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Abstract—The recent deployment of highly sensitive seafloor
magnetometers coinciding with the deep solar minimum has pro-
vided excellent opportunities for  observing  tsunami
electromagnetic signals. These fluctuating signals (periods ranging
from 10-20 min) are generally found to be within + ~ 1 nT and
coincide with the arrival of the tsunami waves. Previous studies
focused on tsunami electromagnetic characteristics, as well as
modeling the signal for individual events. This study instead aims
to provide the time—frequency characteristics for a range of tsunami
signals and a method to separate the data’s noise using additional
data from a remote observatory. We focus on four Pacific Ocean
events of varying tsunami signal amplitude: (1) the 2011 Tohoku,
Japan event (M9.0), (2) the 2010 Chile event (M8.8), (3) the 2009
Samoa event (M8.0) and, (4) the 2007 Kauril Islands event (M8.1).
We find possible tsunami signals in high-pass filtered data and
successfully isolate the signals from noise using a cross-wavelet
analysis. The cross-wavelet analysis reveals that the longer period
signals precede the stronger, shorter period signals. Our results are
very encouraging for using tsunami magnetic signals in warning
systems.

Key words: Tsunamis, marine electromagnetics,
electromagnetic induction, tsunami warning systems,
cross-wavelet analysis.

1. Introduction

Earth’s oceans behave as a conducting fluid
moving through FEarth’s magnetic field thereby
inducing electric fields, electric currents, and sec-
ondary magnetic fields which have all been detected
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by ground, seafloor, and satellite measurements
(Larsen 1968; Cox et al. 1971; Sanford 1971; Chave
et al. 1989; Tyler et al. 2003; Maus and Kuvshinov
2004). Specific ocean processes such as tides (Larsen
1968; Tyler et al. 2003; Maus and Kuvshinov 2004;
Malin 1970; McKnight 1995; Schnepf et al. 2014)
and currents (Cox et al. 1971; Larsen and Sanford
1985; Larsen 1991) produce measurable electro-
magnetic fields. In 1971, Larsen predicted that
tsunamis would also produce measurable magnetic
fields and recent predictive work suggests that tsu-
nami magnetic fields may provide useful directional
information for warning systems (Tyler 2005; Toh
et al. 2011; Minami et al. 2015). There has also been
much recent progress in detecting tsunami magnetic
signals, especially from larger events such as the
2011 Tohoku, Japan tsunami and Chile’s 2010 tsu-
nami (Toh et al. 2011; Thomson et al. 1995; Manoj
et al. 2011; Utada et al. 2011; Ichihara et al. 2013;
Klausner et al. 2014; Sugioka et al. 2014; Zhang
et al. 2014; Tatehata et al. 2015).

Tsunamis travel with a dispersive phase velocity,

gl 2nH
c= g—tanhn%7 (1)
21 )

where g is gravity, 4 is the tsunami wavelength, and
H is the local water depth. For earthquakes with
M > 8, the tsunami’s wavelength is on the order of
tens to hundreds of kilometers, easily exceeding the
depth of the ocean. Consequently, to a first order
approximation the speed of the tsunami follows the
shallow water equation, ¢ = /gH, enabling tsunamis
to travel at high speeds. For instance, assuming an
ocean depth of 4 km, the tsunami will travel at
~200 m s~!. The particles within tsunamis, how-
ever, do not travel nearly as fast: generally particles

in the deep ocean have a speed of 1-10 mm s~!.
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Fortunately, the motion within a tsunami is coherent
enough to produce observable electromagnetic fields
by coupling with the geomagnetic main field’s
downward component, F.

Sanford (1971) laid the theoretical groundwork of
relating ocean flow to its electromagnetic fields,
enabling a single ocean-bottom magnetometer station
to provide data on a tsunami’s local velocity com-
ponents and angle of propagation. That same year,
Cox et al. (1971) predicted the amplitude of the
magnetic fields induced by a tsunami with a sea
surface wave height of 20 cm passing through the
Earth’s vertical main field of 40,000 nT. While
Sanford (1971) chose to ignore magnetic induction (a
reasonable assumption when the tsunami phase
velocity is approximately <10 m/s), Cox et al.
(1971)’s work fully considered self-induction within
a layered earth configuration. He found that such
tsunamis would induce magnetic fields between
0.7-1.15 nT—a small but detectable signal. More
recently, Tyler (2005) determined a relationship
between the tsunami’s induced vertical magnetic field
b, and its sea-surface displacement # using the long-
wavelength assumption:

b.

be_en
F, c¢H

(2)

where F, is the vertical component of the Earth’s
main field, H is the ocean depth, x is the wave
number vector describing the horizontal variation, z is
the vertical position (positive downwards in our
application), ¢ is the tsunami’s long wavelength non-
dispersive surface gravity wave and c; is a complex
scaling speed, such that ¢, = ¢ + 2iK/H where K is
magnetic diffusion coefficient. The magnetic diffu-
sion coefficient K is comprised of the magnetic
permeability p and the electrical conductivity ¢ of the
medium  (for seawater) that
K = (uo) ™. Vacuum magnetic permeability is y, =
47 x 1077 N A~% and the mean electrical conduc-
tivity of seawater is op = 3.2 S/m. Equation 2 greatly
simplifies the study of tsunamis, and has been used to
predict the tsunami sea-surface displacement from
tsunami magnetic signals (Minami et al. 2015; Ichi-
hara et al. 2013; Zhang et al. 2014).

