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Chapter 9

A Prototype Ocean Bottom
Pressure Sensor Deployed in the
Mentawai Channel, Central Sumatra,
Indonesia; Preliminary Results

Emile A. Okal and Lee Freitag

In this chapter, we analyze data retrieved from an ocean floor pressure
sensor continuously operated for forty-eight days in Indonesia’s Men-
tawai Channel during the spring of 2016 as part of Project Hazard SEES,
Interdisciplinary Research in Hazards and Disasters, funded by the US
National Science Foundation. Initial processing through systematic
spectrogram analysis has identified eight distant earthquakes recorded
through the variation of pressure accompanying the passage of seismic
waves on the bottom of the ocean. The analysis of the corresponding
wave trains allows the recovery of the standard magnitude M, of five of
the events (two more being intermediate depth and the eighth antipodal)
with a residual not exceeding 0.2 logarithmic unit. We also show that
the classical energy-to-moment ratio computation can be successfully
adapted by defining a response function of the pressure sensor to tele-
seismic P waves. In addition, six local earthquakes, occurring at distances
of 58 to 670 kilometers from the sensor, but with magnitudes less than
5.5, were also recorded. We show that an estimate of the seismic energy
radiated by these events can be obtained from a simple integration of the
square of the pressure signal. Thus, our results indicate that meaningful
quantitative estimates of the source characteristics of both teleseismic

and regional events can be obtained through robust methods based on .

single-station pressure recordings on the ocean floor.

This chapter is adapted from L. Freitag and E. A. Okal, 2020, “Preliminary results from
a prototype ocean-bottom pressure sensor deployed in the Mentawai Channel, Central

Sumatra, Indonesia,” Pure and Applied Geophysics 177: 5119-31, https://doi.org/10.1007
/$00024-020-02561-6.
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Background and Motivation: A Layman’s Discussion
~of the Science behind Seismic Tsunami Warning

This chapter reports on the experimental operation of a prototype ocean
bottom pressure sensor in the context of tsunami detection in the Men-
tawai Channel between Siberut Island and the large island of Sumatra,
Indonesia, to the northeast (see the map in the preface).

Sumatra, at the western extremity of Indonesia, borders a so-called
subduction zone where the Australian tectonic plate sinks underneath
the Eurasian one. This sinking process is taking place principally through
large earthquakes, some of them generating catastrophic tsunamis, most
recently during the 2004 Sumatra-Andaman event (Synolakis et al. 2005).

Our field location, off the central part of Sumatra, was the site of
megaearthquakes in 1797 (northern half) and 1833 (southern half) (Zach-
ariasen et al. 1999; Natawidjdaja et al. 2006). To the south, part of the
1833 fault zone ruptured again during the 2007 Bengkulu earthquake
(Borrero et al. 2009), thus releasing at least part of the tectonic stress
accumulated over 175 years. By contrast, in the vicinity of Siberut, the
plate interface is believed to be locked in the form of a so-called seismic
gap, where conditions are now believed ripe for a “megathrust” event to
take place in the next years or decades. Such an earthquake would prob-
ably generate a tsunami with potentially catastrophic consequences for
Padang, a nearby port city with a 2019 metropolitan population of 1.4
million (Borrero et al. 2006).

Tsunami warning rests fundamentally on the detection of the par-
ent earthquake and its real-time interpretation in terms of potential for
tsunami generation. In very general terms, all seismic waves can be satis-
factorily modeled by representing their source as an appropriate combi-
nation of forces (known as a moment tensor) and applying the principles
of mechanics to Earth considered as an elastic body. That framework has
been extended to the modeling of tsunamis, which can be considered as
a particular case of the large family of seismic waves; in simple terms, the
mechanical process that excites the waves is the same one that generates
the tsunami. :

Because of the linearity of the equations of motion, both in elasticity
theory and to a large extent in fluid mechanics, one would expect the
amplitudes of seismic waves and tsunamis to be scaled and thus for the
former to be appropriate predictors of the latter. Such scaling is at
the core of tsunami warning. Once the “size” of the earthquake is known,
its tsunami potential should be predictable. In this context, and in the
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near field where warning efforts do net have the luxury of time, a simple
message from the scientific community to the populations at risk has con-
sistently been “zhe shaking is the warning,” that is, if you feel it and you are
close to the shoreline, waste no time and self-evacuate to a safe height,
typically 10 meters or more.

