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A ground motion based procedure to identify the earthquakes
that are the most relevant for probabilistic seismic hazard analysis

John G Anderson, M.EERI*, Fabrice Cotton?3, and Dino Bindi?

Abstract

A method is proposed to identify within seismic catalogs those earthquakes that are most relevant to the seismic
hazard. The approach contrasts with the classical approach to decluster the seismic catalog with the expectation
that the remaining main shocks will be the relevant events for the seismic hazard analysis. We apply a time
window like in the window declustering approach of Gardner and Knopoff, but the time window is motivated by
relevance to engineering. A ground motion criterion replaces the spatial window. An event in the time window
is included in the “Maximum Shaking Earthquake Catalog (MSEQ catalog)” if the median ground motion at its
epicenter exceeds the predicted median ground motion there from the main shock, using a locally appropriate
ground motion prediction equation. Ground motion can be measured by any parameter that is estimated by a
ground motion prediction equation. We consider peak acceleration and spectral amplitude (SA) at periods of 0.2,
1.0, and 3.0 s. The longer period parameters systematically remove more small events. The purpose is not to
produce a declustered catalog, in which each group of physically related earthquakes is represented by its largest
event. Statistical properties of the MSEQ catalog somewhat resemble the corresponding declustered catalog in
three tested regions, but the MSEQ catalogs all retain more large-magnitude earthquakes. The MSEQ catalog
may better represent the potential hazard in a region, and thus might be considered as an alternative to a de-
clustered catalog in developing the seismicity model for probabilistic seismic hazard analysis.
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Introduction

Probabilistic seismic hazard analysis (PSHA) has become a very common tool to characterize the seismic hazard. The outcome
of PSHA is a hazard curve for a site, giving either the rate or the probability of exceedance of an amplitude of ground motion,
considering all of the most relevant earthquakes. A central assumption is that a true hazard curve exists for any location (e.g.
Anderson and Biasi, 2016; Marzocchi and Jordan, 2014, 2017). The hazard curve is estimated by the use of fundamental meth-
ods of probability theory, combining a seismicity model with a model for the ground motion.

The term ““seismicity model” is used here to describe the entire set of relevant earthquakes, including their locations, mag-
nitudes, and annual occurrence rates. The criteria defining the relevance of an earthquake for PSHA studies are usually not
defined or clarified in modern PSHA studies. Most PSHA studies involve a declustering step which removes foreshocks and
aftershocks to build a declustered catalog which will be used to develop the seismicity model. The classical justification of this
declustering step is that PSHA considers that seismicity rates should be Poissonian (e.g. CEUS-SSC, 2012, Chapter 2; Frankel et
al., 1996; Petersen et al., 2008). To achieve this, dependent earthquakes (i.e. foreshocks and aftershocks) should be removed
so that the retained earthquakes follow a Poisson distribution. This declustering is intended to achieve a stable estimate of
background rates as the resulting catalog contains events which can be considered as independent. Spatial biases in areas that
have experienced clusters in the past with respect to regions that did not are also reduced by declustering, but generally re-
main, and are dealt with by the use of area sources or spatial smoothing (e.g. McGuire, 2004).

It is generally thought that this declustering process will naturally remove earthquakes that have a negligible contribution
in terms of ground shaking and earthquake hazard, and therefore that declustering has a negligible effect for engineering
practice (e.g. McGuire, 2004). In other words, declustering processes based on the goal to select independent earthquakes are
thought to be an efficient way to exclude those earthquakes from the catalog that are not relevant for hazard evaluations.
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Indeed, foreshocks and aftershocks of large earthquakes are not generally considered relevant to the seismic hazard estimate.
This is because by definition they have smaller magnitudes, generally cause weaker ground motions, and for the most part do
not contribute to the damage.

A widely used method of declustering is that of Gardner and Knopoff (1974). This method (here referred to as the “GK
method”’) gives a rule for the radius of an aftershock zone as a function of magnitude and a second rule for the duration of the
aftershock sequence also as a function of magnitude (Table 1). Earthquakes inside of this time-distance window are removed
from the catalog. This conceptual model is widely used, with local adjustments to the time and spatial windows.

Several other methods for recognition, modeling, and removal of aftershocks have been proposed in the seismological
literature. These include Savage (1972), Prozorov and Dziewonski (1982), Ogata (1988), Reasenberg (1985), Frohlich and Davis
(1990), Molchan and Dmitrieva (1992), Ogata (1999), Zaliapin et al. (2008), Marsan and Lengline (2008), Console et al. (2010),
Zaliapin and Ben-Zion (2011), and Anderson and Nanjo (2013). In these papers, the concept of clusters includes all of the events
that are part of the geologically brief release of accumulated elastic strain in which the main shock is the climax. The diversity
of approaches arises because, as described for example by Epistemic-Type Aftershock Sequence (ETAS) models (e.g. Ogata,
1988. 1999), every earthquake has a probability that it is independent. Thus, it is impossible to unambiguously classify every
earthquake as either a dependent or independent event. It follows, as noted by Zaliapin and Ben-Zion (2020), that the declus-
tering method can usefully be tailored for the application. If the classification of each earthquake is recognized as subject to
epistemic uncertainty, then this uncertainty should be minimized by aligning the declustering procedure with the requirements
of hazard studies.

To achieve this alignment, we propose that an essential characteristic of the earthquake catalog used to build the seismicity
model for PSHA is consistency with the “true’” hazard curve. Recent earthquakes sequences (discussed subsequently), and
several studies (e.g. Marzocchi and Taroni, 2014) show that the key assumptions of declustering methods may not be consistent
with this proposition. We suggest to reverse the classical assumption (““selection of independent earthquakes is an efficient
way to identify relevant earthquakes’’) and develop a method with the goal to select the most relevant earthquakes, regardless
of whether or not they are independent. The resulting catalog can be compared with the catalogs that result from declustering,
and tested for Poissonian behavior, and we carry out these comparisons and tests in this article, but our goal is not to obtain a
declustered or Poissonian catalog. Regardless of the result of that comparison, one can evaluate whether the catalog of most
relevant earthquakes might be used, instead of a declustered catalog, for probabilistic seismic hazard assessment purposes.

Indeed, the criteria defining the relevance of an earthquake for PSHA studies are usually not defined or clarified in modern
PSHA studies. From an engineering point of view and seismic building code perspective, relevant earthquakes are earthquakes
that cause ground motions sufficient to cause significant damage of intact buildings. These engineering considerations are then
essential. They explain why we keep only earthquakes of magnitude larger than M > 4.5 for the hazard computation and why
most of the aftershocks and foreshocks (which are producing smaller shaking than the main shocks) should be removed. Un-
important earthquakes should, however, not be recognized according to their magnitude, time, and location only; they should
rather be defined as events which are less damaging than main shocks (for intact buildings).