Most studies that have succeeded in detecting
tsunami electromagnetic signals have been for events

our case, such
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of M8.8 or larger (Manoj et al. 2011; Utada et al.
2011; Ichihara et al. 2013; Klausner et al. 2014;
Sugioka et al. 2014; Zhang et al. 2014). The first
study to look at smaller events was by Toh et al.
(2011). They used a seafloor magnetometer station in
the Northwestern Pacific (station denoted as ‘NWP’;
shown in Fig. 1) to analyze tsunami signals from the
2006 M8.3 and 2007 M8.1 Kuril Islands earthquakes.
They found that while the tsunami signals were not
detected at land magnetometer stations, the North-
western Pacific (NWP) ocean bottom electromagnetic
(OBEM) station registered a significant unipolar
variation (i.e. a variation similar to a positive or
negative impulse) in the horizontal amplitudes, as
well as a bipolar variation (i.e. a variation similar to
having an impulse immediately followed by an
impulse of opposite direction) of the vertical field’s
magnitude with the passing of the tsunami.

The Gutenberg—Richter law relating an earth-
quake’s magnitude and frequency has existed in
various forms since 1956 (Gutenberg and Richter
1956) and it is generally accepted that lower magni-
tude events occur much more frequently than higher
magnitude ones. While these lower magnitude events
are relatively less violent, they still cause much grief.
In the decade of 2005-2015, over 1500 people were
killed by tsunamis resulting from earthquakes of
magnitude smaller than M8.5 and damages of at least
294 million dollars were also incurred (NOAA 2015).
Identifying signals from events smaller than M8.5 is
necessary to better characterize tsunami magnetic
signals and possibly incorporate them in warning
systems. As discussed by Utada et al. (2011), large
tsunamis produce a wave height great enough to
disturb the ionosphere via delayed atmospheric
gravity waves, thereby ensuring tsunami-caused
magnetic signals may be detected at land stations
(such as those used in their study). However, smaller
tsunamis do not create such atmospheric disturbances
and because their strongest signals are limited to just
the ocean and conductive sediments, the signals from
these smaller tsunamis cannot be sensed by land
stations. Both Toh et al. (2011) and Sugioka et al.
(2014) instead used seafloor magnetometer stations to
detect tsunami electromagnetic signals. In each study,
they found a clear signal in the vertical magnetic field
data. Since these observational studies, Minami et al.
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Figure 1
A bathymetry map showing magnetometer stations NWP, T18 and KAK (red circles), as well as the DART buoys 21413 and 21414 (red

triangles). The red star denotes the epicenter of the 2007 Kuril Islands earthquake

(2015) classified tsunami electromagnetic signals into
three scenarios based on ocean depth, finding tsunami
magnetic signals in the deep ocean may precede the
water wave arrival by as much as 18 % of the tsu-
nami’s period. These studies suggest magnetic field
data may be more effective for tsunami detection in
warning systems than pressure methods.

This study’s aim was to detect tsunami magnetic
signals from earthquakes ranging from M8.0-9.0 and
analyze their time—frequency characteristics by pro-
ducing a method to separate the data’s noise using
additional data from a remote observatory. The fol-
lowing section discusses this study’s focus events and
magnetometer stations. Section 3 describes the
numerical simulation for tsunami water elevation
used to estimate the tsunami’s travel time and max-
imum magnetic field amplitude. Section 4.1 discusses
the data processing and Sect. 4.2 describes our
method of using a cross-wavelet analysis to isolate
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the tsunami magnetic signals from other outside
sources. The results of each of these methods are
discussed in Sect. 5 and we conclude with a summary
and outlook.

2. The Data and Focus Tsunami Events

This study focused on four events varying in
magnitude: (1) the January 13 2007 Kuril Islands
event (M8.1), (2) the September 29 2009 Samoa
event (M8.0), (3) the February 27 2010 Chile event
(M8.8) and (4) the March 11 2011 Tohoku, Japan
event (M9.0). Table 1 shows which magnetometer
stations were used for each event, as well as the
location of the earthquake origin, and the daily geo-
magnetic Ap index for each event (Denig 2015). With
the exception of the 2011 Japan event, all of the
events occurred on geomagnetically quiet days. The
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Table 1

The focus tsunami events of this study and the stations with corresponding data

Origin Data sets Date Lat. Lon. EQ. M Ap index
Kuril Islands T18, NWP, KAK* 1/13/2007 4:23:21.1 46.24°N 154.52°E 8.1 0
Samoa SOC1-9, HON* 9/29/2009 17:48:10.9 15.489°S —172.095°E 8.0 1
Chile SOC1-9, HON?* 2/27/2010 6:34:11.5 36.122°S —72.898°E 8.8 1
Japan CBI, MMB* 3/11/2011 5:46:24.1 38.297°N 142.372°E 9.0 37

The latitude and longitude of the earthquake’s origin are given, as is the earthquake’s magnitude (NOAA 2015) and the Ap index of the

event’s day (Denig 2015)

? A land station used as the remote station for the cross-wavelet analysis

2007 Kuril Islands event was previously studied by
Toh et al. (2011), and we were curious how well
other OBEMs could identify the event’s signals. The
2011 Tohoku, Japan and 2010 Chile events are well
studied so they were also well suited for testing our
methods.