In scientific terms, the size of the earthquake has been described since
the works of Vvedenskaya (1956) in Russia and Knopoff and Gilbert
(1959) in the United States as a bona fide physical measurement, known
as the seismic moment M, of the system of forces mentioned above,
measured in physical units of dynes times centimeters (dyn * cm) or
newtons times meters (N * m). Aki (1966) and later Dziewonski et al.
(1981) have formalized methodologies for the routine measurements of
M, now available from worldwide observations within 10 to 20 minutes
following an earthquake (Kanamori and Rivera 2008). Kanamori (1977)
has derived a protocol to represent M, as a so-called moment magnitude
M, designed to be comparable to estimates of conventional magnitudes
developed, notably by Richter (1935) and later Gutenberg (1945), at a
time when theoretical seismology lacked adequate bases for the repre-
sentation of seismic sources as moment tensors, but were still widely
used in observational seismology and by the media.

In lay terms, the concept of scaling of seismic sources assumes that all
their properties (such as seismic slip on the fault plane, length of rupture,
areas of given felt intensities, and duration of slip at the source) grow in
unison and can be predicted from a single number, namely the seismic
moment M or its magnitude rendition M. . Remarkably, this conjecture
has been verified overwhelmingly not only among major earthquakes, but
also during minor cracks induced by activity such as mining or fracking
and also in laboratory studies on single crystals, across a total of seven-
teen orders of magnitude for M, (Ide and Beroza 2001).

Unfortunately, although most earthquakes are well-behaved and do
follow scaling laws, seismological practice has identified in the past few
decades a number of anomalous events in clear violation of the paradigm.
In very simple terms, one can think of the set of seismic waves generated
during an earthquake as a kind of Earth symphony; in most cases, it is
perfectly balanced, but some maverick events will emphasize the bass (in
spectroscopic terms, they would be called “red-shifted”), while others
may favor the trebles (and as such would be “blue-shifted”). In short, for
such rogue earthquakes, a single value of seismic moment or moment
magnitude may not tell the whole story about their seismic source.!

Because tsunamis have periods typically ranging from tens of minutes
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to 1 hour, their generation is controlled by the lowest-frequency part of
the seismic source spectrum, while waves responsible for shaking felt
by individuals have typical periods of 1 second or less. In this context, it
1s clear that anomalous earthquakes featuring an uneven spectrum will
violate the expected relationship between the two effects and as such
constitute a serious challenge for tsunami warning,

The class of red-shifted, slow earthquakes is particularly treacherous,
a classic example being the 1992 Nicaraguan tsunami. Its “body-wave”
magnitude, measured at a period of 1 second, 7, = 5.3, was so low that the
earthquake was felt only weakly along certain sections of the shore and
even not at all in others. Its source, however, was hiding its full size at lon-
ger periods, typically 300 seconds and longer, with a moment magnitude
reaching M_= 7.6. The result was a powerful tsunami that reached 10
meters in run-up (defined as the maximum altitude of land inundated by
a tsunami) and killed 170 people, eradicating several villages where the
earthquake had not been felt (Abe et al. 1993). In such instances, the sim-
ple adage “he shaking is the warning’ cannot apply. In a classic paper based
on similar events in 1896 in Sanriku, Japan, and in 1946 in the Aleutian
Islands, Kanamori (1972) had coined the name “tsunami earthquakes” for
the class of such earthquakes whose tsunamis are much larger than would
be predicted by their seismic waves, especially at periods conventionally
associated with felt effects.

By contrast, a number of earthquake sources have been found to be
“blue-shifted,” that is, to have a spectrum enriched in high frequencies,
leading to enhanced destruction and casualties through excessive ground
accelerations. One such acceleration reached in excess of 20 meters per
second squared, or more than twice Earth’s gravity, during the 2011
Christchurch, New Zealand, earthquake (Kaiser et al. 2012), an other-
wise moderate event (M, = 6.2). Because these sources correspond to a
source with a faster than expected stress release, they can be referred to
as “brisk” or “snappy.”

