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Abstract We investigate seismic wave amplification in Nenana basin, central Alaska, using 3D seismic
wavefield simulations. We quantify frequency‐dependent amplification by comparing synthetic seismograms
among four different seismic velocity models: (a) a tomographic model, (b) a tomographic model with the
uppermost 6.5 km replaced by a 1D basin profile, (c) a tomographic model with an embedded ellipsoidal basin,
and (d) a tomographic model with an embedded realistic basin. For each model we perform wavefield
simulations accurate up to 2 Hz for a set of 10 different earthquakes, which provide a range of frequencies and
incident angles for waves interacting with the basin. Average amplification ratios are four on the horizontal
components and seven on the vertical component. The dominant influence of the amplification is the 3D
geometry of the basin, not the slow‐velocity profile near the surface. Our synthetic amplification ratios are in
general agreement with amplification estimates obtained from 14 stations that recorded the same set of
earthquakes. Our approach offers a general strategy for documenting frequency‐dependent basin amplification
for a region with realistic basin structures and local earthquakes.

Plain Language Summary Sedimentary basins are regions containing thick layers of sediments and
sedimentary rock. Sedimentary basins can trap and amplify seismic waves, leading to stronger and longer
shaking during earthquakes. Understanding how this happens is important for studying earthquake behavior and
for assessing risks to people and infrastructure. Our study focuses on Nenana basin in central Alaska, a region
containing 14 seismic stations and experiencing a variety of different earthquakes. We perform computer
simulations of seismic waves to demonstrate how waves are amplified by Nenana basin. By comparing the
computer simulation results with real earthquake data, we establish a general approach to understanding basin
amplification of seismic waves.

1. Introduction
It is well known—from observations and modeling—that sedimentary basins amplify and prolong ground
shaking from earthquakes. Examples include shaking in Mexico City during the 1985 Mw 8.0 Michoacán
earthquake (Anderson et al., 1986; Bard et al., 1988; Mayoral et al., 2019), in southern California in 1994 (Bonilla
et al., 1997; R. W. Graves et al., 1998), in Kobe, Japan, in 1995 (Furumura & Koketsu, 1998), and in Nepal in
2015 (Galetzka et al., 2015; Oral et al., 2022). These earthquakes caused destruction and loss of life, underscoring
the importance of understanding how seismic waves interact with sedimentary basins and the urban structures
they contain.

Modeling the effects of sedimentary basins on seismic waves has evolved from theoretical models in the 1980s
(Bard & Bouchon, 1980) to 2D wavefield simulations (Bard & Bouchon, 1985; Bard et al., 1988) to 3D wavefield
simulations in the 1990s (Frankel, 1993; Furumura &Koketsu, 1998; R.W. Graves et al., 1998; Olsen et al., 1995;
Sánchez‐Sesma & Luzón, 1995), which were enabled with the expansion of high‐performance computing
(Komatitsch et al., 2002). Over the past three decades, there have been several studies using 3D wavefield
simulations and focusing on specific basins, such as Los Angeles (Day et al., 2008; Komatitsch et al., 2004;
Olsen, 2000; Olsen et al., 2003), Mexico City (Cruz‐Atienza et al., 2016), Seattle (Frankel et al., 2009), Taipei
(Lee et al., 2008), and Osaka (Asano et al., 2016). There are several challenges common to studies of 3D
wavefield simulations in sedimentary basins. First, the relevance of the wavefield simulations is limited by the
accuracy of the 3D velocity model that describes the basin. Only some basin models benefit from industry data
(active‐source and well logs) (e.g., Shaw et al., 2015; Süss & Shaw, 2003) or dense station coverage (e.g., Villa
et al., 2023; Wang et al., 2021). Furthermore, to capture the highest frequencies in the wavefield, the subsurface
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stochastic heterogeneity and viscoelastic attenuation need to be taken into account (R. Graves & Pitarka, 2016;
Olsen et al., 2003; Savran & Olsen, 2016), and these are generally not well known. Near‐surface soil properties,
including complex rheological models, are also needed to model site effects for the high frequencies
(Kawase, 2003).

A second challenge in simulation‐based modeling of sedimentary basins is that there may not be many ground
motion recordings capturing the frequency range of interest. A single large local earthquake produces high‐
amplitude ground motions and will provide the basin response for that one earthquake (Galetzka et al., 2015),
but not the basin response to all earthquakes. In the decades to centuries between major earthquakes, there may
not be enough moderate events to be recorded within the basin. Furthermore, there may not be enough stations
within the basin to capture the details of the seismic wavefield. Although earthquake recordings are not required
for a numerical study, they do provide essential information to assess the validity of the numerical simulations.
A third challenge is that there is always a computational limit for the highest frequencies, with each doubling of
desired maximum frequency (e.g., 1 to 2 Hz) resulting in a 16‐fold increase in computational cost, especially for
sedimentary basins that have very low shear wave velocities.

In this study, we examine the amplification of seismic waves in Nenana basin, central Alaska (Figure 1). This
study region has several advantages. First, there exists a sedimentary basement model derived from industry data
(PRA, 2017; Van Kooten et al., 2012). Second, there are several recent moderate Mw 3–5 earthquakes below or
near the basin. Third, there were several seismic stations installed in the basin for a 5‐year period (Figure 1),
leading to a data‐driven characterization of the basin response, including a catalog of estimated moment tensors
(Smith et al., 2023). Finally, there is a possibility of the basin experiencing large local earthquakes. The fault
zone associated with the basin produced a Mw 6.0 earthquake in 1995 and is likely capable of producing a Mw 7
earthquake (Tape et al., 2015). In the vicinity of the basin, the fault zone is expressed as seismic lineaments at
15–25 km depth (Sims et al., 2025), and it is unknown if a large rupture would extend into the basin itself.

We perform a suite of 3D seismic wavefield simulations for a set of 10 earthquakes and four seismic velocity
models. The models include adaptations of a tomographic model (Berg et al., 2020) and a detailed model of
Nenana basin, with the purpose of examining the influence of the slow velocities and geometric boundaries
(lateral and depth) of the sedimentary basin. With the advantage of recorded data for these events, we are able to
provide a systematic data‐ and simulation‐driven approach to document the frequency‐dependent and depth‐
dependent effects of basin structure on amplification of the local seismic wavefield. Our focus is on fre-
quencies ≤2 Hz.

Our study builds upon previous efforts using recorded observations and wave propagation methods to quantify
basin amplification. We build upon the approaches of Olsen (2000) and Day et al. (2008), who performed
wavefield simulations of local earthquakes to quantify frequency‐dependent amplification effects in Los Angeles
basin. Focusing on a region in central Alaska, our main extension from these efforts is to consider four related
velocity models—including ones with or without the basin—allowing us to quantify frequency‐dependent basin
amplification for different pairs of velocity models. Furthermore, we simulate real local earthquakes, enabling
comparison of simulation results with observations. We find that amplification within Nenana basin occurs
primarily from surface wave reverberations caused by the velocity contrast at the lateral boundaries of the basin.