We used data from Pacific ocean-bottom electro-
magnetometer (OBEM) observatories (shown in
Figs. 1, 2), as well as Pacific (Fig. 3) and Japanese
(Figs. 1, 4) INTERMAGNET and Japan Meterolog-
ical Agency (JMA) stations. The stations’
latitudinal/longitudinal coordinates and depths are
shown in Table 2. The OBEMs provide the most ideal
data set for this study: their location on the seafloor
provides greater exposure to all the tsunami produced
fields (the toroidal field is restricted to within the
ocean and conductive seafloor sediments), ensuring a
higher signal-to-noise ratio than at a land station.
Each of the OBEMs has red background noise such

~140°

-150°

Figure 2
A bathymetry map showing the SOCI1-9 ocean-bottom magne-
tometer network
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that, with the exception of station SOC6 for both
events (2) and (3), and SOC9 for event (2), the
background noise level in the period range expected
for tsunamis is well under 1 nT. These three excep-
tions have background noise ranging from 1.4-1.5 nT
within this period range. An example of the typical
red background noise is shown in Fig. 5 using station
SOC1 (September—October 2009) with a dashed
vertical line included to denote a period of 15 min.
Although the background noise is well below 1 nT at
most of the stations, as will be discussed Sect. 3.1,
this level of noise is generally similar in magnitude to
any expected tsunami signals necessitating additional
data filtering techniques to ensure minimization of
noise and extraction of the tsunami signal.

Station T18 collected data every minute for ~ 1
year using a vector fluxgate magnetometer to deter-
mine the northward (X), eastward (Y) and downward
(Z) components as part of a study to understand the
deep geoelectrical structure of the ocean-subsurface
(Baba et al. 2010). The nine SOC stations (SOC1-9)
were similarly employed for magnetotelluric pur-
poses and collected vector data every minute
(Suetsugu et al. 2012). Station NWP collects data
every 2 min with resolutions of 0.01 nT and
0.64 mV/m for the magnetic and electric fields,
respectively (Toh et al. 2011, 2006). The attitude of
the OBEMs is initially determined and each of the
stations monitor changes in tilt to accommodate for
movements of the OBEM platform.

Besides these seafloor stations, the JMA and
INTERMAGNET station Kakioka (KAK) was used
to produce the cross-weight matrix in the cross-
wavelet analysis for the 2007 Kuril Islands event and
the station Memambetsu (MMB) was used for the
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Figure 3
A bathymetry map showing the SOC1-9 ocean-bottom magnetometer network and the INTERMAGNET station HON (red circles), as well as
the DART buoys 54401, 51426, 51425 and 32412 (red triangles). The epicenters of the 2009 Samoa and 2010 Chile earthquakes are labelled

with red stars

2011 Tohoku, Japan event (see Sect. 4.2). We also
used JMA'’s station Chichijima (CBI) for the 2011
Tohoku, Japan event’s local data. The U.S. Geolog-
ical Survey and INTERMAGNET Honolulu station
(HON) was used as the remote station for the cross-
wavelet analysis with the SOC stations for the 2009
Samoa and 2010 Chile events.

3. Numerical Simulation of the Tsunami Water
Elevation

The Cornell Multi-grid Coupled Tsunami model
(COMCOT) was used to predict the arrival time of
the leading tsunami wave at NWP, T18 and CBI
because these magnetometer stations are not accom-
panied by a pressure gauge or tide gauge. The SOC
stations all included pressure gauges, so we were able
to compare COMCOT’s results with pressure data, as
well as use COMCOT to estimate the size of the
expected tsunami magnetic signal (discussed in the
following section). Besides estimating the arrival of
each tsunami at the respective OBEMSs, we also
estimated the arrival at deep-ocean assessment and
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reporting of tsunamis (DART) buoys or coastal tide-
gauge stations to check the simulation’s estimated
time of arrival (ETA) with the tsunami’s actual arri-
val time at the buoy or tide-gauge (shown in Table 3).

This study’s simulations used a 2-arc min bathy-
metry grid provided through (GEBCO 2013) and atime
step of two seconds. For the 2007 Kuril Islands event,
the focal mechanisms of Fujii and Satake (2008) were
used; for the 2009 Samoa event the mechanisms from
Fujii and Satake (2009) were used; for the 2010 Chile
event, we used the mechanisms of Yue et al. (2014);
and for the 2011 Tohoku, Japan event we used the
mechanisms discussed in An (2015). For more details
on COMCOT, see “Appendix”.

In general, COMCOT’s tsunami ETA matches
within ~2-8 min of the measured tsunami time of
arrival at DART buoys/tide-gauge stations and SOCS8
(shown in Table 3). The largest discrepancies were
~ 12 min for simulating the arrival at DART buoy
21414 for the 2007 Kuril Islands event and the arrival
of the 2010 Chile tsunami at SOC8. Meanwhile, the
smallest discrepancy was 4s for the 2011 Tohoku,
Japan event at the DART buoy 21419. The discrep-
ancies between COMCOT’s results and the actual
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Figure 4
A bathymetry map showing the magnetometer stations (red circles) used for analyzing the 2011 Tohoku, Japan event and the event’s epicenter
(red star), as well as the DART buoys 21419, 21401, 21418 and 21413 (red triangles)

water wave arrival may be due to inaccurate focal
mechanisms.

