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Key Points:8

• The back-projection analysis is applied to tsunami records of an OBPG array as-9

sociated with the 2016 Off-Fukushima earthquake.10

• Back-projection images represent not only an excitation area but also detect a part11

of the feature of early tsunami propagations.12

• Our back-projection result suggests that the fault size of this earthquake was about13

half of the standard scaling law.14
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Abstract15

A back-projection method has been applied to many earthquakes in seismology due to16

its simple and low computational cost, and it can estimate complex fault rupture pro-17

cesses without any specific a priori information. In this study, we applied the back-projection18

method to the tsunami records observed by an ocean-bottom pressure gauge array and19

demonstrated it to be a powerful new tool other than the familiar waveform inversion.20

The obtained back-projection image was consistent with the initial tsunami height dis-21

tributions estimated by previous waveform inversions, and its spatial resolution appeared22

to be even better. Our result suggests that the fault size of the 2016 Off-Fukushima earth-23

quake was about half, different from the scaling law of standard earthquakes. The present24

tsunami back-projection analysis can also estimate the feature of early tsunami prop-25

agations. In addition, the estimated image seems to be reliable even 30 min after the ori-26

gin time, so the back-projection analysis will be useful in an early detection of the lo-27

cation and spatial extent of a tsunami source. In the present case, the number of avail-28

able stations in the analysis was found to be affected by the diffraction of tsunami prop-29

agation caused by the refraction by a high velocity zone near the Japan trench. In other30

words, the further the source is from the coast, the more stations to be analyzed are avail-31

able. Since most tsunami-generating earthquakes occur near the subduction axis or its32

outer-rise region, the back-projection analysis should be effective for source estimation33

of the majority of tsunami-generating earthquakes.34

Plain Language Summary35

In seismology, the back-projection method has been applied to many earthquakes36

to retrieve their source processes. The operation of the back-projection analysis consists37

of a simple stacking of the waveforms shifted with each travel time from a target area.38

The key points of the back-projection analysis are therefore the number of stations and39

accurate travel time estimation. Ocean-bottom pressure gauge (OBPG) arrays have been40

recently developed around the world, and the bathymetry or its corresponding tsunami41

travel time is known much better than the Earth’s internal structure. This study is the42

first attempt to apply the back-projection method to the tsunami records observed by43

an OBPG array. We found that the tsunami source area estimated by the back-projection44

has better resolution than a waveform inversion technique, a popular source estimation45

method. It was also revealed that the tsunami back-projection analysis estimates not46
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only the tsunami source but also an early stage of tsunami propagations. Because the47

back-projection analysis requires low computational cost, it should be complementary48

to current tsunami early warning systems. The back-projection analysis could be an im-49

portant tool for the tsunami source estimation in the new era of ocean-bottom array ob-50

servatories.51

1 Introduction52

Ocean-bottom pressure gauge (OBPG) arrays have been recently deployed around53

the world. These arrays enable us to observe tsunamis propagating across such an ar-54

ray directly. Tsunami recordings by an OBPG array have been analyzed by various ap-55

proaches: for example, to estimate tsunami source processes (e.g., Kubota, Kubo, et al.,56

2021; Fukao et al., 2018; Hossen et al., 2015), to reconstruct tsunami wavefields by data57

assimilation (e.g., Gusman et al., 2016; Wang & Satake, 2021), to detect scatterers of58

tsunami waves by the beamforming method (Kohler et al., 2020), and to derive a phase59

velocity map of tsunamis by the eikonal tomography (Lin et al., 2015).60

In seismology, the back-projection analysis is known to be a relatively new but pow-61

erful array-based method to image the rupture process of large earthquakes (e.g., Ishii62

et al., 2005; Yagi et al., 2012). This approach utilizes the seismograms recorded at a dense63

seismic network or array. There are two major advantages of this method over conven-64

tional and popular waveform inversion approaches (e.g., Kiser & Ishii, 2017): (1) It re-65

quires minimal a priori constraints, that is, we do not need information such as the ge-66

ometry and location of a finite fault plane. (2) Its basic operation is only to stack the67

seismic records shifted by each theoretical travel time, so that the massive and gener-68

ally unstable calculation of inverted matrices in inversion methods is not required. These69

advantages enable the back-projection method to require small computation cost to ob-70

tain a reliable result. On the other hand, because of its simplicity, the physical justifi-71

cation of the back-projected image has not been fully established yet. In seismology, it72

is considered that the back-projection image represents the seismic energy release on a73

fault plane (e.g., Ishii et al., 2005). Fukahata et al. (2014) clarified several theoretical74

aspects of the back-projection method, pointing out that the key condition for its ap-75

propriate performance is the stack of Green’s functions for all the stations close to the76

delta function both in time and space domains. Note that the Green’s functions are not77

used in the present back-projection analysis although they are related to its performance.78
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In this paper, we applied the back-projection method to, not seismograms, but tsunami79

waveforms recorded by an OBPG array, called the Seafloor Observation Network for Earth-80

quakes and Tsunamis along the Japan Trench (S-net) off the northeastern coast of Japan81

(e.g., Aoi et al., 2020). In the case of tsunamis, under the linear long-wave approxima-82

tion for short travel distance, the phase speed c can be represented as c =
√
gh, where83

g is the gravitational acceleration and h is the sea depth. The sea depth at every loca-84

tion is known much better than the Earth’s internal structure for seismic data, so that85

we can make much more accurate travel time corrections than in the case of seismic waves86

although the spatial variation of tsunami velocities is more complex and stronger than87

the seismic case in general. The back-projection imaging of tsunamis is therefore expected88

to yield more satisfactory results than that of previous seismic-wave studies. Note that89

the tsunami back-projection in this study focuses on the tsunamis generated inside or90

near an array, while most of the seismic back-projections have utilized teleseismic P-waves91

or applied to the earthquake outside or far from an array.92

Another advantage of the tsunami back-projection is that it will be useful for tsunami93

early warning. The source mechanism of tsunamis is often estimated as a solution to a94

given linear inverse problem (e.g., Satake, 1987; Saito et al., 2010; Tsushima et al., 2012).95

To solve the inverse problem, we need several pieces of the source information a priori96

estimated from seismic data. As mentioned above, the back-projection can estimate an97

excitation area without any knowledge of a priori fault geometry information and exten-98

sive computational cost. A back-projection result should be thefore suitable to get a prompt99

and reliable estimation of the tsunami source for tsunami early warning.100

A time-reversal imaging is another imaging approach to characterize earthquake101

sources based on the time-reversed (i.e., t → −t) wave equation (e.g., Larmat et al.,102

2006). Several studies have applied a time-reversal imaging technique to the tsunami records103

(e.g., Hossen et al., 2015; An & Meng, 2017). Nevertheless, solving the wave equation104

requires more computational cost than the simple stack of the back-projection analysis,105

so that the back-projection analysis would be more practical for tsunami early warning.106