There are numerous examples of aftershocks that could cause considerable direct (and not only cumulative) damage. We
discuss four such earthquake sequences here. First, on June 28, 1992, the Mw7.27 Landers, California, earthquake at (11:57
coordinated universal time [UTC]) was followed by the Mw6.48 Big Bear earthquake (15:05 UTC, 3.1 h later) on a completely
different fault about 36 km west of the Landers rupture. The Mw6.14 Joshua Tree earthquake (April 23, 1992) preceded the
Landers earthquake by 66 days. The Joshua Tree earthquake, whose 10 to 12 km long aftershock zone is south of, but contin-
uous with the aftershocks of, the Landers rupture, apparently occurred on a different fault that is separated from the Landers
rupture by the east—west Pinto Mountain fault (Sieh et al., 1993). Using the GK parameters (Table 1), these three earthquakes
are represented by only the Landers event in the National Seismic Hazard Model declustered catalog (Petersen et al., 2014).
Second, the November 12, 1999 Duzce, Turkey earthquake (M7.2) extended the rupture of the August 17, 1999 Izmit, Turkey
earthquake for 30 km eastward along the North Anatolian Fault system, and caused significant additional damage and loss of
life (e.g. Anderson et al., 2000). The epicentral separation of about 110 km is large enough that the Duzce earthquake would
be considered an independent event by the GK criterion (Table 1), but if the Izmit epicenter had been about 30 km farther east
along the August rupture, the Duzce event would be considered an aftershock, highlighting an arbitrary property of the proce-
dure. Our third example comes from New Zealand, where the Mw?7.1 Darfield earthquake (September 4, 2010) was followed
171 days later (February 22, 2011) by the destructive Mw6.1 Christchurch earthquake, with epicenter 42 km to the east. By
the GK declustering parameters (Table 1), the Christchurch earthquake it is part of the Darfield cluster. Finally, the central Italy
seismic sequence of 2016 consisted of three main events: August 24, Mw6.0 (Amatrice); October 26, Mw5.9 (Ussita); and
October 30, Mw6.5 (Norcia); and over 55,000 smaller events in the first 5 months (Pizzi et al., 2017). Each of these three largest
earthquakes would have been a disaster in its own right. The second epicenter is about 26 km away and 63 days following the
first, compared to the GK thresholds of 54 km and 510 days (Table 1). The October 30 epicenter was located between the first
two, and its larger magnitude makes the Norcia event the main shock and sole representative of the sequence, using the GK
approach to declustering.



Table I. Distance and time windows refrenced in this paper.

Mw
2.5 3.0 35 4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 8.0

Rak, km' 195 225 26 30 35 40 47 54 6l 70 8l 94
Tok, d° 6 s 22 42 83 I55 290 510 790 915 960 985
Ty, & 146 272 484 826 137 220 346 533 807 924 950 977

|. Distance criterion used by Gardner and Knopoff (1974) and the U. S. Geological Survey.
2. Time criterion used by Gardner and Knopoff (1974) and the U. S. Geological Survey.
3. Time criterion used to decluster the European catalog (see text).

From the seismological perspective, all four of these earthquake sequences represent a set of related earthquakes, and
thus in the context of the physics of earthquakes it is legitimate that each be considered a cluster identified by their main
shock. From the engineering perspective, however, each of these sequences include foreshocks or aftershocks that cause
ground motions that controlled the local damage. Thus, classical declustering methods can result in the removal of some events
that, while physically related to others, would also have important engineering implications. We explore an alternative proce-
dure that leads to a catalog that includes all of these significant shocks. We call the resulting catalog a ‘““Maximum Shaking
Earthquake Catalog” (MSEQ catalog) to distinguish it from declustering that is focused on identifying clusters based on a com-
mon geophysical event.

Developing the MSEQ catalog

Developing an MSEQ catalog is straightforward. Every earthquake in the catalog is initially labeled as a ““main shock.” Subse-
guently, starting with the largest earthquake and working downward in magnitude, every earthquake afterward in the time
window specified for that magnitude is identified for review. The review is based on the amplitude of ground motion at the
epicenter of the reviewed event. If the estimated peak acceleration, for instance, of the shock under review is smaller than the
estimated peak acceleration from the main shock for that location, then it is flagged as a “subshock.” Otherwise, it continues
to be considered a main shock. We note that by this method, the MSEQ process can recognize subshocks in old and in incom-
plete catalogs.

Obviously, the peak accelerations have not been measured, so they are estimated by a ground motion prediction equation.
In the implementation described in this article, each earthquake is tested by four ground motion parameters: peak acceleration
(PGA), and pseudo-acceleration response spectral amplitude (SA) for oscillators with periods of 0.2, 1.0, and 3.0 s. This results
in four different MSEQ catalogs, which are identified as MSEQPGA, MSEQ-SA (0.2 s), MSEQ-SA (1.0 s), and MSEQ-SA (3.0 s),
respectively. Of course, other ground motion parameters can be chosen.

Time window

Consistent with our intent to develop a catalog in a manner consistent with user applications, we sought application examples
from multiple sources. Here are three examples. Insurance Company A states, in its earthquake insurance rider, that any earth-
quake within 3 days of the main shock will be considered an aftershock. A second insurance company, which we will call Insur-
ance Company B, has a time window that is 15 days long, independent of magnitude. A third opinion, from a civil engineer, is
that an aftershock is any event that occurs before a structure is repaired.

These three definitions of aftershocks are obviously very different. The MSEQ catalog can be developed for any of these
time windows. This study uses the GK time window, and a modified version that has been preferred for European applications
(Table 1). The GK window increases with magnitude, from ~10 days for M = 3 events, to ~150 days for M = 5, and ~3 years for
M = 7. We suggest that this window may be considered a proxy for the time required for repairs after an earthquake. It also
provides continuity with previous probabilistic seismic hazard studies where it has seen extensive use, and isolates the effect
of the ground motion prediction equation as the alternative spatial window. The short time windows used by the insurance
companies can be implemented and explored in a later study. It is expected that these shorter windows will remove fewer
earthquakes than the GK window, and consequently we expect that the hazard estimates using those catalogs would be higher
than hazard estimates using a GK declustering time window.
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Figure 1. Median estimates of PGA, SA (0.2 s), SA (1.0 s), and SA (3.0 s), as labeled in respective frames, at the epicenter of each earthquake in the USGS C2
catalog in the Landers region. Earthquake locations are shown in Figure 2d. Each estimate uses Vs30= 800 m/s and is based on Bindi et al. (2017). These pa-
rameters depend on the hypocentral distance, so the variable depths result in multiple values for each magnitude.

