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Abstract The variability in obtaining estimates of tsunami inundation and runup on a near-real-time
tsunami hazard assessment setting is evaluated. To this end, 19 different source models of the Maule
Earthquake were considered as if they represented the best available knowledge an early tsunami warning
system could consider. Results show that large variability can be observed in both coseismic deformation
and tsunami variables such as inundated area and maximum runup. This suggests that using single source
model solutions might not be appropriate unless categorical thresholds are used. Nevertheless, the tsunami
forecast obtained from aggregating all source models is in good agreement with observed quantities,
suggesting that the development of seismic source inversion techniques in a Bayesian framework or
generating stochastic finite fault models from a reference inversion solution could be a viable way of dealing
with epistemic uncertainties in the framework of nearly-real-time tsunami hazard mapping.

Plain Language Summary Owing to recent advancements in rapid seismic source
characterization and tsunami simulation, nearly-real-time tsunami hazard forecasts in the framework of
tsunami early warning systems are starting to be within reach. However, in this study we bring a note of
caution regarding its future operational implementation since the level of uncertainty associated to a single
rupture inversion is high and thus calls for the use of multiple realizations of seismic inversions to forecast
inundation maps and assess their uncertainty bounds.

1. Introduction

Characterizing rupture processes during subduction earthquakes is a critical phase to determine initial con-
ditions for tsunami forecast models, both for long-term hazard analysis and during the early stages of an
actual event. Regarding the latter, the initialization of operational tsunami early warning systems (TEWS) is
mostly based on estimations of earthquake location, magnitudes, and focal mechanisms (e.g., Bernard & Titov,
2015; Tatehata, 1997). These systems have been fundamental in preventing casualties, particularly in the far
field, whereas for near-field tsunamis, the outcomes of operational systems have been less conclusive due to
reported inaccuracies in fast seismic source estimations (e.g., Bernard & Titov, 2015; Okal, 2015).

Recently, notable progress has been achieved in inversion modeling for characterizing the rupture and the
distribution of slip. This scientific progress has largely contributed to improve the resolution of slip models
required to understand the link between near-surface deformation and earthquake ruptures and to provide
initial conditions for tsunami forecasts. This positive input has motivated new methodological developments
to capture earthquake signals and ultimately to improve TEWS in the near field. Accordingly, important efforts
have been devoted in recent years to densify teleseismic, GPS, and sea surface observation networks, which
may benefit both earthquake detection and TEWS.

Complex descriptions of the coseismic rupture processes through rapid finite fault inversion can be obtained
from seismic data (e.g., Benavente et al., 2016; Melgar, Allen et al., 2016), tsunami data (e.g., Tang et al.,
2016; Tsushima et al., 2011, 2012), geodetic observations (e.g., Crowell et al., 2012; Melgar & Bock, 2015),
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among other techniques. In addition, faster inversion algorithms capable of imaging the spatiotemporal slip
distribution on the earthquake rupture are presently available. The emergence of these fast finite fault inver-
sion algorithms has motivated the development of nearly-real-time tsunami hazard assessment (henceforth
NRTTHA) strategies within the framework of TEWS.

Although no operational implementation of NRTTHA currently exists, initial results are promising. However,
most of the assessments have been carried out using tsunami amplitudes in coastal waters or runup at the
coast (e.g., Babeyko et al., 2010; Chen et al., 2016; Hoechner et al., 2013; Melgar & Bock, 2013; Melgar, Fan
et al., 2016; Ohta et al., 2012; Riquelme et al., 2015; Tang et al., 2016; Tsushima et al., 2011). Melgar, Fan,
et al. (2016) and Chen et al. (2016) compared the capabilities within the context of TEWS, by estimating
hazard and categorize it in accordance to tsunami hazard thresholds as usually done by operational TEWS,
with good results. However, the use of thresholds allows for significantly different solutions to yield simi-
lar hazard assessments (Chen et al., 2016) and does not take full advantage of the wealth of data that finite
fault solutions could provide. It would be appealing to use that information to obtain NRTTHA in terms of
tsunami inundation in coastal areas, which is more demanding computationally and may require a higher level
of accuracy.

The Tohoku 2011 earthquake and tsunami provided a good opportunity to test NRTTHA capabilities. Good
results in estimating the tsunami inundation have been obtained (Gusman & Tanioka, 2014, 2015; Gusman
et al., 2014; Ohta et al., 2012; Oishi et al., 2015; Tanioka et al., 2014). However, these results have been typically
obtained using a single data source to retrieve the earthquake or tsunami source, without incorporating an
inherent epistemic or aleatoric uncertainty bound evaluation. Gusman et al. (2014) tested three different data
sources, among which long-duration (35 min) tsunami records yield the best results. However, tsunami height
values across sources varied significantly. Although not specifically aimed at NRTTHA, MacInnes et al. (2013)
noted that the choice of slip distribution affects tsunami quantities.

Indeed, the distribution of slip in the source has important consequences on tsunami propagation and inun-
dation, and accounting for it can be relevant for hazard forecasts (e.g., Davies et al., 2015; Fukutani et al.,
2015; Geist, 2002, 2012; Geist et al., 2007; MacInnes et al., 2013; Mueller et al., 2015; Satake & Heidarzadeh,
2017). Seismic source variability has become a relevant aspect in tsunami inundation evaluation, prompting
stochastic finite fault modeling approaches for long-term forecast (e.g., Burbidge et al., 2015; Goda & Song,
2015; Goda, Mai et al., 2014; Goda, Yasuda et al., 2015; Mori et al., 2017; Mueller et al., 2015). However, much
less attention has been given to the quantification of runup and inundation variability derived from inherent
epistemic uncertainties related to the inversion of seismic sources, from an individual event in the context of
TEWS. As mentioned, Gusman et al. (2014) found discrepancies between results from five sources solutions
derived from GPS, W phase, and tsunami data for the Tohoku event.

It must be noted that most of the analyses have been made considering the large amount of data available
for the Tohoku event, which could help in obtaining better constrained solutions. It is thus relevant to explore
to which extent these results can be applied elsewhere, where seismic or tsunami networks are less dense.

This work aims to further analyze to which extent inherent epistemic uncertainties associated to seismic
source inversions affect tsunami hazard forecasts and their implications for future developments of opera-
tional TEWS. To this end, it is important to address whether NRTTHA can provide meaningful estimates from
the available knowledge and techniques. The 2010 Mw 8.8 Maule earthquake and tsunami is selected as the
study case owing to that data availability at the time is akin to most subduction zones on Earth and is con-
sidered a reasonable minimum standard. A large suite of finite fault solutions has been reported; therefore,
uncertainty bounds can be empirically obtained and their impact in tsunami forecasts evaluated under the
assumption that these represent the best achievable knowledge a TEWS could expect for such an event.
Numerical modeling of the tsunami from generation to inundation is carried out for evaluating the effect of
different sources on tsunami inundation parameters.

The paper is organized as follows: First, we describe the selected inverted seismic models for generating the
initial tsunami conditions that are propagated using nonlinear shallow water equations and define the metrics
to quantify the uncertainties. Next, we summarize the consequences that these uncertainties may have on
forecast tsunami intensity variables. Finally, we discuss on the practical consequences and limitations that our
results suggest for future developments in TEWS.
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