2. Methods
We examine 10 local earthquakes from the study by Smith et al. (2023), who quantified seismic basin amplifi-
cation in Nenana basin for a set of 43 local, regional, and teleseismic earthquakes. The 10 earthquakes, having
magnitudes Mw 3.7–4.3, are displayed in Figure 1a and listed in Table 1.

2.1. Velocity Models

We consider four velocity models in this study:

M1. The tomographic model of Berg et al. (2020), specifically, the 200 km by 150 km subregion containing
Nenana basin. Berg et al. (2020) used Rayleigh wave phase velocities, Rayleigh wave H/Z ratios, and
receiver functions to constrain the crustal and uppermost mantle structure. The velocity model at 1 km depth
(Figure S1 in Supporting Information S1) shows the signatures of many basins in Alaska, including Nenana
basin. The tomographic model has a relatively coarse horizontal discretization of 0.1° (11 km) in latitude and
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Figure 1. Study region of Minto Flats and Nenana basin, central Alaska. (a) Earthquake

sources and stations used in this study. The 10 events are depicted as beachball focal mecha-

nisms, colored by depth (Table 1). The stations are depicted as inverted triangles: white for the

permanent network and magenta for the FLATS network (Tape et al., 2018). Active faults are

red (Koehler et al., 2012); the two lineaments of the Minto Flats fault zone are black (Tape et

al., 2015). The black box shows the domain of the 3D wavefield simulations. (b) Nenana basin

basement map (PRA, 2017), colored by depth. The two cross-section profiles correspond to Fig-

ure 2. The dense grid of 4896 synthetic stations (72 × 68) is used to quantify the impact of basin

structures on ground motion amplification.

–21–

Figure 1. Study region of Minto Flats and Nenana basin, central Alaska. (a) Earthquake sources and stations used in this study. The 10 events are depicted as beachball
focal mechanisms, colored by depth (Table 1). The stations are depicted as inverted triangles: white for the permanent network and magenta for the FLATS network
(Tape et al., 2018). Active faults are red (Koehler et al., 2012); the two lineaments of the Minto Flats fault zone are black (Tape et al., 2015). The black box shows the
domain of the 3D wavefield simulations. (b) Nenana basin basement map (PRA, 2017), colored by depth. The two cross‐section profiles depicted by blue lines
correspond to Figure 2. The dense grid depicted by black dots of 4,896 synthetic stations (72 × 68) is used to quantify the impact of basin structures on ground motion
amplification.
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0.2° (9.7 km) in longitude, and a finer depth discretization that varies from 0.25 km at the surface to 0.5 km at
3 km depth and 1 km at 5 km depth.

M2. M1 with the uppermost 6.5 km replaced with a 1D basin profile.
M3. M1 with an embedded ellipsoidal basin (Figure 1c) filled with a 1D basin profile. The ellipsoidal shape is a

least‐squares best‐fitting shape to the realistic basin (M4).
M4. M1 with an embedded realistic basin (Figure 1b) filled with the 1D basin profile. The basin geometry is from

PRA (2017), extended to the southwest by the model of Dixit et al. (2017). It is realistic in the sense that it
was derived from industry data in the region, including geophysical well logs and 3D active‐source seismic
surveys.

Guided by our modeling objectives, we make two modifications to the realistic sedimentary basement surface of
PRA (2017). Our finite‐element mesh, which will be discussed in Section 2.2, is designed to accommodate low
wavespeed values within the basin, but it is not designed to conform to the basement surface, such as in Stupazzini
et al. (2009). Also, the mesh is not designed to accommodate structures that influence waves having higher
frequencies than 2 Hz. To ensure that the basin features are accurately handled by the mesh, we first smooth the
original basement surface, which has a discretization of 300 m, by using Gaussian smoothing with a 2.9 km length
scale. Finally, due to the uncertainty associated with the lateral boundaries of the basement surface, we remove all
portions of the basement surface that have a basement depth shallower than − 2 km elevation, as shown in
Figure 1b.

The 1D basin profile is derived from active source and well log data in the region. Below a depth of 4.5 km, the 1D
basin profile is the generic basin profile of Brocher (2008), which is based on industry measurements (VP logs and
active source imaging) in California geological units. Near the surface, the basin profile is slightly slower than the
generic Brocher basin profile. Values at the surface of the Nenana basin model are VP = 2082 m/s and VS = 664
m/s, compared with VP = 2240 m/s and VS = 778.9 m/s for Brocher.

Cross sections of these models are shown in Figure 2, and depth profiles for one example location are shown in
Figure 3. The profiles convey that the 1D basin model (used in M2, M3, M4) is much slower than the
tomographic model: within the upper 4 km, the realistic basin (M4) is, on average, 53% slower (0.85 km/s) than
the tomographic model (M1). Furthermore, the profiles display the sharp contrast at the bottom of the basin,
where the velocities of the embedded basin model step to the higher velocities of the tomographic model. We
can also compare the velocity models for any given longitude‐latitude location. Figure 3 shows a comparison at
the location where the realistic basin (M4) has its maximal depth of 6.5 km. For the chosen longitude‐latitude
point of the profile in Figure 3, the ellipsoidal basin (M3) depth is 1.25 km shallower than the realistic ba-
sin (M4).

Table 1
Earthquakes Used in This Study and Displayed in Figure 1

Origin time Longitude ( ° ) Latitude ( ° ) Magnitude (Mw) Depth (km) Distance to basin (km) Azimuth ( ° )

2015‐10‐31 02:56:35.57 − 149.6969 64.4285 3.40 25 31 176

2016‐01‐14 19:04:10.73 − 149.2479 64.6827 3.70 17 5 34

2016‐05‐18 03:25:48.32 − 151.0651 65.2466 4.10 12 109 89

2016‐12‐08 10:18:13.87 − 150.0376 64.1937 4.35 21 62 180

2018‐08‐28 15:18:43.46 − 150.5718 65.1780 4.30 16 87 83

2018‐10‐03 03:29:37.54 − 148.9191 64.8979 4.00 19 33 9

2018‐11‐13 15:26:41.91 − 150.9466 64.7938 3.95 16 82 115

2019‐01‐17 12:13:55.49 − 149.0340 64.2410 3.55 17 45 128

2019‐03‐09 23:39:58.33 − 147.7368 64.5498 3.60 26 73 59

2019‐04‐11 10:42:45.61 − 149.1761 64.7370 4.15 17 12 19

Note. These are a subset of events from Smith et al. (2023). The distance‐to‐basin and source azimuth are calculated with respect to longitude − 149.26° latitude 64.65°.
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2.2. 3D Wavefield Simulations

We use the open‐source spectral‐element method wave propagation solver Specfem3d for constructing the mesh
and performing wavefield simulations (Komatitsch et al., 2004).

