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Abstract 

We have calibrated new coda-magnitude (MC) equations for local earthquakes digitally 

recorded since 1981 in the Utah (UT) region and since 1984 in the Yellowstone National Park 

(YP) region by the University of Utah Seismograph Stations (UUSS) network.  The primary 

motivation for this study was the recognition of systematic time-dependent differences between 

MC and local magnitude (ML), ranging up to 0.4 and 0.9 units in the UT and YP regions, 

respectively.  The new MC equations, calibrated against MLs determined from paper and synthetic 

Wood-Anderson records, are: 

MC = -2.25 + 2.32 log τ  + 0.0023Δ      in the UT region, 
 

MC = -2.60 + 2.44 log τ  + 0.0040Δ      in the YP region, 
 

where Δ is epicentral distance in kilometers and τ is signal duration in seconds on a short-period 

vertical-component record, measured from the P-wave onset to the time that the average absolute 

value of the ground velocity drops below 0.01724 microns/sec.  To determine the constants in the 

MC equations, we used an orthogonal regression method rather than linear regression.  The latter 

produces biased results because the errors in log τ and Δ are not negligible compared to the 

errors in ML. 

The signal duration definition used in previous UUSS MC calculations was the time from 

the P-wave onset to when the signal drops below the pre-event noise level.  This definition, 

coupled with changes in noise levels and instrument gains, was largely responsible for the time 
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dependence of the MC -ML differences in the old catalogs.  Our revised signal duration definition, 

in combination with the new MC equations, reduces average MC -ML differences to 0.1 magnitude 

units or less for events within the magnitude range for which the equations are calibrated:  0.5 ≤ 

ML ≤ 5.  The new MC s are also consistent with moment magnitudes below magnitude five. 

 

Introduction 

The University of Utah Seismograph Stations (UUSS) has produced instrumental 

earthquake catalogs for the Utah (UT) region since 1962 and the Yellowstone National Park 

(YP) region since 1984 (Figure 1).  These catalogs are based on data from UUSS-operated 

seismic networks in these regions (see Arabasz et al., 1979, 1992, 2010; Husen and Smith, 2004). 

 The UT and YP regions include parts of the Intermountain Seismic Belt, a north-south-trending 

zone of shallow seismicity caused by intraplate extension (Smith and Arabasz, 1991).   

For the vast majority of the earthquakes in the UUSS catalogs (e.g., Nava et al., 1990, 

1996, and references therein), the only size estimate available is a coda magnitude (MC) 

computed from signal duration measurements.  Local magnitude (ML) is also available for some 

of the earthquakes.  The MLs are calculated from maximum horizontal-component amplitudes 

measured either on paper records from Wood-Anderson short-period seismographs or, more 

recently, on synthetic Wood-Anderson records constructed from broadband digital telemetry data 

(Griscom and Arabasz, 1979; Griscom, 1980; Pechmann et al., 2006, 2007).  Although ML is the 

preferred size measurement, it cannot be determined for most of the smaller earthquakes in the 

catalogs—especially those that occurred before broadband digital telemetry stations were 

installed in the region, beginning in 1993.  The percentage of earthquakes with MLs averaged 
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21% and 8% in the UT and YP region catalogs, respectively, from 2002 through 2009, but it was 

below 2.5% in both catalogs each year from 1981 until the late 1990s (Pechmann et al., 2007). 

The seismic signal durations used to calculate the MC s are measured on records from 

short-period, vertical-component, velocity sensors.  MC determinations from several stations are 

usually averaged to obtain the MC value for an earthquake.  For the 1981 through 2000 

earthquake catalogs, almost all of the MC s were originally determined from digital records using 

the following equations: 

MC = -3.13 + 2.74 log τ  + 0.0012Δ          in the UT region,  (1) 
 

MC = -2.25 + 2.77 log τ  + 0.0030Δ          in the YP region,  (2) 
 

where the logarithms are to base 10, Δ is epicentral distance in kilometers, and τ is signal 

duration in seconds, measured from the P-wave onset to the time that the signal amplitude drops 

below the pre-event noise level.  Both equations are empirical relations calibrated against local 

magnitudes, and were considered to provide indirect estimates of ML.  The UT region equation 

(1) was originally developed by Griscom and Arabasz (1979) using τ measurements from analog 

telemetry data recorded on 16 mm Develocorder film.  After 1981, this equation was applied to τ 

measurements from analog -telemetry data recorded in 12-bit digital form.  The YP region 

equation (2) was developed by Smith et al. (1986) using τ measurements from digital data of this 

same type.  Equations (1) and (2) continued to be used for MC calculations throughout the 1980s 

and 1990s, due mainly to the lack of a significantly improved ML database for recalibrating them. 

 The number of UT earthquakes with Wood-Anderson ML determinations increased more slowly 

from 1979 to 1993 than previously because there were only two Wood-Anderson seismographs 

operating in Utah during this time:  SLC and DUG (Figure 1).  The data from other stations 
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operating in the area from 1979 to 1993 were not well suited for ML determinations because few 

of them had horizontal components and their dynamic range was only about 50 dB, due to the 

analog telemetry systems used.  Because of their low dynamic range, these stations often 

produced partially clipped records which could be used to determine MC s, but not MLs. 

The installation of broadband, three-component, digital telemetry stations in and around 

the UT and YP regions (Figure 1), beginning in 1993, made it possible to determine MLs for a 

much larger fraction of the earthquakes occurring in these regions.  In this paper, we describe 

how we used this expanded ML data set (Pechmann et al., 2007; Figure 2) to develop a revised 

MC methodology for the UT and YP regions for retroactive application back to 1981, the year 

that digital recording of UUSS seismic network data began.  The necessity for this revised 

methodology is illustrated in Figure 3, which shows large, systematic, and time-dependent 

differences between MC s calculated using equations (1) and (2) and MLs determined from Wood-

Anderson records.  In the YP region, MC is higher than ML for nearly all of the earthquakes 

shown, with a mean difference of 0.88.  In the UT region, the mean differences between MC and 

ML are not as large but change sign with time.  The largest change in MC – ML in the UT region 

occurred sometime between 1990 and 1993.  From 1986 to 1989 the MC s were, on the average, 

0.38 units below the MLs for the same earthquakes.  However from 1994 to 1997, the MC s 

averaged 0.35 units above the corresponding MLs.  From (1), this MC – ML increase of 0.73 units 

corresponds to a factor of 1.8 increase in average signal durations for earthquakes of a given ML. 

