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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

–2–



manuscript submitted to JGR: Oceans

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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