The minimum shear velocities in the four models (Figure 2) are 1332 m/s (M1) and 664 m/s (M2, M3, M4). For
M2–M4, the minimum velocity is the 1D basin velocity value at 0 m depth. For M1, the minimum velocity is from
Berg et al. (2020) for a point that happens to be west of Nenana basin (see Figure S1c in Supporting Informa-
tion S1). We are interested in calculating numerically accurate synthetic seismograms up to frequencies of 2 Hz.
The choice of frequency, combined with the minimum shear velocities, guide our construction of the finite‐
element mesh. Our mesh has 4,890,624 elements and is displayed in Figure S3 in Supporting Information S1.
Each element has five Gauss‐Lobatto‐Legendre (GLL) points along the x, y and z directions, resulting in a total of
328,078,080 global gridpoints.

We run the python package wfdiff to calculate the minimum resolvable period of our mesh. wfdiff inputs two sets
of seismograms, with one set obtained using a finer mesh than the other set. We achieve this by performing one
simulation with the standard five GLL points and a second simulation using seven GLL points, resulting in a finer
mesh. The finer mesh requires reducing the time step by a factor of about two, which in turn requires calculating
more time steps to achieve the same length of synthetic seismograms. Overall, the GLL 7 simulation is about 16
times the computational cost of the GLL 5 simulation (8x for the finer spatial grid and 2x for the shorter time step).
By comparing the two sets of synthetic seismograms for the same velocity model, we can quantify the minimum
resolvable period of the coarser (GLL 5) set of seismograms.

An example calculation of the minimum resolvable period is shown in Figure S4 in Supporting Information S1.
For this velocity model (M4), this event (2018‐10‐03), this basin station (F5MN), and this component (E), the
minimum resolvable period is 0.36 s (2.8 Hz). Based on a larger set of similar calculations (Tian & Tape, 2025a),
we find that the synthetic seismograms within the lowest‐velocity regions of the basin are resolved up to 2 Hz,
with non‐basin stations resolved up to 4 Hz and higher.

We save the seismic wavefield time series at a dense grid of synthetic stations, in addition to the locations of 22
real stations (Figure 1a), 13 of which are FLATS stations that were deployed between 2014 and 2019. The
synthetic grid contains 72 × 68 = 4896 stations spaced apart by 1 km (Figure 1b). A typical wavefield simu-
lation of 300 s of seismograms takes about 3.3 hr on 192 cores (634 CPU‐hours) of the HPC cluster at UAF. The
total number of simulations performed is 40 (=4 models × 10 events).

Figure 2. Cross sections of four seismic velocity models used in this study (Section 2.1). From top to bottom, they are M1:
Berg et al. (2020), M2: M1 with a 1D slowmodel for the uppermost 6.5 km, M3: an ellipsoidal basin model embedded inM1,
and M4: a realistic basin model embedded in M1. The locations of the two cross sections are shown in Figures 1b and 1c.
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2.3. Calculating Spatial‐Dependent Amplification

The synthetic grid of stations enables us to view synthetic patterns of ground motion that are not possible with real
stations, given the sparse and irregular coverage. Figure 4, which will be discussed further in Section 3.1, displays
wavefield peak amplitudes for all 4,896 stations in the synthetic grid. Spatial maps of basin amplification, such as
we will see in Figure 11, provide a natural view of amplification for comparison with the provided basin structure
(Figure 1). These maps require specification of the frequencies used to calculate the amplification, discussed next.

2.4. Calculating Frequency‐Dependent Amplification

Figure 5 provides an example for how we calculate the amplification of ground motion for one source‐station pair
for two models. Here the source is chosen from Table 1, and the station location is F4TN, which is inside the
realistic basin model (M4: Figure 1b). The twomodels for comparison areM1 andM4, which allow us to examine
the influence of a realistic basin model embedded within a 3D tomographic model.

We then calculate amplitude spectra for the two seismograms (for M1 and M4), as shown in Figure 5b, and then
the amplification ratio (Figure 5c). In this example, the amplification ratio is approximately 11 for frequencies
≥0.25 Hz. By applying the procedure in Figure 5 to the subset of synthetic stations inside the lateral boundaries of
the basin—whether it is the realistic basin (Figure 1b) or the idealized ellipsoidal basin (Figure 1c)—we can
isolate the wavefield effects within the basin. There are 1,696 synthetic basin stations in M3 (Figure 1c) and 1,298
basin stations in M4 (Figure 1b).

Figure 6 distills a set of 10 events × 1,696 amplification spectra, each like Figure 5c, into a single amplification
spectrum (in this case, Z‐component) that is representative of the basin model (in this case, M3). For each event,
we calculate the median spectrum over all 1,696 synthetic grid stations that are inside the basin. Then, from the set
of 10 spectra, we calculate a median spectrum, as well as the median absolute deviation among the 10 spectra.

2.5. Emphasis on Low‐Frequency Amplification

To distill the spectrum of amplitude ratios into a subset of quantities, we define a range of frequencies over
which we calculate a median value. We choose a frequency range of 0.1–0.5 Hz, because it provided the best

Figure 3. Depth profiles of VS and VP for four models in this study (Figure 2). The profile is taken at the location of the
maximum depth of the realistic basin model (M4), which is 6.5 km. At this location, the ellipsoidal basin (M3) depth is
1.25 km shallower than the realistic basin (M4). Both M3 and M4 contain the generic basin profile above the basement
surface, whereas M1 is the Berg et al. (2020) tomographic model, which is considerably faster. At this location, the profile for
M2 is identical to M4. See Figure S2 in Supporting Information S1 for a comparison with three other profiles from different
locations.
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agreement between synthetic calculations of amplification (same station; different velocity models) and the data
calculations of amplification (basin station vs. nearby bedrock station) in Smith et al. (2023). While the
synthetic seismograms are resolved up to 2.0 Hz, the higher‐frequency seismograms warrant additional con-
siderations, such as the source‐time function, the reliability of the velocity model, and the influence of anelastic
attenuation (Section 4.4).

The example in Figure 5c shows an amplification ratio of ln(M3/M1) = 2.1 ± 0.5, corresponding to a ratio of
8.4 ± 1.7. Thus, we obtain a single amplification value from the full amplification spectrum for this one event,
one station, one component, and chosen frequency range (0.1–0.5 Hz).