Ground motion prediction equation

The model of Bindi et al. (2017) was selected for this application. This model is based on the NGA West 2 database (Ancheta et
al., 2014) but uses a simple functional form. It is based on the hypocentral distance, and thus is consistent with the GK distance
measure, making it convenient for this application. Using this model, Figure 1 shows peak accelerations at the epicenters of all
earthquakes in the USGS catalog in the Landers test area, as will be discussed subsequently. The Bindi et al. (2017) model is
based on earthquakes with Mw > 3.5, so it is extrapolated to smaller magnitudes to generate this figure. In this extrapolation,
the logarithm of the peak acceleration is nearly proportional to magnitude at the small magnitudes. This is reasonable consid-
ering the fundamental definition of the magnitude scale (Richter, 1958): M, = log A — log Ao.

Estimating the ground motion based on the epicentral distance of a large earthquake, for which the rupture can be tens or
even hundreds of kilometers in length, is not entirely consistent with the goal of MSEQ catalog development to identify sub-
shocks based on whether or not the small earthquake has a larger motion than the main shock. At sites close to the fault but
far from the epicenter, some subshocks may not be recognized as such. To deal with this, the catalog is supplemented with
additional “virtual hypocenters” for the largest earthquakes. The “virtual hypocenters’”” are treated as independent earth-
qguakes in the MSEQ algorithm. Thus, for instance, earthquakes that occurred in the selected time window after the 1992
Landers, California, earthquake (Mw7.27) are compared with ground motions from an Mw7.27 earthquake in five different
locations within the aftershock zone. If the reviewed earthquake has motions smaller than expected motions from any of the
virtual hypocenters, then it is not included in the MSEQ catalog. The alternative, of course, would be to use the distance to the
identified fault rupture, together with a ground motion prediction equation (GMPE) based on rupture distance. We considered
this alternative, but the use of the virtual hypocenters, identified by an interactive review of the catalog, together with the
Bindi et al. (2017) model based on hypocentral distance is more easily implemented. Our judgment is that the greater precision
of using the actual rupture would not make much practical difference, but of course it would be more rigorous if this method
is actually applied in a PSHA using a GMPE that is based on rupture distance.

To avoid confusion in calculating magnitude—frequency relations from the MSEQ catalog, enhanced with virtual hypocen-
ters, we introduce a parameter N*. Although inspired in part by the parameter N* introduced in CEUS-SSC (2012, Chapter 3),
the application here is distinctly different (but can be made compatible). For most earthquakes, N* = 1. However, when a large
earthquake is represented by n multiple locations along the fault, each of these locations are included in the catalog with N* =
1/n. With this numerical procedure, computing Gutenberg—Richter relations for the MSEQ catalog remains straightforward.

This approach does not consider variability in the GMPE, which of course has been quantified by Bindi et al. (2017). Consid-
ering this variability, the criterion for building the MSEQ catalog could be formulated as follows: an event is not included in the
MSEQ catalog if it has a probability of less than 50% of having the ground motion parameter at its epicenter larger than the

median ground motion estimated from the main shock.
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Figure 2. Earthquakes in the Landers, California region. Earthquakes on maps (a), (b), and (c) occur in the aftershock time window, with duration of 939 days
starting one day before the Landers main shock of June 28, 1992. Maps (d), (e), and (f) are drawn from the complete catalog, which includes events from 1769
to 2014. (a) Events in the USGS catalog C2, which has been reviewed to remove explosions and other non-tectonic events, and includes events with Mw @ 2.0
(Petersen et al., 2014). The Landers main shock is represented by six connected points in this figure, as described in the text. (b) Earthquakes in the USGS C3
catalog, which has been declustered using the Gardner and Knopoff (1974) algorithm. Here, the Landers main shock is represented only by a single point at its
epicenter. (c) Earthquakes in the MSEQ-SA (3.0 s) catalog for the aftershock time window. The remaining earthquakes are the Landers main shock, represented
by the six connected points, and the Mw6.48 Big Bear earthquake. (d) All earthquakes in the USGS Catalog C2. (e) All earthquakes in the USGS Catalog C3. (f)
All MSEQ-SA (3.0 s) earthquakes. In maps (d) and (f), the October 16, 1999, Hector Mine earthquake (Mw?7.11) east of the Landers rupture is represented by
four points.

Foreshocks

In the algorithm tested in this article, an earthquake will be retained in the MSEQ catalog if, for some interval of the time, it is
the strongest source of ground motion at its epicenter. Thus, foreshocks are not removed. In the real-time perspective of the
resident in the area, the foreshock is the earthquake; it is only recognized as a foreshock in retrospect. This approach is further
justified in the “Discussion” section of this article.

Examples

Landers area

The MSEQ approach isiillustrated, and compared with the GK method, in Figure 2. This illustration uses the earthquake catalogs
C2 and C3 that were used by the US Geological Survey (USGS) to develop the 2014 National Seismic Hazard Model (Petersen
et al., 2014; Shumway, 2019). Catalog C2 is a complete catalog, and catalog C3 includes only the events retained after declus-
tering using the GK method. Figure 2a shows the post-mainshock catalog of earthquakes with Mw > 3 for the region around
the Landers earthquake. The Landers main shock has Mw = 7.27, so based on the GK parameters, all earthquakes in a time
window of 939 days, and within 76 km of the epicenter of the Landers epicenter, would be removed. After declustering using
this algorithm, all earthquakes have been removed near the epicenter, but some remain in the northern portion of this region,
as seen in Figure 2b. The Landers main shock has been identified by six virtual hypocenters, which can be seen in Figure 2a.
The virtual hypocenters used to represent the main shock are also shown in Figure 2c, in which the MSEQ procedure has been
applied. In the MSEQ catalog, the northern group of small events has been removed. However, the M6.48 Big Bear earthquake,
represented by the green-colored point in Figure 2c, remains.

