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Consistent Estimates of Tsunami Energy Show Promise for Improved Early Warning

V. TITOV,1 Y. Tony SONG,2 L. TANG,1’3 E. N. BERNARD,I Y. BAR-SEVER,2 and Y. Wer'?

Abstract—Early tsunami warning critically hinges on rapid
determination of the tsunami hazard potential in real-time, before
waves inundate critical coastlines. Tsunami energy can quickly
characterize the destructive potential of generated waves. Tradi-
tional seismic analysis is inadequate to accurately predict a
tsunami’s energy. Recently, two independent approaches have been
proposed to determine tsunami source energy: one inverted from
the Deep-ocean Assessment and Reporting of Tsunamis (DART)
data during the tsunami propagation, and the other derived from the
land-based coastal global positioning system (GPS) during tsunami
generation. Here, we focus on assessing these two approaches with
data from the March 11, 2011 Japanese tsunami. While the GPS
approach takes into consideration the dynamic earthquake process,
the DART inversion approach provides the actual tsunami energy
estimation of the propagating tsunami waves; both approaches lead
to consistent energy scales for previously studied tsunamis.
Encouraged by these promising results, we examined a real-time
approach to determine tsunami source energy by combining these
two methods: first, determine the tsunami source from the globally
expanding GPS network immediately after an earthquake for near-
field early warnings; and then to refine the tsunami energy estimate
from nearby DART measurements for improving forecast accuracy
and early cancelations. The combination of these two real-time
networks may offer an appealing opportunity for: early determi-
nation of the tsunami threat for the purpose of saving more lives,
and early cancelation of tsunami warnings to avoid unnecessary
false alarms.

Key words: Tsunami energy, GPS network, DART system,
early warning.
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1. Introduction

Recent tsunami tragedies have suggested clearly
that a better way to detect tsunami strength is needed
for early warnings. Traditional tsunami warning
systems had predicted tsunami strength based on the
magnitude of the generating earthquake. Unfortu-
nately, these predictions had been largely
inconsistent, resulting in inaccurate early warnings
and numerous false alarms, as highlighted by Bernard
and Titov (2015). Kanoglu et al. (2015—see p. 17,
item 4) also emphasize the problem of tsunamigenic
events with smaller earthquake magnitude, which
creates another difficulty for seismic-based tsunami
hazard analysis.

The two largest tsunamis of the 21st century, the
2004 Indian Ocean tsunami and the 2011 Tohoku
tsunami, were initially underestimated based on early
earthquake estimates. The December 2004 Sumatra—
Andaman earthquake produced the most disastrous
tsunami in history. However, the earthquake magni-
tude was initially determined as 8.0, which would
indicate an insignificant ocean-wide tsunami threat. It
took more than 4 h to update the seismic-based
earthquake magnitude to 8.9 (ten times larger energy
release), which would signal a significant tsunami
threat. By that time, most of the 230,000 lives had
been lost in this tsunami as the waves spread across
the Indian Ocean. Although no tsunami warning
system existed in the Indian Ocean in 2004 to use
these tsunami threat indicators, such earthquake
underestimates would be problematic for any opera-
tional tsunami warning system. Unfortunately,
history repeated itself during the next mega tsunami.
On March 11, 2011, a very sophisticated tsunami
warning system with ample seismic data estimated
the Tohoku earthquake magnitude quickly (in some
cases seconds after the shaking), to be 7.9. A more
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realistic estimate of the magnitude was 8.8 (differing
by the same factor of 10 in the earthquake energy)
obtained about 1 h later, again, after waves had
already flooded Japan’s coastlines. More lives could
have been saved, had the size of the tsunami been
determined earlier in the tsunami warning process
(Ando et al. 2011).

In addition, the magnitude of the third largest
earthquake of the century, the 2010 Chile event, was
determined to be the final Mw 8.8 about 1 h after the
shaking, again, after the tsunami waves were already
inundating coastlines of Chile. Initial earthquake
magnitudes determined after 7 min varied from 8.3 to
8.5, about 2-3 times smaller in magnitude estimates.

The problem is not limited to largest earthquakes
only. Tsunami assessments of many smaller earth-
quakes based on seismic magnitude have been
inconsistent; for example, the first four earthquakes in
Table 1.

Each of the first four events generated tsunami
warnings, and some outright local panic, but no wide-
spread damage or tsunami-related casualties were
reported. On the other hand, two relatively weak
earthquakes (6 and 7 of Table 1) generated unex-
pectedly large tsunamis (a typical characteristic of a
tsunami earthquake) that killed about 600 and 30
people, respectively.