In this paper, we show that the systematic, time-dependent MC -ML differences in the 

original UUSS catalogs for 1981 -2001 were primarily due to inaccuracies in the MC s.  We 

traced 90% of the MC – ML increase in the Utah region during 1990-1993 to a combination of 
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three factors that caused spurious increases in the measured signal durations:  (a) 7% (0.05 units) 

from a coding error in software used for automatic τ measurements, (b) 31% (0.23 units) from a 

factor of 1.4 decrease in average noise levels, and (c) 52% (0.38 units) from a factor of 1.8 

increase in average instrument gains.  We removed these sources of error in the MC s by making 

the following adjustments to the signal durations: (a) correcting them for the software error, (b) 

using a fixed noise level instead of the pre-event noise level to define the end of the signal, and 

(c) applying instrument gain corrections using an experimentally-verified method.  The 

remaining apparent temporal changes in MC – ML in the UT region catalog were related to a late 

1990s decrease in the average size of earthquakes with ML estimates, coupled with inaccuracies 

in the Griscom and Arabasz (1979) MC equation (equation 1) below ML ~2.5.  The large, 

systematic MC overestimation in the YP catalog was due to inaccuracy of the Smith et al. (1986) 

MC equation (equation 2) for all magnitudes.  We solved the remaining problems with the MC s 

by recalibrating the UT and YP MC equations using an orthogonal regression method.  The new 

MC equations, in combination with the modifications to the duration measurements, reduce 

average MC -ML differences to 0.1 magnitude units or less.       

 

Data 

The data for this study consist of (a) 9084 duration measurements from 926 UT region 

earthquakes of 0.50 ≤ ML ≤ 5.93, which occurred between 1983 and 2001, and (b) 4135 duration 

measurements from 510 YP region earthquakes of 0.64 ≤ ML ≤ 4.21, which occurred between 

1995 and 2001 (Figure 2).  The data for the three UT region earthquakes of ML > 5.0 were not 

used in calibrating the new MC equations for reasons explained in the Results section.  The 
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duration measurements are all from digital records of analog telemetry, short-period, vertical-

component velocity-sensor data.  The signal durations for the relatively small number of 

earthquakes during 1983-1993 or of ML ≥ 3.5 were all repicked by a single analyst using the 

automatic method described in the next section.  We discarded all duration measurements from 

stations located on soil and stations equipped with UUSS “VLF” pre-amplifier/ voltage-

controlled oscillators (pre-amp/ VCOs), which have lowpass filters with a corner frequency of 

2.5 Hz compared to the normal values of 10 Hz or higher.  We also discarded some duration 

measurements that were affected by instrument problems or interference from other seismic 

events.  Finally, we screened the duration measurements for outliers, following a procedure 

outlined in the subsection on gain corrections.   

All of the earthquakes in our UT and YP data sets have ML determinations that are 

average values from two or more stations, computed using station corrections from Pechmann et 

al. (2007).  The MC s are computed with the earthquake location program HYPOINVERSE 

(Klein, 1978).  We modified our version of this program to compute negative magnitudes and 

include them in determining the average MC s for events instead of discarding them.  We also 

increased the precision of MC calculation and reporting in this program and changed the default 

magnitude from 0.00 to – 9.99. 

 

Automatic Signal Duration Measurements 

Most of the τ measurements since mid-1987 have been made with the aid of UUSS-

developed software that automatically determines signal duration from a user-selected portion of 

the coda.  This software determines the average absolute value of the de-meaned digital 



seismogram in overlapping 2-sec time windows spaced 1 sec apart.  Following Herrmann (1975) 

and Johnson (1979, pp. 50-60), these rectified averages, A(t), are then fit with a function of the 

form: 

     A(t) = A0 (t – tP)-α    (3) 
 
where t is time, tP is the P-wave arrival time, and A0 and α are constants (Figure 4).  This model 

is a simplified version of the coda decay model of Aki and Chouet (1975).  A more realistic 

model would have an additional factor of on the right-hand side, where β is a constant, to 

explicitly account for anelastic attenuation.  However, in most cases the additional constant β 

cannot be resolved—at least not when using analog telemetry data, because its relatively low 

dynamic range limits the lengths of the coda records that can be analyzed (Johnson, 1979, p. 60). 

)( Ptte −−β

The constants A0 and α are found by determining the best-fitting linear function of the 

form 

   log A(t) = log A0 – α log (t – tP)   (4) 

where the best fit is defined as the fit that minimizes the L1-norm—the average absolute value of 

the differences between the observed and predicted log A(t) values (Figure 5).  If the data 

window includes two consecutive A(t) values less than twice the pre-event noise level, the 

program excludes all of the following A(t) values from the fitting process.  The pre-event noise 

level is calculated by taking the average absolute value of the de-meaned trace during the 10 sec 

immediately preceding the P-wave arrival.  The median α for UUSS data is ~1.8, which is the 

same as the median value for Southern California bedrock stations found by Johnson (1979, p. 

92). 

The signal duration, τ, is defined as the time difference between the P-wave onset and the 
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time that the analytical function A(t) intersects the noise level, N (Figures 4 and 5).  τ is 

computed by setting τ = t – tP and A(t) = N in (3) and then solving for τ: 

   τ = ( A0 / N )1/α    (5) 

In the original version of the code N was defined as the pre-event noise level, calculated as 

described above, for compatibility with the τ measurements used in calibrating (1) and (2). 

 

Adjustments to Signal Duration Measurements 

Equation (5) provides some quantitative insight into the apparent factor of 1.8 increase in 

average signal duration for earthquakes of a given ML that occurred in the UT region during 

1990-1993.  Based on equation (5), and the median α value of 1.8, this signal duration increase 

could have been caused by a factor of three decrease in the average noise level, a factor of three 

increase in the average station gain, or a combination of both.  There is reason to believe that 

systematic decreases in noise level and/or increases in gain could have occurred in the UT-region 

network during the early 1990s.  From 1989 to 1993, most of the pre-amp/VCOs in the network 

with 30-Hz lowpass filters were replaced by pre-amp/VCOs with 10-Hz lowpass filters in order 

to reduce the potential for aliasing the 100 sps digital records.  This bandwidth reduction 

generally lowered the background noise levels, which prompted some increases in gain settings.  

Similar pre-amp/VCO changes were made in the YP region network during 1993-1995, but were 

largely completed before the date of the first earthquake in our YP data set:  August 28, 1995. 

In this section, we discuss one correction and two additional modifications that we made 

to the duration measurements to try to improve the agreement between MC and ML.  The two 

additional modifications compensate for the effects of temporal and station-to-station variations 
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in noise levels and instrument gains.  To quantify the effect of each of these changes on the MC -

ML differences, we use the difference between the average MC – ML values for the UT region for 

the time periods 1994-1997 and 1986-1989 (Figure 3).  The combined effect of all three duration 

adjustments reduces the value of this indicator from 0.73 to 0.07, which we consider negligible. 

 
 

Correction of Software Bug 

While searching for the source of the temporal changes in MC – ML, we discovered an 

error in the UUSS software used for automatic signal duration measurements.  As a result of this 

error, the reported τ values were all too large by an amount equal to tB – tB P, where tB is the 

starting time for the coda window used to fit the coda decay model (3) to the data.  The effect of 

this error on average MC s for most earthquakes was not very large, because in most cases tBB – tP 

<< τ. 

Fortunately, it was possible to correct all of the automatic signal duration measurements 

for the bug because all of the necessary information was stored in the phase files.  Correction of 

this bug had a relatively minor effect on the average MC – ML change that occurred in the UT 

region between 1986-1989 and 1994-1997, reducing it from 0.73 to 0.68. 