2.6. Calculating Depth‐Dependent Amplification

Because we know the depth‐to‐basement for the basin models we use, we can examine how amplification var-
ies as a function of the basin depth below each station. This requires partitioning the stations into depth bins
(e.g., 0–0.5 km, 0.5–1.0 km, etc) and then aggregating the frequency‐dependent amplification ratios for one or
more events.

Figure 4. The dependence of amplification maps on source radiation and on frequency, shown for wavefield simulations of an event on 2016‐01‐14 at 17 km depth and
having a strike‐slip mechanism. The vertical component of displacement is displayed for frequencies 0.15 Hz (left column), 0.35, 0.50, and 0.75 Hz. The synthetic grid
of stations is shown in Figure 1b. (a) Peak displacement amplitude for model M1. (b) Peak displacement amplitude for model M2. The color scale is saturated in order to
have direct comparison with (a). An unsaturated version is displayed in Figure S6 in Supporting Information S1. (c) Amplification ratio ln(M2/M1), with 0.1
representing 10% amplification of M2 with respect to M1. Additional event‐ and frequency‐specific amplification maps can be found in Tian and Tape (2024).

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031559

TIAN AND TAPE 7 of 22

 21699356, 2025, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

031559 by U
niv of C

alifornia L
aw

rence B
erkeley N

ational L
ab, W

iley O
nline L

ibrary on [26/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3. Results
The following subsections provide results based on the methods outlined in Sections 2.3, 2.4, and 2.6.

3.1. Source Effects

The earliest studies of basin amplification represented the incoming waves as plane waves (P, S). However, for
local earthquakes in many tectonic settings—including near Nenana basin (Smith et al., 2023)—there are
considerable variations in amplitudes due to different source mechanisms and different hypocenters. We
considered two approaches to addressing variations due to sources. One approach is to systematically surround
the target basin with a dense grid of uniformly spaced sources (Wirth et al., 2019) and then perhaps consider a
wide range of uniformly distributed fault planes. The collective results would emphasize features caused by the
basin, while minimizing source effects. The second approach, which we take, is to consider a set of actual
earthquakes having different depths, distances, and source mechanisms. This has the advantage of enabling

Figure 5. Example calculation of frequency‐dependent amplification for a pair of synthetic seismograms computed using two
different 3D models, M1 and M3. Model M1 is Berg et al. (2020), and Model M3 is Berg et al. (2020) plus an embedded
ellipsoidal basin model (Figure 2). The event is 2016‐01‐14 Mw 3.70 (Table 1). The station is F4TN (Figure 1b). The
bandpass filter used in (a) is 0.1–0.5 Hz and corresponds to the vertical dashed lines in (b) and (c). (a) Vertical‐component
synthetic seismograms at station F4TN for models M1 (orange) and M3 (blue). The M3 seismogram has much‐higher
amplitudes and a longer coda. (b) Amplitude spectrum of the two seismograms. The spectra are smoothed with a mean filter
having a width of 0.18 Hz. (c) Ratio of spectra shown in (b). The left axis shows ln(M3/M1), while the right axis shows
M3/M1. The median amplification over the frequency interval 0.1–0.5 Hz is ln(M3/M1) = 2.1 ± 0.5, which corresponds to
an amplification ratio of M3/M1 = 8.4 ± 1.7.
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wiggle‐for‐wiggle comparisons with real data, with the drawback that the
collective results will exhibit stronger source effects than in the first approach.

Figure 4 illustrates the frequency‐dependent signature of sources on ampli-
fication maps for two velocity models (M1, M2) that do not have a basin
model. The example earthquake is an event at 17 km depth (Table 1). We will
discuss the left column first, which is based on measurements of synthetic
seismograms filtered within a 0.05 Hz narrow band centered at 0.15 Hz. The
upper left subplot shows the peak amplitude on the vertical component. The
four light‐colored quadrants are in the directions of maximum P‐wave radi-
ation, both for the Berg et al. (2020) model (M1) and for the shallow‐slow‐1D
model (M2). The M2/M1 amplification map in the lower left subplot contains
features from both the M1 and M2 patterns, resulting in a spiral‐like pattern
that would be difficult to interpret without having the upper subplots.

The overall amplitude of the peak ground motion also depends on frequency.
Figure 4b shows that at 0.35 and 0.75 Hz there is relatively low amplitude for
model M2, which has a slow 1D model in the uppermost 8 km. This results in
the two overall‐negative (blue) amplification maps in the bottom row, for 0.35
and 0.75 Hz. We attribute the frequency‐dependent oscillations in M2 (and in
ln(M2/M1)) to resonance within the M2 slow layer.

Amplification patterns such as those in Figure 4c are not intuitive. They show
that significant amplification ratios can occur due to the same source seeing

two different structures, neither of which (in this case) involves a basin. By considering a set of events, we are able
to document the variability due to the sources, enabling us to quantify the amplification effects due to basin
structures.

3.2. Frequency‐Dependent Amplification

We are primarily interested in the effects of the basin—not the sources—on the seismic wavefield. Therefore we
aggregate results from all 10 events. Figure 6 shows an example of the vertical‐component displacement
amplification spectra for all 10 events, with the median spectrum (and median absolute deviation) superimposed.
The comparison is M3/M1, which shows the influence of an ellipsoidal basin with low seismic velocities
(Section 2.1). Two coordinate systems are shown. On the left axis is ln(M3/M1), which can be thought of as
percent difference, since ln(b − a) ≈ (b − a)/a; a value of 0.1 would be 10% difference. On the right axis is the
direct amplification ratio M3/M1.

Figure 6 conveys fundamental information about the basin. Considering all the events, the amplification ratios are
4–16 for 0.2–2.0 Hz, with the median curve having a ratio of about 7. In other words, the displacement inside the
basin is about 7 times larger than in the tomographic model of Berg et al. (2020).

Focusing on the lower frequencies (Figure 7), we showcase the “ramp” in amplification that occurs between 0 and
0.25 Hz for the ellipsoidal basin. This ramp is the result of amplification of surface waves. For 1D models and our

Figure 6. Nenana basin amplification M3/M1 as a function of frequency,
shown as the median over all 10 events (Table 1). The basin model featured
here is an idealized ellipsoid (Figure 1c). The calculations are performed for
all synthetic‐grid stations inside the ellipse. The left axis is expressed as ln
(M3/M1), the right axis is M3/M1. The thick blue curve is the median over
all 10 events; the red swath is ± the median absolute deviation (MAD). A
version of this plot appears in Figure 8b. The frequency range 0–0.5 Hz is
displayed in Figure 7a.