Historically, tsunami warnings based on the
earthquake magnitude have not been very successful
(see for example Kanoglu et al. 2015; Titov et al.
2011). According to the 2006 US Government
Accountability Office report, an unacceptable 75 %
false alarm rate has prevailed in the Pacific Ocean
(GAO-06-519). The currently used earthquake-mag-
nitude-based-method for early warnings has two

Table 1
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shortcomings. First, early estimates of an earthquake
magnitude within a few minutes after the quake are
inherently inaccurate. Magnitudes of large earth-
quakes are often finalized hours (e.g., 2011 Tohoku
tsunami, see Tang et al. 2012), days, or even months
(e.g., 2004 Indian Ocean tsunami, see Stein and Okal
2005) after the shaking started. This is due to com-
plexity of estimating full energy released by the
shaking, which may not be captured well by even
modern seismometers. For smaller earthquakes, lack
of nearby seismic data may lead to large uncertainties
in magnitude. So precise determination of the earth-
quake magnitude in the first few minutes is still a
challenge. Secondly, even when the magnitude of an
earthquake can be established quickly, this magnitude
does not necessarily correlate well with the size of a
resulting tsunami. Okal (2015) reached similar con-
clusions considering challenges of real-time and post-
event tsunami hazard assessments based on seismic
data. His analysis of 17 tsunami events since 2004
demonstrated mixed results of tsunami warning per-
formance based on earthquake magnitude analysis.
Specifically, ‘tsunami earthquakes’ were singled out
as one of the main challenges for real-time warning.
The ‘tsunami earthquake’ generates larger tsunami
than the seismic source magnitude would suggest.
Mild shacking of ‘tsunami earthquakes’ create prob-
lems for the magnitude
assessments, as well as for the near-field response
measures, since both of those depend on shaking
intensities. While improvements in both areas (seis-
mic analysis with W-phase and educating population
about duration of shaking) are evident, the large
uncertainties of real-time response during ‘tsunami
earthquakes’ remain to be a major challenge.

real-time  seismic

Examples of recent earthquakes, their magnitudes did not scale the resulting tsunamis

1 March 2005 Nias Island M,, 8.6
2 June 2005 West California M,, 7.2
3 May 2006 Tonga M, 8.0
4 April 2012 Sumatra M, 8.6
5 November 2006 Kuril Islands M, 8.3
6 July 2006 West Java Mw 7.7
7 April 2007 Solomon Mw 8.0

Over-warning (Okal 2015)

Tsunami warning for a strike-slip event. No coastal impact
Tsunami warning issued, no tsunami damage (Tang 2008)
Over-warning (Okal 2015)

Under-warning (Okal 2015)

Tsunami earthquake (Okal 2015). No early warning was issued out of

fear of false alarms (Jouhana and Paddock 2006)

Tsunami earthquake (Satake et al. 2013)
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Tsunami generation is different from the earth-
quake dynamics or rupture that can be measured by
seismic instruments. The earthquake magnitude is
proportional to the energy released by the earthquake
shaking, while the tsunami energy is measured by
how much the ocean water is displaced (Song et al.
2008). As a rule of thumb, the tsunami energy is only
a small fraction (typically, about 0.001) of the energy
released by the generating earthquake (Tang et al.
2012). Therefore, it is difficult to predict a tsunami’s
energy from the earthquake energy alone. Besides,
measurements of earthquake shaking (seismic data)
do not capture other tsunami generating processes,
such as slumps.

The difficulty of establishing fast and robust
measures of a tsunami’s potential impact has been
long recognized by tsunami research. Initially, tide
gauge records and post-event surveys were the only
non-earthquake measures of tsunami intensity. Sev-
eral tsunami intensity and magnitude scales based on
these coastal tsunami data have been proposed (e.g.,
Sieberg 1927; Imamura 1942; Tida 1956; Ambraseys
1962; Papadopoulos and Imamura 2001). However,
none of the proposed tsunami intensity and magni-
tude scales based on these coastal tsunami
measurements has become practical tools, or has been
accepted as reliable objective assessments. Two main
reasons are: (1) tsunami run-up heights are dominated
by local coastal morphology, which makes it very
difficult to interpret as a global measure of tsunami
impact, and (2) coastal data are of limited forecast
value for early local warnings. Realizing these limi-
tations, Murdy and Loomis (1980) proposed to use
the tsunami potential energy for estimating a tsunami
size. They argued that an energy scale, based on
moment magnitudes or deep-ocean tsunami mea-
surements, unambiguously provide an
objective and quantitative means of expressing the
tsunami threat. Unfortunately, there was no technol-
ogy to measure tsunamis in the deep ocean at that
time and moment magnitudes have not provided the
accuracy needed for real-time warnings.

Recently, two practical approaches based on
coastal GPS data (Song 2007) and deep-ocean
tsunameter measurements (Tang et al. 2012) have
been proposed for determining tsunami energy.
Method 1 uses an innovative approach to determine

would
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tsunami energy and scales directly from coastal GPS
network for early warnings (see Figs. la, 2b). The
GPS approach focuses on estimating tsunami source
(potential and kinetic) energy directly from coastal
GPS-measured seafloor motions (Song 2007; Song
et al. 2012; Xu and Song 2013). Particularly, Song
(2007) argued that GPS-derived seafloor motions are
the earliest indicators of the tsunami potential, since
their estimation directly relates to the mechanism that
generates tsunamis. The drawback of this approach is
that the predicted tsunami size cannot be confirmed
by GPS measurements alone and, therefore, may
carry significant uncertainties. Method 2 uses
NOAA'’s operational tsunami propagation model to
estimate tsunami energy during the tsunami propa-
gation by assimilating real-time deep-ocean tsunami
measurements from Deep-ocean Assessment and
Reporting of Tsunami (DART or tsunameter) stations
(Fig. 1b). Tang et al. (2012) showed that the DART-
derived energy estimate was available within 56 min
of the time of generation during the 2011 Japanese
tsunami. During the real-time assessment of the
September 16, 2015 Chile tsunami, the earliest esti-
mate of tsunami energy, which differs only by
2-13 % to the final estimates, was obtained with the
first quarter-wave of DART recording 40 min after
the earthquake (Tang et al. 2015). The main draw-
back to this method is that a DART station must first
measure the tsunami to estimate the energy. There-
fore, the proximity of the nearest DART station to the
earthquake determines how soon the estimate is
available.