This study applied the back-projection analysis to the tsunami data recorded by107

the OBPG array, checking what a tsunami back-projection image really represents, and108

confirmed its applicability for tsunami early warning. Section 2 explained the OBPG data109

in the present analysis and formulated a back-projection method suitable for tsunami110
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data. In Section 3, some important characteristics of the tsunami back-projection anal-111

ysis were investigated with numerical experiments. Next, we confirmed that the tsunami112

back-projection of the S-net indeed satisfies the condition derived by Fukahata et al. (2014)113

in Section 4, and then applied it to real data in Section 5. We also evaluated our back-114

projection image in comparison with the results of previous studies and numerical ex-115

periments. In Section 6, we investigated the potential of the back-projection analysis for116

tsunami early warning. Section 7 interpreted the obtained results and investigated other117

possible tsunami-generating events.118

2 Data and Method119

In this study, we applied the back-projection analysis to the OBPG records of S-120

net associated with the 2016 Off-Fukushima earthquake (Mw 6.9). The tsunami waves121

generated by this earthquake is the largest that has ever occurred around Japan island122

since the first operation of S-net in 2013. S-net is a real-time cabled ocean-bottom ob-123

servation network deployed off eastern Japan in the Pacific Ocean (e.g., Aoi et al., 2020).124

The main framework of the S-net stations consists of seismometers and OBPGs at each125

station, and stations are connected with cables to the monitoring base on land for real-126

time observations.127

S-net consists of 150 stations as its final form in the present, however, 25 stations128

located in an outer-trench region were not installed when this event occurred. Station129

S2N13 which was located just above the focal area, did not record any pressure changes130

because the pressure observation component of this station appears not to have worked131

correctly (Kubota, Kubo, et al., 2021).132

As preliminary data corrections, we first removed both ocean tide and DC com-133

ponents from the original OBPG records, that is, we set the average of each record to134

be zero. We subtracted the theoretical tide calculated by the model of Matsumoto et al.135

(2000), as well as the average of each OBPG record in 1 minute before the earthquake136

as its DC component. Note that the DC component is originated from the deployment137

ocean depth of each station. Then, a band-pass filter of 100 – 3000 sec was applied to138

extract tsunami components. The second-order Butterworth filter was applied to both139

forward and backward in time.140
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Note that one of the advantages of the back-projection analysis in seismology is to141

image the temporal and spatial rupture process on a given fault plane, but the tsunami142

back-projection analysis is not at least in the present case of a small event. This is be-143

cause the period of tsunamis analyzed is longer than a general rupture duration. That144

is, the excitation of tsunami is imaged at a single time step, even for an M8-sized earth-145

quake (i.e., the source duration less than 100 sec).146

According to the Japan Meteorological Agency (JMA), the 2016 Off-Fukushima147

earthquake occurred on November 21 at 20:59 UTC. Its epicenter and centroid depth148

were at 37.36N◦, 141.60E◦, and 12 km, respectively. This was a very shallow normal fault149

earthquake in the upper plate of the Japan trench subduction zone and generated small150

but clear tsunamis observed at several coastal tide gauges and many off-shore S-net OBPG151

stations for the first time.152

Previous studies have estimated the tsunami source mechanism of this earthquake153

by the waveform inversion approach based on the methodology of Satake (1987), that154

is, solving a linear inverse problem with the Green’s functions of the linearized tsunami155

propagation. Gusman et al. (2017) and Adriano et al. (2018) mainly used tide gauge records,156

while Kubota, Kubo, et al. (2021) mainly used S-net OBPG records. All these studies157

indicated that the main part of its coseismic displacement was subsidence with an am-158

plitude of about 1.3 – 2.4 m. This feature is consistent with the focal mechanism of this159

normal fault earthquake estimated by seismic data (Nakata et al., 2019).160

A back-projection image of records in original seismic studies is expressed as fol-161

lows (e.g., Ishii et al., 2007):162

sl(t) =

N∑
k=1

wkdk(t+ ttravelkl ), (1)

where sl represents the stacked waveform at the lth potential source grid, dk is the seis-163

mic or tsunami waveform observed at the kth station (k = 1, ..., N), wk is the weight-164

ing factor for the kth station, and ttravelkl is the theoretical travel time between the lth165

source grid and the kth station, respectively. Candidates of source grids in this study166

covered the area in longitude between 141E◦ and 142.5E◦ and in latitude between 36N◦
167

and 38.5N◦ with the grid spacing of 0.01◦ in both longitude and latitude (Figure 1(A)).168

In this study, wk was defined to normalize each waveform by the maximum of its abso-169

lute value because this earthquake occurred inside the S-net coverage area and the am-170
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Figure 1. (A) Locations of S-net stations and the target area of the back-projection analysis

(the black rectangle). The colors of stations represent the resulting clusters for mutually coherent

records. Gray triangles are the stations that do not belong to any clusters, and the stations not

available in this study (i.e., S2N13 and the outer-trench stations) are plotted as open triangles.

The green star represents the epicenter of the 2016 Off-Fukushima earthquake. (B) Tsunami

records of all the stations for each cluster. Red, purple, cyan, and green lines represent the av-

erage waveforms, and each color corresponds to the cluster in (A). The lapse time of zero is set

from each theoretical travel time.
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plitude difference between near- and far-field stations was about 35 times. Each theo-171

retical travel time ttravelkl was calculated by the Fast Marching Method (FMM; e.g., Sethian,172

1999). The FMM is an algorithm to solve the eikonal equation in space numerically, and173

a stable travel time connecting any source-station pair can be obtained even if the phase174

speed contrast in a medium is strong. The phase speed map for the FMM was defined175

as
√
gh, i.e., the travel time under the linear long-wave approximation. Since we filtered176

the data in a period of longer than 100 sec, this non-dispersive assumption should af-177

fect the resulting images little. As the bathymetry data, we used the ETOPO1 (Amante178

& Eakins, 2009), and travel times were calculated for the oceanic area in depth deeper179

than 100 m to avoid complex propagation effects near coasts.180

Since the back-projection analysis stacks waveforms based on theoretical travel times,181

the size of travel time errors might affect the final result. The travel time and its error182

between two grid points can be expressed as ∆t = ∆x/
√
gh and ∆t−∆terr = ∆x(1/

√
h−183

1/
√
herr + h)/

√
g, where herr is the bathymetry error and ∆terr is its corresponding er-184

ror in travel time. At least, the bathymetry data of this region adopted in this study have185

sufficient horizontal resolution, considering the 500 m mesh data around Japan (Amante186

& Eakins, 2009). In addition, even if the bathymetry error were twice as the actual bathymetry187

in the worst case, the travel time error should not exceed 10 seconds. Compared with188

the analyzed period range (¿ 100 sec), the theoretical travel times used in this study should189

be sufficiently reliable.190

In the final step, the tsunami back-projection image was given by:191

BPl(t) =
1

max
l

{BPl(t)}

∫ t+α

t−α

{sl(τ)}2dτ, (2)

where BPl(t) represents the back-projection image at the lth grid and α is the time win-192

dow for integrating the stacked waveform sl(t) of Equation 1. We normalized the im-193

age by the maximum of all the grids at each time step, BPl(t). In this study, α was de-194

fined as 150 seconds, and t = 0 was the earthquake origin time estimated using the seis-195

mic records by JMA. Note that the earthquake origin time can be estimated before the196

back-projection analysis because the seismic wave speed is much faster than the tsunami197

one. In other words, even in the case of tsunami early warning, the information of the198

origin time can be assumed to be available.199
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The essence of the back-projection method is to stack coherent waveforms among200

stations, so that a kind of cluster analysis was conducted in order to group stations with201

waveforms resembling each other (Ishii et al., 2007). We conducted a hierarchical clus-202

ter analysis (Romesburg, 2004) with the correlation coefficients estimated by the Unweighted203

