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3Earthquake Research Institute, The University of Tokyo, Tokyo 1130032, Japan
4Departamento de Ingenierı́a Civil, Facultad de Ingenierı́a, Universidad Católica de la Santı́sima Concepción, Concepción 4090541, Chile
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S U M M A R Y
We propose a method for defining the optimal locations of a network of tsunameters in view
of near real-time tsunami forecasting using sea surface data assimilation in the near and
middle fields, just outside of the source region. The method requires first the application of the
empirical orthogonal function analysis to identify the potential initial locations, followed by
an optimization heuristic that minimizes a cost-benefit function to narrow down the number of
stations. We apply the method to a synthetic case of the 2015 Mw8.4 Illapel Chile earthquake
and show that it is possible to obtain an accurate tsunami forecast for wave heights at near
coastal points, not too close to the source, from assimilating data from three tsunameters during
14 min, but with a minimum average time lag of nearly 5 min between simulated and forecasted
waveforms. Additional tests show that the time lag is reduced for tsunami sources that are
located just outside of the area covered by the tsunameter network. The latter suggests that sea
surface data assimilation from a sparse network of stations could be a strong complement for
the fastest tsunami early warning systems based on pre-modelled seismic scenarios.

Key words: Tsunami; Wave propagation; Numerical techniques; Subduction zone; Oceans;
Instrumentation.

1 I N T RO D U C T I O N

Over the last two decades, tsunamis have been responsible for more
than 250 000 casualties (Imamura et al. 2019). Even though sig-
nificant progress in tsunami science has been achieved since the
2004 Mw9.1 Sumatra earthquake and subsequent tsunami in the In-
dian Ocean, important challenges remain to accurately determine
the initial condition for tsunami forecasts in early warning systems
(Bernard & Titov 2015; Kânoğlu et al. 2015). Indeed, the initial
seismic source estimations for the 2004 Indian Ocean tsunami and
the 2011 Tohoku Tsunami in Japan were underestimated leading
to delayed actions for tsunami evacuation (Bernard & Titov 2015).
Tsunami predictions obtained using seismic source inversion rely
on the accuracy of the earthquake’s magnitude, assumptions on the
fault’s geometry and overall slip distribution (Williamson & New-
man 2019). Besides, the relationship between the earthquake’s mag-
nitude and the tsunami energy is not well understood (Tang et al.

2012). These limitations have raised the need of complementing
earthquake-centred tsunami early warning systems (TEWS) with
alternative methods based on direct observation of sea surface el-
evation, which take advantage of tsunameter networks (Bernard &
Titov 2015; Titov et al. 2016).

Near real-time (NRT) forecasting of tsunami propagation in the
near-field has been explored using data assimilation from tsuname-
ter networks without inverting the seismic source, also enabling
means of incorporating non-seismic contributions to tsunami haz-
ard prediction (e.g. Maeda et al. 2015; Williamson & Newman
2019). Because seismic waves propagate much faster than tsunami
waves, these methods constitute a promising complement but not a
substitute to operational near field TEWS that are currently based
on rapid seismic source estimations and pre-computed tsunami sce-
narios. Williamson & Newman (2019) point out that Chile, due to
its coastal characteristics, is poorly suited for early warning for the
very-near field using open ocean instrumentation. Nevertheless, it
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is mentioned that the inclusion of sensors to the existing network
could be useful in warnings of near and middle fields, outside cer-
tain range, along the extensive coastline. Cienfuegos et al. (2018)
proposed that the next generation of TEWS should consider dif-
ferent stages in the near-field, starting with pre-computed tsunami
scenarios initialized with quickly estimated seismic focal mecha-
nisms (first 10 min), to produce next, NRT tsunami forecasts that
may benefit, among others, from data assimilation from sea surface
observation networks. This could be attractive for near-field tsunami
monitoring and prediction in zones where tsunamigenic earthquakes
can occur and, in particular, in subduction zones where hazardous
tsunami activity can last for several hours after the earthquake nu-
cleation, with important inundations associated with late arrivals, as
was the case during the 2010 Mw8.8 Maule earthquake (Fritz et al.
2011; Yamazaki & Cheung 2011), 2014 Mw8.2 Pisagua earthquake
(Catalán et al. 2015) and 2015 Mw8.4 Illapel earthquake (Aránguiz
et al. 2016). On this regard, recent scientific, methodological and
technological developments have brought new possibilities for the
use of real-time sea surface observations for tsunami forecasting
(e.g. Tsushima et al. 2009, 2011, 2014; Maeda et al. 2015; Gusman
et al. 2016; Wang et al. 2017). Maeda et al. (2015) proposed a data
assimilation approach that forecasts the tsunami using sea surface
observations obtained from a dense offshore tsunameter network.
Gusman et al. (2016) and Wang et al. (2017) extended this method
to be applied in TEWS with satisfactory results. Nevertheless, the
assimilation of sea surface data in TEWS would require the deploy-
ment, operation, and maintenance of dense tsunameter networks,
with implementation and operational costs that most tsunami-prone
countries would not be able to afford. Indeed, only Japan, Canada
and USA have installed and maintained dense near-field tsunameter
networks that should in principle be compatible with NRT tsunami
predictions through the assimilation of sea surface data. Develop-
ing sound methods to design optimal near field tsunameter networks
constrained to budgetary restrictions could foster the incorporation
of new countries to these efforts.

