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SUMMARY
We present a finite-element time-domain approach for 3-D simulations of tsunami-generated electromagnetic (EM) fields.
Tsunami is one of important sources of oceanic dynamo on the earth, where the conductive seawater moving in the
ambient magnetic field generates associated EM variations. To simulate the tsunami-generated EM fields, we adopted the
vector finite element method with unstructured tetrahedral mesh, which enables to represent complicated realistic
bathymetry and to change spatial resolution efficiently, while the time-domain simulation scheme allows us to directly
use time-domain tsunami simulation results. We applied our method to the case of the 2011 Tohoku earthquake tsunami.
Our tsunami-EM simulation with an existing tsunami source model (Satake et al., 2013) first provided comprehensive
views of temporal and spatial distribution of EM variations associated with the 2011 Tohoku tsunami. Comparison of the
simulation results with the magnetic data at the two seafloor sites revealed that the used tsunami source model inverted
under the linear long approximation is accurate enough for the seafloor magnetic variations ~200 km east-northeastward
from the epicenter, while the dispersion effect is necessary to explain the seafloor magnetic variation ~1500 km eastnortheastward from the epicenter. Our time-domain simulation method is not only a powerful tool for analysing tsunamigenerated EM fields but a new one for constraining tsunami dynamic properties in conjunction with conventional timedomain tsunami simulations.
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INTRODUCTION
Conductive seawater moving in the ambient geomagnetic
field generates observable electromagnetic (EM) fields
during large tsunami events. During the last decade, there
were many reports of tsunami-generated EM variations
both from on-land (e.g., Manoj et al., 2011) and from the
seafloor observations (e.g., Toh et al., 2011). To analyse
the tsunami-generated EM fields, analytical methods (e.g.,
Tyler, 2005) and numerical simulations in the frequency
domain (e.g., Zhang et al., 2014; Kawashima and Toh,
2016) have been in common use. However, there have
been no time-domain simulation approaches which can
easily use time-domain tsunami simulation results, except
for the 2-D time-domain tsunami-EM simulation by
Minami and Toh (2013). We here present a new timedomain 3-D simulation approach specialized for tsunamigenerated EM fields and show application of our method
to the 2011 Tohoku earthquake tsunami event.
SIMULATION METHOD
We adopted the vector finite element method and the
second order backward Euler method to spatially and

temporally discretize the governing equation in terms of
the vector and scalar potentials of 𝐴 and 𝜙,
𝛁× 𝛁×𝑨 − 𝜇𝜎

𝜕𝑨
+ 𝛁𝜙 = 𝜇𝜎 𝒗×𝑭
𝜕𝑡

(1)

respectively. Here, 𝜎 and 𝜇 are the electrical conductivity
and the magnetic permeability of the medium, while 𝒗
and 𝑭 are the velocity of the conductive medium and the
background geomagnetic main field, respectively. In the
vector finite element method, we selected the gauge
condition of 𝜙 = 0 in the same way as Yoshimura and
Oshiman (2002). The temporal discretization follows the
method presented by Um et al. (2010), where the time
derivative of a variable, 𝑢 , at the n+2-th time step is
expressed by
𝜕𝑢123
1
=
3𝑢123 − 4𝑢129 + 𝑢1 ,
𝜕𝑡
2𝛥𝑡

(2)

where 𝑢; is u at the i-th time step and 𝛥𝑡 is the time
interval adopted in simulation.
Numerical meshes for our finite element simulations are
generated by Gmsh (http://gmsh.info/). Based on a
horizontal triangular mesh for the ground and ocean
surface (Fig. 1A), we generate tetrahedral meshes for
whole calculation domain (Fig. 1B). To generate
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tetrahedral meshes inside the ocean layer, we adopted the
extrude algorithm by Oishi et al. (2013) so that the
horizontal resolutions in the ocean layer are constant from
the sea surface to the seafloor.
SIMULATIONS OF THE 2011 TOHOKU
EARTHQUAKE TSUNAMI
We applied our method to the 2011 Tohoku earthquake
tsunami and compared the simulated results with the
observed geomagnetic variations. Figure 2 shows the map
of simulation area, where the geomagnetic observatories
including the two seafloor magnetic observations, B14
and NWP, are shown by red boxes. We used the
numerical mesh in Fig 1 for our tsunami EM simulations.
For the source tsunami seawater velocity, 𝒗 , we
conducted two types of tsunami dynamic simulations, the
linear long wave (LLW) and the linear Boussinesq wave
(LBW) simulations, by using the tsunami simulation
method of Kawashima and Toh (2016) with the tsunami
source model of Satake et al. (2013). Note that Satake et
al. (2013) adopted the LLW (non-dispersive) simulation
method for forward calculations in their tsunami source
inversion. On the other hand, our LBW simulations can
include dispersive properties of tsunamis.
Comparison between our simulation results and
observations are shown in Fig. 3. At B14, the LLW
simulation explained the three components of magnetic

