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Supplemental Material

We measure pseudospectral and peak ground motions from 44 intermediate-depth
Mw ≥ 4:9 earthquakes in the Cook Inlet region of southern Alaska, including those from
the 2018Mw 7.1 earthquake near Anchorage, to identify regional amplification features
(0:1–5 s period). Ground-motion residuals are computed with respect to an empirical
ground-motion model for intraslab subduction earthquakes, and we compute bias,
between-, and within-event terms through a linear mixed-effects regression. Between-
event residuals are analyzed to assess the relative source characteristics of the Cook
Inlet earthquakes and suggest a difference in the scaling of the source with depth, rel-
ative to global observations. The within-event residuals are analyzed to investigate
regional amplification, and various spatial patterns manifest, including correlations
of amplification with depth of the Cook Inlet basin and varying amplifications east
and west of the center of the basin. Three earthquake clusters are analyzed separately
and indicate spatial amplification patterns that depend on source location and exhibit
variations in the depth scaling of long-period basin amplification. The observations
inform future seismic hazard modeling efforts in the Cook Inlet region. More broadly,
they suggest a greater complexity of basin and regional amplification than is currently
used in seismic hazard analyses.

Introduction
The 30 November 2018 Mw 7.1 earthquake near Anchorage,
Alaska, exposed more than 270,000 people to very strong shak-
ing (modified Mercalli intensity �MMI� ≥ VII) and highlighted
the ground-shaking hazards associated with intermediate-depth
(intraslab) earthquakes in the Cook Inlet region (Earle et al.,
2009; Franke et al., 2018). Because of their relatively higher
recurrence rates and enhanced shaking levels, compared to
equivalent-magnitude events on the subduction interface,
intermediate-depth earthquakes make significant contribu-
tions to probabilistic seismic hazard analyses in Anchorage,
as well as to other U.S. urban areas near subduction zones
(e.g., Wesson et al., 2007; Abrahamson et al., 2014; Frankel
et al., 2015; M. D. Petersen et al., unpublished manuscript,
2019, see Data and Resources).

The modification and amplification of earthquake ground
motions by local geologic structure are widely recognized (e.g.,
Borcherdt, 1970; Aki, 1993). These include effects caused by the
thickness and wavespeeds of soils and sedimentary basins, topog-
raphy, and wave propagation, such as focusing and interference,

among others (e.g., Geli et al., 1988; Anderson et al., 1996;
Davis et al., 2000; Frankel et al., 2002). Our analysis focused
on the Cook Inlet, which overlies a fore-arc basin with sedimen-
tary thicknesses of up to about 7.4 km (Fig. 1). The presence of
a deep sedimentary basin and a broad, regional distribution of
earthquakes also permitted investigation of basin and site effects
from different earthquake clusters.

Ground-motion observations and simulations indicate large
amplifications and complications of the seismic wavefield by
sedimentary basins, particularly at long periods (T ≳ 1 s)
(e.g., Frankel, 1993; Kawase, 1996; Hartzell et al., 1997; Olsen,
2000; Feng and Ritzwoller, 2017; Moschetti et al., 2017; Frankel
et al., 2018; Wirth, Frankel, et al., 2018). Empirical ground-
motion models (GMMs), which are most commonly used for
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probabilistic and deterministic seismic hazard analyses,
employ depths to shear-wave velocity horizons of 1.0 and
2:5 km=s—referred to as Z1.0 and Z2.5, respectively—to
model the scaling of basin amplification with sediment thick-
ness (e.g., Abrahamson et al., 2014; Campbell and Bozorgnia,
2014). Although these models capture the average amplifica-
tion features depicted in ground-motion databases, they do
not predict complicated wave propagation features, discrimi-
nate between the phases controlling strong motions at a site, or
differentiate between regional variations in basin structure,
depths, and seismic velocities, all of which have been demon-
strated to affect earthquake ground motions (e.g., Choi et al.,
2005; Frankel et al., 2009; Denolle et al., 2014; Bowden and
Tsai, 2017; Nweke et al., 2018; Wirth et al., 2019). In a parallel
effort, Smith and Tape (2019) analyzed earthquake ground
motions and ambient seismic noise levels to investigate the
seismic response of the Cook Inlet basin.