 

Measurement of Durations to a Fixed Noise Threshold 

As noted previously, the definition of the end of the signal used for UUSS duration 

measurements prior to 2002 was the time at which the signal decreased to the pre-event noise 

level.  Part of the rationale for this definition is that it was thought to partially compensate for the 

effects of variations in instrument gain and site amplification on the duration measurements, 
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because these factors tend to affect the amplitudes of both earthquake signals and background 

noise in a similar manner (Real and Teng, 1973; Aki, 1980).  However, this rationale is not 

applicable to duration measurements made on the analog telemetry records used in this study 

because the noise on these records is predominantly electronic noise, not ground noise.  Another 

problem with using the pre-event noise level to define the end of the signal is that anomalously 

short signal durations are obtained from records on which seismic waves from another event 

immediately precede the P-wave, as is fairly common during intense swarms and aftershock 

sequences. 

Based on these considerations, we decided to redefine the end of the signal as the time 

that A(t), the model for the absolute value of the signal, decreases to a typical noise level (circa 

2000) of N = 5 digital counts.  We then used this fixed value of N, and equation (5), to 

recompute all of the automatically determined signal durations in our data set.  This modification 

had a significant effect on the average MC – ML change that occurred in the UT region between 

1986-1989 and 1994-1997, reducing it from the bug-corrected value of 0.68 to 0.45. 

 

Gain Corrections 

It was recognized long before this study that UUSS signal duration measurements are, to 

some extent, a function of instrument gain.  This problem was partially mitigated in routine data 

analysis by simply not measuring signal durations at stations where the durations tend to be 

unusually long or short—generally stations with exceptionally high or low gains, respectively.  

However, the previously discussed evidence for systematic, time-dependent MC errors motivated 

the development of a more rigorous method to account for the effects of instrument gains on 
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signal durations.  In this section we derive an equation for correcting duration measurements for 

gain, present some experimental results that validate this equation, and show that the gain 

corrections further reduce the discrepancies between MC s and MLs. 

Consider recordings from the same seismic instrumentation operated at two different 

gains, G and a “standard” gain GS.  Suppose that the coda data recorded at gain G are fit by the 

analytical function given in equation (3).  Then, neglecting any noise-related waveform 

differences, a function of the same form fit to the coda data recorded at gain GS, AS (t), should 

have the same decay factor α but a different amplitude factor, A0S = A0 GS /G: 

     AS (t) = (A0 GS /G) (t – tP)-α .   (6) 
 
The signal duration on the standard gain record, τS , is obtained by setting τS  = (t – tP) and AS (t) = 

N = a constant in (6) and solving for τS:  

                     τS = (A0 GS /GN )1/α .   (7) 

Note that (7) can also be obtained by replacing N in the original duration equation (5) with the 

gain-adjusted noise level (G/GS)N.  Substituting from (5) into (7) and setting N = 5 counts gives 

the following expression for gain correction of duration measurements:  

                     τS = (GS /G)1/α τ5 ,    (8) 

where τ5 is the observed signal duration measured to the 5-count threshold.  We decided to use 5-

Hz gains in this equation because this frequency is near the dominant coda wave frequencies on 

records from UUSS short-period analog telemetry stations.  Similar results are obtained using 1-

Hz gains.  In cases where the signal duration was picked manually, the gain correction is 

approximated by using the median value for α, 1.8, and the original duration τ. 

To test equation (8), and to investigate the effects of station electronics on signal 
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durations, we conducted an experiment at the UT station NLU during 1999.  In this experiment, 

we recorded 27 analog telemetry signals (up to 14 at any one time) from the same short-period (1 

sec), vertical-component, Geotech S-13 seismometer using different electronics and/or gains.  

The electronics consisted of various combinations of six different pre-amp/VCOs and three 

different discriminators that were used in the UUSS network during the preceding 20 years.  The 

relative gains at 1 and 5 Hz, determined by in-site sine wave calibrations, spanned a factor of 

eight.  A single analyst used the automatic duration measurement software to determine 136 

durations from 12 different earthquakes on the various NLU channels.  All of these durations 

were computed to a noise level of 5 counts using coda decay windows at least 7 sec long. 

From (8), the model prediction for the NLU experiment can be written as: 

            α log (τ5 / τZ ) = log (G/GZ )   (9)  

where τZ and GZ are the durations and 5-Hz gains, respectively, on the vertical-component 

channel NLUZ used as the standard in this experiment.  Figure 6 shows means and standard 

deviations of αlog (τ5 / τZ) for each of the 26 test channels in the NLU data set, plotted versus  

log (G/GZ ).  The α values used to construct this plot are those measured on the channel with gain 

G.  The stars and squares in Figure 6 distinguish data from pre-amp/VCOs having lowpass 

corner frequencies of 30 Hz versus 10 or 12.5 Hz, respectively.  The straight line on the plot 

represents perfect agreement between model and data.  The data points cluster around this line, 

with some scatter, indicating that the gain correction method works reasonably well.  The scatter 

appears to be due primarily to (a) variations in window lengths and positions used in fitting the 

coda decay model (3) to the data, and (b) noise variations between channels.  The user-selected 

data windows vary among the NLU channels due to differences in clip levels and signal-to-noise 
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ratios.  The corner frequencies of the lowpass filters have no obvious effect on the signal 

durations (Figure 6). 

Using essentially the same approach as in this section, Eaton (1992) derived an MC gain 

correction of (b/α) log (GS /G), where b is the constant by which log τ is multiplied in MC 

equations of the form (1) and (2).  This expression follows directly from (8).  However, in 

applying this expression Eaton assumes that α ≈ b, which simplifies the correction to log (GS /G). 

 The same approximation is made in the implementation of Eaton’s gain corrections in the U. S. 

Geological Survey (USGS) location-magnitude calculation program HYPOINVERSE-2000 

(Klein, 2002).  Our gain correction method is more accurate because it uses record-specific α 

values determined from the data (unless unavailable).  Later, we examine the validity of the 

assumption that α ≈ b. 

Correction of signal duration measurements for gain using (7) or (8) requires the 

selection of a standard gain, GS .  We chose GS to minimize the average MC -ML difference for the 

UT region for 1983-1997, using MC s calculated with (1).  The value obtained, 290 

counts/(micron/sec), is essentially the same as the median 5-Hz gain for short-period analog 

telemetry stations in the UUSS network as of August 1, 2000.  These gains spanned more than 

three orders of magnitude—two orders of magnitude if the gains from the four stations with VLF 

pre-amp/VCOs are excluded.  Application of gain corrections using GS = 290 

counts/(micron/sec) reduced the average MC – ML change in the UT region during 1990-1993 

from 0.45, the value after correcting for the software bug and a 5-count noise level, to 0.07. 

