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Abstract Tsunami earthquakes produce some of the most devastating tsunamis. These rare events have
comparatively modest magnitudes but rupture the shallowest portion of a subduction zone megathrust with
exceptionally large seafloor displacements. Previous teleseismic observations found that they radiate seismic
waves weakly. They should therefore not be strongly felt in the near field, but to date no near‐source seismic
recordings of these events exist that confirm this. Here we analyze near‐field records of a tsunami
earthquake, the 2010 M7.7 Mentawai, Indonesia event, which show remarkably weak shaking. This is
strong evidence that this earthquake does indeed have a weakly radiating or inefficient source process, in
spite of its large slip. Finally, we find that, when combined with near‐source Global Navigation Satellite
System displacement recordings it is possible to correctly characterize tsunami earthquakes in real‐time and
to provide local tsunami warning which is currently out of reach today for monitoring agencies.

Plain Language Summary This study looked at seismometer and GPS data near a tsunami
earthquake—a moderate‐sized earthquake that produced a very large tsunami for its size. We found that
the seismic data infers the earthquake is small, but the GPS data are more in line with the size that the
earthquake actually is. This fits with our hypothesis that tsunami earthquakes happen in the really shallow
Earth near the seafloor, and break soft rock—so they do not create strong shaking (which is why the seismic
data think the earthquake is small), but they do still deform the nearby coastline (why the GPS think the
earthquake is more normal). The fact that it breaks the seafloor is why it produces such a large tsunami. This
means that we can use “near‐field” seismic and GPS data together to discriminate events as a tsunami
earthquake or not by the time they have ruptured, thus allowing us to issue local tsunami warnings for the
earthquake—something current algorithms cannot do.

1. Introduction

According to conceptual models of the depth‐varying properties of megathrust earthquakes (Lay et al., 2012),
“tsunami earthquakes” rupture the shallow‐most (<10–15 km) seismogenic region of a subduction zone
(Domain A, Figure 1) with large fault slip to the seafloor. In contrast, the majority of similarly sized earth-
quakes rupture the plate interface at greater depth within Domains B and C. Domain A is characterized by
very compliant (Bilek & Lay, 1999), fluid‐rich rocks with predominantly velocity strengthening frictional
properties (Faulkner et al., 2011) that rarely lead to coseismic rupture. When an earthquake does occur, rup-
ture is very slow (~1.0–1.5 km/s; Ammon et al., 2006; Lay et al., 2011) due to a low rigidity, but this does not
inhibit large slip. In fact, large slip is required in order to produce a given moment. Figure 1 shows a sche-
matic of this megathrust domain structure, with examples of well‐observed finite fault models from several
recent earthquakes in the same magnitude range (Jara et al., 2018; Melgar et al., 2017; Nocquet et al., 2017;
Yue et al., 2013; Yue et al., 2014), ~M7.6–7.8 (moment magnitude). Of these, only the 2010 Mentawai earth-
quake (Hill et al., 2012; Lay et al., 2011; Yue et al., 2014) is a “tsunami” earthquake. It slipped up to 20 m in
the shallow megathrust and does not at all rupture Domains B or C. In contrast, other similarly sized events
rupture the deeper domains, but with lower (~3 m) average slip.

Large shallow slip invariably leads to large displacements on the seafloor and very hazardous tsunamis. The
1992M7.6 Nicaragua, 1994M7.8 Java, 2006M7.7 Java, and 2010M7.8 Mentawai earthquakes are examples
of such events, which respectively produced up to 10, 14, 21, and 17 m of near‐field tsunami runup (Baptista
et al., 1993; Fritz et al., 2007; Hill et al., 2012; Synolakis et al., 1995). For their runup, the magnitudes of these
earthquakes are comparatively modest. Most megathrust events in this magnitude range produce only small
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(<1–2 m) or no tsunamis. This makes tsunami earthquakes challenging to identify as hazardous in the first
minutes, since there is a large discrepancy between the earthquake size and the associated hazard.

