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Abstract Motional induction is the process by which the motion of conductive seawater in
the ambient geomagnetic main field generates electromagnetic (EM) variations, which are
observable on land, at the seafloor, and sometimes at satellite altitudes. Recent years have
seen notable progress in our understanding of motional induction associated with tsunamis
and with ocean tides. New studies of tsunami motional induction were triggered by the
2004 Sumatra earthquake tsunami and further promoted by subsequent events, such as the
2010 Chile earthquake and the 2011 Tohoku earthquake. These events yielded observa-
tions of tsunami-generated EM variations from land and seafloor stations. Studies of
magnetic fields generated by ocean tides attracted interest when the Swarm satellite
constellation enabled researchers to monitor tide-generated magnetic variations from low
Earth orbit. Both avenues of research benefited from the advent of sophisticated seafloor
instruments, by which we may exploit motional induction for novel applications. For
example, seafloor EM measurements can serve as detectors of vector properties of tsu-
namis, and seafloor EM data related to ocean tides have proved useful for sounding Earth’s
deep interior. This paper reviews and discusses the progress made in motional induction
studies associated with tsunamis and ocean tides during the last decade.
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1 Introduction

Conductive seawater moving in the ambient magnetic field generates electromotive forces
(emfs) that result in electromagnetic (EM) field variations. This phenomenon, called
motional induction, has interested physicists since the speculations of Faraday (1832).
Studies in this field were stimulated by the advent of new instruments, including towed
electrodes, submarine cables, seafloor EM sensors, and satellite-borne magnetometers. As
these instruments provided new exciting data related to motional induction, especially
since the 1940s, researchers have been developing new theories and numerical simulation
methods to explain or predict EM phenomena.

Motional induction studies related to two phenomena, tsunamis and ocean tides, have
made remarkable progress during the last decade. The reasons for this progress are dif-
ferent in the two cases, although the increment of new magnetic data from seafloor
magnetometers played important roles in both. Tsunami-related motional induction studies
followed the occurrence of several large tsunamigenic earthquakes since 2000 that yielded
abundant observations of tsunami-related EM variations from land-based and seafloor
instruments. As for ocean tides, the Swarm satellite constellation has opened the possibility
of remotely monitoring ocean parameters by extracting tidally induced magnetic fields
from satellite magnetic data (Sabaka et al. 2016), while inversion of the Earth’s conduc-
tivity structure from tidal EM signals became feasible (Grayver et al. 2016).

In this paper, I focus on the most recent decade of advances in motional induction
studies related to tsunamis and ocean tides. For this purpose, a brief review of older work
on motional induction is helpful, because the theoretical underpinnings of this work, going
back in intermittent stages to Faraday (1832), are still relevant for current discussions, and
the classic papers are still worth reading today.

This paper is structured as follows: Sect. 2 outlines the progress of motional induction
studies from Faraday’s speculation to the 2000s. Section 3 reviews recent studies on
tsunami-generated EM fields, and research on tide-generated EM fields is reviewed in
Sect. 4. Section 5 summarizes the progress made during the last 10 years.

Whereas this paper mainly reviews recent progress focusing on tsunamis and ocean
tides, many other reviews that cover a broader range of motional induction studies also
provide useful background. Longuet-Higgins (1949) described the history of motional
induction from Faraday’s speculation to the 1940s. Filloux (1987) provided a compre-
hensive treatment of previous oceanic EM studies, including motional induction. Palshin
(1996) reviewed the oceanic EM studies in the 1990s, including motional induction.
Kuvshinov (2008) described studies on motional induction due to ocean circulation, ocean
tides, and tsunamis in terms of global induction. Szuts (2012) comprehensively reviewed
motional induction studies from the perspective of indirect ocean velocity measurement.

2 History of Motional Induction Studies

2.1 From Faraday to the 1950s

Faraday (1832) was the first to speculate that ocean flow in the geomagnetic field generates
electric currents in the ocean. In an attempt to detect the electric potential due to the ocean

tidal flow, he suspended copper plates from the parapet of the Waterloo bridge into the
Thames River, but could not detect any signals greater than the noise level. It took almost
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half a century until Adams (1881) first reported observations of tide-generated electric
potential, although Wollaston had succeeded in measuring the electric potential with a
lunar period in 1851 (Wollaston 1881). Both Adams and Wollaston used telegraph cables
that were earthed in or near the ocean. This delay in confirming Faraday’s insight is
attributed to deficiencies in instrumentation and in understanding of the effects of a con-
ductive seafloor (Young et al. 1920).

In the early 1900s, Young et al. (1920) first measured tide-generated electric potential
variations with moored and towed electrodes. They found that the variations in electric
potential with the semidiurnal ocean tide could not be in phase with the water velocity of
the local tide, but instead were in phase with a stronger tidal stream in a remote position.
This finding supported their idea that a conductive seafloor enables strong emfs to form
large-scale electric circuits that control electric potential variations in remote areas where
tidal streams are weak. This initial century of research is detailed by Longuet-Higgins
(1949) and Filloux (1973).

In the 1930s and 1940s, several authors reported semidiurnal lunar variations of the
geoelectric current at land-based observatories far from coastlines. For example, Egedal
(1937) found lunar semidiurnal variations in north—south geoelectric potential data
observed at Ebro, Spain, ~70 km from the coast, while Rooney (1938) determined similar
periodic variations in electric potential data observed ~200 km inland at Tucson, USA,
and ~ 150 km inland at Huancayo, Peru. Because the semidiurnal lunar variations were
much smaller than the solar daily variations, Rooney adopted the method of Chapman and
Miller (1940), in which hourly mean data are classified and stacked in terms of the lunar
phase, to extract the lunar tidal variations. Although the true nature of these variations was
obscure at that time (e.g., Egedal 1948), today we can conclude that the variations were
generated by motional induction (e.g., Junge 1988).

In the 1940s and 1950s, many researchers got involved in theoretical studies of motional
induction (e.g., Stommel 1948; Longuet-Higgins 1949; Longuet-Higgins et al. 1954;
Malkus and Stern 1952). This was triggered by the development of the towed electrode
technique (von Arx 1950). Because this technique exploits motionally induced electric
potential to measure velocities in seawater, the new instrument was named the geomag-
netic electrokinetograph (e.g., Filloux 1987). Longuet-Higgins et al. (1954) comprehen-
sively investigated the relationship between seawater velocity and the resulting EM fields
for specific cases of two-dimensional (2-D) stationary oceanic flows. The relationships they
derived are useful for estimating water mass movements from electric potential data
obtained by towed electrodes.

2.2 From the 1960s to the 1990s: Burgeoning Theory and Beginning
of Seafloor Observations

After the study by Longuet-Higgins et al. (1954) came a variety of excellent theoretical
works on motional induction, along with the advent of new seafloor EM instruments.
Notably, the theoretical studies after 1960 addressed EM variations caused by time-varying
oceanic flows with careful treatment of the self-induction effect, i.e., the effect of temporal
variations of the magnetic field. The theories established in this period still underlie the
interpretation of realistic motional induction phenomena today.
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2.2.1 Short Waves and Swells

Motional induction due to surface gravity waves, which have short periods compared to
other oceanic flows, were investigated with appropriate inclusion of the self-induction
effect. Weaver (1965) presented an analytical solution for EM fields caused by short
waves and swells assuming an infinitely deep ocean. The solution for short waves was
demonstrated by measurements of EM fields using data from floating buoys (Maclure
et al. 1964), seafloor magnetometers (Fraser 1966), and total field magnetometers above
the sea surface (Ochadlick 1989). Cox et al. (1978) went on to explain the nonlinear
mechanism by which wind-generated surface waves can cause magnetic variations at
the deep seafloor.

2.2.2 Long Waves (Tsunamis)

Larsen (1971) derived analytical solutions of EM fields generated by long and intermediate
waves (such as tsunamis), and investigated the self-induction and mutual induction effects
on EM fields, by adopting a finite ocean depth and prescribing a layer of conducting
sediment and a conductive mantle at a depth of a few tens to hundreds of kilometers.
Larsen’s solution, which is applicable to EM fields generated by tsunamis, was later
reduced to a much simpler form by Tyler (2005). Chave (1983) derived an expression for
tsunami-generated EM fields based on Green’s functions. However, these theories for long
waves were not confirmed by tsunami-generated EM fields until the twenty first century,
mainly because of the transience of tsunami events. In the late 1990s, seafloor EM
observatories for long-time operation were developed that incorporated fluxgate and
Overhauser magnetometers (Toh et al. 1998). These led to the first report of tsunami-
generated EM signals in the early 2010s (e.g., Toh et al. 2011).

2.2.3 Ocean Tides

The first seafloor in situ measurement of EM fields generated by ocean tides was achieved
in the 1960s, benefitting from the development of seafloor EM sensors. Using the torsion
fiber magnetometer (Filloux 1967), Larsen and Cox (1966) found that seafloor EM vari-
ations 600 km off the California coast with M, tidal periodicity (12.4206 h) were pre-
dominantly caused by motional induction. In the 1970s, fluxgate magnetometers (e.g.,
White 1979) were incorporated into seafloor instruments and are in common use today
(e.g., Toh et al. 2006; Kasaya and Goto 2009). Refer to Filloux (1987) and Consta-
ble (2013) for more detailed description of developments of seafloor instruments in the late
1900s. As mentioned by Constable (2013), along with the advent of seafloor EM instru-
ments, seafloor magnetotelluric (MT) surveys started in the 1960s. Since that time,
motional induction phenomena also have been treated as sources of noise in seafloor MT
studies (e.g., Cox 1980).

