencies.

The PMAX curves for magnitude ranges 2.5-3.5 and 3.5-4.5,
however, also show a sharp decrease in average period in the
distance range 300 to 400 km. For the magnitude range 3.5-4.5 a
steady decrease in period begins at about 150 km. These features
appear to be associated with remarkable waves generated by
earthquakes near Cape Mendocino that are recorded in the Coast
Ranges southeast of San Francisco Bay. They are characterized by
abnormally large amplitudes, particularly in P, and by abnormally
short wave periods in both P and S. The effect of these waves on
magnitude calculations was discussed above for event 890710KCT.

Average periods for both PMAX and MAX were calculated for
non-overlapping 0.5 unit magnitude ranges from 0.5-1.0 to 6.0-
6.5. When these data are plotted as log average period vs
magnitude, in figure 19, the MAX and PMAX observations lie along
parallel straight lines with slopes of 0.19 and a vertical
separation (log MAX - log PMAX) of 0.13 unit. The standard
deviations were slightly less than half the average periods.
These relationships indicate that the average period of MAX is
1.35 times the average period of PMAX and that both increase
approximately as the fifth root of the standard Wood~-Anderson
amplitude at 100 km recording distance.

COMPARISON OF MAGNITUDE SCALES

The Wood-Anderson seismograph is characterized by its static
magnification, V, its free period, T, and its damping constant h.
After some ambiguity in earlier publications, Richter (1958)
specified the standard Wood-Anderson parameters precisely as
V=2800, T=0.8, and h=0.8. These are the parameters for the Wood-
Anderson that have been adopted by most authors for the synthesis
of Wood-Anderson records from those of other seismographs (Bakun
and Lindh, 1977; Kanamori and Jennings, 1978; Bakun and Joyner,
1984). Comparison of results from synthetic Wood-Andersons based
on these parameters with those of real Wood-Andersons has
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revealed that the static magnification of the Wood-Anderson is
substantially less than 2800, perhaps even as small as 2000.

Uhrhammer and Collins (1990) have provided a more complete
theory for the Wood-Anderson that accounts for the slight
distortion of the torsion/suspension fiber from the linear
"torsion" configuration treated by Anderson and Wood (1935) to
the "Zolner" configuration, which increases the moment of inertia
of the moving system about its axis of rotation and decreases the
static magnification of the instrument. On the basis of this
theory, Uhrhammer and Collins recalibrated the U C Berkeley Wood-
Andersons and found an average static magnification of V=2080.
They also indicate that the damping of those instruments is set
at 0.7.

For the calculation of MX and the determination of the logi,
versus distance equation we have chosen the standard Wood-
Anderson parameters as V=2080, T=0.8, and h=0.8. V=2080 appears
to be a better estimate of the static magnification than 2800 as
given by the simpler theory, and h=0.8 appears to be a better
approximation to the damping of the original southern California
Wood-Andersons than 0.7. Use of 2080 rather than 2800 decreases
calculated magnitudes by 0.13 unit, but it does not alter the
logA, curve, which is constrained to equal zero at 100 km.

Incompatibility of the site corrections applied in
calculating MX and MBK may also be a problem. The MX site
correction "zero" is based on the average of site residuals for
63 low-gain (-42db) horizontal component seismometers at 40 sites
in central and northern California. MBK site corrections for five
stations in northern California (Berkeley, Lick, Stanford, San
Francisco, and Fresno) were determined originally by Gutenberg
and Richter (1942). Unfortunately, only the Wood-Anderson
station at Lick (MHC) is still operating at the same site.
Presumably, site corrections for the relocated and new stations
were chosen for compatibility with MHC, which still retains the
1942 correction.
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Thus, differences between MX and MBK might arise from a
variety of causes, but principally from a difference in the loga,
versus distance curves (figure 3) or incompatibility of the site
corrections applied to MX and MBK.

For the 293 events common to the CUSP data set and the U C
Berkeley catalog, average differences between MX and MBK,
standard deviations of the differences, and number of events in
the averages are plotted for each 0.5 unit of magnitude from M2
to M6.5 in figure 20. Only events with MBK's based on three or
more Wood-Anderson readings were used for comparison with the
CUSP data. Across the magnitude range M2.5-M5.5, MX averages
+0.04 unit larger than MBK, and the standard deviations of the
differences average 0.18. For larger magnitudes MX-MBK averages
about =-0.14, but only three events lie in that range.

From figure 3 we find that logA, from the Richter table is
larger than the MX logA, between distances of 100 km and about
385 km. The maximum difference is as much as 0.15 (at about 240
km) and the average difference between 100 and 385 km is about
0.08. The center of the distance range over which the Wood-
Anderson seismographs write legible records (about 1 mm to 100 mm
peak to peak) increases with magnitude. For earthquakes with
magnitues of 4.5 to 5.0 that recording range is centered at about
250 km, and a large part of it lies between 100 and 385 km, where
the Richter table logA, is larger than the MX logA,. For both
larger and smaller earthquakes the Wood-Anderson recording range
moves off the hump of the GR-MX curve shown in figure 3. Because
larger logA, values result in smaller calculated magnitudes, the
differences in the two curves described above should lead us to
expect computed MX's to be larger than computed MBK's by several
hundredths of a unit. Thus the difference between the loga,
curves appears to be a sufficient cause for the observed MX-MBK
differences.

