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Glossary

CMT centroid moment tensor The CMT repre-
sents properties of the earthquake source
derived from the seismic displacement of the
Earth’s crust that best reproduces the observed
wave field generated by an earthquake and
gives the average location in time and space
of the earthquake energy release. The scalar
seismic moment can be determined from
the CMT.

Convolution A type of integral transform com-
bining two signals to form a third signal or
output. The output signal is typically viewed
as amodified version of one of the two original
signals, giving the area overlap between the
two signals as a function of one of the original
signals is translated with respect to the other. It
is the single most important technique in digi-
tal signal processing. In the case of seismology,
the two signals can be, e.g., the ground motion
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as a function of time and the response of the
seismometer, and the output is the seismogram.

Deconvolution Does the reverse of convolution.
In the case of seismology, one uses
deconvolution to remove the instrument
response from the seismogram to recover the
actual ground motion.

Deep earthquake An earthquake characterized
by a hypocenter located more than 100 km
below the Earth’s surface.

Hypocenter The point within the Earth where
the earthquake rupture starts. The epicenter is
the projection of the hypocenter onto the
Earth’s surface.

Local tsunami warning A tsunami warning for
distances less than 100 km from the source.

Magnitude
mB The “broadband” body-wave
magnitude, generally based on
measurements of the amplitude of
P-waves with periods in the 2 to
20 s range.

The surface wave magnitude. MS
is generally based on
measurements of the amplitude of
the surface (Love or Rayleigh)
waves with periods of about 20 s.
The US tsunami warning centers
have applied a correction to the
IASPEI formula that allows the
estimation of MS closer to the
epicenter at a period near 20 s.
The “energy-magnitude” scale,
derived from velocity power
spectra.

The mantle wave magnitude,
based on the measurement of the
amplitude of surface waves with
periods of 50400 s.

MS

ME

R. A. Meyers (ed.), Encyclopedia of Complexity and Systems Science,
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The moment magnitude, based on
the estimation of the scalar
seismic moment, MO.

The moment magnitude based on
the initial long-period P-waves.
The local magnitude scale, based
on the measurement of the
maximum peak-to-peak
amplitude observed on a Wood-
Anderson seismogram, corrected
for the decrease in amplitude with
increasing epicentral distance.
Generally based on the analysis of
Sg, Lg, or Rg surface waves
oscillating with periods observed
out to 600 km from the
earthquake’s epicenter.

A magnitude scale based on the
average of the absolute values of
the first three half cycles of the
P-waves recorded at local
distances.

A recording of sea-level
variations obtained by tide
gauges.

A tsunami warning for distances
up to 1000 km from the source.

Seismic
moment

Seismic
waves

Seismic
surface
waves
Shallow
earthquake

Waves that propagate through the
interior of an unbounded
continuum. Primary waves
(P-waves) are longitudinal body
waves that shake the ground in a
direction parallel with the
direction of travel. Secondary
body waves (S-waves) are shear
waves that shake the ground in a
direction perpendicular to the
direction of travel. There are other
types of arrivals (also known as
phases) visible on seismographs
corresponding to reflections of
P- and S-waves from the earth’s
surface: The pP phase is a P-wave
that travels upward from the
hypocenter and reflects once off
the surface, and the PP phase is a

Teletsunami
warning

Tsunami

P-wave that travels downward
from the epicenter and reflects
once off of the surface. The
definitions of the S-wave phases
follow in the same manner.

The seismic moment, M,
(expressed in units of force times
distance, e.g., Newton-meters or
dyne-cm), is the moment of either
couple of an equivalent double
couple point source
representation of the slip across
the fault area during the
earthquake. Mathematically, the
seismic moment, My = uAd,
where u denotes the shear rigidity
or resistance of the faulting
material to shearing forces,

A represents the area of the fault
plane over which the slip occurs,
and d represents the average
coseismic slip across A.

Elastic waves generated by
movements of the earth’s crust
that propagate as radiated seismic
energy, ER.

Waves that propagate along the
surface boundary of a medium,
e.g., along the surface of the earth.
An earthquake characterized by a
hypocenter located within 100 km
of the Earth’s surface.

A tsunami warning for distances
greater than 1000 km away from
the source.

A series of water waves generated
by any rapid, large-scale
disturbance of the sea. Most
tsunamis are generated by
seafloor displacements from large
undersea earthquakes, but they
can also be caused by large
submarine landslides, volcanic
eruptions, calving of glaciers, and
even by meteorite impacts into
the ocean.
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Tsunami
earthquake

An earthquake that generates a
much larger tsunami than
expected given its magnitude.

A tsunami warning system
consists of a tsunami warning
center such as the Pacific Tsunami
Warning Center (PTWC), a
formal response structure that
includes civil defense authorities
and government officials, and an
education program that brings a
minimum level of awareness and
education to the coastal
populations at risk.

A distinct long-period, up to
1000 s, phase which arrives
before the S phase. Kanamori
(1993) first observed it on the
displacement records of the 1992
Nicaragua tsunami earthquake.
The W-phase is so-called because
it propagates in a manner similar
to that of the acoustic whispering
gallery mode (Kanamori 1993).

Tsunami
warning
system

W-phase

Definition of the Subject

Tsunamis are among nature’s most destructive
natural hazards. Typically generated by large,
underwater earthquakes near the Earth’s surface,
tsunamis can cross an ocean basin in a matter of
hours. Although difficult to detect, and not dan-
gerous while propagating in deep water, tsunamis
can unleash immense destructive power when
they reach coastal areas. With advance warning,
coastal populations can be alerted to move to
higher ground and away from the coast, saving
many lives. Unfortunately, due to the lack of a
tsunami warning system in the Indian Ocean, the
Sumatra earthquake and tsunami of Dec. 26,
2004, killed over 250,000 people, with thousands
of lives lost as far away as East Africa many hours
after the earthquake occurred. Had a tsunami
warning system been in place, many lives could
have been saved.

As fast as tsunami waves are, seismic waves
travel at speeds more than 40 times greater.
Because of this large difference in speed, scien-
tists rely on seismic methods to detect the possi-
bility of tsunami generation and to warn coastal
populations of an approaching tsunami well in
advance of its arrival. Seismic P-waves, for exam-
ple, travel from Alaska to Hawaii in approxi-
mately 7 min, whereas a tsunami takes about
5% h to travel the same distance. Although over
200 sea-level stations, reporting in near real time,
are operating in the Pacific, it may take an hour or
more, depending on the location of the epicenter,
before the existence (or not) of an actual tsunami
is confirmed. In other ocean basins where the
density of sea-level instruments reporting data in
near real time is less, the delay in tsunami detec-
tion is correspondingly longer. In addition, global,
regional, and local seismic networks, and the
infrastructure needed to process the large amounts
of seismic data that they record, are widespread.
For these reasons, tsunami warning centers pro-
vide their initial tsunami warnings to coastal
populations based entirely on seismic data.

Introduction

Any mechanism that causes a sudden displace-
ment of the ocean’s surface affecting a significant
volume of water can produce a tsunami. Undersea
earthquakes, landslides, volcanic explosions,
calving of icebergs, and even meteorite impacts
can generate tsunamis. However, the majority of
tsunamis are generated by earthquakes. Not
uncommon are earthquakes that trigger land-
slides, so that both the displacement of the crust
due to the earthquake and the landslide each con-
tribute to the generation and size of the tsunami.
Tsunamis are a devastating natural, high fatality
hazard (Bryant 2001). In the absence of a proper
tsunami warning system, a destructive tsunami
will cause death and destruction as it encounters
coastal areas while propagating across an entire
ocean basin as it did in the case of the Sumatra
tsunami of December 2004.

Although tsunamis propagate in deep water
with speeds exceeding 900 km/h, they are hard
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to detect in the open ocean. For example, the first
wave of the great 2004 Sumatra tsunami had a
wave height of only 1 m in deep water
(depth > 500 m) (Gower 2005) and a wavelength
on the order of several hundred kilometers. Con-
sequently, people aboard ocean vessels did not
feel the accelerations caused by the tsunami as it
passed under them. However, as the speed,
v (in m/s), of a tsunami is governed by the simple
relation v = \/gh, where g is the acceleration of
gravity (in m/s®) and h is the thickness of the water
column (in m), the tsunami will slow down as it
propagates into shallow water. At this point, the
wave speed and wavelength decrease, causing the
wave height to increase. Depending on the nature
of the tsunami, and the shape and bathymetry of
the coastal area, the tsunami wave height can be
greatly amplified, magnifying its destructive
power.

Because earthquakes generate most tsunamis,
and seismic waves travel more than 40 times
faster than tsunamis, the first indication that a
tsunami may have been generated is the earth-
quake itself. Depending on the earthquake’s loca-
tion (undersea or inland), depth (shallow or deep)
in the Earth’s crust, and on its magnitude, a

All Tsunamigenic Earthquakes
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig. 1 Epicenters
of tsunamigenic earthquakes occurring in the Pacific since
1 A.D. Of those earthquakes that do produce a tsunami (a),
most tsunamis cause no damage. Most events that cause

casualties and/or damage do so within 1000 km of the
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tsunami warning center may issue an official mes-
sage product. If the earthquake is a shallow,
undersea earthquake, the severity indicated by
the initial message will depend upon the magni-
tude of the earthquake. The more rapidly and
accurately the tsunami warning center can charac-
terize the earthquake source, the faster it can make
the initial evaluation of the tsunamigenic potential
of the earthquake.

While some tsunamis are destructive, most are
rather small, producing few if any casualties and
little or no damage, although they are easily
observable on marigrams (Fig. 1). On the basis
of how widespread their effects are, tsunamis can
be classified as local (within 100 km of the epi-
center), regional (up to 1000 km from the epicen-
ter), or teletsunamis (greater than 1000 km from
the epicenter). Warning centers designed to
respond to tsunami threats on each of these scales
now exist in every major ocean basin.