During this period, the seafloor EM instruments as well as conventional land-based
observations promoted further understanding of tide-generated EM fields. Larsen (1968)
was first to note the importance of self-induction on the tide-generated magnetic field in the
open ocean and conducted numerical simulations adopting the thin-shell approximation
(Price 1949). In a theoretical advance, Chave (1983) recognized the importance of the
galvanic connection between the ocean layer and the conductive seafloor in tide-generated
EM fields by adopting a representation based on Green’s functions and by treating the
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toroidal magnetic (TM) mode and the poloidal magnetic (PM) mode separately. It was also
found that land-based EM data with M, periodicity were influenced by motional induction
due to ocean tides (e.g., Larsen 1968; Harvey et al. 1977; Junge 1988).

2.2.4 Large-Scale Low-Frequency Oceanic Flows

In the field of large-scale low-frequency barotropic oceanic flow, Sanford (1971) extended
the 2-D theory of Longuet-Higgins et al. (1954) to three-dimensional (3-D) time- and
space-varying oceanic flows. By restricting the phase velocity of oceanic flow to less than
~10 m/s, where the effect of self-induction is negligible, Sanford (1971) derived rela-
tionships between low-frequency large-scale barotropic flows and the EM fields they
generate. He pointed out the importance of conductivity-weighted, vertically averaged
velocity for the generation of both local and large-scale electric currents.

In the 1980s and 1990s, seafloor electric fields and potentials were utilized to estimate
ocean mass transport. Based on the theoretical work of Sanford (1971), Larsen and Sanford
(1985) and Larsen (1992) inferred the mass transport in the Florida Strait from the electric
voltage difference measured by submarine cables. Segawa and Toh (1992) also used a
submarine cable to investigate the transport of the Kuroshio at the Nankai Trough. Chave
and Luther (1990) and Luther et al. (1991) showed that measurements of the horizontal
electric field at the seafloor can serve as an efficient metric of barotropic flow in the central
North Pacific, in the Barotropic, EM and Pressure Experiment (BEMPEX) project (Luther
et al. 1987).

2.2.5 Development of Horizontal Ocean Velocity Profilers

In the 1970s, motionally induced electric fields within the ocean layer began to be used for
detailed studies of ocean flow. Sanford et al. (1978, 1982) developed the recover-
able/expendable relative velocity profiler, which measures a vertical profile of relative
horizontal ocean velocity while freely falling to the seafloor. Sanford et al. (1985)
developed the “absolute” velocity profiler, which uses an acoustic Doppler instrument to
measure the velocity of the profiler with respect to the seafloor. These velocity profilers
were later incorporated in multifunctional floats like the EM Autonomous Profiling
Explorer (EM-APEX; Sanford et al. 2005) and remain in common use today (e.g., Sanford
et al. 2007, 2011).

2.2.6 Studies of Baroclinic Waves

This period saw motional induction studies extended to baroclinic waves, i.e., oceanic
flows that have vertical shear in the horizontal components. Podney (1975), Petersen and
Poehls (1982), and Chave (1984) theoretically investigated the magnetic fields generated
by baroclinic internal waves, and Podney and Sager (1979) succeeded in identifying the
magnetic gradients originating from internal waves. This line of research later led to the
first report of magnetic variations generated by passage of an ocean eddy (Lilley et al.
1993) and the derivation by Tyler and Mysak (1995) of analytical solutions applicable to
vertically and horizontally sheared plane-parallel flows.
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2.3 The 1990s and 2000s: Advent of Global Numerical Simulations
and Satellite Observations

Satellite-borne magnetometers and the development of numerical simulation techniques
were the most notable innovations of the 1990s and 2000s, while the velocity profilers
utilizing motional induction came into common use in oceanography. Numerical simula-
tions of motional induction phenomena started in the 1990s. Most of the simulation studies
mentioned here are described in detail by Kuvshinov (2008) in a comprehensive review of
3-D global simulation studies, including those for EM fields of oceanic origin.

2.3.1 Ocean Circulation Simulations

The 1990s saw the first useful simulations related to steady ocean circulation. Stephenson
and Bryan (1992), Tyler et al. (1997), and Vivier et al. (2004) applied the thin-shell
approximation of Price (1949) to calculate magnetic fields generated by steady ocean
circulation, regarding the model layers above and beneath the ocean layer as insulators.
Notably, Vivier et al. (2004) found a strong correlation (>95%) between the Antarctic
Circulation Current (ACC) transport and the calculated magnetic field in some regions.
Two other noteworthy studies conducted full 3-D simulations that included realistic con-
ductivity beneath the seafloor: Flosadéttir et al. (1997) adopted the 3-D finite difference
method (Smith 1996a, b) and Manoj et al. (2006) employed the integral equation (IE)
method (Kuvshinov et al. 2002).

The simulation techniques for ocean circulation developed in the 1990s and 2000s are
still used today. After the launch of the Swarm satellites, determining the feasibility for
remotely monitoring ocean circulation and related ocean parameters via satellite magnetic
observations became of interest. Along with the technique of Vivier et al. (2004), Irrgang
et al. (2016a, b) investigated the uncertainty of the magnetic variations arising from errors
in the source input, i.e., seawater velocity, related parameters, e.g., seawater conductivity,
and the simulation model itself.

2.3.2 Ocean Tides

The advent of satellite magnetic observations promoted studies of motional induction by
ocean tides in the early 2000s, while conventional observations from submarine cables
were still common (e.g., Nolasco et al. 2006). Tyler et al. (2003) showed that magnetic
variations generated by the M, tidal component can be detected at the altitude of the
CHAMP (CHAllenging Minisatellite Payload) satellite, by comparing satellite observa-
tions with their global simulation results. Later, Maus and Kuvshinov (2004) and
Kuvshinov and Olsen (2005), and Kuvshinov et al. (2006) conducted 3-D global simula-
tions that revealed features arising from motional induction due to ocean tides. These
studies are discussed in Sect. 4.3.

2.3.3 Tsunamis

Thomson et al. (1995) were the first to detect tsunami-generated electric potentials in
submarine cables, attributing an ~ 30-min echo in the cable electric potential following the
1992 Cape Mendocino earthquake to tsunami motional induction. A long pause in this line
of research since the papers of Larsen (1971) and Chave (1983) ended after the devastating
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2004 Sumatra earthquake and tsunami, and studies of tsunami motional induction resumed
in earnest in the 2000s. The most important contributions during this period were made by
Tyler (2005) and by Manoj et al. (2010).

Tyler (2005) derived a simple relationship between the tsunami sea surface displace-
ment and the generated magnetic field. Tyler also showed that tsunami-generated magnetic
fields were unlikely to be detected at typical satellite altitudes of ~400 km, because the
horizontal scale of tsunamis (~ 10? km) is much smaller than those of ocean tides
(~10° km).

Manoj et al. (2010) investigated whether submarine cables in the Indian Ocean could
detect the electric field generated by the 2004 Sumatra tsunami by applying their global
induction technique to tsunami-generated magnetic fields. They found that observable
voltages as great as ~0.5 V were induced between the ends of submarine cables. While
Manoj et al. (2010) cited advantages to submarine cables owing to their widespread
presence and the small expense of making observations, later studies were to show that
in situ seafloor EM field observations can provide more information on tsunami propa-
gation than submarine cables (e.g., Toh et al. 2011).

2.3.4 Application of a Variety of EM Instruments

In the 2000s, motional induction studies employed a wide range of EM instruments in
addition to satellite-borne magnetometers and sophisticated seafloor instruments. Lilley
et al. (2004) used floating magnetometers to detect the magnetic field generated by
ocean swells. Sanford et al. (2007) airdropped a profiling float equipped with the EM-
APEX velocity profiler (Sanford et al. 2005) into the upper ocean ahead of Hurricane
Frances in 2004 and succeeded in obtaining data on the ocean response to a category 4
hurricane. The profiler data revealed that the passage of the hurricane generated iner-
tially rotating currents of appreciable velocity (>1 m/s) in the upper 120 m of the water
column.