Pair-Group Method using arithmetic Averages (UPGMA) to the normalized waveforms204

wkdk of Equation (1). The correlation coefficient was calculated for each pair of wave-205

forms in the time window of 750 seconds before and after each theoretical travel time.206

The theoretical travel time was calculated assuming that the source location was the same207

as the Global CMT (GCMT) solution (37.31N◦, 141.46E◦). The cluster tree obtained208

by this analysis was truncated with a correlation coefficient of 0.6, that is, the correla-209

tion coefficients of records belonging to each group to be larger than 0.6. Figure 1 shows210

the result of the present cluster analysis. In the following back-projection analysis, we211

only used the data of the stations belonging to the largest cluster, that is, 70 stations212

in red of Figure 1.213

Figure 2 shows a schematic view of each step in the proposed method. Although214

an original OBPG record may contain non-tsunami components such as seismic waves215

especially in a coseismic time window, particularly at stations close to the source (e.g.,216

Saito & Tsushima, 2016; Mizutani et al., 2020), such effects on the back-projection anal-217

ysis should be minor because of the applied band-pass filter of 100 – 3000 sec and the218

above cluster analysis to select only coherent signals among stations.219

In general, a back-projection analysis estimates only the tsunami image of relative220

amplitude at each time step because of the normalization process for both each wave-221

form and the back-projection image (Equations 1 and 2). Hossen et al. (2015) estimated222

the initial tsunami height from their time-reversal image, STRI . They introduced a scal-223

ing factor C for the least-squares minimization of the difference in the maximum value224

between synthetic (i.e., obtained by the forward propagation of STRI) and observed wave-225

forms at each station. They found that the initial tsunami heights could be estimated226

as C×STRI . In this study, we estimated absolute tsunami heights from the back-proejction227

image using the same scheme as Hossen et al. (2015). We used the area of BP (0) > 0.6228

as the synthetic tsunami source. This threshold of 0.6 was selected by a trial-and-error229

approach to an effective tsunami source area for the reference of the previous studies.230

Note that all the estimated amplitudes were positive values in our case because both the231

scaling factor C and the back-projection image BP (t) were positive.232
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Figure 2. Schematic view of the proposed method. The reference time t = 0 in Raw data,

Step 1, and Step 2 is 20:55 UTC. The waveforms in Step 3 are those of the red cluster in Figure

1(A). The green triangles, blue lines, and red splash in Step 4 represent the stations, ray paths,

and potential source location, respectively.

To evaluate the goodness of the obtained back-projection image, we used the vari-233

ance reduction (VR) (e.g., Kubota, Suzuki, et al., 2018) defined as:234

V R =

(
1−

∑
k

∫
[dobsk (t)− dsynk (t)]2dt∑

k

∫
[dobsk (t)]2dt

)
× 100 (%), (3)

where dobsk (t) and dsynk (t) are the observed and synthetic tsunami waveforms at the kth235

station, respectively. The synthetic waveforms were calculated by the JAGURS code (Baba236

et al., 2016). The time window for the VR calculation was 400 seconds before and af-237

ter each theoretical travel time. As the source of the synthetic tsunami waves, the back-238

projection image with an amplitude greater than 0.6 was multiplied by −C, that is, −C×239

BP (0), a negative value representing ocean-bottom subsidence for this earthquake (e.g.,240

Gusman et al., 2017).241

3 Numerical experiments for the evaluation of tsunami back-projection242

In this section, we shall investigate the performance of the present tsunami back-243

projection analysis with several numerical experiments. In the experiments, we set up244
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Figure 3. Numerical experiments for the back-projection image of a plane wave source at 0

and 2000 sec. (A) A single station (the green triangle) is located at (0,0) and the blue dashed

line represents the assigned plane wave. Note that the amplitudes of the images are normalized

at not each time step but t = 0 in this case. (B) Same as (A) except for 161 stations located

parallel to the plane wavefront. There is a mirror plane-wave image in the shaded area due to

the symmetrical setting of this experiment. (C) Synthetic waveform for the plane wave case.

Lapse time of 0 means the initial time of the calculation. (D) Schematic figures comparing back-

projection analyses with seismic waves and tsunamis. The green triangles, blue lines, and red

splashes represent the stations, ray paths, and imaged sources moving in time, respectively.

a constant bathymetry of 2000 m with a grid size of 0.1◦ or 10 km. Three types of wave245

sources were prepared: a plane wave, a single Gaussian source, and a dipole source.246

Figures 3(A) and 3(B) show the back-projection images for the plane wave case.247

In this case, a single sinusoidal wave (Figure 3(C)) propagats from left to right. Note248

that we normalized the back-projection image BPl(t) by not max
l

{BPl(t)} but max
l

{BPl(0)}249

only in Figures 3(A) and 3(B), unlike the explanation in Section 2 for real data, to show250

what the time-lapse back-projection image reflects clearly.251

A single station case of Figure 3(A) corresponds to a simple back-projection from252

the station backward in time, so the images are indeed circular. This result explains what253

factor reduces the amplitude of the back-projected images in time or distance in the fol-254

lowing cases of many stations. The closer to the station, the larger the curvature of the255

back-projection image. In Figure 3(B) 161 stations are aligned at x = 0 with 0.1◦ in-256
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tervals. Even without any causes of attenuation such as the geometrical spreading or bathymetry257

change, the amplitude of the back-projection images appears to decrease with time. In258

other words, the imaged temporal change in amplitude does not reflect the absolute tsunami259

height. The decrease in amplitudes is caused by the finite coverage of stations from the260

result of Figure 3(A). On the other hand, the image at each time step was located cor-261

rectly, and its spatial distribution of amplitudes is nearly constant or the image of a plane262

wave can be retrieved well. That is, we may conclude that the present tsunami back-projection263

analysis could image the basic feature of tsunami propagation though the amplitude can264

not be compared to that at the other time steps.265

Note that there are images in the opposite direction from the stations in Figures266

3(A) and 3(B) because the stations are aligned straightly and the bathymetry is constant267

(i.e., the same travel time at x < 0 and x > 0). The S-net stations are distributed rather268

randomly and the bathymetry in and around the target area generally has strong con-269

trast, so such a false mirror image should not exist in the present actual case.270

Figures 4(A2) – (A5) show the back-projection images for a single point source of271

Gaussian spatial distribution. We used a 2-dimensional Gaussian function of the aver-272

age and the standard deviation of both x and y to be 0 and 50 km with the maximum273

amplitude of 10 m, i.e.,10× exp[−(x2 + y2)/(2× 502)]. The number of stations is the274

same in all the cases, 90, to investigate the effect of station coverage in three cases: 360◦,275

180◦ and 90◦. In other words, the stations are two and four times denser in Figures 4(A4)276

and 4(A5) than 4(A2) and 4(A3), respectively.277

Figures 4(A2), 4(A4), and 4(A5) show the back-projection images at t=0 with dif-278

ferent coverages of stations. Figure 4(A3) is the same as Figure 4(A2) except the image279

using a small tsunami source of 1/10 amplitude (i.e., 1 m). Each back-projection image280

is normalized by each maximum value. From these figures, we may conclude that the source281

can be successfully estimated if the coverage of stations is more than half or 180◦ around282

the source. When stations cover only by 90◦ (Figure 4(A5)), an isolated image may not283

be obtained at the correct location and there are several ghost images. Since the utilized284

S-net stations covered the eastern half of the epicenter in this study (Figure 1), like Fig-285

ure 4(A4), we confirmed that the back-projection images to be shown and discussed in286

this study were sufficiently reliable and stable, particularly at their location.287
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Figure 4. Same as Figure 3 except for a single Gaussian and a dipole source with several

radius coverages of stations. (A1) The distributions of the source and stations for (A2) to (A5).