Rupture of weak rocks by tsunami earthquakes in Domain A is assumed to radiate seismic waves very inef-
ficiently. This has been seen clearly in the far field (Newman & Okal, 1998). The observation can be lever-
aged to identify the events with teleseismic recordings (Newman et al., 2011) by measuring their uniquely
low ratio of radiated high‐frequency energy to earthquake magnitude. This methodology requires far‐field
teleseismic broadband recordings which means it will not discriminate the event as a tsunami earthquake
until after inundation has occurred along the near‐source coast. For the 2010Mentawai earthquake, the final
approximate magnitude and its identification as a tsunami event was obtained 16.5 minutes after origin,
which was more than 9 min after the first observed tsunami inundation times (Hill et al., 2012; Newman
et al., 2011). Studies of the Mentawai earthquake have emphasized the need for new methods to detect
tsunami earthquakes in real‐time from near‐field data, to issue proper warning (Lay et al., 2011).

Near‐field recordings of shaking are required to confirm that the high‐frequency energy radiation deficit
during rupture is manifest in the near field as well. Then perhaps this can be leveraged to provide adequate
local tsunami warning. To date, there is little evidence of this diminished high‐frequency energy in the near
field. Eyewitness reports during the Mentawai earthquake (Hill et al., 2012) consistently suggest that the
event produced long‐duration, but gentle shaking, but no seismic recordings have existed. Here, we will
show previously unstudied strong motion recordings (Figure 2) that confirm the depletion of high‐frequency
shaking during a tsunami earthquake. With our current understanding of the rupture physics of tsunami
earthquakes and the concept of low high‐frequency energy radiation per event magnitude, we show that
it is possible to use near‐field data to discriminate the Mentawai event as a tsunami earthquake, and likely
other future events as well. This can be accomplished at least by termination of rupture (1–2 min) and prior
to tsunami inundation.

2. Data: Geophysical Observations

The 2010M7.8 Mentawai tsunami earthquake is the only one to have been observed with local and region-
ally distributed strong motion and High‐rate Global Navigation Satellite System (HR‐GNSS) data (Figure 2).
We anchor our analysis around it. Our approach is twofold. First, we compare the strong motion and

Figure 1. Schematic of megathrust rupture domains, with slip models from five representative earthquakes in the range
7.6 <M < 7.8. The center diagram is of a downgoing oceanic slab, modeled and demonstrates the paradigm of megathrust
rupture domains (Lay et al., 2012). The trench is labeled, as well as an arrow indicating the direction of subduction. Each
domain (A–D) is shaded a different color and shows unstable sliding regions as dark gray. The lighter gray region around
Domains B and C shows the area where most megathrust ruptures occur. The dashed area in Domain A shows the region
that is considered to rupture in tsunami earthquakes. Each slip model is labeled by its event name, year, magnitude, and
the domains it is considered to rupture. The color bars indicating amounts of slip are different for each event and featured
next to each slip model. Arrows from each slip model to the schematic indicate which domains the event is considered to
have ruptured. The white dashed lines are depth contours to the slab in 10‐km intervals from Hayes et al. (2018).
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HR‐GNSS recordings from the Mentawai earthquake to five megathrust events of approximately the same
magnitude, which have been well recorded at similar near‐field distances (2011 M7.9 Ibaraki, Japan; 2012
M7.6 Nicoya, Costa Rica; 2014 M7.7 Iquique, Chile; 2016 M7.6 Melinka, Chile; and 2016 M7.8
Pedernales, Ecuador earthquakes). See Text S1in the supporting information for more details. We also ana-
lyze the source time functions (STFs, Figure 2) of each of the above megathrust earthquakes that has a simi-
lar magnitude to theMentawai tsunami event. See Text S2 for more details. STFs depict the time evolution of
moment release. For this study we have extracted the relevant STFs from the SCARDEC database of Vallée
and Douet (2016).

Second, after this detailed analysis, we study a larger dataset of 16 megathrust earthquakes, including the
original 5–6 in the same magnitude range as Mentawai, as well as several other megathrust events in
the magnitude range M7–M9 (Table S1). This data set of 16 events includes non‐tsunami earthquakes as
well as the Mentawai event, so we may establish systematic patterns and propose a real‐time
discrimination algorithm.