Both methods are real-time estimation and can
become operational for early warnings. They are
independent of each other in methodology and based
on different observational systems: one inverted from
the real-time deep-ocean DART data during a tsu-
nami propagation, and the other derived from the
land-based GPS measurements during tsunami gen-
eration. Therefore, these methods can potentially
compliment each other to provide faster and more
accurate measure of tsunami energy, if used together.
Two important issues will be discussed in this paper:
(1) do both methods estimate similar energy for a
given tsunami, and (2), can the methods be used in
combination to improve early warnings? In the next
section, the two methods will be compared for
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Figure 1
The land-based GPS and ocean-based DART networks. a NASA global differential GPS (GDGPS) tracking sites (green dots) and other
continuously processed GPS sites (blue dots), which become increasingly available in real-time. b The global DART network system
operating by nine countries

estimating the energy of the 2011 Japan tsunami. In offers a summary and discussions. Technical details
Sect. 2, discussion focuses on the practical issues of are provided in Appendices 1 and 2 or through sup-
tsunami energy determination. The final section plemental online materials.
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2. Tsunami Energy Determinations

The 2011 Japan tsunami provided sufficient GPS
data and DART measurements to assess GPS- and
DART-derived energy estimates. To evaluate con-
sistency of energy estimates of both methods and
avoid additional uncertainty of different tsunami
propagation models, we have simulated correspond-
ing tsunamis with the same MOST tsunami model
(Titov and Synolakis 1995, 1998; Titov and Gonzalez
1997). Figure 2a, b shows the initial conditions for
the DART- and GPS-derived sources, respectively.
As shown in Fig. 2a, the maximum initial sea-surface
elevation of the DART source is 10.3 m. This tsu-
nami initial condition is based on the pre-determined
earthquake source divided into 100 km by 50 km
cells along the fault (Tang et al. 2012). The seafloor
deformation is considered to be identical to the sea-
surface elevation. Differently in Fig. 2b, the GPS
source has both initial seafloor deformation and
velocity, with a maximum initial seafloor deforma-
tion of 6.8 m and horizontal velocity of 0.52 m/s,
respectively. The horizontal velocities are derived
from GPS displacements (Song 2007; Song et al.
2012) and indicated by blue arrows in Fig. 2b. The
vertical deformation of seafloor is consistent with the
frontal wedge uplift of 5 m, measured by Ito et al.
(2011) near the source region, plus a contribution of
the slope displacement (Tanioka and Satake 1996).
Note that the GPS source changes during the earth-
quake rupture process over the first few minutes of
tsunami generation. However, for simplicity, both
sources (or initial conditions) have been applied to
the MOST model instantaneously. As a result, the
initial GPS source energy computed with this MOST
simulation is slightly different from the estimates
published by Song et al. (2012). Figure 2c, d shows
the computed maximum tsunami amplitude in the
near-field from the two sources. The figures demon-
strate that the differences in maximum amplitude
patterns are limited mostly to the near-source area.
For example, areas with greater than 2 m difference
in maximum amplitude are between 37.6 and 38.9°N
(140 km wide). For differences greater than 5 m,
those areas are between 38.12 and 38.49°N (42 km
wide). Despite these differences, impacts of modeled
tsunamis from the two sources on the Japanese
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coastline and their propagation patterns in the far
field are fairly similar, with only few locations of
significantly different amplitudes. As will be dis-
cussed later, comparisons with DART and coastal
tide gauge data in both near and far fields also show
that the source differences have little effect on the
maximum wave amplitude at those locations.

The comparisons of the two simulated tsunamis at
both near-field stations (Fig. 3) and the 30 DART
stations (Fig. 1b) demonstrate the similarities of the
tsunami propagation dynamics for both sources. In
Fig. 4, we compare the two simulations with time
series at deep-ocean DART stations. It can be seen
that the waves in the far field are not very sensitive to
details of the initial ocean surface deformation, as
long as the total energy and the general source
location are correctly determined. This further con-
firms that tsunami energy is a critical source
parameter. Smaller-scale details, such as the exact
ratio of kinetic energy (KE) and potential energy (PE)
at the initial stage, are of second order importance for
the characterization of tsunami propagation in the far
field. As pointed out in Tang et al. (2012), the tsu-
nami propagation is strongly affected by the seafloor
topographic features. Degueldre et al. (2016) also
point out importance of topographic features. The
comparisons at 33 far-field coastal tide stations
(supporting online materials Figures S1, S2) also
reinforce the above conclusions.