(c)(b)(a)(a) (b) (c)

Figure 7. Nenana basin amplification as a function of frequency, displayed for 0–0.5 Hz, for the idealized ellipsoidal basin (M3). (a) Z‐component (zoom‐in on Figure 6).
(b) E‐component. (c) N‐component. See Figure S9 in Supporting Information S1 for the results for the realistic basin (M4), which are similar.
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3D tomographic model (M1), surface waves are the dominant‐amplitude waves for regional and local earthquakes
for these frequencies. This can be verified by examining the time‐dependent polarization of the observed or
synthetic three‐component seismograms. The ramp in Figure 7 is the result of the changing sensitivity of
(incoming) surface waves to the depth of the basin. Below a certain frequency (determined by the depth of the
basin), the surface waves are sensitive mostly to sub‐basin structure and do not “see” the basin. Above a certain
frequency, the surface waves are sensitive to the shallowest structures and do not see the bottom of the basin. The
vertical‐component results reveal Rayleigh wave amplification reaching a factor of about 7 over the interval from
0.1 to 0.25 Hz (Figure 7a). The horizontal‐component results reveal Love wave amplification increasing to a
factor of about 5 over the interval from 0 to 0.15 Hz (Figures 7b and 7c).

Figure 8 shows different amplification maps, considering different combinations of models (Section 2.1). The
four models enable numerous comparisons and questions:

• M1 versus M2 (Figure 8a). How does adding a shallow layer—without any basin—amplify the wavefield?
• M1 versus M3 (Figure 8b). How does an idealized basin amplify the wavefield?
• M1 versus M4 (Figure 8c). How does a realistic basin amplify the wavefield?
• M2 versus M3 (Figure 8d). How does the geometry of an idealized basin amplify the wavefield? (The velocity

model inside the basin is identical in M2 and M3.)
• M3 versus M4 (Figure 8f). How does a realistic basin compare with an idealized basin?

We examined the effects of M2 in Section 3.1. The properties of the 1D shallow model result in low‐amplitude
peak displacements at frequencies near 0.35 and 0.7 Hz, resulting in the two troughs of deamplification in
Figure 8a, as well as the two peaks in M3/M2 (d) and M4/M2 (e). The results in Section 3.1 show that the slow‐
velocity structures alone—without a basin—do not result in clear amplification across all frequencies.

A comparison of Figures 8b and 8c indicates that the overall pattern of amplification can be represented by an
ellipsoidal basin. Although the two basin models are quite different (Figures 1b and 1c), the amplification spectra
at 0.05–2 Hz are very similar, as shown in the direct comparison of Figure 8f.

Figures 8d and 8e indicate that the geometry of the basin is the key factor in causing amplification, since both
M3 and M4 are amplified relative to a model (M2) having the same inside‐basin slow velocities but without any
lateral basin boundary. Furthermore, all three models have strong velocity contrasts at depth: 6.5 km every-
where for M2, and the basement surface for M3 and M4. While the plots in Figure 8 aggregate all stations
inside the basin, the breakdown by depth‐to‐basement, next, shows that amplification increases with basin
depth.

3.3. Depth‐Dependent Amplification

Since we ourselves define the basin models, we know the depth to the base of the basin below each station in the
synthetic grid. Figure 9 illustrates the construction of a depth‐dependent amplification curve for a fixed frequency
of 1.0 Hz. For illustrative purposes, we color each synthetic‐grid station according to its underlying basin depth.
For example, within the synthetic grid of 4,896 stations, there are 3,200 non‐basin stations and 1,696 in‐basin
stations for the M3 basin model (Figure 9a).

We then calculate the amplification ratio M3/M1 for all 10 events and then plot the median value in the right
subplot. We bin these points in Δz = 200 m intervals and plot the median value. Finally, we fit a simple two‐
segment, “ramp‐plateau” curve to the median points. As shown in the legend of Figure 9a, the best‐fitting func-
tion has a slope of k = 1.15 km− 1 (shown as the first parameter in the parentheses) and a corner at a depth of 1.4 km.
The second number in the parentheses, 1.91, is the height of the plateau (ln(M3/M1)= 1.91, M3/M1= 6.75) in the
fitted function. The third number in the parentheses, 0.34, is the y‐intercept (ln(M3/M1)= 0.34, M3/M1= 1.40) of
the fitted function.

The same procedure is then applied to the more realistic basin (Figure 9b). This poses challenges, since the basin
boundary is abrupt (by design: Section 2.1) and there are no points in the depth range between 0 and 2 km. For this
frequency, the realistic basin model exhibits a slight decrease in amplification (2.1 to 1.9) with increasing depth,
starting at about 3 km depth.
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Figure 10 displays results for the ellipsoidal model (M3) for all three components and for a set of log‐spaced
frequencies ranging from 0.01 to 2.0 Hz, corresponding to the period range 0.5–100 s. The jagged curve is the
median curve, and the dashed curve is the best‐fitting two‐segment (ramp‐plateau) function. The corresponding
plots for the realistic basin (M4) are shown in Figure S14 in Supporting Information S1.

Figure 8. Basin amplification as a function of frequency, shown for the Z component of displacement. Each colored curve is for a different event; see Figure 6 for the
legend. The thick blue curve is the median over all 10 events (Table 1). Models M1, M2, M3, and M4 are shown in Figure 2. The number of synthetic stations (out of
4,896 total) used for the calculations is listed in parentheses and depends on the two models being compared. (a) M2/M1 (1128). (b) M3/M1 (1,696). (c) M3/M2 (1,696).
(d) M4/M1 (1298). (e) M4/M2 (1298). (f ) M4/M3 (1128). The corresponding plots for the E and N components are displayed in Figures S10 and S11 in Supporting
Information S1.
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From these plots, we make the following observations:

1. Overall amplification patterns for all three components are similar for the ellipsoidal (M3) and realistic (M4)
basins. There is minimal amplification at the outside‐basin stations (depth 0 km), then there is a linear increase
in log‐scale amplification (this is only evident for M3), then there is a plateau of high amplification that
generally increases with increasing frequency.

2. Basin amplification begins at about 0.025Hz (40 s) on the horizontal components and at about 0.10 Hz (10 s) on
the vertical component. We attribute this to the shallower sensitivity of Love waves, compared with Rayleigh
waves, so a lower‐frequency Love wave will be more sensitive to basin structure than a Rayleigh wave.

3. The corner depths of the best‐fitting ramp‐plateau curves decrease with increasing frequency. This occurs
because higher‐frequency waves are less sensitive to the deeper portions of the basin.

4. The plateau amplification value depends on frequency and component. For M3 and M4 on the vertical
component, the maximal plateau amplification occurs at 0.6 Hz (1.6 s) (Figure 10a); on the horizontal
component, it occurs at 0.2 Hz (5 s).

5. Amplification on the vertical component occurs at outside‐basin stations (depth 0 km) for frequencies ≥0.2 Hz.
By comparison, there is no amplification on the horizontal components at outside‐basin stations.