The Pacific Tsunami Warning Center (PTWC)
provides basin-wide warnings to the coastal areas
of the Pacific and Caribbean basins. The PTWC
also functions as a local tsunami warning center
for Hawaii, Puerto Rico, the Virgin Islands,
Guam, and American Samoa. Other local
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epicenter (b), leaving only a few great earthquake sources
that generated tsunamis which caused casualties and/or
damage more than a 1000 km from the epicenter. (¢) Data
provided by the NOAA National Geophysical Data Center
(NGDC) (www.ngdc.noaa.gov/hazard/tsu.html)
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Tsunami warning centers include the CPPT
(French Polynesia Tsunami Warning Center),
which is based in Tahiti, GFZ-Indonesia, which
is based in Jakarta which provides local warnings
for Indonesia, and Japan’s IMA (Japan Meteoro-
logical Agency) which provides local tsunami
warnings to Japan. Examples of regional warning
centers include the Japan Meteorological Agency
(JMA), which provides regional tsunami warn-
ings to the Northwest Pacific, and the National
Tsunami Warning Center (NTWC), which pro-
vides regional warnings to the US mainland coasts
and the west coast of Canada.

The tsunami warning centers themselves are
not complete tsunami warning systems; they are
simply the first line of defense within these warn-
ing systems. A tsunami warning system consists
of three main components: (a) the tsunami warn-
ing center, (b) the emergency management/civil
defense authorities who receive tsunami warning
center message products and mobilize the public,
and (c) the coastal populations themselves, who
must be educated on how to respond to tsunami
emergencies. If any of these three components are
lacking, the tsunami warning system will fail.
Unfortunately, none of these components existed
in the Indian Ocean at the time of the December
2004 Sumatra earthquake and tsunami. However,
in the decade since this disaster, Indonesia,
Australia, and India have created tsunami warning
systems in the Indian Ocean basin.

The greatest challenge for a tsunami warning
system, particularly in the near field, is rapid iden-
tification of slow (in terms of fault rupture speed)
“tsunami” earthquakes. Tsunami earthquakes are
so-called because they generate much larger tsu-
namis than expected from their magnitude
(Kanamori 1972). In a well-functioning tsunami
warning system, residents in coastal areas are edu-
cated to immediately move inland, and onto higher
ground if they feel strong ground shaking, and not
wait for an official tsunami alert (Fryer et al. 2005).
However, because a tsunami earthquake produces
much less radiated high-frequency energy than
normal, even a large (in terms of moment magni-
tude) tsunami earthquake may not be strongly felt
in the near field, so that this strategy of having
people self-evacuate upon feeling strong ground

shaking will not work. This was, unfortunately,
made clear by the Java “Tsunami” earthquake of
July 17,2006. The tsunami generated by this earth-
quake killed at least 500 people, as many residents
in coastal areas near the earthquake did not feel
strong shaking (Widjo et al. 2006). Tsunami warn-
ing centers need to be able to properly detect the
occurrence of these tsunami earthquakes as soon as
possible after they begin.

Tsunami Warning Center Operations

Tsunami warning centers function much like seis-
mic observatories in detecting, locating, and char-
acterizing earthquakes, with the difference that
they are primarily interested in very large earth-
quakes and that their earthquake parameterization
needs to be very fast, sometimes sacrificing preci-
sion. Depending on the earthquake’s location
(underwater vs. inland), depth below the surface,
and magnitude, tsunami warning centers may issue
an official message product to advise emergency
management authorities within the warning cen-
ter’s AOR (area of responsibility) of the occurrence
of a large earthquake and its potential for generat-
ing a tsunami. The PTWC, located in Honolulu,
Hawaii, provides such notice regarding the poten-
tial or confirmed generation of a destructive tsu-
nami for most of the Pacific Ocean and Caribbean
Sea and their adjacent seas. The PTWC also pro-
vided tsunami threat information for the Indian
Ocean basin following the December 26, 2004,
Indian Ocean tsunami until the end of April 2013.

PTWC’s international message products and
criteria were substantially changed in 2014, after
several years of consultation with and training of
the Pacific Tsunami Warning System (PTWS)
Member States. The new products were created
in an effort to reduce the amount of over-warning
and to give more authority to the disaster manage-
ment organizations of the Member States to for-
mulate what specific alerts and actions to take
along their coastlines. Among the important
changes are the adoption of new terminology
that provides threat levels instead of alert levels
like “warning” or “watch” and the inclusion of
tsunami wave amplitude forecasts in the message
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products. Under the new guidelines, the first bul-
letin issued assesses the potential of the earth-
quake to generate a destructive tsunami based
solely on the earthquake location, depth, and mag-
nitude, just as the previous products did. How-
ever, after PTWC obtains a reliable CMT, about
25 minutes post origin time, subsequent products
base tsunami threat levels on forecasted and
observed wave heights. The following provides
a general description of PTWC’s products for the
Pacific.

Observatory Message: The PTWC sends an
observatory message to certain seismological
observatories and organizations for any earth-
quake with a magnitude of about 5.8 or greater.
In areas with dense seismic networks, the
PTWC may issue an observatory message for
earthquakes as small as magnitude 4. This
unofficial message contains only the earth-
quake’s preliminary epicentral location, origin
time, depth, magnitude, and a list of stations
used in computing these parameters. These
messages contain no evaluation regarding the
seismic or tsunami hazard.

Tsunami Information Statement: The PTWC
issues this message product for any earthquake
in the vicinity of the Pacific basin with a mag-
nitude in the range 6.5 < M,, < 7.0 or for larger
earthquakes when they are located too far
inland or too deep inside the earth to pose a
tsunami threat.

Tsunami Threat Message: The PTWC issues
this message product for any shallow
(depth < 100 km) undersea or nearshore earth-
quake in or near the vicinity of the Pacific basin
with a magnitude M,, > 7.1. If the magnitude is
in the range 7.1 < M,, < 7.5, the tsunami threat
message will indicate a possible tsunami threat
to coasts located within 300 km of the epicen-
ter. If the magnitude is in the range
7.6 < M,, < 7.8, the tsunami threat message
will indicate a possible tsunami threat to coasts
located within 1000 km of the epicenter, and
finally, if the magnitude is M,, > 7.9, the tsu-
nami threat message will indicate a possible
tsunami threat to coasts located within 3 h tsu-
nami travel time of the earthquake’s epicenter.

After a reliable CMT is obtained, subsequent
tsunami threat messages will place coastlines in
“threat levels” based on the maximum forecast
wave heights generated by RIFT (see section on
“Real-Time Tsunami Forecasting”) and any sea-
level observations that are available. The threat
levels assigned to a coastline are described below:

1. No threat: Maximum forecast wave amplitude
is below 30 cm.

2. Maximum forecast wave amplitude (H) is in
the range 30 cm < H < 1 m.

3. Maximum forecast wave amplitude (H) is in
therange Il m < H <3 m.

4. Maximum forecast wave amplitude greater
than 3 m.

In general, threat level 2 indicates the possibil-
ity of dangerous offshore currents as well as some
flooding of beaches and harbors. Threat levels
3 and 4 generally indicate an inundation hazard,
with level 4 indicating the possibility of extensive
inundation along the coast by the tsunami.

Supplemental tsunami threat messages are
issued with updated sea-level observations and
other information until the tsunami hazard has
generally passed at which time a final tsunami
threat message is issued.

In consultation with the Caribbean tsunami
warning system (CARIBE-EWS), the PTWC
also issues the following products for the Carib-
bean Ocean basin:

Tsunami Information Statement: The PTWC
issues this message product for any earthquake
in the vicinity of the Caribbean Sea, with a
magnitude in the range 6.0 < M,, < 7.0, or in
the Atlantic with a magnitude in the range
6.5 < M,, < 7.8 or for larger Caribbean or
Atlantic earthquakes when they are located
too far inland or too deep inside the earth to
pose a tsunami threat.

Tsunami Threat Message: Tsunami threat mes-
sages issued for the Caribbean Ocean basin or
Atlantic Ocean basin are similar, and the mag-
nitude criteria and threat levels are the same as
in the above paragraph describing the Pacific
Ocean basin tsunami threat messages.
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Coastlines close to the earthquake epicenter
can experience tsunami waves within 2 to
30 min after the earthquake; hence a local tsunami
warning needs to be issued within a few minutes
to be effective. This requires access to real-time
data provided by a dense local network of seismic
stations near the epicenter to allow both the rapid
location and source characterization of the earth-
quake. In the case of the Hawaii region, the
PTWC uses data from its own local seismic net-
work and from the dense seismic network
maintained by the USGS Hawaii Volcano Obser-
vatory (HVO) to rapidly detect and characterize
local Hawaii earthquakes. These data, combined
with automatic local Earthquake detection, asso-
ciation, and paging based on initial p-wave mag-
nitude estimations, introduced at the PTWC in
19992000 (Allen 1978, 1982; Johnson et al.
1994, 1995; Hirshorn et al. 1993) enabled the
PTWC to issue an information bulletin to the
state of Hawaii and to the Pacific basin, for the
October 15, 2006, Kiholo Bay earthquake
(M,,6.7) within 3 min of the origin time of the
earthquake (Hirshorn 2007) (Fig. 2b). However,
the PTWC cannot issue timely local Tsunami
warnings for populations in the immediate vicin-
ity of large earthquakes outside of Hawaii, Puerto
Rico, or the Virgin Islands because PTWC lacks
access to dense enough local seismic networks
outside of these regions (Fig. 2a).

Japan maintains an extremely dense seismic
network and can therefore rapidly issue warnings
for offshore earthquakes. Spurred on by the
December 2004 Sumatra and Chile 2010 earth-
quakes, several other nations such as Indonesia,
Australia, Chile, and New Zealand, for example,
have all rapidly developed their seismic networks
in an effort to improve their local tsunami warning
capabilities for earthquakes along their shores.

Seismic Methods

To rapidly detect, locate, and characterize the
source of earthquakes occurring around the
world, tsunami warning centers rely on the Global
Seismic Network (GSN USGS/IRIS), the USGS/
NEIC, and a number of other seismic data con-
tributors worldwide. It is this unfettered access to

real-time seismic data supplied by a number of
different networks that makes basin-wide tsunami
warning centers possible. To rapidly deal with the
threat posed by locally generated tsunamis to the
state of Hawaii, PTWC processes seismic data
from about 80 stations located throughout the
Hawaiian Islands. The USGS HVO’s dense seis-
mic network supplies most of this data. The US
tsunami warning centers use the Earthworm soft-
ware developed by the USGS to import and export
seismic data (Johnson et al. 1995).

