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Abstract This study presents tsunami inversion analyses that simultaneously use ocean-bottom pressure
and ocean-bottom electromagnetic data along with an accurate tsunami propagation model to estimate the
earthquake source model for the 2009 Samoa earthquake. This earthquake was a doublet event that occurred
along a pair of normal and thrust faults. To the best of our knowledge, this joint inversion of pressure and
electromagnetic data is unprecedented. The incorporation of electromagnetic data in the tsunami inversion
analysis was relatively simple, and the inclusion of frequency dispersion, self-attraction, and loading effects in
the tsunami propagation calculations allowed the use of tsunami waveforms recorded at distant locations, which
improved the reliability of the solutions obtained. Our best source model indicated that the east-west extent of
the plate-boundary slip area was approximately 50 km, which is narrower than that of a previous fault model,
and explained both electromagnetic and pressure data from the 2009 Samoa tsunami.

Plain Language Summary On 29 September 2009, the 2009 Samoa earthquake occurred in the
southern Pacific Ocean adjacent to the Tonga Trench subduction zone. This doublet earthquake was initiated
as a normal-faulting event seaward of the trench axis, followed by a thrust-faulting event on the subduction
zone interface close to the trench axis. An ocean bottom pressure gauge and magnetometers deployed in the
South Pacific Ocean recorded the tsunami caused by the earthquake. Although tsunami inversion analysis
generally uses ocean bottom pressure data alone, we employed ocean bottom electromagnetic data to estimate
the slip area of this earthquake in this study. To the best of our knowledge, this is the first to join pressure and
electromagnetic data were used jointly to yield an accurate slip model of the 2009 Samoa earthquake. We also
considered wavelength dependence in the tsunami phase velocities to stabilize the inversion. Consequently,
we found a slip area on the thrust fault that was shorter in the east-west direction than that estimated from the
pressure and tide gauge data in previous studies.

1. Introduction

The Tonga Trench lies along the western margin of the Pacific Plate, where it subducts beneath the Australian
Plate. The trench axis trends north-northeast in the south-central part of the trench; however, it swings abruptly
to a west-northwesterly trend in the north. At 17:48:10 UTC on 29 September 2009, an Mw 8.1 earthquake
occurred near the northern end of the Tonga Trench (hereafter, the 2009 Samoa earthquake). This earthquake
was a doublet comprising normal slip beneath the outer rise and thrust slip on the subducting plate interface
(Beavan et al., 2010; Duputel et al., 2012; Fan et al., 2016; Hossen et al., 2018; Lay et al., 2010; Nealy &
Hayes, 2015). A slip first occurred on the normal fault, followed shortly by a slip on the thrust fault. Accord-
ing to Lay et al. (2010), the interval between the two events was 52 s, whereas Fan et al. (2016) and Nealy and
Hayes (2015) have suggested shorter intervals (10-20 s).

The tsunami generated by the 2009 Samoa earthquake reached a run-up height of 22 m on a neighboring island,
where 189 people were killed (Fritz et al., 2011; Okal et al., 2010). Tsunamis have been widely observed by the
Deep-ocean Assessment and Reporting of Tsunamis (DART) network in the Pacific Ocean (Watada et al., 2014;
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Zhou et al., 2012). Although several studies have proposed finite-fault models for the 2009 Samoa earthquake,
none have accurately simulated the observed tsunami run-up (Bosserelle et al., 2020). Therefore, the finite-fault
model of the 2009 Samoa earthquake requires further improvement.

In addition to conventional tsunami observations, data recorded by ocean bottom electromagnetometers
(OBEMs) can be used to estimate finite-fault models. The dynamo effect (Faraday, 1832) causes a conductor
moving in a background magnetic field to generate an electric field and current in a conductor, which in turn
generates a secondary magnetic field. Because seawater is a good conductor, seawater movements associated with
tsunami propagation generate a magnetic field (Tyler, 2005), which can be recorded by OBEMs. Thus, OBEM
data provide information on both the height and direction of tsunami propagation (Lin et al., 2021; Sugioka
et al., 2014; Zhang et al., 2014).

Toh et al. (2011) reported electromagnetic field data recorded by an OBEM in the northwestern Pacific Ocean
during the tsunamis resulting from the 2006 and 2007 Kuril earthquakes, which were the first observations of
tsunamis by OBEMs. Ichihara et al. (2013) used OBEM data recorded approximately 400 km off the coast of
Japan to investigate the source area of the tsunami generated by the 2011 Tohoku earthquake. Kawashima and
Toh (2016) applied nonnegative linear inversion to the OBEM data to estimate the slip distribution on the fault
of the 2007 Kuril earthquake. However, their solution did not provide a comprehensive model because they used
only OBEM data without the support of conventional tsunami data.