In this article, ground motions from the Mw 7.1 Anchorage,
Alaska, earthquake and from other intermediate-depth earth-
quakes occurring in the vicinity of Cook Inlet are analyzed to
investigate basin amplification and regional site effects by par-
titioning ground-motion features into their constituent site
and source effects. In addition to average amplification effects,
we examined ground motions from three earthquake clusters

to investigate the variations in
basin response and site ampli-
fication from different source
regions.

Methods
Ground-motion
processing
We developed a catalog of
intermediate-depth earth-
quakes affecting upper Cook
Inlet, occurring between 1
January 2008 and 1 March
2019, by selecting events from
the U.S. Geological Survey
(USGS) comprehensive earth-
quake catalog (ComCat; Guy
et al., 2015) for earthquakes
within 300 km of Anchorage.
We identify intermediate-depth
earthquakes—defined for our
study as those events occurring
within the subducted slab and
at depths greater than the sub-
duction interface—by applying
the scheme of Garcia et al.
(2012) and slab depth contours
(Hayes et al., 2018). We did

not include earthquakes that may have been active crustal
events and permitted events with probabilities of intraslab
character of greater than 25%. The catalog was limited to
events Mw ≥ 4:9 so that we could compare recorded ground
motions to current model predictions with minimal extrapo-
lation of the magnitude scaling terms (Abrahamson et al.,
2016). The resulting catalog contains 44 earthquakes, occur-
ring beneath Cook Inlet and extending to the Alaska range
(Fig. 1), with depths ranging 35–144 km and magnitudes
ranging Mw 7.1.

For all events in the earthquake catalog, we collected three-
component seismic waveforms from instruments with epicen-
tral distances less than 300 km. Data were obtained from the
Incorporated Research Institutions for Seismology (IRIS) Data
Management Center and from the Center for Engineering
Strong-Motion Data (CESMD) (see Data and Resources).
Processing of the time series and ground motions followed
standard strong-motion procedures (e.g., Ancheta et al., 2014;
Goulet et al., 2014; Rennolet et al., 2018). Waveforms were ob-
tained from strong-motion and broadband instruments from
permanent networks, USArray Transportable Array, and tem-
porary deployments, including Multidisciplinary Observations
Of Subduction (Li et al., 2013), Southern Alaska Lithosphere
and Mantle Observation Network (Tape et al., 2017), and a
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Figure 1. Map of (a) earthquake epicenters and (b,c) station locations. (a) Focal depths and
magnitudes are depicted by shade and symbol size, respectively. Blue rectangles identify three
earthquake clusters: (1) Anchorage, (2) Augustine, and (3) Denali. Contours depict the 100, 1000,
3000, 5000, and 6000 m depths to basement from Shellenbaum et al. (2010).
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USGS aftershock deployment installed in response to the 2018
Anchorage earthquake. We did not include data from strong-
motion instruments located in structures (e.g., Çelebi, 2006,
2019). Waveforms were demeaned and detrended, assessed for
clipping—through count exceedance of the raw traces (e.g.,
Rennolet et al., 2018)—instrument-response corrected, and
windowed using P-wave phase arrival times from a 1D seismic
velocity model (Kennett and Engdahl, 1991). Band-pass filtering
employed filter corners that were dynamically selected to ensure
that signal-to-noise ratios exceeded three in the passband. An
additional baseline correction to the displacement time series
was made by fitting a sixth-order polynomial to the displacement
waveforms, constrained such that the zero- and first-order terms
were zero (e.g., Ancheta et al., 2014), and then removing the
second derivative of the polynomial from the acceleration time
series.

