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Abstract

Seismic design values are intended to be rarely exceeded, yet their reasonableness is
often debated. This paper uses ground motion recordings to document exceedances of
four contemporary seismic design spectra in the Western U.S.: the risk-targeted maximum
considered earthquake (MCERg) spectrum, its probabilistic component without the deterministic
cap, and the design earthquake spectrum (all from ASCE/SEI 7-22), as well as the 2475-year
uniform-hazard spectrum from the 2023 USGS National Seismic Hazard Model. We compare
each recording’s RotD100 spectral acceleration to its site-specific target spectra and interpret
the results through seismic hazard disaggregation at selected locations. The survey reveals
that all target spectra are exceeded by multiple recordings. MCEgr exceedances concentrate
near active California faults at short source-to-site distances and short periods, primarily
driven by moderate-magnitude events, with the deterministic cap increasing exceedance rates
relative to the underlying probabilistic spectrum. Long-period exceedances (1" > 1 s), caused
by infrequent large-magnitude earthquakes, are relatively sparse. Frequent short-distance
and small-magnitude exceedances explain the observed high total residuals compared to
disaggregation-based epsilons. These observations demonstrate that high-amplitude code
spectra are physically attainable and encourage shifting the debate from the spectra’s
reasonableness toward balancing safety and construction costs.
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Introduction

Modern national seismic design value maps rely heavily on results from probabilistic
seismic hazard analysis (PSHA). Design ground motion amplitudes are selected based
on a target frequency of exceedance or based on a value that ensures a limited level of
collapse risk when the accompanying design procedures are utilized (Luco et al., 2007;
Stewart et al., 2020). These criteria can lead to very large ground motion amplitudes close
to active faults. Therefore, some design procedures place deterministic limits, or “caps”
on amplitudes in such circumstances. Much of the deliberation about code spectra targets
is not documented in writing, but the claim that probabilistic amplitudes can produce
“overly conservative or impractical” design loads is an example of the opinions held by
some (Hamburger et al., 2017).

Probabilistic, risk-targeted, or deterministic resulting design ground motion values
are, by definition, rare and thus difficult to validate empirically. However, given the
importance of validation, many approaches have been attempted to compare hazard
analyses with observed ground shaking. Basic PSHA produces forecasts of ground
motion intensity level exceedances (i.e., hazard curves) for a wide range of rates, hence
validation tests can tally observed exceedances and compare them with hazard forecasts
(e.g. Stirling and Petersen, 2006; Beauval et al., 2008; Gerstenberger et al., 2020;
Mak and Schorlemmer, 2016). Such tests naturally focus on frequently-exceeded low-
amplitude shaking that is more readily quantifiable from observations. Seismic hazard
analyses have also been compared to observations that provide proxies for shaking
amplitude, but are available over larger spatial or temporal domains than ground motion
recordings. Hazard curves have been compared to felt shaking intensities (e.g. Brooks
et al.,, 2018; Salditch et al., 2024), or to evidence of strong shaking from fragile
geologic features (e.g. Brune, 1996). While such methods are more useful for validating
predictions of rare shaking, they are also more complex and have not been utilized in the
context of evaluating code spectra.

The interpretation of the exceedances of the PSHA-based hazard levels have been
the subject of extensive discussion over the past two decades (e.g., Bommer and
Abrahamson, 2006; Iervolino, 2022; Bradley, 2025). Much of this discussion has been
around whether exceedances or changes in the hazard level estimates reflect deficiencies
in underlying models, the epistemic uncertainty in rare earthquake event predictions, or
how PSHA products are used for engineering purposes (Douglas et al., 2024). These
discussions have been particularly active in regions where updates to the national hazard
models lead to noticeable changes in the seismic design value maps, raising questions
about the practical implications of such differences (Hamburger et al., 2017; Petersen
etal., 2021).