The green triangles represent the stations. Note that the source smaller than the others by 1/10

was used for (A3). (A2) – (A5) The back-projection image at t = 0. Note that the amplitude

is normalized at each figure. (B1) A dipole source for (B2) – (B5). (B2) – (B5) Same as (A2) –

(A5) except that the (B1) tsunami source. Note that (B3) was estimated after the correction of

polarity.

Next, we investigated the relationship of the amplitude obtained by the present back-288

projection analysis with the absolute size of tsunami heights. Figures 4(A2) and 4(A3)289

for large and small tsunami sources not only show the same visual image but also have290

the same absolute value even before normalizing their images. This is because we nor-291

malized each waveform before stacking (Figure 2), that is, wkdk in Equation 1 were set292

to be common regardless of the given source intensity. The difference in the intensity of293

tsunami sources, therefore, should not affect the obtained image in the normalized pro-294

cedure of the present back-projection analysis. Since we know a precise velocity model295

for tsunami propagations, this conclusion should hold even for real data.296

We then searched for a supplementary procedure to estimate the absolute ampli-297

tude of the tsunami source with the present tsunami back-projection analysis using the298

scaling factor estimation of Hossen et al. (2015) referred to in Section 2. From the back-299

projection image of Figures 4(A2) and 4(A4), the estimated amplitudes or the scaling300

factors C of Hossen et al. (2015) were 7.30 m and 7.47 m, respectively. This means that301

the amplitude of the obtained image does not largely depend on the angle of station cov-302

erage. Meanwhile, we must take care of the difference between the absolute amplitude303
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estimated by the back-projection image and the assinged Gaussian source of 10 m. That304

is, the present analysis appears to obtain the initial tsunami source height at the source305

region, or the scaling factor C, underestimated by about 70%, although this number ap-306

pears to be stable by the condition of observations. This underestimation may be caused307

by the band-pass filter applied before stacking (Section 2) because the ratio of maximum308

amplitudes between raw and filtered data was 0.63 on average in this numerical exper-309

iment. Since the frequency range of the band-pass filter was determined to extract a tsunami310

component effectively in this study, our amplitude estimation should reflect the displace-311

ment corresponding to tsunami generation. In summary, compared with synthetic and312

recorded tsunami waveforms at several selected stations, we may estimate even the ab-313

solute values of tsunami heights at the source without significant errors.314

In the end, we examined the case of a dipole tsunami source, that is, there are ar-315

eas of both positive and negative at the source. Figure 4(B1) shows the assigned dipole316

source, and the obtained images are given in Figures 4(B2), 4(B4), and 4(B5). Figure317

4(B3) shows the result with a polarity correction, that is, the sign reversed only for the318

synthetic records at stations y > 0 or in the upper half of the figure to follow the part319

of negative displacements at the source. Such a polarity correction is often used in the320

seismic back-projection analysis to improve the correlation of each waveform (e.g., Ishii321

et al., 2005). In the present case, while two separated sub-areas were imaged correctly322

without the correction as two positive sources located properly (Figure 4(B2)), a single323

point source was imaged with the correction (Figure 4(B3)). This implies that the po-324

larity correction is not required for the tsunami back-projection analysis. This is prob-325

ably because the polarity correction would lose the information on the source (i.e., up-326

lift or subsidence). That is, the cancellation of positive and negative signals recorded at327

each station through the stacking process should be important to image adjacent uplift328

and subsidence sources. The polarity correction in the tsunami case appears to enhance329

the resolution of the image in space in an excessive manner, resulting in an image as com-330

pact as possible (i.e., monopole), because of not canceling out but overlapping positive331

(uplift) and negative (subsidence) signals.332

Nevertheless, we must be careful that the station coverage seems to affect the back-333

projection image more than the former case of a single polarity (Fiugres 4(A4), 4(B4)334

and 4(B5)). If stations cover only parallel to the dipole vector at the source, the image335

appears to be degraded due to the false stacking of positive and negative polarity in records336

–14–



manuscript submitted to JGR: Oceans

(Figure 4(B4)). Still, a point source can be imaged even if stations are located perpen-337

dicular to the dipole vector (Figure 4(B5)), probably because the station distribution338

makes each record to be the same polarity. Although the complexity of tsunami source339

distributions does not make a serious problem in this study because the displacement340

of the 2016 Off-Fukushima earthquake was almost only subsidence (e.g., Gusman et al.,341

2017), we may need to take care of this factor when applying the back-projection anal-342

ysis to earthquakes with tsunami source areas of both subsidence and uplift.343

4 Conditions for good performance in the back-projection imaging344

In the previous section, we investigated the characteristics of the tsunami back-projection345

analysis referring to several numerical experiments, whether our approach can obtain a346

reliable image of tsunami heights at a source region. In this section, we shall confirm the347

conditions for its good performance with the real station distribution and bathymetry348

from a theoretical point of view. Fukahata et al. (2014) revealed the importance of the349

followings: (1) waveforms from other than the target source grid l are well canceled out350

each other and (2) the stacked Green’s function becomes as close as the delta function.351

We checked these conditions in order to confirm the validity of images in this study.352

Considering causality, in general, the observed waveform at station k can be writ-353

ten as:354

dk(t) =
∑
L

(aL ∗GkL)(t), (4)

where aL is the input at the Lth source grid, GkL represents its impulse response (i.e.,355

the Green’s function) at the kth station, and ∗ denotes the convolution in time. By sub-356

stituting Equation (4) into (1), the lth stacked waveform becomes357

sl(t) =
∑
k

wk

∑
L

(aL ∗GkL)(t+ ttravelkl ). (5)

The above two key conditions can be expressed in the following representations:358

∑
k

wkGkL(t+ ttraveltime
kl ) ≈ 0 (l ̸= L,∀t), (6)359

360 ∑
k

wkGkl(t+ ttravelkl ) ≈ δ(t). (7)361
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These equations mean that the back-projection image does not have any smearings in362

both space and time domains. The sum of L in Equation (5) can be ignored when Equa-363

tion (6) is satisfied:364

sl(t) ≈
∑
k

wk(al ∗Gkl)(t+ ttravelkl ). (8)

When Equation (7) is satisfied, moreover, Equation (5) finally leads to our ideal image:365

sl(t) ≈ al(t). (9)

In other words, when the stacked Green’s function is similar to the delta function in both366

space and time domains, the back-projection image would reflect the actual physical phe-367

nomenon or excitation area in time and space well. Note that the above conditions are368

related to the stacked Green’s function, but they are not required when applying to ac-369

tual data (Equations (1) and (2)).370

To verify Equations (6) and (7) in the present case, we calculated the Green’s func-371

tions for the 70 stations that we analyzed, using the JAGURS code (Baba et al., 2016).372

