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Abstract Modeling of tsunami wave propagation for forecasting focuses on the arrival time and
amplitude of the earliest tsunami waves reaching coastlines. The complex later tsunami wavefield, in
which scattering is predominant, poses additional hazards due to possible constructive interference of
coherent packets of wave energy. However, almost no data sets exist to characterize the geographical sources
and temporal evolution of the scattered waves. Here we show how recordings of the 2011 Tohoku tsunami by
an array of pressure gauge sensors in the northeastern Pacific Ocean reveal coherent waves that are
produced by scattering from distant coastlines including South America and Antarctica, as well as multiple
seafloor fracture zones, ridges, and island chains. Multiple signal classification analysis and backward
propagation ray tracing provide tight constraints on the origin of each scattered phase and resolve
simultaneous wave arrivals from different scatterers. Incoming waves from constant back azimuths occur
over time durations of several hours, revealing the time persistence of specific geographical scatterers. The
results can advance numerical predictions of tsunami wave impact because they provide direct evidence
for the necessity of incorporating both local and distant bathymetry over a range of length scales and for long
time durations, to account for the azimuthal dependence of scatterer strength.

Plain Language Summary An array of sensors on the seafloor off the coast of California
recorded the global tsunami produced by the 2011 magnitude 9.0 Tohoku, Japan, earthquake. The
tsunami data recorded across the array show multiple, coherent waves arriving between 1 hr and more than
40 hr after the initial tsunami wave. Such long-duration tsunami waves are of concern because they arrive
at distant coastlines long after the first, direct wave arrival. They can become amplified as they are
influenced by the geometries of ports and harbors, sometimes causing damaging runup and inundation. This
study involved a technique that takes advantage of similarities in data among the sensors to investigate
which seafloor structures in the Pacific Ocean caused the long-lasting, later-arriving tsunami waves. By
projecting the waves backward in space and time, specific structures were identified by pinpointing the
geographical directions from which each wave arrived. The structures include distant coastlines, including
those along South America and Antarctica, as well as many seafloor fracture zones, island and seamount
chains, and mid-ocean ridges. Unless later-arriving wave amplitudes are adequately modeled over the
deep, open ocean regions through which a tsunami wave propagates, their effects on distant coastlines may
be severely underestimated.

1. Introduction

Accurate identification of large-amplitude scattered tsunami wave arrivals has implications for forecasting
because it enables effective, time-evolving tsunami warnings for specific stretches of distant coastline.
Tsunami modeling in operational warning systems is necessarily based on computationally efficient but sim-
plified procedures that focus on the main first arrival. However, later tsunami arrivals have been damaging
in a number of cases, especially if the population is unaware of the persistence time of the hazard
(Barberopoulou et al., 2014; Contreras et al., 2016; Koshimura et al., 2008; Kowalik et al., 2008;
Pattiaratchi & Wijeratne, 2009). Similar simplifying assumptions are pervasive in the way tsunami data
are currently used to infer earthquake source properties: Usually, the first tsunami arrivals are typically con-
sidered in earthquake source inversions, though recent studies focus on how later tsunami arrivals can also
be used to investigate the earthquake source process (Gusman et al., 2017; Kubota et al., 2018; Suppasri
et al., 2017). While the governing equations of trans-oceanic tsunami propagation are well established,
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some implications of the theory have received attention only after limitations of the available data were over-
come. For instance, it is thanks to recordings of huge tsunamis in the past decade that research on
long-period tsunami dispersion has gained new impetus (Tsai et al., 2013). Munk (1963) was among the first
to identify tsunami scattering properties such as reverberations, decay times, and basin-wide energy diffu-
sion using long-duration data from the 1960 M9.5 Chile earthquake (Miller et al., 1962). Scattering by
mid-ocean bathymetry features is theoretically expected to affect tsunami waves, modifying their ampli-
tudes, energy packet travel times, duration, and propagation direction (Mofjeld et al., 2000, 2001, 2004;
Saito & Furumura, 2009). However, it is difficult to validate the theory of tsunami scattering, primarily
because only a handful of large or regional tsunamis have been recorded on pressure gauge arrays with inter-
station spacing small enough, or for long-enough continuous time durations (Fukao et al., 2008; Gusman
etal., 2016; Kubota et al., 2020; Matsumoto et al., 2017; Mizutani & Yomogida, 2019; Sandanbata et al., 2018;
Sheehan et al., 2019; Thomson et al., 2011; Wang et al., 2019), to resolve the source of scattered waves.