Figure 5 shows the model-data comparisons at 12
near-field NOWPHAS GPS buoys and wave gages
along Japan coasts (locations can be found in Fig. 3).
In general, the two sources produce similar wave
amplitudes except at the two stations 801 (5) and 803
(4), where the GPS source significantly overestimated
the first wave. Stations 801 and 803 are closest to the
earthquake epicenter. The measured maximum (also
the first) wave is 5.8 and 5.7 m at the two stations,
while the GPS source shows 17.7 and 9.3 m,
respectively (with an error of 200 and 68 %,
respectively). The DART source shows 7.7 and 5.3 m
at the two stations (with an error of 32 and —7 %,
respectively). Some of the differences may be caused
by the seafloor subsidence due to the earthquake. The
differences demonstrate sensitivity of the GPS
inversions to small-scale details of the tsunami source
that manifest themselves at locations in the
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<«Figure 2
Initial bottom deformations of the a DART- and b GPS-derived
tsunami sources for the 2011 Japan tsunami. Arrows in ¢ are the
initial velocity of the GPS source. Maximum computed offshore
amplitudes were plotted in ¢ for the DART source and d for the
GPS source

immediate proximity to the source. In addition, the
complex bathymetry around station 801 may also
contribute to the larger error. Another notable differ-
ence is the sign of the first wave amplitude at some
coastal locations. DART-derived model results show
larger negative amplitude of the leading wave when
compared with GPS-derived solution and with
observations.

Nevertheless, the later waves modeled by both
sources are in good agreement with the observations
for both amplitude and wave period. This is consis-
tent with previous theoretical and laboratory
conclusions that asymptotic (beyond 20 times of the
water depth or about 100 km from the source for an
average ocean depth of 5 km) wave trains are
insensitive to source details (Fig. 5 of Hammack and
Segur 1974). More recent modeling studies of tsu-
nami propagation (Titov et al. 2005; Satake et al.
2013; Okal and Synolakis 2016) emphasized even
stronger influence of tsunami propagation dynamics
on waves signal at coastlines. The results indicate that
it is the local bathymetry, coastline shape and tsunami
dispersive qualities rather than the details of the
remote source that determine the later waves in the
mid- or far-field. This conclusion suggests that it may
be difficult to determine details of forcing mechanism
of tsunami (or the tsunami source) just from mid- and
far-field observations (Song et al. 2005). It is still
challenging to obtain enough near-source observa-
tions, particularly in real time, to validate the two
competing tsunami forcing mechanisms (Song and
Han 2011). Fortunately, our present study demon-
strates a practical method to focus on their consistent
energy scale rather than the source details for early
tsunami warnings.

Figure 6a, b shows the inundation comparisons at
Sendai, Japan and Kahului, Hawaii, respectively.
Similar high-resolution tsunami flooding estimates
are slowly becoming standard tsunami warning
products for many coastlines thanks to the
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advancement in the internet and advancement in
computer modeling (Titov et al. 2011). The results
illustrate the consistency of the tsunami impact to the
coastal areas for the two sources. Sendai was one of
the most severely inundated areas in Japan during the
2011 tsunami. Both sources accurately reproduced
the inundation limits (Fig. 6a). There are several
reasons: (1) the tsunami travel time to Sendai is about
1 h after the earthquake origin time (Tang et al.
2012), while it takes no more than half an hour for the
conversion of total tsunami energy (Et) to wave
energy for both DART and GPS sources. In other
words, Sendai is located outside the area that is
sensitive to the source details. (2) The dominant
influence of topography (in addition to bathymetry)
on inundation further diminishes the influence of
source differences. (3) As pointed out by the near-
field modeling study in Wei et al. (2013), later waves
arrived more than 2 h after the tsunami generation
caused the greatest penetration of inundation at some
locations in Sendai. We have seen that the later
waves from the two sources are quite similar (Figs. 3,
4). At Kahului, Hawaii, detailed inundation obser-
vations are not available. However, examination of
damage survey video taken from a helicopter at
daybreak on March 12, 2011 (https://www.youtube.
com/watch?v=qRZvK7FG020) revealed good quali-
tative agreement with the forecasted flooding. In
coastal areas with relatively steep slope, the two
sources produce nearly identical inundation. In areas
with flat slope, such as the flat areas and the lagoon to
the southeast of Kahului Harbor, the DART source
produced a slightly greater area of inundation. In
summary, similar incident waves produce similar
inundation pattern at the given location.

Energy estimates may be applicable to all kinds of
tsunamis caused by landslides, volcanoes, asteroid
impacts and other generation mechanisms, because
energy is a common quantity. Regardless of the
forcing mechanisms, the ocean must receive enough
energy to generate tsunamis. Detecting the source
energy transferred to the ocean is the key to the
determination of tsunami hazard potential (Morgan
2011). Formulations for calculating the source energy
have been detailed in Song (2007), Song et al. (2008)
and Tang et al. (2012) and are also described briefly
in the Appendices 1 and 2.
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NOWPHAS wave gage
] NOWPHAS GPS buoy
Tsunameter