Peak ground accelerations, peak ground velocity, and 5%-
damped pseudospectral accelerations (SAs) for oscillator peri-
ods (0.1–10 s) were computed from the horizontal-component
waveforms and combined using the rotation-independent
intensity measure, RotD50, which combines separate mea-
surements from the horizontal-component waveforms (Boore,
2010). Ground-motion processing was carried out with the
open-source gmprocess Python-based package (Hearne et al.,
2019), which builds on previous code base, has been validated
against ground motions in the Next Generation Attenuation-
West2 Project (NGA-West2) flatfile, and uses various seismic
processing features from ObsPy (e.g., Ancheta et al., 2014;
Krischer et al., 2015; Rennolet et al., 2018; Thompson et al.,
2019). The resulting database contains 2925 records. Record
density for moderate-size earthquakes (4:9 ≲Mw < 5:75) is
good at all distances, sparse for magnitudes 5:75 ≲Mw < 6:5,
primarily at regional distances (Fig. S1, available in the sup-
plemental material to this article); there are no records for
6:5 ≲Mw < 7 earthquakes, although record density from
earthquakes Mw ≥ 7 is good for epicentral distances less than
50 km, largely due to the high instrument density in Anchorage
and its proximity to the Mw 7.1 earthquake, and moderate for
larger distances.

Ground-motion residuals
Analysis of ground-motion residuals followed procedures from
previous studies (e.g., Thompson and Wald, 2016; Moschetti
et al., 2018). Ground-motion predictions were computed from
Abrahamson et al. (2016) using the slab variant and without
accounting for attenuation differences between fore-arc and
back-arc sites ln�SAGMM

es �. McNamara et al. (2019) recently
demonstrated that, on average, Abrahamson et al. (2016) accu-
rately reproduce the recorded ground motions for the Mw 7.1
Anchorage earthquake and its aftershocks. Total ground-
motion residuals Res were computed for all events e and sites
s, using VS30 values from a topography-based proxy (Wald and
Allen, 2007):

EQ-TARGET;temp:intralink-;df1;320;743Res � ln�SAes� − ln�SAGMM
es �: �1�

Intraslab ground motions in the Abrahamson et al. (2016)
GMM exhibit period-dependent depth scaling, which is imple-
mented as a source term. For increasing focal depths, SA
increases for periods less than 5 s and decreases for longer peri-
ods. These trends saturate for focal depths of 120 km.

We decomposed the total residuals into between-event δBe and
within-event δWes terms, and a bias term c, using a linear mixed-
effects regression (Al Atik et al., 2010; Pinheiro et al., 2013):

EQ-TARGET;temp:intralink-;df2;320;615Res � δBe � δWes � c: �2�

Constrained by mean values:

EQ-TARGET;temp:intralink-;df3;320;565hδBei � 0; �3�

EQ-TARGET;temp:intralink-;df4;320;514hδWesis � 0: �4�

Our presentation focuses on a representative oscillator period
set: 0.1, 0.3, 1.0, and 3.0 s.

The presence of spatially clustered earthquakes permitted us
to aggregate the residual terms (equation 2) to better under-
stand effects of seismic-wave amplification in the Cook Inlet
region from different sources regions. In addition to the results
from all earthquakes, we analyzed results from three earth-
quake clusters (Fig. 1)—(1) the Mw 7.1 Anchorage earthquake
(z � 46 km) and its aftershocks (Anchorage cluster); (2) a
cluster of deep (z > 100 km) earthquakes west of Homer, near
Augustine Island (Augustine cluster); and (3) a cluster of deep
(z > 100 km) earthquakes beneath the Alaska range and north
of the Susitna valley (Denali cluster). Data coverage of Cook
Inlet basin is greater for the Anchorage cluster due to the large
number of aftershocks and the deployment of temporary seis-
mometers that recorded many events from this cluster.