Motivated by the occurrence of three tsunami earthquakes in Nica-
ragua in 1992, Java in 1994, and northern Peru in 1996, researchers led
a considerable effort to understand the processes leading to departure
from scaling laws in the years and decades following these events (Choy
and Boatwright 1995; Tanioka et al. 1997; Polet and Kanamori 2000). In
particular, Newman and Okal (1998) introduced a slowness parameter ©,
allowing to quantify the anomalous character of an earthquake. Because
it requires an estimate of the seismic moment, however, the parameter
® is generally not immediately available in real time for the benefit of
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tsunami warning in the near field. In this context, later work by Convers
and Newman (2013) and Okal (2013) has focused on exploiting the dura-
tion of high-frequency seismic waves as evidence of earthquake slowness.
One of the most fundamental questions regarding tsunami earth-
quakes is whether they feature a regional component, that is, whether
they tend to occur in specific regions or rather could happen along any
subduction zone. Many studies, including of historical events predating
the development of modern, digital seismic instrumentation, have identi-
fied a catalog of more than twenty tsunami earthquakes with documented
cases as early as 1896, 1907, and 1923 (Martin et al. 2019, table 6). In this
context, preliminary evidence would suggest that many, and probably all,
subduction zones can entertain tsunami earthquakes, notably in the form
of aftershocks of regular megathrust events (e.g, Fukao 1979; Okal and
Borrero 2011; Salaree and Okal 2018). |
The departure of seismic sources from the canons of scaling laws took
a particularly dramatic turn during the 2009—2010 sequence of events in
and around our field area. On September 30, 2009, a catastrophic earth-
quake hit the city of Padang, causing considerable damage and upwards
of eleven hundred deaths (Bothara et al. 2010). Howevet, it generated
only a minor tsunami with a maximum run-up of 27 centimeters, due to
the earthquake’s location at a depth of 80 kilometers, inside the subduct-
ing slab rather than at the plate interface, thus offsetting most of the rup-
ture area under Sumatra (in simple terms, the earthquake moved more
rock than water). In addition, the 2009 Padang earthquake was clearly
of a “snappy,” blue-shifted character, with its source not exceeding 10
seconds in duration, later confirmed through a high energy-to-moment
parameter @ (Saloor and Okal 2018). This situation falsely instilled in the
minds of residents the idea that significant tsunami danger would require
shaking even stronger than during the 2009 earthquake.

Only 13 months later, however, the 2010 earthquake took place sea-
ward of the Mentawai Islands, generating a catastrophic tsunami with
a run-up of 17 meters that caused seven hundred deaths on the islands
(Hill et al. 2012). This event, which can be construed as an aftershock of
the 2007 Bengkulu earthquake to the south, was clearly a “tsunami earth-
quake,” felt at deceptively low levels on the islands, and was later identi-
fied as such in a number of seismological studies (Newman et al. 2011;
Saloor and Okal 2018). Thus, and tragically, these two events of 2009
and 2010 were both anomalous, but in opposite ways; the 2009 fast event

caused enhanced dynamic destruction and death, and the 2010 slow one
caused an enhanced tsunami.
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Based on reports from survivors who described the 2010 Mentawai
event as a “gentle, slow, rocking earthquake that lasted for several min-
utes” (Hill et al. 2012, 4) and on the work of Convers and Newman
(2011), who pointed out its anomalous character within 17 minutes of
origin time based on a comparison of the duration and energy of tele-
seismic P waves, this tsunami earthquake would suggest amending the
near-field recommendation to “the shaking, strong or long, is the warning,”
The task of issuing a warning, however, runs into the immense difficulty
of defining an appropriate level of duration using a qualitative perception
of time by lay populations.

In this very general context, a prototype experiment took place in
the spring of 2016, when a sensor was deployed for slightly less than two
months in the Mentawai Basin. This experiment is the subject of this
chapter.

Operatibnal Aspects

Our 2016 experiment consisted of operating a pressure sensor on the
bottom of the Mentawai Channel. The technology of the instrument in
use is conceptually similar to that of the so-called deep-ocean assess-
ment and reporting of tsunamis (DART) buoys (Meining et al. 2005).
Ours, however, is designed to be used in the near field, in the immediate
epicentral area. In addition, instead of transmitting via acoustic modem
to a nearby surface buoy, our system transmits over distances of 20 to 30
kilometers to a seafloor station cabled to shore. The motivation for such
a long-range acoustic link is to eliminate the need for a surface buoy,
which requires maintenance and is subject to damage from ocean forces
or vandalism (Teng et al. 2010; Mungov et al. 2013).