The improvement in velocity profilers exploiting motional induction still continues
today. Terker et al. (2013) developed a new free fall absolute profiler that measures the
position by GPS satellites at the beginning and end of round trip to the seafloor, during
which a compass coil is used to determine the direction of the electrode arm and the
rotation rate of the instrument. On the other hand, the EM-APEX velocity profiler plays
more important roles in today’s oceanography. They were introduced to large-scale pro-
jects to investigate features of global ocean circulation, e.g., Kuroshio (Andres et al. 2015)

3 Motional Induction by Tsunamis

Starting with the 2004 Sumatra event, magnetic observations at the time of great earth-
quakes have led to dramatic progress in our understanding of motional induction related to
tsunamis. This section reviews recent observation reports in Sect. 3.1, theoretical advances
in Sect. 3.2, developments in numerical techniques in Sect. 3.3, and possible applications
of tsunami motional induction in Sect. 3.4.
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3.1 EM Data Due to Tsunami Motional Induction

Many reports of tsunami-generated EM variations, observed both on land and at the
seafloor, have appeared during the last decade. These studies succeeded not only because
several large tsunami earthquakes occurred during a period of relatively quiet solar activity
(e.g., the 2006/2007 Kuril, 2010 Chile, and 2011 Tohoku events), but also because many
sophisticated ocean bottom instruments were collecting data, especially in the Pacific
Ocean, during the tsunami events.

3.1.1 The 2006 and 2007 Kuril Earthquake Tsunamis

The first report of evident tsunami-generated EM fields was that of Toh et al. (2011), who
detected EM variations due to the 2006 and 2007 Kuril earthquake tsunamis with the
SeaFloor ElectroMagnetic Station (SFEMS) system (Toh et al. 1998, 2006). The EM
components and tilt observations at the time of the 2006 Kuril earthquake, shown in the left
column of Fig. 1, display clear responses of EM components to the arrival of the tsunami,
but no response to the arrival of the seismic waves. Toh et al. (2011) concluded that a
seafloor EM sensor at a single site can monitor both the tsunami propagation direction and
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Fig. 1 Reports of tsunami-generated EM variations. Left panel shows time series of tsunami EM
components and tilt variation at the time of the 2006 Kuril earthquake tsunami (Toh et al. 2011). Red and
blue vertical lines denote the earthquake occurrence and the estimated tsunami arrival time at the seafloor
site, respectively. Right panel shows the three magnetic components (black lines) and pressure data (red
lines) at the time of the 2011 Chile earthquake tsunami (Suetsugu et al. 2012). Subscripts x, y, and z indicate
the northward, eastward, and downward components
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the tsunami wave height. This idea led soon after to the development of an innovative
seafloor sensor for use in rapid tsunami determinations (see Sect. 3.4.3).

3.1.2 The 2009 Samoa Earthquake Tsunami

Schnepf et al. (2016) recently found clear magnetic variations coinciding with the arrival
of the tsunami from the 2009 Samoa earthquake in seafloor magnetic data obtained in
French Polynesia during the Tomographic Investigation by seafloor ARray Experiment for
the Society hotspot (TIARES) project (e.g., Suetsugu et al. 2012). TIARES data had
previously been examined in connection with the 2010 Chile earthquake tsunami, as
described in the next subsection.

Schnepf et al. (2016) detected the tsunami magnetic signals with a new cross-wavelet
analysis method to highlight tsunami magnetic signals, which reduced red noise by uti-
lizing the horizontal magnetic fields at a reference point. They applied their method to
magnetic data obtained during the 2007 Kuril, 2010 Chile, and 2011 Tohoku tsunamis as
well as the Samoa event. Their method successfully extracted time—frequency character-
istics of tsunami magnetic signals. At present, the only drawback of their method is an
inability to reproduce the time series after noise reduction by the cross-wavelet analysis,
which leads to loss of the phase information in the original time series.

3.1.3 The 2010 Chile Earthquake Tsunami

Manoj et al. (2011) first reported variations in land-based magnetic data generated by
tsunamis, using observations from Easter Island at the time of the 2010 Chile earthquake
tsunami. Although land-based observations are often severely contaminated by variations
originating from the magnetosphere, exceptionally quiet magnetic conditions allowed
variations of ~1 nT to be recorded at that time. Wang et al. (2015) verified that the Chile
tsunami was the cause of these magnetic variations by applying the analytical solution of
Tyler (2005) to a simulation of the tsunami.

Suetsugu et al. (2012) and Sugioka et al. (2014) first reported concurrent seafloor obser-
vations of water pressure and magnetic signals made at the time of the 2010 Chile earthquake
tsunami during the TIARES project (Suetsugu et al. 2012). The right panel of Fig. 1 shows the
clear correlation between perturbations in the magnetic field and seafloor pressure, both of
which were proportional to the tsunami sea surface displacement. This strong correlation
confirmed Tyler’s (2005) prediction that the vertical component of the magnetic field would
respond in phase with the tsunami sea surface displacement in the deep ocean.

After the time of the 2010 Chile event, the wavelet transform data-processing technique was
first introduced for the analysis of tsunami-generated magnetic variations by Klausner et al.
(2014). By applying the gapped wavelet analysis method (Frick et al. 1997), which has the
advantage of utilizing both the oscillatory and envelope waveforms, they succeeded in high-
lighting magnetic variations corresponding to the tsunami in magnetic data from Easter Island
and the Papeete station (Tahiti) during the 2010 Chile tsunami event. This highlighting tech-
nique can reduce the work involved in conventional visual inspection of the original time series.

3.1.4 The 2011 Tohoku Earthquake Tsunami

The 2011 Tohoku earthquake tsunami yielded EM data from both land-based and seafloor
observations. Using land-based observations, Utada et al. (2011) described magnetic
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variations originating from the tsunami that included signals due to ionospheric distur-
bances caused by tsunami-generated acoustic-gravity waves (AGWs) as well as motional
induction from the tsunami. Tatehata et al. (2015) analyzed the magnetic variations
observed at the Chichijima Island station (CBI) by a numerical simulation based on the
formula of Tyler (2005).

Using seafloor observations, Minami and Toh (2013) reported tsunami-related magnetic
variations as large as approximately 3 nT in observations from the northwest Pacific
seafloor. Using seafloor magnetic variation data obtained just to the east of the Japan
Trough, Ichihara et al. (2013) made the first attempt to constrain the tsunami source region
from magnetic data (see Sect. 3.4.2 for details). Zhang et al. (2014a, b) reported seafloor
EM data from the north Pacific, where an array of seafloor instruments was installed by the
Normal Oceanic Mantle project (Kawakatsu et al. 2013), and were able to accurately
determine the tsunami propagation direction in that area. Because high-frequency external
variations cannot reach the seafloor, most of the EM signals from the seafloor were clear
and useful for inferring the dynamic properties of the tsunami propagation. Most of the
papers mentioned here except Ichihara et al. (2013) conducted numerical EM simulations
to explain the observed tsunami-generated seafloor magnetic variations. The details of
these simulations are reviewed in Sect. 3.3.

3.1.5 Magnetic Variations Due to Tsunami-Generated Acoustic-Gravity Waves

During tsunami events, magnetic variations are caused not only by tsunami motional
induction but also by tsunami—atmosphere—ionosphere (TAI) coupling (e.g., Tsugawa et al.
2011; Utada et al. 2011; Kherani et al. 2016). AGWs excited by large tsunamis can reach
the ionosphere and cause ionospheric dynamo currents and secondary magnetic fields that
are observable at ground magnetic observatories.

Klausner et al. (2016) concluded that during the 2011 Tohoku tsunami, the downward
component of the magnetic variations (B,) preceding the tsunami arrival by 10—40 min,
such as in land-based observations of B, at CBI, originated not from motional induction but
from the ionospheric current excited by tsunami-generated AGWs. In contrast, Zhang et al.
(2014b) and Tatehata et al. (2015) concluded from numerical simulations that these
variations were generated by motional induction. Figure 2 compares these three analyses.

3.1.6 Identification of Magnetic Signals Prior to Tsunami Arrival

An unsolved problem in EM variations due to tsunamis is that there is no obvious criterion
to judge whether a magnetic field variation is due to motional induction or the ionospheric
current excited by tsunami-generated AGWs. In the case of magnetic data from CBI during
the 2011 Tohoku tsunami, it is safe to conclude that the B, variation ~ 10 min prior to the
simulated tsunami arrival was generated by motional induction, because the simulations of
motional induction presented by Tatehata et al. (2015) and Zhang et al. (2014b) both
agreed well with the observations at CBI, especially in their phase, as shown in Fig. 2.
However, it might be difficult to rule out TAI coupling if we were limited to the infor-
mation presented by Klausner et al. (2016).

One possible reason that B, variations precede the tsunami arrival at CBI is that, in
theory, B, precedes tsunami sea surface displacement by a tsunami phase angle of
approximately /4 in very shallow oceans (Tyler 2005; Minami et al. 2015; see Sect. 2.2
and Fig. 3), which would be the case for island observatories near the coast, such as CBI.
This theoretical consideration, along with the distance between the magnetic observatory
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B, at CBI during 2011 Tohoku earthquake
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Fig. 2 Analyses of B, (downward) observed at CBI during the 2011 Tohoku tsunami. a Klausner et al.
(2016) presented the B, observations (blue line) and simulated tsunami wave heights (dashed line) from a
model by Sladen and Hébert (2008) at a point 11 km from the CBI magnetic observatory. The B, variation
~ 10 min prior to the tsunami height peak was attributed to the effects of TAI coupling. b Tatehata et al.
(2015) presented B, observations (red line) and B, simulated by the modified Tyler’s method (pink line).
¢ Zhang et al. (2014b) presented the B, observations (black) and B, simulated by their 3-D motional
induction code. The slight differences among the B, observations should arise from differences in the
adopted data-processing methods

and the tide gauge or the simulated tsunami arrival location, could account for the
~ 10 min difference between the B, variation and the tsunami arrival at CBI. Identifying
premonitory magnetic variations would require numerical simulations of tsunami motional
induction and/or of tsunami-generated AGWs, but simulation studies of TAI coupling that
can directly calculate magnetic fields at the ground do not yet exist. For this purpose,
induction effects due to the conductivity of the solid Earth should be included in the
modeling, as well as the TAI coupling itself.