The gain correction factor for the signal durations is sensitive to the coda decay 

parameter, α, because of the 1/α exponent in equations (7) and (8).  This sensitivity, combined 
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with uncertainties in α, limitations of the coda decay model (3), and large differences between 

the actual and standard gains, can sometime lead to erroneous coda magnitudes.  Because of this 

problem, we removed all signal durations from our data set that, after all of the corrections, 

produced MC values from (1) or (2) (depending on the region) that differed from the mean for the 

earthquake by more than 1.0.  This process was done iteratively, one value at a time, beginning 

with the largest outlier and recomputing the mean MC after every removal.  The threshold of 1.0 

magnitude units is 2.5 times the typical standard deviation of MC s obtained from different 

stations for the same event using corrected signal durations, corresponding to 98.8% confidence 

limits for a normal distribution.           

 

Results of Signal Duration Adjustments 

Figure 7 shows MC – ML versus time for the UT (left) and YP (right) regions after 

applying all three of the signal duration adjustments described in the preceding subsections.  In 

the UT region, these adjustments removed almost all of the temporal variations in MC – ML from 

1983-1997, reducing absolute values of the 4-year mean MC -ML differences during this time 

period to 0.04 or less.  However, the average corrected MC – ML for 1998-2001 is –0.21.  Figure 

8 shows the same data as Figure 7 in the form of MC versus ML plots.  This figure shows that UT 

region MC s computed with the corrected signal durations and the Griscom and Arabasz (1979) 

MC equation are consistent with ML for events of ML > ~2.5 but systematically underestimate ML 

for smaller events.  This discrepancy is not surprising, considering that only four of the 45 events 

in the Griscom and Arabasz (1979) data set are of ML < 2.5.  Based on Figure 8, it appears that 

the remaining temporal changes in MC – ML in the UT region are primarily due to a late 1990s 



decrease in the minimum size of earthquakes with ML determinations, combined with the 

inadequacy of the Griscom and Arabasz (1979) MC equation for ML < 2.5 events. 

For the YP region, the signal duration adjustments did not improve the agreement 

between MC and ML (Figures 3, 7 and 8).  In fact, the mean difference between MLs and MC s 

computed with the Smith et al. (1986) equation was the same after the duration corrections as 

before:  0.88.  The instrumentation for the analog telemetry stations in the YP network was 

relatively stable for the time period of this data set, 1995 through 2001.  We conclude that the 

errors in the YP MC determinations are largely attributable to inaccuracy of the Smith et al. 

(1986) MC equation, the cause of which is unknown.  In any case, Figure 8 shows a clear need to 

recalibrate the MC equations for both the UT and YP regions. 

 

A New Signal Duration Definition 

The net effect of the adjustments to the signal duration measurements described in the 

last   section is a redefinition of the end of the signal in terms of an absolute value of ground 

velocity.  To show this equivalence, we set N = 5 counts in (7) and rewrite it as 

                        
α

τ
/1

0

/5
/

⎥
⎦

⎤
⎢
⎣

⎡
=

S
S G

GA .   (10) 

Note that (10) can be obtained from the original duration equation (5) by (a) dividing A0 by G to 

convert it to velocity units and (b) replacing the pre-event noise level, N, with our fixed noise 

level, converted to velocity units using the standard gain:  5/GS = 5 counts/ 290 

counts/(micron/sec) = 0.01724 microns/sec.  Therefore, we have effectively redefined the signal 

duration as the time from the P-wave onset to the time that the average absolute value of the 
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ground velocity, approximated from the record amplitudes and the 5-Hz instrument gain, 

decreases to 0.01724 microns/sec.  The threshold of 0.01724 microns/sec is the approximate 

median noise level for UUSS short-period analog telemetry stations in 2000.  This conclusion 

follows from the fact that both the 5-count noise level and the 290 counts/(micron/sec) standard 

gain are close to the median values for these stations in 2000.  In the remainder of this paper, we 

use signal durations computed using our revised definition, τS, but drop the “s” subscript from τ 

and related variables for simplicity. 

Implementation of our revised signal duration definition in UUSS routine data processing 

is done using a two-step procedure similar to that described in the preceding section.  The signal 

durations are initially determined using an end-of-signal definition of 5 counts, usually with the 

aid of the automated procedure described above.  These initial signal durations are subsequently 

corrected for gain using equation (7) for automatic measurements and (8) for manual 

measurements.  The gain correction is done within a program that converts the phase data from 

the format used by the picking program to that used by the location-magnitude program.  

The implementation of the revised signal duration definition is different for the fully 

automatic coda magnitude determinations computed by the UUSS Earthworm system (see 

http://folkworm.ceri.memphis.edu/ew-doc/).  For these MC determinations, we use a station-

specific end-of-signal threshold given by 5G/GS (see equations (5) and (10)).  This threshold is 

essentially equivalent to that used in the interactive data processing, but the Earthworm code 

uses a slightly different method to find the signal durations. 

 

http://folkworm.ceri.memphis.edu/ew-doc/
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Methodology for Calibration of MC Equations 

Functional Form 

Herrmann (1975) pointed out that if log A0 is related to magnitude, M, by 

   log (A0 /G) = M + log f (Δ) ,    (11) 

then from (5) and (11): 

       M = log (N /G) + α log τ – log f (Δ) .   (12) 

If –log f (Δ) = d Δ, where d is a constant, and log (N /G) and α are both roughly constant for 

different events and stations, then (12) matches the form of the common linear empirical relation 

between MC, log τ, and Δ: 

         MC = a + b log τ + d Δ     (13) 

where a, b, and d are all empirically determined constants (Herrmann, 1975).  Given the 

relatively weak dependence of duration on Δ, and the amount of scatter in the data, we found, 

like others, that a linear function was adequate to account for the distance dependence in this 

empirical relation (see the literature reviews in Herrmann (1975) and Eaton (1992)).  Use of 

more elaborate models for the coda decay and f (Δ) produces nonlinear equations for MC as a 

function of log τ and Δ.  There is some observational support for this nonlinearity (e.g., Real and 

Teng, 1973; Herrmann, 1975).  However, as demonstrated later, the linear model (13) provides 

an adequate fit to our data. 

 

Linear Regression Method 

The MC equation (13) can be calibrated by solving the following system of equations for 

the constants a, b, and d: 



ijijCijLi dbaMM Δ++≡= τlog    (14) 
 

where MLi is the mean ML for earthquake i, MCij is the MC for earthquake i from station j, τij is the 

signal duration for earthquake i measured at measured at station j, and Δ ij is the epicentral 

distance of station j from earthquake i.  (14) is a set of linear equations, where N is the 

number of earthquakes and N

∑
=

N

i
iN

1

i is the number of τij measurements for earthquake i.  We initially 

tried solving this system of equations using multiple linear regression.  However, the resulting 

MC equations were not satisfactory, because the mean earthquake MC s that they produced were 

biased estimates of ML.  More specifically, the calculated MC s tended to overestimate ML for the 

smaller earthquakes in the data set and underestimate ML for the larger ones.  Following Real and 

Teng (1973) and Griscom and Arabasz (1979), we tried regressing event averages for log τ and Δ 

instead of the values from individual stations.  This approach reduced the severity of the problem 

but did not eliminate it.  We were able to obtain acceptable results by using event averages in 

combination with weighting factors to compensate for the highly nonuniform magnitude 

distribution of the data set.  However, there is a more direct solution to the problem which we 

decided to use instead. 