In addition, we recall that DART buoys operate at a sampling rate
of oz = 15 seconds, that particular channel being triggered for real-time
transmission only upon detection of a large event. By contrast, our sys-
tem uses a much shorter time sampling of dr = 0.05 second; with the
real-time transmission of the full dataset made possible by the elimina-
tion of the buoy relay. That short time sampling allows a full broadband
seismic processing of the time series, in contrast to the coarse sampling
used by DART buoys. A permanent seafloor sensor will still require regu-
lar maintenance including battery changes, so minimizing energy use is
critical. This limitation then mandated the use of a single pressure sen-
sor as opposed to a complete broadband motion package such as those
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employed in standard ocean bottom seismometers. In this regard, it is
desirable to extract as much useful information as possible from the pres-
sure sensor, including the magnitude of seismic waves impinging on the
ocean bottom unit. The work presented here reviews the results of an
initial approach toward that use.

The instrumental package was deployed in the Mentawai Basin on
March 23, 2016, in the vicinity of 1.350°S, 99.733°E at a of depth H =
1,750 meters (hereafter Mentawaj Basin site or MBS).? The above coordi-
nates refer to the sea surface location where the instrument was dropped,
which is estimated to coincide with jts resting position within uncertain-
ties on the order of a few hundred meters. The exact depth of deploy-

-ment was provided by the sensor itself. The instrument was retrieved on
May 16, 2016, and provided a continuous stream of data from March 26
to May 12, 2016, that is, for forty-eight days.

The instrument deployed consists of a Paroscientific Digiquartz
nanoresolution pressure sensor model 8CB2000-I, which includes pre-
processing of the native frequency output so that the data are available as
an ASCII serial data stream (Paros et al, 2012). The package was deployed
on a platform resting on the seafloor and consisted of a pressure sensor, a
data logger, a battery, and an acoustic release for recovery.’ The platform,
called a lander because it rests directly on the seafloor, is deployed from
a surface vessel and free-falls to the bottom.

Recording was performed at a sampling rate of twenty-two samples
per second. The raw data were stored as a pressure time series expressed

in pounds[-force] per square inch (psi), later converted to metric units
through the factor

1 psi = 68972 dyn x cm? = 6897.2 Pa (1)

Figure 9-1 is an example of a 24-hour time series obtained for April
13, 2016, containing the record of an earthquake in Myanmar (hereafter
event T4), with an intermediate depth of 136 kilometers and moment
magnitude M = 6.9 (Kanamori 1977). It is easily verified that the aver-
age value recorded (~ 2,550 psi) is the hydrostatic pressure of the wa-
ter column at the site, p = 0,gH, which translates to a depth H = 1,744
meters using a density 0 = 1.03 g/cm® and the acceleration of gravity
£ =979 cm/s’, which is appropriate near the equator. In addition, the
large oscillation shown in figure 9-1 is the tidal signal, whose peak-to-
peak amplitude, typically 1.15 psi, translates into an amplitude of 79 cen-
timeters for the oceanic tide. This amplitude compares favorably with
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F1GurE 9-1. Example of raw 24-hour time series recorded at the Mentawai Basin
site on April 13, 2016. The main oscillation expresses the tide. The signal around
14:00 GMT is Event T4, an intermediate-depth earthquake in Myanmar.

tides typically on the order of 1.2 meters peak to peak in the port of
Padang, given the expected influence of the response of the harbor. These

observations provide an independent check of the proper calibration of
the instrument.

Data Processing

Data processing includes both plotting the raw data from the seismom-
eter and analyzing the spectra to detect seismic events. This process in-
tegrates visualization and interpretation of the data to assess the type and
size of seismic waves generated by an earthquake with potential tsunami
risk and translates the seismic signals into a form that is understood by
scientists and practicing emergency managers.

Raw spectra

Figure 9-2 presents the spectrum of a one-day-long window of data, re-
corded in the absence of detectable seismic signals, on April 9, 2016.
In lay terms, it plots the energy recorded by the sensor as background
noise, as a function of frequency, from “bass” at the left of the diagram to
“treble” at the right. For reference, we compare it to the spectrum of the
vertical broadband seismometer at the station GSI, operated by GEO-