Sediment thicknesses in Cook Inlet basin and
empirical basin amplification
The Abrahamson et al. (2016) GMM does not include terms that
amplify ground motions for the effects from deep sediments.
Although separating the contributions to amplification from the
shallow (i.e.,VS30) and deeper parts of the seismic velocity profile
is nonunique, VS30 has been demonstrated to negatively correlate
with basin depths in some regions. For example, Nweke et al.
(2018) indicate increasing Z1 values for decreasing VS30, for a
data set from southern California. As a consequence, some effects
of basin amplification may be captured by the GMM site res-
ponse models. However, we investigated basin effects by exam-
ining trends in ground-motion residuals with the sediment
depths in the Cook Inlet basin (Shellenbaum et al., 2010). We
interpreted the depths to the top of the Mesozoic unconformity
(Shellenbaum et al., 2010) to correspond to Z2.5, consistent with
guidance from Campbell and Bozorgnia (2014).
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Empirical basin amplifications were computed from the
four NGA-West2 GMMs for comparison with the observed
basin amplifications (Abrahamson et al., 2014; Boore et al.,
2014; Campbell and Bozorgnia, 2014; Chiou and Youngs,
2014). These empirical amplification models were developed
from the NGA-West2 database (Ancheta et al., 2014) and are
constrained by data and 3D ground-motion simulations from
southern California (e.g., Day et al., 2008). We computed
equivalent Z1 values from the estimated Z2.5 values using
the regression equations of M. D. Petersen et al. (unpublished
manuscript, 2019, see Data and Resources). Basin amplifica-
tions describe the sediment-depth dependence of the linear
contributions to the mean ground-motion predictions.

Results
Bias and between-event
terms
For longer periods (T ≳ 1 s)
and focal depths less than
about 100 km, Abrahamson
et al. (2016) agree with the
ground motions in our data set
(Fig. 2a). However, the GMM
overpredicts ground motions
at shorter periods and greater
focal depths, and the bias and
between-event terms indicate
an increasing overprediction
with increasing focal depth.
Bias is particularly acute at
the shortest oscillator periods
(T ≲ 0:5 s) (Fig. 2a). At long
periods (T > 5 s), mean bias
corresponds to about a 20%

underprediction, and bias is minimized near 1 s period.
Carrying out the mixed-effects regression for shallower events
(z < 60 km) indicates that deeper events contribute to much
of the overall bias; however, a similar period-dependence
remains in the bias terms, although shifted closer to zero.

Between-event terms are anticorrelated with depth, and
the anticorrelations are stronger for shorter periods (T ≲ 1 s)
and weak to negligible at long periods (Fig. 2b,c and Fig. S2).
A correlation between magnitude and between-event terms
appears to manifest in the data, possibly with increasing cor-
relation at long periods (T ≥ 1 s) (Fig. S3). However, there are
too few larger magnitude (Mw ≥ 6) records to make a definitive
conclusion. Between-event terms from the Anchorage cluster
range 0 < δBe ≲ 0:75 for all periods, with the between-event
term from the Mw 7.1 earthquake exceeding those from all
aftershocks in the cluster, except for the term from one after-
shock at 1.0 s period (Fig. 3 and Fig. S4). Because the mixed-
effects regression is constrained to find between events with a
zero mean value, the bias term also contains information about
errors in the absolute ground-motion level (and region-wide
amplification factors). Summing the bias and between-event
residuals from the Anchorage cluster (Fig. S5), we found that
absolute values of the combined residuals (c� δBe) are less
than about 0.4 and show a positive correlation with period.