Shorter-period waves (~10-30 min) in particular are influenced by the geometries of ports, harbors, and mar-
itime facilities; this dependence, in turn, results in later-arriving, hazardous, tsunami-induced effects such as
strong, persistent currents, jets, and large eddies (Borrero et al., 2015). In addition, this period band encom-
passes the range of periods seen in waves causing damaging runup and inundation in different locations
around the world (Okal, Fritz, Raad et al., 2006; Okal, Fritz, Raveloson et al., 2006). This band is complemen-
tary to long-period tsunami observations (Heidarzadeh & Satake, 2014), but it is much more rarely observed
in arrays of multiple sensors because of limited sample rates that are almost always too low and limited
recording time durations where records either stop after a few hours or are further severely downsampled
at the longer times.

Here we present a high-resolution analysis of a unique data set with the aim of advancing our understanding
of tsunami wave scattering. The 11 March 2011 M,,, 9.0 Tohoku, Japan, earthquake resulted in a major tsu-
nami that propagated across the Pacific Ocean. A temporary array of ocean bottom seismometers (OBS) and
differential pressure gauges (DPG) was deployed far off the coast of Southern California (Figure 1a), where it
recorded the subsequent tsunami with unprecedented spatial and temporal resolution (Figure 1b) (Kohler &
Science Team, 2010, 2011; Lin et al., 2015). This array comprised the ALBACORE (Asthenospheric and
Lithospheric Broadband Architecture from the California Offshore Region Experiment) deployment and
spanned a region that was 150 km north-south by 400 km east-west. It extended into the deep open
Pacific Ocean, west of the continental shelf edge. In this array, 22 stations with an average spacing of
75 km were equipped with DPGs that recorded waveform time series data continuously at 50 samples per
second (sps). The spatial and temporal resolution of the tsunami data enabled by the dense ALBACORE
array configuration makes it possible to investigate features in the tsunami waveforms, especially the later
but still prominent and coherent tsunami waves, which have not previously been observed with this level
of clarity on these spatial and temporal scales.

The ability to identify potential sources of seafloor and coastline topographic scattering of tsunami waves is
necessary to characterize the physical mechanisms of the long-duration scattering process. Classical beam-
forming has been previously applied to tsunami waveforms recorded by arrays of sensors to determine the
direction-of-arrival of the incoming wave energy packets (e.g., Hanson & Bowman, 2005; Shi et al., 2017);
however, it has limited ability to discriminate between true signals and noise unrelated to the tsunami
energy, even after narrowband filtering. Nor does it distinguish between contemporaneous arrivals of energy
from different scattering sources. In this study, we show how the application of a high-resolution array-pro-
cessing technique to the dense ALBACORE tsunami data set leads to the identification of scattered tsunami
wave arrivals and the accurate estimation of their direction-of-arrival (back azimuth). We apply the Multiple
Signal Classification (MUSIC) beamforming method (Schmidt, 1986) to the Tohoku tsunami data, because
of its increased resolution in determining the direction-of-arrivals over conventional delay-and-sum and
coherence beamforming methods.

The specific seafloor bathymetric structures that caused scattering are then identified through backprojec-
tion (reverse wave tracking) based on the direction-of-arrival estimated from narrow band tsunami wave sig-
nals. Backprojection techniques have been applied to many fields including seismological and
oceanographic phenomena to define spatiotemporal features of source processes (Hayashi et al., 2011;
Heidarzadeh & Satake, 2014; Meng et al., 2011; Zhang et al., 2009). The spatial and temporal evolution of
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Figure 1. Offshore California ocean bottom pressure gauge locations and 2011 Tohoku tsunami waveforms. (a) Subset of
differential pressure gauges that recorded the Tohoku tsunami used in this study (red triangles). (b) Tsunami
waveforms, band-pass filtered 10-30 min, each normalized by the same constant to show relative amplitudes from sensor
to sensor. Black waveforms correspond to subset of sensors used. Positive waveform polarities are filled in. Back
azimuth = tsunami direction-of-arrival angle with respect to north between sensor and earthquake location.

