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Supplemental Material

A large tsunamigenic earthquake of magnitude Mw 8.2 occurred on the Alaska-Aleutian
subduction zone in July 2021. To reveal the characteristics of the event, we first applied
spectral and wavelet analyses to the induced tsunami recorded both at the local and
Pacific-wide sea level observation networks. Because the earthquake was relatively deep
(∼ 30 km), the resultant maximum tsunami amplitudes were only ∼ 5 and ∼ 50 cm in
the open ocean and coastal area respectively. However, owing to the unique geological
feature of the region, the tsunami had dominant periods of 57–73 min, which are longer
than that typically generated by similar-size megathrust earthquakes. Furthermore, we
compared multiple source models inferred from various data sets and evaluated their
performances in reconstructing the observed tsunamiwaveforms. The comparison results
suggest that the up-dip limit of the rupture areamust be restricted at depth of ∼ 20 km to
accurately reproduce the observed tsunami waveforms. Shallower slips beyond the pre-
scribed limit led to an overestimation of the tsunami amplitude. This implies that the
earthquake was unlikely to rupture the plate interface on the near trench section.

Introduction
On 29 July 2021, only a year after the July 2020 Mw 7.8
Shumagin earthquake, the Alaskan-Aleutian subduction zone
ruptured to another large earthquake of magnitude Mw 8.2.
The U.S. Geological Survey (USGS) National Earthquake
Information Center estimated the hypocenter at 157.841° W,
55.325° N and a depth of 32.2 km (occurred at 06:15:47
UTC) with aftershocks mainly distributed to the east of the epi-
center having the largest magnitude of Mw 6.9 occurred on 14
August 2021 (see Fig. 1). The earthquake was located approxi-
mately 60 km east of the July 2020 Shumagin event (Crowell and
Melgar, 2020; Liu et al., 2020; Ye et al., 2021), which was followed
by another tsunamigenic earthquake of magnitude Mw 7.6 in
October 2020 (Herman and Furlong, 2021; Santellanes et al.,
2021). Furthermore, the July 2021 event ruptured the same meg-
athrust segment of the November 1938 Mw 8.2 Semidi earth-
quake (Johnson and Satake, 1994; Freymueller et al., 2021),
where a more heterogeneous distribution of plate coupling from
strongly to intermediately locked regions was identified (Li and
Freymueller, 2018). Similar to its predecessors (the 1938 and the
2020 events), the July 2021 event was a tsunamigenic earthquake
inducing a Pacific-wide tsunami registered at local and global
tsunami observation networks (Fig. 1).

Apart from the 1938 and 2020 tsunamis (Fig. 1) generated
within the proximity of the July 2021 event, the Alaskan-
Aleutian subduction zone has also been responsible for multiple

historical tsunamis. The two most notable events with reported
casualties are: the 1946 Aleutian earthquake (Mw 8.6) tsunami
producing up to 16 and 42 m runup in the far- and near-field
respectively (Johnson and Satake, 1997; Tanioka and Seno, 2001;
Okal, 2003), and the 1964 Alaska tsunami caused by the world’s
second largest instrumentally recorded earthquake of magnitude
Mw 9.2 (Plafker, 1965; Johnson et al., 1996; Suleimani and
Freymueller, 2020). The latter was also associated with cascading
hazards from submarine landslide tsunamis which particularly
intensified the local tsunami impacts (Suleimani et al., 2011;
Parsons et al., 2014). Given the susceptibility of the Alaska-
Aleutian subduction zone to earthquakes and tsunamis, it
is important to understand the nature of the seismic and tsuna-
migenic potential occurring in the region including the July
2021 event.
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To this end, we conduct a spectral analysis of the sea level
data to identify main tsunami energy channels separated from
its background spectra together with a wavelet analysis, which
would reveal the characteristics of the source and the generated
water waves (Rabinovich, 1997; Heidarzadeh and Gusman,
2021). Furthermore, the USGS provided fault slip distribution
models inferred from seismic data only as well as jointly with
geodetic observations (see Data and Resources). Here, we
examine the performances of those source models in recon-
structing the observed tsunami waveforms through numerical
simulations. Finally, as the water depth is more relatively
known than the seismic velocity structure, we perform a tsu-
nami waveform inversion and a joint inversion of tsunami and
static Global Navigation Satellite System (GNSS) offsets data
(Satake, 1993; Gusman et al., 2015) to further investigate
the rupture extent from the tsunami genesis perspective and
obtain additional insights on the preferred source modeling
for the study area.