The electromagnetic data generated by the 2009 Samoa tsunami were recorded by a seafloor array for Tomo-
graphic Investigation by the seafloor ARray Experiment for the Society hotspot (TIARES network; Suetsugu
et al., 2012) installed in the region bounded by latitude 17°-22°S and longitude 210°-220°E (Figure 1). The
TIARES network consisted of an array of nine OBEMs (SOC1-SOC9), one of which (SOC8) was equipped
with an ocean bottom pressure gauge (OBP). Lin et al. (2021) used the analytical solution derived by Minami
et al. (2021) to obtain the sea level changes from magnetic field data recorded at SOC8 during the 2009 Samoa
tsunami, which were consistent with those determined from the OBP data.

This study presents a finite-fault model for the 2009 Samoa earthquake that accurately simulates both OBEM data
and hydrostatic pressure change recorded by OBP. Section 2 explains conversion methods from OBEM and OBP
data to sea surface fluctuations. Section 3 performs a joint tsunami inversion using the converted data. Section 4
presents the obtained slip distributions with estimated errors. Section 5 discusses the applicability of OBEM data
and the importance of tsunami calculation models through sensitivity analysis.

2. Data and Processing
2.1. Ocean Bottom Electromagnetic Data

The OBEMs of the TIARES array recorded the magnetic field variations caused by the tsunami resulting from
the 2009 Samoa earthquake. The governing equation of the magnetic field induced by the motion of seawater in
the Earth's magnetic field is given in the frequency domain as

(V2 +iwouo)b = —ouV x (v X F), D

where b = (b, by, b),v=(©, Vys v),and F = (F,, F, F) are the tsunami-generated magnetic field, the velocity
field of sea water, and the ambient geomagnetic field, respectively. w, o, and y, are the angular frequency, electri-
cal conductivity of the medium in concern, and magnetic permeability in a vacuum, respectively. In Equation 1, b
and v were assumed w-harmonic (e "), and F can be assumed to be spatiotemporally constant for the analysis
of a single site. Assuming a flat seafloor and constant tsunami propagation direction, we adopted the following
expressions based on the linear dispersive wave equation to represent the tsunami horizontal velocity in the

TIARES area (Minami et al., 2021):

vo = oo SOShk(z = DT iy

» ST G nh(kH) ' @

sinh(k(z — H)]
sinh(kH)
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Figure 1. (a) Map showing the computational domain, tsunami stations, and the hypocenter of the 2009 Samoa earthquake (red star). DART stations (orange triangles)
were equipped with OBP gauges. SOC stations (yellow triangles) of the TIARES seafloor array were equipped with OBEM gauges, but for SOC8 (red triangle) where
a pair of OBP and OBEM was installed. (b) Enlarged map near the TIARES seafloor array. DART, Deep-ocean Assessment and Reporting of Tsunamis; OBEM, ocean
bottom elecromagnetometer; OBP, ocean bottom pressure gauge; TIARES, Tomographic Investigation by the seafloor ARray Experiment for the Society.

where 7, k, and H are wave height, wavenumber, and water depth, respectively. Note that z is downward posi-
tive and that the positive y direction is the direction of tsunami propagation. Given that the Earth is electrically
homogeneous beneath the flat seafloor, we obtained analytical solutions for Equations 1 and 2 within the ocean
layer:
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n(w) = C@.2)’

and 3)

wkP .
— asz —asz 4 PR [iF h — H)] — F, sinh -H
C(w, 2) = Cre* + Cre™%% + D [i Fz cosh[k(z — H)] = F, sinh[k(z — H)]|, @

where a; = k2 — iouoos, ay = \/k? — iopoos, and P = kz”i‘(:‘jz, where o, and o, are the conductivity of seawater
and the sub-seafloor semi-infinite homogeneous medium, respectively. C, and C, are given by

o (k+a,) - [Pkﬁ - (kF, - asz)] —(ay — a)e" - [—Pk2 (F, +iF.) - (m + a))]
- (k+ad)(as +aes” — (k — as)(as — as)e~s" ’

sinh(kH) tanh(kH)

(k= ap) - [Phosis - (F, = aFo)| = (@ + ae - [-PR - (Fy +iF) - (s + o)
C = .