earthquake ruptures has been imaged by backprojection of seismic waves recorded by dense arrays to track
the source regions that generate strong and coherent high-frequency radiation (Fletcher et al., 2006; Ishii
et al.,, 2005). Tsunami recordings by ocean bottom arrays have been used to locate a tsunami source
(Fukao et al., 2008). Tsunami data assimilation has been proposed to predict later arrivals at coastlines in
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real time to reconstruct the wavefield (Gusman et al., 2016; Maeda et al., 2015; Sheehan et al., 2019; Wang
et al., 2019) which, although promising, requires numerical simulations and further assumptions about
the wavefield.

The present work is a first application of a data-driven, high-resolution, beamforming technique to resolve
tsunami scattering temporally and spatially. In this paper, we use the comprehensive definition of “scat-
tered waves” that include reflected, refracted, and diffracted waves, as well as random waves. We use
the term “coda” to refer to all observed wave energy that arrives after the first, direct, tsunami wave arri-
val, as recorded in the ALBACORE data. We deliberately focus on the shorter-period range because of the
hazard implications of wave amplification at harbors and ports, since these are the final destinations of the
scattered waves.

2. Beamforming of Tsunami Waves

The first step in our analysis is to identify coherent waves present on sliding time windows of the array
data and estimate their direction-of-arrival at the array. Our analysis uses 14 DPG sensors located in the
open ocean from the ALBACORE array near Southern California. It excludes sensors that were on the
continental shelf (Figure 1, east of the Patton Escarpment that defines the edge of the continental shelf)
to avoid complexity and bias due to local scattering sources such as nearby islands, irregularities in
the Southern California coastline, and the abrupt bathymetry gradient introduced at the Patton
Escarpment. It also excludes stations that did not return data due to faulty operation. To assess how
the scattered wavefield depends on frequency, which controls the ratio of wavelength-to-size of scattering
features, we conduct the analysis at various narrow frequency bands separately. The period bands
examined here are as follows: 9-11, 11-13, 13-15, 15-17, 17-19, 19-21, 21-23, 23-25, 25-27, 27-29,
and 29-31 min, corresponding to wavelengths between ~90 and ~315 km in 3,000 m water depth. A slid-
ing window of data is used that is 3 times the average period of each band, with beamforming applied at
each 100 s interval so that there is a considerable amount of overlap from one window to the next (Meng
et al., 2011).

The MUSIC method (Schmidt, 1986) is a subspace algorithm especially designed to determine the direction-
of-arrival of multiple waves recorded simultaneously by a dense array. For a detailed description we refer to
Meng et al. (2011, 2012), whose implementation we adapted to tsunami waves. Traditional beamforming
compares signals across an array, testing a range of possible time shifts according to different directions
and speeds of wave propagation, until the waveforms are most similar. MUSIC beamforming is a modifica-
tion that includes an eigenvalue decomposition to distinguish true signals from noise and it consequently
sharpens or improves the beamform image (Meng et al., 2011, 2012; Schmidt, 1986).

To describe the MUSIC algorithm, we first start with a brief description of standard coherence beamforming.
This is performed in the following way: (1) At a given time window and frequency, a cross-coherence matrix,
R, is constructed between all station pairs in the array, which measures the similarity of waveforms assum-
ing no time shifts are applied. That matrix is

R = | x2(@)x1 (@) x2(w)x2(w) . (€]

where x,(w) is the signal at the nth station for frequency, w. Because the time window contains only three
wave periods on average, a multitaper method (Thomson, 1982) is applied to improve the robustness of the
cross-spectrum estimate that is used in the cross-coherence matrix computations. (2) A grid search over all
possible azimuths and propagation speeds is next performed. For a given azimuth and wave speed, an inci-
dent plane wave can be expressed as a phase delay a,, between two stations, where a, = e~27/ " * S for the
nth station, fis frequency, S is the slowness vector, and r,, is the position vector of the station relative to an
arbitrary reference point of the array; in our case, this is a point in the middle of the pressure gauge array.
(3) In traditional beamforming, the appropriate delay is then applied to each station in the matrix R,,, and
the total power of time-shifted traces is given as a scalar:
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where a” denotes the transpose of a. The cumulative power, P, represents the success, or lack thereof, of
the plane wave having originated from that particular direction with that particular speed (again, pre-
scribed by the phase delays in each a,,).