Figure 9. Basin amplification as a function of basin depth. Each of the 4,896 stations in the synthetic grid is colored according to its underlying basin depth. (a) Left:
Idealized ellipsoidal basin used for seismic velocity model M3. The labeled numbers indicate the number of synthetic stations for a given depth interval. There are 1,696
stations (out of 4,896 total) inside the boundary of the M3 basin. Right: Basin amplification M3/M1 for all synthetic stations, plotted as a function of basin depth in
dotted solid line. This example is calculated for a frequency of 1.00 Hz, with each dot representing the median amplification value for all 10 events (Table 1). The
numbers in the legend correspond to the fitting parameters of the dashed line for the ramp‐plateau functional form: 1.15 km− 1 is slope of the ramp, 2.17 is the plateau
value, 0.54 is the y‐intercept, and 1.4 km is the corner depth where the ramp meets the plateau. (b) Left: Realistic basin used for seismic velocity model M4. There are 1,298
stations (out of 4,896 total) inside the boundary of the M4 basin. Right: Basin amplification M4/M1 for all synthetic stations. The gap in data is because the basin model
does not have any points with depths between 0 and 2 km.
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(a)

(b)

(c)

Figure 10. Basin amplification as a function of basin depth at different frequencies. The velocity model here is the ellipsoidal
basin (M3); results for the realistic basin (M4) are displayed in Figure S14 in Supporting Information S1. Figure 9 illustrates
how an individual curve (i.e., for a fixed frequency) is constructed. The five numbers in the legend are the frequency, the
slope of the ramp (km− 1), the value of the plateau, the y‐intercept, and the corner depth. See Section 3.3 for details.
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6. One difference between M3 and M4 is the decrease in amplification with depths from 2 to 6 km, observed for
f > 0.2 Hz on the vertical component for M4 (Figure S14a in Supporting Information S1; see also Figure 9b).
This suggests enhanced amplification near the margin of the basin (relative to the center), but only for specific
frequencies and only for the realistic basin.

3.4. Spatial Pattern of Amplification

Figure 11 provides a synoptic view of basin amplification, spanning two models (M3, M4), three components
(Z, E, N), and composite results for all 10 earthquakes for the bandpass 0.1–0.5 Hz, which is the low‐frequency
bandpass featured in Smith et al. (2023). For each of the 4,896 synthetic stations, we calculate the broadband
amplification for 0.1–0.5 Hz for 10 events and take the median value.

The dominant pattern is clear: amplification occurs inside the basin and with values of ln(M4/M1) = 1.5–2.0,
corresponding to a ratio of about 5–9. We attribute the spatial variation of amplification inside the ellipsoidal
basin (M3) to source mechanisms, which can be gleaned from results for each event (Tian & Tape, 2024). These
general patterns are also observed in the more realistic basin (M4): amplification occurs in the northern and
southern ends for the Z component, and in the northern end for the E and N components (Figure 11).

Figure 12 is an alternative representation of Figure 11, where we have used the basin depth for each station. The
subplots in Figure 12 contain the same information conveyed in Figure 11, but emphasizing the basin depth for
each station in the synthetic grid. The outside‐basin, low‐amplification, blue regions of Figure 11 collapse to the
x = 0 portions of Figure 12, while the inside‐basin, high‐amplification yellow‐to‐red regions in Figure 11 display
as the mostly‐uniform amplification values for depths x > 3000 m in Figure 12. The inside‐basin synthetic
gridpoints near the margin provide insights into the transition between bedrock stations and deeper basin stations.

The basic two‐segment (ramp‐plateau) pattern from Figure 10 is visible for all components and for both models.
The results for M4/M1 suggest a much steeper slope on the depth interval 0–2 km than the one for M3/M1 (about
2 vs. 0.75 km− 1); this can also be seen in the 1 Hz example in Figure 9.

The east component, especially for M3/M1 (Figure 12b), shows a bifurcation that turns out to be related to the
selection of events. The upper set of points are predominantly in the northern part of the basin, where amplifi-
cation is higher for these events, while the lower set of points are for the southern part of the basin (Figures S15
and S16 in Supporting Information S1). For example, the locations F1TN and F2TN are in the north and have
amplifications of about 6.5, while FNN2 is in the south and has an amplification of about 4.5 (Figure 12b).

For reference, in Figure 11 we have plotted the locations of 14 stations that are within the synthetic grid: 13
FLATS (XV) stations and AK.NEA2. These stations enable comparisons between observed and simulated ground
motion, discussed next.

3.5. Comparison With Observations

Thus far, our analysis has focused on synthetic seismograms only. As shown in Smith and Tape (2019b) and
Smith et al. (2023), we can approximate basin amplification by using real data and choosing a nearby reference
bedrock station. To compare our calculations of synthetic amplification with approximations from real data, we
downloaded three‐component waveforms for the 10 events listed in Table 1. We calculated spectral ratios be-
tween each station and the reference bedrock station XV.F8KN (Smith et al., 2023). We applied the same signal
processing to the observed waveforms as we did to the synthetic waveforms.

Figure 12 superimposes two additional sets of points besides the 4,896 points of the synthetic grid. The first set is
the amplification values at the true station locations (F1TN, F2TN, etc); these are plotted as dark blue points.
Their plotted locations differ for M3 and M4, since both their amplification values and their basin depths differ.
The second set is the observed amplification ratios for the same set of 10 earthquakes, as measured between the
station and the reference bedrock station; these are plotted as red triangles.

From Figure 12 we provide the following remarks:

• The observations generally follow the patterns of the synthetics, having lowest values for bedrock sites and
highest values for the deeper basin sites.

• The synthetic amplification values on the vertical component exceed the observations (Figures 12a and 12d).
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• Observations for northern basin stations F3TN, F4TN, and F5MN on the north component (and, to a lesser
extent, the east component) exceed synthetic amplification values (Figures 12c and 12f). This suggests that in
this region the true basin structure—either the geometry or the assumed velocity model—is not represented
well by the ellipsoidal or realistic basin model.