’ (k= a)(ay — aJe=h = (k + a)(as + ag)ess”
After applying a discrete Fourier transform (DFT) to the magnetic time series data, Equations 3 and 4 can be used to
convert the vertical component of the tsunami-generated magnetic field to sea-surface fluctuation at each frequency
by using a set of (k,w) that meets the tsunami dispersion relationship of w? = gktanh(kH). The inverse DFT of the
obtained frequency-domain wave height provides a time series of sea surface fluctuations at an OBEM site.

We used the method above to obtain the sea-level changes resulting from the 2009 Samoa tsunami from the
observed tsunami magnetic vertical components at SOC stations by assuming o, = 4 S/m, 6, = 0.01 S/m,
F,=21,131nT, and F), =10,316 nT, where F, and Fy were from the IGRF-11 model of Finlay et al. (2010), in the
same manner as Lin et al. (2021). The measured water depths at all SOC stations were used for this conversion.
The data-sampling interval was set to 1 min after band-pass filtering for 3-30 min.

SOCs 1-7 and 9 were equipped with OBEM only, and SOC8 was equipped with both OBEM and OBP. Figure 2
compares the time series of the water level at SOC8 converted from OBEM and OBP data. For the hydrostatic
pressure data conversion, we assumed that a 1 hPa change in the bottom pressure corresponded to a 1 cm change in
the water level. The water level fluctuation estimated from the OBEM data was almost identical to that estimated
from the OBP data, indicating that our conversion of tsunami magnetic field data was successful at least for the
distant tsunami. However, a difference in background noise levels was found. The background noise levels were
5.2 and 0.5 mm in the root-mean-square (RMS) of water level fluctuations converted from the magnetic field
and pressure data, respectively, during the 2 hours before the tsunami arrival. The large background noise in the
magnetic-field-derived water level fluctuation was probably caused by the Earth's magnetic field fluctuations of
external origin and/or the 0.01 nT resolution of the magnetometer used. OBP observations were highly accurate
because short-wavelength water pressure fluctuations caused by wind waves do not affect ocean-bottom pressure,
whereas external geomagnetic variations for a period of 5 min can reach even at the deep seafloor of the South
Pacific Ocean. Furthermore, the magnetic resolution of 0.01 nT is roughly equivalent to one digit error of 2.27 mm
in water level for the ocean depth of 4,806 m at SOCS. In the tsunami inversion analysis, the difference in weight
between the OBEM and OBP data was based on the background noise level. Section 3.3 explains in detail how the
weights were determined.

Our band-pass filter range (3—30 min) on the OBEM-derived waveforms was narrower than 1-60 min, which
Hossen et al. (2018) have applied to the OBP waveforms of the 2009 Samoa tsunami recorded by DART stations.
The OBEM-derived waveforms at SOC stations suffered from significant noise in the frequency range of
30-60 min (Figure S1 in Supporting Information S1), presumably due to the earth's magnetic field fluctuation.
We inevitably used the narrow filter range. However, no difference between the OBP waveforms filtered by 1-60
and 3-30 min at SOC8 was observed. Hence, the 2009 Samoa tsunami around SOCs did not have a component
in the 30-60 min frequency range.

2.2. Ocean Bottom Pressure Data

We downloaded other OBP tsunami data from the DART website. DART data are usually sampled at 15 min
intervals; however, this interval is changed to 1 min or 15 s when tsunami events are detected. For our
inversion analysis, we used DART data (Figure 1) recorded at sampling rates of either 1 min or 15 s. We
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Figure 2. (a) Downward tsunami magnetic component of the 2009 Samoa tsunami recorded at SOCS. (b) Water level
fluctuations converted from the tsunami magnetic component (blue) and the OBP data (red). Background noise levels were
estimated using data from 2 hr (range represented by the horizontal gray bar) before the arrival of the tsunami.
removed tidal components from the OBP records using the NAO.99b tidal prediction system by Matsumoto
et al. (2000). To recover the tsunami components, we applied a 1-60 min band-pass filter similar to that by
Hossen et al. (2018). We subsequently used these data sampled at one-minute intervals for our joint inversion
with the OBEM data.
3. Method of Finite Fault Slip Inversion
3.1. Configuration of the Two Fault Planes and Subfaults
We assumed that the 2009 Samoa earthquake was a doublet earthquake with the same fault and subfault config-
urations as those of Hossen et al. (2018). The normal fault plane was modeled as a 150 km X 50 km rectangle
striking 315° clockwise and dipping 25° northeast with its upper edge at a depth of 1.4 km. The rake angle was
set at —99°. The thrust fault plane was a 175 km X 125 km rectangle with its upper edge at a depth of 1.4 km.
The strike, dip, and rake angles were 180°, 29° west, and 90°, respectively. Both fault planes were subdivided
into 25 km X 25 km square subfaults. Table S1 in Supporting Information S1 lists the fault parameters for each
subfault.
YOKOI ET AL. 5of 14
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We computed the seafloor crustal deformation for a unit slip on each subfault using the analytical solution for an
isotropic, homogeneous, and semi-infinite medium (Okada, 1985). Both the vertical displacement of the seafloor
and horizontal displacement of the seafloor slope can lift the water column and initiate a tsunami (Tanioka &
Satake, 1996); thus, we included both effects on tsunami generation. We also applied the hydraulic filter postu-
lated by Kajiura (1963) to the calculated seafloor displacement to obtain the initial sea-surface deformation
caused by each subfault.