As a synthetic tsunami source for the Green’s function, a two-dimensional Gaussian func-373

tion with a height of 1 m and a width of 2 km was used, and such sources were distributed374

inside the target area of this study with 0.1◦ intervals (i.e., L in Equation (6) to be 278).375

Figures 5(B) and 5(C) show the spatial variations of ratios in the horizontal lengths376

between the back-projection image larger than 0.6 and the assigned source for the Green’s377

function (i.e., 2 km) at each source in the x and y (i.e., north-south and east-west) di-378

rections, respectively. For x direction, the ratio around the epicenter is small, about 5,379

but it is as large as 12 in the southwest region of our target area. On the other hand,380

the ratio is generally very small in the y direction, about 1 except in a southwest region,381

implying images of high resolution particularly in the north-south direction.382

The large ratios in the x direction compared to the y direction seems to be orig-383

inated from the station distribution which concentrated on the east side of the source.384

In addition, the large value in the southwest region seems to involve the bathymetry gra-385

dient there (Figure 5(A)), that is, the refraction of tsunami waves should affect the ob-386

tained image. Although the image of this study can be said to be reliable near the epi-387

center, we will discuss the effect of station distribution in Section 7.388
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Figure 5. (A) The bathymetry of the target area of this study. The green star represents the

epicenter of the 2016 Off-Fukushima earthquake. (B)(C) The horizontal length ratios between the

back-projection image of larger than 0.6 and the assigned source for the Green’s function (2 km)

in the x and y directions. (D) Ratios of the stacked Green’s functions integrated in t = -150 –

150 sec and those for each entire record length, i.e.,
∫ 150

−150
{sl(t)}2dt/

∫∞
−∞{sl(t)}2dt.

Figure 5(D) verifies Equation (7) in this study. Because we integrated the stacked389

waveforms from -150 to 150 sec for BPl(0) (Equation 2), we here compared the size of390

the stacked Green’s functions integrated for t = -150 – 150 sec with that for the entire391

record length, that is,
∫ 150

−150
{sl(t)}2dt/

∫∞
−∞{sl(t)}2dt. This ratio would be close to one392

if Equation (7) is satisfied perfectly. Figure 5(D) shows the condition of Equation (7)393

seems to be well satisfied at most of the grid points. Values much smaller than one at394

some points near the coast line may be caused by their small lapse times between each395

direct and reflected waves. Except for such points, we may say that the back-projection396

analysis can avoid the effect of reflected waves.397

5 Back-projection images using the OBPG array records398

In this section, we shall present the results of our tsunami back-projection imag-399

ing. The back-projection images here will be compared mainly with the previous result400

of Kubota, Kubo, et al. (2021) because they estimated initial tsunami heights applying401

the waveform inversion method to the same S-net OBPG data as this study, which should402

be superior to other studies with tidal gauge data at coastal stations.403
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Figure 6. (A) Back-projection image at t = 0 or the origin time. The red triangles are the

stations used in the analysis. The green star represents the epicenter of the 2016 Off-Fukushima

earthquake. The black solid rectangle represents the target area of the back-projection imag-

ing, and the dashed one corresponds to the enlarged area of the right bottom, (B), or (C). (B)

Enlarged image of the black dashed rectangle of (A). The green line represents the area with

amplitude larger than 0.6. The cyan dots represent the aftershock epicenters. The red and blue

contour lines represent the positive and negative amplitudes of the initial tsunami height esti-

mated by Kubota, Kubo, et al. (2021) with the solid to be 0.5 m interval and the dashed to be

0.1 m. Note that there are no solid red contours as the maximum uplift was less than 0.5 m. (C)

Same as (B) except that the cyan contour lines represent the subsidence for the single uniform

fault slip model of Kubota, Kubo, et al. (2021).
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The back-projection imaging at t = 0 or the origin time is shown in Figure 6. The404

obtained image was located not exactly at the epicenter but slightly in the southwest of405

it. A similar tendency was obtained for the aftershock distribution defined by the earth-406

quakes that occurred shallower than 50 km and within 24 hours after the mainshock. The407

back-projection image especially is large in the northern part of the aftershock distri-408

bution. It is consistent with the region of smaller than -0.5 m (i.e., larger than 0.5 m in409

amplitude) of the initial tsunami height distribution estimated by the waveform inver-410

sion (Figure 6(B)) and the sea-bottom displacement by the grid search of the single fault411

model (Figure 6(C)) of Kubota, Kubo, et al. (2021). With tidal gauge data, Gusman et412

al. (2017) and Adriano et al. (2018) also subsided regions, but they were were larger than413

the one of Kubota, Kubo, et al. (2021). In other words, all the previous waveform in-414

version studies suggested a wider subsidence area than ours (i.e., background color of415

Figure 6). On the other hand, Nakata et al. (2019) compared uniform and heterogeneous416

fault models using forward simulations with a grid search, and concluded that this event417

could be well explained as uniform slips over a fault plane as well as 20 km. Kubota, Kubo,418

et al. (2021) also estimated the single uniform slip fault model with the fault length of419

15 km as shown in Figure 6(C). The size of the present back-projection image is consis-420

tent with the length of their estimated uniform fault. Note that our back-projection anal-421

ysis could estimate tsunami source distribution without any a priori constraints of its422

fault geometry.423

As explained in Section 2, the absolute amplitude or the scaling factor C and the424

VR were calculated as an indication of our performance using the region of amplitude425

larger than 0.6 (i.e., surrounded by the green line in Figure 6) and the 70 stations of S-426

net. The estimated absolute amplitude and the VR were 1.67 m and 59.9%, respectively.427

The maximums of sea-bottom subsidence estimated by previous studies were 1.3 – 2.4428

m (Adriano et al., 2018; Gusman et al., 2016; Nakata et al., 2019; Kubota, Kubo, et al.,429

2021). Even if taking our result to be 70% underestimated into consideration, as explained430

in Section 3, the back-projection result of this study (i.e., 2.39 m) is consistent well with431

the estimation by the waveform inversions. The VR value of 59.9% also confirms the good432

performance of the present back-projection image.433

Next, we investigated snapshots in the tsunami back-projection analysis after the434

origin time (Figure 7, GIF animation can be seen in Movie S1 in Supporting Informa-435

tion). Note that the amplitude of each image was normalized by the maximum ampli-436
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Figure 7. Back-projection images at 0, 200, 400, 600, 800, 1000, 1200, 1400, and 1600 sec

after the origin time. The pink and blue contours represent the synthetic tsunamis in positive

and negative, respectively, calculated from the initial tsunami height distribution estimated by

Kubota, Kubo, et al. (2021). The interval of contours is 0.1 m and 0.02 m at 0 – 1000 sec and

at 1200 – 1600 sec, respectively. The green lines represent the area with the back-projected

amplitude larger than 0.6. The green star represents the epicenter of the 2016 Off-Fukushima

earthquake. Note that the shaded area is shallower than 100 m, so it is not subject to the present

analysis.
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tude at each time step (Equation (2)), and that the back-projection analysis was applied437

only to oceanic regions deeper than 100 m. In comparison, the contours of the dashed438

lines in Figure 7 represent the synthetic sea-surface displacement distribution calculated439

by the JAGURS code from the initial tsunami height distribution estimated by Kubota,440