Unique to the MUSIC approach, an eigenvalue decomposition of the matrix R, is first used to separate the
more significant signals from the less significant “noise.” The larger-amplitude eigenvalues are assumed to
be true signal, and the smaller eigenvalues are the noise. Rather than use the more significant eigenvectors,
it is actually more stable to collect those signals orthogonal to the noise eigenvectors. The final MUSIC
pseudo-spectrum (so named because it now only uses a subset of eigenvectors) is measured as follows:

aTa

3

Pyusic = P
An advantage of the MUSIC approach, given the tighter constraints between signal space and noise space, is
that it should be able to resolve multiple signals incident upon the array simultaneously, if they exist. As
such, secondary maxima of the MUSIC pseudo-spectra are also considered and deemed significant based
on their amplitudes relative to that of the primary maximum. We note that the MUSIC method assumes sig-
nals in the presence of Gaussian white noise. In our application of tsunami wavefronts, this noise may
include waves due to very localized scattering (i.e., within the scale of the array), localized wind effects on
the water waves, and instrument errors. Because of the spatially localized nature of these noise-generating
mechanisms, they are not coherent across the entire array.

In general beamforming applications, the slowness of the plane waves moving across the array is an addi-
tional unknown. However, the slowness of tsunami waves is sufficiently well known, based on bathymetry
and previous analysis of the ALBACORE data (Lin et al., 2015), so here we limit the search to a narrow range
of slownesses. For the beamforming, a narrow annulus of slowness is used to constrain possible
large-amplitude values in the pseudo-spectrum of interest (hereafter referred to as a “hot spot” in the “heat-
map”) to preclude aliasing effects. The cumulative energy in this annulus is plotted for each time window in
the coda waves (after the first arrival), as tsunami energy continues to arrive over the next 40 hr after the
initial direct arrival. Given MUSIC's sharpness in identifying the direction-of-arrival at each time window,
we use these heatmaps to manually identify significant sources of scattering (“scatterers”) to further inves-
tigate, with at least 30 hot spots for each period band considered as candidates for backward-propagated ray
tracing.

A disadvantage of the MUSIC approach is that amplitude information is effectively lost; traces are normal-
ized when measuring coherence, and the eigenvalue decomposition further distorts any measure of raw sig-
nal amplitude. To obtain a more robust measure of relative wave amplitudes, we turn to the more direct
delay-and-sum beamforming. Once an azimuth of interest is identified by MUSIC, the pressure gauge wave-
forms are simply time shifted and summed according to the direction-of-arrival indicated by MUSIC. This
sum can be related to the total power observed passing over our array (Rost & Thomas, 2002). We can then
compare the relative power arriving at a receiver at any time in the hours after the main arrival, reported in
decibels (dB), and indicated by open circles in Figure 6 and supporting information Figures S1-S11 (top
panels).

We also estimate the uncertainty of our direction-of-arrival estimates. We follow the approach of Fletcher
et al. (2006) to repeat the MUSIC identification after adding 1,000 realizations of randomly phase-shifted
noise to the waveforms. This lets us assess the method's robustness under background noise variations. In
each time window, a single maximum of slowness direction and magnitude is selected. For this selection,
rather than restricting our maximum solely to the annulus of slowness described here previously, we apply
a reduced weighting to amplitudes outside the annulus; energy is reduced linearly away from the expected
slowness such that aliased hot spots are unlikely to be selected. However, the pseudo-spectrum is other-
wise unaffected. Given the identified maxima for the time window, data are aligned and traces are aver-
aged to define a “master” waveform which is subtracted from all waveforms to create residual “noise.”
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These noise residuals are given random phase shifts for each frequency in the Fourier domain then added
back to the original master waveform, and the MUSIC process is repeated. Because these waveforms are
based on the same master waveform, ideally the new MUSIC pseudo-spectrum hot spot should be cen-
tered at a slowness of 0,0 in the east-west and north-south directions. The extent to which this hot spot
moves around over the course of 1,000 realizations of the randomly phase-shifted noise indicates the
strength and impact of the noise and thus our uncertainty. Given the variable hot spot peaks, a contour
is drawn for the 95% confidence level. This confidence contour is shifted back to the original MUSIC
pseudo-spectrum, and the minimum and maximum azimuths spanned are measured. Within a 95% con-
fidence level, the back azimuth angles are within +2.6°, and thus, we use this as the estimate of beam-
forming uncertainty in the following sections.