3.2. Calculation of Green's Functions for Tsunamis

Because the OBEM and OBP stations used in this study were deployed on the deep seafloor, the nonlinearity
of the first few waves of the 2009 Samoa tsunami can be disregarded; therefore, the use of a linear inversion
scheme (Satake, 1987) to estimate fault slip distributions is appropriate. To image the source of the 2009 Samoa
tsunami, Hossen et al. (2018) used linear long-wave equations for tsunami waveforms recorded at only a few
stations located close to the tsunami source because the governing equations for these calculations do not account
for dispersion effects. Tsunami dispersion is evident in data recorded at distant stations (Watada et al., 2014;
Zhou et al., 2012). There are two types of dispersion: (a) frequency dispersion, where shorter-wavelength waves
are slower than longer-wavelength waves, and (b) dispersion caused by the self-attraction and loading (SAL)
effect (Allgeyer & Cummins, 2014; Watada et al., 2014), in which waves with super-long wavelength travel
slowly. To derive Green's functions for tsunamis in this study, we used the linearized tsunami equations of Baba
et al. (2017), which include both dispersion effects. The governing equations for these calculations are as follows:

oM gH on H? a[ 1 <02M az(Nsin6)>] )

ot =_Rsm0£_f 3Rsin® dg | Rsin 0 \ ogor 0001

2 2 2 3
ON _ gH oy H a[ 1 (aM 6(Nsm0))]’and ©

— ==+ M+ —
ot R 00 M 3R 06 | Rsin@ \ dgot 2000t

@)

on+&) _  pave oM N d(N sin0)
LPY Rsind ’

B ) 26

where M and N are depth-integrated flow quantities equal to Hv_and Hv,, respectively, along longitude ¢ and
colatitude 6. Variables v, and v, are horizontal water velocities in the x and y directions. H is the at-rest ocean
depth, R is the Earth's radius, n(is the difference in sea level at elapsed time ¢ from the origin time. g is gravita-
tional acceleration, f'is the Coriolis parameter, ¢ is the displacement of the seafloor from its at-rest depth H, and
py and p  are seawater density at the seafloor and average seawater density along the vertical profile, respec-
tively. The displacement of the seafloor £ in Equation 7 was calculated by convolving the following function with
the change in ocean depth (17 + &),

>:J

G(r',r) = Gl@)= —= Y (1+ k), = i) P,(cos a). (8)
n=0

M.

Equation 8 describes the Earth's elastic response to a unit mass load concentrated at a point on its surface
(Vinogradova et al., 2015), where r denotes an arbitrary position on the Earth's surface with the point mass
located at r'. P, refers to Legendre polynomials, « is the angular separation between r’ and r. M, is the mass of
the Earth, and k), and A/, are the elastic loading Love numbers of angular order n.

The initial sea-surface deformation was calculated for each subfault with a rise time of 60 s, and tsunami propa-
gation was subsequently calculated by solving Equations 5-8 on staggered finite-difference grids using a leapfrog
scheme. For the dispersion terms (the third term on the right side of Equations 5 And 6), we applied the red-black
Gauss-Seidel method. The topographic and bathymetric data used for tsunami computation were obtained from
the ETOPO1 data set (Amante & Eakins, 2009) with a spatial grid resolution of 1 arcmin. The integral time was
54,000 s (15 hr) after the earthquake origin time. The time step for tsunami computations was set at 0.1 s to satisfy
the stability conditions.