In this study, we compare observed ground motions with the contemporary seismic
design levels in the Western United States. Specifically, we focus on the ASCE/SEI
7-22 (ASCE, 2021) design earthquake (DE) and risk-targeted maximum considered
earthquake spectra (MCEg), both based on the 2018 U.S. Geological Survey (USGS)
National Seismic Hazard Model (NSHM), and on the uniform hazard spectra with a
2475-year return period from the recent 2023 USGS NSHM. Only exceedances of these
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high-amplitude spectra are considered, given their direct relevance to design practice
and the frequent debate regarding their reasonableness. Rather than attempt to validate
predicted exceedance rates, here we only document the number, geographic distribution,
and circumstances associated with observed exceedances.

In this sense, we examine the features of the earthquakes, ground motions, and
design spectra associated with exceedances. The analysis is restricted to ground motion
recordings in the conterminous Western U.S., where the high seismic hazard, widespread
use of deterministic limits, and the availability of high-quality ground motion data
provide a test bed for future revisions to seismic design values.

Methods and Data

Recorded Ground Motion Data

We utilize the NGA-West2 database of 21,540 recorded ground motions from shallow
active crustal earthquakes (Ancheta et al., 2014). This database includes recordings
from the Western U.S. (including Alaska) and a number of international recordings. We
excluded all non-U.S. recordings and restricted the dataset to the conterminous Western
U.S. Although Alaska recordings were included in an initial screening, none exceeded the
target spectra, so they were not considered further. We removed recordings with missing
average shear wave velocity to a depth of 30 m (Vg3g) values, with Vg3¢ < 150 m/s, with
unknown geographic locations, or missing spectral acceleration (S'A) values.

This selection process resulted in 15,111 records being available for the analysis. The
dataset encompasses events with magnitudes ranging from 2.99 to 7.4 at closest distances
to the rupture (R,,;) ranging from 0.07 to 779.6 km, with Vg3, varying from 155 to 1464
m/s. For each recording, we consider the maximum spectral response acceleration in all
horizontal orientations (S Agrytp100), at 105 periods ranging from 0.01 to 10 seconds.

Record processing restricts the ground motion recordings’ ranges of usable
frequencies. Figure | shows the number of usable ground motions as a function of the
period, for all considered recordings as well as subsets of larger-magnitude recordings.
While there are many fewer usable ground motions at periods of five to 10 seconds, the
large majority of motions are usable to periods of up to two seconds.

Target Spectra

We compare the ground motion recordings to four target spectra, each calculated at
the location of the seismic record using the preferred Vgso value from the NGA-
West2 database. These values are selected from a set of methods that infer Vg3 from
available measurements, with expert judgment determining the preferred value for each
site (Ancheta et al., 2014). All target spectra are computed for SAg.:p100 response to
ensure consistency when comparing to the recordings’ S Ag,:p100 values.

The first target is the multi-period, risk-targeted maximum considered earthquake
(MCEgR) response spectrum from ASCE 7-22 (2021). The site class is determined by
classifying the NGA-West2 preferred Vggo according to ASCE 7-22. This spectrum is
composed of both probabilistic and deterministic elements. The “probabilistic MCER”

Prepared using sagej.cls



88

89

920

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

4 Earthquake Spectra ()

104 L
2 e A1l selected recordings
g = = M >5.0 only
§ M > 7.0 only
e
e
S ~ = _
Q -
o) B
o R
\
3
810}
-}
B
o]
o)
S
=}
z
107 ) ” Y
107 107 10 10

Period [9]

Figure 1. Number of usable ground motions as a function of the spectral acceleration period
of vibration.

is obtained by combining a hazard curve and a fragility function to find a spectral
acceleration that is expected to achieve a 1% probability of structural collapse in 50
years (see Chapter 21 of ASCE, 2021). For most locations within the study area, the
probabilistic MCEg is the MCEg.

The deterministic MCEg is also computed, as the largest 84th percentile ground
motion level associated with any known nearby fault (i.e., a 16% chance of being
exceeded, given the occurrence of a large earthquake on the fault). The deterministic
MCEg can be used as the MCEy if it is less than the probabilistic MCEg, as long as
it exceeds a lower-limit threshold. For each site class, this lower limit is defined in
the ASCE 7 as the 84th-percentile ground motion level for an M 8.0 shallow crustal
earthquake at 12.5 km from the fault rupture. Figure 2 illustrates this calculation. This
reduction to the deterministic MCEy is often referred to as a “deterministic cap,” and it
only occurs near faults.