 

Orthogonal Regression Method 

The biased results that we obtained with linear regression were evidently due to the fact 

that the uncertainties in the values of the predictor variables in (14), log τij and Δij, are not 

negligible compared to the uncertainties in the values of the response variable, MLi.  As discussed 

by Draper and Smith (1981, pp. 122-125), errors in the predictor variables cause biases in linear 

 
 18 



regression fits similar to what we observed.  The “uncertainties” in MLi and log τij are 

combinations of both measurement error and unmodeled natural variability in peak amplitudes 

and signal durations, respectively.  The uncertainties in the Δij values are due to measurement 

errors alone. 

According to Cheng and Van Ness (1999, p. 9), the maximum likelihood solution of 

problems like (14) is given by orthogonal regression if the data are first scaled to equalize the 

standard deviations of the scaled measurement errors.  Therefore, we chose to scale (14) and 

solve it using an orthogonal regression method.  Let 
LMσ be the standard deviation of the mean 

ML for a given earthquake, σ log τ be the standard deviation of log τ for a given earthquake and 

distance, and σΔ be the standard deviation of the epicentral distance for a given earthquake and 

recording station.  From our data set, we estimated that 
LMσ ≈ 0.10 in the UT region and 0.17 in 

the YP region, σ log τ ≈ 0.13 in the UT region and 0.15 in the YP region, and σΔ ≈ 0.7 km in the 

UT region and 0.4 km in the YP region.  Using the preceding standard deviation definitions, a 

scaled version of (14) suitable for orthogonal regression can be written as 

      ,    (15) 0
3

0
2

0
1 ijiji DXBXAX ++=

 
where 

aA =       (16) 
 

( )
LMbB σσ τlog=  

 
( )

LMdD σσ Δ=  
 
and 

Lii MX =0
1      (17) 

 
( ) ijMij L

X τσσ τ loglog
0
2 =  
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( ) ijMij L

X Δ= Δσσ0
3  . 

 

In orthogonal regression, the sum of the squares of the orthogonal (minimum) distance 

from the data points to the model surface is minimized.  Let 

( )0
3

0
2

0
1

0 ,, ijijiij XXXX =
v

    (18) 

be a data point determined for earthquake i at station j and let 

( )321 ,, XXXX =
v

    (19) 

be a point on the model surface 

321 DXBXAX ++=  .   (20) 

The quantity to be minimized in the orthogonal regression is 

∑∑
= =

−
N

i

N

j
ij

i

XX
1 1

20min
vv

.    (21) 

When  
20 XX ij

vv
−  is a minimum, then XX ij

vv
−0  will equal the orthogonal distance from 0

ijX
v

 to 

the model surface and X
v

will be the closest point on the model surface to 0
ijX
v

.  An explicit 

equation for min
20 XX ij

vv
− can be obtained by applying the coordinate transformation  

= –  and setting the partial derivatives of X ′
v

X
v 0

ijX
v 20 XX ij

vv
−  with respect to , , and1X ′ 2X ′ 3X ′  

equal to zero.  Substituting the result into (21), the quantity to be minimized in the orthogonal 

regression becomes 

( ) ( )∑∑
= =

++++−
N

i

N

j
ijiji

i

DBDXBXXA
1 1

2220
3

0
2

0
1 1   (22) 

 
 20 



 
 21 

Note that the numerator of (22) is the quantity that is minimized to find the ordinary least squares 

solution of (15).   

The orthogonal regression solution to (15) is the set of constants A, B, and D that gives 

the smallest value for (22).  We found this solution using the “solver” function in Microsoft 

EXCEL.  Solver uses an iterative numerical method, generalized reduced gradient, to minimize a 

function of one or more variables.  Solver requires an initial solution to the problem, which we 

obtained by unweighted ordinary least squares.  In determining the orthogonal regression 

solution, we applied magnitude-based weighting factors to (22) in order to mitigate the effects of 

the uneven magnitude distribution of the data (Figure 8).  The weighting factors that we used are 

equal to 1/MK, where MK is the number of earthquakes within a 0.1-unit wide magnitude bin 

containing the earthquake and the bins are 0.5 ≤ ML  < 0.6, 0.6 ≤ ML  < 0.7, ....4.7 ≤ ML  < 4.8.  

Note that the sum of the weights for the earthquakes in each magnitude bin is the same.  After 

finding the orthogonal regression solution to the scaled set of equations (15), the solution to the 

original set of equations (14) is obtained by unscaling the constants using (16). 

 

Results 

Application of the orthogonal regression method using data from 923 UT region 

earthquakes of 0.50 ≤ ML ≤ 4.71 and 510 YP region earthquakes of 0.64 ≤ ML ≤ 4.21 yields the 

following equations: 

MC = -2.25 + 2.32 log τ  + 0.0023Δ          in the UT region,  (23) 
 

MC = -2.60 + 2.44 log τ  + 0.0040Δ          in the YP region,  (24) 
 

where Δ is epicentral distance in kilometers and τ is signal duration in seconds, measured from 
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the P-wave onset to the time that the average absolute value of the ground velocity 

(approximated from the record amplitudes and the 5 Hz instrument gain) drops below 0.01724 

microns/sec.  The linear distance correction appears to be adequate for our data set (Figure 9b).  

In determining equation (23), we chose to exclude the data from the three UT region earthquakes 

of ML  > 5 because the data from these events do not fit the linear trend of the rest of the data set 

on a plot of distance-adjusted ML versus log τ (Figure 9a).  Although this observation could be 

taken as evidence for a nonlinear relation between ML and log τ, we do not consider the data 

from these three events to be reliable enough to justify this conclusion.  For these three ML  > 5 

events, the record lengths of the UUSS recording system triggers range from 322 to 368 sec.  The 

signal durations predicted by equation (23) for ML  > 5 events are much longer, > 1333 sec for Δ 

= 0, and could be difficult to determine accurately from these records.  Not only is a significant 

extrapolation of the coda decay model (3) required, but also for these large events the model 

must be fit using only part of the available post-S-arrival record because the rest is clipped.  

Finally, it is worth noting that one of the ML  > 5 events is a mine collapse rather than a naturally-

occurring earthquake (Pechmann et al., 1995), and should perhaps be excluded from the 

comparison. 

The coda magnitude model in equations (12) and (13) predicts that the constant b by 

which log τ is multiplied in equations (23) and (24) should be equal to α.  The median α for both 

the UT and YP data sets is 2.02.  The mean α (± 1 std. dev.) is 2.09 ± 0.57 for the UT region and 

2.07 ± 0.59 for the YP region.  The b values of 2.32 and 2.44 in the UT and YP MC equations, 

respectively, are well within one standard deviation of the mean α for these regions—in fairly 

good agreement with the prediction of the coda magnitude model, considering its simplicity.  For 
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our data sets, Eaton’s (1992) assumption that α ≈ b in his MC gain correction calculations would 

result in underestimation of these MC corrections by 15 to 20% for the median α.  However, the 

amount and direction of the error depend on α, which varies by more than a factor of three from 

the median value. 