We also performed three sensitivity analyses for our calculations of Green's functions by selectively applying the
following governing equations: These analyses are based on
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1. Equations 5-8: Linear dispersive wave equations with SAL effect (denoted as LDW + SAL);
2. Equations 5-7 without &, p,,, and p, —the linear dispersive wave equations (denoted as LDW) only;
3. Equations 5 and 6 without the dispersion terms (the last term of the right-hand side of both equations),

together with Equation 7 without &, p,, and p, —the linear long-wave equations (denoted as LLW). This

ave

replicated the methodology described by Hossen et al. (2018).

3.3. Linear Inversion for Finite Fault Slip

Observed data were used in the following equation to obtain the slip distribution of the 2009 Samoa earthquake.

wOEM wGEm
Op = Gp X, &)
0 al

where the vectors O, and O, are the observed sea level displacements converted from the OBEM and OBP
data, respectively, during the tsunami. Op,, were derived from SOC stations. Although SOC8 was equipped with
both OBEM and OBP, only OBEM data were used to evaluate their applicability to tsunami inversion analysis.
O, were derived from DART observations. Matrices Gp,, and G, contain the Green's functions for the tsunami
computed from the 47 subfaults. Matrix I is the identity matrix for L2-norm regularization to avoid the instability
of solution X (the amount of slip on each subfault). A hyper-parameter («) determined the weight between the
observed data and the regularization term (optimized as described in the next paragraph). The weight parameter
(w) determined the weight between the observed OBEM and OBP data. Solution X cannot be negative; therefore,
we used the nonnegative least-squares algorithm (Lawson & Hanson, 1995) for our inversion.

We used a “leave one station out” cross-validation method to find the optimal value of a, in which for a given
value of a, data from one station were excluded from the observational equation, and a temporary inversion
solution was obtained. Subsequently, using the temporary solution, we predicted the excluded observed data and
calculated the residual. We repeated these inversions, excluding each of the 16 stations, and summed the residuals
for all 16 cases. Subsequently, we went through the same process for different values of a to obtain the sum of
residuals of those predictions, and used the minimum sum to identify the optimal value of a, which we estimated
to be 0.0044 for the 2009 Samoa tsunami data set. Next we used that value with the observed data to obtain the
final slip model. The standard deviation of the cross-validation solutions was used as the error of the modeled
slip.

The weight value (w) between the OBEM and OBP data was determined based on the background noise levels
of the OBEM and OBP data. We repeated the inversions by changing the value of w and elevating the RMS
error (RMSE) between the observed and synthetic tsunami waveforms, that is, \/ [|Oem — GEm X ||/n and
m , where n and m are the numbers of data points. It should be noted that each inversion searched
the optimal value of a using the cross-validation method. We chose 0.2 as the optimal value of w. Here, the RMSE
of the OBEM data was larger than that of the OBP data by 5 mm, because the observed background noise level
of the OBEM data was larger than that of the OBP data by approximately 5 mm (Figure 2).

4. Inversion Results

The maximum amounts of slip estimated by our inversion were 7.0 and 3.5 m on the normal and thrust fault
planes, respectively (Figure 3 and Table S1 in Supporting Information S1). Significant slip on the normal fault
appeared in the subfaults surrounding the epicenter. The slip area on the thrust fault extended in a north-south
direction in the upper part of the fault plane. The calculated seismic moments were 3.74 X 10%° Nm (Mw 7.6) for
the normal fault and 5.56 X 102 Nm (Mw 7.8) for the thrust fault, assuming a rock rigidity of 40 GPa. The total
seismic moment was 9.31 X 102 Nm (Mw 7.9).

We compared the seismic moments and slip distributions with those by Hossen et al. (2018), which was the
most accurate published model at the time our investigation started. This model used Green's functions derived
from LLW equations and data recorded at neighboring stations. The seismic moments estimated for the normal
and thrust faults were comparable to those obtained by Hossen et al. (2018), who estimated seismic moments
of 1.18 x 10° Nm (Mw 7.4) for the normal fault and 7.33 x 10%° Nm (Mw 7.9) for the thrust fault. The slip
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(a) Estimated slip (b) Estimated error
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Figure 3. Estimated (a) slip distribution and (b) slip errors on the thrust and normal fault planes of the 2009 Samoa
earthquake using data recorded by the OBEMs of the SOCs and DART stations. The hypocenter (red star) determined by
U.S. Geological Survey is also shown. The focal mechanisms indicate fault motion assumed in the inversion analysis. The
internal squares on each fault plane are the subfaults used in the modeling. LDW, linear dispersive wave equations; SAL,
self-attraction and loading effects.

distribution we determined on the normal fault was similar to that of Hossen et al. (2018), whereas for the thrust
fault, the east-west width of the slip zone that we determined was narrower, and its position was shifted to the east.