Given the significant influence of the deterministic cap on the analyses presented
below, the second target spectrum is the probabilistic MCEg alone (i.e., the MCEgR
without applying the deterministic cap). The probabilistic MCER response spectrum is
also shown in Figure 2.

The third target is the design earthquake (DE) response spectrum. It is computed as
two-thirds of the MCER spectral accelerations (see Chapter 11 of ASCE, 2021). This
spectrum is used in some seismic design procedures in the code, so its exceedance is
also of interest. It is lower in amplitude than the other targets, and so is exceeded more
frequently.
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Figure 2. lllustration of the components of the multi-period, risk-targeted maximum
considered earthquake (MCER) response spectrum for the Pinon Flats Observatory station.

The fourth target is the uniform hazard spectrum (UHS), calculated for a 2%
probability of exceedance in 50 years (i.e., a return period, or RP, of 2,475 years). This
spectrum is obtained from the 2023 USGS National Seismic Hazard Model (Petersen
et al., 2024). This spectrum is often similar in amplitude to the probabilistic MCEg. Use
of this spectrum allows us to consider the newly released 2023 USGS NSHM, which
does not yet have formal associated MCEg values for the ASCE 7-22 standard.

To understand the earthquake scenarios driving the exceedance of target spectra,
we employ disaggregation of the UHS hazard results. At each vibration period T,
disaggregation decomposes the aggregated hazard to identify the earthquake scenarios
that contribute to exceedances (Bazzurro and Cornell, 1999; Baker et al., 2021). The
results are commonly summarized by the mean magnitude (M), distance (Rmp), and
epsilon (€) of the earthquake scenarios that contribute to exceeding the given target
spectral amplitude. The magnitude and distance are physical source properties, and
€ represents how many standard deviations the earthquake ground motion lie above
(¢ > 0) or below (¢ < 0) the median prediction for that earthquake rupture (e.g., € =0
corresponds to the median, and € = 1 is the 84th percentile amplitude).

The MCEg and DE spectra are obtained from the ASCE Hazard Tool, whereas the
probabilistic and deterministic MCEg spectra were retrieved from the dataset provided by
(Luco et al., 2021). The UHS and disaggregation products are obtained from the USGS
Earthquake Hazard Toolbox (Clayton and Powers, 2023). See the Data and Resources
section for more information. The target multi-period code spectra are considered here
because of their greater compatibility with the shapes of real record spectra. The code
spectra are also available as a ‘two-period’ spectrum with an idealized shape interpolated
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between the two periods with specified amplitudes. Comparable analyses using the two-
period spectra are provided in the Supplemental Materials.

Results and Analysis

We compare the ground motion recordings to the four corresponding target spectra to
study any exceedances. Figure 3 illustrates the comparison of a single recording and its
corresponding target spectra. The recording exceeds the UHS at periods from 0.14 to 0.17
s. It exceeds the probabilistic MCEy at the same periods and also from 0.35 to 0.36 s. It
exceeds the MCER from 0.13 to 0.2 s and 0.33 to 0.38 s. The design response spectrum
is exceeded from O to 0.05 s, again from 0.06 to 0.07 s, and finally from 0.095 to 0.46 s.
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Figure 3. Comparison of the UCSC Lick Observatory recording spectrum from the 1989
Loma Prieta earthquake with the target spectra at the recording location.

Figure 4a shows the number of recordings that exceed each target spectrum at each
period. There are 170 recordings exceeding the DE response spectrum, 63 exceeding
the MCEg, 42 exceeding the UHS, and 34 exceeding the probabilistic MCEg. It is not
surprising that the DE response spectra have a larger number of exceedances than the
other target spectra, given that they are defined with lower spectral acceleration values
than the other targets. It is notable that the number of exceedances falls off at longer
periods of vibration, with the number of exceedances decreasing for 7' > 0.2 s, and being
substantially reduced for 7" > 1 s. There are fewer usable recordings at long periods
(Figure 1). But the drop in Figure 4a begins at shorter periods than the drop due to usable
periods (visible at T > 2 s in Figure 1). In addition, the recordings with long-period
amplitudes greater than the target spectra would likely have usable signal; otherwise such
recordings would not have not been able to capture the long-period amplitudes or would
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have been removed during processing, so this pattern is likely not an artifact of record
processing. A figure presenting the number of exceedances in the two-period response
spectra is also included in the Supplemental Materials.