Kubo, et al. (2021). The synthetic tsunami waves propagate of large amplitude mainly441

in the three directions: northwest, south, and southeast. The northwestern and south-442

ern parts are clearly larger than the southeastern, probably due to the bathymetry around443

the epicenter and the spatial distribution of the assigned tsunami source. On the other444

hand, the back-projection image of large amplitude moves in the southeast direction, which445

agrees with the southeastern propagation of the synthetic. In other words, the back-projection446

analysis detected not only a tsunami source but also some parts of the tsunami prop-447

agation, as we have observed in the sinusoidal-wave numerical experiment of Section 3448

(Figure 3).449

While we can see synthetic tsunami waves propagate in the northwest and south450

directions in Figure 7, the back-projection image does not show propagations in these451

two directions. The northwestern part cannot be imaged simply because it is out of the452

target area of this study. On the other hand, there are no propagations to the south in453

the image even inside the target area. In Section 7, we will explain why the present tsunami454

back-projection analysis could not capture this part of propagations, which is related to455

the specific bathymetry of this study.456

6 Applicability for tsunami early warning457

As in the case of Figure 6, the locations of the epicenter of an earthquake and its458

tsunami source are not always same. Our back-projection analysis is suitable to detect459

such differences compared with tsunami waveform inversions because it dose not require460

any strong a priori assumptions for imaging. In other words, the back-projection anal-461

ysis will help tsunami early warning particular for a large event. The larger an earth-462

quake, the broader its tsunami generating area, and the discrepancy in their locations463

would not be neglected.464

The back-projection requires a lot of stations because its main process is to stack465

coherent waveform data. In this study, we used 70 stations based on the cluster anal-466

ysis (Section 2). From the point of tsunami early warning views, however, we cannot use467

–21–



manuscript submitted to JGR: Oceans

all the stations immediately after an earthquake occurs. In this section, we shall inves-468

tigate the effect of the number of stations on the quality of our back-projection analy-469

sis for applicability to tsunami early warning of possible future events.470

We first estimated the effect of the number of stations based on theoretical travel471

times. The numbers of the available stations were 0, 5, 24, 49, 67, and 70, which corre-472

sponds to 10, 20, 30, 40, 50, and 60 min after the origin time, respectively. In other words,473

all the stations used in Section 5 cannot be available until 1 hour after the earthquake474

in this case. Figure 8 shows how the resulted back-projection image is changed by the475

number of the adopted stations. There are small amplitudes over the entire target area476

in the back-projection image at the first 20 min with the small number of stations (Fig-477

ure 8(A)), but the imaged area is aleardy fairly consistent with the other results at later478

times or with more stations. Although the number of stations is about one-third of the479

total, the resulting image at 30 min turns out to be almost identical to the final image480

presented in Section 5 (Figure 8(B)). After time passes by, calculated at 40 and 50 min,481

an image gets changed little as the number of stations increases (Figures 8(C) and 8(D)).482

In addition, we estimated the absolute amplitude and the VR for each back-projection483

image. The source area of synthetic waveforms was defined as an amplitude larger than484

0.6, as represented in Figure 8(E). Despite of different numbers of stations to be used,485

all the VR values were defined for the records of all the 70 stations to evaluate the ac-486

curacy of the estimated image. The amplitudes of scaling factors were 1.81, 1.83, 1.77,487

1.71 m at 20, 30, 40, and 50 min, and their corresponding VRs were 29.9, 50.8, 58.5, and488

60.6%. A VR value higher than 50% is generally considered to be reliable (e.g., Kubo489

et al., 2002), so that the present back-projection analysis can estimate a tsunami source490

area stably after 30 min of the origin time of the earthquake. In addition, the estimated491

absolute amplitudes were nearly at all times, so we may say that we could estimate a492

tsunami size just after 20 min of the origin time.493

Lastly, we evaluated the back-projection results from the perspectives of the blind494

zone and the warning time. The blind zone means the place where no alerts are possi-495

ble because a tsunami arrives faster than obtaining reliable estimation. The warning time496

is the time between the detection of the tsunami source and the tsunami arrival (e.g.,497

Allen & Melgar, 2019). Considering the reliable estimation can be obtained after 30 min,498

because the red stations in Figure 8 represent the arrival of tsunami waves, the blind zone499
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Figure 8. (A) Back-projection image at t = 0 by stations available 20 min after the origin

time. The red and gray triangles are the stations that can be used at 20 min and all the stations

used in Section 5, respectively. The green star represents the epicenter of the 2016 Off-Fukushima

earthquake. The black solid line represents the target area of the back-projection image, and the

dashed line corresponds to an enlarged area of (E). (B)(C)(D) Same as (A) except that the lapse

times are 30, 40, and 50 min. (E) The cyan solid, cyan dashed, blue solid, and blue dashed lines

represent the regions of the back-projection image of amplitude larger than 0.6 at 20, 30, 40, and

50 min after the origin time. The background color and the green solid line are the results with

all the 70 stations, i.e., the same as Figure 6.

–23–



manuscript submitted to JGR: Oceans

of tsunami early warning, in this case, is limited to only around 37N◦ (i.e., Fukushima500

prefecture), very close to the epicenter. Figure 8 also shows the warning times for regions501

farther than 38.5N◦ in the north and 35◦ in the south are longer than 10 min. Actual502

tsunami amplitudes larger than 50 cm were observed at tidal gauges in the coast from503

Oarai (located at 36.3N◦) to Kuji (located at 40N◦) (Gusman et al., 2017). That is, our504

back-projection analysis could virtually work out as a tsunami early warning for the re-505

gions before the tsunamis of this earthquake actually arrived there.506

7 Discussion507

In this section, we will discuss three topics of the present back-projection analy-508

sis: (1) what the tsunami back-projection image actually represents, (2) its applicabil-509

ity for tsunami early warnings of other possible earthquakes, and (3) the difference be-510

tween the back-projection analysis and the conventional waveform inversion.511

First, let us investigate what physical phenomena the tsunami back-projection im-512

age reflects. In Figure 6, the back-projection image with amplitude larger than 0.6 agrees513

very well with the main part of the initial tsunami height distribution estimated by Kubota,514

Kubo, et al. (2021) (Figure 6). The following temporal sequence of images is consistent515

with an early part of synthetic tsunami propagations (Figure 7). As pointed out in Sec-516

tion 5, however, the back-projection image did not simulate the tsunami component prop-517

agating in the south direction. In the present analysis, we took into account only the di-518

rect wave or the path of the minimum travel time from the source to a given station. In519

other words, the waves reflected once or more at coasts could not be stacked coherently.520

The southwards propagating waves appear to be refracted by the strong velocity gra-521

dient or bathymetry change in the Japan trench, then the propagation direction quickly522

and abruptly changes towards the coastline where the reflection appears take place (1200523

– 1400 sec in Figure 7). This is why the back-projection image of this study could not524

reproduce the tsunami waves propagating to the south. If tsunami records were stacked525

with very accurate theoretical travel times of the reflected waves, the propagation to the526

south might be imaged.527

In earthquake source imaging, Kiser et al. (2011) applied the back-projection anal-528

ysis to multiple seismic phase data in order to enhance its resolution because of wide cov-529

erage of take-off angels of waves from the source. In the tsunami case, the use of reflected530
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waves might improve the resulted image. It should be, however, very difficult because531

small-scale bathymetry data of at least hundreds of meters would be required (e.g., Gus-532

man et al., 2017). Moreover, the effect of nonlinearity cannot be ignored at shallow depth533

near the coast as well as for an earthquake larger than Mw8.0 (Kubota, Saito, et al., 2018).534