3.1. Using COMCOT to Predict the Expected
Magnetic Field Signal

The relation given in Eq. 2 was used to estimate
the induced magnetic field produced by the 2007
Kuril Islands, 2009 Samoa and 2010 Chile events at
the OBEMs. The velocities and sea surface heights
were predicted by COMCOT and the scaling factor,
cs, was assumed to be negligibly different from the
wave speed (C% ~ 1). The exponential term in Eq. 2
was also simplified to 1 (Tyler 2005; Zhang et al.
2014).

Reprinted from the journal
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The expected magnetic field (b, from Eq. 2) for
the Kuril Islands event reaches 0.08 nT at T18 and
0.4153 nT at NWP. For the 2009 Samoa event, across
SOC1-9 the expected maximum magnetic field
amplitude ranges from 0.1278 nT at SOC6 to
0.1961 nT at SOCI1. For the 2010 Chile event, also
across SOCI1-9, the expected maximum magnetic
field amplitude ranges from 0.4295 nT at SOC8 to
0.4947 nT at SOC2. The spread in expected magnetic
field amplitude is most likely due to local bathymetry
variations, however local variations in electrical
conductance may also affect the observed tsunami’s
magnetic signal. Regardless, all of the expected
magnetic signals are smaller than the background
noise for the tsunami-relevant period range.
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Table 2

The electromagnetic stations’ locations and the average Z magnitude for the station over the data’s time span

Station Lat. Lon. Elevation (m) Z (nT)
Baba et al. (2010)
T18 27.14°N 147.17°E —5594 2.3687 x 10*
Toh et al. (2006, 2011)
NWP 41.102°N 159.963°E —5580 3.5843 x 10*
Suetsugu et al. (2012) and Sugioka et al. (2014)
SOC1 19.4682°S 148.0498°E —4427 2.0906 x 10*
SOC2 20.9561°S —146.4423°E —4772 2.2857 x 10*
SOC3 19.9286°S —146.0260°E —4656 1.9559 x 10*
SOC4 18.4281°S —144.9878°E —4478 1.9138 x 10*
SOC5 17.5012°S —144.5069°E —4049 1.8161 x 10*
SOC6 18.8055°S —142.2961°E —4508 1.9014 x 10*
SOC7 19.9405°S —142.6682°E —4490 1.9925 x 10*
SOC8 20.9548°S —143.7570°E —4806 2.0420 x 10*
SOC9 22.1675°S —144.6965°E —4540 2.2824 x 10*
INTERMAGNET
KAK 36.23°N 140.18°E 36 3.5400 x 10*
MMB 43.91°N 144.19°E 42 3.9706 x 10*
CBI 27.096°N 142.185°E 155 2.4961 x 10*
HON 21.3°N —158°E 4 2.1271 x 10*
108 . . . magnetic storms. To remove these extraneous signals,

soc1
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Figure 5
An example of the red background noise typical for the magne-
tometer stations, this is an amplitude spectral density of station
SOC1 for two months of data (September—October 2009). The
dashed vertical line (on the far right) denotes the frequency
corresponding to a period of 15 min

4. Concurrent Ocean Bottom Magnetic Data

4.1. Data Processing

The predominant signal of the time series is that
of daily variation (forced by the thermally driven
ionospheric dynamo) with intermittent spikes due to
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the data underwent a high pass butterworth filter
where signals with periodicities of 30 min or greater
were removed. Previously observed tsunami gener-
ated magnetic signals (Toh et al. 2011; Manoj et al.
2011; Utada et al. 2011) showed quasi-sinusoidal
fluctuations with typical periods of 10-20 minutes.
Hence, this method limits our analysis to this period.

The results of this filtering are shown in Fig. 8 for
the 2007 Kuril Islands event, Fig. 7 for the 2009
Samoa and 2010 Chile events, and Fig. 6 for the 2011
Tohoku, Japan event. For the 2007 Kuril Islands
event at T18, the filtered vertical component shows
very small amplitudes within +0.04 nT for the
duration of each event. This is less than the expected
b, of 0.08 nT. While T18 does not show any clear
signals denoting the arrival of the 2007 Kuril Islands
tsunami, NWP does. Interestingly, the maximum
amplitudes for NWP are ~ 1.5 nT—much larger than
the 0.4153 nT estimated using (Tyler 2005)’s relation
and much larger than the background noise.

At the SOC stations, the magnetic field ampli-
tudes are again much larger than those expected.
Interestingly, SOC6 has the smallest expected b, for
the 2009 Samoa event and its data’s noise is
comparable in amplitude to any possible tsunami
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The tsunamis’ estimated time of arrival (ETA) calculated from the COMCOT simulation for tide-gauges and DART buoys sensitive to each

event

2007 Kuril Islands event—focal mechanisms from Fujii and Satake (2008)

DART buoy 21413
Simulation for 21413
DART buoy 21414

Simulation for 21414

2009 Samoa event—focal mechanisms from Fujii and Satake (2009)

DART 51425
Simulation for 51425
DART 51426
Simulation for 51426
DART 54401
Simulation for 54401
SOC8