Figure 4b shows the 1706 stations with a recording considered in this study, and the
163 stations with a recording that exceeded any of the target spectra. The recordings
span Oregon, California, Idaho, Montana, and Nevada; however, most exceedances
are concentrated along western California. By comparison, only one exceedance was
identified in each of Idaho, Montana, and Nevada. For all target spectra considered, 22
or fewer stations experienced exceedances from two or more different earthquakes. For
instance, the El Centro Differential Array station MCEg spectrum is exceeded by both
the 1979 Imperial Valley and the 2010 El Mayor earthquakes.

L &
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Figure 4. (a) Number of records that exceeded the target spectra at a given period. b) Map
of the locations of stations with recordings considered in this study. Stations with recordings
exceeding any target spectra are indicated with a separate symbol.

Figure 5 shows the magnitudes and distances of the considered recordings, noting
those that exceed the MCEg targets at short and long periods. This indicates that
short-period exceedances come from a broader range of magnitudes, while long-period
exceedances only come from relatively large earthquakes. At short periods, 56 recordings
exceed the MCEg spectrum, but less than half of them exceed the probabilistic MCEg.
The eight recordings that cause the long-period exceedances exceed both target spectra.
In addition, all exceedances occurred at rupture distances of less than 50 km, and most
occurred at less than 20 km, indicating that large ground motions at both short and
long-periods occur near fault regions (Kaneko and Goto, 2022). This distance range was
expected, as high-amplitude ground motions at short distances have not yet been strongly
reduced by attenuation effects (Baker et al., 2021).

From a PSHA perspective, exceedance likelihood reflects a trade-off between the
event occurrence rate and the conditional probability of exceeding a fixed spectral
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acceleration given the event magnitude M and rupture distance R,.,. While small-
magnitude events occur more frequently, their conditional probability of exceeding
high spectral acceleration levels is generally low; in contrast, rarer events with larger
magnitudes or smaller R,,,; values have a substantially higher conditional exceedance
probability. As a result, earthquake events with 12,.,,,, < 50 km are more likely to produce
exceedances, because the conditional exceedance probability increases sharply at small
distances (Iervolino et al., 2019; Minson et al., 2021).

The frequency of recordings that exceed the MCEg targets in each range of periods can
be primarily associated with the effect of the deterministic cap and the characteristics of
the causal earthquake, both of which are discussed further below.

. Exceedance Below 7' <1 Exceedance Above T' >1
R T T T T
b > prp
b Ppip-
P
> p
61 pp-
3
g BB
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- o2
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All selected recordings All selected recordings
> MCEg > MCEg
O Probabilistic MCER O Probabilistic MCER
102 10° 10? 10* 102 10° 10? 10*
Source-to-site distance, Ry, [km] Source-to-site distance, Ry, [km]
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Figure 5. Magnitude— R,.,,, distribution of the considered recordings, highlighting cases that
exceed the MCEg the probabilistic MCER. a) Recordings that exceed the targets at periods
less than or equal to one second. b) Recordings that exceed the targets at periods greater
than one second.

To study the effect of the deterministic cap on MCEgR exceedances, Figure 6 shows
the MCER and probabilistic MCEg spectra of two cases where a recording’s spectrum
exceeded them at short and long periods. In the regions where the deterministic cap
has influence, the cap tends to significantly decrease the spectral ordinates at short
periods, and therefore enlarge the range of periods where recordings exceed the target
(as seen in Figure 6a). Longer periods are typically not influenced by the deterministic
cap (Figure 6b).