The RMSE between the observed and calculated tsunami waveforms used in the inversion was 6.8 and 11.8 mm for
the OBP and OBEM data, respectively. The variance reduction (VR), determined as1 — Y’ (ffca — Hobs )’ /> Hobss
was 74% and 56%, respectively (Figure 4). Hossen et al. (2018) used OBP data to estimate a fault slip model that
produced an RMSE of 14.2 mm and a VR of 19%. Thus, our slip distribution yielded better reproducibility of the
observed tsunami waveforms than that of Hossen et al. (2018).

A retrieval resolution test was performed to verify the reliability of the inversion solutions. For this test, we
used the obtained slip distribution to calculate the synthetic tsunami waveforms at each station using the method
described in Section 3.2. Then, we added Gaussian noise corresponding to the observed background noise level
with standard deviations of 5.0 and 0.5 mm for the OBEM and OBP, respectively, to the calculated tsunami
waveforms to obtain pseudo-observation data. We inverted these data using the method described in Section 3.3
in an attempt to recover the assumed slip pattern. A good match with the assumed slip pattern indicated that the
inversion solution was reliable (Figure S2 in Supporting Information S1).

We used checkerboard slip patterns to explore the spatial resolution of the estimated slip distributions. A
checkerboard slip distribution was initially constructed using pseudo-slip amounts of 2 and 0 m in alternating
50 km X 50 km subfaults. We created synthetic tsunami waveforms with background noise and performed an
inversion analysis using pseudo-observation data. Checkerboard slip patterns were mostly retrieved, although
some subfaults showed slips where there should have been no slip (Figure S3 in Supporting Information S1). For
the checkerboard slip pattern in alternating 25 km X 25 km subfaults, the retrieved slips did not match the original
checkerboard pattern. Thus, these results indicate that the data set used in our study can resolve slips of 2 m on
50 km X 50 km subfaults or greater on the fault planes of the 2009 Samoa earthquake.

5. Discussion
5.1. Estimated Magnitude and Rupture Difference

The earthquake magnitudes of the normal and thrust faults obtained by this study (Mw 7.6 and 7.8, respec-
tively) were similar to those obtained by Hossen et al. (2018) (Mw 7.4 and 7.9, respectively), who also used the
DART tsunami data to estimate it. However, these are smaller than those estimated from seismic wave analysis:
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Figure 4. Comparison of observed and synthetic tsunami waveforms at SOC and DART stations (see Figure 1 for locations).
Observed tsunami waveforms derived from OBEM and OBP are in blue and red, respectively. Waveforms in black are
calculated from the slip model shown in Figure 3a. Horizontal gray bars under the waveforms indicate the time windows used
in the inversions as containing the first tsunami waves.
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Beavan et al. (2010) estimated Mw 7.9 and Mw 8.0, while Lay et al. (2010) estimated Mw 8.1 and Mw 8.0, for
the normal and thrust faults, respectively. Lay et al. (2010) further divided the Mw 8.0 thrust rupture into two
sub-ruptures (both Mw 7.8). Nealy and Hayes (2015) obtained Mw 8.0 for both the normal and thrust faults
and in Fan et al. (2016), these were Mw 8.0 and Mw 8.1, respectively. Although the estimated magnitude in the
tsunami inversion varies depending on the assumed rigidity, our estimations were significantly smaller, even after
considering the range of rigidity. The tsunami waveform comparison in Figure 4 shows that the amplitude of the
tsunami waveforms synthesized from our slip model is smaller than that of the observation, which is specifically
clear at the SOC stations. Therefore, the real magnitude of the 2009 Samoa earthquake must be greater than our
estimations. This underestimation of the earthquake magnitude may be due to the incompleteness of the tsunami
inversion analysis applied in this study. Specifically, the fault-plane geometry may have room for improvement.
We used an analytical solution of a semi-infinite homogeneous elastic body (Okada, 1985) for crustal deforma-
tion calculations. However, the subduction zone has a complex crustal structure with varying stiffness strength.
Although cross-validation is commonly used to determine the weight between the observed data and the regular-
ization term, it may not be suitable for tsunami inversion analysis. Answering this question is challenging, and
we will continue to investigate it.