Although the bias and between-event residuals exhibit sys-
tematic misfits, these features are separated from the within-
event residuals by the mixed-effects regression, and our analysis
of the within-event terms presumes an independence from
source effects. Because of the strong anticorrelation between
event depth and the between-event terms, we computed the
Pearson correlation coefficient between event depths and basin
depths to evaluate the potential for source effects to produce
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Figure 2. Representation of average bias and event terms based on 44 earthquakes recorded in the
Cook Inlet region. (a) 95% confidence intervals for bias terms c plotted as a function of oscillator
period. This term corresponds to the average difference—over all ground-motion recordings—
between the Abrahamson et al. (2016) predictions and the recorded ground motions, at each
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artifacts in the basin analyses.We found ρ � −0:029 (p � 0:125),
indicating no correlation between the basin and event depths.
Although there is significant scatter in the within-event terms,
the mean, binned ground motions are near-zero across the
hypocentral distance range, up to 300 km (Fig. 4 and Fig. S6),
indicating good distance scaling of the GMM. The near-zero
average trend of the within-event terms with distance mini-
mizes concern that incorrect modeling of path attenuation will
map into distance-dependent site effects.

Regional amplification features
We investigate amplification patterns through a mean site-
residual parameter hδWesie, which averages the within-event

residuals, at each site, over all events. Mean site residuals
exhibit spatial clustering patterns that vary with period
(Fig. 5 and Fig. S7). Spatial patterns are highlighted by spatially
smoothing the mean site residuals using a nearest-neighbor
algorithm that requires observations in three of eight azimu-
thal sectors and uses observations within 50 km epicentral dis-
tance (Wessel et al., 2013). At shorter periods (0.1 and 0.3 s),
negative residuals (hδWesie < 0) manifest west of Cook Inlet;
residuals within the basin tend to be positive but do not present
strong correlations with basin depths; and residuals north and
east part of the basin are predominantly high (hδWesie > 0:5).
A similar spatial pattern, although with reduced amplitudes
and negative residuals on the eastern Kenai Peninsula, mani-
fests at longer periods (1.0 and 3.0 s).

Comparisons of the within-event residuals and basin depth
indicate that ground motions at all periods are amplified by the

Cook Inlet basin and that the
amplification of longer period
(T ≳ 0:5 s) ground motions
correlate with basin depth.
Average depth trends are
illuminated by the mean and
standard deviation in 20 loga-
rithmically spaced basin-depth
bins, ranging 50–10,000 m
(Fig. 6 and Fig. S8). At shorter
periods (0.1 and 0.3 s), the resi-
duals are positive for nearly all
basin depths (δWes ≈ 0:5) but
show weak to no correlation
with basin depth. Long-period
(e.g., 1.0 and 3.0 s) residuals
show a strong correlation with
basin depth. Differences in the
binned within-event residuals
from the deep (d > 1000 m)
and shallowest sites (d <
200 m) correspond to linear
amplifications of more than
two for periods (0:5 ≤ T ≤ 5 s),

with a maximum amplification near 1 s period (Fig. 6d). The
long-period residuals are comparable with the empirical basin
amplifications from the NGA-West2 GMMs, which were com-
puted for sites with VS30 � 500 m=s and VS30 � 260 m=s,
whereas the trends we observe at shorter periods are not cap-
tured by these models.

Earthquake-cluster amplifications
We investigated how site amplification differs between differ-
ent earthquake clusters through an earthquake-cluster ampli-
fication factor AFs;Cl:

EQ-TARGET;temp:intralink-;df5;320;80AFs;Cl � hδWesie∈Cl − hδWesie: �5�
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The cluster amplification factors AFs;Cl represent the difference
between site amplification caused by an earthquake cluster
and the site amplification determined by averaging over all
earthquakes. Sites that experience higher average within-event
residuals from an earthquake cluster (than the average from all
earthquakes) have AFs;Cl > 0, and we refer to the sites as being
amplified by a particular cluster; sites that experience lower
within-event residuals from an earthquake cluster have AFs;Cl < 0,
and we refer to the sites as being deamplified by the cluster.