Simulation for SOC8

2010 Chile event—focal mechanisms from Yue et al. (2014)

DART 32412
Simulation for 32412
DART 51426
Simulation for 51426
DART 54401
Simulation for 54401
SOC8

Simulation for SOC8

2011 Japan event—focal mechanisms from An (2015)

DART 21413
Simulation for 21413
DART 21401
Simulation for 21401
DART 21418
Simulation for 21418
DART 21419
Simulation for 21419

01-13-2007 06:27:03 0.02487
01-13-2007 06:24:03 0.02176
01-13-2007 06:36:03 0.02925
01-13-2007 06:24:49 0.03428
09-29-2009 18:54:00 0.02751
09-29-2009 18:52:03 0.04648
09-29-2009 19:00:00 0.06337
09-29-2009 18:52:10 0.06593
09-29-2009 20:01:58 0.01810
09-29-2009 20:03:46 0.02563
09-29-2009 21:44:30

09-29-2009 21:42:46

02-27-2010 09:49:02 0.1964
02-27-2010 09:48:44 0.2005
02-27-2010 18:30:02 0.0093
02-27-2010 18:33:08 0.0180
02-27-2010 18:12:02 0.0152
02-27-2010 18:20:26 0.0132
02-27-2010 16:35:46

02-27-2010 16:43:08

03-11-2011 07:07:01 0.8060
03-11-2011 07:04:01 0.7689
03-11-2011 06:53:01 0.6177
03-11-2011 06:51:09 0.5116
03-11-2011 06:19:01 1.8880
03-11-2011 06:19:13 1.1420
03-11-2011 07:16:01 0.5700
03-11-2011 07:15:57 0.4150

The last column denotes the observed and estimated wave height (m). For the 2009 Samoa event and 2010 Chile event, we include a

comparison of COMCOT’s results to the arrival time obtained from SOC8’s pressure data

signal making the detection of such a signal unclear.
For the 2010 Chile event, SOCS8 was expected to have
the smallest b,, but again SOC6 is the noisiest
without any clear tsunami signal. All the other
stations have a clear signal coinciding with the
tsunami arrival. Figure 7 shows the results for SOCI,
SOC2, SOC6 and SOCYI.

For the 2011 Tohoku, Japan event, CBI’s horizon-
tal component (ranging from about £10 nT) does not
have a clear signal with the arrival of the tsunami, but
the vertical component (ranging from +2 nT) does
show strong variations with the tsunami ETA (Fig. 6).

The discrepancies between amplitudes revealed
via a high pass filter and the estimation in the
previous section may be due to magnetospheric noise
of similar periodicity to tsunamis, variations in the

Reprinted from the journal
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scaling factor ¢y, local conductivity or Eq. 2’s
exponential term, errors in the tsunami focal models
used or the effect of dispersion since COMCOT
cannot handle dispersive tsunamis. Additionally, the
signals concurrent with the tsunami’s ETA for the
SOC stations are all either similar in magnitude or
smaller than the background noise in the tsunami-
relevant period range for each station’s power
spectra. A cross-wavelet analysis (discussed in the
next section) is needed to rule out magnetospheric
noise and minimize background instrument noise.

4.2. Signals from a Cross-Wavelet Analysis

While a Fourier transform is often used to
extract frequency components from a signal, it is not
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The high pass filtered time series for the horizontal (left) and vertical (right) field component at Chichijima (CBI) in temporal proximity to the
tsunami’s estimated time of arrival (dashed line). The given date and time are in UTC

useful for short-lived phenomena such as the signal
of a passing tsunami. As summarized by Newland
(1993), this arises because the Fourier transform
extends over all time (—oo to o0), so it only
provides an average over the entire length of the
signal, f(r). If at some point in the lifetime of f(r)
there is an anomalous event, it will contribute to the
calculated Fourier transform, F (w), but its location
on the time axis will be lost. There will be no way
of knowing if the value of F(w) at a particular o is
due to frequencies present throughout the signal
flo) or if it is due to occurrences during a select
period of time within f(¥).

Instead, a wavelet analysis was done on each
component of the magnetic field data at each station
to extract both the frequency components of the data
and their time dependency. Wavelet analyses have
been previously applied to tsunami data from deep-
ocean buoys (Gonzalez and Kulikov 1993), coastal
water level stations (Gonzalez et al. 1995; Mofjeld
et al. 1997; Titov et al. 2005; Nagarajan et al. 2006;
Rabinovich et al. 2006; Rabinovich and Thomson
2007), DART buoy data (Tang et al. 2008), and
magnetometer data (Klausner et al. 2014; Mendes
et al. 2005).

The analyzing function of a Fourier transform is

and for a short-time Fourier transform the
iwt

iwt
e

analyzing function is windowed becoming w(t)e
Unlike these Fourier methods, wavelet analyses use

281

an analyzing function known as the mother wavelet
() giving the following expression for the wavelet
transform (Daubechies 1992; Liu 2000):

F(a,b) /f O™y ( >dt (3)

Here, a and b are the dilation and translation factors.
The |a|"/? term is from the normalization of the
mother wavelet, which must also satisfy the follow-
ing admissibility condition:

Cl/,—zn/

This admissibility condition (Liu 2000; Grossmann
and Morlet 1984) allows a data signal, f(¢), to be
reconstructed from the wavelet ,(¢) and its corre-
sponding wavelet transform F(a,b) as:

0=z | o[ @R

This reconstruction formula is known as the resolu-
tion of the identity (Grossmann and Morlet 1984; Liu
2000). To analyze data, the continuous wavelet
transform (Eq. 3) may be discretized by respectively
setting the dilation and translation factors to a = 2°
and b = 12° (Daubechies 1992; Liu 2000). This gives
a mother wavelet of

Velr) = 2729 (27

o))* < oo.