FON at Gunungsitoli, on nearby Nias Island, the distance between the
two sites being 380 kilometers.
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FIGURE 9-2. Spectral ampli-
tude (in grey) of 24-hour
record at MBS in the absence
of seismic signal (09 April
2016). For reference, the cor-
responding spectrum at the
nearby GEOFON station
GSI is given in black. The
vertical scales for logarithmic
units are common to both
plots, but their baselines are
different, allowing for direct
comparison of the repartition
of background noise across
the frequency spectrum.
0 1 > z Note strong noise at MBS for
Logyy FREQUENCY (mHz) T > 30s.
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These spectra have not been corrected for instrument response be-
cause, in the case of the pressure sensor and as discussed below, the con-
version to ground motion involves different functions depending on the
nature of the particular seismic wave recorded. Rather, figure 9-2 simply
explores the level of background noise, and hence the feasibility of ex-
tracting seismic signals in various frequency bands. The vertical scales
are common logarithmic units, but unrelated in an absolute sense, thus
allowing a relative comparison of the levels of background noise as a func-
tion of frequency. ‘

Between 0.1 and 10 Hz, corresponding to periods of 10 to 0.1 seconds,
the land site GSI is dominated by microseismic noise due to the harmon-
ics of sea swell, peaked around 6 seconds, a ubiquitous feature of coastal
seismic stations (Brune and Oliver 1959; Berger et al. 2004; McNamara
and Buland 2004). By contrast, and expectedly, these harmonics are ab-
sent from the seafloor record, as is the fundamental of the swell, around
12 seconds, thus illustrating the well-known property that submarines do
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not “feel” the weather, whose relatively short waves fail to penetrate deep
into the water column.

Although the noise at the seafloor site is relatively low beyond 30 mil-
lihertz, it increases substantially at lower frequencies, in sharp contrast to
the seismic spectrum at GSI. This increase will, unfortunately, prevent a
quantitative interpretation of surface waves at periods T' = 30 seconds.
The origin of this effect is presently unknown.

Spectrogram analysis and detection of seismic events

All forty-eight available 24-hour time windows of data were submitted to
a classical spectrogram analysis (Cohen 1989). In simple terms, this pro-
cedure isolates a narrow window (in this case, 100 seconds long) moving
across the time series (in this case, in steps of 50 seconds) and applies a
classic spectral analysis (in our case, between 2 and 10 hertz). The result-
ing spectral amplitude, computed as in figure 9-2, is then color-coded
in decibels with respect to its maximum, with each pixel characterizing
the amount of energy present at a given time (abscissa) and frequency
(ordinate).*

This procedure has been used in various seismological applications
for several decades (e.g., Okal and Talandier 1997). Its power is that it al-
lows the systematic detection of small events, which would fail a simple
visual investigation, as exemplified by a dynamic profile for the one-day
window spanning April 10, 2016: while a small local event, which took
place in South Sumatra (hereafter event L.2), is clearly visible about 9,000
seconds into the time series, the spectrogram reveals a second earthquake
at ~38,000 seconds that would otherwise not emerge from the back-
ground noise.

Processing of Teleseismic Events

We call “teleseismic” those earthquakes that occur at a distance of more
than 1,000 kilometers from the receiver. Eight such events, listed in ta-
ble 9-1 and mapped in figure 9-3, were detected on spectrograms in our
experiment. Their seismic moments range from 1.1 X 10% dyn X cm
(M = 6.0) for event T5, a small earthquake in Mindanao, to 5.9 X 10”7 dyn
X cm (M _=7.8) for event T'7, the large 2016 Muisne, Ecuador, earthquake.
It is noteworthy that the epicenter of event T'7 was essentially antipodal
to MBS (the angular distance A as seen from the center of the Earth be-
tween source and receiver being 178.95° out of a maximum 180°).
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TELESEISMIC EVENTS

150° ) ~150°

80" 120° 150 180° -150° ~1207 ~-90°

F1GURE 9-3. Map of epicenters of earthquakes detected at teleseismic distances
by the hydrophone at the Mentawai Basin site (star). Shallow events (4 < 70 km)
are shown as full circles, and intermediate ones are shown as triangles. See table
9-1 for information on codes T'1-T8.