Spatial coverage of the cluster amplification factors AFs;Cl
differs because of the distances of the three earthquake clusters
from Cook Inlet basin and the restriction of the ground motion
processing to 300 km epicentral distances. As a consequence,
cluster amplification factors from the Anchorage and Augustine
clusters span the Cook Inlet basin, whereas those from the
Denali cluster only span the northern part of the basin.

Earthquake-cluster amplification factors AFs;Cl show coher-
ent spatial patterns at all periods, with values ranging from about
−1 to 1 (Fig. 7 and Fig. S9). Short-period (0.1, 0.3 s) amplifica-
tion from the Anchorage and Augustine clusters is highly anti-
correlated. The Anchorage cluster amplifies (AFs;Cl > 0) ground
motions on the distant, west side of Cook Inlet and deamplifies
ground motions in the vicinity of the earthquakes. Ground

motions in the northeast part of Cook Inlet are amplified by
the Augustine cluster, and they are deamplified west of the epi-
central region. These amplification factors are reduced at 1.0 s
period and greatly minimized by 3.0 s period.

Amplification factors from the Denali cluster exhibit near-
uniform amplification at short periods, although measure-
ments are limited to the northeastern reach of Cook Inlet. At
longer periods, spatial amplification patterns, from the Denali
cluster, show relative amplification within the basin.

The three clusters also exhibit different scaling of the
within-event residuals with basin depth (Fig. 8, and Figs. S10
and S11). Short-period (0.1, 0.3 s) within-event terms show
weak scaling with basin depth. Within-event residuals from
the Anchorage cluster are near-zero and suggest weak scaling
at the sites overlying the largest basin depths. The within-event
terms from the Augustine and Denali clusters have high vari-
ability but are centered near ∼1:0, suggesting that these clusters
result in average amplifications within the basin of more than a
factor of 2.5.

Long-period (1.0, 3.0 s) within-event terms correlate with
basin depth. Scaling is the weakest for the Anchorage cluster,
intermediate for the Augustine cluster, and strongest for the
Denali cluster. Within-event terms from the Anchorage cluster
nearly track the empirical amplification factors at all basin
depths. Within-event terms from the Augustine cluster exhibit
similar, but greater, basin amplification; the within-event terms
at the largest basin depths (z > 1000 m) exceed the empirical
basin amplifications by about 0.25, corresponding to an addi-
tional amplification of more than 25%. Scaling of the within-
event terms with basin depth from the Denali cluster far sur-
passes the empirical basin amplifications. Within-event terms
at sites overlying the largest basin depths (z > 1000 m) exceed
the empirical basin amplifications by more than 0.5, which cor-
responds to additional amplification of more than 60%. In addi-
tion, sites with shallow sedimentary thicknesses (z < 100 m) are
deamplified with respect to the empirical basin amplification
models, by 50% or more. As a consequence, scaling of the
within-event terms with basin depth is much stronger than
in the empirical basin amplification models. Furthermore, ratios
of the site residuals δWes for basin depths greater than 1000 m to
those with depths less than 200 m indicate that the three clusters
all have maximum amplifications above 1 s period (Fig. S11)

Discussion
Between-event residuals and average bias terms indicate that
the ground motions from intermediate-depth earthquakes
examined in this study are lower, on average, than predicted
by the global model of Abrahamson et al. (2016) GMM. Several
factors likely contribute to this trend. First, we identified a
persistent bias for shallower (z < 60 km) and deeper events,
although this trend is strongest for focal depths greater than
120 km. These trends suggest that the absolute source levels or
the depth scaling terms in Abrahamson et al. (2016) GMM are
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too high for this region. Furthermore, they indicate that source
depth scaling extends beyond 120 km. Variations in the level
and depth scaling of ground motions may relate to plate age
and properties (e.g., Müller et al., 2008) or rupture characteris-
tics and require further investigation. Because neither seismo-
logical (e.g., Andrews, 1986) nor engineering seismological
models (e.g., Abrahamson et al., 2014, 2016) couple the source
and site spectral characteristics, within the linear-response
regime, we do not expect application of the GMM to events with
depths greater than 120 km to affect our analysis of regional
amplification. Second, we noted lower between-event terms
from the aftershocks of the Mw 7.1 Anchorage earthquake and
our incorporation of aftershocks in the regression analysis had
the potential to bias the analyses because ground motions from
mainshocks and aftershocks are commonly treated separately in
GMMs (e.g., Wooddell and Abrahamson, 2014).