In this paper, we propose a method for the optimal design of a lo-
cal network of tsunameters for NRT tsunami forecasting through
data assimilation in near and middle fields. Currently, different
methods are used to optimally place sensors in the sea. Mulia et al.
(2017) determine an optimal network for tsunami source characteri-
zation through empirical orthogonal function (EOF) analysis for the
Nankai Trough, Japan. As in Mulia et al. (2017), an optimal array of
tsunameters is obtained based on extrema EOF spatial modes. Then
the number of stations is narrowed down by incorporating bud-
getary constraints and operational criteria to minimize the errors
in forecast tsunami variables. The methodology can integrate exis-
tent DART buoys in the network design process so that additional
investments are cost-effective.

The paper is organized as follows: we first present the method-
ology for tsunami forecasting through data assimilation. Then, the
optimal placement of tsunameters based on EOF analysis and the
optimization problem are explained. We apply it to a synthetic case
built from the 2015 Illapel earthquake in Chile to assess its perfor-
mance, owing to its challenging conditions for tsunami forecasting
and the hazardous tsunami activity that lasted for several hours
along the coast (Aránguiz et al. 2016; Contreras et al. 2017).

2 DATA A N D M E T H O D S

2.1 Real-time sea surface data assimilation for tsunami
forecasting

Maeda et al. (2015) proposed a tsunami forecast method based on
a data assimilation technique. Rather than using the conventional

methods based on tsunami simulations initialized with fault slip
models (e.g. Titov et al. 2005; Lorito et al. 2011; Satake et al.
2013; Melgar et al. 2016; Williamson et al. 2017) or initial sea sur-
face elevation (e.g. Saito et al. 2010; Tsushima et al. 2011; Hossen
et al. 2015), this method repeatedly assimilates data obtained from
a dense tsunameter network into a numerical simulation, to estimate
the temporal evolution of the tsunami wavefield, and does not rely
on the tsunami’s initial condition. Gusman et al. (2016) applied
this approach to the 2012 Haida Gwaii earthquake, obtaining simi-
lar results to those obtained from conventional tsunami forecasting
methods, in terms of arrival times and amplitudes. Wang et al.
(2017) proposed an algorithm to compute data assimilation with a
lower computational cost without affecting accuracy when tested
with the same event. More recently, Wang et al. (2019a) adapted the
method for regions with sparse tsunameter networks, adding virtual
stations, and applied it to the 2004 Mw9.1 Sumatra–Andaman earth-
quake and the 2009 Mw7.8 Dusky Sound earthquake, improving the
forecast significantly. All of these studies were focused on far-field
forecasting.

The data assimilation method is as follows. Let η be the sea
surface elevation relative to the mean sea level, Ux and Uy the
horizontal velocities; then the tsunami wavefield at time step n is
represented by

xn = [η(n�t, x, y), Ux (n�t, x, y), Uy(n�t, x, y)]. (1)

Let xa
n−1 be the estimated tsunami wavefield at time step (n − 1),

that is first propagated to obtain a preliminary forecast x f
n using a

tsunami propagation matrix F, which is built from the linear shallow
water equation model,

x f
n = Fxa

n−1. (2)

Let H be an observation matrix that extracts the propagated
tsunami data at the assimilating stations, and yn the vector of real
tsunami observations at these stations. The residual between the
propagated tsunami x f

n and the observed one yn, is used to bring the
assimilated wavefield closer to the true wavefield by computing

xa
n = x f

n + W(yn − Hx f
n ), (3)

where W is a smoothing matrix built as described in Maeda et al.
(2015). The tsunami wavefield forecasts are produced by repeat-
edly iterating between eqs (2) and (3) at each time step, during a
time window on which the assimilation stations are observing the
tsunami.

2.2 Empirical orthogonal functions for initial sensor
placement

Optimal sensor positioning for ocean-data sensors has been ex-
plored by many authors (Piatanesi et al. 2001; Audet et al. 2008;
Spillane et al. 2008; Omira et al. 2009; Mulia et al. 2017; Meza
et al. 2020). EOF analysis have been widely used in the atmospheric
and oceanographic sciences to determine optimal sensor placement
for a posteriori flow reconstruction (Mokhasi & Rempfer 2004;
Willcox 2006; Yildrim et al. 2009; Yang et al. 2010). EOF analysis
decomposes the data obtained from a scalar field into spatial and
temporal variability modes (Björnsson & Venegas 1997), in order
to reduce the order of a given model. With the purpose of charac-
terizing the tsunami source, Mulia et al. (2017) proposed selecting
an observation network by identifying points of maximum energy
in a defined domain through EOF analysis, arguing that observa-
tion points should be located where the most energetic dynamics
occurs. The study analyses the tsunami wavefield generated by the
associated displacement of 11 different hypothetical scenarios of
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