Rayleigh waves

To examine the long-period properties of our records, we first focus on
Rayleigh waves, a class of surface waves creeping along the circumfer-
ence of Earth and prominent at periods of 10 to several hundred seconds
(Stein and Wysession 1991). Elementary seismic theory (e.g., Haskell
1953) shows that a pressure sensor at the interface between a solid half-
space and an ocean of thickness H records a Rayleigh wave as an over-
pressure of amplitude

P=pwH-u (2)

where #_is the vertical seismic displacement of the solid Earth and
® = 27/ T is the angular frequency of the wave of period T. In other
words, the pressure sensor functions as an accelerometer whose gain is
proportional to the depth of the water column. At a depth of 1,750 me-
ters, the vertical displacement of the Rayleigh wave can be restored by
first converting the digital values (pounds-force per square inch) to met-
ric units (dyn/cm?) and then representing the sensor as an instrument
featuring two null “zeros” and no poles (Aki and Richards 2002, 637),
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with a total magnification of —P,H = -1,802,000 kilograms per square
meter. In simple terms, this procedure allows us to transform the signal
detected by the sensor (in units of pressure) into a quantitative measure-
ment of the amplitude of the Rayleigh wave (in units of length).
Because of the excessive noise at periods longer than 30 seconds (fig-
ure 9-2), it was not possible to compute mantle magnitudes (Okal and
Talandier 1989), which would have allowed the retrieval of a long-period
seismic moment at periods of several hundred seconds. Rather, we had
to limit our investigations to conventional surface-wave magnitudes, us-

ing the Prague formula for Rayleigh waves with a period T close to 20
seconds (Vanék et al. 1962);

M = logm%%+ 1.66 log (A + 3.3 (3)

where 4 is in microns, 7'in seconds, and A in degrees. For each record,
we extract a 1-hour time window containing the Rayleigh wave train and
filter it between 10 and 30 seconds. A time-domain measurement of the
maximum amplitude can be converted into a displacement using equa-
tion (2), which substituted into equation (3) leads to

M =log,(p: T)+ 166 log, A + 5.3 4)

where p is in psi. Figure 9-4 shows that the records of teleseismic events
are comparable to standard seismograms and illustrates the measure-
ment of M according to equation (4). As detailed in table 9-1, we obtain
M values in excellent agreement with published ones; note that we do
not compute M for events T3 and T4, which are at intermediate depths
where 20-second surface waves are poorly excited, nor for T, for which
the station is antipodal (A = 179°).

We conclude that the pressure sensor can be used reliably to quantify
the amplitude of conventional 20-second Rayleigh waves from teleseis-
mic events in the range M, =54 to 7.2. Unfortunately, the only signifi-
cantly larger event recorded during our deployment was antipodal; also,
the presence of unexplained but substantial noise at longer periods pre-
vented the extension of our investigations to the domain of mantle waves
more directly associated with tsunami excitation.

P waves

P (for “primary”) waves are seismic body waves, traveling from a source
to a receiver through the Earth’s interior (“body”) (Stein and Wysession
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FIGURE 9-4. Examples of computation of surface-wave magnitude M, at the
Mentawai Basin site for teleseismic events T6 (Kyushu) and T8 (Vanuatu). See
text for details.

1991). They constitute the fastest signals reaching a distant station, in
practice a few minutes after origin time. They are also least attenuated
during their propagation and as such carry significant energy even at
short periods, typically on the order of 1 second.

‘Here, we use P waves recorded by our ocean bottom pressure sen-
sor from teleseismic events to compute an energy flux at the receiver,
and from there an estimate of the seismic energy radiated by the source,
following the algorithm of Newman and Okal (1998), itself inspired by
Boatwright and Choy (1986). Such measurements constitute a quantifica-
tion of the earthquake at the high-frequency end of its source spectrum.

At the bottom of a liquid layer where the sound velocity is a., it can
be shown that, upon incidence of a P wave, the ratio of pressure in the
fluid to vertical displacement at the interface (known in physics as an
impedance) 1s
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Z=g=p,00 ()

This formula shows that a pressure sensor responds differently to Ray-
leigh waves and P waves. Whereas in the former case it behaved as an
accelerometer, it will now respond to ground velocity, which amounts
to adding a factor (/@ H) to the response used above for surface waves.

The computation of radiated energy proceeds along the steps detailed
by Newman and Okal (1998) and routinely implemented since then, but
an additional complexity stems from multiple reverberations in the water
column (figure 9-5). As an incident seismic wave impinges on the surface
of the Earth, it undergoes significant transformations to prevent its con-
tinuation into the atmosphere (conveniently taken as a vacuum), which
can be regarded as a relatively complex extension of the principle of an
optical mirror. As a consequence, the field of ground motion is altered at
the free surface, requiring a correction in the computation of the tele-
seismic energy flux, noted C?(7,) in Newman and Okal (1998), and whose
detailed expression is given, for example, by Okal (1992). In the oceanic
environment, the water layer traps a fraction of the energy in a frequency-
dependent process reminiscent of the effect of coating in the conception
of partial mirrors. It can be considered the conjugate, at the receiver,
of the well-known source-side generation of multiply reflected pmwP
phases (Mendiguren 1971). At the high frequencies characteristic of P
waves, it is appropriate to sum the energies of the various rays involved in

etc.