The plot of MF-MBK versus magnitude in figure 20 is very
similar to that for MX-MBK. MF-MBK averages about +.04 for
2.5<M<5.5. There is little variation in the difference, and the
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average standard deviation is about 0.23 across this range. For
the three events larger than M5.5 the average MF-MBK is about
+0.26. '

The LHT data set contains several events and many stations
from southern California; and the site corrections were
recalculated for the extended region. For the comparison of MX
and MBK for the IHT data set, the number of Wood-Anderson
readings underlying the MBK determinations was not always
available. For the 71 events in data set ILHT for which MBK's were
available, the average MX-MBK is about +0.10. For the range
M3.5-M5.5 the average difference is about +0.08, in reasonable
agreement with the CUSP data set. The large difference (+0.30)
for M3.0-M3.5 is based largely on Kettleman Hills aftershocks for
which the nearest Wood-Anderson seismograph was about 200 km
toward the northwest at MHC.

Average MZ-MBK versus magnitude is also shown in figure 20.
The two scales are in good agreement from M3.0 to M4.0, but it
appears that MZ increases relative to MBK by about 0.1 unit per
unit magnitude across the range M3.0-5.5.

Further relations of interest are those between the northern
Californa empirical data on logA, vs distance and the Gutenberg-
Richter logA, table, as well as the logA, equations for various
regions fitted to local data. To obtain an empirical northern
California logA, versus distance table based on data set BTALL (0
km to 250 km) and on BTALL plus LHT (250 km to 800 km), MX
station magnitude residuals were averaged over non-overlapping
intervals whose lengths increased with distance (5 km, 0 km to
250 km; 10 km, 250 km to 500 km; and 20 km, 500 km to 800 km) and
added to the MX logA, values at the centers of the corresponding
intervals. Standard deviations of residuals averaged about 0.25
unit, and numbers of observations per interval ranged from 119 to
1242 for distances of 5 km to 600 km. Standard errors of the
means (i.e. the table values) were, therefore, 0.01 to 0.02 unit
over this distance range. Beyond 600 km the number of
observations per interval dropped to as few as 10.
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Plots of logA, (northern California) minus logA, (reference)
for the Gutenberg-Richter table (GR), and for the logA,; equations
from MX (MX.8Z), from Bakun and Joyner (BJ.8Z), and from Hutton
and Boore (HB.82) are shown in figure 21. Each of the logi,
equations was evaluated for a focal depth of 8 km. The MX
equation also includes the correction for D < 70 km. The MX
equation clearly is the best fit to the northern California
empirical data over the entire 0 km to 800 km range, but the
Bakun and Joyner equation fits quite well from 0 km to 400 km and
the Hutton and Boore equation fits quite well from 0 km to 150
km. Beyond 400 km, the strong absorption term in the BJ equation
becomes dominant, so logA, is underestimated and calculated
magnitudes are too large. The larger spreading coefficient and
smaller absortpion coefficient in the HB equation pushes the
problem out to greater distances, but the trend of differences
between the northern California logA, table and the HB eguation
beyond 600 km suggests that even the HB absorption coefficient is
too large for northern California. Comparison of the northern
California data and the Gutenberg-Richter table shows rather
large differences that change sign with increasing distance.

DISCUSSION

MX was designed to approximate the Wood-Anderson local
magnitude, but with modified input. Maximum peak-to-trough
amplitude (and associated period) is chosen without regard to
where it occurs on the seismogram: P, S, or surface waves. This
choice was made because NCSN instruments are predominantly
verticals and because the radiation patterns of P and S for
double-couple earthquakes are complementary (where S is maximum P
is minimum and vice versa).

MX and MF are based on complementary aspects of earthquake
seismograms and both consititute valid estimates of the size of
the earthquake. MX is more directly related to the Wood-Anderson
local magnitude than MF; and MX can be determined from records
that do not support MF determinations, e.g., very small
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earthquakes and earthquakes followed too soon by additional
earthquakes. With present NCSN instrumentation and analysis
procedures, however, far more measurements normally are available
of duration than of amplitude and associated period. This result
stems from the fact that even severely clipped seismograms of
large earthquakes near their epicenters permit measurement of
duration, whereas unclipped records are required for measurement
of amplitudes. Moreover, durations are measured automatically by
CUSP and amplitudes are measured interactively, a time-consuming
process.

Records from short-period NCSN seismographs of all
sensitivities and components can be used directly to compute
amplitude magnitude (MX) and duration magnitude (MF). Although
MX was designed to approximate M, as closely as possible and
agrees with MBK from M2.5 to M5.5, MX is a primary scale, as is
M, . Because MX can be computed from records of sensitive
seismographs at small epicentral distances, it provides an
anplitude magnitude for very small earthquakes. MF was designed
and scaled to match MX as closely as possible; so it is a
secondary scale. MF agrees closely with MX from M0.5 to M5.5.

MX and MF site residuals are closely linked: MF residuals
averaged over 0.05 unit intervals of MX residual indicate a near
1 to 1 correspondence between the two residuals. Both MX and MF
site residuals depend systematicaly on bedrock lithology: older,
more consolidated (metamorphic and igneous) rocks have negative
site residuals and younger, less well consolidated (sedimentary
and volcanic) rocks have positive residuals.

The average periods associated with the maximum wavelet
are functions of magnitude, distance, and wave type. Average
periods of MAX are greater than those of PMX, and both increase
with magnitude and, generally, with distance.

For the 293 events in BTALL for which MBK's were available
the average MX-MBK and average MF-MBK are small (+0.04 for both
MX and MF) and show little variation with magnitude. The
standard deviations of the magnitude differences are 0.18 for MX
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and 0.23 for MF. For the 71 events in LHT for which MBK's were
available, the average and standard deviaton of the MX-MBK
differences are +.10 and 0.20, respectively.
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