The new MC equations, in combination with our new signal duration definition, reduce 

systematic MC -ML differences to negligible levels for both the UT and YP regions (Figure 10).  

For both regions, the 4-year mean MC -ML differences for ML < 5 events are 0.11 magnitude units 

or less.  The coda magnitudes provided by equations (23) and (24) are in good agreement with 

local magnitudes over the entire range of applicability of these equations, which we consider to 

be 0.5 ≤ ML ≤ 5.0 (Figure 11). 

Although the coefficients in the UT and YP MC equations appear to be significantly 

different, the UT equation works almost as well for the YP data as the YP equation (Figure 12).  

The main difference is for earthquakes of ML  < 1.2, for which the MC s from the UT equation 

average 0.19 units higher than the MLs—compared to 0.06 units higher for the MC s from the YP 

equation.  Nevertheless, the UT region MC equation is reasonably good for use in the YP region. 

 Based in part on this observation, we consider it reasonable to use the UT region MC equation 

for earthquakes within the area of Figure 2 that are outside of the UT and YP regions. 

 

Revision of MC s in the UUSS Earthquake Catalogs, 1981-2001 

We recomputed all of the MC s in the 1981-2001 UUSS earthquake catalogs for the UT 

and YP regions using the methodology developed in this study.  For this purpose, the outlier 

removal process outlined in the Gain Corrections subsection was carried out using the new MC 



equations (23) and (24) instead of the old equations (1) and (2). As this method of identifying 

outliers is not applicable for earthquakes with less than three duration measurements, UUSS staff 

measured additional signal durations for 4,238 earthquakes having less than three duration 

measurements from stations with known gains.  They tried unsuccessfully to measure additional 

signal durations for nearly 1,500 other earthquakes. 

With the assistance of Relu Burlacu and Paul Roberson (UUSS), we carried out some 

quality control checks on the revised MC s, including those for earthquakes outside the UT and 

YP regions.  One of the primary checks was to compare the revised MC s to the magnitudes (MC 

or ML) in the old UUSS catalogs.  Based on the distribution of these magnitude differences, all 

861 of the new MC s (1.7%) that differed from the old magnitudes by 1.0 units or more were 

checked and revised, as necessary.  Because there were large systematic errors in the old 

Yellowstone MC s, we checked the revised Yellowstone MC s against a catalog containing MLs 

plus MC s calculated using the old Utah MC equation (1). 

As another test of our MC s, we compared them to moment magnitudes (MW s) for a set of 

52 Intermountain Seismic Belt earthquakes for which both an MW and a UUSS MC from two or 

more stations are available (Tables 1 and 2; Figure 13).  The MW s are primarily from a 

compilation for an ML-MW comparison by Pechmann et al. (2007), and are supplemented by data 

for five additional events that occurred during the same time period and have a UUSS MC but not 

an ML (Table 2).  This data set includes earthquakes outside the UT and YP regions, for which 

we calculated the MC s using the UT MC equation (23).  Figure 13 shows that the UUSS MC s are 

generally quite consistent with the available MW determinations for earthquakes of MW ≤ 5.0.  

For larger earthquakes, the MC s tend to underestimate the MW s—probably for the same reason 

that they underestimate the MLs (Figure 11).  Nevertheless, the MC is within 0.5 units of the MW 
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for 88% of the earthquakes—including six of the eight MW > 5.0 events.  Overall, the agreement 

between MC and MW is somewhat better than the agreement between ML and MW, as can be seen 

by comparing Figure 13 to Figure 10 in Pechmann et al. (2007). 

Husen and Smith (2004) also recomputed the MC s in the 1984-2001 YP region catalog 

using our methodology.  Their work was completed before the additional signal duration 

measurements and quality control checks described in the last two paragraphs were done.  

Therefore, to minimize the gain-correction-related problems discussed previously, Husen and 

Smith discarded all of the MC s that they calculated for earthquakes with less than three duration 

measurements—after screening for MC outliers in the same way that we did.     

Our revised UUSS earthquake catalogs include revised MLs from Pechmann et al. (2007) 

as well as the new coda magnitudes from this study (see Pechmann et al., 2006).  The catalog 

revisions significantly improve the homogeneity of the magnitudes, allowing more accurate 

recurrence rate estimates and other statistical analyses. 

 

Conclusions 

1. The MC s in the previous 1981-2001 Utah region earthquake catalog had systematic, 

time-dependent errors of up to 0.4 units, based on comparisons with MLs.  These errors were 

caused by the effects of varying instrument gains and background noise levels on the signal 

duration measurements used to compute the MC s, combined with inaccuracies in the previously-

used Utah region MC-duration-distance relation for ML ≤ ~2.5. 

2. The MC s in the previous 1984-2001 Yellowstone National Park region earthquake 

catalog were systematically too high by an average of 0.9 units, based on comparisons with MLs. 

 This error was primarily due to bias in the previously used MC-duration-distance relation for the 
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YP region. 

3. We solved the problems with the MC determinations for both the Utah and 

Yellowstone regions by redefining the signal duration in terms of absolute ground motion levels 

and calibrating new coda magnitude equations against local magnitudes. 

4. It is essential to take instrument gain differences into account when calculating 

magnitudes from signal durations—at least for durations measured from UUSS analog telemetry 

data. 

5. For calibrating coda magnitude equations, we recommend the use of orthogonal 

regression instead of multiple linear regression because the latter tends to produce biased results. 

6. Our new coda magnitude equations for the Utah and Yellowstone regions, (23) and 

(24), in combination with our revised signal duration definition, provide consistent and reliable 

earthquake size measurements that are comparable to both local and moment magnitudes below 

magnitude five. 

 

Data and Resources 

The digital waveform data used in this study are available from the Incorporated 

Research Institutions for Seismology Data Management Center at www.iris.edu (last accessed 

June 24, 2010).  The parametric data used in this study are stored in the UUSS digital archives.  

Figures 1 and 2 were generated using the Generic Mapping Tools (Wessel and Smith, 1998).  

Figures 4 and 5 were partially generated using the Seismic Analysis Code (Goldstein et al., 

2003). 
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Table 1 
Comparison of MW and UUSS MC:  January 1981 Through June 2003 

 
Date 

(mm/dd/yyyy) 
Time 

(UTC) 
Latitude 

(deg  min N) 
Longitude 

(deg  min W)
Geographic Area Num. Stas. 