PTWC duty scientists receive automatic pages
within a few minutes of the beginning of any
earthquake with a My of approximately 5.5 or
greater. The system generating these pages uses
Evan’s and Allen’s (1983) teleseismic event
detection algorithm, adapted for broadband data
by Wither’s (1998) and Whitmore’s and
Blackford’s (2002) teleseismic picker (which
picks the first p-wave arrival time) and phase
associator (which associates those arrival times
belonging to a single earthquake together). In the
Hawaiian Islands, Puerto Rico, and the Virgin
Islands, Earthworm (Johnson et al. 1995) auto-
matically notifies duty scientists of earthquakes
with magnitudes larger than 3.5 within 10 to
20 s of the earthquake’s origin time, locates the
hypocenter, and provides a first estimate of the
earthquake’s magnitude and other source param-
eters in real time (Allen 1978, 1982; Johnson et al.
1994, 1995). PTWC duty scientists then refine
and supplement the automated real-time hypocen-
ter location and/or magnitude estimates. Deter-
mining the earthquake’s depth is particularly
important as earthquakes occurring at depths
greater than 100 km generally do not cause dan-
gerous tsunamis.

Earthquakes are located using P-wave arrival
times recorded at a number of seismic instru-
ments. As both the locations of seismic instru-
ments and P-wave travel times as a function of
distance are well known, a process analogous to
triangulation is used to locate the earthquake. The
pickers and associators perform these functions
automatically on a continuous basis.

While the depth of the earthquake can be esti-
mated on the basis of P-times alone, a more robust
result often requires the addition of depth phases
such as pP, which is a P-wave that travels directly
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig. 2 Elapsed time
from earthquake origin time to time of issuance of the first
official message product for (a) teleseisms (earthquakes

up to the earth’s surface from the earthquake
source and reflects once off of that surface before
arriving at the seismometer. The duty scientists
use pP arrival times to refine hypocentral depths
of distant earthquakes (teleseisms). For earth-
quakes in Hawaii, Puerto Rico, and the Virgin
Islands, observed at local distances, the S-wave
arrival time would be useful for constraining
earthquake depth.

Seismologists use a panoply of different mag-
nitude scales to characterize the seismic source.
These different methods examine different parts

that occur outside of the Hawaiian Islands region) and (b)
for earthquakes that occur within the Hawaiian Islands.
The PTWC’s mean time after origin for Pacific Bulletins
has been 5-6 minutes from 2017 through 2018

of the seismic wave train, such as short- and long-
period body waves (seismic waves that travel
through the earth’s interior like the P- and
S-waves) and longer-period surface waves
(slower seismic waves that are constrained to
travel along the earth’s surface). Most of these
magnitude scales were developed to estimate the
energy released by the earthquake as radiated
seismic wave energy, Er. Traditional magnitude
measures such as M; (Richter 1935) and m,,
(a shorter-period variant of mp Gutenberg
(1945c; Gutenberg and Richter 1956a)) examine
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high-frequency body waves. Gutenberg’s surface
wave magnitude Mg (Gutenberg 1945a; Vanek
et al. 1962) is derived from longer-period surface
waves. A relatively new and quick method, M,
analyzes long-period P-waves (Tsuboi et al. 1995,
1999; Whitmore et al. 2002). The M,,,, magnitude
now provides the basis used to decide which, if any,
official message product to issue, replacing the Mg
method that the PTWC had been using for over
50 years. For large earthquakes, duty scientists also
routinely estimate the mantle magnitude M,,, a very
long-period surface wave magnitude based on man-
tle waves with periods in the range 50410 s (Okal
and Talandier 1989). The relationship between these
magnitudes, each looking at different parts of the
seismic wave spectrum of an earthquake, can be
used to characterize the earthquake source (Aki
1967; Brune 1970, 1971; Kanamori 1977, 1978,
1983; Kanamori and Kikuchi 1993).

Today, the PTWC'’s best estimate of M} comes
from the inversion of the W-phase to obtain the
CMT (Kanamori and Rivera 2008). The W-phase
CMT calculation is triggered by any PTWC pre-
liminary earthquake message for an earthquake
with magnitude >6.8. A W-phase-based CMT
and My are then available within ~25 min after
the earthquake origin time. The PTWC is testing a
regional WCMT which will cut the time required
to obtain a robust CMT down to 15 minutes. The
PTWC expects to operationalize the regional
WCMT in early 2020.

When evaluating the tsunamigenic potential of
an earthquake, PTWC duty scientists compute the
quantity logio(Er/My), known as “theta’ ®, where
Er is the radiated energy carried by the high-
frequency p-waves and M, is the seismic moment
(Aki 1966). Newman and Okal (1998) showed that
O is anomalously small for tsunami earthquakes.

Since the mid-1990s, both US tsunami warning
centers response times to potentially tsunamigenic
teleseisms have decreased dramatically due to the
much larger amounts of seismic data that they now
receive and to the switch from the slower Mg mag-
nitude method to the faster and more accurate
M,,, moment magnitude method as the basis for
issuing messages (Fig. 2a). Improved data analysis
methods and increased amounts of local seismic
data have also significantly decreased the PTWC’s

response time to earthquakes occurring in the
Hawaiian Islands region (Fig. 2b).

Earthquake Source Parameters

A fundamental problem with traditional magni-
tude estimates, such as Mj, my, and Ms, is that
they are based on the amplitudes of relatively
short-period seismic waves, with periods usually
less than 3 s for m;, and M; and 20 s for Ms. When
the largest rupture dimension of the earthquake
exceeds the wavelength of these seismic waves,
which, for example, is about ~50 km for the 20 s
period surface waves used for Mg (Kanamori
1977, 1978, 1983), these magnitude values will
start to “saturate.” Saturation in this case means
that these magnitude methods will underestimate
Mw when the periods of the waves on which they
are based are shorter than the corner period of the
earthquake’s seismic wave spectrum (Aki 1967,
Brune 1970, 1971) (see Fig. 3).

Another equivalent explanation is that these
magnitude methods, which look at waves with
periods of a fraction of a second to a few tens of
seconds, cannot sample enough of the energy
released by an earthquake whose source duration
(the length of time over which the rupture occurs)
is many times longer than the periods used by
these methods. As the earthquake becomes very
large, one must examine longer-period waves to
avoid saturation.

K. Aki used a spectral representation to estab-
lish that earthquakes of varying size had similarly
shaped spectra, differing primarily in their low-
frequency amplitudes, proportional to seismic
moment, and in the location of a given spectra’s
“characteristic frequency” (corner frequency of
the source spectrum) (Aki 1967). He related this
corner frequency to the characteristic length scale
of'the earthquake’s rupture area (Aki 1967). Brune
(1970, 1971) and Savage (1972) also related the
corner frequency to the dimensions of the fault
plane.

To circumvent the saturation problem,
Kanamori defined the moment magnitude My
(Kanamori 1977), in terms of a minimum estimate
of the total coseismic strain energy drop, W, via
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Saturation of Magnitude Scales

Fig. 3 Saturation of O
different classical magnitude M
scales with respect to non-
saturating moment
magnitude according to
Kanamori. Note that mg
refers to the original
Gutenberg-Richter (1945b,
c¢) body-wave magnitude
scale based on amplitude 6

measurements made on -

medium-period broadband
instruments. It saturates at 5
larger magnitudes when
compared to the short- [#
period-based my,

Gutenberg and Richter’s energy-magnitude rela-
tionship (Gutenberg and Richter 1956b). My, mea-
sures the work required to rupture the fault, as
computed from the seismic moment, M, assum-
ing (1) that the coseismic stress drops associated
with large earthquakes are approximately constant
and (2) that the stress release during an earthquake
is about the same as the kinetic frictional stress
during faulting. Hanks and Kanamori (1979) dis-
cuss My, and its agreement with the M; and
Mg magnitude scales in their unsaturated ranges,
while Kanamori (1983) discussed the average
relationship of My with m; and mp, also in the
range where these magnitudes saturate (see
Fig. 3).

Traditional Amplitude-Based Magnitudes at
the PTWC

Hirshorn et al. (1993) developed a short-period
P-wave magnitude scale, called pMag, based on
the average of the absolute values of the ampli-
tudes of the first three half cycles of the initial
p-waves recorded, at local distances, on short-
period seismometers. The pMag scale is based
on the assumption that locally recorded initial
P-wave amplitudes share a common decay curve
shape in a given geographic area, independent of
the magnitude of the earthquake, as Richter

showed was the case for S-waves in his derivation
of the ML magnitude scale for Southern Califor-
nia (Richter 1935). Lindh and Hirshorn incorpo-
rated pMag into Carl Johnson’s (1994) local
p-wave associator, enabling automatic pages that
contain the hypocentral parameters and the lower
bound magnitude estimate provided by pMag,
within 10 to 20 s of an earthquake’s origin time.

PTWC now uses local algorithms from the
stock Earthworm system (Johnson et al. 1995) to
provide earthquake hypocenters and local syn-
thetic Wood-Anderson magnitudes, M;, for earth-
quakes occurring in Hawaii and the Puerto Rico/
Virgin Islands Region. Depending on the density
of the seismic network near the epicenter, this
information is available from 20 to 60 s after
earthquake origin time.

Due to the sparseness of the Caribbean net-
work, locations from our local system are gener-
ally augmented by manual picks and stations
further from the epicenter to provide additional
azimuthal control for larger events. The local sys-
tems generate fairly reliable A/, magnitudes up to
approximately M6, above which M,,, (Tsuboi
et al. 1995, 1999; Whitmore and Sokolowski
2002) or W-phase (Kanamori and Rivera 2008)-
based estimates of My, are necessary for accurate
source size estimation.
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PTWC’s body-wave magnitude method, bMag,
has similarities to the intermediate period broad-
band body-wave mp magnitude, as defined by the
IASPEI. The TASPEI mjp (Bormann et al. 2002;
Bormann and Saul 2008b) is based on Gutenberg’s
(1945b, c¢) and Gutenberg and Richter’s myp
(Gutenberg and Richter 1956a, b). bMag uses a
90 s window of the broadband vertical component
seismogram starting 30 s prior to the arrival of the
P-wave. This window is band-passed filtered
between 0.3 and 5 s. The largest amplitude and its
period found in the 60 s after the first P-wave
arrival are used in the magnitude formula. In
PTWC’s implementation, the formula used is the
same as Gutenberg and Richter’s (Gutenberg and
Richter 1956a, b) relation, adopted by IASPEI for
mpg.

bMag = log,, (Am”x/rmax) +0(Az)

where A is the epicentral distance (15 < A < 900),
z is the hypocentral depth (in km), A, is the
maximum wave amplitude obtained from the
band-pass filtered record, and T, is the period
of the wave with that maximum amplitude.
Gutenberg and Richter’s (Gutenberg and Richter
1956b) table of O(A, z) is used to provide the
distance and depth corrections. The largest ampli-
tude found in the 30 s prior to the P-wave arrival
time is used as the basis for the signal-to-noise
ratio. bMag differs from the IASPEI mz (Bormann
et al. 2006; Bormann and Saul 2008a) in three
respects:

1. bMag uses the largest amplitude wave in the
first 30 sec after the initial P-wave arrival time.