• Observations for the marginal basin stations FPAP, FAPT, F6TP, and F7TV—for which a depth of 1 km has
been assumed (Smith et al., 2023)—are consistent with amplification calculations for the ellipsoidal basin for

Figure 11. Spatial maps of amplification based on simulations for the 10 earthquakes listed in Table 1. The left column is for
M3/M1, the right column for M4/M1. Each row is for a different component: Z (top), E (middle), and N (bottom).
Amplification is calculated for the bandpass 0.1–0.5 Hz (2–10 s); the value plotted in color is the median amplification of all
10 events (Table 1). The same information here is used in the amplification‐versus‐depth plots in Figure 12. The real station
locations are plotted for reference; see also Figure 1bc.
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Figure 12. Comparison of basin amplification for simulations (Figure 11) and observations for a set of 10 earthquakes. The left column is for M3/M1, the right column
for M4/M1. Each row is for a different component: Z (top), E (middle), and N (bottom). Amplification is calculated for the bandpass 0.1–0.5 Hz (2–10 s); the value
displayed is the median amplification of all 10 earthquakes. Observations from real data are from Smith et al. (2023), but recalculated here in order to have the same
processing as applied to the synthetics. The S23 depth is the M4 depth but modified according to Smith et al. (2023), with stations F6TP, F7TV, FAPT, and FPAP
assigned a depth of 1 km. The locations of the light blue points at the left are identical to the dark blue points at the right, which are based on the M4 model results. See
Section 3.5 for details.
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the horizontal components (Figures 12b and 12c), but not for the vertical component, where the observed
amplifications are less than predictions and closer in value to bedrock stations (Figure 12a).

4. Discussion and Conclusions
We are interested in how sedimentary basins amplify the seismic wavefield from local earthquakes. As conveyed
in Figure 1, Nenana basin has the advantage of having relatively good station coverage (in 2014–2019) and also
local earthquakes: the region hosts moderate‐magnitude (Mw 4) earthquakes, from which reliable source mech-
anisms can be estimated. While the region has the potential for aMw 7 earthquake (Tape et al., 2015), it does not
have the urban population density that motivates studies and seismic deployments in other basins (Tokyo, Mexico
City, Los Angeles, Seattle, etc). At present, there are no stations within Nenana basin, and there are no known
plans for any deployment.

4.1. A General Approach to Quantifying Basin Amplification

Our study provides the third stage of investigating the influence of Nenana basin on the seismic wavefield. The
approach could be applied to any basin having broadband seismic stations inside and outside the basin. These
stages are:

1. Quantification of basin amplification from ambient seismic noise (Perron et al., 2018; Smith & Tape, 2019a).
This requires careful consideration of the factors that contribute to seismic noise; for example, in Nenana
basin, the basin noise amplification was calculated during the winter months, when the nearby Tanana River
was frozen at the surface, and during time periods of no wind. This quantification does not require earthquake
recordings.

2. Quantification of basin amplification from local, regional, and teleseismic earthquakes (Smith et al., 2023). By
using a range of earthquakes having different magnitudes and epicentral distances, we can consider a broad
range of frequencies and amplitudes of waves entering the basin. Care is needed to account for the different ray
paths from each source to the basin station and from each source to the reference bedrock station, since these
ray paths have different distances and different piercing points on the source mechanism.

3. Quantification of basin amplification using 3D wavefield simulations (this study). This approach has the
benefit of considering any number of 3D velocity models, while also not needing any nearby reference station
for comparison. Also, no recorded seismic wavefield is required.

Both the observational approaches (Stages 1 and 2) and the simulation approach (Stage 3) have limitations. The
noise‐based approach (Stage 1) deals with the low‐amplitude ambient wavefield rather than higher‐amplitude
earthquake wavefields (Stage 2). Earthquake recordings include high‐frequency (1–10 Hz) waveforms, yet
typically the station spacing is not nearly dense enough to capture the coherent features in the wavefield.
Something like the urban arrays deployed in southern California (Lin et al., 2013) would be needed to link high‐
frequency waveforms with structural details of the basin.

The main limitations for the simulations are twofold. First, a simulation's utility depends on the accuracy and
relevance of the velocity model it employs. Second, there is always an upper frequency limit imposed by
computational resources. And even with massive computational resources, it becomes questionable to pursue
simulations in a realm where the important details of the velocity model (including scattering heterogeneity and
attenuation) are not well known.

Our study provides general insights that were not possible in previous efforts in Nenana basin (Smith &
Tape, 2019a; Smith et al., 2023). We discuss our results in the context of two simulation‐based studies, Wirth
et al. (2019) and Day et al. (2008).

The Seattle basin study of Wirth et al. (2019) demonstrates that the source location, depth, and mechanism can all
influence ground motion amplification for a particular location within a sedimentary basin. Our results agree with
this, especially for earthquakes directly below the basin, where the aperture of the source mechanism is large
enough to imprint source patterns on the variations in ground motions (Figure 4). By considering real sources—
having different hypocenters and mechanisms—we are able to address source variations, such as the variability
shown in plots like Figure 6.

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031559

TIAN AND TAPE 17 of 22

 21699356, 2025, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

031559 by U
niv of C

alifornia L
aw

rence B
erkeley N

ational L
ab, W

iley O
nline L

ibrary on [26/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The Los Angeles basin study of Day et al. (2008) examined basin effects for periods 2–10 s using a suite of 60
scenario earthquakes having magnitudes 6.3–7.1. Their Figure 7 conveys key results: amplification increases
sharply with depth to about 1 km, then increases gradually for deeper depths; and amplification increases for
longer periods, with a maximum displayed at 10 s period.

By comparison with Day et al. (2008), our study considers a higher maximum frequency (2 Hz) and real, yet
smaller‐magnitude, earthquakes. Our two‐segment model (Figure 9) is similar to the core result in Figure 7 of Day
et al. (2008). One difference is that ours is flat below a frequency‐dependent depth, indicating that the propagating
waves are insensitive to structures at these depths. Day et al. (2008) concluded (p. 8): “Source‐averaged basin
amplification is period dependent, with the highest amplifications occurring for the longest periods and greatest
basin depths.” By comparison, our amplification values approach their peak values at a lower period of about 5 s
(0.2 Hz), likely because Nenana basin is smaller than Los Angeles basin. For the vertical component, the peak
amplification occurs at 0.6 Hz (1.6 s) and is sustained to 2 Hz (Figure 6). At periods longer than 40 s, no
amplification occurs, since the waves are minimally sensitive to the basin (Figure 7).

We follow—and advocate—the basic approach of Day et al. (2008), which constructs source‐averaged, fre-
quency‐ and depth‐dependent amplification curves. The outcome directly depends on the velocity model for the
basin and, to a lesser extent, the sources considered. By using real earthquakes and real observations, we can
better assess the validity of the simulations results.

4.2. Classical Tomography Does Not Capture Basin Details

It is well‐known that classical seismic imaging, which employs ray‐based approximation to the wavefield (e.g.,
ray paths, arrival times), produces Earth models having smoother features than the true Earth (Liu & Gu, 2012;
Thurber & Ritsema, 2007). This can be partly overcome by using better data, more data, and less‐approximate
methods, such as adjoint methods (also known as full waveform inversion). For example, the study of Tape
et al. (2010) iteratively refined a southern California velocity model to an extent that lateral surface waves in 3D
wavefield simulations were reflected from the southern margin of San Joaquin basin. Amore common approach is
to impose higher‐amplitudes and sharper contrasts in the velocity model, such as for plumes (Ni et al., 2002), slabs
(Chen et al., 2007), or basins (Grapenthin et al., 2018). This manual intervention is a recognition that most
tomographic models are overly smooth and cannot capture realistic, fine‐scale features and contrasts.