Data Acquisition and Preprocessing
We select observation stations that exhibit clear tsunami signals
from the July 2021 event. As shown in Figure 1, these stations
comprise 18 Deep-ocean Assessment and Reporting of Tsunamis
(DART) buoys and 10 tide gauges operated by the United States
National Oceanic and Atmospheric Administration. However,
for spectral and wavelet analyses, only a few nearest stations

to the epicenter will be accounted for. For verifying tsunami sim-
ulation results and the inversion analysis, we remove the tide by
estimating it through a polynomial fit to the water level and
resample the data into 15 s interval. Here, we only consider
the DART data for the inversion because they are free from
coastal effects and accurate tsunami simulations at tide gauges
typically require a higher bathymetry resolution than that used
in this study. To better constrain the displacement occurring
inland and the total moment release, we utilize static displace-
ment offsets at 16 GNSS stations processed by the Nevada
Geodetic Laboratory. The bathymetry data for the tsunami sim-
ulations is based on the General Bathymetric Charts of the
Oceans (GEBCO) 2020 digital grid which has an original spatial
resolution of 15 arcsec (Tozer et al., 2019).
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Figure 1. Bathymetry of the study area, the tsunami observation
points of Deep-ocean Assessment and Reporting of Tsunamis
(DART) and tide gauge, the epicenter, and the Global Centroid
Moment Tensor (Global CMT) solution. DART data at stations
with black dots are not used in the inversion. Contours represent
theoretical tsunami travel times at 1 hr intervals. The inset shows
U.S. Geological Survey National Earthquake Information Center
(USGS-NEIC) 20 days aftershock distribution and epicenters
(stars) of the November 1938 (Mw 8.2), July 2020 (Mw 7.8), and
July 2021 (Mw 8.2) events. The color version of this figure is
available only in the electronic edition.
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Tsunami Simulation
For the tsunami simulation we use the linear shallow water
equations implemented using a numerical package called
JAGURS (Baba et al., 2015), which is also used to calculate
tsunami Green’s functions for the inversion. We discretize
the model domain using three different grid sizes with water
depth resampled from the GEBCO bathymetry. The smallest
grid size of 20 arcsec is meant for the computation of tsunami
at tide gauges, whereas larger grid sizes of 60 arcsec and
180 arcsec are for the near- and far-field DART stations
respectively. For all simulations, we assume an instantaneous
deformation and incorporate the horizontal displacements of
ocean bottom in addition to vertical displacements (Tanioka
and Satake, 1996) and consider the Kajiura’s filter (Kajiura,
1963) when calculating the initial displacement from the fault
slip models using Okada’s dislocation model (Okada, 1985).
In addition, we apply a phase correction method (Watada
et al., 2014) to incorporate dispersion effects during far-field
tsunami propagation as a result of elastic loading of seafloor,

seawater compressibility, and
the geopotential variation on
the simulated waveforms.

Tsunami Spectral
Peaks and Their
Temporal
Variations
Spectral analysis of tsunami
waves by applying Fourier
and wavelet methods has
proven to be beneficial for esti-
mating the source of the tsu-
nami and preparing the
subfault layout for further
studies such as seismic, geo-
detic or tsunami inversions
(e.g., Heidarzadeh and Satake,
2014). We perform spectral
analyses for both DART and
tide gauge tsunami observa-
tions to provide a holistic
understanding of the tsunami’s
characteristics (Figs. 2 and 3).
DARTs provide deep-ocean
measurements at the open
ocean and thus mostly carry
tsunami source characteristics
(e.g., Rabinovich, 2009). Tide
gauges are located at the
coastal areas within harbors
and therefore record a mix of
waves generated by both tsu-

nami source and during propagation such as shelf, bay, and
harbor effects. Fourier analysis is performed by applying a
modified version of the Welch algorithm (Welch, 1967)
adapted in MathWorks (2021). The lengths of the waveforms
used for Fourier analysis are 250 and 500 min for the DARTs
and tide gauges, respectively. The shorter waveform lengths
used for DARTs are due to lack of any longer high sampling
waveforms for DARTs. Tide gauge data has a constant 1 min
sampling interval, whereas DART data has a 15 min sampling
interval under a standard mode and 15 s to 1 min during an
event mode at a limited time period following major earth-
quakes. In addition, the wavelet analysis is carried out using
the wavelet package of Torrence and Compo (1998) with
Morlet mother function.