Incident P

FIGURE 9-5. Multiple reflections and response function of the oceanic column
for a teleseismic P wave recorded as a pressure signal at the bottom of the ocean.
See text for details.
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the multiple reflections (see figure 9-5), and the classical surface response
coefficient for incident P waves, used by Newman and Okal (1998), must
be replaced by a more complex one, whose detailed expression is derived
in Okal and Freitag (2020). Finally, a special algorithm is used for events
T3 and T4, whose depths are intermediate (Saloor and Okal 2018), and
an additional correction effected for events T2, T4, and TS, for which the
station is less than 30° away (Ebeling and Okal 2012).

Table 9-1 includes values of the resulting estimated energies £* for
seven teleseismic events (the computation is not carried out for the an-
tipodal event T7), as well as parameters ® = log, (E*/ M), obtained using
published values of the seismic moments A, of the relevant earthquakes.
These values are compared to values of ® computed routinely from
a global dataset of stations (Newman and Okal 1998; Saloor and Okal
2018). As shown in figure 9-6, the agreement is excellent, with no sys-
tematic trend in the residual between the value of ® obtained here from
the pressure sensor and its reference value; as for the root-mean-square
of the residual (0.22 logarithmic unit), it is comparable to the scatter of
individual station values when using large global datasets at seismologi-
cal stations. Our results thus validate the use of the pressure sensor to
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Ficure 9-6. Comparison of values of the slowness parameters ® obtained from

a global dataset (abscissa) and from the hydrophone at the Mentawai Basin site
(ordinate).
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quantify a teleseismic source at the higher-frequency end of the seismic
spectrum.

Processing of Local Events

Six regional earthquakes, listed in table 9-2 and mapped in figure 9-7,
were detected from spectrograms in the present experiment. Two of
them, events L1 and L5, took place at intermediate depthsof 160 and 115
kilometers, respectively, in the down-going slab under Sumatra. Except -
for the small event L6, also closest to the sensor at only 58 kilometers, all
had a moment tensor inverted as part of the Global Centroid-Moment-
Tensor, or Global CMT, Project (Dziewonski et al. 1981; Ekstrom et al.
2012), with moments listed in table 9-2.

Also shown in figure 9-7 are “beachball” diagrams of the relevant mo-
ment tensors, which offer a conventional representation of the geometry
of faulting of the earthquake source (Stein and Wysession 1991). Note
the diversity in focal geometries, which illustrates the oblique conver-
gence at the Sumatra trench (Sella et al. 2002).

Atsuch regional distances, the formalism of Newman and Okal (1998)
no longer applies, and an estimate of earthquake energy must be obtained
through an alternate computation. A simple approach consists of directly
integrating the energy flux of the time series of overpressure. By analogy
with energy estimates computed at teleseismic distances (Boatwright
and Choy 1986; Newman and Okal 1998), we simply consider the pres-
sure flux

_ % [ 1PP@).
h=p [ do (©)

where P(w) is the Fourier transform of the pressure p(#) and where o,
and K are the sound velocity and bulk modulus of the water, respectively;
again by analogy with computations of estimated energy, the integral in
equation (6) is conveniently limited to the window 0.1 to 2 hertz. Note
that we neglect anelastic attenuation at regional distances. Through a
further, and admittedly drastic simplification, an estimate of the total en-
ergy of the seismic source is then obtained by scaling F , to the square of
the epicentral distance D and weighting the result to include the contri-
bution of § waves to obtain a pressure-estimated energy

EE=4m- D2 (1 + ¢%) - F, (7)
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LOCAL EVENTS
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FIGURE 9-7. Map of the epicenters of local earthquakes detected at regional dis-
tances by the hydrophone at the Mentawai Basin site (star). Shallow events (A<
70 km) are shown as full circles, and intermediate ones are shown as triangles.
See table 9-2 for information on codes L.1-L6. Also shown are global CMT solu-

tions, except for event L6.

where ¢° is given by Newman and Okal (1998) after Boatwright and
Choy (1986). For event L6, at a distance smaller than 100 kilometers, the
far-field approximation to the body wavefield inherent in those authors’
formalism breaks down (Aki and Richards 2002, section 4.3), and D is
replaced in the near field by D" = 27 D?/A, where the wavelength A =
40 kilometers is computed at a typical period of § seconds.
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FIGURE 9-8. Pressure-estimated seismic energy £~ at MBS wvs. pub-
lished seismic moment M,. Circles refer to shallow events, triangles
to intermediate ones. The open circle is event L6, whose moment is
estimated on the basis of its body-wave magnitude .