(4)

(5)

1) (6)
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<Figure 7
The high pass filtered time series for the vertical field component in
temporal proximity to the earthquake’s time of origin (first dashed
line) and the tsunami’s estimated time of arrival (second dashed
line). The left column is for the 2009 Samoa event and the right
column is for the 2010 Chile event. Stations SOC6 and SOC9 were
the noisiest two stations, whereas SOC1 and SOC2 are typical of
the filtered quality for the other stations. The given date and time

are in UTC

where s and 7t are integers that represent frequency
and time, respectively. Using this, the wavelet
transform (Eq. 3) becomes

t

$,7) :\/L?/:f(t)tp*(g—r)dt.

For each tsunami event and station’s high pass fil-
tered ocean bottom magnetometer data, we used this
method with a continuous fourth-order Gaussian
mother wavelet.

To verify that extraneous signals (such as those
from the magnetosphere) were not being incorporated
into the observed vertical component’s data, we
developed a cross-wavelet analysis between the
horizontal components of the local station of interest
and a land station further away. This method assumes
that in the tsunami-relevant period range, magneto-
spheric signals are similar over large spatial scales so
rather than solely use the local station’s data, an
additional land magnetometer station was incorpo-
rated to filter the wavelet analysis of the ocean-local
station. The land station must be devoid of ocean

F( (7)

0.04

0.03
0.02

0.01
0 |

Z (nT)

-0.01
-0.02
-0.03

-0.04

03:00 04:00 05:00 06:00 07:00 08:00
Time (Jan. 13, 2007)

signals so that the only temporally similar magnetic
signals between it and the local station will be from
non-oceanic sources or similar red background
instrument noise. For this purpose, the land stations
used were KAK (for the 2007 Kuril Islands event),
MMB (for the 2011 Tohoku, Japan event), HON (for
the 2009 Samoa and 2010 Chile events) and PPT (for
the 2010 Chile event). Table 1 summarizes which
stations were used in the cross-wavelet analysis.

To perform the cross-wavelet analysis, the mag-
netic data from both the land station’s and the local
seafloor or island station’s horizontal components’
time series (respectively Hj and H}) first undergo a
wavelet transform (denoted H,?7,, this is a nxm
matrix of the amplitudes correspdnding to different n
frequencies (s) at each of the m time points (1)). The
resulting series then produce a matrix by multiplying
H};" by the complex conjugate of H,":

ST 1S, Trp*s,T
H = By H".

(3)

The weight matrix w®" is then produced by
dividing the difference between the complex magni-
tude matrix of H** (i.e. |H}"'| = \/a: + b7, if at index
k have H" = ay + iby) and |H*'|’s absolute maxi-
mum value by the absolute maximum difference:

ST |HX’T| — max(|HXJ|)
~ max(|H5T| — max(|H>7]))

©)

The cross-wavelet analysis is then completed by
multiplying w** and the absolute values of the ocean
bottom’s vertical component wavelet transform. This

NWP’

04:00 05:00 06:00 07:00

Time (Jan. 13, 2007)

03:00

Figure 8
The high pass filtered time series for the vertical field component in temporal proximity to the earthquake’s time of origin (first dashed line)
and the tsunami’s estimated time of arrival (second dashed line) for station T18 (left) and NWP (right). The given date and time are in UTC
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Figure 9
Results of the cross-wavelet analysis at CBI for the 2011 Tohoku, Japan event. Each step of the analysis is shown: (fop) the local vertical
wavelet periodogram at CBI, (middle) the cross-wavelet periodogram between the local and remote (MMB) horizontal components, and
(bottom) the weighted wavelet periodogram for the local vertical component, where the white box denotes the region shown in the zoomed-in
figure. The white dashed line marks the tsunami’s estimated time of arrival and UTC time is used

down-weighs signals that occur at the same time at
both of the stations, while also strengthening the
events that occur uniquely at the ocean-local station.

The present study uses the cross-wavelet analysis
between data collected at a local ocean site and a
remote land site to reduce noise at the former site.
This is different from Klausner et al.—their study
similarly used the wavelet method on magnetometer
data to study signals from the 2010 Chilean tsunami,
they computed the cross-correlation
between the magnetometer periodogram and that of
the tide/pressure gauge data. Unlike their method, our

however
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cross-wavelet analysis only uses magnetometer data
so local pressure or tide gauges are not needed.
Additionally, our method directly removes noise
from the resulting wavelet periodograms.

5. Discussion

As a check for this method, we start by examining
the cross-wavelet analysis for the largest event—the
2011 Tohoku, Japan tsunami’s magnetic signal at
CBI (shown in Fig. 9). While the original tsunami
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signal is visible in the high-pass filtered data at CBI
(right side of Fig. 6) and in a wavelet analysis of
CBI’s vertical component (top panel of Fig. 9), the
method illustrates how to remove or diminish much
of the noise. This is most easily seen by considering
the days directly preceding the tsunami event: much
of the noise has been dramatically reduced in the final
results of the cross-wavelet analysis (bottom panel
and bottom box of Fig. 9) and a strong signal con-
current with the tsunami’s ETA is isolated.