Figure 3
Locations of the NOWPHAs wave gages and GPS buoys in near-field

Using the formulations, we have compared energy
of previously studied tsunamis listed in Table 2. We
have included earthquakes with magnitude greater
than 8 that have been analyzed using both considered
methodologies. Figure 7 illustrates the two tsunami
energy estimates for each event, with the events
ordered by earthquake magnitude. The figure illus-
trates once again that the earthquake magnitude is not
a good predictor of the tsunami energy. For example,
events from Mw 8.0 through Mw 8.7 show tsunami
energy comparable within the uncertainty of esti-
mates, while the earthquake energies differ by one
order of magnitude. The figure also shows that the

two approaches are consistent in estimating tsunami
energy; however, the differences in some cases are
substantial. The differences appear to be related to the
quality of the data used for the estimates. Larger
discrepancies are for those earthquakes where GPS or
DART data were insufficient. Among all these cases,
the 2011 Japanese tsunami gives the closest com-
parison because this event provides high-quality land
GPS and DART data for those calculations. There-
fore, we consider this study as showing promising
consistency for real-time tsunami energy estimation.
If these two approaches are used in tandem, they may
provide consistent assessment of tsunami hazard,
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Figure 4

Observed and modeled tsunami amplitude time series at deep-ocean DART stations (Figs. 1b, 3) for the 2011 Japan tsunami. Red and cyan
lines are computed from the DART- and GPS-derived sources, respectively

earlier and more accurately than other existing
methods. An early test of these two approaches (e.g.,
Gusman et al. 2012; Wei et al. 2014) for the 2011

nami source.

Japanese tsunami showed that the GPS and DART
data could be used jointly for estimation of the tsu-
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Figure 5
Observed and modeled tsunami amplitude time series at nearshore NOWPHAS GPS buoys and wave gages (Fig. 3). Red and cyan lines are
computed from the DART- and GPS-derived sources, respectively. The maximum crests of the observation, DART and GPS sources are listed
after “max=""in each figure
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3. Summary and Conclusions

In this study, we have investigated the consis-
tencies of the two independent approaches for
tsunami energy determinations: one from the land-
based GPS measurements and the other inverted from
the ocean-based DART data. Because of the high-
quality GPS and DART data, the 2011 Japan tsunami
has been used as the benchmark for the comparison.
The GPS-derived source was assimilated into
NOAA'’s operational tsunami forecast system to
evaluate its potential application for tsunami fore-
casting. The 2011 Japan tsunami provides the best
available and comprehensive tsunami and GPS data
comparison to date.

While the GPS-derived source takes into consid-
eration the dynamic earthquake process, the DART-
inverted source assumes instantaneous ocean surface
displacements and zero initial velocity. Nevertheless,
the tsunami source energy is similar for both
approaches. They provide consistent results for
coastal water level stations, for DART locations, and
for flooding estimates in the near and far fields. The
study shows the ability of GPS-derived source to
properly estimate the tsunami wave energy early in
the tsunami generation stage. The results also indicate
that GPS-derived source details may lead to incon-
sistencies with tsunami measurements in some areas,
especially in the near-field. Therefore, it is important
to use the DART-derived source based on direct
to further quantify and
improve accuracy of the propagating wave energy,
since it is the tsunami wave energy at the propagation
stage that determines coastal impacts.

Both GPS- and DART-derived tsunami energy
estimates can be achieved in real time and can be
used for the real-time tsunami threat assessment as
long as sufficient data from nearby GPS and DART
stations are available. As shown in Fig. 1, there are
several locations in the world today where the posi-
tion of coastal GPS stations and DART stations can
provide tsunami energy estimates within 20 min.
Clearly, more GPS and DART stations will be
required to expand the locations where quick energy
estimates can be achieved to provide useful real-time
assessment for coastal communities. By combining
these two real-time networks and the two source

tsunami measurements,
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Inundation comparisons at a Sendai and b Kahului for the 2011
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inversion methods demonstrated here,
potentially improve tsunami early warnings effi-
ciency and forecast accuracy through more rapid and
accurate tsunami energy estimates. One shortcoming
of the DART inversion approach is the time required
for a tsunami traveling to the nearest DART station,

we can
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Table 2

Tsunami-source energy based on GPS and DART measurements

Earthquake and magnitude

Tsunami energy (J) (Et)

GPS DART
1964 Alaska 92 8.2 x 1012 42 x 10"
2004 Sumatra 9.1 6.0 x 10" 1.6 x 10"
2005 Nias Island 8.7 2.8 x 10"

2006 Tonga 8.0 7.3 x 101
2006 Kuril 8.3 1.2 x 10 6.2 x 10"
2007 Kuril 8.1 22 x 10"
2009 Samoa 8.1 3.5 x 10" 1.2 x 10"
2010 Chile 8.8 6.5 x 10" 1.6 x 10"
2011 Japan 9.0 32 x 10" 3.0 x 10"

# Using seismic or tidal data (GPS or DART data not available). See details in Song (2007) and Tang et al. (2012)
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Figure 7

Tsunami-source energy based on GPS and DART measurements for past events. Seismic or tidal data were used when GPS or DART
unavailable (see Table 2 for details)

which may take hours for some tsunami sources with
existing DART array (Bernard et al. 2014). New
DART 4G could provide faster detection but that
system is still being tested and is not operational yet.

The shortcoming of the GPS-based tsunami

assessment is the fact that multiple GPS stations
should be in the immediate proximity of a tsunami
source where substantial crustal deformations occur.
If GPS-derived tsunami sources are computed within
few minutes (in places where sufficient GPS stations
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exist) and complement DART inversions, the com-
bination of these two methods could provide the
following advantages for future tsunami forecast:

1. Improve near-field early warnings and save lives.
About 99 % of tsunami victims are local. The
GPS-based inversion can directly estimate seafloor
displacements, aiming to predict tsunami energy
as quickly as 5 min following the earthquake and
enabling an early alert to local communities.