Figure 2. (a) Global Navigation Satellite System displacement waveforms for the east‐west component of motion for six
earthquakes of similar magnitude. Event name and magnitude, and station names and epicentral distances are indi-
cated in the label below each waveform. The circle indicates the peak ground displacement. (b) Normalized power spectra
for the displacement waveforms. (c) Strong motion acceleration waveforms for the north‐south component of motion for
the same 6 earthquakes as in (a). Event name and magnitude, and station names and epicentral distances are indicated in
the label below each waveform. (d) Normalized power spectra for the acceleration waveforms. (e) Source time functions
(Vallée & Douet, 2016) for five of the six earthquakes in (a)–(d), these are the same events shown in Figure 1. (f)
Normalized source spectra for the source time functions in (e).
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The HR‐GNSS data analyzed in this study are from the global database of HR‐GNSS recordings from
Ruhl et al. (2018), and the strong‐motion data are from a follow up global earthquake early warning study
by Ruhl et al. (2019). Both of those data sets are freely available, and the peak intensity measures can be
found in Table S2. The Mentawai strong motion data are from the Agency for Meteorology, Climatology
and Geophysics in Indonesia and made available with this paper as a Zenodo data set
(see Acknowledgments).

3. Methods

Strongmotion data for a tsunami earthquake have not been previously available. We first study its frequency
domain characteristics (Figure 2) by obtaining Fourier power spectra using the multi‐taper method (Prieto
et al., 2009). We compare the frequency domain behavior of the acceleration data to that of the HR‐GNSS
data whose spectra is also obtained from multitapers. We also relate the observed behavior to both the time
and frequency domain properties of each earthquake's STF.

Additionally, to understand how the behavior of the 2010 Mentawai tsunami earthquake differs from aver-
age megathrust earthquakes, we study the ground‐motion model (GMM) residuals. GMMs are empirically
derived models to predict ground‐motion during an earthquake and are typically developed on global data-
sets of seismic recordings. As such, they represent “mean” earthquake behavior, and GMM residuals show
deviations of a particular event's properties from the mean (Baltay & Boatwright, 2015; Sahakian, Baltay,
et al., 2018, Sahakian, Melgar, et al., 2018). Using waveforms from the two databases of HR‐GNSS and accel-
eration data (Ruhl et al., 2018, 2019), we find the observed values of peak ground acceleration (PGA), peak
ground velocity (PGV), and peak ground displacement (PGD), for near‐field sites (<500 km away from the
event). PGA and PGV are obtained from the strong motion data while PGD is from the HR‐GNSS observa-
tions. The ground‐motion residual is the observed IMminus the value predicted by a model, in natural loga-
rithm space (Text S4). Positive residuals represent underprediction by the GMM, and negative represent
overprediction. We analyze and compare the residuals for these three different intensity measures, as they
are each demonstrative of different parts of the earthquake rupture process.

Our underlying hypothesis is that each of these ground motion intensity metrics, PGA, PGV, and PGD, are
affected by different parts of the earthquake source process. PGA, as a high‐frequency metric, will be repre-
sentative of the dynamics of the rupture process itself. Meanwhile PGD, as a long‐period metric, will reflect
mostly the size or magnitude of the earthquake and be far less sensitive to the particularities of the rupture
process. So, by looking at the residuals of these metrics simultaneously, it should be possible to recognize
anomalous behavior such as that from a tsunami earthquake. We note that unlike PGA and PGV, PGD
can only be reliably obtained from HR‐GNSS data. Baseline offsets preclude reliable double integration of
strong motion data to displacement in real time (Melgar et al., 2015).

The GMMs used to compute PGA, PGV, and PGD residuals are Zhao et al. (2006), Boore et al. (2014), and
Melgar et al. (2015), respectively. Some models require knowledge of the site as characterized by the shear
wave speed in the top 30 m of the crust (Vs30). We obtain these values for all sites in the data set using
the U.S. Geological Survey global terrain‐based proxy values (Wald & Allen, 2007; Allen & Wald, 2009;
Figure S2). The Vs30 values for the Mentawai sites are all within the range of 290–550 m/s, and as such
would cause amplification of PGA (not dampening), if any effect at all.