To illustrate the localized effect of the deterministic cap, in Figure 7, we mapped
the stations where the MCEgR spectrum or the probabilistic MCER are exceeded, along
with the causal earthquakes. Many cases are in four distinct regions: 1) Santa Cruz
(from the 1989 Loma Prieta earthquake); 2) Parkfield and Coalinga (2004 Parkfield and
1983 Coalinga earthquake sequence); 3) Los Angeles (mostly from the 1994 Northridge
earthquake); and 4) El Centro (mostly from the 2010 EI Mayor earthquake).
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Figure 6. Period-dependent effect of the deterministic cap in the multi-period MCERr
spectrum, exemplified by seismic record spectra from (a) El Centro Array #11 station and (b)
Westside Elementary School station during the 2010 EI Mayor—Cucapah earthquake. Shaded
regions indicate the period range where the recording exceeds the target spectra.

Among the exceedances, 29 recordings are classified as aftershocks based on the
CRjp < 20 km criterion of Wooddell and Abrahamson (2014), consistent with the
Chiou and Youngs (2014) ground-motion model (GMM) used later in our analysis. Of
these, nine aftershocks exceed the MCEg, seven the UHS, and five the probabilistic
MCEg, all from the 1975 Oroville and 1983 Coalinga sequences. The remaining
aftershocks exceed only the DE response spectrum and are mostly associated with the
1983 Coalinga, 1980 Mammoth Lakes, 1994 Northridge, and 1975 Oroville earthquakes.
These are all M < 6 events, with exceedances mostly below 0.3 s. They could potentially
be omitted from the analysis because the reference hazard analysis does not consider
aftershock analyses. But we choose to retain them because they still provide information
about strong ground shaking, and because the 2024 USGS hazard model (and presumably
future codes based on it) do consider aftershocks (Petersen et al., 2024). Further details
about aftershock classifications are provided in the Supplemental Material.

Figure 7 reveals that, not surprisingly, regions located in areas affected by the
deterministic cap (namely Santa Cruz, Parkfield/Coalinga, and El Centro) exhibit a higher
frequency of recordings that exceed the MCEg spectrum. This trend reflects the effect
of the deterministic cap in deflating the design level near faults, consistent with the
locations previously observed by Stewart et al. (2020). Importantly, all listed regions
contain recordings that exceed the MCER and the probabilistic spectra, which is true of
most recordings in region 3 (Los Angeles).

Figure 8 shows the range of periods over which recorded spectra exceed their
corresponding UHS. For each recording, the period where the highest SA/UHS ratio
occurs is designated T7,,x, and used to normalize the horizontal axis plot. The normalized
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Figure 7. Locations of recording stations with observed exceedances of the MCEg spectrum
or probabilistic MCERr. The shaded region indicates the area affected by the deterministic cap
at T' = 1 s for Site Class CD. Earthquakes causing the exceedances are also shown. Upper
left: overview of locations in California. Subpanels: zoomed-in views of selected areas with
multiple exceedances.

period range (T'/Tinax) Where the median ratio SA/UHS is greater than one (i.e., the
recording exceeds the UHS) spans from approximately 0.86 to 1.16. This observation
indicates that as the period at which the difference between SA and UHS attains
its maximum (7y,,x) increases, the range of periods at which the recorded spectral
acceleration exceeds the target spectrum also expands. Thus, although many ground
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motions exceed their target spectra at one or more periods, the range of periods with
exceedances is often quite narrow.

4_

Individual recordings
Median

T/ 71max

Figure 8. Ratio of spectral acceleration S A to the 2475-year uniform hazard spectrum UHS
versus normalized period T/ Tmax for all recordings that exceed the UHS. Here, Tiax is the
period at which the ratio between S A and UHS is maximized. The darker grey curve

highlights the Lucerne station recording of the M 7.28 1992 Landers earthquake; it is plotted
in an alternate style to aid in distinguishing among the highest amplitude spectra in the plot.

Figure 9 compares the magnitude, distance, and ¢ values of recordings that exceeded
the 2475-year return period UHS, to the corresponding disaggregation causal mean
parameters (i.e., M, Emp, and €). This comparison was made for recordings with
exceedances at periods of approximately 7' = 0.1, 1.0, and 5.0 s. In this sense, using
a simple exponential filter, we selected the range exceedance periods considered in each
reference period: from 0.025 to 0.18 s in 7' = 0.1 s, from 0.49 to 1.51 sin T'= 1.0
s, from 3.85 to 6.14 s in the 7' = 5.0 s. These comparisons provide insight into the
properties of earthquakes that produced exceedances, relative to those predicted by the
PSHA calculation that cause exceedances.