Between-event residuals
are commonly interpreted to
correspond to variations in
stress drop (e.g., Bindi et al.,
2017). Because distance attenu-
ation is well modeled by the
Abrahamson et al. (2016)
GMM, it minimizes the con-
cern that errors in distance
scaling residuals caused arti-
facts in the between-event
residuals (e.g., Wooddell and
Abrahamson, 2019). That the
combined residuals (c� δBe)
from the Mw 7.1 Anchorage
earthquake are small, and
within the interevent standard
deviations of the GMM, sug-
gest that stress drop from the
Mw 7.1 earthquake is compa-
rable with global averages for
events with similar focal depths.
The lower combined residuals of
aftershocks in the Anchorage
cluster suggest lower stress
drops for the aftershocks of
the Mw 7.1 Anchorage earth-
quake, as has previously been
observed in other regions
(e.g., Boyd et al., 2017).

Regional amplification—
revealed by within-event resid-
uals—indicates scaling of the
long-period (T ≳ 0:5 s) ground
motions with basin depth
and coherent spatial patterns,
including a depth-invariant

amplification of shorter period ground motions within the
basin. Accurate ground-motion prediction in the Cook Inlet
region must include basin effects. On average, the scaling of
ground motions with basin depth is well modeled by the
NGA-West2 empirical basin amplifications. This observation
appears to differ from recent results from basins in the U.S.
Pacific Northwest and southern California, which indicate
highly regionalized basin responses and suggest that basin
geometry and seismic velocity structure may impose unique
character on period-dependent basin amplifications (e.g.,
Chang et al., 2014; Nweke et al., 2018; Wirth, Chang, et al.,
2018; M. D. Petersen et al., unpublished manuscript, 2019,
see Data and Resources). Our results are broadly consistent
with the longer period (2–10 s) results of Smith and Tape
(2019), which indicate amplification factors of about 3–6;
intriguingly, they demonstrate that the spectral amplitude
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Figure 7. Earthquake-cluster amplification factors AFs;Cl at oscillator periods of (a–c) 0.3 and (d–f)
3.0 s. Symbols and background colors depict AFs;Cl at sites and from spatial smoothing of the AFs;Cl
data, respectively. Amplification factors from the (a,d) Anchorage cluster, (b,e) Augustine cluster,
and (c,f) Denali cluster are plotted separately. Contours depict the 100, 1000, 3000, and 5000 m
depths to basement from Shellenbaum et al. (2010). Black diamonds depict location of (a,d)
Anchorage and (b,e) Augustine earthquake clusters.
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ratios from ambient seismic noise and earthquake records,
between basin and reference rock sites, largely agree.

Spatial patterns of the short-period site amplifications may
arise because of regional focusing (e.g., Shapiro et al., 2000) or
local site amplifications. Because site response is highly sensi-
tive to shallow site conditions, which can change rapidly over
short spatial scales, detailed investigation of the short-period
amplifications requires high-resolution site information. The
short-period, depth-invariant basin amplification may result
from improper characterization of the shallow site conditions
(i.e., VS30) or from regionalized, short-period site response that
differs from the site response models that underlie Abrahamson
et al. (2016). Detailed analysis of site response in the region
requires additional information about local site conditions.