2. bMag uses a slightly different distance range
(15 <A <90).

3. For bMag, the seismogram is band-pass fil-
tered using the band .3 to 5 s.

bMag will saturate at lower magnitudes than
Mg does, so it is of limited use for large earth-
quakes. However, bMag is still useful for three
main reasons:

1. Unlike Mg, bMag has a correction for the depth
of the event’s hypocenter.

2. bMag is useful for determining the magnitude
of moderate earthquakes that occur after much
larger earthquakes, e.g., when longer-period
energy is still present in the signal from the
earlier, larger event that can adversely affect
magnitude methods based on those longer
periods.

3. By comparison with magnitudes based on lon-
ger periods, such as My; the shorter-period-
based bMag can also provide a way to detect
slow or tsunami earthquakes.

To compute Mg (as first proposed by
Gutenberg 1945a and later revised by Vanek
et al. 1962) at the PTWC, we first band-pass filter
14 min of the broadband velocity seismogram,
from 16 to 23 s, starting 3 min before the expected
arrival time of the surface waves. We then apply
the following equation, similar to the IASPEI
(Bormann et al. 2002; Vanek et al. 1962) formula:

Ms = 10810( "/

+ correction

) + 1.66 logo(A) + 3.3

max

The correction term is 0 for epicentral dis-
tances, A, greater than 16, and 0.53-0.033A for
A less than 16 . This correction term allows the
US TWCs to compute the MS magnitudes from
stations as close as 600 km to the epicenter, at a
period of 20 s. Note that in the IASPEI implemen-
tation of Mj, because it considers a much greater
period range, from 3 to 60 s for T,,.y, there is no
need for our correction term. Both the PTWC’s
and the IASPI’s Mg implementations are suscep-
tible to saturation effects as the magnitude reaches
the high 7’s.

Although the TWCs no longer use My as the
basis for issuing bulletins, it is still helpful in
discriminating deep from shallow earthquakes
and for comparing the amount of 20 s radiated
energy to the amounts of radiated energy at other
periods. Deep earthquakes do not excite large
surface waves. Hence if bMag > Mg, then the
hypocenter is likely to be deep.



12 Earthquake Source Parameters, Rapid Estimates for Tsunami Forecasts and Warnings

The Mwp Method

The broadband P-wave moment magnitude, M,,,
has replaced Mg as the magnitude upon which both
US TWC’s initial tsunami messages are based
(Tsuboi et al. 1995, 1999; Whitmore et al. 2002).
This is because M,,, is obtained much earlier than
Mg, which is based on the slower traveling surface
waves, and because M,,, examines much longer-
period waves than the 20 s surface waves used by
Mg,making it less susceptible to the saturation
effects discussed above. M,,,, as implemented at
the PTWC, examines up to the first 120 s of the
vertical component, broadband velocity seismo-
gram, beginning at the P-wave arrival time (gray
traces in Fig. 4).

The derivation of M,,, assumes that we can
estimate the seismic moment, M, from the initial
portion of the far-field P-wave observed on
the vertical broadband displacement waveform,
uz (x,, t), using

My = (41rpoc3r/Fp)Max

>

Juz (x,,t) dt

where p and « are, respectively, the density and
P-wave velocity averaged along the propagation
path, r is the epicentral distance, and F* is the
earthquake source radiation pattern (Tsuboi et al.
1995, 1999). At the PTWC, before early 2011, we
followed Tsuboi et al. (1995), by approximating
Max|[uy (x,, H)dt | by the first significant or “big”
peak in the absolute value of the integrated dis-
placement record. Its is best to use velocity, w(f),
seismograms from broadband seismometers with
flat responses out to at least 300-350 s, as there is
then no need to deconvolve the instrument
response from the data. Instead, we simply scale
the data by a gain factor in the time domain,
because we can assume that the amplitude of the
instrument response function is flat over the fre-
quency band of interest. For data from very long
period broadband seismometers, such as the
STS-1, Trillium 360, etc. which have flat spectral
responses to velocity up to at least 300 s period,
Mwp closely approximates Mw for all but the
very largest and/or slowest earthquakes.
Beginning  with  the raw  velocity
seismogram, v(f), we subtract the average of

300 s of v(¢), ending 60 s before the initial
P-wave arrival time, from the entire seismogram.
We then integrate twice and multiply the absolute
value of each data point by 47po’r to obtain an
approximation to My(¢) in N-m (the blue traces in
Fig. 4). We then apply H. Kanamori’s moment
magnitude formula (Kanamori 1977):

Mw(t) = (lOglOMo(t) — 91)/15

to My(?), to calculate M,,,(¢). To correct for the
radiation pattern, F’, we then add 0.2 to the aver-
age of these individual M,,, values, each obtained
at a different azimuth and distance from the epi-
center. This is because j(F "2dQ = 4/15 where Q
is the azimuthal angle of the observation around
the epicenter; thus  F” oc \/4/15 = 0.52.
Therefore, we correct the averaged M, by
adding 0.2 to M,,. Finally, we apply the
Whitmore et al. (2002) magnitude-dependent
correction M,,, = (M,,, — 1.03)/0.843 to get a
final value for M,,,, (the green traces in Fig. 4).
Figure 5 compares our final M,, values
resulting from this procedure (using vertical com-
ponent velocity data from STS1 and/or KS54000
broadband seismometers for 291 earthquakes of
Mw 4.5 t0 9.2, occurring between 2002 and 2014)
with (GCMT) moment magnitude My, estimates.
For some earthquakes, such as the complex
My8.4 (GCMT) Peru event of June 23, 2001, or
the great My 9.2 (Ammon et al. 2005; Park et al.
2005; Stein and Okal 2007a, b) Sumatra earth-
quake of December 26, 2004, M,,, (7.4 and 8.1,
respectively) will underestimate Mpy; when the
first moment release is not the largest and/or sig-
nificant moment release follows the initial
moment release by a sufficiently long time. The
2001 Peru Mw 8.4 earthquake began with an
initial rupture of moment magnitude approxi-
mately 7.4, followed almost 60 s later by a much
larger earthquake, of moment magnitude just
under GCMT Mw 8.4. In contrast, the PTWC’s
final estimate of M,,,, 8.4 for the My, 8.6 (Centroid
Moment Tensor 2008) Nias event of March
28, 2005, was acceptable, as it was for the My
8.1 Chile earthquake of April 1, 2014 (Bryant
2001), and for other earthquakes in the My 8.0
to 8.4 range. M,,, thus enables Regional tsunami
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig. 4 (a) Is the first
2 min of the broadband vertical velocity seismogram
beginning with the p-wave arrival (gray) recorded by the
GSN USGS/IRIS broadband station COCO, on Cocos
Island, ~15 degrees south of the epicenter of the M,9.2
Sumatra earthquake of Dec. 26, 2004. Note that this por-
tion of the broadband velocity seismogram is not clipped.

warnings (for coastal populations within 1000 km
of the epicenter) within 3—5 min of earthquake
origin time, as the threshold for a regional warning
is Mw 7.6.

At the PTWC, beginning in early 2011, we
have automated the M,,,, method in the following
way:

1. Compute a signal-to-noise ratio by examining
60 s of trace prior to, and after, the P-wave
arrival time. Both sections are band-pass fil-
tered between .3 and 5 Hz and the rms mean
computed for each. The ratio of these two
means yields the signal-to-noise ratio. If the
ratio is above 5.0, the auto-Mwp proceeds.

2. Compute the average of the unfiltered noise
over a 300 s interval, ending 60 s prior to the
P-wave arrival time. This provides a baseline
correction for the integration.

3. Doubly integrate the first 120 s of the unfiltered
seismogram (minus the noise average deter-
mined in step 2), beginning at the P-wave

POGPLOT Window 1

This instrument, a KS54000, has a flat frequency response
to velocity to a period of about 350 s. The blue trace is the
integrated displacement record (doubly integrated veloc-
ity) ~Mo(t), and the green trace, M,,,(?), is M,,, as a func-

wp
tion of time. (b) Shows these results at KHU, 77 km from

the epicenter of the Mw6.7 (GCMT) Kiholo Bay Hawaii
earthquake of October 16, 2006

arrival time up to the S-wave arrival or 120 s,
whichever comes first, to compute M(?).

. Examine the curve for peaks. This is called the
monotonicity check. If there are no clear peaks,
then this station may be rejected for auto-Mwp;
however it remains available for manual
analysis.

5. Recursively smooth the moment(t) curve until
three main peaks are left. The algorithm then
uses the location of these peaks as a guide to
search for the peaks on the original, unsmoothed
moment rate curve. This allows us to apply the
Tsuboi method (Tsuboi et al. 1999) to the first
two peaks of a smoother waveform, so that this
can be done automatically, in real time.

PTWC scientists have also designed a GUI that
allows the duty scientists to quickly evaluate the
quality of each of these automatically generated
M,,,, measurements.