These factors should be carefully investigated in future in order to upgrade back-projection535

approaches.536

We now consider why our back-projection images reflect not only a tsunami exci-537

tation area but also an early stage of tsunami propagations. Back-projection analyses538

have been widely applied to seismic records, and their results were considered to be the539

radiated energy on an actual fault (e.g., Ishii et al., 2007). Seismic waves, P waves in most540

cases, immediately propagate away from the fault in a 3-D manner as shown in Figure541

3(D). In the case of tsunamis, on the other hand, the target area is the whole sea sur-542

face which contains not only the tsunami source but also propagation paths and stations.543

As a result, the back-projection analysis using tsunami waveforms can estimate both sources544

and an early part of the propagation processes of tsunamis.545

Next, let us discuss the applicability of the tsunami back-projection analysis to tsunami546

early warning.547

In this study, we set t = 0 of the back-projection analysis to be the earthquake548

origin time, which was estimated by JMA using seismic records (Section 2). Since the549

seismic wave speed is faster than the tsunami one, it can be obtained before the back-550

projection analysis. In the case of larger earthquakes, however, the tsunami origin time551

would be different from the earthquake one. For example, in the 2011 Tohoku earthquake552

case, Satake et al. (2013) found that the huge shallow slip or sea-bottom displacement553

occurred 3 min after the origin time. In such cases, the back-projection image for the554

actual tsunami source would be t > 0 instead of t = 0. However, because we applied555

the filter forward and backward in time and used the time window of 300 sec in the fi-556

nal step of the back-projection analysis (Equation 2), there is little difference in the back-557

projection image between before the tsunami origin time and the actual one (Figure S1558

in Supporting Information).559

From the result in Section 6, the back-projection image of the event of this study560

provides reliable information about the tsunami source distribution at 30 min after the561

origin time. The VR of images increases in time, as explained in Section 6 and Figure562
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8, but it was dropped to 59.9% at the final 60 min. This may be due to the poor qual-563

ity of waveforms or weak tsunami signals at the stations added in the last final 10 min-564

utes because each OBPG waveform was weighted equally (i.e., each record was normal-565

ized) in the present analysis (Section 2). Nevertheless, the back-projection images at later566

time steps agreed very well with each other (Figure 8), which guarantees a stable result567

regardless of a detailed selection of the stations to be used.568

Considering how to select stations used in the analysis may be important for other569

tsunami-exciting earthquakes. In this study, we selected the stations by the cluster anal-570

ysis for the coherency of records, as explained in Section 2, so let us investigate how such571

a cluster was formed. Figure 9(A) shows the ray paths calculated by the ray-tracing method572

proposed by Satake (1988) with a 1◦ interval, that is, solving the ray tracing equations573

by the Runge-Kutta method. Hereafter, each cluster will be referred to the colors shown574

in Figure 1(A) (e.g., the largest cluster is called the ”red cluster”). In figure 9(A), rays575

directly reach all the stations of the red cluster but not stations of other clusters.576

Figure 9(B) compares waveforms of each cluster normalized of 1200 sec in record577

length before and after each theoretical travel time. The farther a station from the red578

cluster, the more the tsunami wave arrival is delayed for the other clusters. Moreover,579

a waveform becomes smoother at a farther station, that is, high-frequency components580

decay. This is known as the diffraction phenomenon of waves where waves propagate into581

regions of a geometrical shadow or no geometrical rays, as investigated in detail in seis-582

mology (e.g., Chapman & Orcutt, 1985; Aki & Richards, 2002). A significant shadow583

zone of tsunamis in the S-net region is formed by the refraction due to the sudden bathymetry584

change near the Japan trench (Figure 9(A)). Stations of the green, purple, and cyan clus-585

ters are located within a shadow zone of tsunami waves, and their varied waveforms ap-586

pear to degrade the resulted back-projection image.587

The spatial resolution distribution in Figures 5(B) and Figures 5(C) can be also588

explained by the tsunami diffraction because the grids of large ratios are located along589

the Japan trench (Figure 5(A)).590

Recent seismic back-proejections combine multiple arrays to improve their estima-591

tions (e.g., Kiser & Ishii, 2012; Xie & Meng, 2020). In the present tsunami back-projection592

analysis, however, combining several clusters should be difficult because of the incoher-593

ence of waveforms for clusters affected by the above effect.594
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Figure 9. The calculation results of tsunami ray paths with a 1◦ interval in each earthquake.

(A) The triangles and green star are S-net stations and the epicenter of the 2016 Off-Fukushima

earthquake, i.e., the same as Figure 1(A). The black lines are the ray paths from the epicenter,

and the background color represents bathymetry. (B) The records of S-net OBPGs applied by

the band-pass filter of 100–3000 sec. Each waveform is plotted 1200 sec before and after each the-

oretical travel time (i.e., lapse time 0 means the theoretical travel time). The station names, a,

b, c, d, e, and f are shown in (A), and the color of each waveform is the same as the color of the

cluster that the station belongs to. (C) Same as (A) except for the 2011 Tohoku-Oki earthquake.

Blue triangles are the S-net stations and the green star is the source of the rays. (D) Same as (C)

except for the 1933 Off-Sanriku earthquake.
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If the clustering of stations is due to the effect of tsunami diffraction, the number595

of available stations in the back-projection analysis should depend on a source location.596

Figures 9(C) and 9(D) compare ray paths of other two types of earthquakes in the Japan597

trench subduction zone and its outer rise region. They correspond to the epicenters of598

the 2011 Tohoku-Oki earhquake (e.g., Satake et al., 2013) and the 1933 Off-Sanriku earth-599

quake (e.g., Kanamori, 1971), respectively. The further a source is located away from600

the coast of Japan, the more S-net stations geometrical rays can reach. While stations601

in the northeast and the southwest are located in the shadow zone for the subduction602

event (Figure 9(C)), rays arrive at all the S-net stations for the outer rise one (Figure603

9(D)), that is, we are expected to use all the stations in the back-projection analysis, which604

probably leads to better results than the present case located near the coast. Because605

a ray of tsunamis is determined by the bathymetry, we can select useful stations for each606

event beforehand, depending on its location, for tsunami early warning.607

The degree of resemblance among waveforms leads to clustering. Figure 4 in Sec-608

tion 3 investigated the effect of a source with both positive and negative poralities (i.e.,609

uplift and subsidence). It shows that a simple stacking of records with a high correla-610

tion coefficient may lead to not only better but also worse images. The clustering anal-611

ysis and the ray tracing should be important in such a case to group appropriate sta-612

tions for the back-projection analysis.613

As the final topic, let us compare the back-projection analysis with a widely used614

waveform inversion approach.615

Tsunami waveform inversion studies require strong constraints on the target area616

based on other kinds of studies such as CMT and fault geometry estimated by seismic617

or geodetic data (e.g., Piatanesi & Lorito, 2007; Fujii et al., 2011; Gusman et al., 2017).618

In contrast, the single a priori information of the back-projection method is a gross source619

location area. For example, in the tsunami waveform inversion of the present earthquake,620