A similar identification problem has been posed by Klausner et al. (2014), who found in
their study of the Chile tsunami that magnetic variations with the tsunami period occurred
at the Papeete station approximately 2 h before the tsunami arrived there. They suggested
that a large-scale electrical circuit in the ocean due to motional induction could have
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analytical solutions of Minami et al. (2015), where LDW stands for the linear dispersive wave expression
given in Eq. (5), ¢ is the half-space conductivity beneath the seafloor, and T is the period of the tsunami. The

red line is an analytical solution from Tyler (2005). Note that L = (2K / \/§)2/ ? ~2.7km

caused these magnetic signals. There is no obvious way to rule out either motional
induction or AGWSs, which leaves this case an outstanding problem for numerical
modelers.

3.2 Theory of EM Fields Caused by Tsunami Motional Induction

In theoretical studies of tsunami motional induction, the most commonly adopted gov-
erning equation is the magnetic induction equation,
oB
E:VX(VXB)—VX(KVXB)7 (1)
where K = (;w)_1 is the magnetic diffusion coefficient, i is the magnetic permeability, o
is the magnetic conductivity, B is the magnetic field, and v is the seawater velocity. If we
decompose the magnetic field into the ambient geomagnetic main field, F, and the tsunami-
generated magnetic field, b, Eq. (1) is reduced to
ob

a:Vx(vxF)—Vx(Kbe)7 (2)
where |F| > |b|, |V xF| <« 1, and 0F/0t=0 are assumed. These assumptions are
acceptable when we assume v as the seawater velocity of a tsunami. Almost all theoretical
studies of tsunami motional induction begin with Eq. (2) with the exception of Chave
(1983), who adopted the TM/PM modal representation. Many theoretical works on tsunami
motional induction assume a one-dimensional (1-D) layered Earth with a homogeneous
conductivity in each layer, including an ocean layer with a constant depth. These
assumptions lead to the conductivity being represented as ¢ = ¢(z), where z is the vertical
position, downward positive, and z = 0 at the sea surface. By further assuming that
V.v=0,V-F=0, and |(v- V)F| < |(F - V)v|, this 1-D configuration, in which the
horizontal gradient of conductivity equals O, enables us to derive a simple equation in
terms of the vertical component b, from Eq. (2),
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Note that V x (vxXF)=(V-F)v—(V-V)F+ (F-V)v— (v-V)F is used. Eq. (3) is
referred to as the PM mode equation (e.g., Chave 1983). Benefitting from V - v = 0, the
source term (F - V)v, can be decoupled into two terms, Fy - (Vgv,) and —F, (Vg - Vi),
where the subscription H denotes the horizontal vector component, which indicate con-
tributions from couplings of the ocean flow with Fy and F,, respectively. After solving
Eq. (3), the other components of tsunami-generated EM fields can be calculated from
V-b=0and V x e = —0b/0t, where e is the tsunami-generated electric field.

As for the TM mode, Larsen (1971) showed that the TM mode is not excited by tsunami
motional induction. When we consider a tsunami propagating in the y-direction, expressed
as v = (vy, vy, v;) with v, = 0, a loop integral of the emf along an arbitrary closed circuit in
the y, z plane, C,, with the area of S, vanishes as

7{ (v X F) - ds = //S V x (v x F)].dydz = //SV(F V)ndydz =0,  (4)

C_vr

= (F-V)v, + KV?b.. (3)

by Stokes’ theorem. Eq. (4) shows that the emf shorts out along any circuits in the y,z plane
so that no vertical electric field is induced by plane-wave tsunamis. As a result, there is no
need to consider the TM mode for tsunami motional induction, thanks to the conditions of
V-v=0,V-F=0, and |(v- V)F| < |(F - V)v|. This is not the case in tidal motional
induction, because |(v-V)F| cannot be ignored given the much longer wavelength of
ocean tides and because v, takes a nonzero value due to the Coriolis force during the time
scale of ocean tides.

Thus, all existing analytical solutions for tsunami-generated EM fields involve only the
PM mode and are derived by solving Eq. (3) with various assumptions. The simplest
expression was presented by Tyler (2005), the most comprehensive expression was given
by Larsen (1971) and Shimizu and Utada (2015), and several other expressions fall in
between (Ichihara et al. 2013; Sugioka et al. 2014; Minami et al. 2015). The assumptions
and characteristics of these solutions are summarized in Table 1.

Note that there are two kinds of tsunami seawater velocity models: the linear dispersive
wave model,

Table 1 Characteristics of analytical solutions for tsunami-generated EM fields

Publication Tsunami Sub-seafloor type Main Characteristics
velocity field
model
Larsen (1971) LDW Three-layered Earth FpandF, Investigates shallow and deep
model mantle models
Tyler (2005) LLW Half-space insulator F, Independent of frequency
Ichihara et al. (2013) LLW Homogeneous half- F, Conductive homogeneous Earth
Sugioka et al. (2014) space model
Minami et al. (2015) LDW Homogeneous half- F. Considers conservation of
space dynamic energy
Shimizu and Utada LDW Arbitrary 1-D Earth FpyandF, General form of Larsen (1971)
(2015)

LDW linear dispersive wave (Eq. 5), LLW linear long wave (Eq. 6)
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v= (o,wcos:ig;((hk;) Dy i Si“:li(nkh(gdj) Z))n) (0<z<h), (5)

and the linear long wave model,

V= <O,cﬂ,iwbn> (0<z<h), (6)
h h
where the tsunami propagation direction is set in the y-direction, and the sea surface
displacement is expressed as 1 o< exp(i(ky — wt)) with wavelength k and angular fre-
quency o. The sea surface and seafloor are represented by z = 0 and z = h, respectively.
Equation (6) is easily derived from Eq. (5) by considering wavelengths much greater than
the ocean depth, such that kh — 0.
Here I focus on the analytical solutions by Tyler (2005) and Minami et al. (2015). First,
Tyler’s expression is notable for its simple form, given by
b, c 7

- n o =0orh 7
F. cticqh’ 70T ™

where ¢ = \/gh is the tsunami phase velocity and cq = 2K/h is the lateral magnetic
diffusion velocity. Tyler (2005) simplified the relationship derived by Larsen (1971) by
adopting the linear long wave formulation of Eq. (6), an insulating layer beneath the
seafloor, and the assumption that the skin depth of seawater is much longer than the ocean
depth, /2K /® > h. These assumptions result in Eq. (7), where the conversion coefficient,
¢/(c 4+ icq), is independent of frequency. Equation (7) indicates that, in the deep ocean, b,
is in phase with #, as represented by b,/F, = n/h. This feature is clearly identified, for
example, in the comparison between seafloor magnetic data and pressure data, as shown in
the right column of Fig. 1. Another notable feature of Eq. (7) is that the effect of the
conductive layer beneath the seafloor was neglected in the derivation, which is also val-
idated by many other analytical studies. For example, Fig. 3 shows a comparison between
Eq. (7) and the solutions derived by Minami et al. (2015), in which the horizontal axis is

the regularized ocean depth, h/L, where L = (2K/ \/g)z/ 3 ~2.7km. The discrepancies
between Tyler’s solution and the other solutions are trivial, which demonstrates that the
assumption adopted in Tyler (2005) is reasonable. Figure 3 also shows no significant
differences in both phase and amplitude among the solutions derived by Minami et al.
(2015), which implies that tsunami magnetic fields are not a viable tool to explore the
conductivity beneath the seafloor. Shimizu and Utada (2015) recently investigated the
feasibility of using tsunami EM signals to constrain sub-seafloor conductivity. Their work
is discussed further in Sect. 3.4.1.

Figure 3 shows another interesting feature of the tsunami-generated magnetic field: its
dependence on ocean depth. The relative phase of b, to n, 0, differs monotonically from
90° to ~10° as the ocean is deepened from 0 to ~10.8 km, while the regularized
amplitude, |b.L/F.n|, has a peak at a depth of approximately #/L = 2~'/3, or approxi-
mately 2.1 km. As pointed out by Minami et al. (2015), the diffusion term KV?b. in
Eq. (3) is much larger than the self-induction term 0b,/0¢ in shallow oceans and much
smaller than self-induction in deep oceans, which leads to the monotonic phase variability
and amplitude peak at intermediate depths. Thus Fig. 3 implies that the signal-to-noise
ratio of tsunami magnetic signals may be dominantly controlled by ocean depth. Minami
et al. (2015) also showed that the peak of the regularized amplitude shifts toward shallower
oceans when considering the conservation of the dynamical energy of a tsunami (i.e.,
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Vgh x (1/2)pg|n|*= const.) during its propagation. These features should be taken into
account in designs of future tsunami observations.