Figure 2d to f shows the corresponding catalogs for their entire time period. Comparison of Figure 2e and f, with the GK
declustering and MSEQ catalogs, respectively, suggests at first glance that a similar number of earthquakes have been removed.
Inspection finds, however, that Figure 2f has more events with Mw in the range 5.5-6.5, while Figure 2e appears to have more
events in the smallest magnitude range.
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Figure 3. Magnitude—frequency relationships for the Landers area (Figure 2). The estimated rate at each magnitude is determined as described in Online
Supplement 1. The time windows used to make rate estimates are increased as the magnitude increases, as determined from the complete catalog. The vari-
able time window and the relatively small size of this catalog explains why the points are not a monotonic function of magnitude, and why rates of large

magnitudes may be overestimated. The b values are determined using linear least squares applied to the event rates in the magnitude range 4.0 < Mw <
7.0; extrapolation outside of this range is not defensible.

This impression is confirmed in Figure 3, which shows the exceedance rates for six considered models: the full, un-declus-
tered catalog, the catalog declustered by the USGS (C3), and the MSEQ catalogs using the GMPE for peak acceleration, SA (0.2
s), SA (1.0 s), and SA (3.0 s). The progressively longer period GMPE criteria remove progressively greater numbers of small
events (this trend is more clearly seen in Figure 10 of Appendix 2). This follows from scaling properties of the seismic source
spectrum, in which the amplitude at long periods decreases more rapidly as magnitude decreases than it does at high frequen-
cies (e.g. Anderson, 2015). The MSEQ catalogs are most similar to the C3 catalog at M~3-3.5 (not shown in Figure 3). For
smaller magnitudes, the MSEQ catalogs have fewer events than the GK method. Above M~4.5, all four of the MSEQ catalogs
include larger numbers of events than the GK approach. For M~5-6, catalog C3 has an annual rate that is about 30% smaller
than the MSEQ catalogs. These catalogs merge with the full catalog at about M5.8. The b values in Figure 3 are determined as
in the Online Supplement. This method uses increasing catalog durations for larger magnitudes. In the Online Supplement and
Appendix 2, these durations give a well-behaved magnitude—frequency distribution (MFD) for the Western US catalog. The
complete catalog for the Western United States (Online Supplement 1) currently appears to be bilinear with an increase in the
slope (b value) at about M;7. In the small Landers region, the rate estimates are scattered. Still, the b values fitted to these
MPFDs illustrate how the MSEQ catalogs are increasingly depleted in medium magnitude events, but cannot be used to extrap-
olate to either larger or smaller events.

Although our goal is not to create a declustered catalog of independent events, we tested the MSEQ catalogs for whether
they are Poissonian in time. Figure 4 illustrates the procedure, where the Kolmogorov—Smirnov (K-S) test (e.g. Fisz, 1963; Luen
and Stark, 2012) itself is summarized in the figure caption. Critical values given in elementary statistics books are not valid in
our case because the mean rate is determined from the data. The correct approach is given by Lilliefors (1969), and the critical
values used in this study are given in Appendix 1. For compactness, one can plot the difference between the distribution of
time intervals in the catalog and the comparable Poissonian distribution normalized by the critical value from Appendix 1, and
this is done in Figure 5.

For the Landers earthquake region in Figure 5, one can see that at magnitudes 3, 4, 5, and 6, the original catalog (C2) is not
Poissonian. For M 2 3, the C3 catalog and the MSEQ-SA (3.0 s) both fail the test for Poissonian behavior by similar margins. At
M 2 4, in contrast, the MSEQ-SA (3.0 s) catalog passes the K-S test, as does the C3 catalog. Although not shown, it is typical that
the MSEQ-SA (3.0 s) catalog is closer to Poissonian than MSEQ catalogs for the shorter period GMPEs. For M 2 5, both the
MSEQ and the declustered USGS catalog are consistent with Poissonian behavior. For M 2 6 + earthquakes, the power of the
test is smallest, but Poissonian behavior is inconsistent with the timing of these largest earthquakes for all catalogs. In all cases
where the maximum difference between the observed cumulative distribution function and the best-fitting exponential distri-
bution is smaller than the critical value (i.e. the peak on Figure 5 is less than 1.0), the Kolmogorov—Smirnov test does not prove
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Figure 4. Poissonian test example. This is for the MSEQ-PGA catalog for the Landers area, for earthquakes with magnitude M = 4. In both frames, the horizontal
axis is the interval between subsequent earthquakes in the catalog. The time intervals are determined, then sorted into increasing order, and the cumulative
distribution of intervals smaller than each time interval is plotted in the upper frame. The mean interval is found, and a Poissonian distribution with that mean
is also shown in the top frame. In the lower frame, the absolute value of the difference between these two curves is plotted, that is, DCDF = | CDFpata — CDFpoisson |
The Kolmogorov-Smirnov test, as modified by Lilliefors (1969), provides a critical value for 95% confidence, CVk-s, and if max(Dcor) > CVks, there is 95% confidence
that this distribution of time intervals between earthquakes is not Poissonian. The critical value, given in Appendix 1, depends on the number of earthquakes.

that a set is Poissonian in time, but only that we cannot reject the Poisson hypothesis. Also, of course, this test does not
evaluate whether the spatial distribution of the events is random.

Italy and Germany

Next, we consider a catalog of European earthquakes. This single catalog contains a flag identifying each earthquake as a main
shock, a foreshock, or an aftershock based on the GK procedure with modified time and distance windows. MSEQ catalogs for
PGA and SA (0.2 s), SA (1.0 s), and SA (3.0 s) were developed for the complete catalog. In Figure 6, the MSEQ-SA (3.0 s) catalog
is compared with the complete and the declustered catalogs for Germany and for Italy. Germany is a region with relatively low
overall seismic activity. Italy can be considered a region of high seismicity, with typical large event sizes in the M6-7 range. The
catalog used for this study is primarily the European-Mediterranean Earthquake Catalog (EMEC; Griinthal and Wahlstrom,
2012). We employ here the temporal extension up to 2014 described in Grinthal et al. (2018; see ““Data and resources” sec-
tion).