Kernel density estimate (KDE) plots are calculated using the GMM residuals. Event residuals are obtained
by taking the mean of all residuals of one event, representing mean behavior for the earthquake itself.

GMMs also define a model uncertainty, or standard deviation. This represents the average variability
expected for a given event magnitude. In addition to observing the PGA residuals themselves, we perform
two‐sided Kolmogorov‐Smirnov (KS) tests to understand if an event's residuals are within the expected
variability, given the GMM distribution. The mean of residuals from a GMM distribution is zero, so we take
this value and the GMMs standard deviation to represent the model distribution, and we take the mean and
standard deviation of an event's residuals to represent its respective distribution. With these KS tests, we also
find the magnitude at which the GMM yields a ground‐motion distribution demonstrating a p value equal to
or larger than the significance level. We call this MPGA, and it reflects the magnitude of shaking for the
earthquake. In addition to this PGA magnitude, we can find a PGD magnitude (MPGD) using the scaling
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laws of Melgar et al., 2015 (described in Text S3). We compareMPGA toMPGD by computingMPGA −MPGD,
and can show the inherent difference between high‐ and low‐frequency radiated energy. A strongly negative
value of MPGA − MPGD indicates that the event is depleted in high‐frequency energy.

4. Results and Discussion
4.1. Ground motions

From inspection of the acceleration waveforms at approximately the same hypocentral distance, it is imme-
diately clear that the 2010 Mentawai tsunami earthquake exhibits anomalously low shaking for its magni-
tude (Figures 2 and S1). The waveform can barely be seen when plotted at the same scale as the other
events. Additionally, the normalized spectra for the waveforms clearly show a much lower corner frequency
for the Mentawai earthquake than any of the other events, indicating depletion of high‐frequency content.
This is consistent with the hypothesis that because tsunami earthquakes rupture mostly Domain A, they
radiate elastic waves inefficiently. To quantitatively describe the depletion in high‐frequency content, we
compare intensity measures residuals from a GMM to their expected values from a GMM given the
earthquake's magnitude.

To do so we need a reliable rapid estimator of the event's magnitude. Earthquake magnitude for large events
at local to regional distances is difficult to estimate in real‐time with seismic data alone. HR‐GNSS
recordings which directly measure crustal deformation are better suited for this task. PGD has been identi-
fied as a robust indicator of magnitude even for tsunami earthquakes (Crowell et al., 2016; Melgar et al.,
2015). Figure 2 shows why this is the case. The PGD values from HR‐GNSS recordings of the Mentawai
earthquake are of similar amplitude for comparably sized earthquakes irrespective of what megathrust
domains they rupture (Figure 1). This similarity in amplitude is strong evidence that PGD from HR‐GNSS
closely reflects earthquake moment, unlike strong‐motion data, which is strongly affected by the source pro-
cess. Scaling laws have been derived from PGD observations, andmade operational in real time. These relate
the observed PGD, as a function of source to site distance, to the final magnitude of an earthquake (Text S4;
Melgar et al., 2015; Crowell et al., 2016; Ruhl et al., 2018). Specifically, we applied the algorithm described by
Melgar et al. (2015) which inverts the PGD observations and solves for magnitude. We did this in simulated
real‐time with the HR‐GNSS recordings of the Mentawai earthquake, and all other events in the 16‐event
data set. The MPGD magnitude values are in Table S1, in all cases MPGD is obtained within 2 min of earth-
quake origin time and within 0.1–0.2 magnitude units of the catalog magnitude from the Global CMT
Project (globalcmt.org).