The GUI (Fig. 6) shows the auto-Mwp results
available for review at 6 min after origin time, for
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Event Average Mwp for 291 Earthquakes: 2002 - 2014.
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig. 5 A scatter
plot of event average PTWC Mwp values against GCMT
Mw for 291 earthquakes in the Mw 4.5-9.2 range occur-
ring between 1992 and April of 2014. These Mwp event
averages were derived only from very broadband vertical

the closest six stations to the first of two great
earthquakes offshore Sumatra that occurred on
April 11, 2012. Note that the resulting A,,,, value
of 8.65 agrees well with the GCMT My of 8.6. At
the top of the GUI are two summaries, showing
the mean M,,,, based on long-period instruments
(red), based on all instruments (orange), and a plot
showing the azimuthal distribution of stations, the
number of traces processed, and the total number
of M,,, measurements obtained. There are also
three buttons, two of which allow the duty scien-
tist to select the M,,, values based on just the long-
period instruments or those based on all instru-
ments, and another button “MORE” which will
display additional M,,,, measurements. Auto-Mwp
will stop updating M,,,, in its real-time mode after
computing 40 measurements. This is generally
many more observations than needed for an accu-
rate estimate of My

The plot (of Fig. 6) shows all of the
M(?) curves obtained (dashed-blue), the M,,,(?)
curves (dashed-green), and the stacked M(f) and

seismograms (STS1 and KS5400 seismometers only). The
red line represents Mwp = Mw, and the vertical magenta
line defines the NOAA/NWS Tsunami Warning Center’s
(TWC’s) threshold for issuing a local tsunami warning for
coastal populations within 300 km of the event’s epicenter

M,,(t) curves, thick blue and green curves,
respectively. The dots show where the auto-
M,,, algorithm has computed the M,,, for the
various stations. As can be seen in Fig. 6, the
stacked My(f) curve has one main peak that is
populated by six measurements. The solid curves
result from stacking the results of all six instru-
ments. The stacked M,,,(f) curve (green) is
obtained from the stacked M(7) curve (blue).
The PTWC also calculates M,,, from locally
recorded P-waves to estimate My for large (>~
Mw 5) local earthquakes, occurring in the Hawaiian
Islands (Hirshorn 2004, 2007), Puerto Rico, the
Virgin Islands, and California. Because M, is
based on the far-field approximation to the (vertical)
P-wave displacement due to a double couple point
source (Tsuboi et al. 1995), we should only very
carefully apply M,,, to data obtained in the near
field, at distances of less than a few wavelengths of
the fault. At about 5 degrees epicentral distance, the
point source approximation appears to be valid up to
about GCMT M,, 7.5-8 (see Fig. 7). Figure 7 is a
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Auto Mwp Measurement
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig.6 The PTWC’s
AutoMap graphical user interface (GUI) showing the M-
(¢) curves (dashed-blue), the M,,,(f) curves (dashed-green),
and the stacked M(¢) and M,,,(¢) curves, thick blue and
green curves, respectively, for a single earthquake. The

plot of M,,, values calculated from locally recorded
P-waves, up to 5 degrees epicentral distance, against
the GCMT M, values for the same events. For
example, PTWC scientists calculated a value of
Mwp 6.5 for the GCMT My 6.7 Kiholo Bay,
Hawaii, earthquake within 3 min of the initiation
of rupture at its hypocenter (Hirshorn 2007). Based
on data provided later to the PTWC for the 2011
GCMT 9.1 Off Tohoku earthquake, accurate M,,,
determinations 0f 9.3, 9.3, and 9.1, were obtained at
10.9, 12.4, and 14.9 degrees epicentral distance,
respectively (Hirshorn et al. 2013). M,,, estimates
from these 18 STS-1 broad band velocity records at
2.2-14.9 degrees epicentral distance, all exceeded
the PTWC'’s threshold for a Tsunami Threat Mes-
sage for coastal populations within 1000 km of the
earthquake.

Double Middle Click -> Examine Double Right Click

NMDPBER OF MPs 6
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» Delete

dots show where the auto-M,,,, algorithm has computed
the M,

wp for the various stations. The stacked M(¢) curve
has one main peak that is populated by six measurements.
The solid curves result from stacking the results of all six
instruments. The stacked M,,,() curve (green) is obtained
from the stacked My(?) curve (blue)

The Mantle Magnitude (M,,,) Method
Emile Okal and J. Talandier developed the M,,
method in 1989 (Okal and Talandier 1989). The
mantle magnitude is related to the moment mag-
nitude via the simple expression My = M,/
1.5 + 2.6. This work was inspired by the need to
develop a magnitude method for tsunami warning
centers that would not suffer the saturation prob-
lem that My suffers (Okal 1992a). Not only may
Mg saturate as My becomes large (>8), but slow
earthquakes can also cause Mg to be seriously
deficient and bMag even more so. Severely
underestimating the magnitude of an earthquake
can lead to a failure to warn. PTWC’s implemen-
tation of the M,, method is based on analyzing
Rayleigh waves obtained on vertical component
seismograms.

M,,, being based on slow traveling long-period
surface waves, is available too late to be used in
the decision process for issuing an initial bulletin.



16 Earthquake Source Parameters, Rapid Estimates for Tsunami Forecasts and Warnings

Event Average Mwp for 83 Earthquakes.
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig. 7 A scatter
plot of 83 Mwp event averages obtained from observations

Notwithstanding, it does provide a useful check
on the magnitude obtained from the M,,,, method,
and if there is a discrepancy between M,,,, and
My(M,,) on the order of 2—-3 tenths or more in
the 7" magnitude range, then the duty scientist
may instead use the results of the M, method in
subsequent bulletins. The M,, method overcomes
the limitation of saturation because it is a variable
period magnitude. Multiple values of M,, are rou-
tinely computed for a number of fixed periods
ranging from 50 to 270 s for each station. Because
M,, may saturate at smaller periods for great earth-
quakes while remaining unsaturated at longer
periods, Okal and Talandier’s (1989) procedure
was to choose the largest M,,,thus mitigating the
effects of saturation.

M, is more complicated than the other magni-
tude methods described here as it uses frequency-
domain deconvolution. This can cause problems
due to deconvolution noise at low magnitudes,

within 5 degrees epicentral distance from their respective
epicenters, plotted against the GCMT event Mw for the
same earthquakes

where the amplification of noise by the
deconvolution process at long periods may result
in spurious magnitudes. Thus M,,works best with
very long-period broadband seismometers. While
STS-2 seismometers tend to do well, the shorter-
period broadband seismometers tend to behave
poorly at the longest periods (Weinstein and
Okal 2005). Using the maximum M,, obtained
for each station proved to be suboptimal due to
the heterogeneous distribution of instruments
coupled with the total automation of the procedure
at the PTWC. Weinstein and Okal (2005) devised
a sampling method that alleviates most of these
difficulties in PTWC’s implementation of M,,.
The December 2004 Sumatra earthquake
showed that for earthquakes with an unusually
long source duration (in this case ~600 s) (Ishii
et al. 2005; Kanamori 2006), even M,, calculated
using 270 s waves will saturate. Hence PTWC’s
M,, implementation will now automatically
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extend the period range to 410 s when the magni-
tude exceeds 8.0. At 410 s My(M,) is 8.9
(Weinstein and Okal 2005) for the GCMT My,
9.2 December 2004 Sumatra earthquake, still defi-
cient, but a marked improvement over the
moment magnitude 8.5 obtained by PTWC and
8.2 obtained by the USGS (NEIC Fast Moment
Tensor) on Dec. 26, 2004. M,, normally uses a
660 s window of the surface wave train, but when
M,, exceeds 8.0, it expands this window to 910 s.
Given the mix of instruments and their distribu-
tion used by the PTWC and the effects of broad-
band deconvolution noise, Weinstein and Okal
(2005) found that the M,, method was usually
not useful for earthquakes smaller than My 6.0.
Since publication of that study, PTWC has made
some refinements to the Mm calculation. PTWC
computes the “noise floor,” i.e., the Mm spectra
using data obtained before the earthquake origin
time, for each seismic station. Mm values
obtained for the earthquake are compared to
those obtained from the pre-event noise. If the
seismic moment obtained at any period is less
than a factor of 10 above the seismic moment
obtained from the pre-event noise, the value for
Mm at that period is rejected. For smaller earth-
quakes with Mw < 6.0, this typically means that
values of Mm at longer periods get rejected. With
this technique, PTWC routinely obtains credible
magnitude estimates based on mantle waves for
earthquakes with magnitudes as small as 5.5 and
sometimes even smaller depending on the noise
floor. The same technique also eliminates mea-
surements that may be contaminated by mantle
waves generated by very recent earthquakes.
Figure 8 compares Myu{M,,) values obtained
for more than 200 earthquakes with the respective
GCMT My, values for the same events. PTWC’s
implementation of M,, tends to overestimate
My by 0~ 0.15 magnitude units for M,,< 7.0.

The W-Phase Method

H. Kanamori first identified the W-phase on dis-
placement seismograms generated by the 1992
Nicaragua tsunami earthquake (Kanamori 1993).
This earthquake was deficient in high-frequency
radiation but rich in long-period energy (see
Fig. 9).

When the periods of phases such as P, PP, S,
SS, SP, etc. approach or exceed the travel time
differences between them, the phases will inter-
fere with each other. At these long periods, the
result of this interference is itself a distinct phase
now called the W-phase (Kanamori 1993).

The name W-phase was chosen because this
phase is analogous to the “whispering gallery”
mode of wave propagation found in acoustics or
optics (Kanamori 1993). An example of the opti-
cal whispering gallery mode is light trapped inside
araindrop. The raindrop acts a like an optical fiber
loop with the light strongly concentrated near the
surface of the drop. P. Cummins showed that the
W-phase could also be modeled as the complete
elastic wave field (near field + far field) (Cummins
1997).

In the context of normal mode theory, the
W-phase can be interpreted as the superposition
of the fundamental mode and the first, second, and
third overtones of spheroidal modes at long
periods (Kanamori and Rivera 2008). The group
velocity of the W-phase varies from 4.5 km/s to
9.0 km/s over a period range from 100 to 1000 s.
Like mantle waves, most of the energy in the
W-phase propagates within the mantle, so that
the propagation of the W-phase is little affected
by the complications of structural heterogeneities
such as continents and oceans.

Because of the W-phase’s very long-period
character, magnitude estimates based on it should
not saturate, even for truly great earthquakes.
H. Kanamori and L. Rivera demonstrated this for
the great My, 9.2 Sumatra earthquake of 2004,
with a source duration of ~600 s (Kanamori and
Rivera 2008). The true magnitude of the Sumatra
earthquake of 2004 was not known until 2005,
when enough seismic data were recorded (weeks)
for stacking, to allow the amplitudes of the Earth’s
free oscillations to be accurately measured (Park
et al. 2005). H. Kanamori and L. Rivera’s
W-phase method (Kanamori and Rivera 2008)
now provides magnitudes and centroid moment
tensors for great earthquakes to PTWC duty sci-
entists, within about 25 min after the initiation of
rupture at the hypocenter. For the 2011 M,9.0
Tohoku, Japan, earthquake, PTWC’s W-phase
implementation yielded an M, of 9.0 when
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Earthquake Source Parameters, Rapid Estimates for Tsunami Forecasts and Warnings, Fig. 8 Scatter plot of

M, (M,,) vs. GCMT M,, for over 200 earthquakes

provided with the correct depth (Duputel et al.
2011) (Figs. 10 and 11).