The disaggregation and observation metrics are in general agreement, with many
points lying close to the diagonal lines on the plots. Looking more precisely, the observed
exceedances tend to come from slightly smaller magnitudes, smaller distances, and larger
epsilons than the mean disaggregation values. This may be caused in part by the relatively
few large-magnitude earthquakes that have occurred in California in recent decades (e.g.
Bakun, 1999), leaving more moderate magnitude events (M < 6.5) (with close distances
and large epsilons to compensate) to cause most of the observed exceedances in the data
set.

Figure 9a also shows that exceedances at short periods are generally caused by
smaller-magnitude ruptures than exceedances at long periods. This trend is expected
due to the more frequent occurrences of small-magnitude events, combined with the
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Figure 9. Comparison of observed earthquake parameters at stations where recorded
ground motions exceed the UHS for a 2475-year return period and the corresponding
disaggregation-based causal mean parameters: (a) observed earthquake magnitude M
versus causal mean magnitude M ; (b) observed source-to-site distance R..., versus causal
mean distance R,..,,; and (c) observed total residual  versus causal mean epsilon g. All
comparisons are shown for events where the observed spectral exceedance periods closely
match those selected for disaggregation analysis. Record sequence numbers for selected
recordings are annotated to facilitate discussion in the text.

magnitude saturation of short-period response spectra, and is reflected in the similar
trend of disaggregation values. This relationship, combined with the dearth of large-
magnitude recordings, may also explain why Figure 4a shows more exceedances of the
UHS at short periods than long periods. This aligns with the trend that long-period hazard
levels are primarily driven by large-magnitude events, which have relatively larger long-
period amplitudes, rather than low-to-moderate ones. When a future large-magnitude
event occurs in a heavily instrumented part of the study area, we would anticipate seeing
a number of recordings that exceed the target spectra at longer periods and, over a
longer observational window, an overall increase in exceedances across all periods with a
broadly similar proportion of long- to short-period exceedances. Such a pattern of longer-
period target spectrum exceedances was seen, for example, in the 2023 large-magnitude
events in Turkey (e.g., Giilkan et al., 2023).

Additionally, the total residual shown in Figure 9c can be understood based on how
the GMM spectral shape varies with earthquake actual magnitude and source-to-site
distance. In this study, the total residual is computed using Chiou and Young’s (2014)
GMM, which generally produces residuals similar to other GMMs used in the hazard
model. Recordings that exceeded the UHS were generally caused by lower-magnitude,
nearer earthquake events than the mean disaggregation values, producing lower predicted
median spectral accelerations, and higher total residuals when exceedances occurred.

Examples of this trend are RSN 4116 and 5985 (the latter with a larger distance that
causes low spectral accelerations) highlighted in Figure 9c; their target spectra along with
the GMM spectral acceleration curve are shown in the Supplemental Materials. A similar
pattern emerges for long-period exceedances. For instance, RSN 879 exceeds the UHS
near 7'~ 5 s with a total residual more than 2.5 times its mean causal g, even though

Prepared using sagej.cls



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

312

313

Calderon and Baker 13

its magnitude matches the disaggregation mean and its distance to source Ry, is shorter
than the disaggregation expectation.

Note that a disagreement between observed metrics and disaggregation means is not
evidence of any problem with the PSHA calculation, as many rupture characteristics
can produce exceedances, as represented by the full disaggregation distributions rather
than the mean, a fact observed in prior studies (Bradley, 2025). An additional long-
period exceedance case, along with comparisons between disaggregation parameters and
recordings that exceed the MCER spectrum, are included in the Supplemental Materials.