A comparison of the MFDs from Figure 6 is shown in Figure 7. Finally, Figure 8 tests these catalogs for Poissonian behavior.
The reduction in the numbers of earthquakes in these regions is not as great as in the Landers case, so the differences among
the maps in Figure 6 are less obvious, and the reduction in the b value in Figure 7 is also small. However, the tendencies seen
for Landers are reproduced. The MSEQ catalog contains progressively fewer earthquakes in the sequence from PGA to SA (3.0
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in Figure 2d to f, and magnitude—frequency distributions corresponding to these data are shown in Figure 3.

s). In the German catalog, the GK procedure removes more events than the MSEQ procedure, even at the smallest magnitude
displayed in Figure 7. In the Italian case, as in Landers, the MSEQ catalog using SA (3.0 s) includes fewer events than the GK
catalog. In terms of achieving a Poissonian catalog, the GK catalog is successful at the M3 level in Germany, while MSEQ is not.
Neither GK declustering nor the MSEQ process at the M3 level generates a Poissonian catalog in Italy, recalling the behavior in
the Landers catalog. For M >4 and M > 5, Poissonian behavior of the GK declustered catalog cannot be rejected in either the
German or the Italian catalogs, but in the MSEQ catalog it is rejected with 95% confidence in Germany for M >4 and in Italy for
both M >4 and M > 5, although it may be “close.” In conclusion, these tests do not show that MSEQ catalogs achieve a Pois-
sonian distribution in time, but they indicate that the MSEQ catalog is moved toward being Poissonian in a manner similar to
the effects of declustering.

Discussion

We propose that the use of an MSEQ catalog in PSHA is an alternative to the use of a declustered catalog. Declustering has
often seemed like a rather arbitrary procedure; as noted, the mathematical problem is non-unique. Perhaps the reason the GK
method has been used for 46 years and counting is that there has not been a convincing rationale to switch to any of the
alternatives. We suggest that the MSEQ catalog is based on a different but reasonable rationale that is related to the use to
which the hazard curve is applied. We have found that the MSEQ catalog resembles a declustered catalog, from which one
would, for instance, determine a similar b value and rate of earthquakes. We anticipate that the seismic hazard analysis based
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Figure 6. Italy and Germany seismicity maps. Maps (a), (b), and (c) show respectively the complete catalog around Germany, the catalog declustered using a
modified GK procedure with a different time window as shown in Table 1, and the events in the MSEQ catalog based on SA (3.0s). Maps (d), (e), and (f) are
equivalent for an oblique region that includes most of Italy.

on an MSEQ catalog would incorporate internal consistency through use of the same GMPE for the MSEQ catalog development
and the subsequent hazard calculation. Decisions need to be made on what ground motion parameter to use, or even if it
would make sense to use different ground motion parameters depending on the application, but these are secondary if this
rationale is adopted. Work remains to be done, also, to evaluate the consequences of this alternative to estimates of the
hazard, and evaluate whether this approach can obtain acceptance from the users of PSHA.

To this end, Appendix 2 shows a simplified hazard calculation for a site in central Nevada. The hazard at this site is primarily
controlled by the declustered catalog, but regional faults contribute at long periods. The hazard for peak acceleration is deter-
mined using only the MSEQ-PGA catalog, and the hazard for SA (1.0 s) is determined using only the MSEQ-SA (1.0 s) catalog.
Compared with the hazard estimates for peak acceleration using the USGS model (Petersen et al., 2014), the hazard estimated
using the MSEQ catalog is higher by about 40% at the exceedance rate of 4 3 1024 per year. For SA (1.0 s), the result is ambiguous
because the calculation leaves out the regional faults, but the contribution to the hazard from the background is between 20%
and 30% higher.

Retaining large aftershocks in PSHA background seismicity catalogs

We assume the existence of a true (Anderson and Biasi, 2016) or data-generating (Marzocchi and Jordan, 2014, 2017) hazard
curve at every location. This curve is only theoretically knowable by a conceptual experiment that has recorded a long duration
of seismic records from the site (e.g. 10° years) and uses the relevant records (e.g.M > 5) to calculate the rates at which various
levels of ground motions are exceeded. If we imagine a constructed structure in Christchurch, the Mw6.1 Christchurch earth-
qguake is highly relevant, even though it can be considered an aftershock, and so should be included in such a “measured”
hazard curve. The procedure that is presented in this article is designed to retain such events. We propose that there is a
second reason why events such as the Christchurch should be retained. That reason is that it could have happened separately
from the preceding Mw7.1 Darfield earthquake. The fact that it did not is perhaps a consequence of the fact that main shocks
are not entirely Poissonian in time, but rather some underlying physics (e.g. triggering) can cause them to be closely spaced in
time. But if one allows that either of these two events could have happened at separate, random times, then they should both
be counted in the conceptual experiment to measure a hazard curve. By the same reasoning, this article does not remove the
strongest foreshocks. We suggest that, for instance, the Joshua Tree event that preceded the Landers earthquake could have
occurred separately, and thus should be counted in the conceptual experiment to measure the hazard curve.

More generally, one might consider the large earthquakes that are retained by the MSEQ approach in the context of the
distinction between triggered earthquakes and aftershocks. The distinction is often ambiguous. Remote triggering of small to
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Figure 7. Magnitude—frequency distributions for the original and modified catalogs from Germany (left) and Italy (right). For the Italian catalogs, b values are
estimated for magnitudes greater than about 4.5. The legend retains the abbreviated terminology from Figure 3, in which C2 represents the complete, clean
catalog, and C3 represents the corresponding catalog declustered by the GK method.

moderate earthquakes to distances of over 700 km was obvious after the Landers earthquake (e.g. Anderson et al., 1994).
Remote triggering of distant independent earthquakes has been recognized after several additional earthquakes (e.g. Hough
et al., 2003; Jiang et al., 2010; Meltzner and Wald, 2003; Papadopoulos, 2002; Prejean et al., 2004). Of course, if triggered
earthquakes can occur at large distances, then there is no surprise if they also occur at short distances. Felzer et al. (2004)
propose that there is no statistical distinction between a triggered main shock and an aftershock, except that the triggered
main shock happens to be larger with a probability controlled by a Gutenberg—Richter relationship. From these perspectives,
the large events that are retained in the MSEQ catalog can legitimately be considered triggered main shock earthquakes rather
than dependent events in a single cluster represented by a single main shock.

How important is Poissonian behavior in time?

As seen in Figures 5 and 8, the MSEQ catalogs developed in this study are generally not as close to being Poissonian as the
catalogs developed by GK procedures. In recognizing this, we consider how important it is to have a Poissonian catalog for
PSHA. The assumption that the earthquakes occur at random times is used for the transition from a hazard curve giving the
annual rate of earthquakes to the annual probability (e.g. Cornell, 1968; McGuire, 2004). Let Y be an amplitude of ground
motion, and let g(Y) be a hazard curve giving the annual rate of exceedance of Y. Then with the Poissonian assumption, the
probability of an earthquake causing ground motions that exceed Y in a time interval of duration T is p(Y, T) = 1 — exp(—g(Y)T).
However, neither the early history of PSHA, nor recent studies, supports the idea that a Poissonian behavior must be strictly
enforced. For instance, Cornell (1968), Algermissen and Perkins (1976), and Algermissen et al. (1982) recognize that earthquake
catalogs are not Poissonian when small magnitudes are included, but apparently consider it sufficient that the large events
“tend to be” Poissonian. For instance, Algermissen et al. (1982) writes,

The concept of hazard mapping used here is to assume that earthquakes are exponentially distributed with regard to magni-
tude and randomly distributed with regard to time. The exponential magnitude distribution is an assumption based on em-
pirical observation. The distribution of earthquakes in time is assumed to be Poissonian. The important observation is that
the occurrence of large shocks tends to be Poissonian while small shocks often are not. However, the ground motions asso-
ciated with small shocks are of only marginal interest in engineering applications (Cornell, 1968).