The 2009 Samoa slip occurred first on the normal fault, followed shortly after by the slip on the thrust fault. Inves-
tigating the sequential ruptures of earthquakes is essential to understand the mechanism of earthquake occur-
rence. Regarding the delay between the ruptures on the normal and thrust faults, previous reports estimated the
interval between the two events to be less than 1 minute (Fan et al., 2016; Lay et al., 2010; Nealy & Hayes, 2015).
In our analysis, we treated the ruptures of the normal and thrust faults simultaneously because the sampling
interval for the OBEM data was 60 s; thus, we could not discriminate a time difference between the two ruptures
shorter than 60 s. However, a test delaying the rupture of the thrust fault by 60 s shifted the thrust fault's slip to
the east because many observation points were located on the east side of the earthquake (Figure S4 in Supporting
Information S1). The slip moved closer to the observation points, explaining the tsunami arrival time (i.e., the
rupture time difference). The tsunami propagation velocity around the tsunami source was 221 m/s (approxi-
mately 13 km/min) at a water depth of 5,000 m. The width of the subfault is 25 km, and its dip is 29°. A rupture
delay of 2 min would shift the slip from one subfault to the east. Therefore, a trade-off was observed between the
slip location and the rupture time difference in the 2009 Samoa tsunami inversion analysis.

5.2. OBEM Data as an Alternative to OBP Data

Typically, OBPs are used for tsunami observation in the deep ocean. OBP tsunami observations are accurate
because the water pressure changes caused by wind waves do not reach the deep ocean bottom. In addition, the
dominant frequency of the tsunami differs from that of wind waves. Accordingly, tsunami observations can be
performed in a quiet pressure environment at the ocean bottom. As shown in Figure 2, the background noise level
was approximately 0.5 mm, which means that a tsunami with an amplitude of a few millimeters can be detected
by OBPs. However, OBP observations are sparse in oceans and typically insufficient. Spatially continuous obser-
vations are possible using satellite radar; however, the satellite must remain in the air during tsunami propagation.
The lack of observational data is a fundamental problem in fault model estimation using tsunami inversion. In this
study, we focused on tsunami observations by OBEM as a solution for this problem. The background noise level
was approximately 5 mm for the water fluctuations converted from the OBEM data using the analytical solution,
which should be able to detect a tsunami of a few centimeters propagating over the ocean. OBEMs can be used
to observe tsunamis caused by earthquakes with magnitudes of 8 and larger, such as the 2009 Samoa earthquake,
although they may not be suitable for detecting microtsunamis.

TIARES had nine seafloor stations (SOC1-9); fortunately, SOCS8 was equipped with both OBEM and OBP. We
also estimated the fault slip distribution of the Samoa earthquake using the same method as described in Section 3,
without using the OBEM data of SOC and instead using the OBP of the SOC8 and DART stations. We found
that the slip distribution (Figure 5) was almost the same as that obtained using the DART and SOC OBEMs
(Figure 3). Our results demonstrate that the OBEM data can be an alternative option to the OBP data for tsunami
observations in the ocean.

In Equation 1, the tsunami-generated magnetic field is a function of the horizontal velocity field of seawa-
ter movements. OBEM observations may also retrieve the horizontal velocity of seawater movement caused
by tsunamis, which cannot be obtained from OBP observations. Although analytical methods to convert the
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Figure 5. Estimated slip distribution on the thrust and normal fault planes of
the 2009 Samoa earthquake using data recorded by the OBP of the SOCS8 and
DART stations. See Figure 3 for the other explanations.

tsunami magnetic field to water level fluctuations exist, conversion to hori-
zontal velocity fields has not yet been accomplished. This is a challenging
task that we aim to solve in our upcoming study. Nonetheless, the present
computational resource is sufficient to perform a three-dimensional magnetic
field numerical simulation using the velocity field calculated from tsunami
numerical simulation (e.g., Lin et al., 2021; Minami et al., 2017). Therefore,
it is now feasible to use the OBEM data for tsunami source inversions more
directly by preparing Green's functions for the tsunami magnetic field instead
of Green's functions for the tsunami wave field. This way, we will be able to
use both the vertical and horizontal magnetic components of tsunami origin.