The work of Tatehata et al. (2015) found a neg-
ative peak in Z occurring before 7:00 (UTC) and they
named this peak the “first motion” as part of a claim
that magnetic signals reached CBI 20 minutes before
the tsunami water wave’s arrival. However, as shown

in Fig. 4 of their paper, their simulation failed to
reproduce this first motion. Our results (this is espe-
cially evident in the bottom box of Fig. 9) revealed
that only higher period, lower amplitude (~ 1 nT)
magnetic signals preceded the arrival of the tsunami
water wave; most of the signal either coincided or
immediately followed the arrival of the tsunami water
wave at CBI. The tsunami’s dispersive phase velocity
(given in Eq. 1) implies that longer periods will travel
faster and this phenomenon is evident in the bottom
box of Fig. 9 where the signal seems to be diagonally
smeared upwards as shorter period signals arrive after
longer period signals. Thus, we argue that their so-
called “first-motion” may be due to the dispersive
nature of the tsunami water wave and their simulation

(a) o 1.2
5 1.0
10 0.8
=
£
< 15 0.6
kel
)
o
20 0.4
25 0.2
30 0
113 113 113 1/13 113 113 nT
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Time Time
Figure 10

Results of the cross-wavelet analysis for the 2007 Kuril Islands event at T18 and NWP. The white dashed line marks the tsunami’s estimated
time of arrival and UTC time is used. The top row (a) shows the periodogram for the first 12 h of January 13, 2007, whereas the bottom row
(b) focuses on the hour of the tsunami’s arrival
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may have failed to reproduce the first motion because
(similar to the simulation method we used) it does not
incorporate dispersion. However, the long gap
between the strongest magnetic signals and the initial
signals, as well as the periodogram’s vertical smear
along the period axis suggests there are non-linear
influences beyond dispersion also at play.

Because land stations have a lower signal-to-noise
ratio than OBEMs, we anticipated greater success for
isolating tsunami signals and examining the time-
frequency characteristics when applying this method
on OBEM data and, with these hopes, employed this
method to the OBEM data. The cross-wavelet anal-
ysis method successfully removed noise and isolated
the tsunami signal in the OBEM data— only four
stations out of the eleven considered across all the
events proved too noisy to isolate a signal.

Shown in Fig. 10, the cross-wavelet analysis of
NWP’s data with KAK revealed a clear signal coin-
ciding with the tsunami ETA for the 2007 Kauril
Islands event. This signal had a maximum amplitude
of 1.2 nT for periods near 4 min and occurred within
5-15 min of the tsunami’s ETA (note that our analysis
has a time resolution of 1 min and the tsunami’s ETA
may vary from the actual tsunami water wave arrival).
Minami et al. (2015) predicted that for the ocean depth
of this study’s OBEMs, the tsunami electromagnetic
fields correspond to the self-induction dominant case
and the peak of b, should precede the tsunami water
wave arrival (17) by ~0.07T where T is the tsunami’s
period. If the strongest period component for this
event was about 4 min, then the b, would be expected
to arrive ~ 17 s ahead of 5. If our simulated ETA is
the true tsunami ETA, then this was not the case for
this event. However, as shown in Table 3, COM-
COT’s ETA may be 2-12 min off from the actual
arrival of 7, so we cannot confirm whether Minami
et al. (2015)’s prediction was validated for this event.
Unlike NWP, as shown in Fig. 10a, T18 lacks any
clear signals for this event. This is not surprising
since the tsunami signals at T18 were expected to be
dramatically smaller than the background noise (0.08
versus 0.4 nT). However, it is note worthy that
besides lacking tsunami signals, the periodogram for
this station hardly has any noise—another indicator
that the cross-wavelet analysis is suitable for isolating
tsunami signals, if they are present.
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Figure 11
Results of the cross-wavelet analysis at the nine SOC stations for
the 2009 Samoa event. The white dashed line marks the tsunami’s
estimated time of arrival and UTC time is used. a Each step of the
analysis is shown: (fop) the local vertical wavelet periodogram at
SOC 7, (middle) the cross-wavelet periodogram between the local
and remote (HON) horizontal components, and (bottom) the
weighted wavelet periodogram for the local vertical component.
b 2 h time windows of the weighted wavelet periodogram for the
local vertical component at each SOC station

For the 2009 Samoa event, stations SOC1-4 and
SOC7-8 show strong signals arriving concurrently or
immediately after the tsunami’s ETA with little noise
preceding the tsunami’s ETA (Fig. 11). As expected
due to the dispersive nature of tsunamis, the longer
period signals arrive a before the stronger, shorter
period signals. Stations SOC5, SOC6 and SOC9 all
were too noisy despite the cross-wavelet analysis so
although there may seem to be signals coinciding
with the tsunami’s arrival, because there were many
similar signals through the periodogram it is not clear
if this local signal is the tsunami or other local cir-
culation effects.