All the features of tsunami EM signals mentioned here are useful in predicting tsunami-
generated EM fields. However, difficulties arise when evaluating the effect of bathymetry,
which requires numerical modeling with realistic bathymetry.

3.3 Numerical Simulations of Tsunami-Generated EM Fields

We can regard motional induction problems as analogs of controlled source electromag-
netic problems in which the source electric current, j, is replaced by the product of the
ocean conductivity and emf due to tsunamis, (v x F). Thus, many existing EM modeling
techniques can be applied to simulations of motionally induced EM fields with minor
adjustments. Recently, a wide variety of numerical methods have appeared for simulations
of tsunami-generated EM variations.

Manoj et al. (2010) were probably the first to simulate tsunami-generated EM fields.
They applied the global IE technique of Kuvshinov et al. (2002) to 3-D global simulations
of tsunami EM variations, to investigate whether submarine cables in the Indian Ocean
could detect the voltage difference caused by the 2004 Sumatra earthquake tsunami. This
study was partly motivated by Thomson et al. (1995), which documented voltage varia-
tions across an undersea cable that appeared to be related to the 1992 Cape Mendocino
earthquake tsunami. Manoj et al. (2010) showed that the Sumatra tsunami produced
measurable electric voltages of the order of 500 mV (also see Fujii and Chave 1999)
across the submarine cables in the Indian Ocean. One drawback of their simulation was the
coarse horizontal resolution of 1° x 1°, which did not yield results that could be compared
with in situ EM observations from the seafloor.

Many subsequent reports of tsunami EM variations in the early 2010s required accurate
numerical simulations that could reproduce variations in comparable detail to in situ
measured data. Utada et al. (2011) were the first to simulate the magnetic field generated
by the 2011 Tohoku earthquake tsunami, although their reliance on the Biot—Savart law,
neglecting the self-induction effect (0b/0r) in Eq. (2), limited the simulation’s accuracy.

Minami and Toh (2013) developed a 2-D time-domain simulation code to reproduce
magnetic variations in the northwest Pacific generated by the 2011 Tohoku tsunami,
adopting the finite element method for spatial discretization and the Crank—Nicolson
method for temporal discretization. They calculated the tsunami oceanic flow from the
fault slip model of Maeda et al. (2011) and used the resulting velocity field to calculate the
tsunami-generated magnetic fields. Figure 4 shows that they successfully reproduced both
the sea surface displacement data from DART observatories (e.g., Bernard and Meinig
2011) and the tsunami magnetic variations. Note in Fig. 4 that the initial rise in the
horizontal component b, (in the tsunami propagation direction) preceded the arrival of the
tsunami peak by approximately 5 min at seafloor EM observatory NWP, while the peak of
the vertical component was almost in phase with the sea surface displacement, as expected
from Eq. (7).

Zhang et al. (2014b) adopted the modified iterative dissipative method (e.g., Singer
1995) based on the IE technique to successfully perform 3-D numerical simulations of
seafloor EM variations from the 2011 Tohoku tsunami. They prescribed a realistic 3-D
conductivity structure beneath the seafloor based on the 1-D conductivity structure in the
Pacific Ocean reported by Baba et al. (2010). One drawback of their simulation is that the
calculation was conducted in the frequency domain, which requires source seawater
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Fig. 4 Two-dimensional tsunami magnetic simulations for the 2011 Tohoku earthquake tsunami by
Minami and Toh (2013). The map shows locations of the epicenter (star), DART observation sites (yellow
rectangles), and seafloor EM observatory (red rectangle). The right panel shows comparisons of sea surface
elevation (top) and of magnetic fields (bottom), where colored lines indicate observed data and black lines
are simulation results. Note in Minami and Toh (2013) that the z axis is upward positive, opposite to our
definition, and the y axis is in the tsunami propagation direction. The left lower panel shows the mechanism
by which tsunami propagation generates the initial rise in b,

velocities in the frequency domain although the tsunami simulations were performed in the
time domain (Maeda et al. 2011). Frequency-domain simulations that require a Fourier
transform against seawater velocity in the time domain is computationally expensive
compared to time-domain simulations, such as that of Minami and Toh (2013). Figure 5
summarizes the results of Zhang et al. (2014b). Although the peak times at CBI and at
seafloor site NM04 were well explained by the 3-D simulations, the discrepancy between
simulated and observed time series at NM04 became large after the first peak. These results
can be attributed to the elimination of dispersive properties in the linear long wave
approximation (Zhang et al. 2014b). On the other hand, at the land magnetic observatory
ESA, the discrepancy between the simulation and observations was very large. As the
authors mentioned, the variation in the observed field starting about 10 min after the origin
time was probably caused by an ionospheric disturbance (e.g., Tsugawa et al. 2011) and
therefore should not be compared with the simulation. This discrepancy remains to be
explained by future studies.

Tatehata et al. (2015) adopted another approach in their simulation of tsunami-gener-
ated EM variations, improving the Biot—Savart simulation method of Utada et al. (2011) by
applying the analytical solution of Tyler (2005). They assumed at every grid point of their
simulation space that tsunamis can be approximated by plane waves and that the seafloor is
flat, and then calculated the net electric current element, i(w) = a(E(w) + v(w) x F), at
all the grid points, where the hat denotes a frequency-domain component and E is cal-
culated by Tyler’s method. Then, the magnetic field at each grid point was calculated by
superposition of magnetic fields from f(w) at all the grid points through the Biot-Savart
law. This method is very simple and can be used to calculate the magnetic field on land as
well as in the ocean. Their simulations demonstrated that the magnetic variation in the Z
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Fig. 5 Results of 3-D numerical simulation of the 2011 Tohoku earthquake tsunami by Zhang et al.
(2014b). a Locations of the epicenter, land-based magnetic observatories CBI and ESA, and seafloor site
NMO04. b Comparison of the downward component, B;, at ESA from observations (black), as predicted using
the Biot—Savart law by Utada et al. (2011) (red), and from the 3-D simulation by Zhang et al. (2014b) (blue).
¢ Comparison of B, at CBI from observations (black) and 3-D simulation (red). d Comparison of By, B, and
E, between observations (black) and the tsunami simulation result (red)

component, same as B, in this paper, at CBI that preceded the tsunami arrival by ~ 10 min
was generated by the 2011 Tohoku earthquake tsunami. Although their results were
consistent with observations at CBI for the case of the 2011 Tohoku tsunami, possible
errors due to the bathymetry gradient and the curvature of the tsunami waveform should be
estimated in the future.

Recently, Kawashima and Toh (2016) used the thin-shell technique (Dawson and
Weaver 1979; McKirdy et al. 1985) to successfully reproduce the magnetic field variation
observed in the northwest Pacific during the 2007 Kuril earthquake tsunami. This study is
discussed in more detail in Sect. 3.4.2 because of its success in constraining the mecha-
nisms of the tsunami and earthquake.

The last decade has seen a variety of new tsunami EM simulation methods. However,
most of them are frequency-domain methods. Because most tsunami simulations are
performed in the time domain, advances in time-domain simulations will be needed to
promote collaborations between tsunami motional induction studies and conventional
tsunami simulation studies in the future.

3.4 Applications of Tsunami Electromagnetic Signals
The possible applications of tsunami EM variations to other fields discussed in this section

include exploring the internal Earth, inferring the dynamic properties of tsunamis, and
developing new seafloor instruments.
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3.4.1 Deep Earth Sounding by Tsunami Motional Induction

Although the possibility of exploring the Earth’s internal conductivity structure by using
EM variations caused by tsunamis has tempted many researchers, Shimizu and Utada
(2015) showed that the prospects are dim. They thoroughly investigated the possible use of
EM fields generated by surface gravity waves to sound the conductivity structure beneath
the seafloor. As the PM mode is dominant in tsunami magnetic phenomena (Sect. 3.2), the
Earth’s structure can influence tsunami EM signals only through mutual induction between
the ocean layer and underlying conductive layers. From their analysis, Shimizu and Utada
(2015) concluded that tsunami-generated EM variation observed at the seafloor is suit-
able only for exploring the tsunami wave properties, not deep Earth structure.

One can see the evidence in Figs. 6 and 7. Shimizu and Utada (2015) compared the
amplitudes and phases of tsunami-generated electric and magnetic fields between the case
of a realistic 1-D conductivity structure (Fig. 6) and the case of a half-space insulator
beneath the seafloor. In Fig. 7, solid and dashed lines denote the cases of F, = 30,000 nT
(no Fy) and Fy = 30,000nT (no F,), respectively. Significant differences in amplitude
appear only at periods longer than ~5000 s (~ 83 min), which far exceeds the usual
tsunami periods of 10-50 min. As for the comparison in phase, at periods less than 5000 s,
only small discrepancies appear between the two Earth models, and only in magnetic
components. The results in Fig. 7 clearly rule out the use of tsunami-generated EM
variations to explore conductivity structures beneath the seafloor.

3.4.2 Constraining Tsunami Dynamic Properties

Although tsunami EM signals are not suitable for exploring Earth’s interior, they can be
used for investigating tsunami properties. This section describes two notable examples in
which tsunami-generated EM fields were used to constrain dynamic parameters of a tsu-
nami and its causative earthquake.