2. Reduce false alarms and increase reliability. To
avoid possible bias from the land-based GPS
measurements of the earthquake, the DART
measurements can be used to derive tsunami
estimates based on direct tsunami observations to
verify and improve the GPS-aided initial energy
estimates and forecast.

The combination of the two real-time networks
for tsunami early warnings is different from the
currently used earthquake-magnitude-based-method
using seismic data, by tsunami warning centers in
Japan, Europe and Indonesia. Our research shows
potential of using both data and data-derived tsunami
energy for the early tsunami warning applications.
The combination of the GPS data with the existing
DART network can provide an effective and inex-
pensive solution for early detection of tsunami
hazards to save lives with early forecast and warning
and for early cancellation of tsunami warnings to
avoid unnecessary false alarms.
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Appendix 1: GPS Method

The Global Navigation Satellite System (GNSS)
(including American GPS, Russian GLONASS,
Chinese Beidou, European Galileo, Japanese QZSS,
and Indian IRNSS) will soon emerge as a practical
technology for monitoring, forecasting and rescue
management and future planning. By 2020, there will
be over 160 GNSS satellites broadcasting over 400
signals across the L-band, nearly double the number
today at any location. Currently, there are increasing
numbers of dense GNSS networks with hundreds of
stations that can and do provide real-time data in
coastal regions that have a history of great tsunami-
genic earthquakes, including the Cascadia subduction
zone, the Japanese archipelago, and the Southern
American trench. This represents an untapped new
valuable data source for tsunami and earthquake early
warning.

NASA has funded the early development of a
prototype real-time GPS-based rapid earthquake and
tsunami characterization system (http://www.nasa.
gov/topics/earth/features/tsunami-20080117.html).
Real-time GPS data, in various forms and processing
stages, were primarily from the NASA Global Dif-
ferential GPS System (GDPS—http://www.gdgps.
net). With 150+ real-time GPS receivers, it is the
world’s largest globally distributed, centrally man-
aged real-time GPS network. The GDGPS system is a
high accuracy GPS augmentation system, developed
by JPL, to support the real-time positioning, timing,
and orbit determination requirements of NASA sci-
ence missions. Its real-time products are also used for
GPS situational assessment, natural hazard monitor-
ing, emergency geolocation, and other civil and
defense applications.

The utility of GPS data for earthquake magnitude
determination and for tsunami monitoring was
demonstrated by Blewitt et al. (2006) who showed
how the correct magnitude of the 2004 Sumatra
earthquake could have been determined in near real
time by complementing the seismic data with mea-
surements from relatively few GPS tracking sites.
Song (2007) demonstrated that coastal GPS stations
are able to detect continental slope displacements of
faulting due to large earthquakes and the GPS-de-
tected displacements are able to estimate the


http://www.nasa.gov/topics/earth/features/tsunami-20080117.html
http://www.nasa.gov/topics/earth/features/tsunami-20080117.html
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disturbed oceanic energy and tsunami scales within a
few minutes after the quake. This innovative method
has been successfully tested in a NASA pilot pro-
gram—the GPS-aided Real-Time Earthquake and
Tsunami (GREAT) Alert System, during the events
of the 2010 Chilean M 8.8 earthquake and associated
tsunami (NASA release 2010: http://www.nasa.gov/
topics/earth/features/tsunami_prediction.html;  Nar-
anjo 2013). The basic steps are the following: (1)
locate an earthquake epicenter from seismometers (a
few minutes after an initial earthquake); (2) collect
near-field GPS-derived land velocities and infer the
seafloor motions (a few more minutes of latency are
possible); and (3) calculate the tsunami energy based
on the GPS-predicted seafloor motions and local
topography. For locations with real-time GPS coastal
station and an earthquake model that includes local
topography, the time to estimate the tsunami energy
could be as little as 5 min after earthquake origin
time. This approach was further tested after the 2011
Japan tsunami (Song et al. 2012; Xu and Song 2013).

For completeness, here we briefly describe the
GPS approach. Notice that GPS stations only measure
near-source ground motions of faulting, not the
undersea ground motions that generate tsunamis.
Therefore, the seafloor displacements due to the
earthquake have to be derived from near-source GPS
measurements. Although sophisticated GPS-inver-
sion models have been explored using the shear and
tensile fault theory in a half-space (Okada 1985), for
tsunami prediction, we only need the seafloor (sur-
face) displacements. Because great earthquakes cause
large-scale ground motions, the coastal GPS-mea-
sured displacements are part of the major motions at
the fault. Therefore, the seafloor displacements can
be projected or extrapolated from the near-source
GPS measurements. For tsunami early warnings, time
is of the essence. To get the tsunami source from the
real-time GPS measurements without delay, Song
(2007) formulated an empirical profile extrapolation
to project the seafloor displacements.