Luis Rivera, Zacharie Duputel, and PTWC
scientists implemented the W-phase method at
the PTWC in late 2010. W-phase processing
begins when the PTWC issues an observatory
message. If the earthquake’s magnitude is
> = 5.8, then the software will compute a
W-phase CMT. W-phase results are sent to the
duty scientists if the magnitude in the observatory
message is 6.8 or larger. The W-phase CMT com-
putations for earthquakes in the My 5.8 to 6.7
range enable research and debugging, but are not
used for tsunami warning purposes.

The GCMT My 9.1 Tohoku earthquake of
March 10, 2011, provided an excellent test of the
PTWC’s W-phase processing. Figure 11 is a table
showing the evolution of the W-phase CMT with
time (Duputel et al. 2011). The PTWC obtained an
initial W-phase CMT 22 min after the earth-
quake’s origin time. Because our initial depth
determination was too deep, the magnitude was

underestimated. When manually re-triggered with
a better hypocentral depth, 44 min after origin
time, PTWC obtained My, 9.0 and a CMT consis-
tent with the USGS and GCMT M,, values (Hayes
etal. 2011).

Tsunami Earthquakes

Tsunami earthquakes are so-called because they
generate tsunamis that are more destructive than
expected given their magnitude. Classic examples
include the Nicaragua 1992 (Fig. 9) and Java 2006
earthquakes. Tsunami earthquakes present a chal-
lenge to tsunami warning systems because they
generate much less ground shaking than expected
given their size. Hence populations near the earth-
quake, which otherwise might be alerted by strong
ground shaking, may not self-evacuate if they are
not alarmed by the ground shaking. Tsunami or
“slow” earthquakes also present a challenge to
warning centers because their unique rupture
characteristics affect magnitude determinations.
These two characteristics, i.e., difficulty in
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determining correct magnitude and generating
larger tsunamis than expected (even with the cor-
rect magnitude), contribute to the possibility of
under warning coastal populations of a destructive
tsunami. Fortunately, there are methods to alert
duty scientists to the occurrence of tsunami
earthquakes.

One way in which the occurrence of a tsunami
earthquake may be detected is if the bMag and/or
MS are significantly smaller than Mwp obtained
from the longer-period P-waves or longer-period
mantle waves. Figure 12 shows this clearly for
short-period m; (Gutenberg and Richter 1956b)
Vrs. M,,. Note the population of four tsunami
earthquakes that fall well off the trend. As can be

determined from Fig. 12, the body-wave magni-
tude for July 2006 Java earthquake was deficient
by nearly 1.5 magnitude units.

As mentioned earlier, a fundamental character-
istic of a tsunami earthquake is the slowness of the
rupture speed. Newman and Okal (1998) showed
that the log ratio of the radiated energy FEx
(Boatwright and Choy 1986; Boatwright et al.
2002), to the seismic moment MO, Logl0O
(ER/MO) (also denoted by theta or “0”) is anom-
alously small for tsunami earthquakes. A number
of factors can affect this ratio such as rupture
velocity, stress drop/apparent stress, fault plane
geometry, maximum strain at rupturing, and direc-
tivity (bilateral vs. unilateral rupture). However,
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig. 10 Examples
of observed waveforms (black lines) and the corresponding
synthetics (red lines) computed from the W-phase solution
for the GCMT Mw 9.1 Tohoku earthquake. The station
azimuth (@) and epicentral distance (A) are indicated as

for shallow thrust, low stress drop subduction
zone earthquakes, unusually slow rupture velocity
may have the largest influence on the value of 6.
Newman and Okal (1998) showed that for
tsunami quakes, the value of 0 is usually —6.0 or
less. For an earthquake with a unilateral rupture
and nominal speed (~3 km/s), theory suggests that
0 is —4.9 (Geller and Kanamori 1977; Scholz
1982; Vassiliou and Kanamori 1982). Weinstein
and Okal (2005) extended the original dataset of
Newman and Okal (1998) by including an addi-
tional 118 earthquakes. The mean value of all 0
values is approximately —5.1. However, when
averaged by event, the distribution of 0’s peaks
precisely at —4.9, in accordance with theoretical
expectations. Given the standard deviation of 0.39
for all 6°s (for the 118 earthquakes), Weinstein and
Okal (2005) found that values of 6 around —6.0 or

1000 1500 2000 2500 3000 3500
time, sec

1000 1500 2000 2500 3000 3500
time, sec

well as W-phase time window, bounded by red dots.
W-phase and later arrivals are often very well predicted
by the solution. For some channels like INCN-LHZ or
TATO-LHZ, the surface waves are affected by instrument
problems, though the earlier-arriving W-phase signal is not
affected. (Figure 3 from Duputel et al. 2011)

below are more than 2c0ff of the mean and hence
clearly anomalous.

The PTWC uses broadband vertical compo-
nent seismograms, obtained in the distance inter-
val 5 < A <90, to compute 0. Originally, the
closest distance was 25 . However, this can be
made as close as 5 using new corrections
(Ebeling et al. 2012). A window of 75 s is used
starting approximately 5 s before the P-wave
arrival to insure that the first arrivals are not mis-
sed by the integration. This window is
deconvolved with the instrument response, and
the radiated energy contained between 1 and
2 Hz is computed.

In general, it is thought that anomalously slow
rupture speed is due to either low-rigidity sedi-
ments in the fault and/or faulting through an
accretionary prism (Bilek and Lay 1999; Bilek
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et al. 2004; Fukao 1979; Kanamori 1972; at the well-known relation for moment
Kanamori and Kikuchi 1993; Satake 1994). In magnitude:
either case, the small shear rigidity associated
with weak materials retards the rupture speed. My = nAd

As to why “slow” earthquakes produce more
destructive than expected tsunamis, one can look
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where u is the shear modulus, A4 is the fault plane
area, and d is the average slip over the fault plane.
Thus, for two earthquakes with the same seismic
moment (M), and fault area (A), lowering u (i.e.,
decreasing the rupture propagation speed)
requires increasing the slip (d) to keep the M,
(and M,,) the same. Hence a slow rupturing, Tsu-
nami earthquake produces larger-than-expected
slip and therefore tsunami, based on seismic
moment.

One problem with 0 is that it can be misleading
and occasionally yield false indications of rupture
slowness. This was made apparent by the Peru
earthquake of June 23, 2001. This earthquake
began with an initial event that had a moment
magnitude of approximately 7.4, followed almost
60 s later by a much larger event, which had a
moment magnitude of almost 8.4. (Bilek and Ruff
2002; Giovanni et al. 2002; Kikuchi and
Yamanaka 2001). Due to the 60 s delay, the 0
computation used mainly P-wave coda from the
first shock and little if any energy from the main
shock. As aresult, the PTWC initially obtained a 0
of —6.1, using a moment based on Mm, making
this earthquake appear very slow indeed. How-
ever, this result is spurious and was due to the
complexity of the earthquake itself and not to
actual slowness of the rupture.

Weinstein and Okal (2005) found that by sliding
the window over which 0 is computed forward in
time, 0 would increase as the 0 window overlapped
with the occurrence of the main event of the Peru
2001 earthquake. Indeed, for a window offset of
70 s, 0 increases to —5.6, which is a strong trend to
slowness, but not a slow or tsunami quake. This
was further borne out by the size of the tsunami,
which while detected on sea-level instruments
around the Pacific (more than 2 m peak to trough
in Chile) was not destructive outside of Peru.

Weinstein and Okal (2005) explored the
windowing technique and found that it was a
more comprehensive method than the single
determination of 6 (zero offset). Computing theta
in a succession of windows separated in time by
10 s (each window spanning 70 s) up to 100 s post
P-wave arrival yields a better method of detecting
slowness; see Fig. 13. What Weinstein and Okal
(2005) found is that for true tsunami earthquakes,
the variation of 0 with offset time was small,

generally no more than 0.1 log units over the
entire 100 s. It is this flat trend that is probably
the best discriminant for tsunami earthquakes.

In effect, the curve resulting from the window-
offset technique gives an indication of the source
duration of the earthquake. Gigantic earthquakes
have long source durations, and slow earthquakes
have anomalously long source durations for their
seismic moment; see Fig. 13. Therefore 6 can be
viewed as a measurement of how anomalous the
source duration is in terms of whether the earth-
quake is anomalously slow or simply anoma-
lously large. It turns out that in the case of the
Sumatra earthquake of December 2004, 6 has
little variation, even when the integration window
is increased to 200 s and the offset carried out to
300 s. The magnitude of 6 based on PTWC’s Mw
(Mm) of 8.5 was ~ -5.6, a trend to slowness, but
not slow. Using the Mw based on normal mode
studies, 0 is ~—6.1 (with a 200 s integration win-
dow!), and discussion continues to the current day
as to whether or not the Sumatra earthquake of
2004 was slow and simply had aspects of a tsu-
nami earthquake or none at all (Ammon et al.
2005; Global Centroid Moment Tensor (GCMT);
Kriiger and Ohrnberger 2005; Lay et al. 2005;
Seno and Hirata 2007).

Real-Time Tsunami Forecasting

Historically, tsunami warning centers (TWCs)
issue tsunami warnings based on the initial earth-
quake magnitude (based on historical events) and
tsunami travel times. Pre-computed databases of
tsunami scenarios can also be used to provide a
quick estimate of a possible tsunami threat (Gica
et al. 2008; Kamigaichi 2009; Kowalik and
Whitmore 1991; Tatehata 1997). The principle
limitation of the database approach is that it can-
not exhaust all possible earthquake source param-
eters and locations. Due to advanced computer
technology and the development of rapid real-
time source inversion methods such as the
W-phase method (Duputel et al. 2011, 2012;
Hayes et al. 2009; Kanamori and Rivera 2008),
real-time tsunami forecasting, using real-time
earthquake parameters and other contemporane-
ous observations (e.g., GPS and water level obser-
vations), has become a reality. W-phase centroid
moment tensors (CMT) obtained during events
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have been used in a real-time forecast model at
PTWC (Duputel et al. 2011; Fryer et al. 2010;
Wang et al. 2012) since 2011. Offshore GPS buoy
data can be used to constrain the tsunami sources in
real time (Yasuda and Mase 2013). Land-based GPS
data can also be used to constrain the tsunami source
in a real-time model (Hoechner et al. 2013).