0 (—l L 1 1 | 0pA—1 1 1 |
1 |
20 - 1 -
E 40 1 - E 2 -
=1 =3
k= k=
5 60 - € 3 -
80 B 4+ B
100 7T 7171 5 | —
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electrical conductivity [S/m] electrical conductivity [S/m]

Fig. 6 Electric conductivity profile used in Shimizu and Utada (2015). The sediment layer (1.1 S/m)
extends from O to 400 m depth below the seafloor, the oceanic crust (10’3 S/m) extends to 6 km, the
lithospheric mantle (10~> S/m) extends to 70 km, and the conductive mantle or asthenosphere (0.02 S/m)
underlies the lithosphere. The ocean depth is 4000 m and consists of seawater (3.3 S/m)
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Fig. 7 Relative amplitude and phase of the induced magnetic field (b, and b., top panels) and electric field
(Ex, bottom panels) due to a surface gravity wave of 1 cm amplitude for the conductivity models shown in
Fig. 6 (Shimizu and Utada 2015). The by, and b, components are shown by blue and black lines, respectively.
The ambient field was Fy = 30,000 nT (F, = 0nT) (dashed lines) or F, = 30,000 nT (Fy = 0nT) (solid
lines). For comparison, cases with an insulating sub-seafloor are shown by red lines

Ichihara et al. (2013) used the three components of the seafloor magnetic variation data
to constrain the tsunami source region for the 2011 Tohoku earthquake. This application
was readily feasible because seafloor vector magnetic sensors can monitor the tsunami
propagation direction from a single site (Toh et al. 2011). By adopting the back-propa-
gation technique, Ichihara et al. (2013) found that the tsunami reaching the seafloor EM
site B14 originated in the region at latitude ~39°N, to the north of regions identified from
sea surface displacement data (Maeda et al. 2011). Figure 8 summarizes the back-propa-
gation results (left panels) and the final fit between the observations and simulated results
(right panels). A subsequent tsunami source inversion by Satake et al. (2013) confirmed the
source region constrained by Ichihara et al. (2013).

Kawashima and Toh (2016) used the linear relationship between the tsunami flow and
the tsunami magnetic signals, as shown in Eq. (2), to infer the fault slip model of the 2007
Kuril earthquake that best explains the magnetic variations observed at the north Pacific
seafloor. Figure 9 shows the results. As described by Tyler (2015), the ocean is unlike the
fluid core or upper atmosphere in that the energy density of the EM field is quite small in
comparison with that contained in kinetic and other forms. Given this energy disparity, we
may regard oceanic flows as EM sources that are not influenced by EM induction. This
stipulation appears as the linear form both in terms of v and in terms of b in the induction
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Fig. 8 Left Tsunami source area from the 2011 Tohoku earthquake inferred by back-propagation based on
vector magnetic field data at the seafloor. Right Final fit between observed sea surface displacement and
seafloor magnetic data (blue lines) and simulated values (red lines) (after Ichihara et al. 2013)

equation of Eq. (2), which in turn allows us to calculate Green’s functions of the magnetic
field at observation sites resulting from a unit slip on each fault segment (Fig. 9b). The
linear combination of Green’s functions that best explains the observed magnetic data
yields a preferred fault model. This method allows magnetic data to easily be incorporated
into conventional tsunami source inversions (e.g., Maeda et al. 2011; Satake et al. 2013), a
promising advance for future methods to accurately determine tsunami source
mechanisms.

3.4.3 Using Seafloor Tsunami EM Signals for Tsunami Early Warning

Recently, the Japan Agency for Marine-Earth Science and Technology (JAMSTEC)
developed a seafloor instrument called the Vector TsunaMeter (VIM) that applies seafloor
tsunami EM signals to tsunami early warning systems (e.g., JAMSTEC 2014; Marine
Technology 2014). A VTM consists of a fluxgate magnetometer for three magnetic field
components, a differential pressure gauge (DPG) for the seafloor pressure, and an acoustic
modem to transfer data to the sea surface (Fig. 10). Thus the instrument can simultane-
ously monitor tsunami propagation direction by vector magnetic observations and detect
sea surface displacement with the DPG. The VTM communicates with an autonomous
wave glider at the sea surface (Liquid Robotics; https://www.liquid-robotics.com/platform/
overview/) that can transfer real-time data to land stations via satellite.
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Fig. 10 Schematic drawings of the Vector TsunaMeter (after JAMSTEC 2014)

Hamano et al. (2014a, b) reported successful detection of tsunami EM signals by a VITM
installed in the Philippine Sea at the time of the Solomon Islands tsunami (Mw 8.0) of 6
February 2013. Although the combination of a VIM and a wave glider is relatively costly,
this technique offers a great advantage in determining the tsunami propagation direction
and holds promise as a strategy to prepare for future destructive tsunamis.

@ Springer



1118 Surv Geophys (2017) 38:1097-1132

4 Motional Induction by Ocean Tides

Studies on motional induction associated with ocean tides have also shown dramatic
growth during the last decade. A remarkable feature of tidal motional induction is that it
can be observed at the altitude of low-orbit satellites thanks to its spatial scale of
~ 1000 km. In the early 2000s, Tyler et al. (2003) pioneered satellite motional induction
studies with satellite observations of M, tidal magnetic fields. Sabaka et al. (2015) recently
published a global model of the M, tidal magnetic field within their magnetic model,
Comprehensive Model 5 (CM5), based on more than 12 years of satellite and land-based
magnetic data. More recent studies have involved remote monitoring of ocean properties
by satellite magnetic observations (e.g., Sabaka et al. 2016; Saynisch et al. 2016).

In contrast to tsunami motional induction, tidal motional induction is attracting interest
as a tool to constrain the Earth’s internal conductivity structure. For example, Schnepf
et al. (2015) investigated the sensitivity of seafloor tidal magnetic fields to upper mantle
conductivity, and Grayver et al. (2016) used the M, tidal magnetic component at satellite
altitudes to infer a new global conductivity model.

This section covers the background of recent advances in tidal motional induction
studies in Sect. 4.1 and then describes recent applications in global models of the M, tidal
magnetic field in Sect. 4.2, remote ocean monitoring in Sect. 4.3, and exploration of the
Earth’s interior in Sect. 4.4.

4.1 Background

Before 2000, Larsen (1968) and Chave (1983) made notable theoretical and numerical
contributions to tidal motional induction studies. Larsen’s (1968) initial numerical simu-
lation of tidal EM fields adopted the thin-sheet approximation (e.g., Price 1949) and a
Kelvin wave model, in which waves propagate along a straight coastline with exponential
decay in the open ocean. Including the self-induction effect appropriately, Larsen (1968)
demonstrated M, periodicity in magnetic data from some land-based stations due to tidal
motional induction. Chave (1983) first pointed out the importance of the TM mode related
to the galvanic connection between the ocean layer and the underlying medium by a
theoretical analysis using finite conductivities for the crust and upper mantle, which
implied that tide-generated horizontal magnetic fields at the seafloor are highly sensitive to
the conductivity of underlying layers, whereas TM fields cannot leak upward into the air.

In the 2000s, global simulation approaches became a mainstay of motional induction
studies associated with ocean tides, after Tyler et al. (2003) showed that M, tidal magnetic
fields are detectable by satellites. Their paper calculated the magnetic field of M, tidal
origin using the tidal model of Egbert and Erofeeva (2002) and adopting the thin-shell
approximation with an insulating Earth interior, and successfully compared their prediction
with magnetic data observed by the CHAMP satellite.

The effect of sub-seafloor conductivity on tidal magnetic signals started to be investi-
gated with the global integral equation (IE) method after Tyler et al. (2003). The global IE
method is capable of including a radial 1-D conductivity structure beneath a laterally
heterogeneous surface shell (Kuvshinov et al. 2002; Kuvshinov 2008). With this method,
Maus and Kuvshinov (2004), Kuvshinov and Olsen (2005), and Kuvshinov et al. (2006)
simulated tide-generated EM fields at the ground level and at low-orbit satellite altitudes
with a realistic conductivity structure beneath the seafloor, and they comprehensively
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investigated EM fields generated by the N,, K, P}, and O, tidal components as well as the
M, semidiurnal component. Kuvshinov (2008) reviewed these studies in detail.

The numerical methods introduced by Tyler et al. (2003) and Kuvshinov (2008) became
the foundation of later advances. Sabaka et al. (2015) constructed a global model of the M,
magnetic component and compared it with the forward models of Tyler et al. (2003) and
Kuvshinov (2008). The IE method of Kuvshinov (2008) has been chiefly used in studies of
the relationships between tidal EM signals and sub-seafloor conductivity (e.g., Schnepf
et al. 2014, 2015; Grayver et al. 2016).