The formulation is as follows. Let (AE;, AN)) be
the near-field GPS offsets (horizontal displacements)
in the eastward and northward direction, respectively,
where A represents a small increment. The subscript j
labels the GPS stations alongshore (parallel to the
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fault line), but only for those closer stations. For each
J station, a cross-shelf section through the station,
usually perpendicular to the fault, is identified. The
seafloor displacements along the cross-shelf section
are modeled to follow an empirical profile until the
frontal edge of the fault (the trench):

AE(r) = AE; exp(rj2 -+ Aej (1)

AN(r) = AN; exp(rj2 — 1) + Anpy (2)

AU(r) = o/ AE(O) + AN(0)?

<ot -\ [Leot-n} o)

Here, r = d/W is the normalized distance such
that » = O on the fault line and r = r; at the j-th GPS
station and, d is the physical distance from the fault
line perpendicularly, and W is the mean distance of
the GPS stations from the fault. An empirical value of
W = 320 km is used for the 2004 Sumatra and 1964
Alaska earthquakes and 250 km for the 2011 Tohoku
earthquake. If more GPS stations are available (be-
sides the j labeled stations), a least-square fitting
between the model results and the data is used for
(Aejn, Anjp) to correct the projection, where the j2
represents the extra GPS stations. The vertical
uplift/subsidence is determined from the horizontal
displacements by conserving mass such that the uplift
volume equals the subsidence volume, in which the
non-dimensional constant a = 1.5 is used. Notice
that r represents a dimension in the cross-shore
direction, while j gives the other dimension in the
along shore direction. Once the seafloor displace-
ments are derived from the GPS measurements, they
are then interpolated onto a grid over the fault area,
which is defined by the source model.

As seawater is almost incompressible, the vertical
displacement of seafloor in each increment would
result in a similar motion on the sea-surface because
water particles over the fault area cannot flow away
before being pushed up. In addition, the horizontal
displacements of slope also contribute vertically to
the sea-surface deformation (Tanioka and Satake
1996). The total sea-surface perturbation due to the
vertical motion (the vertical acceleration of water
particles) in each increment is


http://www.nasa.gov/topics/earth/features/tsunami_prediction.html
http://www.nasa.gov/topics/earth/features/tsunami_prediction.html
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An = Ah =AU + AE X hy + AN X hy, (4)

where 1 is the sea-surface elevation from the mean
sea level, h is the water depth, A represents a small
increment, and h, and h, are the eastward and
northward slopes of the subfault surface, respectively.
The tsunami potential energy gained by the ocean in
each increment is
An?
APE:gxprxAxxAy, (5)
where g is the gravity acceleration and p is the water
density. The total accumulated potential energy is the
integration of Eq. (5) over the whole faulting area and
within the period of rupture time.
To determine the kinetic energy transferred from
a moving slope, we need the displacement velocity of
the seafloor. Since each increment of the displace-
ments has been achieved within a time interval of At
s, the three-dimensional motion (velocity) of a sub-
fault can be obtained by (AE, AN, AU)/At. The
vertical acceleration of water particles does not con-
tribute to the tsunami propagation; however, the
resultant sea-surface perturbation would give the
ocean potential energy, which has been accounted for
in Eq. (5). The accelerated horizontal velocity of
water particles in the vicinity of moving slopes can be
written as:
AE/At, —h<z< —R,=h—min{h,L|h,|}
Aup(z) = { .
0, otherwise
(6)

Avy(2) = AN/At, —h<z< —Ry,=h—min{h,L|h|}
b= 0, otherwise

(7)

Here, ¢ is the rise-time of the subfault, z is the
vertical coordinate, and Ly is the effective range of
the horizontal motion (Song et al. 2008). The tsunami
kinetic energy gained by the ocean in each second
due to the horizontal motion is

AKE:px%(AuiJrAvi) x Az x Ax x Ay (8)

where Az is the vertical grid size in the bottom layer.
The total accumulated kinetic energy is the integra-
tion of Eq. (8) over the whole faulting area and within
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the period of rupture time. The sum of integrating
Egs. (5) and (8) gives the total tsunami source energy

(E1):

Er =) APE+) AKE (9)
ij ik
where the i, j, and k indicate the horizontal and ver-
tical grid, respectively.

Appendix 2: DART Method

The National Oceanic and Atmospheric Admin-
istration (NOAA) has developed a tsunami forecast
system assimilating real-time tsunami measurements
from Deep-ocean Assessment and Reporting of Tsu-
nami (DART) stations (http://www.ndbc.noaa.gov/
dart.shtml/) for more accurate tsunami warnings
(Titov et al. 2005; Titov 2009; Bernard and Titov
2015). The forecast system integrates three key
components, the DART data, the pre-computed tsu-
nami propagation database, and high-resolution, site-
specific flooding forecast models. They correspond to
the three distinct stages of tsunami evaluation: gen-
eration, propagation and coastal run-up. Together,
these components provide a full forecast capability.
Presently, the DART network is composed of 63
stations, and is globally owned by nine countries
(Fig. 1b). The propagation database has 1990 unit
scenarios covering the most active subduction zones
in the Pacific, Indian and Atlantic Oceans. High-
resolution flooding forecast models have been
developed for 75 US coastal communities (54 in the
Pacific, 21 in the Atlantic/Caribbean).