Figures 5 and 8 confirm that in the MSEQ catalogs considered here, the large events have distributions in time that are close
to Poissonian even when they fail the Kolmogorov-Smirnov/Lilliefors test, while, as found by Luen and Stark (2012) as well as
here, declustered catalogs that are complete to smaller magnitudes are not always purely Poissonian.

The consequences of the failure to be Poissonian are not necessarily a problem. Cornell and Winterstein (1988) found that
for regular repetition of large earthquakes, the error introduced by the Poissonian assumption is acceptably small except when
the events are highly regular and the elapsed time since the last event exceeds the recurrence interval. More generally, Mar-
zocchi and Taroni (2014) indicated that more realistic clustered distributions of earthquakes lead to a distribution of exceed-
ances that is still well approximated by a Poisson distribution at the low probabilities of primary concern for engineering design.
In most of PSHA studies, where exceedance probabilities less than 10% in 50 years are required and ground motion parameters
are not very small, the Poisson distribution could be assumed regardless of time independence of earthquakes.
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Figure 8. Results of the Kolmogorov-Smirnov test for Poissonian behavior for the discussed catalogs for Germany and Italy. Frames (a—c) are for the Germany
region of the European catalog, as shown in Figure 6a, for the cataloged events with magnitudes greater than 3.0, 4.0, and 5.0, respectively. Part (c) tests the
MSEQ-SA (3.0 s) catalog. Parts (d—f) are the equivalent for the Italian part of the European catalog shown in Figure 6d. The legend retains the terminology from
Figure 7, in which C2 represents the complete, clean catalog, and C3 represents the corresponding catalog declustered by the GK method.

Alternatives for handling large dependent earthquakes

The standard PSHA approach, basing the background seismicity on a declustered catalog, is the reference approach, against
which all suggestions of modified procedures will inevitably be compared. An oversimplified expectation is that adding de-
pendent events inflates the overall earthquake rate, even though they have no significant impact on the true hazard, since the
main shock does the main damage.

However, some studies (e.g. Boyd, 2012; lervolino, 2019; lervolino et al., 2014) suggest that declustering underestimates
the hazard. Given that dependent events are sometimes damaging, several papers have considered alternative approaches to
include the effects of aftershocks. The first alternative is to include all events in the working catalog, or to use some alternative
approach, such as the one suggested by Marzocchi and Taroni (2014), to end up with a seismicity model with total earthquake
rates that match the original catalog. Boyd (2012) makes the case that without declustering, the result would give the highest
hazard estimates.

The second alternative is to adjust the hazard model for the effect of the aftershocks in the declustered catalog. Yeo and
Cornell (2009) developed a model for the temporally changing hazard in an aftershock zone. Models that combine this after-
shock PSHA (APSHA) with a random sequence of main shocks are presented by Boyd (2012), lervolino et al. (2014), and lervolino
(2019). Effectively, these methods aim for the intensity measure for each independent cluster, represented by its main shock,
to be adjusted upward from the value for the main shock alone so that aftershocks are also statistically included. Boyd (2012)
finds that this approach results in a 10% to 20% increase in the hazard for a site in California using stochastic realizations of the
aftershock distribution. lervolino et al. (2014) come to a similar conclusion with an analytical formulation that they call Se-
guence-Based PSHA (SPSHA).

The strength of these ideas is that the clusters might then retain the same level of approximation to a Poissonian distribu-
tion of events that present methods achieve. However, these methods still imply the need to decluster the earthquakes cata-
log, identify independent main shocks, and describe quantitatively the spatial and time distributions of foreshocks and after-
shocks. All these steps may be associated to large epistemic uncertainties, both from the declustering approach and the po-
tential overestimate of the uncertainties in current GMPEs, contributed by the ergodic assumption (Anderson and Brune,
1999). Despite the possible drawbacks, this set of methods are statistical approaches to incorporate foreshocks and after-
shocks, with the result being some increase in the hazard compared to the standard declustering approach.
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This article suggests another approach. Since intermediate-sized events are retained in the MSEQ catalog but removed by
declustering, we might expect that if this catalog is used in PSHA in the place of a declustered catalog, on average the seismic
hazard will be increased somewhat. The results in Appendix 2 are consistent with that expectation. However, those results are
quite limited: we used the same b value as used by Petersen et al. (2014) rather than fitting b to the MFD of the MSEQ catalogs
in the magnitude range that matters, and have not rigorously evaluated whether a Gutenberg—Richter relationship is appro-
priate. Inclusion of intermediate-sized events may steepen the magnitude—frequency curve (i.e. produce a higher b value),
which, counterintuitively, may lower the rate of higher magnitudes, which in turn lowers the hazard as seen in a hazard curve.
The impact of the use of the MSEQ catalog thus remains to be systematically tested.

Spatial considerations

Of course, any individual catalog is a realization of the seismicity for one time interval, and other time intervals will likely have
the seismicity in other locations. Thus, as shown by Marzocchi and Taroni (2014), methods using a non-declustered seismic
catalog, a declustered seismic catalog, or the MSEQ catalog, directly to estimate the background seismicity in a PSHA compu-
tation, may overestimate the seismicity rates for the regions that recently experienced a strong seismic cluster with respect to
areas that did not experience clusters in the time interval covered by the catalog. Such potential spatial biases due to earth-
quake clustering coupled with the limited duration of earthquake catalogs are the motivation for either smoothing the back-
ground seismicity (e.g. Frankel et al., 1996, 2002; Petersen et al., 2008, 2014) or using large areas source zones (e.g. Cinti et al.,
2004). With a million years of seismicity and strong motion records, perhaps all the active sources in a region would be sampled,
and smoothing would not be so necessary.

