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Tsunami size variability with rupture depth
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Observed maximum water heights from tsunamis vary by up
to two orders of magnitude for a given earthquake size, pre-
senting a challenge to emergency management. We provide a
quantitative framework to investigate the influence of rupture
depth and rigidity in explaining such variability. The results
highlight the importance of rapid estimation of shallow slip
with available geophysical data if reliable warning of local tsu-
namis is to be realized.

Researchers have long questioned the use of earthquake mag-
nitude alone to gauge tsunami size and have proposed additional
independent rapid measures for local tsunami warning'. The issue
is illustrated by plotting observed maximum water heights against
seismic moment magnitude, M,, for recent interplate thrust earth-
quakes’. The mix of tide-gauge and run-up observations in Fig. 1
exhibits up to two orders of magnitude variability for a given M,
and shows a clear tendency for shallow-rupturing earthquakes to
produce larger tsunamis. Local amplification of extreme run-up and
limited tide-gauge coverage of small events contribute to the variabil-
ity, but the tectonic processes represent the key factor. A special class
of events known as tsunami earthquakes’, which produce very large
tsunamis for their M,, exemplifies this behaviour. Seismic imaging
supports the presence of substantially reduced rigidity around the
shallow megathrust*. Shallow rupture with low rigidity produces rel-
atively weak ground shaking, and at a given seismic moment leads to
enhanced seafloor deformation for tsunami excitation®®.

A simplified megathrust model is used to investigate the role of
M, as well as the influences of rupture depth and rigidity in deter-
mining tsunami size (Methods). The inset in Fig. 1 shows the model
cross section consisting of an abyssal plain, an upper plate seafloor
slope and an along-trench fault for pure thrust earthquakes. The
model with a straight shoreline is not intended to match observed
maximum run-up heights, which may be locally amplified by fac-
tors of up to 2.5 from the overall run-up heights estimated within
source regions. We initially consider a single-segment fault with
width and length determined from scaling relations’ in terms of
M,. The non-hydrostatic model NEOWAVE® describes tsunami
generation and propagation from the resulting seafloor deforma-
tion. Figure 1 shows the computed maximum sea surface elevation
for 40 GPa rigidity typical of the deeper part of the megathrust’. A
reference depth (up-dip slip limit) of 20km can account for most
tide-gauge-recorded tsunamis of less than ~1m amplitude gener-
ated by earthquakes with M, <8.2 that have no shallow slip. The
computed sea surface elevation appears to saturate between 0 and
15km reference depth, exhibiting minor overlap with the over-
all run-up heights. As the magnitude increases, the wider fault
extends below dry land, truncating the energy contributing to the
tsunami. Such effects become most prominent for zero reference
depth and small dip angles due to occurrence of large subsidence
on dry land as well as moderate and uniform uplift over most of the
remaining fault.

Recent finite-fault studies of some seismic events have revealed
that concentrated large near-trench slip is responsible for the result-
ing tsunami impact'®"'. Halving the fault width and doubling the
slip to hold M,, fixed reduces the portion of the fault under dry land
for large events and shifts the seafloor deformation to deeper water
in all cases. Apart from larger tsunami excitation, the resulting
waves with shorter period in deeper water undergo a longer shoal-
ing process that gains more amplitude before reaching the shore.
For 0-15km reference depth and 40 GPa rigidity, Fig. 2 shows a dis-
tinct band of computed maximum sea surface elevation above the
baseline established for deeper earthquakes. Shallow ruptures from
the trench to 15km below the sea surface can involve rigidity as
low as 5GPa (ref. °). A two-segment fault can accommodate such
reduced rigidity in shallow rupture, while retaining 40 GPa in the
deeper segment if present. The correspondingly increased slip in
the shallow portion of the fault for the fixed moment calculations
accounts for sea surface elevations with up to two orders of magni-
tude variability. There is overlap of the results obtained from ranges
of reference depth, fault dip and rigidity for M, < ~7.8 because the
tsunami excitation attenuates over the water column, depending on
the deformed seafloor area. As the fault dimensions increase with
earthquake magnitude, these non-hydrostatic effects become less
pronounced in the generation process. There is a clear tendency for
shallow rupture with low rigidity to produce large tsunamis for a
given M,

The maximum run-up heights in Fig. 2 are influenced by local
topography not accounted for by the simplified megathrust model.
Additional analysis and interpretation are needed when comparing
the observed and computed data, especially for extreme events. The
observed maximum run-up height of ~40 m from the 2011 Tohoku
tsunami, which is outside the range of plausible models, is a result
of local amplification at the rugged Sanriku coast. The estimated
overall run-up height in the source region suggests 20 GPa rigidity
for the shallow portion of the M, 9.1 earthquake rupture. The pres-
ent model gives ~20-30 m of maximum sea surface elevation gener-
ated by 37 and 18.5m of slip in the shallow and deep fault segments,
corroborating the results from high-resolution modelling of the
tsunami'’. Similarly, the observed run-up from the 2010 Mentawai
tsunami reaches 10m along most of the severely impacted shore-
lines but a maximum of 16.9m at a topographic feature'?. The 10m
overall run-up height is in the band of maximum sea surface eleva-
tion computed for 10 GPa rigidity in the shallow megathrust, and
the corresponding slip of 17m in a narrow fault segment for the
M,,7.9 tsunami earthquake gives good agreement with joint inver-
sion of tsunami and seismic data'’. The 1998 Papua New Guinea
earthquake is a notable outlier that triggered large tsunamigenic
submarine slumps. The resulting tsunami is well outside the model
coverage even with the lower-bound rigidity of 5 GPa.