used in MC

UUSS 
MC

MW
+

        
04/05/1981 0540 37  36.03 113  18.42 Kanarraville, Utah 17 4.18 4.17 
05/24/1982 1213 38  42.83 112  02.31 Sevier Valley, Utah 4 3.91 4.04 
10/28/1983 1951 44  03.74 113  53.71 Borah Peak, Idaho 3 5.11 5.51 
10/29/1983 2329 44  11.59 114  00.62 Borah Peak, Idaho 7 5.25 5.50 
12/09/1983 0858 38  35.28 112  34.52 Cove Fort, Utah 7 4.60 4.24 
08/22/1984 0946 44  22.63 114  04.90 Borah Peak, Idaho 14 5.26 5.56 
09/08/1984 0616 44  26.34 114  09.24 Borah Peak, Idaho 3 4.33 5.04 
07/14/1988 1731 44  27.36 114  04.98 Borah Peak, Idaho 2 5.04 4.61 
01/30/1989 0406 38  50.02 111  37.65 Southern Wasatch Plateau, Utah 22 5.14 5.29 
09/02/1992 1026 37  06.29 111  30.37 St. George, Utah 7 5.43 5.54 
02/04/1994 0242 42  42.62 111  09.41 Draney Peak, Idaho 3 4.55 4.96 
02/11/1994 1459 42  45.97 111  05.69 Draney Peak, Idaho 7 4.74 4.85 
06/07/1994 1330 44  22.15 113  59.94 Borah Peak, Idaho 3 4.96 5.12 
01/28/1995 0626 44  29.94 114  46.98 Salmon River Mountains, Idaho 7 4.12 4.23 
07/25/1995 1934 43  01.12 111  09.11 Caribou Range, Idaho 3 4.07 4.36 
07/27/1995 1704 41  38.42 111  58.89 Wellsville, Utah 10 3.49 3.30 
08/28/1995 0316 44  07.05 110  18.48 Yellowstone Region, Wyoming 19 4.23 4.21 
08/28/1995 0501 44  07.27 110  27.91 Yellowstone Region, Wyoming 2 3.62 3.57 
12/06/1995 0425 40  44.27 111  32.45 Wasatch Range, Utah 18 3.09 3.45 
01/06/1996 1255 39  06.98 110  52.85 San Rafael Swell, Utah 18 4.40 4.26 
05/16/1996 1541 42  32.66 111  13.26 Draney Peak, Idaho 6 3.90 4.18 
06/11/1997 0135 44  44.19 110  47.97 Yellowstone Park, Wyoming 4 3.52 3.72 
06/15/1997 0250 44  44.12 110  47.94 Yellowstone Park, Wyoming 18 3.63 3.85 
06/16/1997 0233 44  44.09 110  47.81 Yellowstone Park, Wyoming 16 3.76 3.87 
07/17/1997 1202 42  24.39 111  13.45 southeastern Idaho 19 4.02 3.93 
08/13/1997 1424 37  59.02 112  30.97 southern Utah 11 3.90 3.55 
08/30/1997 1141 44  49.14 111  29.21 Hebgen Lake Region, Montana 12 3.55 3.58 
01/02/1998 0728 38  14.16 112  31.23 Beaver, UT 18 4.62 4.50 
01/30/1998 2153 37  59.21 112  30.97 southern Utah 16 4.22 4.00 
03/16/1998 0527 37  58.77 112  30.89 southern Utah 10 3.94 3.73 
04/10/1998 2007 38  24.92 112  60.00 Milford, Utah 12 3.92 3.77 
06/18/1998 1100 37  59.27 112  30.26 southern Utah 18 4.21 4.02 
06/19/1998 1234 42  32.33 111  11.37 southeastern Idaho 10 3.87 3.78 
06/20/1998 2116 43  15.62 110  39.41 western Wyoming 8 4.18 4.21 
08/03/1998 0907 42  50.03 111  21.33 southeastern Idaho 13 3.20 3.36 
08/23/1998 1816 43  51.61 111  02.16 Teton Range, Wyoming 28 4.01 4.09 
08/26/1998 2150 43  51.72 111  01.58 Teton Range, Wyoming 15 3.30 3.53 
10/28/1998 0311 45  30.47 111  57.11 Tobacco Root Mts., Montana 16 4.41 4.00 
08/20/1999 1350 44  44.29 112  43.85 southwestern Montana 4 4.94 4.83 
10/22/1999 1751 38  05.26 112  44.43 Parowan Valley, Utah 14 4.35 4.00 
12/22/1999 0803 38  45.49 111  32.99 Southern Wasatch Plateau, Utah 12 4.09 3.97 
05/24/2000 0422 46  29.39 111  23.33 western Montana 6 4.51 3.99 
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Date 
(mm/dd/yyyy) 

Time 
(UTC) 

Latitude 
(deg  min N) 

Longitude 
(deg  min W)

Geographic Area Num. Stas. 
used in MC

UUSS 
MC

MW
+

        
05/26/2000 2158 42  19.61 107  45.17 central Wyoming 3 4.15 3.84 
05/27/2000 2158 38  18.07 108  52.84 Paradox Valley, Colorado 12 4.38 3.77 
11/24/2000 0420 44  44.93 110  41.61 Yellowstone Park, Wyoming 12 3.76 4.46 
02/23/2001 2143 38  43.70 112  33.37 Pavant Range, Utah 13 3.92 4.24 
04/21/2001 1718 42  55.93 111  23.48 Grays Range, Idaho 4 4.71 5.23 
07/19/2001 2015 38  44.34 111  33.14 Fish Lake Plateau, Utah 13 4.55 4.17 
01/29/2002 0436 43  35.82 110  36.38 Jackson Hole, Wyoming 16 3.67 3.79 
10/22/2002 0411 43  12.33 111  01.64 Wyoming-Idaho border 5 4.05 4.33 
01/03/2003 0502 41  16.47 111  48.12 Huntsville, Utah 30 3.87 3.87 
04/17/2003 0104 39  30.57 111  53.77 Levan, Utah 20 4.73 4.13 

 
+See Table 5 in Pechmann et al. (2007) and Table 2 in this paper for references 
 
  
 
 

Table 2 
Sources of MWs for Earthquakes With UUSS MC but not ML:  January 1981 Through June 2003 

 
Date 

(mm/dd/yyyy) 
Time 

(UTC) 
MW

+ Type of Data Analyzed Reference*

     
04/05/1981 0540 4.17 Regional surface-wave spectra Patton and Zandt (1991) 
09/08/1984 0616 5.00 Regional surface-wave spectra Patton and Zandt (1991) 

  5.09 Very-long-period body waves Global CMT Catalog 
  5.04 Mean MW  

07/14/1988 1731 4.61 Regional surface-wave spectra Berkeley MT Catalog 
01/30/1989 0406 5.34 Very-long-period body waves Global CMT Catalog 

  5.25 Regional surface-wave spectra Berkeley MT Catalog 
  5.29 Mean MW  

01/28/1995 0626 4.23 Long-period regional waveforms SLU FM Catalog 
 

+MW = (2/3) log M0 – 10.7, where M0 is the seismic moment in dyne-cm (Hanks and Kanamori, 1979) 
*Global CMT Catalog = Global Centroid Moment Tensor Catalog:  www.globalcmt.org 
  Berkeley MT Catalog = University of California at Berkeley Moment Tensor Catalog:  www.seismo.berkeley.edu 
  SLU FM Catalog = St. Louis University Focal Mechanism Catalog:  www.eas.slu.edu/Earthquake_Center 
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Figure Captions 

 
Figure 1.  Locations of seismograph stations used to determine the MLs for this study (labeled) 

and other high-gain seismograph stations recorded by UUSS in December 2001.  Italic and 

regular station labels distinguish, respectively, USNSN and UUSS broadband stations.  The MC s 

were determined using data from UUSS short-period analog telemetry stations (upright 

triangles). 