Based on Figure 2, tsunami spectra are separated from the
background spectra at the period band of 17–103 min with
multiple spectral peaks at 19, 20, 23, 30, 39, 57, 64, and
73 min. In all stations, except for Sand Point, the largest spec-
tral peak occurs at the period band of 57–73 min which can be
considered as the most dominant period of the tsunami

Figure 2. Spectra for DART (a) and tide gauge (b) records of the 29 July 2021 Alaska tsunami. The
black and blue colors indicate the background and tsunami signals, respectively. The dashed lines
show the 95% confidence interval of the spectra. The background spectrum is not calculated for
D46403 because background sea level data are not available for this station. The color version of
this figure is available only in the electronic edition.
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(Fig. 2). In addition to the most dominant period band of
57–73 min, there is another dominant wave at period band
of 19–32 min which appears in most stations and can be also
attributed to the tsunami source (Fig. 2). Wavelet plots (Fig. 3)
demonstrate the temporal variations of peak tsunami periods.
They reveal that the two period bands of 57–73 min and
19–32 min exist in all stations as it was shown by the spectra
as well. Two tide gauge stations of Sand Point and Alitak show
long and strong oscillations at the period of 39 min. It is
notable that such a signal is absent in all other stations (both

DARTs and tide gauges). It is likely that this 39 min signal is a
local shelf, bay, or strait oscillation signal triggered by tsunami
propagation over the wide (∼160 km) and shallow continental
shelf (less than 200 m water depth) of the region, which accom-
modates multiple bays and straits. Tsunami waveform and

Figure 3. Wavelet plots for DART (a) and tide gauge (b) records of
the 29 July 2021 Alaska tsunami. Vertical red lines marked by “E”
represent the earthquake origin time. The color version of this
figure is available only in the electronic edition.
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wavelet plot in Sand Point (Fig. 3b) reveals that a relatively
monochromatic wave starts at around 18:00 on 29 July, which
has a period of 39 min. This 39 min signal in Sand Point starts
approximately 9 hr after the first tsunami arrival at this station.
The late onset of this 39 min signal indicates that it is a sec-
ondary local shelf, bay, or strait oscillation signal triggered by
the tsunami. Given the typical length of approximately 20–
25 km and a water depth of 150–200 m for the bays or straits
around the Sand Point station, an oscillation period of 30–
43 min is expected from the equation for the fundamental
oscillation mode of open-mouth basins (Rabinovich, 2009).

USGS Source Models
The USGS fault-slip model shown in Figure 4a,b is based on a
joint inversion of seismic and geodetic data comprising of 44
teleseismic broadband P waveforms, 16 broadband SH wave-
forms, 60 long-period surface waveforms, one regional strong-
motion accelerometer waveform, six high-rate GNSS wave-
forms, and 16 static GNSS offsets. The inversion uses a 1D
crustal model interpolated from LITH1.0 (Pasyanos et al.,
2014) and an inversion algorithm by Ji et al. (2002). Using
a strike angle of 243° and a dip angle of 14°, the finite-fault

solution of this model consists of 21 and 14 subfaults along
strike and down-dip, respectively, with a subfault size of
14 km × 14 km. The resulted main slip region encompasses
the aftershock distribution with an average slip of 2.4 m for
regions with slip ≥1 m, and a maximum slip of 4.8 m located
to the northeast of the epicenter at a depth of ∼30 km.
Consistent with the Global Centroid Moment Tensor
(Global CMT) solution, the mean rake angle is 92° indicating
a pure thrust faulting, and the estimated seismic moment
release is 2:89 × 1021 N · m (Mw 8.2).

The calculated displacements from the slip at GNSS stations
demonstrate a good agreement with the observations (Fig. 4a,
b). A clear example can be seen at the nearest station of AB13
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Figure 4. Panels (a,c) show the slip distribution and panels (b,
d) show comparisons of the calculated and observed coseismic
displacements (vertical and horizontal) at Global Navigation
Satellite System (GNSS) stations. Dashed contours indicate the
plate interface depth from the Slab2 model (Hayes et al., 2018),
and brown contours mark the 200 m water depth. (a,b) USGS
and (c,d) this study. The color version of this figure is available
only in the electronic edition.
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registering horizontal and vertical offsets of 43 and 7 cm,
respectively. The initial tsunami source or 2D vertical coseis-
mic displacement depicts a maximum uplift of 90 and −50 cm
of subsidence. However, the simulated tsunami waveforms
from this source model overestimate the observation at all
DART stations (Fig. 5). There are also systematic early tsunami
arrivals which can be up to 20 min at some distant stations,
whereas the observed later phases can be reproduced reason-
ably well.