Analysis of three earthquake clusters reveals intriguing
amplification features that vary between the clusters and mani-
fest across a broad period band (∼0:1–3:0 s), as well as varia-
tions in the scaling of long-period amplification with basin
depth. The cause of the variations in ground-motion ampli-
fications from the clusters is not yet understood. However,
source-dependent spatial amplifications have previously been
observed in earthquake records, ambient seismic noise ana-
lyses, and earthquake simulations (e.g., Frankel et al., 2009;

Denolle et al., 2014; Wirth
et al., 2019); the amplifications
may be caused by focusing
and seismic-wave propagation
features, contributions from
different seismic phases, topo-
graphy, or other mechanisms
(e.g., Spudich et al., 1996;
Bowden and Tsai, 2017). Our
observations also suggest that
seismic-wave amplification by
sedimentary basins may extend
to shorter periods (T ≲ 1 s)
than are typically modeled
(e.g., Abrahamson et al., 2014).

Development of empirical
basin amplification models for
the Cook Inlet basin, and other
regions, may need to consider
more complicated basin res-
ponse phenomena than are
currently included in seismic
hazard assessments. For exam-
ple, depth scaling and spatial
amplification patterns may
depend on source regions.
Because these variations in
basin amplification effects re-
present additional uncertainty
for the ground motions at sites

within basins, they can also be formally treated in probabilistic
seismic hazard analyses through modifications in the aleatory
variability (e.g., Rodriguez-Marek et al., 2014; Landwehr et al.,
2016). Ultimately, repeatable amplification effects should be
incorporated into GMMs to increase their accuracy and reduce
the associated uncertainty.

Conclusions
Ground motions from intermediate-depth earthquakes in the
Cook Inlet region of Alaska were analyzed to investigate
regional amplification features. The linear mixed-effects re-
gression separates the ground-motion residuals, relative to
the subduction zone GMM of Abrahamson et al. (2016), into
source and site residuals. We identify a variation in the source
scaling with event depth, relative to global averages, that may
be due to the composition of our earthquake catalog, which
includes aftershocks, or from regional variations in energy
radiated from deeper earthquakes. Regional site amplifications
identify spatially coherent patterns at all periods, including
significant basin amplifications that scale with basin depth,
and exhibit maximum amplifications of about a factor of 2
at 1 s period. Ground-motion amplifications vary with
source location from three earthquake clusters and produce
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spatially coherent source-dependent amplifications across
the period band 0.1–3 s; the correlations between basin
depth and long-period ground motions exhibit significant
differences from the three clusters, with the Anchorage cluster
being well approximated by empirical basin amplification
models developed for active crustal earthquakes, but the ampli-
fications from the Augustine and Denali clusters are underpre-
dicted by these empirical models. These observations motivate
further investigation of ground-motion features in southcen-
tral Alaska and support incorporation of basin amplification
effects in earthquake hazards products for the Cook Inlet
region.

Data and Resources
Waveform data used in this study can be accessed from the
Incorporated Research Institutions for Seismology (IRIS) Data
Management Center and the Center for Engineering Strong-Motion
Data (CESMD). The supplemental material provides a list of all seis-
mic networks contributing data for the ground-motion measurements
in Table S1. The database of ground motions is available at Rekoske
et al. (2019). Ground-motion processing used the gmprocess code
(Hearne et al., 2019). Ground-motion predictions of Abrahamson
et al. (2016) ground-motion model (GMM) were extracted from
the probabilistic seismic hazard code available at https://github
.com/usgs/nshmp-haz (last accessed September 2019). The unpub-
lished manuscript by M. D. Petersen, A. M. Shumway, P. M.
Powers, C. S. Mueller, M. P. Moschetti, A. D. Frankel, S. Rezaeian,
D. E. McNamara, N. Luco, O. S. Boyd, K. S. Rukstales, K. S.
Jaiswal, E. M. Thompson, S. M. Hoover, B. S. Clayton, E. H. Field,
and Y. Zeng (2019), “2018 update of the U.S. National Seismic
Hazard Model: Overview of model and implications,” submitted to
Earthq. Spectra.
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