3. Backward Propagation Ray Tracing

We use the information from the coherent pseudo-spectrum amplitudes obtained in the previous step to
identify the actual geographic locations of the scatterers that may have produced them. To accomplish this,
we use a backward propagation ray tracing technique to trace the tsunami wave from the ALBACORE
array to the scattering source. First, we compute the travel times of a virtual tsunami that originates from
the center point of the 14 ALBACORE stations using the TTT travel time solver that assumes long waves
(shallow water) and Huygens principle for the propagating wavefront with a user-specified bathymetry
model (Amante & Eakins, 2009). However, since this approach assumes a ray approximation, we must first
account for the fact that the width of our filtered tsunami rays is not infinitely small. The filtered tsunami
wave travel times will be affected by bathymetry features as large as the wavelengths corresponding to the
period filter bands, that is, finite-frequency effects. We thus smooth ETOPO1 bathymetry (Amante &
Eakins, 2009) to the appropriate length scales corresponding to the period bands. In fact, we convert water
depth to wave slowness and smooth the slowness values to the relevant length scale. We then use the
smoothed bathymetry models as input to the solver to obtain the tsunami's 2-D travel time contour field
for the Pacific Ocean.

We next compute the gradient of the travel time to produce the velocity field. We start the ray tracing from
the virtual tsunami origin point (center of the ALBACORE array), making a small step in the direction of the
back azimuth of a selected hot spot identified in the previous beamforming section. We evaluate the new ray
direction at the end of the step by interpolating the computed velocity field and then make a new step. The
procedure is iterated until reaching the end result, which is a backward-traced ray corresponding to a spe-
cified back azimuth using the ALBACORE array as the starting point. We repeat the ray tracing for a range
of back azimuths spanning the uncertainty of our array-processing estimates. For each choice of hot spot
starting point, we use five takeoff back azimuth angles, in increments of +1.3° with respect to the center
(average) of the range, to reach our beamform uncertainty of +2.6°. The variation provides an indication
of the stability or certainty (uncertainty) in our results: In some cases, a slight variation in the starting ray's
takeoff angle results in a significantly different final location, and in other cases the rays robustly converge to
the same place.

The backward projection is done for each of the hot spots that have been computed for times T up to 40 hr
after the initial direct tsunami arrival. For given T, the backward rays end at the (x,y) location in the ocean
where the observed travel time matches the total travel time of a tsunami wave scattered at (x,y). This end
point satisfies the equation Tgirect + T = Trorward®)) + Thackward(y), Where Tgirec is the tsunami's short-
est-path travel time from the earthquake epicenter directly to the ALBACORE array (~9.8 hr), and
Trorwardy) and Tpackward(Xy) are two travel time fields computed forward from the Tohoku epicenter to
(x,y) and backward from ALBACORE to (x,y), respectively.

We cross reference the end points of the backward-traced rays with the corresponding bathymetry features
(Tarr et al., 2010) and manually identify the regions that contributed to a particular coherent arrival.
Figures 2-5 show the backward-propagated ray tracing and coherence results. Using the total energy com-
puted by standard delay-and-sum beamforming at the back azimuth and time identified by the MUSIC ana-
lysis, we assign an amplitude to each scatterer as shown by the open circles in Figure 6 (top).
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Figure 2. Backpropagation ray tracing results (top) for 17-19 min band using MUSIC pseudo-spectrum method
(bottom). Arrival time shown here is 2.3 hr into the tsunami coda (first tsunami wave arrival at array is ~9.8 hr after
earthquake). Red star = center of ALBACORE array. Magenta star = time point of coherence value used in this
backpropagation calculation. In the bottom panel, each sliding time window's MUSIC pseudo-spectrum is normalized to
one as shown in the normalized MUSIC color bar; thus, the colors correspond to time-varying maxima. In the top
panel, the black ray uses the center (average) of the back azimuth takeoff point (0°), gray rays indicate +1.3°, and white
rays indicate +2.6° spanning the uncertainty range. Rays stop at the Alaska coastline.