PTWC started experimenting with a real-time
tsunami forecasting model RIFT in 2009. Starting
in 2014, RIFT became the basis of the forecast
products issued with PTWC tsunami threat mes-
sages (Wang et al. 2009). The typical work cycle
is the following:

(1) As soon as the earthquake has been located
and the magnitude determined, the model is
run for regions near the epicenter (within sev-
eral hours of tsunami arrival time), using the
real-time earthquake location and magnitude
with default focal mechanisms. The default
focal mechanism is based on the type of
plate boundary the earthquake is closest

to. To be conservative, a pure thrust mecha-
nism along subduction zones can be assumed,
and the strike used is the strike of the trench
axis. Alternatively, a normal faulting or strike-
slip faulting focal mechanism can also be used
if the epicenter is near a divergent plate
boundary or a strike-slip plate boundary,
respectively. The model results for the near
field can be obtained in a few seconds.
Once the W-phase centroid moment tensor
becomes available (typically  within
20-30 min of the earthquake origin time),
the model is run again to update the forecast.
A larger model domain (e.g., the entire Pacific
basin) can be used for large earthquakes.
(3) The model forecast is compared with water
level observations to confirm or refine the
forecast.

@

The RIFT model is based on the finite differ-
ence discretization of the linear shallow water
equations:
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U = _gvna

n,+ V- (uh) =0,

where u = (u,v) is the vertically averaged hori-
zontal velocity, n the sea surface elevation, h the
ocean depth at rest, and V the horizontal gradient
operator. The model is discretized in spherical
coordinates with a leapfrog time differencing
scheme on the Arakawa C-grid (Arakawa and
Lamb 1977). The numerical scheme is similar to
that of Imamura except that the staggered leapfrog
time differencing scheme is used (Imamura 1996).

The initial condition is based on the static
seafloor deformation formula of Okada (1985)
for a rectangular rupture zone with a uniform
slip. The assumed rupture size is a continuous
function of earthquake magnitude (Henry and
Das 2001; Wells and Coppersmith 1994). The
coastal wave amplitude is based on the Green’s
law (Lamb 1932),

ac = a,(ho/he)"*

where a. and a, are wave amplitudes at a coastal
point and an corresponding offshore point. #.and
h,are water depths at the coastal point and the
offshore point, respectively. The offshore point
is chosen such that the water depth is greater
than a threshold value (typically 1000 m at
4-arc-min resolution or smaller depth for finer
resolution). The wave amplitude is defined as
half of the wave height, which is the difference
between the trough and crest of the wave. We
should point out that the Green’s law coastal fore-
cast is most applicable for coastlines that are
directly exposed to the open ocean. The Green’s
law is not applicable for locations that are not
exposed to the open ocean directly (such as har-
bors well hidden from the open ocean, fjords, and
rivers). Nevertheless, the Green’s law forecast
should provide a quick order of magnitude esti-
mate of general tsunami threat for tsunami warn-
ing purposes.

The bathymetry used by RIFT is based on the
30-arc-sec resolution GEBCO data (Becker et al.
2009). The operator of the model can choose 1 of
40 predefined ocean basins or use a basin

determined on the fly by a tsunami travel time
software (Wessel 2009; Wessel and Smith 1991).
This is the default basin setting. A forecast for this
default model domain can be obtained in ~10 s at
4-arc-min resolution on a 12-CPU Linux server.
A 30-h forecast for the entire Pacific basin at
4-arc-min resolution can be obtained in 7 min.
For smaller earthquakes (magnitudes <7.5) or
earthquakes that only have a regional impact
(e.g., a local earthquake in Hawaii), a smaller
domain and higher resolution can be used.

Timeliness is essential for tsunami warning.
The linearization of the shallow water equations
and the use of the Green’s law in the RIFT model
allow for rapid forecast of tsunami threats. The
RIFT model was run for most of the events since
2009 for which measurable tsunamis were
recorded. The results are encouraging. As an
example, we discuss the April 11, 2012, magni-
tude 8.6 earthquake off the northern Sumatra coast
and the ensuing tsunami (Wang et al. 2012).
Based on an initial earthquake magnitude of 8.7,
the PTWC issued an Indian Ocean basin-wide
tsunami watch. The governments of India, Indo-
nesia, Sri Lanka, Thailand, and the Maldives also
issued Tsunami warnings.

Figure 14 shows three RIFT forecast results
obtained during the event. The top panel
(Fig. 14a) shows the maximum wave amplitude
for a default shallow thrust mechanism (based on
PTWC’s initial earthquake Mwp magnitude of
8.60). The forecast was obtained 14 min after the
earthquake origin. It forecasts a tsunami posing a
significant threat to some Indian Ocean countries,
with a maximum coastal wave amplitude using
Green’s law of 9 m. The middle panel (Fig. 14b)
shows the maximum wave amplitude from the
RIFT model using the PTWC’s W-phase CMT
solution (Mw = 8.78) obtained 39 min after the
earthquake origin time. Although the earthquake
magnitude obtained from this CMT was greater
than the initial estimate based on the M,,,, method,
the tsunami wave amplitudes were reduced sub-
stantially. The maximum coastal wave amplitude
was only 2.4 m near the epicenter, and only a
handful of coastal locations experienced wave
amplitudes over 1 m. This reduced tsunami ampli-
tude is due to the earthquake’s strike-slip focal
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig. 14 Energy
(maximum wave amplitude) maps for the April 11, 2012,
Northern Sumatra tsunami. (a) Forecast based on PTWC’s
initial Mwp = 8.66, (b) forecast based on PTWC W-phase
CMT (Mw = 8.78), and (c) forecast based on USGS
W-phase CMT (Mw = 8.57)

mechanism. The bottom panel (Fig. 14c) shows
the maximum wave amplitude for the RIFT model
solution using the USGS W-phase CMT
(Mw = 8.57), obtained 1 h 40 min after the earth-
quake’s origin time. The maximum forecasted
coastal wave amplitude barely reached 1 m. This

forecast combined with the sea-level observations
allowed the PTWC to cancel the basin-wide tsu-
nami watch sooner than would have been possible
without the forecast. This event demonstrates the
usefulness of obtaining an accurate focal mecha-
nism for tsunami forecasting and the associated
problems with magnitude-based tsunami warn-
ings. Although we cannot yet avoid magnitude-
based warnings for near field coastal populations,
knowing the focal mechanism of the earthquake
allows more accurate tsunami forecasting for the
far field.

The October 28, 2012, 3:04 UTC Haida Gwaii,
British Columbia, Canada, magnitude 7.7 earth-
quake provided another example of the usefulness
of the CMT derived from the W-phase inversion
for real-time tsunami forecasting. Historically,
this region has been characterized by strike-slip
earthquakes. This event, however, had a thrust
mechanism, as shown by the W-phase CMT solu-
tion. Figure 15 shows a comparison of observa-
tions at DARTs (deep ocean bottom pressure
sensors) with RIFT forecasts obtained 57 min
after the earthquake origin time, based on the
USGS W-phase CMT (Mw = 7.7). The forecast
was reasonably good across the basin, although in
the near field, the forecast underestimated the
wave amplitudes. We note that at the time of the
forecast, no DART stations had yet recorded a
complete waveform of the tsunami.

Figure 16 compares observations obtained for
the Haida Gwaii event from 57 tide stations
throughout the Pacific with RIFT forecast gener-
ated at 0401Z. Although there is considerable
scatter between the observed and predicted wave
amplitudes (defined as an average of maximum
zero to peak and maximum zero to trough ampli-
tudes), the mean ratio between the predicted and
observed wave amplitudes is 1.4, or prediction is
within a factor of two of the observed. If only tide
stations that are more exposed to the open ocean
are included (38 out of 57 tide stations), then the
mean ratio is 1.07. We note that tsunami warning
cannot be based on forecast at tide stations. For
example, during the 2009 Samoa tsunami, post-
event survey showed run-up reaching 7 m on the
island of Tutuila in American Samoa, but the tide
station in Pago Pago Harbor only recorded a
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Fig. 16 Comparison of
observed wave amplitudes
at tide stations with RIFT
forecast based the USGS
W-phase CMT. Wave
amplitude is defined as the
average of maximum zero
to peak and maximum zero
to trough wave amplitudes.
(October 28, 2012, Haida
Gwaii tsunami)
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maximum wave amplitude of ~2m. In summary,
the W-phase CMT method combined with a linear
shallow water model and the Green’s law can
provide useful and rapid guidance for tsunami
warning, complementing existing database
approaches. Real-time inundation forecasting
based on propagation forecast results obtained
using the CMT obtained by inversion of the
W-phase can also be added in the future.

Future Directions

Given the availability of high-quality broadband
seismic data, the tsunami warning centers can
determine basic earthquake source parameters
rapidly. However, the source characterization at
the warning centers has rested largely on scalar
measures of earthquake magnitude. The reasons
for this are historical and practical. The warning
centers have not always received the quantity and
quality of seismic data that they do now, and in the
interest of speed, the calculation of scalar mea-
sures can be accomplished with the data at hand in
a small amount of time. One issue that the PTWC
faced during the 2004 Sumatra earthquake was
that no near real-time magnitude method existed

0.2 0.4 0.6 0.8
Obseved Wave Amplitude at Tide Stations

10

at the time that would correctly estimate the size
of the Sumatra earthquake. Since then, new tech-
niques have been developed to determine the
magnitude of great earthquakes. Among these
are techniques are the W-phase source inversion
method (Kanamori 1993; Kanamori and Kikuchi
1993; Cummins 1997; Kanamori and Rivera
2008).

Luis Rivera, Zacharie Duputel, and PTWC
scientists implemented the W-phase method
(Kanamori and Rivera 2008) at the PTWC in
late 2010, using data from seismic stations in the
5 to 50 degree epicentral range. The first W-phase
CMT and unsaturated Mw estimate are therefore
available at 25 to 30 min after earthquake
origin time.