5.3. Factors Governing the Slip Distribution

The slip distribution we determined on the normal fault was similar to that
of Hossen et al. (2018), whereas for the thrust fault, the east—west width of
the slip zone that we determined was narrower, and its position was shifted
to the east. The combined effect of the OBEM data and advanced tsunami
calculation methods altered the slip distribution significantly. Therefore, we
performed additional inversion analyses to understand the effects of different
governing equations and combinations of input observational data on the slip
distribution (Figure 6). Based on the sensitivity tests, the following outcomes
were obtained:

1. Inversion using data from only three neighboring DART stations with
Green's functions derived from the LLW equations (Figure 6a) showed a
slip area close to the center of the thrust fault, similar to that by Hossen
et al. (2018).

2. Inversion using data from the three neighboring DART stations but with
Green's functions derived from the LDW equations (Figure 6b) provided
a slip distribution similar to that in point (1) because the dispersive effect
was negligible in the tsunami waveforms recorded at the stations neigh-
boring the source.

3. Inversion using data from three neighboring DART stations and the OBEM data from eight SOC stations with

Green's functions derived from the LDW equations significantly changed the slip distribution (Figure 6¢). The

maximum slip was estimated to be approximately 15 m. The slip area extends in the north-south direction on

the thrust fault. We attributed these changes to shorter-wavelength components in the tsunami data recorded

by the TIARES stations. However, the slip distribution appeared unrealistic because of large undulations.

Based on a comparison with the results in point (4), we believe that the LDW tsunami propagation model was

insufficient for simulating the tsunami waveforms recorded at the OBEM stations.

4. Inversion using data from the same set of stations as in point (3) and Green's functions derived from the

LDW + SAL equations estimated a slip model (Figure 6d) similar to the final model shown in Figure 3a. The

dimensions of the slip area were approximately 50 km X 50 km on the normal fault and 75 km X 150 km on the

thrust fault. This inversion analysis eliminated the disorder in the slip distribution that appeared in point (3).

These results indicate that including data from the OBEM stations east of the tsunami source constrained the
east-west extent of the slip area on the thrust fault of the 2009 Samoa earthquake, and that the use of the LDW
equations considering the SAL effect stabilized the inversion result.

In this study, the magnetic data recorded by OBEMs and the converted sea level variations were effective for
analyzing dispersive tsunamis. The significance of dispersion effects in the SOC magnetic data during the 2009
Samoa event has been recognized in a study that utilized wavelet analysis (see Figure 11 of Schnepf et al., 2017),

which observed that long-period magnetic variations preceded the shorter ones at specific sites.

6. Conclusions

Although Kawashima and Toh (2016) developed a fault slip model by inversion using only OBEM data, this
study is the first to use both OBEM and OBP data to generate an earthquake source model. Furthermore, our use
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Figure 6. Inversion results for different combinations of the governing equations and OBP and OBEM stations included.
Slip distributions were inverted by (a) LLW Green's functions and neighboring DART stations, (b) LDW Green's functions,
neighboring DART stations, (c) LDW Green's functions, neighboring DART stations, and SOC's OBEM stations, and (d)
LDW + SAL Green's functions, neighboring DART stations, and SOC's OBEM stations. LLW, linear long-wave equations;
LDW, linear dispersive wave equations; SAL, self-attraction and loading effects. See Figure 1 for the station locations.

of the linear dispersive wave equation incorporating of the SAL effect provides a new model for the 2009 Samoa
tsunami. The modeled slip distributions presented herein provide more accurate predictions of the observed data
than those of previous studies. The most important findings of our study are as follows:

1. The background noise level of the converted water-level fluctuations from the OBEM data was approximately
5 mm; therefore, we were able to detect a tsunami with an amplitude larger than a few centimeters.

2. Tsunami waveforms derived from OBEM data can be easily incorporated in conventional tsunami waveform
inversion schemes.

3. Dealing with both the effects of frequency dispersion and SAL was important in the finite fault inversion of
tsunami waveforms recorded at SOC stations.

4. Compared with the results of previous studies, our doublet slip model effectively reproduced the 2009 Samoa
tsunami waveforms recorded at both OBP and OBEM, and found that the slip area modeled on the thrust fault
was compressed in the east—west direction and was shifted eastward toward the shallow plate interface.

The next challenge lies in utilizing the horizontal components of the tsunami magnetic field observed through
OBEM in the tsunami inversion. Although an analytical equation was not found for converting the horizon-
tal tsunami magnetic field to the tsunami wave field, we were able to accurately calculate tsunami magnetic
fields through large-scale numerical simulations. Thus, investigating how much the horizontal component of the
tsunami magnetic field contributes to improving the earthquake source estimation is crucial.
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