4. Interpretation of Scattering Sources

A feature that clearly stands out using the MUSIC pseudo-spectrum method is the long time duration of
coherent waves arriving from approximately constant azimuths (Figures 2-5, bottom). The high resolution
leads to clear identification of the long-term trends; the pseudo-spectrum versus azimuth figures show
incoming wave arrivals from a particular back azimuth range over time durations of a few to many hours,
aswell as persistent arrivals that begin many hours after the initial arrival. This suggests the time persistence
of specific geographical scatterers.

A comprehensive compilation of scatterers that we identified from back-propagated points in all bands
between 9 and 31 min is listed in supporting information Table S1, with highlights described here. This
compilation is not necessarily complete but represents a reasonable selection of unique scatterers within
the entire back azimuth range. Scatterers span many major fracture zones (Mendocino, Murray,
Molokai, Clipperton, Galapagos, Clarion, Marquesas, Easter, Challenger, Udintsev, and Valdivia), ridges
and rises (East Pacific, Pacific-Antarctic, Louisville, Chile, Sala y Gomez, Nazca, Juan Fernandez, and
Boudeuse), plateaus (Chatham and Kapingamarangi), and island chains and archipelagos (Hawaii,
Tahiti, Fiji, Samoa, Solomon, Shetland, Palmer, Tuamotu, Line, Society, and Austral). The Emperor and
Mellish Seamounts do not show up in our results as significant last-leg scatterers even though they have
previously been identified as sources of scattered energy (Tang et al., 2012). The reason for this is that they
are on a nearly direct wave path between Tohoku and Southern California. They might act as scatterers

KOHLER ET AL.

7 of 14



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB020221

20° 1.

0°(;
20° .
-40°

-60° 18

& —

120° 140° 160° 180° -160° -140° -120° -100° -80°

Azimuth (degrees)
Normalized MUSIC

0 . - .
10 15 20 25 30 35 40 45 50
Time After Earthquake (hours)

Figure 3. Backpropagation ray tracing results (top) for 13-15 min band using MUSIC pseudo-spectrum method results
(bottom). Arrival time shown here is 10.3 hr into tsunami coda (first tsunami wave arrival at array is ~9.8 hr after
earthquake). Red star = center of ALBACORE array. Magenta star = time point of coherence value used in this
backpropagation calculation. In the bottom panel, each sliding time window's MUSIC pseudo-spectrum is normalized to
one as shown in the normalized MUSIC color bar; thus, the colors correspond to time-varying maxima. In the top
panel, the black ray uses the center (average) of the back azimuth takeoff point (0°), gray rays indicate +1.3°, and white
rays indicate +2.6° spanning the uncertainty range. Rays stop at the Marquesas fracture zone in French Polynesia.

but will not cause a delay in arrival times in Southern California data and therefore will not be seen later
in the coda.

Several scattering regions are common to the wave paths in all of the narrow period bands. These are the
Gulf of Alaska coastline from the easternmost Aleutian Islands to northern British Columbia (e.g.,
Figure 2), central and Southern California, Baja California, southeast Hawaiian Islands region including
the westernmost Molokai Fracture Zone, structures within Fiji and Samoa Islands, and French Polynesia
(Figure 3). Clear, persistent arrivals originating from the South America and Antarctic coastlines
(Figures 4 and 5) are also present in all period bands at longer times. Reflections off the western South
American coastline include scattering locations between Ecuador and southern Chile, as well as several
ridge and fracture zones offshore Chile (Figure 4; additional examples are in Figures S2I, S7G, and S9H).
The longest-span scattered waves are the result of tsunami waves that have traveled south past the South
Pacific to Antarctica and reflected off the coastline at locations in the Ross Sea, Amundsen Sea, and
Bellingshausen Sea, depending on takeoff angle and intermediate scattering between those points
(Figure 5; additional examples are in Figures S3G, S4H, and S5I).