In addition, we also simulate the tsunami from another
USGS slip model inferred using seismic data only (Fig. S1,
available in the supplemental material to this article).
Although the subfault size is similar to the previous model
(14 km × 14 km), the overall fault dimension (22 × 18 sub-
faults) is slightly larger. The maximum slip of this model is
only 2.9 m (Fig. S1a) resulting in a smaller maximum uplift
of 67 cm (Fig. S1b). Remarkably, although the GNSS data
are not considered in the inversion, the modeled vertical
and horizontal offsets show a decent agreement with the

observations. However, despite the smaller slip amount, the
tsunami waveforms from this source model yet overestimate
the observation at most of the DART stations (Fig. S1c).

Tsunami Source Inversion
We estimate the slip distribution using a joint inversion of tsu-
nami waveforms and coseismic offsets. The data are from 16
DART stations and 16 GNSS stations. The DART stations
46403 and 46410 exhibit strong interference from seismic sig-
nals and incomplete records. Although such signals can be uti-
lized for earthquakes studies (An et al., 2017; Kubota et al.,
2017, 2021), we opt to exclude them in the inversion as the
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number and azimuthal coverage of the remaining stations are
sufficient for our case. We use the data at the two stations
(46403 and 46410) only for comparisons with the simulation
results as they still provide useful information on the later
phases. The fault geometry (strike, dip, depth, size, and loca-
tion of the subfaults) for the tsunami waveform inversion is the
same as the one used for the joint inversion of the USGS model.
To enable the estimation of rake angle, the Green’s functions
include synthetic tsunami waveforms and horizontal and
vertical displacements at GNSS stations from rake angles of
45° and 135° for each subfault. The nonnegative least square
method (Lawson and Hanson, 1995) is used for the inversion.
We apply a spatial smoothness constraint through a Laplacian
operator with a selected hyperparameter of 0.01 and an equal
weighting for the GNSS and tsunami data. The hyperpara-
meter and the weight are found by trial and error, as their opti-
mal values are not easy to determine. Neither tsunami nor
GNSS coseismic offset data are sensitive to rupture velocity
as rupture velocities of typical earthquakes (1.5–2.5 km/s)
are much faster than tsunamis (0.2 km/s at 4 km water depth)
(Gusman et al., 2015). Therefore, an instantaneous rupture
process (rupture velocity Vr � ∞) is assumed in the inversion
with the zero rise time. More details for the tsunami waveform
inversion algorithm used in this study are available in previous
studies (e.g., Gusman et al., 2010, 2015).

The estimated source model has a main slip patch that is
centered at ∼60 km east of the epicenter with maximum slip
of 4.8 m and at a depth of ∼30 km (Fig. 4c,d). The mean slip is
2.6 m over subfaults with slip ≥1 m. Although the maximum
and mean slip resemble the USGS source model, the estimated
average rake angle is 101° which is slightly larger, probably
because tsunami data could not precisely constrain the rake
angle. The seismic moment associated with the estimated slip
distribution is 1:39 × 1021N · m (assuming a rigidity of
40 GPa), equivalent to Mw 8.1. This estimate is smaller than
the Global CMT moment tensor solution (2:96 × 1021 N · m,
Mw 8.2) or seismic moment of USGS finite-fault model
(2:89 × 1021 N · m, Mw 8.2) due to various factors, one of
which is the uncertainty of the assumed rigidity. The inversion
result of our preferred source model is provided in the supple-
mental material.

Figure 4c,d also shows that the maximum uplift is 104 cm
and subsidence is −60 cm as a result of a relatively deep main
slip patch, which limited the coastal tsunami impacts despite
the large earthquake magnitude. The highest tsunami ampli-
tude is only ∼5 cm in the open ocean at the DART 46414
and is ∼50 cm in the coastal area at the Sand Point tide gauge.
The vertical and horizontal displacements at GNSS stations
have been simulated with slightly larger misfits to the obser-
vations relative to the USGS model. The advantage of this
source model is highlighted by the fit of tsunami waveforms
at all DART stations (Fig. 5). The simulated tsunami ampli-
tudes exhibit good approximation to the observations, and

the aforementioned issue on the early arrival has been substan-
tially diminished.