      

Figure 2.  Epicenter map of 926 UT-region earthquakes (1983-2001) and 510 YP-region 

earthquakes (1995-2001) used in this study.  All of these earthquakes have MLs determined using 

maximum amplitudes on Wood-Anderson records from two or more stations.  Epicenters are 

indicated by circles (ML ≤ 5.0) and stars (ML > 5.0), scaled continuously by ML. 

 

Figure 3.  Plots of the difference between UUSS MC and ML for UT region earthquakes from 

1983-2001 (left) and YP-region earthquakes from 1995-2001 (right).  The MC s were calculated 

with the old MC equations (1) and (2), which were in use throughout most of the time period 

shown.  The shaded bars mark average MC – ML values (shaded numbers) for the time periods 

spanned by the lines, calculated for ML ≤ 5.0 events only.  Note that in the UT region, the 

average MC – ML value increases from –0.38 to +0.35 sometime between 1990 and 1993, and 

subsequently decreases.  In the YP region, MC is consistently higher than ML with a mean 

difference of 0.88 for all data shown. 
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Figure 4.  An example of a short-period, vertical-component seismogram with the coda decay 

model for the trace (equation (3)) superimposed as heavy black lines.  The end of the signal was 

defined as the time that this model intersects the pre-event noise level (dotted lines), calculated 

by taking the average absolute value of the trace during the 10 sec before the P-wave arrival.  τ is 

the signal duration.  The recording is from station MLI for an ML 3.8 earthquake in Utah on June 

28, 1990. 

 

Figure 5.  Plot of log A(t) versus log (t – tP) for part of the seismogram in Figure 4.  The A(t) 

values are 2-sec rectified averages of the data and (t – tP) is time relative to the P-wave arrival 

time.  Also shown is the line fit to these data (using the L1-norm) to determine the constants in 

the coda decay model (equation (3)).  The intersection between this line and the log of the pre-

event noise level (dotted line) was defined as the end of the signal. 

 

Figure 6.  Results from an experiment at UUSS station NLU to investigate the effects of different 

station electronics and gains on signal durations.  The data cluster around the line of perfect 

agreement predicted by equation (9), validating the use of this equation to correct signal duration 

measurements for gain.  In contrast to the gain, the pre-amp/VCO type appears to have little 

effect on the durations. 

 

Figure 7.  Plots of the difference between MC and ML for UT region (left) and YP-region (right) 

earthquakes with MC s calculated from equations (1) and (2), respectively, after correcting the 

signal durations for a fixed noise level, instrument gain, and a relatively minor software bug.  

See Figure 3 for a more detailed description.  Comparison with Figure 3 shows that in the UT 
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region, most of the differences between MC and ML have been removed except during 1998-

2001.  In the YP region, MC remains consistently higher than ML with a mean difference of 0.88. 

  

 

Figure 8.  Plots of MC versus ML for UT-region (left) and YP-region (right) earthquakes with 

MC s calculated from equations (1) and (2), respectively, using corrected signal durations.  The 

deviations from the line of perfect agreement below ML ~2.5 in the UT region and at all 

magnitudes in the YP region suggest that recalibration of the MC equations is needed. 

 

Figure 9.  (a) Plot of distance-adjusted ML versus log τ for UT region earthquakes from 1983 

through 2001.  Distance-adjusted ML is defined from equation (23) as ML – 0.0023Δ .  The solid 

line shows the prediction of equation (23), which was fit using data from the ML ≤ 5.0 events 

only (diamonds). (b) Plot of ML-adjusted log τ, defined from equation (23) as ML – 2.32 log τ, 

versus epicentral distance for the same data set as in (a).  The solid line shows the prediction of 

equation (23).  

 

Figure 10.  Plots of the difference between MC and ML for UT region (left) and YP-region (right) 

earthquakes, with MC s calculated from the new equations (23) and (24), respectively, using 

corrected signal durations which satisfy our new signal duration definition.  The mean MC -ML 

differences (shaded bars and numbers), calculated for ML ≤ 5.0 events only, have been reduced 

to 0.11 or less by the use of the new set of MC equations. 

 

Figure 11.  Plot of MC versus ML for UT region (left) and YP-region (right) earthquakes, with 
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MC s calculated from the new equations (23) and (24), respectively, along with our new signal 

duration definition.  There is a good fit to the line of perfect agreement for 0.5 ≤ ML ≤ 5.0, the 

magnitude range for which the equations were calibrated. 

 

Figure 12.  Plot of MC versus ML for YP-region earthquakes, with MC s calculated from the UT 

MC equation (23) using our new signal duration definition.  Note that the UT MC equation works 

quite well for the YP data. 

 

Figure 13.  Graph of UUSS MC versus MW for 52 Intermountain Seismic Belt earthquakes 

located in the region shown in Figures 1 and 2 (Table 1).  The MW s are from a variety of sources, 

as documented in Table 5 of Pechmann et al. (2007) and in Table 2 of this paper, and indicated 

by the different symbols:  circles, Oregon State University (OSU) Moment Tensor Catalog 

(quakes.oce.orst.edu); triangles, St. Louis University (SLU) Focal Mechanisms Catalog 

(www.eas.slu.edu/Earthquake_Center); and squares, other sources.  The solid line represents 

perfect agreement between MC and MW.               
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	University of Utah Seismograph Stations 
	Equation (5) provides some quantitative insight into the apparent factor of 1.8 increase in average signal duration for earthquakes of a given ML that occurred in the UT region during 1990-1993.  Based on equation (5), and the median α value of 1.8, this signal duration increase could have been caused by a factor of three decrease in the average noise level, a factor of three increase in the average station gain, or a combination of both.  There is reason to believe that systematic decreases in noise level and/or increases in gain could have occurred in the UT-region network during the early 1990s.  From 1989 to 1993, most of the pre-amp/VCOs in the network with 30-Hz lowpass filters were replaced by pre-amp/VCOs with 10-Hz lowpass filters in order to reduce the potential for aliasing the 100 sps digital records.  This bandwidth reduction generally lowered the background noise levels, which prompted some increases in gain settings.  Similar pre-amp/VCO changes were made in the YP region network during 1993-1995, but were largely completed before the date of the first earthquake in our YP data set:  August 28, 1995. 
	In this section, we discuss one correction and two additional modifications that we made to the duration measurements to try to improve the agreement between MC and ML.  The two additional modifications compensate for the effects of temporal and station-to-station variations in noise levels and instrument gains.  To quantify the effect of each of these changes on the MC -ML differences, we use the difference between the average MC – ML values for the UT region for the time periods 1994-1997 and 1986-1989 (Figure 3).  The combined effect of all three duration adjustments reduces the value of this indicator from 0.73 to 0.07, which we consider negligible. 
	Application of the orthogonal regression method using data from 923 UT region earthquakes of 0.50 ≤ ML ≤ 4.71 and 510 YP region earthquakes of 0.64 ≤ ML ≤ 4.21 yields the following equations: 
	 

	  