The PGA, PGV, and PGD for all strong‐motion (PGA and PGV) and GNSS recordings (PGD) of these
earthquakes are in Figure 3, along with values from a global database of 16 large (M6–M9) megathrust
earthquakes recorded by both geodetic and strong motion networks (Ruhl et al., 2018; Ruhl et al., 2019).
These are plotted along with the estimated values for each intensity measure from ground‐motion models
(GMMs). It is clear from Figure 3 that the PGA residuals for the Mentawai event are significantly lower than
any other event in the database. In fact, a two‐sided KS test shows that the null hypothesis (that the
Mentawai PGA residuals belong to the same probability density function as the GMM estimated residuals),
can be rejected (Figures S3 and S4). Furthermore, these tests show that in order for the Mentawai PGA resi-
duals to belong to the same distribution predicted by the GMM, the magnitude of the Mentawai event would
have to be ~M6.3. In other words, MPGA is 6.3 for this event. The ground motions for this tsunami earth-
quake resemble those of an event nearly 1.5 moment magnitude units smaller than that predicted by the
PGD to moment relationships (MPGA − MPGD ~−1.5). This is a strong indication that the Mentawai PGA
values are much different than those expected from more frequently occurring megathrust events, and this
anomalous behavior is distinguishable within several minutes of origin time.

4.2. Implications for Source Processes

Figure 4 shows the PGA, PGV, and PGD event residuals (the mean of all PGA, PGV, or PGD residuals for
each event) for each of the 16 events. This indicates average behavior exhibited by the event for a given inten-
sity measure. Unsurprisingly, the PGD residuals for the Mentawai earthquake are similar to those of the
other events. This is why the PGDmagnitude algorithm is reliable irrespective of the domain being ruptured.
In contrast, the PGA event residual for the Mentawai earthquake is very low (Figure 3d).
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Thus, a consistent view of the rupture process during a tsunami earthquake and its relation to the near‐field
geophysical observables emerges. The low rigidity and shear wave velocity material that tsunami earth-
quakes rupture is the main control on the rupture physics of such events. Consider the STFs of the events
that have similar magnitudes to the Mentawai earthquake (Figure 2e). The protracted duration of the
tsunami earthquake and slow growth to final PGD (Figure 2a; Goldberg et al., 2018), produced by the slow
rupture of low rigidity rocks, leads to a low‐stress drop rupture (Ye et al., 2016; Yue et al., 2014) with a source

Figure 3. (a) PGA recordings for the 16 earthquakes in this study, scattered and colored by their events' magnitude.
Mentawai recordings plotted as stars with a red outline. GMM estimations for PGA are plotted as lines for M7, 8, and 9
and colored with the same scheme as the scattered data points. The median ground‐motion estimation is plotted as a
solid line, and plus or minus one standard deviation as dashed lines. (b) Same as (a), for PGV. (c) Same as (a), for PGD.
(d) PGA residual distributions for all 16 events except Mentawai are scattered, and KDE contoured in blue. The
residual distribution and histogram are shown on the side y axes in blue. The residuals and KDE contour plot for the
corresponding Mentawai residuals are shown in green, and the Mentawai residuals plotted as green stars. The
Mentawai residual distribution and histograms are shown on the side y axes in green. (e) Same as (d) for PGV. (f) Same as
(d) for PGD. PGA = peak ground acceleration; PGD = peak ground displacement; PGV = peak ground velocity; KDE =
kernel density estimate.
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spectrum (Figure 2f) that has a much lower corner frequency for tsunami earthquakes. It also leads to a
larger coseismic slip for the given earthquake magnitude, as slip is inversely proportional to rigidity with
respect to seismic moment. The net effect is that the distinction between tsunami and traditional
megathrust earthquakes will be most conspicuous from the depletion of high frequencies, which can be
measured by near‐source ground accelerations, herein described with MPGA. Meanwhile long‐period
content, described by MPGD, is mostly unchanged. Diverse near‐field geophysical instrumentation can be
used to probe these features of the source process. Ground displacements as observed by HR‐GNSS
inherently reflect the long‐period components of ground motion. Comparatively, PGA is most strongly
determined from the high‐frequency portion of the source spectrum. Indeed, this is what we observe,
PGD values (Figure 3) and residuals (Figure 4) unaffected by the high‐frequency spectral deficit of the
source and PGA values strongly controlled by it. This stark difference both accurately depicts our

Figure 4. (a) Event residuals for PGD (purple back hashed), (b) PGV (green forward hashed), and (c) PGA (yellow dotted)
plotted versus the event's magnitude. The top legend describes each event's symbol. Event residuals are in natural loga-
rithm space, and represent the mean of all residuals (observed − predicted) for each event. Standard deviations on each
event's intensity measure are plotted with error bars. (d) MPGA − MPGD values plotted for each event versus their mag-
nitude. MPGA is obtained from the Kolmogorov‐Smirnov test results. PGA = peak ground acceleration; PGD = peak
ground displacement; PGV = peak ground velocity.
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understanding of the physics of rupture of tsunami earthquakes, as well as gives us the ability to discriminate
between tsunami earthquakes and common megathrust earthquakes (Domains B and C) as soon as the rup-
ture has terminated.