DART (Deep-ocean Assessment and Reporting of Tsunamis)
data have been instrumental for warning of trans-oceanic tsunamis
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Fig. 1| Observed water heights and computed maximum sea surface elevations with 40 GPa rigidity versus M,,. Solid circles denote observed maximum
water heights colour coded by independent source investigations of whether some shallow slip occurred?, with tsunami earthquakes® highlighted in
magenta. Open circles indicate estimates of overall observed run-up heights within source regions. Each colour band spans the computations for plausible

models with 5° to 25° dip angles and full fault width.

but are of limited use for communities near the source. Our system-
atic quantification of tsunami size dependence on M, and rupture
depth, accounting for rigidity and slip trade-off, emphasizes a major
challenge confronting rapid near-source tsunami warning efforts.
While rapid determination of M, by analysis of nearby long-period
seismic motions is now viable”, and land-based high-rate geo-
detic observations can constrain along-strike extent and deep fault
slip close to shore’, these approaches do not resolve whether large
shallow slip on the megathrust occurred far offshore. Presence or
absence of such slip can produce up to two orders of magnitude vari-

34

ability in maximum water height for a given M, Finite-fault seismic
inversions can resolve shallow slip correctly only if appropriate low
rigidity is incorporated in the waveform modelling, which requires
prior availability of high-resolution near-trench seismic velocity
structures*. New seismological and seafloor geodesy approaches
that can rapidly determine the up-dip limit and amount of coseis-
mic slip on the megathrust® are of great importance to improving
the accuracy of tsunamigenic assessment as well as to determining
the along-dip variation in source-region properties for plate bound-
ary megathrusts.
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Fig. 2 | Observed water heights and computed maximum sea surface elevation with variable rigidity versus M,.. Reduced rigidity of 5, 10 and 20 GPa

is used for the shallow portion of ruptures from the trench to 15 km below sea surface instead of 40 GPa. Solid circles denote observed maximum water
heights colour coded by independent source investigations of whether some shallow slip occurred?, with tsunami earthquakes® highlighted in magenta.
Open circles indicate estimates of overall observed run-up heights within source regions. Each colour band spans the computations for plausible models

with 5° to 25° dip angles and full or half fault width.
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Methods

The simplified megathrust model comprises an abyssal plain with a uniform
water depth of 5km, an upper plate seafloor slope of 2° and a plate interface
with a constant dip angle as shown in Figs. 1 and 2. The rectangular fault has
an along-trench strike with 90° rake, and its length and width in kilometres are
determined from scaling relations’

logL = —2.9 + 0.63M,, (1)
—1.91 + 0.48M,, for M, < 8.67
logW = (2)
2.29 for My, > 8.67
in which
2
M, = 3 log My — 6.03 3)

where the seismic moment M, is the product of rigidity, rupture area and average
slip***. An elastic half-space solution'® determines the seafloor deformation from
the fault dimensions, slip, reference depth and an effective dip angle including the
seafloor slope. The vertical seafloor displacement is corrected for the horizontal
motion of the slope for tsunami modelling"”.

NEOWAVE! is a depth-integrated non-hydrostatic model utilizing a vertical
velocity term to attain wave dispersion comparable to low-order Boussinesq-type
equations'®". The vertical velocity term also facilitates modelling of tsunami
generation from seafloor displacement over a finite rise time*, which is assumed to
be 155 in this study. The process accounts for attenuation of the seafloor excitation
over the water column to provide a more realistic description of near-field
tsunamis. The rectangular computational domain is 1,000 km wide centred at
the trench and 800-1,600 km long depending on M,, with a Manning roughness
coefficient of 0.025. A sensitive analysis shows a cell size of 0.5km by 0.5km is
sufficient to resolve wave shoaling on the slope and reflection from the featureless
shoreline for the parametric study.

The parameter space covers 5-25° dip angle, 0-20 km reference depth, 5-40 GPa
rigidity, M,, 7.0-9.5 and fault widths of W and W/2. The computed maximum sea
surface elevations from the dip-angle range are grouped for presentation. The lower
and upper bounds are typically defined by 5° and 25°, but the trend reverses for
low-magnitude earthquakes due to dominance of non-hydrostatic effects. When
rigidity <20 GPa is considered for shallow rupture’, fault slip below 15km from sea
surface is computed using 40 GPa, assuming uniform moment distribution. The
increased shallow slip leads to an upper bound defined by ~10-15° dip angle. The
models are truncated at M, 8.5 for reference depth >15km with full fault width due
to reduced probability and when the shallow slip reaches ~60 m, corresponding to
the observed upper limit for the M,, 9.1 Tohoku earthquake**>.

Observed water heights from tsunamis generated by large interplate thrust
earthquakes between 1990 and 2021 are compiled from the Global Historic Tsunami
Database”. The dataset is updated from a previous study” through 2021 with
additional sorting for the maximum water heights by excluding splash and far-field
observations. The run-up observations at each source region are analysed and cross
referenced with available publications to estimate an overall run-up height, which
is equivalent to an average after excluding localized high and low values, for more
ready comparison with the computed maximum sea surface elevation.

Data availability
The processed water heights from observations and model data in Figs. 1 and 2 are
available at https://doi.org/10.6084/m9.figshare.16944163.
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Code availability
The megathrust model and code, specifically set up for this study, are available for
academic research upon request.
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