All rays for the 15-17 min band for the entire 10-50 hr (after earthquake) time window are shown cumula-
tively in Figure 6, to illustrate the time evolution of the scatterer locations. As expected, the more distant
scatterers such as Fiji, South America, and Antarctica coastlines take longer to arrive at the ALBACORE
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Figure 4. Backpropagation ray tracing results (top) for 15-17 min band using MUSIC pseudo-spectrum method results
(bottom). Arrival time shown here is 30.0 hr into tsunami coda (first tsunami wave arrival at array is ~9.8 hr after
earthquake). Red star = center of ALBACORE array. Magenta star = time point of coherence value used in this
backpropagation calculation. In the bottom panel, each sliding time window's MUSIC pseudo-spectrum is normalized to
one as shown in the normalized MUSIC color bar; thus, the colors correspond to time-varying maxima. In the top panel,
the black ray uses the center (average) of the back azimuth takeoff point (0°), gray rays indicate +1.3°, and white rays
indicate +2.6° spanning the uncertainty range. Gray rays converge with black ray. Rays stop at the southwest coastline of
Chile.

array. However, several locations are prominent scatterers for both shorter (<5 hr into coda) and longer
times (>5 hr into coda). For example, the Gulf of Alaska produces scattered arrivals within a wide range
of times most likely because it is proximal to the path of waves traveling directly from the Tohoku source,
and it is also the source of multiply reflected, refracted, or diffracted waves traveling within the Aleutian
Island and Bering Basin region. The power of the coherent arrivals, reported in decibels relative to the
strongest, early arrivals, is shown by the circle sizes in Figure 6. These decrease with increasing distance
from the scatterer, where the Hawaiian Islands is associated with the largest amplitude because it is one
of the earliest scatterers and has not suffered from as much geometrical spreading. While Figure 6
features some of the same bathymetry structures that are used to construct the tsunami scattering index
(Mofjeld et al., 2000, 2001, 2004), the inconsistencies between our amplitudes and the scattering index
values illustrate the azimuth dependence of the strength of those scatterers. We emphasize that these
powers only represent the wavefield as observed at the ALBACORE array, and the actual scattering
mechanism by a given bathymetric feature cannot be quantified by this single observation.

The application of the MUSIC method enables us to distinguish between two simultaneous arrivals from sig-
nificantly different back azimuths because it dramatically increases the temporal and azimuthal resolution;
this leads to smaller, more precise starting back azimuth angles for ray tracing. If the beamforming analysis
were conducted in real time, we could easily distinguish whether the observed tsunamis are approaching
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Figure 5. Backpropagation ray tracing results (top) for 9-11 min band using MUSIC pseudo-spectrum method results
(bottom). Arrival time shown here is 40.0 hr into tsunami coda (first tsunami wave arrival at array is ~9.8 hr after
earthquake). Red star = center of ALBACORE array. Magenta star = time point of coherence value used in this
backpropagation calculation. In the bottom panel, each sliding time window's MUSIC pseudo-spectrum is normalized to
one as shown in the normalized MUSIC color bar; thus, the colors correspond to time-varying maxima. In the top panel,
the black ray uses the center (average) of the back azimuth takeoff point (0°), gray rays indicate +1.3°, and white rays
indicate +2.6° spanning the uncertainty range. The three raypaths (black, gray, and white) coincide spatially in the
southern end of the raypath; thus, only the black ray shows up since the others lie underneath it. Rays stop at Antarctica
coastline in Ross Sea.

land or are moving out into the open ocean. In this study, MUSIC helps us determine whether there are two
possible sources of scattering for similar wave travel time windows. This is apparent at various times in the
period bands analyzed here (see entries in supporting information Table S1 where simultaneous arrivals
from different locations are described as “split” arrivals and Figures S7D and S8A for examples). In the
17-19 min band, two possible scatterer solutions occur at 4.8 and 5.3 hr into the coda with some waves
coming from the southern end of the Mid-Pacific Mountains and others from southwest Alaska (Table
S1). An example from the 15-17 min band includes waves from both the Murray Fracture Zone northeast
of the Hawaiian Islands and southwest Alaska coastline (at 1.2 hr into the coda). These and additional
solution pairs are documented in supporting information Table S1 and Figures S1-S11.