The tsunami forecast system has been tested with
40 past tsunamis and has shown good accuracy when
compared with observed tsunami amplitude time
series at tide gauges, particularly for destructive
tsunami waves (Titov et al. 2005; Titov 2009; Wei
et al. 2008, 2012; Tang et al. 2008, 2009, 2012, 2015;
Bernard et al. 2014). The NOAA system is designed
to predict tsunami flooding, but not all tsunamis
produce flooding. However, during the 2011 Japanese
tsunami the NOAA forecast system correctly pre-
dicted flooding at Kahalui, Hawaii 4 h before the
tsunami arrived. Another feature of the NOAA
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Center for Tsunami Research (NCTR) forecast sys-
tem is to quickly estimate the tsunami energy. The
total energy transmitted by tsunami waves is one of
the most fundamental macroscopic quantities for
quickly estimating the potential impact of a tsunami.
As shown in Fig. 1b, DART stations are strategically
positioned close to subduction zones throughout the
world’s oceans, where they detect tsunamis within
1 h of most tsunamis generated. In 2012, Japan
installed three additional DART stations (Fig. 1)
close to the Japanese coastline. With these additional
stations, the December 7, 2012 Japanese tsunami
energy could have been estimated within 20 min after
the earthquake origin time (Bernard et al. 2014).
The DART inversion approach exploits the simple
linearity assumption of tsunami propagation to cir-
cumvent the large uncertainties in earthquake
sources. Wave dynamics of tsunami propagation in
deep-ocean are assumed to be linear (Mei et al. 2005;
Kanoglu and Synolakis 2006; Liu 2009). Therefore, a
propagation scenario () can be decomposed into a
superposition of a subset of source units (/):

N
h=>oh (10)
i=1

h is the tsunami amplitude, 4; is the tsunami amplitude
of the i-th source unit, ¢; is the i-th coefficient, N is the
total number of source units used. A source unit #; is a
unit propagation scenario that could be generated by
an earthquake, a landslide or other type of sources.
Currently, each source unit %; in the forecast system
represents a unit propagation scenario generated by a
typical Mw 7.5 subduction earthquake. It is modeled
as the instantaneous rupture of a single rectangular
fault plane characterized by pre-defined parameters
described the location, orientation and rupture of the
plane (Gusiakov 1978; Okada 1985). Each source unit
has predefined parameters of length 100 km, width
50 km, slip 1 m and rake angle 90°. Other parameters,
including depth, dip angle, and strike angle, are
location-specific (Titov et al. 1999; Gica et al. 2008).

The DART-inverted tsunami source refers to the
source scenario or the synthetic propagation scenario
(n) from a superposition of source units (k) that gives
a best fit to the observed tsunami amplitude time
series (1ops) in deep ocean:
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N
Hops = N T 1€8; = Z o;h; + res; (11)
i=1

N 2
ZI‘CS? = Z("obs - 71)2: Z ("obs - Z O‘ihi>
i=1
(12)

Nobs 18 the observed tsunami amplitude in deep ocean,
res, is a residual term between the observation and
model. o; was estimated using the least squares
method (Eq. 12), e.g., minimizing the sum of the
squared residuals (Percival et al. 2011).

The Method Of Splitting Tsunami (MOST)
model, a suite of finite difference numerical codes
based on the long-wave approximations (Titov and
Synolakis 1998; Titov and Gonzalez 1997; Synolakis
et al. 2008), is used to compute the tsunami propa-
gation caused by source units:

oh 0O

d
5 Tt Dt [(h+d)v=0  (13)

dy
Ou Ou  Ou  Oh Crulu|
a ey T B hra (Y
ov.  dv v oh  Cpv|ul
SLOTIPASIATIN LA G A I NG &
a ' ey %y hta D)

where d is the undisturbed water depth, u = {u, v},
u and v are the depth-averaged velocities in the x and
y directions, respectively, g is the gravity accelera-
tion, f'is the Coriolis parameter, Cy = gn2/(h + d)m,
and n is Manning coefficient (assumed to be small
during deep-ocean propagation). In the MOST model,
these equations are solved numerically using the
splitting method (Titov and Synolakis 1998).

At a given time, the instantaneous tsunami wave
energy E is the sum of the kinematic energy, KE, and
the potential energy PE. It is computed as:

E =KE + PE (16)
where

KE = 0.5,0/(11 +d)(u® + v*)ds

s

PE = O.Spg/nzds

s
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p is the ocean water density and g is the gravity
acceleration coefficient. The integration is over the
propagation domain S.

Based on the zero initial velocities assumptions
according to the adopted elastic deformation model,
the tsunami energy, Et (the total energy transmitted
by the tsunami waves), is then computed as the dif-
ference between the potential energy from the initial
deformed body of water and that of the quiescent
state in the same basin:

Er =KE,_o+ PE,_o =0+ 0.5pg / néds  (17)

N

where 1o is the sea-surface elevation at the initial
stage (e.g., the initial ocean surface deformation).
Substituting Eq. (10) into Eq. (17), we have the
numerical formula:

2

N
Er = O.Sngsj Zdiho,i,j (18)
7 p

where j represents j-th wet grid node, s; is a cell area
corresponding to the j-th node, hy;; is the initial sea-
surface displacement from the i-th tsunami source
function at j-th node. More discussion on tsunami
energy can be found in Tang et al. (2012).
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