4.2 Global Model for the M, Tidal Magnetic Field

Magnetic signals related to the tides are relatively easy to observe and extract, especially in
long-term datasets, because the tides are stable, global, and precisely known. Since seafloor
EM data started to be used in magnetotelluric (MT) studies in the 1960s, the removal
(extraction) of tidal signals from the observed data has been of concern not only to
researchers involved in motional induction studies but also to those involved in MT sur-
veys, because motional induction by ocean tides generates noise in MT analyses (e.g., Cox
1980). Conventional methods use nighttime data to characterize and extract tidal magnetic
components (e.g., Chapman and Miller 1940; Malin and Chapman 1970), whereas some
MT studies extract the tidal components directly by the use of sinusoids (e.g., Lizarralde
et al. 1995; Baba et al. 2010). A Bayesian tidal analysis program, BAYTAP-G (Ozima
et al. 1989), has also been used to extract tidal components (e.g., Segawa and Toh 1992).
However, global or regional models of tidal magnetic fields were never constructed from
observed magnetic data before Sabaka et al. (2015).

Sabaka et al. (2015) recently added M, source parameters in the fifth version, CM5, of
their comprehensive geomagnetic field model. As far as I know, CMS5 was the first model
to provide a global model of the M, tidal magnetic field based on observed data. CM5 was
derived from more than 12 years of CHAMP, @rsted, and SAC-C satellite data and hourly
mean data from land-based observatories from August 2000 to January 2013 by applying
the comprehensive inversion (CI) technique. This technique can decompose observed
magnetic fields into variations originating from three different regions: sources beneath the
Earth’s surface (e.g., electric currents in the core or induced currents in the Earth), sources
between the ground and satellite altitudes (e.g., ionospheric sources), and sources above
satellite altitudes (e.g., sources in the magnetosphere). Thus, the CI technique coestimates
parameters, which are composed of spherical harmonic coefficients for the given time
harmonics, for magnetic sources in the magnetosphere, ionosphere, ocean, solid earth, and
core (Table 2).

Figure 11 shows good agreement among the results of an inversion for the magnetic
field of M, origin in CMS5 and the forward modeling results of Kuvshinov (2008) and Tyler
et al. (2003). Both CM5 and Kuvshinov (2008) used the 1-D conductivity model of
Kuvshinov and Olsen (2006), shown on the left side of Fig. 11, and Tyler et al. (2003)
assumed an insulating Earth beneath a surface layer with heterogeneous conductance.
Figure 12 shows that the R,, spectra (Lowes 1966) of the time-averaged M, components for
the three models agree quite well up to approximately n = 18. The fact that the M, field
powers in the CM5 and Kuvshinov models are less than those in Tyler’s model makes
sense because Tyler’s model ignores the effect of upper mantle conductivity. The extracted
M, magnetic component in CMS5 should be considered an important reference for a wide
range of studies concerned with M, ocean tides.

@ Springer



1120 Surv Geophys (2017) 38:1097-1132

Table 2 Parameterization of geomagnetic model CM5 (after Sabaka et al. 2015)

Field source/effect # parms Description

Core/lithospheric fields 26,960 Spatial: geographic spherical harmonic (SH) N,.x = 120

Temporal: order 4 B-splines, 6 month knot spacing from 2000.5
to 2013.0, epoch 2005.0, up to Npax = 20
M, tidal field 2736 Spatial: geographic SH Ny.x = 36
Temporal: period of 12.42060122 h, phase fixed with respect to
00:00:00, 1999 January 1 GMT
Tonospheric/induced fields 5520 Spatial: quasi-dipole (QD) frame, underlying dipole N,.x = 60,
Mpax = 12
Temporal: annual, semiannual, 24-, 12-, 8- and 6-h periodicities
with F 7 scaling plus induction via a priori 3-D conductivity
model (‘I-D + oceans’) and infinite conductor at depth
Toroidal field 12,240  Spatial: meridional currents in QD frame, underlying dipole SH
Npmax = 60, M.« = 12, one for Jrsted centred at 750 km
altitude and one for CHAMP centred at 400 km altitude

Temporal: annual, semiannual, 24-, 12-, 8- and 6-h periodicities

Magnetospheric/induced fields 653,184 Magnetospheric Spatial: dipole Nyax = 1
Temporal: discretized in 1-h bins
Induced Spatial: dipole Ny.x = 1
Temporal: discretized in 1-h bins
OHM biases 558 One vector bias for each station in local spherical system
VFM-CRF alignment 1110 Three XYZ-type Euler angles every 10 d for CHAMP, one set of

three YZY-type Euler angles for Jrsted
Total 702,308 -

Spherical harmonic (SH) coefficients up to degree 36 are included to represent the M, tidal signal with the
prescribed M, period

4.3 Remote Ocean Monitoring by Satellite Observations

Sabaka et al. (2016) presented some exciting possibilities for remote ocean monitoring by
using satellite observations of the magnetic field of M, tidal origin. They demonstrated that
the Swarm satellite constellation enables us to extract tidal magnetic signals at satellite
altitude from much shorter observation periods than with the earlier CHAMP satellite
(CM5, Sabaka et al. 2015).

The three-satellite Swarm mission, launched by the European Space Agency on
November 22, 2013, consists of a pair of satellites flying side by side at a relatively low
altitude of approximately 455 km and a single satellite at approximately 515 km (Olsen
et al. 2015). The mission enables the use of both along-track and cross-track magnetic field
differences in analyses of geomagnetic fields. Exploiting the cross-track magnetic differ-
ence between the low-altitude satellite pair, Sabaka et al. (2016) tried to extract magnetic
fields generated by semidiurnal tidal components M, (period = 12.42060122 h) and N,
(period = 12.65834751 h) from the first 20.5 months of Swarm data by using the CI
technique (Sabaka et al. 2015). They confirmed that extracted magnetic fields of M, origin
agree well with Tyler’s theoretical prediction based on a tidal model of Egbert and Ero-
feeva (2002), although the weaker N, signals were not recovered well. Figure 13
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Fig. 11 Outward component of the magnetic field at 430 km altitude generated by the M, tidal component.
Panels from fop to bottom show the prediction by Tyler et al. (2003), the simulation by Kuvshinov (2008),
and the fields obtained by CMS5 (Sabaka et al. 2015). Left and right columns indicate the amplitude and
phase of B,, respectively. Tyler’s calculation assumed an insulator beneath the ocean layer, whereas
modeling by Kuvshinov and CM5 adopted the 1-D conductivity structure of Kuvshinov and Olsen (2006),
shown on the left side (after Sabaka et al. 2015)

summarizes the results of extracting the M, magnetic field from Swarm and CHAMP
satellite data. By using both along-track and cross-track gradient data from the Swarm
constellation, Sabaka et al. (2016) extracted an M, field from 20.5 months of Swarm data
that looks much the same as the field extracted from more than 10 years of CHAMP data.
This result implies that satellite magnetic observations may enable us to remotely monitor
annual and perhaps even seasonal ocean variability.

These promising results have attracted the attention of oceanographers and climatolo-
gists because they offer the possibility of using satellite magnetic observations to monitor
ocean parameters dependent on climate changes. Recently, Saynisch et al. (2016) used 3-D
forward modeling to investigate the effect of decay in the Antarctic meridional overturning
circulation (AMOC) on the magnetic field generated by the M, tidal component. AMOC
decay is an expected result of the increase in freshwater input with melting of Greenland
glaciers (e.g., Stouffer et al. 2006). Saynisch et al. (2016) demonstrated that the tide-
generated magnetic fields are likely to be influenced not by changes in the tide system (i.e.,
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Fig. 12 R, spectra (Lowes 1966) of the time-averaged oceanic M, tidal magnetic field at Earth’s surface
(r = 6371.2 km) from n = 1-36 for the three models shown in Fig. 11 (after Sabaka et al. 2015)

seawater velocities), but by changes in seawater salinity and temperature. The expected
variability of the outward magnetic field at the sea surface was ~0.7 nT. Investigations of
this kind, then, can give us important information for predicting future M, magnetic
signals.

4.4 Deep Earth Sounding by Tide-Generated EM Fields

In the late 1960s, Larsen noted, “Electromagnetic variations induced by oceanic tides
depend on the distribution of tidal currents and on the distribution of electrical conductivity
beneath the ocean. If either were known perfectly, the measurements would serve to give
some precise information of the other” (Larsen 1968, p. 47). Unlike the case with tsunami
magnetic signals (Sect. 3.4.1), the possibilities are great for exploring Earth’s interior by
using the EM fields generated by ocean tides. It is also noteworthy that Chave (1983)
pointed out the importance of the TM mode in tidally induced seafloor EM fields, a point of
growing relevance in recent studies of tidally induced EM variations. Kuvshinov et al.
(2006) were the first to try to constrain the Earth’s conductivity structure exploiting tidal
motional induction. They suggested the resistance of 100-km lithosphere in the range of
10% and 10° Qm? from comparisons between electrical voltage data over submarine cables
and simulated results for the M, tidal component.

Dostal et al. (2012) performed numerical modeling for only the TM component of the
magnetic field associated with the M, tide and found that the energy of the TM magnetic
component is concentrated in short-wavelength spatial patterns over the shallow waters of
coastal regions.