Discussion

Several justifications for deterministic caps on design spectra have been provided in
prior literature. Some have claimed that the use of a deterministic 84th percentile
ground motion target spectrum “encompasses the variability in the data by covering it
with a maximum credible earthquake” (Krinitzsky, 2002). The frequent exceedances
of deterministically capped 84th percentile spectra reported here clearly refute that
argument. Further, most of the UHS exceedances were associated with > 84th percentile
motions (i.e., motions with € > 1), as seen in Figure 9c. More sober authors associated
with U.S. code development were largely motivated by pragmatic considerations
(Stewart et al., 2020). Nevertheless, these deterministic limits can introduce conceptual
inconsistencies and elevate collapse risk for structures near active fault zones (e.g.
Stewart et al., 2020; Bradley, 2025).

While many ground motions were observed to exceed the considered target spectra at
one or more periods, it is much rarer to have them exceed the spectrum over a large range
of periods, as shown in Figure 8. While earthquake engineers should certainly consider
the possibility that their systems may experience shaking larger than these target spectra
at a single period, it is much more unusual for a ground motion to exceed the spectrum
at a range of periods. This phenomenon is the motivation for ASCE 7 allowing the use of
Conditional Mean Spectra as the target for design and analysis (Haselton et al., 2017).

Given the comparison here of observations to spectral values obtained from hazard
analysis, it is natural to wonder whether these results provide insights about whether the
underlying hazard analysis is correct (i.e., predicts exceedance rates consistent with what
was observed). However, because we do not have information about the periods of time
for which each recording station has been operating, we do not have empirical occurrence
rates for the observations that could be compared with the hazard predictions. However,
the observed earthquakes and ground motions considered here are the same motions used
to calibrate the source models and ground motion models used in the underlying hazard
studies, so a general internal consistency between the two spectra is expected. Regardless
of hazard validation, it is hopefully clear to the reader that exceedances of these “rare”
spectra are somewhat plentiful if we look over enough geographic locations and spectral
periods.
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Conclusions

This study compared 15,111 ground motion recordings from the NGA-West2 database
with four corresponding target spectra from ASCE/SEI 7-22 and the 2023 USGS
National Seismic Hazard Model. The first three considered target spectra were
the maximum considered earthquake (MCEgR), the “probabilistic MCER” without a
deterministic cap applied, and the design earthquake (DE), all from ASCE/SEI 7-22.
Additionally, the 2475-year uniform-hazard spectrum (UHS) from the 2023 USGS
National Seismic Hazard Model was considered. We identified exceedances of these
target spectra across different periods and interpreted them in light of deterministic
capping and probabilistic seismic hazard analysis (PSHA) disaggregation.

Across 105 periods and 1706 stations, we identified 63 recordings that exceeded the
risk-targeted MCEg, 34 that exceeded the probabilistic MCEg, and 42 that exceeded the
UHS. The DE spectrum, defined as two-thirds of MCEg, was exceeded most often (170
times), as expected. Near major active faults, the ASCE 7-22 deterministic cap reduces
MCER response spectrum ordinates, especially at short periods, thereby increasing the
number of recordings that exceed this target spectrum but not the underlying probabilistic
spectrum. This trend is consistent with the regional patterns reported by Stewart et al.
(2020).

Regardless of the target spectrum, exceedances were more frequent at short spectral
acceleration periods (T' < 1 s), where low-to-moderate magnitude events predominate
and, thus, are more likely to produce large short-period spectral acceleration amplitudes
(albeit with low probability in any given ground motion). At longer periods (7' > 1
s), exceedances are mainly driven by high-magnitude events (M > 7). Consequently,
exceedances in this period range are sparse because these events are comparatively
infrequent in the considered observational set. Nevertheless, when such events occur,
they can surpass the target spectra over a broad period range. Future studies following
large-magnitude earthquakes will be helpful in evaluating whether the less frequent
exceedances of long-period target spectra observed here are due to peculiarities of the
considered ground motion data, or indicate some more systematic trend.

Recordings that exceeded the UHS generally involved smaller magnitudes and shorter
source—to—site distances than the causal means obtained from PSHA disaggregation.
Consequently, total residuals, computed using the Chiou and Youngs (2014) model, were
often higher than the mean disaggregation values ¢ for both short and long periods.
However, this finding does not imply a discrepancy with the NSHM; instead, this may
be explained by the inherent difference when comparing the mean disaggregation values
(aggregating a set of potential earthquake scenarios) with the intensities of individual
earthquake recordings.