Using data from the Earthquake Research
Institute F-net, for eight large Japanese earth-
quakes, Kanamori H. and Rivera L. (Kanamori
et al. 2008) showed that, because the W-phase
includes the complete wave field, including both
near- and far-field displacements (Cummins
1997), it could be used for regional tsunami warn-
ings, reducing its availability for tsunami from
approximately 25 to 6 min after earthquake origin
time. They achieved this with only minor modifi-
cations to the algorithm:
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig. 17 Time win-
dow comparison between (a) teleseismic W-phase inversion
from seismic data, (b) regional inversion from seismic data,
and (c) regional inversion using GPS data. (a) shows a

1. Using the teleseismic windowing scheme (see
Fig. 17a), the duration of the data becomes too
short at short distances. Thus, Kanamori and
Rivera (Kanamori et al. 2008) used a constant
window with a duration of 15A, where Ay is a
fixed distance, 12”. In this case the record dura-
tion is 180 s (see Fig. 17b).

2. The records are often clipped very early at
short distances; thus, Kanamori and Rivera
(Kanamori et al. 2008) removed all of the
stations at distances shorter than 5~ from their
W-phase inversion. Also, they used a maxi-
mum epicentral distance of 12°, which pro-
vided W-phase-based moment tensor solution
6 min after the earthquake’s origin time.

3. For regional applications, one often needs to
determine the source mechanism of smaller
earthquakes, down to Mw 6. Thus, Kanamori
and Rivera (Kanamori et al. 2008) used, in
addition to their standard frequency band
(Kanamori and Rivera 2008), slightly shorter
frequency bands, such as 0.00167 Hz (600 s) to
0.005 Hz (200 s) or 0.002 Hz (500 s) to 0.01 Hz
(100 s), depending on the noise level of the
available data.

Distance A, deg

Distance A, deg

window from Tp(A) to Tp(A) + 15A, where A is the station
to centroid distance in degrees from 5° to 90°; (b) shows a
constant window of 180 s with A between 5° and 12°
distance; and (¢) shows a constant window of 240 s for A
between 2° and 10°. (Fig. 2. from Riquelme et al. 2016)

Hayes et al. (2009) implemented the W-phase
technique at the USGS and extended it to lower
magnitudes. Duputel, Z. (Duputel et al. 2011,
2012) calculated W-phase moment tensors for all
earthquakes worldwide above 6.5 from 1990 to
2012 and recalculated new filters for different
magnitudes. Rivera et al. (2011) and Riquelme
et al. (2016) extended the algorithm to regional
data from high-rate GPS data (see Fig. 17¢). They
demonstrated that inverting for the W-phase CMT
using high-rate, continuous ¢GPS data from sta-
tions within 5° from the earthquake source would
provide a full moment tensor within 5 min of
rupture initiation, depending on the number of
stations and azimuthal coverage. Regional
implementations are also operating in Japan,
Mexico, Australia, Taiwan, and in China. PTWC
scientists are currently testing the W-phase inver-
sions from data obtained within 30 degrees epi-
central distance, in order to obtain the W-phase
CMT and Mw within 15 min of earthquake
origin time.

In addition to size, source mechanism, and
source duration, the warning centers are interested
in more detailed properties of the source such as
direction of rupture and the distribution of slip
along the fault. This information is important as
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Earthquake Source Parameters, Rapid Estimates for
Tsunami Forecasts and Warnings, Fig. 18 Scaling of
peak ground displacement (PGD) measurements. The

it can be used in tsunami wave height forecast
models to better their predictions.

In the near future, the tsunami warning centers
will incorporate finite-fault modeling. Finite-fault
modeling involves the inversion of seismic wave-
forms to recover more detailed information about
the source process including the slip distribution,
rupture propagation speed, and moment release
history (Ammon et al. 2005; Giovanni et al.
2002; Hartzell and Heaton 1986; Hartzell and
Mendoza 1991; Mendoza 1996; Wald et al. 1990).

Weinstein and Lundgren (2008) explored the
potential of a simple teleseismic P-wave inverse
method for the rupture history of an earthquake
for use in a tsunami warning center context. The
calculations proceed quickly enough that a slip
distribution may be available just a few minutes
after a suitable set of P-waveforms are obtained.
Hence finite-fault modeling results can be used in
tsunami wave height forecast models to provide a
timely initial estimate of tsunami wave heights.

oblique lines are the predicted scaling values from the L1
regression of the PGD measurements as a function of
hypocentral distance. (Figure 2 from Melgar 2015)

Using the seismic data available within the first
5 min after rupture initiation, tsunami warning
centers may significantly underestimate the mag-
nitude of great Mw 9 plus earthquakes such as the
Mw 9.2 Sumatra 2004 event, complex events such
as the Mw 8.4 Peru 2001 earthquake, and of
“tsunami earthquakes” such as the 1992 Nicara-
gua and 2006 Java earthquakes, leading to inac-
curate tsunami forecasts for those most threatened
by the resulting tsunami (Figs. 4, 5, and 6).

Global Navigation Satellite System (GNSS)
displacement data and seismogeodetic (Bock
et al. 2011) in the near field will enable tsunami
warnings within 3—4 min after initiation of rupture
at the hypocenter (Melgar et al. 2016). Real-time
source modeling codes already provide unsatu-
rated estimates of moment magnitude from peak
ground displacement (PGD) (Crowell et al. 2013;
Melgar and Crowell 2013; Melgar et al. 2015),
centroid moment tensors (Melgar et al. 2012;
Melgar and Crowell 2013; Rivera et al. 2011;



30 Earthquake Source Parameters, Rapid Estimates for Tsunami Forecasts and Warnings

Riquelme et al. 2016), and fault slip inversions
(Crowell et al. 2012; Melgar and Crowell 2013;
Melgar et al. 2016), within 1-2 min of rupture
initiation (Figs. 18, 19 and 20). This source infor-
mation can then drive PTWC’s real-time tsunami
forecasting model (RIFT) (Duputel et al. 2011;
Fryer et al. 2010; Savage 1972; Scholz 1982;
Wang et al. 2012), generating forecasts of
expected tsunami amplitudes at the near-source
coasts within 3—4 min of earthquake origin time
(Melgar et al. 2016).

NASA/JPL, the Scripps Institute of Oceanog-
raphy (SIO), Central Washington University
(CWU), University of Oregon, and the University
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Fig. 19 Retrospective analysis of the time evolution of
magnitude using the scaling law of equation (1) from
Melgar et al. (2015). Plotted are the magnitude calculations
using three travel time masks at 2, 3, and 4 km/s. The error

of Washington (UW), with funding and guidance
from NASA and leveraging the USGS funded
ShakeAlert development, are providing this data
and source characterization algorithms to the
NOAA National Tsunami Warning Center
(NTWC) and to the Pacific Tsunami Warning
Center (PTWC).

In the first 2 years of this work, we have
established and deployed an Earthworm architec-
ture (GWORM) for this data movement for the
algorithms. We have also installed modules for
estimating moment magnitude (Mw) from peak
ground displacement (PGD), within 2-3 min of
the event, computing coseismic displacements

8.0 — 2.0
L\
7.5¢ o R
< 7.0 . {10 2
(=]
6.5 Nicoya M, 757 | 05 E
60 L L L L L L 00
0 10 20 30 40 50 60 70 80
7.5 A ] 35
70F UL i 3.0 &
: {25 ¢
s {2.0 =z
S 6.5 15 2
{10 2
6.0 El Mayor M, 7.18 {0.5 2
5.5 § ! ! 0.0
0 20 40 60 80 100 120
75 3.0
TOE o N\ o _____1%5
6.5 120

M,
o
[=]

=

o

._.
[9,]
( x10'* Nm/s)

5.5¢ Aegean M, 6.87 A 0.5
>0 10 20 30 a0 50 60 70 800
83l 143 5
o M g £
= Ejgi Iﬁgﬁ ﬁ%ﬁ it %é ;
55l Napa 1,611 {10 %
5'00 10 15 20 25 30 35 400'0
s T 143 &
sof |\ LT 33 2
= 54 %é z
5.2 Parkfield M, 5.92 :%Eg X
>0 10 15 20 25 30 35 400'0

Seconds after OT

bars are determined using the uncertainties of the regres-
sion coefficients. The red dashed line is the magnitude
from the slip inversion for that event. The shaded pink
regions are the source time functions for the kinematic
slip inversions. (Figure 4. From Melgar 2015)
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converging to static offsets and visualization
tools. These modules are being installed in the
TWC’s operational framework and will be tested
using both historical data recordings and new
events as they occur.

Global Navigation Satellite System (GNSS)
data, and the real-time earthquake source model-
ing codes which rely on it, will provide unsatu-
rated estimates of moment magnitude, centroid
moment tensor solutions, and fault slip models
to NOAA’s tsunami warning centers within a
few minutes after earthquake initiation. These
earthquake source characterizations will drive

(a)

135 140

tsunami models such as RIFT (Duputel et al.
2011; Fryer et al. 2010; Savage 1972; Scholz
1982; Wang et al. 2012) (discussed above),
enabling tsunami warnings within 3—5 min after
earthquake origin time for coastal populations in
the near field, where over 80% of tsunami-related
casualties would otherwise occur.
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Tsunami Forecasts and Warnings, Fig. 20 CMT and
slip inversions from seismogeodetic data (GNSS and seismic
data combined via Kalman filter). (a) “fastCMT” and slip
inversion results from GNSS data only. Green circles are the
point sources superimposed to compute the line source of
CMT solutions, the final averaged solution shown as
fastCMT, and the Global CMT solution (GCMT) shown
for comparison. The inset shows the moment release from
the line source as a function of distance along fault. Shown
along the fault interface with 10 km depth contours from the

Slab 1.0 model (Hayes et al. 2011) is the result of the slip
inversion; the blue lines represent the direction of slip. The
triangles indicate the locations of all the GPS/accelerometer
stations used for computing the slip inversion and CMT
solution. (b) Difference between slip inversions computed
using seismogeodetic displacements compared to the inver-
sion carried out using the GPS-only derived displacements.
Red indicates more slip with the seismogeodetic solution,
and blue indicates more slip with the GPS-only solution.
(Fig. 2 from Melgar et al. 2013)
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