Gusman et al. (2017) used 4 × 3 subfaults sized of 10 km × 10 km, and Kubota, Kubo,621

et al. (2021) used tsunami sources in an area of 50 km × 50 km distributed with 2 km622

intervals. The present back-projection analysis could cover a very broad area in longi-623

tude between 141E◦ and 142.5E◦ and in latitude between 36N◦ and 38.5◦ with the grid624

spacing as small as 0.01◦ or about 1 km (Section 2). The spatial resolution of the tsunami625

source was found to be about 10 km and 2 km in x- and y-direction, respectively, as shown626
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in Figure 5. In other words, the back-projection analysis could search for a wider area627

of higher resolution, especially in the y or north-south direction than a waveform inver-628

sion case. Note that even the 10 km resolution in the x or east-west direction is enough629

to estimate the source size of this event (Mw6.9). In addition, the back-projection anal-630

ysis does not need artificial constrains such as non-negative and smooth source distri-631

butions, or better to say, the analyzed data naturally lead to their possible resolution632

in image.633

The size of the back-projection image turned out to be narrower than those of pre-634

vious waveform inversion studies (Section 5). One of the interesting problems of this event635

is that the fault lengths estimated by the grid search were shorter than the ones of the636

waveform inversions. Nakata et al. (2019) and Kubota, Kubo, et al. (2021) conducted637

grid-searches with the uniform single fault slip, and both found that the observed tsunamis638

could be explained by a fault of about 15 – 20 km long. This fault length was about half639

the estimation from the standard earthquake scaling law (e.g., Utsu, 2001). Kubota, Kubo,640

et al. (2021) adopted a different multiple fault model, and concluded that the length of641

the main rupture area might be about 35 km. In contrast, our back-projection image is642

consistent well with the single-fault model (Figure 6). As discussed above, our back-projection643

analysis can distinguish images on such a scale, so it indicates that the fault size of this644

earthquake was likely to be smaller than the scaling relation, that is, 15 – 20 km long.645

In other words, our back-projection analysis revealed a new feature of the 2016 Off-Fukushima646

earthquake, that is, the slip amount was twice and the fault size was half the standard647

earthquake of its magnitude.648

Although the tsunami back-projection analysis has many advantages, we may point649

out some disadvantages. When a tsunami wavelength is not much longer than ocean depth,650

the dispersive effect cannot be ignored. In such a case, the waveforms are expected to651

vary in propagation distance, which would degrade the coherency among stations. Al-652

though a waveform inversion method can include the effect of dispersion in the Green’s653

functions (Saito et al., 2010), calculating dispersive Green’s functions takes much more654

computational cost than a non-dispersive case because of iterative solving procedures655

for linear dispersive equations (e.g., Saito, 2019). Nevertheless, this effect may not be656

critical especially for tsunami early warning because the wavelength of large tsunamis657

which cause huge damage in coastal areas is generally long enough for the linear long-658

wave approximation. For tsunamis excited by an event very far from an array, on the659
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other hand, tsunami waveforms also show dispersive characters in a very long period range660

(Watada et al., 2014). However, this type of dispersions may not be critical because the661

data were filtered by 100 – 3000 sec in the present analysis (Section 2). Since the tsunami662

propagation distance was less than 500 km and the average sea depth of stations is about663

2 km, the dispersive effect may appear in the period range of only less than 90 sec, at664

least in the present case.665

8 Conclusions666

We applied the back-projection analysis to the S-net OBPG records associated with667

the 2016 Off-Fukushima earthquake. The estimated back-projection image reflected the668

initial tsunami or sea-surface height distribution near the epicenter. In addition, we could669

estimate the absolute amplitude of the source base on the scaling factor estimaion of Hossen670

et al. (2015), and the result (1.67 m in the maximum) agreed well with the previous stu-671

ides using waveform inversion methods (1.3 – 2.4 m). The tsunami back-projection anal-672

ysis imaged not only the original tsunami source but also an early part of tsunami prop-673

agations. This is because the target area of the analysis is the whole sea surface includ-674

ing the source area, propagation paths, and stations (Figure 3(D)).675

Due to the high spatial resolution of the back-projection analysis, it was confirmed676

that the fault size of this earthquake was smaller than the standard scaling law. This677

has been speculated in previous studies, but not emphasized strongly because it was in-678

consistent with results of several waveform inversions. Our result therefore assists the679

understanding of the mechanism of intraplate earthquakes such as the 2016 Off-Fukushima680

earthquake.681

We also investigated the applicability of the back-projection analysis to tsunami682

early warning. In the present case, the back-projection analysis yielded reliable results683

30 min after the origin time. The number of available stations in the analysis, however,684

depends on the source location. The refraction of tsunamis in the Japan trench makes685

clear shadow zones, and the observed waveforms passing by such zones should be trans-686

formed because of the diffraction effect there. The essence of the back-projection anal-687

ysis is stacking coherent waveforms, so that the presence of shadow zones limits the num-688

ber of available stations. Megathrust or outer rise earthquakes near a trench axis, in con-689

trast to the present one near the coast in a shallow ocean, appear to yield smaller or no690

–30–



manuscript submitted to JGR: Oceans

shadow zones (Figure 9). In addition, now we can use the records of outer trench sta-691

tions of the S-net, i.e., the number and the configuration of available stations have been692

already enhanced. The above disadvantage therefore should not be so critical in prac-693

tice now.694

In the case of a large earthquake, the tsunami source may have both positive and695

negative regions. As shown in Section 3, the polarity correction makes the resulted im-696

age worse in the case of such dipole displacements, that is, it seems to be overcorrected,697

although further studies with real data should be needed. At present, we consider that698

the polarity correction is not required because the location and intensity of a tsunami699

source can be grossly estimated.700

The advantage of the back-projection is its simplicity. We can estimate the tsunami701

excitation area without any special a priori information or much computational cost. Re-702

cently, meteorological tsunamis excited by atmospheric pressure changes were clearly ob-703

served in S-net (Saito et al., 2021; Kubota, Saito, et al., 2021). Because the general scale704

of the atmospheric pressure changes is large, the back-projection analysis may be use-705

ful to detect such events as moving sources or images changing in time as for the seis-706

mic back-projection analysis.707

In addition, the tsunami back-projection will be useful to tsunami early warning708

as for the following reasons:709

1. It does not require any specific a priori information about a source. It will be there-710

fore useful when the locations of the epicenter and the tsunami source are clearly711

different, as in our example shown in Figure 6. Such discrepancy would be more712

important for larger events as well as tsunami earthquakes.713

2. It can estimate a broad area with a margin for the search of the source location714

without compromising results. It will therefore provide waveform inversions with715

an appropriate target area (e.g., it can be used instead of an ”influence area” of716

Tsushima et al. (2012)).717

3. It can estimate an early part of propagation characteristics of tsunamis directly,718

so that we may detect the directivity of tsunamis as estimated by data assimila-719

tion approaches (e.g., Maeda et al., 2015; Hoshiba & Aoki, 2015).720
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4. It will enhance the reliability of tsunami source estimations because of its inde-721

pendence of the other existing methods such as a waveform inversion or a grid search722

estimation.723

OBPG arrays now have been available around the world, so that the back-projection724

analysis will be one of the useful techniques for not only seismic waves but also tsunamis.725
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