Overall, these observations highlight that ground-motion exceedances of target spectra
based on the 2% probability in 50 years seismic hazard level and 1% risk of collapse in
50 years are both plausible in real earthquake recordings. Forthcoming ASCE 7 editions
and other standards that contemplate using deterministic caps or higher risk-target levels
must weigh the associated economic and safety implications in light of the observed
exceedance cases. Continuing the debate about hazard and risk targets associated with
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building code spectra is healthy. However, the debate should be about tradeoffs between
costs and safety and not about whether these high-amplitude spectra are realistic. They
have been observed many times in the past, and will certainly be observed in the future.

Data and Resources

The code and data that result from this study are openly available in a Github repository in
https://github.com/vhcalderonl/exceeding_design_spectra. The
NGA-West2 recordings database and flatfiles were downloaded from https://
ngawest2.berkeley.edu/. The ASCE 7-22 DE and MCEg response spectra were
obtained from the ASCE Hazard Tool https://ascehazardtool.org/. The
UHS spectra and disaggregation data were obtained from the USGS Earthquake Hazard
Toolbox (Clayton and Powers, 2023). The Quaternary faults map shown in Figure 7 was
obtained from the USGS Faults Database https://www.usgs.gov/programs/
earthquake-hazards/faults and UNAM Mexico Quaternary Fault Database
https://desarrollo.terradigitalis.unam.mx/maps/681.
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Supplemental Materials

The two-period spectral response acceleration is constructed using site-specific
parameters (in this case, Syss and Sjs1) developed based on the multi-period response
spectrum following Section 21.4 and the formulas in Section 11.4.5 of the ASCE 7-
22 (ASCE, 2021). A comparison between the two-period target spectra and an example
recording is shown in Figure A.1.
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Figure A.1. Comparison of the UCSC Lick Observatory recording spectrum from the 1989
Loma Prieta earthquake with the target spectra at the recording location.
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Figure A.2. Number of records that exceeded the target spectra at a given period.

Figure A.2 shows that the two-period and multi-period spectra exhibit comparable
exceedance counts, except for periods below 0.1 s. This discrepancy arises due
to differences in spectral shapes at short periods, with the two-period spectrum
incorporating a constant acceleration platform, as can be seen in Figure A.1. In addition,
Figure A.2 reveals that most exceedances occur in all cases at shorter periods than 1.0 s.
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A small subset of exceedances arises from aftershocks, identified using the CR;p <
20 km criterion of Wooddell and Abrahamson (2014). Most are associated with the 1975
Oroville and 1983 Coalinga sequences. The Oroville exceedances stem from a single
aftershock, potentially linked to denser post—-mainshock instrumentation and reservoir-
induced stress changes (Lahr et al., 1976). In contrast, the Coalinga exceedances are
produced by multiple aftershocks tied to the region’s complex faulting behavior (Zoback
and Wentworth, 1989).

A comparison between observed earthquake parameters at stations where the MCEg
response spectrum is exceeded and the corresponding disaggregation-based causal
mean parameters for a 2,475-year return period is shown in Figure A.3. Compared
to Figure 9, Figure A.3 shows a greater number of exceedances at short periods of
vibration. Moreover, lower spectral accelerations of the MCEg at short periods due
to the deterministic cap cause lower total residuals €. Some individual recordings are
highlighted as they might be of interest to the reader; however, due to space constraints,
their spectral acceleration curves are not plotted herein.
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Figure A.3. Comparison of observed earthquake parameters at stations where recorded
ground motions exceed the MCER response spectrum and the corresponding 2475-years
seismic hazard disaggregation-based causal mean parameters: (a) observed earthquake
magnitude M versus causal mean magnitude M (b) observed source-to-site distance R
versus causal mean distance R,..,; and (c) observed total residual & versus causal mean
epsilon €. All comparisons are shown for events where the observed spectral exceedance
periods closely match those selected for disaggregation analysis. Record sequence numbers
for selected recordings are annotated to facilitate discussion in the text.
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Figure A.4. Sample of recorded ground motions that exceed the UHS. The period and
spectral acceleration difference at which the maximum total residual € occurs are noted.
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