Our results indicate that for the entire 9-31 min period range, the types and geographical locations of most of
the scatterers are similar across all bands and thus similar across the corresponding tsunami wavelengths.
For example, fracture zones (e.g., Clarion, Clipperton, Marquesas, and Molokai) appear to be the source
of coherent waves for both shorter- and longer-period tsunami waves. We hypothesize that this is because
most of these scatterers have both long- and short-wavelength heterogeneity in their geometries. Local sec-
tions of coastline are the source of multiple arrivals observed both early and late in the coda, for example, the
Southern and central California coastlines and Baja California Peninsula in northern Mexico. In the case of
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Figure 6. Relative wave amplitudes (top) as a function of time for selected 15-17 min waves and their MUSIC
pseudo-spectrum values (bottom). Wave amplitudes in the top panel are indicated by circle sizes which show relative
power in logarithmic units (decibels). Circle is plotted at scatterer location for selected arrivals, indicated by magenta
stars, between 10 and 50 hr after earthquake. Ray colors, indicated in color bar, correspond to time after earthquake. In
the bottom panel, each sliding time window's MUSIC pseudo-spectrum is normalized to one as shown in the normalized
MUSIC color bar; thus, the colors correspond to time-varying maxima.

Southern California, the tsunami waves are likely being diffracted around the Point Conception headland on
the Southern-central California coastline as they are arriving from the Gulf of Alaska, though we cannot rule
out the possibility that they are multiple in-place reflections or the result of wave trapping between the local
island plateaus, coastline, and/or continental shelf (e.g., Gonzalez et al., 1995; Melgar & Ruiz-Angulo, 2018).
In the 9-11 min band, arrivals from near, but not directly at, the edge of the Antarctic coastline is interpreted
as possible reflections from the continental shelf offshore in the Ross Sea.

5. Conclusions

This study presents an experimental investigation into the complex, time-evolving tsunami coda wavefield—
the long-duration component of the tsunami wave that arrives at distant coastlines after the first, direct wave
arrival. This part of the wavefield poses significant additional hazard due to amplification of coherent pack-
ets of wave energy that can arrive at a coastline several hours after the first tsunami wave. We apply
high-resolution multiple signal analysis beamforming and backpropagation ray tracing to a dense array of
seafloor pressure gauge recordings made far offshore Southern California from the 2011 Tohoku tsunami
to characterize up to 2 days of coda wavefield data. While previous analyses have focused on numerical
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simulations, this data-based analysis reveals the variety of geographic locations in the Pacific Ocean that pro-
duced scattered phases in the coda. The combination of unique data set with high-resolution analysis
method makes it possible to resolve the following: the long time persistence of geographical scatterers, multi-
ple scatterers that produced simultaneous wave arrivals, and the azimuthal dependence of the strength of
the scatterers. The scatterers for the 9-31 min period range include many fracture zones in the Pacific
Ocean, island and seamount chains, mid-ocean ridges and rises, and local and distant coastlines including
those in South America and Antarctica.

This study provides new targets for tsunami propagation modeling approaches. One of the challenging
aspects of tsunami modeling is accurately characterizing the nonlinear behavior at shallow depths near
coasts; this requires small-scale fine-resolution bathymetry models in the near-coastal regions. Our results
illustrate that appropriately scaled bathymetry should be used over the entire wave path, including when
the path is not direct and includes one or more significant scatterers. Such scatterers can cause distant
reflected, refracted, or diffracted wave effects with amplification factors that depend on source-to-receiver
azimuth. Unless the scattering amplitudes are adequately modeled over the deep, open ocean regions
through which a tsunami wave propagates, their effects on distant coastlines may be severely
underestimated.

Data Availability Statement

The OBS waveform data from the ALBACORE array are publicly available from the IRIS Data Management
Center (https://ds.iris.edu/ds/nodes/dmc/). Specifically, the SeismiQuery web-based tool (https://ds.iris.
edu/SeismiQuery/) shows ALBACORE data availability and how to access the continuous, time series data
by choosing network name “2D” for years 2010 and 2011. Requests for the waveforms can be made using the
BREQ_FAST software tool either by email or by web request (http://ds.iris.edu/ds/nodes/dmc/forms/breq-
fast-request/); this link is also provided by SeismiQuery. The DPG waveforms are indicated by channels
“LDH” and “LXH.” Alternatively, the data can be accessed from IRIS using ObsPy software tools for seismol-
ogy (https://docs.obspy.org/). The topography and bathymetry model used in all figures and computations is
ETOPOL1 provided by the NOAA National Centers for Environmental Information (https://www.ngdc.noaa.
gov/mgg/global/global.html).
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