Conclusion

The MSEQ approach approximates the thought experiment to build an empirical hazard curve. It aims to retain all earthquakes
that are most relevant for earthquake engineering applications. Many large events, in spite of being unambiguously foreshocks
or aftershocks in an earthquake cluster, remain in the MSEQ catalog and can be considered independent, triggered earthquakes
that could occur separately. For PSHA, it seems reasonable that these events are included in the catalog that is used to set the
rate and define the shape of the MFD of earthquakes and, along with geological observations (e.g. Field et al., 2013; Petersen
et al., 2014; Wesnousky, 1986), contribute to the complete seismicity model. For all of these reasons, we propose that the
MSEQ approach is appropriate to be considered as a legitimate methodology in PSHA. Also note that if declustering is preferred,
the MSEQ catalog identifies earthquakes that perhaps should be constrained to be included in the declustered catalog.

Data and resources

The US Geological Survey earthquake catalogs are available from https://www.sciencebase.gov/cata-
log/item/5db9be62e4b06957974eb5ca, last accessed March 17, 2020. The European-Mediterranean Earthquake Catalog
(EMEC) used for this project is available under request (contact fcotton@gfz-potsdam.de)
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Appendix 1

Critical values of the Kolmogorov—-Smirnov Test for a Poisson distribution when the mean occurrence rate is estimated from the
data
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Itis common to test whether the occurrence times of earthquakes in a catalog, often with foreshocks and aftershocks removed,
are random and uncorrelated, that is, Poissonian. If so, the distribution of time intervals between the earthquakes should be
consistent with an exponential distribution. One test is based on the Kolmogorov-Smirnov statistic. If n time intervals in a
catalog are ordered such that 7; < 7, < 1,, the empirical cumulative distribution of the times between earthquakes is:

0 <1
S, =4 1,<1<144,i=12.n-1 (1)
1 T21T,

The corresponding empirical cumulative exponential distribution is:

T
F(t)=1—exp (— ;_) (2)
where 7, the maximum likelihood estimate of the inverse rate parameter of the exponential distribution, is the mean of {z;}.
The Kolmogorov-Smirnov statistic D,, is the maximum difference between §,, and F:

Dn = sup |F(T) - Sn(T)l
—0 < T< 0 (3)

Lilliefors (1967, 1969) points out that the standard tables of critical values for the Kolmogorov-Smirnov test (e.g. Hoel,
1971) are not valid when parameters of the distribution are estimated from the data itself, as is the case in Equation 2. Lilliefors
(1969) used a Monte Carlo calculation to determine the appropriate critical values.

We have reproduced the Lilliefors (1969) calculations. As in his paper, we used Monte Carlo realizations of earthquake
occurrence times to find critical values of the Kolmogorov—Smirnov statistic for a selection of sample sizes. The critical values
found here, DZ, are given in Table 2 and plotted in Figure 9. The calculations were performed using the same MATLAB code as
is used to measure the Kolmogorov—Smirnov statistic in this article. If D,, > DZ, then one rejects the hypothesis that the dis-
tribution S,,(t) is Poissonian with confidence of 1- a.

Table 2 is similar to, but more accurate than, the table given by Lilliefors (1969). For each value of n, Lilliefors estimated
critical values based on 5000 Monte Carlo simulations, while Table 2 uses 2,500,000. Figure 9 also projects the critical values
determined for n = 5000 back to smaller values of n. Critical values for n = 50 are about 2% smaller than predicted by this
asymptotic value. As can be seen in Figure 9, values of D for n <1000 are nearly linear on log—log axes, so they can be accu-
rately interpolated in log—log space between the values given in Table 2.

Table 2. Kolmogorov-Smirnov critical values for an exponential distribution when the mean rate is
estimated from the data.

n a =02 a =0.1 a =0.05 a =0.01
3 0451 0511 0.551 0.601
-4 0401 0.444 0.484 0.557
5 0.360 0.404 0442 0.513
10 0.263 0.295 0.324 0.381
15 0217 0.244 0.269 0317
20 0.189 0213 0.234 0.277
25 0.170 0.192 0.211 0.249
30 0.156 0.176 0.193 0.229
35 0.145 0.163 0.179 0.213
40 0.136 0.153 0.168 0.199
50 0.122 0.137 0.151 0.179
100 0.0868 0.0977 0.108 0.127
200 0.0617 0.0695 0.0764 0.0905
500 0.0392 0.0442 0.0486 0.0575
1000 0.0278 0.0313 0.0344 0.0407
2000 0.0197 0.0222 0.0244 0.0288
5000 0.0125 0.0140 0.0154 0.0183
n > 5000° o8 059 Lot 11

RY vn yn yn

Source: Recalculated after (Lilliefors, 1969).

Each value based on the distribution of the Kolmogorov-Smirnov statistic was determined using 2,500,000 Monte
Carlo simulations. These values are the average of values obtained in 25 runs of 100,000 simulations each. The
standard error of all values (standard deviation of the 25 samples divided by their respective mean) is less than 0.3%,
and the corresponding uncertainties in the mean are nearly all smaller than 10 %,

*Standard deviations of the numerators for these asymptotic values, based on variation of the results from the
multiple runs, are as follows: a = 0.2,0.882+0.001; a = 0.1, 0.993+0.001; o = 0.05, 1.091+0.002; and @ = 0.01,
1.291+0.003. For two places beyond the decimal (0.88, 0.99, 1.09, 1.29), these asymptotic values are valid for n = 500.
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Figure 10. Critical values for a Poisson (exponential) distribution. Thin straight lines of the same style extrapolate the asymptotic values for N. 5000 back to
smaller numbers of realizations.
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Figure 10. Magnitude—frequency distributions for the USGS Western US C2 catalog for 2018 and for some subset catalogs derived from this catalog. The C3
catalog was declustered by the USGS and used for input to the 2018 National Seismic Hazard Model. The MSEQ catalogs were derived as discussed in the main
text.

Appendix 2
Sample hazard estimate using the Maximum Shaking Earthquake catalog

The purpose of this appendix is to show one comparison of a hazard calculation using the Maximum Shaking Earthquake
(MSEQ) catalog with the 2014 U. S. Geological Survey (USGS) hazard model (Petersen et al., 2014) for the same location. This
uses a strategically selected site, and it is premature to suggest that these results might be general.

Figure 10 shows the magnitude—frequency distributions (MFDs) of six catalogs for the Western United States. The first is
the USGS C2 catalog, which includes earthquakes in or near the Western United States above magnitude 2.5 (see ‘““Data and
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Figure 11. Adaptive smoothing of three seismicity catalogs in the vicinity of the Monte Cristo Range earthquake. (a) USGS a-grid. (b) Our approximation of the
a-grid using the USGS C3 catalog with a simplified model, as described in the text. (c) The a-grid obtained from the MSEQ-PGA catalog using the approximations
used for part b. (d) The a-grid obtained from the MSEQ-SA (1.0 s) catalog using the approximations used for part b.