The 3D tomographic model that we use (Berg et al., 2020) was obtained using the same stations featured in our
study, as well as 200 other stations across Alaska. Therefore, the tomographic model had the potential to resolve
the low velocities of Nenana basin. While it does identify a slow anomaly near the basin (Figure S1c in Supporting
Information S1), it doesn't capture the details for three reasons: (a) it considers relatively long periods 8–100 s that
are less sensitive to basin details, (b) it uses a coarse horizontal parameterization (0.1° latitude and 0.2° longitude,
which is about 10 km), (c) it uses an approximate representation for the forward wavefield, which does not allow
for iterations to obtain the strongest perturbations from the initial model.

Potentially we could have performed wavefield simulations in a 1D model (a hypothetical model M0) to
demonstrate that the tomographic model (M1) exhibits minimal amplification with respect to M0. However, this
could be seen from inspection of the M1 synthetic seismograms, which do not differ significantly for inside‐basin
and outside‐basin stations. For these reasons, our preferred model M4 contains a realistic basin model embedded
into a tomographic model (Section 2.1).

4.3. Basin Geometry Versus Low‐Velocity Layers

Our study provides evidence for the importance of 3D basin geometry on the amplification of seismic waves.
Consider the comparison M2/M1, which shows the influence of basin‐like velocities in the entire uppermost
6.5 km, without any basin geometry at all. Figure 8a does not capture the details in the data (Figure 12); in fact, we
would not even call this amplification, since some frequencies are amplified (with respect to M2) while others are
deamplified. The same comparison of M2 and M1 also reveals that a sharp vertical contrast (here, 6.5 km depth),
such as shown in Figure 3, does not cause basin amplification for the events and frequencies in our study.

The comparisons M3/M2 and M4/M2 demonstrate that the lateral basin geometry is more significant than the
low‐velocity layers, which is why most of our results focus on M3/M1 and M4/M1, both of which convey
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amplification with respect to the tomographic model. Figure 11 shows that the key factor in amplification is
whether a station is inside or outside the basin.

4.4. Consideration of Attenuation

Viscoelastic attenuation is particularly strong in sedimentary layers, especially for higher frequencies (>1 Hz)
(Withers et al., 2015, 2019). Previous studies with our wave propagation solver (Specfem3d) have implemented
either a constant value of attenuation within basins (Komatitsch et al., 2004; Tape et al., 2009), a VS‐to‐Qs model
(Magnoni et al., 2014), or a 3D model derived from attenuation tomography (Chow et al., 2020; Savage
et al., 2010).

In our study, we do not implement attenuation for the following reasons. First, we are interested in effects that are
influenced by the depth of Nenana basin, which focuses our efforts on lower frequencies (0.1–0.5 Hz; Sec-
tion 2.5), where attenuation effects are not as pronounced. Figure S5 in Supporting Information S1 shows a
comparison of synthetic spectra for with‐ and without‐attenuation, where attenuation was implemented using the
Olsen et al. (2003) linear scaling of Qs = hVS, with h chosen to be 0.05 and VS is in m/s. Second, there are other
factors that would need to be considered, notably the attenuation model used, as well as the consideration of the
source‐time function for the earthquakes. We do not have any attenuation model specific for Nenana basin, so we
would need to choose a generic implementation (e.g., Olsen et al., 2003). The choice of a source‐time function for
the simulations has the effect of filtering out higher‐frequencies in the wavefield. In our simulations, we chose to
set the duration of the source‐time function to zero, to provide the most flexibility in post‐processing. Third, our
simulations with attenuation are computationally more costly by a factor of two. In summary, additional effort is
needed to include attenuation within this study, and it would be particularly important if focusing on frequencies
above 1 Hz.

4.5. Future Directions

We conclude with some possible future directions for this research on quantifying amplification of Nenana basin.

1. Ground motion prediction equations. Previous studies have attempted to distill basin amplification effects into
empirical equations depending on the basin depth at a station and the frequency of the waves (Choi et al., 2005;
Day et al., 2008; Moschetti et al., 2019). A more comprehensive set of simulations could be performed to
isolate source, path, and site effects, by using observation‐based approaches, such as Parker et al. (2020).

2. Basin edge effects. Previous studies have emphasized amplification effects near the edges of basins (e.g.,
Frankel et al., 2009; R. W. Graves et al., 1998; Kawase, 1996). Basin edges pose challenges for two reasons.
First, in several models, including Nenana basin, the details near the edges are unclear. Second, even if the
edges are clear, they can be challenging to adequately mesh for numerical simulations. By design (Section 2.1),
our embedded Nenana basin models—either ellipsoidal (M3) or realistic (M4)—do not have any tapered
structure near their edges. Future simulation efforts could consider basin models having different edge
structures.

3. Improved basin models with dense deployments. In the past decade, dense seismic arrays have been used to
obtain improved models of basin velocities and basin geometries, such as in southern California (Villa
et al., 2023; Wang et al., 2021; Zhou & Clayton, 2024). Such efforts would be considerably more challenging
in the roadless region of Nenana basin.

4. Direct comparisons of data and synthetic seismograms. Amplification calculations are based on spectral
comparisons, which emphasize amplitudes. Wiggle‐for‐wiggle matching of recorded and simulated seismo-
grams in sedimentary basins is a grand challenge, even for long periods (>4 s), and it becomes extremely
difficult for higher frequencies (>1 Hz). At longer periods, the differences could reveal larger‐scale de-
ficiencies in the Nenana basin velocity model and its surrounding tomographic model.

5. Improved basin models with estimation techniques. The detailed wiggles in ground motion recordings from
basin stations are expressions of basin structures, which, in principle, can be used to define a misfit function
with modeled seismograms to iteratively improve a 3D model of the basin, as demonstrated by Iwaki and
Iwata (2011) for the Osaka basin. A major challenge is that the existing station coverage becomes increasingly
sparse—in terms of inter‐station wavelengths—as one considers higher‐frequency waveforms.
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As discussed in Section 4.1, we believe our approach to characterizing basin amplification of Nenana basin could
be pursued with any other reasonably well‐instrumented basins. Given the extreme impact of sedimentary basins
on the seismic wavefields, as well as the societal relevance of seismic hazards, it is sensible to quantify baseline
amplification effects for the world's major sedimentary basins, by using a combination of observations and
simulations.
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