Unlike the 2009 Samoa event, for the larger 2010
Chile event every station shows a strong signal with
the tsunami’s ETA with little noise preceding it
(Fig. 12). Similar to the 2009 Samoa event, the longer
period signals precede the stronger, smaller period
signals. These longer period signals in fact arrive
before the tsunami’s ETA faster than the ~ 0.07 lead-
time (i.e. ~2 min) predicted by Minami et al.
(2015).

6. Summary and Conclusions

Through a cross-wavelet analysis using a local
(seafloor or island) magnetometer station and a
remote land station (which cannot have any tsunami
signals), we were generally able to -effectively
remove atmospheric noise and isolate local signals
revealing tsunami generated magnetic signals. Our
results confirm that longer period signals arrive faster
than shorter period signals—a feature that may be
useful, albeit challenging since the shorter period
signals tend to be stronger, for incorporation into
tsunami warning systems. These results are very

>



Time-Frequency Characteristics of Tsunami

SOC 7 Z Wavelet Amplitudes

Period (min)

Period (min)

SOC 7 Z Weighted-Wavelet Amplitudes

Time

Time Time

287 Reprinted from the journal



N. R. Schnepf et al. Pure Appl. Geophys.

Period (min)

Cross-Weighing Matrix Between Local (SOC 1) and Remote H
I

Period (min)

—_ -
SOC 1 Z Weighted-Wavelet Amplitudes |
[

Period (min)

2/21 2/24 2/27 3/2 3/6 nT
Date (m/dd/2010)

0.50

0.45

0.40

o ,
17:00 18:00 19:00 17:30 17:30

Time

0.35
0.30
0.25

0.20

0.15

: 50 b
17:30 16:30 17:30
Time

17:30 18:30

0.10

0.05

16:00 17:00 18:00 16:00 17:00

16:30 17:30 18:30
Time Time Time

Reprinted from the journal 288



Time-Frequency Characteristics of Tsunami

<«Figure 12
Results of the cross-wavelet analysis at the nine SOC stations for
the 2010 Chilean event. The white dashed line marks the tsunami’s
estimated time of arrival and UTC time is used. a Each step of the
analysis is shown: (fop) the local vertical wavelet periodogram at
SOC 1, (middle) the cross-wavelet periodogram between the local
and remote (HON) horizontal components, and (bottom) the
weighted wavelet periodogram for the local vertical component.
b 3 h time windows of the weighted wavelet periodogram for the
local vertical component at each SOC station

encouraging for continuing to study the electromag-
netic signals of tsunamis, as well as their potential use
in tsunami warning systems.

The present study focused on down-weighting the
local noise spectrum with cross-amplitudes and
studying the time—frequency characteristics of the
residual spectrum. Our cross-wavelet analysis only
incorporated the signals’ amplitudes—we ignored the
phase. To properly reconstruct the tsunami magnetic
signals from the periodograms the phase must also be
included. Future work should incorporate analyzing
the phase component of the tsunami signal. This
would then enable direct time series comparison
between other studies’ results. For instance, Ichihara
et al. (2013) used the BIRRP programs’ remote ref-
erence method (Chave and Thomson 2004) to
minimize outside noise. While this method also uti-
lizes the horizontal component of a remote station,
the transfer function it produces uses cross-spectra
methods rather than cross-wavelet methods. It would
be useful for future work to directly compare this
method’s ability to isolate tsunami magnetic signals.
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Appendix: COMCOT

COMCOT has been used to investigate many other
tsunami events, including the 1992 Flores Islands,
Indonesia tsunami (Liu et al. 1995), the 2003 Algeria
tsunami (Wang and Liu 2005), and the 2004 Indian
Ocean tsunami (Wang and Liu 2006). The model
builds upon the analytical solutions of Okada (1985) to
calculate the seafloor deformation from the fault
mechanisms. The fault plane is divided into a certain
number of rectangular subfaults and the parameters of
each subfault are inputted (i.e. length, width, depth,
strike angle, dip angle, rake angle and the amount of
slip). The seafloor movement due to each subfault can
be calculated assuming an elastic semi-infinite half
space earth model. Earthquakes typically occur within
seconds, thereby preventing the water column above
the deforming seafloor from escaping. Consequently,
the model does not account for the time dependence of
the earthquake’s rupture and instead assumes that it
happens instantaneously so that the sea surface mimics
the deformation of the seafloor.

The fault plane is the interface between the sub-
ducting plate and the overriding plate. The strike
direction is used to define strike and the angles of
rake and dip. Strike direction is the direction one
must face to stand on the top edge of the fault plane
with the plane on one’s righthand side. From this, 0 is
the angle measured clockwise from north to the strike
direction (0° < 6 <360°). The dip angle ¢ is the angle
between the horizontal top surface and the fault plane
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(0° <6 <90°). Lastly, the rake angle A is the angle
measured anti-clockwise on the fault plane from the
strike direction to the direction of the overriding
plate’s motion relative to the subducting plate
(—180° <A <180°).

The model is then used to solve the linear shallow
water wave equations:

o oP 00

atata =" (10)
oP o

4 oH=2=0 11
5 TeHa, (11)
00 o

ELgH o = 12
o TeHy 0 (12)

where ( denotes the free surface elevation, and P and
Q are the volume flux in the x and y directions,
respectively (ie. P = hu, Q = hv). These equations
are solved via an explicit leap-frog finite differencing
model that uses a staggered-grid scheme and the
algorithm is parallelized based on FORTRAN and
OpenMPIL.
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