1185 W

resources” section). The second is the USGS C3 catalog (see ““Data and resources” section), which is developed by the USGS by
declustering the C2 catalog using the Gardner and Knopoff (1974) method. The other four are the MSEQ catalogs based on the
Bindi et al. (2017) ground motion prediction equations for peak acceleration and for SA at 0.2, 1.0, and 3.0 s. All of these MFDs
were developed as described in the Online Supplement (Finding MFDs). The MFDs for PGA and for SA (0.2 s) are very similar,
with the PGA model retaining about 5% to 6% more small earthquakes. The total number of earthquakes in these two MSEQ
seismicity models is about half way between the complete catalog and the C3 catalog. The MFDs for the MSEQ catalogs for SA
(1.0s) and SA (3.0 s) are considerably depleted in small magnitudes by comparison, but converge to the MFD of the C2 catalog
for magnitudes greater than about 5.5. The MFD of the C3 catalog only converges with that of the C2 catalog for magnitudes
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Figure 13. Hazard estimates for SA (1.0 s) for the location of the Monte Cristo Range earthquake. All hazard curves are computed using only the ASK14
GMPE.
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Figure 13. Hazard estimates for SA (1.0 s) for the location of the Monte Cristo Range earthquake. All hazard curves are computed using only the ASK14
GMPE.

greater than about 7.0. The difference is because the MSEQ catalogs include some foreshocks, and aftershocks that cause
ground motions that are locally stronger than the main shock ground motions. Consequently, MFDs of all of the MSEQ catalogs
exceed that for the C3 catalog for magnitudes greater than about 4.7. The b values are estimated by least squares over the
domain 4 < M < 7. For catalog C2, b = 0.91, while the b value of catalog C3 is found to be 0.80, consistent with the USGS
findings. The b values of the MSEQ-PGA and MSEQ-SA (0.2 s) catalogs by the same method are 0.88, in between these two
values (see Figures 11 to 13).

From these catalogs, the hazard is estimated for the location of the Mw6.5 Monte Cristo Range earthquake of May 15,
2020. The epicenter is in central Nevada (38.169°N, 117.850°W). This location is chosen because the causative fault is not in
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USGS National Seismic Hazard Model (NSHM), so the hazard estimate at this location is dominated by the background seismic-
ity. The procedure in Petersen et al. (2014) to calculate the hazard from the declustered catalogs is actually very complex. This
sample calculation uses several simplifications. To explain these simplifications, it is helpful to briefly summarize the NSHM
approach. The NSHM has both fault and area sources. The area sources are inserted in a logic tree and developed from the
seismicity model by two different smoothing models, the “fixed”” and “adaptive” models. This smoothed seismicity is supple-
mented by additional, overlapping area source zones drawn for considered geophysical reasons. The combined area source
contributions are expressed as an “agrid,” that is, the value of a in an incremental Gutenberg—Richter model, logn (M) =
a - bM, where n(M) is the number of earthquakes in a magnitude range of width AM = 0.1. Each element of the “a-grid”
applies to the Gutenberg-Richter model in a rectangular area that is 0.1 degrees longitude and 0.1 degrees latitude. The hazard
is calculated from this seismicity model using five different ground motion prediction equations, and then averaged.

The NSHM ““a-grid”’ for region around the selected location is shown in Figure 11a. The NSHM uses the b value of the C3
catalog, b = 0.8, so that same value is used for every smoothing in this exercise. Our first simplification is to calculate an a-grid
using only the adaptive smoothing model (as described in Petersen et al., 2014) and omitting the additional area source con-
tributions. The result is shown in Figure 11b. This simplified algorithm was also applied to the MSEQ catalogs, and the resulting
a-grids for the MSEQPGA and MSEQ-SA (1.0 s) catalogs are shown in Figure 11c and d. There are some differences between
the a-grids in Figure 11a and b due to the simplifications that are used. The a-grids associated with the MSEQ catalogs tend to
be higher, especially in the southwest part of these maps.

Hazard curves for the exceedance rate of peak acceleration are shown in Figure 12. The blue line gives the hazard curve
obtained from USGS for the 2014 NSHM. The others are approximations using simplified calculations. First, the solid line shows
the hazard for PGA using the NSHM a-grid in Figure 11a, but using only one of the GMPEs (Abrahamson et al., 2014). This result
is close to the complete NSHM model. This is evidence that the PGA hazard is dominated by the background hazard estimate,
and that using only one GMPE does not greatly distort the hazard estimate. The dashed curve is obtained from the smoothed
C3 catalog shown in Figure 11b. Again, the similarity of this to the USGS hazard is evidence that this simplified approach to
estimating the a-grid gives a reasonable approximation. Finally, the dash—dot line obtained from the MSEQ-PGA catalog is
higher, consistent with the difference in the level of seismicity in the corresponding MFD. Similar calculations using the fixed
distance smoothing kernel give results very similar to these, so they are not shown.

This process was repeated for SA (1.0 s). As noted previously, Figure 11d shows a somewhat reduced seismicity rate com-
pared to Figure 11c, but the overall impression is that the two models are similar. Figure 13, on the contrary, shows some
significant changes. The first thing to note is that the hazard from the USGS a-grid is nearly the same as the hazard from the a-
grid derived in the simplified approach in Figure 11b. Thus, the simplifications in developing the a-grid are again having little
effect on the result. However, both of these hazard curves lie below the USGS hazard curve. The cause is our omission of the
fault sources. While these sources did not contribute much to the hazard for PGA in Figure 12, they make an important contri-
bution to the hazard at longer periods in Figure 13. These sources can have larger earthquakes, and the long period motions
do not decrease as rapidly with distance as does PGA.

The curve from the MSEQ-SA (1.0 s) catalog actually agrees better with the USGS hazard curve than do the curves for the
background seismicity based on the C3 catalog. But this agreement is caused by significant offsetting differences. The MSEQ-
SA (1.0 s) curve is biased low due to lack of including the regional faults, but is higher than the comparable background seis-
micity curves in the NSHM, apparently due to the inclusion of more large events.

Data and resources

The US Geological Survey earthquake catalogs are available from https://www.sciencebase.gov/catalog/item/
5db9be62e4b06957974eb5ca, last accessed March 17, 2020.
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