The result of tsunami waveform inversion without GNSS
data is shown in Figure S2. The average rake angle of this source
model is 82°. In general, the slip distribution (Fig. S2a) and the
coseismic vertical displacement (Fig. S2b) of this model show
similar spatial patterns to the joint tsunami and static GNSS
data inversion result, but with smaller slip amounts, hence
the flatter displacement. This particular spatial extent of slip
with the associated vertical displacement seems to be the main
factor influencing the resultant tsunami as it produces better fit
of simulated and observed tsunami waveforms than the USGS
model (Fig. S2c). However, the agreement between observed and
modeled vertical and horizontal offsets at GNSS stations is
rather poor. Moreover, without the GNSS data, the estimated
seismic moment from this slip model is 1:09 × 1021 N · m
(Mw 8.0), even smaller than the joint inversion.

Discussion
The phase correction method has been used to circumvent the
travel-time discrepancy between the observed transoceanic tsu-
nami and the simulation result by the nondispersive shallow
water equations (Watada et al., 2014; Ho et al., 2017; Fujii et al.,
2021). Previous studies have demonstrated the important role of
dispersive waves on the inversion result (Saito et al., 2011;
Hossen et al., 2015; Mulia et al., 2018). We apply the phase
correction method that introduces the dispersive characteristic
to tsunami waveforms from both source models (USGS and this
study). However, the travel-time discrepancy persists in tsunami
waveforms from the USGS source model. Even at DART
stations 46402, 46408, and 46413 where the travel-time discrep-
ancy is expected to be minimum (Fig. S3) considering the rel-
atively short source-to-station distances (Gusman et al., 2016),
the early arrivals of tsunami are still apparent (Fig. 5). Therefore,
the systematic early arrivals particularly exhibited by the simu-
lated waveforms from the USGS source model at DART stations
located west of the epicenter are likely ascribed to the source.
From Figure 4, we can see that the main slip region of our finite
fault model is somewhat shifted toward the northeast relative to
the USGS source model. As a result, the initial water surface is
displaced northeastward leading to later and more accurate
arrival times at western DART stations.

The overestimation of tsunami amplitudes by the USGS
source model is due to the slip near the trench at depth of less
than 20 km (Fig. 4a,b) which is not apparent in our source
model (Fig. 4c,d). The spreading of slip is likely artifacts caused
by the regularization factor that can be avoided using a trans-
dimensional inversion (Dettmer et al., 2014; Kubo et al., 2022).
The shallow slip is responsible for the extended displacement
seaward from the shelf break which also cause subtle early arriv-
als at eastern DART stations from 46409 to 46407 (Fig. 5).
The cross section of simulated tsunamis shown in Figure 6b
indicates that the higher amplitude waves by the USGS source
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model—observed later at DART buoys—remain from a portion
of the initially displaced water surface at deeper waters of more
than 200 m marking the shelf break (Fig. 6c). On the contrary,
the propagating high-amplitude waves do not exist in our result
despite the higher initial uplift of∼100 cm than the USGSmodel
(∼80 cm). This is because the initial displacement predomi-
nantly occurs beneath the shallow water depths, thus the sea-
ward propagating tsunami is subjected to a reverse shoaling
effect. Such an effect would reduce the wave amplitude and
increase the wavelength and phase velocity depending on the
water depth transition (Vitousek et al., 2008; Bryan and
Power, 2020). Because of the broad continental shelf and the
earthquake location (Fig. 6d), this event provides a unique data-
set to show this reverse shoaling phenomena contributing to the
characteristic of the tsunami waveforms. Therefore, an accurate
estimation of the rupture up-dip limit is crucial for simulating
the tsunami in the study area.

In conjunction with the reverse shoaling effect, the long tsu-
nami periods associated with the July 2021 Alaska earthquake of
57–73 min can also be attributed to the shallow water depth
around the source area (less than 200 m; Fig. 4) as the tsunami
period is inversely correlated with the square root of water depth
(e.g., Rabinovich and Thomson, 2007). In this region, the shallow
continental shelf is very broad which can reach up to 160 km
from shoreline. Such a long tsunami period was previously
reported for other tsunamis in the same region. For example,
a dominant tsunami period of 51–64 min was reported for
the July 2020 Alaska tsunami following an Mw 7.8 earthquake

(Heidarzadeh and Mulia, 2021; Mulia et al., 2022). A tsunami
period of 57–73 min from anMw 8.2 event appears significantly
longer than that for similar-size events in other subduction
zones. For a comparison, the April 2014 tsunami from an
Mw 8.2 earthquake in Illapel (Chile) produced a tsunami with
dominant period of only 15–21 min (Heidarzadeh et al., 2015).
Furthermore, from comparisons with other world’s major sub-
duction zones, Mulia et al. (2022) found that the long-period
tsunami can be uniquely associated with the Alaska-Aleutians
region.