Adopting the approach of Kuvshinov (2008), Schnepf et al. (2014) compared seafloor
observations with the calculated magnetic fields originating from the M,, N,, and O,
components of ocean tides by specifying models with variable conductivity structure (Baba
et al. 2010; Kuvshinov and Olsen 2006; Shimizu et al. 2010). In their result for the M, tidal
component (Fig. 14), the differences in the adopted 1-D conductivity models are seen to
substantially influence the estimated magnetic components at seafloor observatories.

@ Springer



Surv Geophys (2017) 38:1097-1132 1123

\
Swarm altitude (low pair) |
"

CHAMP altitude

altitude (km)

low altitude...
low activity

i 3
2000 2002 2004 2006 2008 2010 2012 2014 2016 T 40
year degree n

Fig. 13 a B, amplitudes generated by the M, tidal component at 430 km altitude from the forward
calculation by Tyler et al. (2003) (top left), the comprehensive inversion (CI) from CHAMP data (fop
center), the CI from Swarm data with full gradients data (fop right), the CI from Swarm data without along-
track gradients (bottom left), the CI from Swarm data without cross-track gradient (bottom center), and the
CI from Swarm data without any gradients (bottom right). b Altitude time lines for the CHAMP and Swarm
satellites along with the solar activity (F10.7) index. ¢ R, spectra of each spherical harmonic degree n among
the six results presented in a. After Sabaka et al. (2016)

Schnepf et al. (2015) used numerical experiments to investigate whether motional
induction due to ocean tides is useful for exploring Earth’s interior. The results of their
sensitivity study are summarized in Fig. 15. They compared Frobenius norms of tide-
generated EM components,

2
Isi¥| = Z(Ffz}‘—Ff;\ , (8)

among several 1-D conductivity structure scenarios. In Eq. (8), F is the corresponding field
component, i, j specify grid points in or above oceanic regions, k represents the conduc-
tivity scenario (C1, C2, C3, C4, C5) listed in Fig. 15b, and [ is the layer being analyzed.
This investigation showed that the horizontal magnetic field at the seafloor, By, is
remarkably sensitive to the lithospheric conductivity. This sensitivity was attributed to the
galvanic coupling between the source region (the ocean layer) and the sub-seafloor med-
ium. Although Schnepf et al. (2015) did not show the spatial distribution of the sensitivity
of By, the work of Dostal et al. (2012) suggests that the sensitivity would be relatively high
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Fig. 14 Comparison of magnetic amplitudes generated by the M, tidal component, B - B" /|B"|, where B is
the tide-generated magnetic field and B” is the ambient main field. Color bars correspond to observations
(red bar) and numerical predictions using the four 1-D conductivity structures shown in the left panel. KO is
the model of Kuvshinov and Olsen (2006), PAC and PHS are the Pacific and Philippine Sea models of Baba
et al. (2010), respectively, and SM is the model of Shimizu et al. (2010). All numerical predictions were
calculated on a global grid of 0.25° x 0.25° resolution, except the SM2 model, for which the SM model was
used on a grid of 1° x 1° resolution (after Schnepf et al. 2014)
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Fig. 15 Sensitivity of tide-generated EM variations to the underlying conductivity structure. a Panels a to e
show the sensitivity of the outward and horizontal components (B, and By) at a satellite altitude of 430 km,
B, and By, at the seafloor, and the horizontal component of the electric field at sea level (Ej,), respectively.
The sensitivity, S, is defined by the Frobenius norm from Eq. 8. b List of conductivity values for the three
layers in models C1 to C5. ¢ Graph showing values of conductivity in the three layers of models C1 to C5
(after Schnepf et al. 2015)

in coastal regions. This implies that ocean tidal flows might be efficient sources of data to
infer deep conductivity structures, especially in some coastal regions.

Grayver et al. (2016) recently demonstrated the feasibility of using the M, tidal field to
explore Earth’s interior by inferring a new global conductivity model from the radial
component of M, tidal magnetic data at satellite altitude. They used the IE method (Ku-
vshinov 2008) and the Hamburg direct data Assimilation Methods for TIDEs (HAMTIDE)
ocean tidal model (Taguchi et al. 2014) to calculate the M, tidal magnetic field at an
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altitude of 430 km and applied a stochastic optimization technique (Grayver and
Kuvshinov 2016) to invert a new global 1-D electrical conductivity model. The M,
magnetic data were prepared from CMS5 (Sabaka et al. 2015) using more than 12 years of
satellite magnetic data. Here, one may get concerned about effects of the 1-D structure
used in CM5 (see Fig. 11) on the new one inverted by Grayver et al. (2016). Certainly,
CMS coestimated the parameters with a 1-D conductivity model prescribed for induction
due to ionospheric sources. However, the induced magnetic fields due to ionospheric
disturbances with periodicity close to the M, component did not affect the extracted M,
component, because the extraction of M, signals by CM5 was nearly the same as a data
selection with a rigid M, period (T. J. Sabaka and R. H. Tyler, pers. comm., August 2016).
The inversion by Grayver et al. (2016) succeeded in placing the lithosphere—asthenosphere
boundary at a depth of ~72 km (Fig. 16). Their method supplied a new approach to
constrain the conductivity of the upper mantle. Although Grayver et al. (2016) used only
tidal magnetic signals at satellite altitude, seafloor tidal EM fields must be much more
sensitive to the sub-seafloor conductivity, as pointed by Schnepf et al. (2015). Inversions
using tidal EM data from the seafloor may be expected in the near future.
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Fig. 16 Results of global 1-D conductivity inversion using the M, tidal magnetic field at 430 km altitude
(Grayver et al. 2016). a Amplitude of the radial component of the M, tidal magnetic field extracted by CM5
(Sabaka et al. 2015). b The recovered field from the inversion. ¢ Inverted 1-D models: smooth model
(dashed line) and sparse model that permits conductivity jumps (solid line). The gray lines represent 1000
models for which the misfit from the final models is no more than 10%. LAB, lithosphere—asthenosphere
boundary. Conductivities of dry and water-saturated olivine (Katsura and Yoshino 2015) are shown by red
and orange lines, respectively. d Comparison with other 1-D conductivity structures. The models from the
Philippine Sea Plate (blue line) and the West Pacific region (yellow line) are from Baba et al. (2010), and the
model from the East Pacific region (red line) is after Sarafian et al. (2015)
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S Summary
5.1 Progress in Tsunami Motional Induction Studies

1. Large numbers of EM data associated with tsunami motional induction have been
reported during the last decade (e.g., Toh et al. 2011; Manoj et al. 2011; Utada et al.
2011; Suetsugu et al. 2012; Minami and Toh 2013; Sugioka et al. 2014; Zhang et al.
2014a, b; Schnepf et al. 2016).

2. The theory of tsunami motional induction has been recently revisited by many
researchers (e.g., Ichihara et al. 2013; Sugioka et al. 2014; Minami et al. 2015;
Shimizu and Utada 2015).

3. Tsunami EM signals have been shown to depend strongly on the ocean depth (Minami
et al. 2015).

4. Several new types of numerical techniques have appeared for the simulation of
tsunami-generated magnetic fields, including a 2-D time-domain method (Minami and
Toh 2013), a 3-D frequency-domain IE technique (Zhang et al. 2014b), a combination
of Biot—Savart and Tyler’s analytical solution (Tatehata et al. 2015), and a thin-shell
3-D frequency technique (Kawashima and Toh 2016).

5. It has been established that signals from tsunami motional induction are not useful for
exploration of the Earth’s interior (Shimizu and Utada 2015).

6. The development of the Vector TsunaMeter (VTM) in combination with real-time data
transmission by an autonomous wave glider is a promising approach for applying
tsunami EM signals to tsunami early warning (Hamano et al. 2014a, b; JAMSTEC
2014; Marine Technology 2014).

7. Seafloor tsunami magnetic data have been successfully used to constrain earthquake
and tsunami mechanisms (Ichihara et al. 2013; Kawashima and Toh 2016). The linear
relationship between seawater velocity and the EM fields they generate enable us to
easily apply magnetic data to conventional tsunami source inversions.

5.2 Progress in Studies of Motional Induction Due to Ocean Tides

1. A global model of the M, tidal magnetic field has resulted from the addition of M,
tidal source parameters to geomagnetic field model CM5 (Sabaka et al. 2015). Many
global simulation studies associated with ocean tides (Maus and Kuvshinov 2004;
Kuvshinov and Olsen 2005; Kuvshinov et al. 2006; Dostal et al. 2012; Saynisch et al.
2016) have followed the pioneering work of Tyler et al. (2003).

2. Motional induction by ocean tides has the potential to be used to explore the Earth’s
interior (Schnepf et al. 2014, 2015).

3. The seafloor horizontal magnetic component of M, tidal origin is highly sensitive to
the conductivity beneath the seafloor because of the galvanic (TM mode) coupling
between the ocean layer and the sub-seafloor medium (Schnepf et al. 2015).

4. The Swarm constellation mission allows us to extract the M, tidal magnetic
component from relatively short magnetic data records, which may make it possible to
monitor annual and seasonal variations of seawater temperature and salinity through
M, tidal magnetic signals (Sabaka et al. 2016; Saynisch et al. 2016).

5. Exploration of the Earth’s interior using tide-generated magnetic data from satellite
altitudes has been demonstrated (Grayver et al. 2016).
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