The results are listed in table 9-2, where E% is scaled to the published
M,, yielding a pressure-estimated energy-to-moment parameter ®,. Fig-
ure 9-8 plots E% versus published moment M,

It is not possible to compare directly ®, to values of ® computed
from seismograms at teleseismic distances because the regional events
detected during our deployment are too small (M, < 4.7 x 10” dyn =
cm; M_< 5.7) to lend themselves to a routine global computation of ©.
Nevertheless, it is remarkable that this range of computed values of ©,
(—4.57 to —5.47) is typical of values measured at subduction zones (Okal
and Newman 1998). In the case of the smallest (and closest) event L6,
for which no seismic moment is available, a tentative value of M = 2.9 X
102 dyn * cm (M, = 4.9) can be estimated by scaling the moment of
event L3 using the difference of body wave magnitudes (4.5 versus 4.7),
in a range of sizes where m, has started to saturate (Geller 1976; Okal
2019), and under the assumption that those events follow scaling laws.
The resultis a tentative value of ®, = —5.18, again in excellent agreement
with values expected at subduction zones, confirming that an estimate of
high-frequency quantification of seismic sources in the near field can be
obtained, even at very short distances and for small events.
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In summary, this experiment with pressure records of regional earth-
quakes shows that it is feasible to obtain quantitative estimates of the size
of seismic sources. In practice, we did not catch any obviously anomalous
regional earthquakes during our short-lived experiment. We emphasize,
however, that the events detected were al] small by global seismological
standards, and, # fortiors, had no tsunamigenic potential.

Conclusion

During a forty-eight-day window of CONtINUOUS Operations, we were
able to detect fourteen earthquakes—six at regional distances and eight
global events at teleseismic distances—for which meaningful quantifica-
tions of the seismic source were obtained and, for all but one small event,
successfully compared to globally published values. These results verify
the concept of using a seafloor pressure sensor to quantify the source of a
seismic event, particularly in the near field, even though the presence of
unexpected noise at periods longer than 30 seconds restricts the recovery
of the longest-period part of the seismic spectrum.

There remains the caveat that, given the short nature of our experi-
ment, neither a truly large earthquake (except the antipodal Ecuadorian
event T'7), nor a significant local one, was detected at MBS. In particu-
lar, none of the fourteen events generated any gravitational water wave
detectable by our pressure sensor. Only the continuous operation of the
sensor over a much longer period of time will allow us to eventually ex-

pand our investigation to this condition, in fulfillment of the motivation
of our project.

Acknowledgments

This research was supported by the Hazards SEES program of the Na-
tional Science Foundation under Grant Number OCE-1331463 to the
University of Pittsburgh. We thank Louise Comfort for her leadership
in this project. The authors would like to acknowledge the invaluable
help of Professor Febrin Anas Ismail of Andalas University (Padang),
Iyan Turyana of the BPPT (Jakarta), and the captain and crew of the XN
MUCI (Padang). The Woods Hole Oceanographic Institution field team
included engineers Peter Koski and Keenan Ball with additional support

from Sandipa Singh and James Partan. Some figures were plotted using
the GMT software (Wessel and Smith 1991).



242 HAZARDOUS SEAS

Notes

1. Incidentally, a very similar situation exists regarding hurricanes, commonly classified into
“categories” (ranging from 1 to 5) supposedly describing all their properties (size of the system,
maximum wind velocity, underpressure at the center of the eye). Recent cases (e.g, Hurricanes
Sandy in 2012 and Patricia in 2015) have shown that these properties are not always correlated and
that a classification using a single category number constitutes a significant, and potentially hazard-
ous, oversimplification.

2. A map showing the location of the Mentawai Basin site can be found in the Resources tab at
islandpress.org/hazardous-seas. '

3. A photo of this undersea unit is available in the Resources tab at islandpress.org/hazardous
-geas.

4. A color-coded dynamic profile for the one-day window of April 10, 2016, can be found in the
Resources tab at islandpress.org/hazardous-seas. '
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