4.3. Toward Real‐Time Discrimination

These findings point clearly toward an algorithm that combines HR‐GNSS and strong motion observations
to identify tsunami earthquakes. It is as follows: First, once the rupture has terminated, acquire the event's
magnitude using PGD scaling relationships and the observed PGD from near‐field HR‐GNSS recordings.
Next, compute PGA from near‐field strong‐motion recordings, and using a suitable GMM, obtain the PGA
residuals per recording, as well as an event PGA and PGV residual, for a variety of magnitudes above and
below the PGD magnitude of the event. Finally, find the magnitude that best represents the high‐frequency
shaking (MPGA), and compare this to MPGD. A very low residual for PGA or low MPGA, perhaps coupled
with the known hypocentral location, is highly suggestive that the event is rupturing soft, compliant rock
near the shallow megathrust and seafloor, yielding a very high likelihood of producing a large tsunami.
While we only have good near‐field records for one tsunami earthquake it is widely accepted that the con-
ceptual model of the depth‐varying properties of megathrusts (Lay et al., 2012) is consistent with previous
tsunami earthquakes and with far‐field observations (Newman et al., 2011). Furthermore, the high‐
frequency deficit has been identified in small near‐trench earthquakes as well (Singh et al., 2016). Finally,
this source information can be used as the initial condition for hydrodynamic models. These can then pro-
vide not only information about the earthquake but also rapid forecasts of the expected tsunami amplitudes
along the near‐source coast (e.g., Hoechner et al., 2013; Melgar et al., 2016). So, while we only have complete
near field observations of one tsunami earthquake, in aggregate, our findings strongly argue that by combin-
ing diverse observations near‐field warning is possible. Public outreach and “natural warning” for tsunami
hazards often utilizes the phrase “long or strong, get gone” to communicate to coastal populations that large
tsunamis may be imminent following long‐duration or strong shaking, an important part of risk awareness
and preparedness (Blake et al., 2018; Woods et al., 2017). The implication here is that the long duration
might reflect a large magnitude event originating at some distance from the person. During tsunami earth-
quakes the long source process leads to long‐duration shaking as well, however, the recordings from the
Mentawai earthquake shown here (Figures 2–4) indicate intensities that are strikingly low. So much so that
the population might easily consider themselves safe from harm. Eyewitness accounts of the Mentawai
earthquake indicate that the slow and gentle shaking, which lasted for several minutes, was not deemed
overly hazardous by many and often it was not felt at all (Hill et al., 2012). Therein lies the challenge and
peril of tsunami earthquakes. Near‐field geophysical observables, seismic, and geodetic, are now common-
place throughout the world. The results we have presented here are a compelling case that by leveraging
and jointly analyzing these diverse datasets, it is possible to discriminate these hazardous events in 1–2
min and to issue warning to populations in the near‐source who are most at risk.

5. Conclusions

We studied near‐field acceleration, velocity, and displacement data from seismic and geodetic sensors in the
near field (<500 km) of 16 megathrust earthquakes. This included the 2010 M7.8 Mentawai earthquake, a
devastating tsunami earthquake that produced a tsunami runup >16 m in some location. Using these
geophysical data, we find that the peak accelerations for the Mentawai earthquake are on par with a M6.3
event, yet the displacements are more similar to that expected for the event's magnitude. This suggests
that the accelerations are acting as a proxy for radiated energy and the displacements act as a proxy for
moment. Thus, these data can be used in real‐time to discriminate events as a possible tsunami earthquake,
to issue local warning.
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