Tsunami simulation results from source models of both the
USGS and this study at tide gauges are presented in Figure 7.
The early arrival of simulated waveforms from the USGS source
model is also manifested at tide gauges located west of the source
region, from Dutch Harbor to Adak Island. At Sand Point, how-
ever, the USGS model results in a better waveform fit to the
observation than our model, particularly at the first 4 hr of
the time series. Being the nearest station to the source, tsunami
data at Sand Point is expected to be more sensitive to the slip
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distribution. Ideally, such data should be incorporated in the
inversion. However, better or higher resolution bathymetry data
are needed to more confidently assess the sensitivity of tsunami
data at near-field tide gauges to the slip pattern. The insufficient
grid resolution can cause spurious numerical oscillations as
shown by the simulated waveforms at several tide gauges includ-
ing Sand Point.

Nevertheless, the open ocean observations at DARTs have
hinted that the July 2021 Alaska earthquake did not involve
rupture at depths shallower than ∼20 km, otherwise it will pro-
duce incompatible tsunami waveforms with the observations.
Historically, the earthquake resembles the 1938 Semidi earth-
quake with a similar estimated moment magnitude of Mw 8.2
(Kanamori, 1977; Johnson and Satake, 1994). However,
using a more precise plate interface geometry estimation,
Freymueller et al. (2021) suggested that the main slip zone of
1938 Semidi earthquake occurred on the shallow portion of
the megathrust (trench to ∼30 km depth) further to the east

of the July 2021 event, which
corresponds to the strongly
locked interseismic segment
(Li and Freymueller, 2018).
Referring to the same coupling
model by Li and Freymueller
(2018), the July 2021 earthquake
ruptured the transitional zone
between strongly and moder-
ately locked region. More
importantly, the rupture con-
fined within the mid-depth sec-
tion (20–40 km) indicates that
the July 2021 earthquake did
not release the accumulated
strain on the near trench por-
tion. Thus, if not aseismic, the
region may be susceptible to
future shallow megathrust
event.

Conclusion
The tsunami generated by the
July 2021Mw 8.2 Alaska earth-
quake was characterized by
long-period waves of 57–
73 min, which are considerably
longer than that normally
expected from its earthquake
magnitude. Such an occurrence
can be attributed to the unique
geological feature of the region
with a broad continental shelf,
on which the coseismic dis-
placement from the interplate

slip at depth of more than ∼20 km takes place. In addition
to the reverse shoaling effect, the source area generated over
the shallow water depths would excite long-period waves.
Our inversion result revealed that the main slip zone is located
northeast slightly further to the epicenter than the USGS source
model. Furthermore, the tsunami simulations implied that the
rupture up-dip limit was restricted at a depth of ∼20 km. This is
because shallow slips on the near trench section would displace
the water surface at deeper water depths extending seaward
from the shelf break, thus generate erroneously high-amplitude
tsunami waves.

Data and Resources
The tsunami data are provided by United States National Oceanic and
Atmospheric Administration’s Tides and Currents (https://tidesand-
currents.noaa.gov/) and Deep-ocean Assessment and Reporting of
Tsunamis (DART) program (https://nctr.pmel.noaa.gov/Dart/).
Processed static Global Navigation Satellite System (GNSS) offsets were
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obtained from the Nevada Geodetic Laboratory (http://geodesy.unr.edu/).
Bathymetric data are based on General Bathymetric Charts of the
Oceans (GEBCO) 2020 Grid available at https://www.gebco.net/
data_and_products/gridded_bathymetry_data/. The aftershock dis-
tribution is based on the U.S. Geological Survey National Earthquake
Information Center (USGS-NIEC) earthquake catalog (https://
earthquake.usgs.gov/earthquakes/search/). The Global Centroid
Moment Tensor (Global CMT) solution (Dziewonski et al., 1981;
Ekström et al., 2012) is available at https://www.globalcmt.org/.
All figures were produced using the Generic Mapping Tools
(GMT) software (Wessel and Smith, 1991). The USGS fault slip dis-
tribution models are available at https://earthquake.usgs.gov/
earthquakes/eventpage/ak0219neiszm/executive. The supplemental
material contains Figures S1–S3 and the result of our preferred
source model in a csv file format. All websites were last accessed
in May 2022.
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