variations well, while the LBW simulation explained the
magnetic data at NWP better. It implies the dispersive
characteristics of the tsunami propagating at NWP during
the 2011 Tohoku tsunami event. Comparison in the Z
component of on-land magnetic variations are also shown
in Fig. 3 only for ESA and CBI. The phases of Z at CBI
were well explained by both the LLW and LBW
simulations, while the variation of Z at ESA was not well
explained. It is speculated that the effect of ionospheric
current excited by tsunami-generated acoustic gravity
waves (Tsugawa et al., 2011) played a dominant role at
ESA, as pointed out by Zhang et al. (2014).
CONCLUSION
We developed a new time-domain 3-D simulation code
for tsunami-generated EM fields and applied it to the case
of the 2011 Tohoku earthquake tsunami. Our simulations
succeeded in explaining the three components of tsunamigenerated seafloor magnetic fields at B14 and NWP. Our
time-domain simulation method is not only a powerful
tool for analyzing tsunami EM fields but useful to
constrain tsunami dynamic properties in conjunction with
conventional time-domain tsunami simulation methods.
A) LLW

B) LBW

Figure 1. Numerical meshes for the 2011 Tohoku
Earthquake tsunami: A) a triangular mesh for the ground
and ocean surface and B) a whole tetrahedral mesh for 3D EM simulations.

Figure 2. The epicenter of the 2011 Tohoku earthquake
(open star), W-phase moment solution tensor solution by
USTS, DART stations (yellow rectangles), and magnetic
observatories (red rectangles).

Figure 3. Comparison between simulation results and
observations: A) the results for simulation using the linear
long wave (LLW) seawater velocity and B) those for the
linear Boussinesq wave (LBW). In all the panels, black
lines are simulated results, while coloured lines show the
observed data. In panels of B14 and NWP, the top black
line delineates the waveform of sea surface displacement
for reference. All the horizontal axes of the panels
indicate the elapsed time in minutes since the occurrence
time of the earthquake.

Minami et al., Time-domain 3-D simulations of tsunami magnetic fields
ACKNOWLEDGMENTS
We would like to thank the Gerald W. Hohmann
Memorial Trust. The on-land geomagnetic data used in
this study were provided by World Data Center for
Geomagnetism, Kyoto, and by Kakioka Geomagnetic
Observatory, Japan. This work is also supported by
Grants in Aid for Scientific Research from MEXT, Japan
(26282101).

waveform data. Bulletin of the seismological society
of America, 103(2B), 1473-1492.
Toh, H., Satake, K., Hamano, Y., Fujii, Y., Goto, T., 2011,
Tsunami signals from the 2006 and 2007 Kuril
earthquakes detected at a seafloor geomagnetic
observatory. Journal of Geophysical Research: Solid
Earth, 116(B2).

Kawashima, I., Toh, H., 2016, Tsunami-generated
magnetic fields may constrain focal mechanisms of
earthquakes. Scientific reports, 6.

Tsugawa, T., Saito, A., Otsuka, Y., Nishioka, M.,
Maruyama, T., Kato, H., ... & Murata, K. T. (2011).
Ionospheric disturbances detected by GPS total
electron content observation after the 2011 off the
Pacific coast of Tohoku Earthquake. Earth, planets
and space, 63(7), 66.

Manoj, C., S. Maus, A. Chulliat, 2011, Observation of
magnetic fields generated by tsunamis, EOS Trans,
AGU 92(2). Doi:10.1029/2011EO020002.

Tyler, R. H., 2005, A simple formula for estimating the
magnetic fields generated by tsunami flow, Geophys.
Res. Lett., 32, L0960, doi:10.1029/2005GL022429.

Minami, T., Toh, H., 2013, Two-dimensional simulations
of the tsunami dynamo effect using the finite element
method, Geophys. Res. Lett., 40, 4560–4564,
doi:10.1002/grl.50823.

Um, E. S., Harris, J. M., Alumbaugh, D. L., 2010, 3D
time-domain simulation of electromagnetic diffusion
phenomena:
A
finite-element
electric-field
approach. Geophysics, 75(4), F115-F126.

Oishi, Y., Piggott, M. D., Maeda, T., Kramer, S. C.,
Collins, G. S., Tsushima, H., & Furumura, T., 2013,
Three-dimensional tsunami propagation simulations
using an unstructured mesh finite element
model. Journal of Geophysical Research: Solid
Earth, 118(6), 2998-3018.

Yoshimura, R., Oshiman, N., 2002, Edge-based finite
element approach to the simulation of
geoelectromagnetic
induction
in
a
3-D
sphere. Geophysical Research Letters, 29(3).

REFERENCES

Satake, K., Fujii, Y., Harada, T., Namegaya, Y., 2013,
Time and space distribution of coseismic slip of the
2011 Tohoku earthquake as inferred from tsunami

Zhang, L., Utada, H., Shimizu, H., Baba, K., Maeda, T.,
2014, Three-dimensional simulation of the
electromagnetic fields induced by the 2011 Tohoku
tsunami. Journal of Geophysical Research: Solid
Earth, 119(1), 150-168.

