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SUMMARY

This paper explores the effects on tsunami simulations of the level of detail of the bathymetric
grid in use. For this purpose, we expand available bathymetric data sets of the Pacific Basin in
spherical harmonics. For realistic scenarios of tsunamis generated by earthquake dislocations,
we conclude that an expansion to a maximum degree I« = 40, corresponding to wavelengths
of 1000 km, is sufficient to reproduce the main features of the tsunami wavefield synthesized
in deep water, that is, without considering final shoaling and interaction with coastal features.
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1 INTRODUCTION

The purpose of this paper is to explore the minimum level of bathy-
metric detail necessary to build acceptable transoceanic tsunami
simulations for realistic models of earthquake sources. Bathymetric
data quantify the depth of the ocean floor at various geographic
points. The data are collected using various methods from ship
soundings to satellite altimetry (e.g. Smith 1993; Smith & Sandwell
1994, 1997; Stumpf et al. 2003).

Bathymetry data sets are created by sampling the real ocean floor
at various spatial resolutions. Therefore, they constitute models
that are not exact representations of the real world, but simply
approximate it. Higher sampling rates in bathymetry acquisition
result in denser grids (Becker et al. 2009; Tozer et al. 2019) which,
however, pose practical issues such as data storage limits and more
importantly processing time (PMEL 2006), even though the latter
may be expected to further decrease in the forthcoming years.

The issue of processing time also poses serious challenges in
tsunami early warning and hazard mitigation (e.g. Reymond et al.
2012; AMS 2015). It is therefore of interest to find an optimal state
where the bathymetric data resolution is high enough to represent
the most crucial physical features, but is not too dense to obstruct
efficient computing.

While working with bathymetric grids in tsunami simulations, it
is important to differentiate between the physical (Res,) and spatial
(Ress) resolutions. Spatial resolution of a bathymetry grid is simply
a measure of the spacing of individual neighboring grid points. In
other words, it corresponds to how densely a given set of bathymetric
or topographic features are sampled. Physical resolution, however,
is a measure of the amount of fine bathymetric details (slopes,
seamounts, etc.) represented in the bathymetric data set used to
create the grid.

Based on numerical experiments, Titov & Synolakis (1997) ar-
gued that Res, has more effect on simulation results than Ress,

which they justified by noting that ‘denser grids have identical
physical resolutions as the coarse grids that produced them’. It is
therefore critical to find the level of physical resolution adequate
to correctly predict the main features in the propagation of a given
tsunami.

1.1 Resolving detailed bathymetry

Numerous methods exist to reduce the level of spatial complexity in
a given data set, a most common one being moving average filters
(Smith 1999), which are routinely used to reduce physical details in
bathymetric grids. Application of these filters is justified by the fact
that they preserve the volume of the bathymetric features (Salaree
2019). In tsunami simulations, an empirical smoothness measure
is chosen by each experimenter while working with bathymetric
grids, depending on propagation features deemed important. Thus,
it is of interest to determine a measurable, general framework for
a potential level of bathymetric smoothness in tsunami simulations
which can be adapted for any given case. While the smoothness level
clearly depends on the problem at hand, it is very useful to obtain a
robust metric that can be used to define such a threshold. However,
the application of moving average filters to grids is challenged by
the following factors:

(i) Quantification: Performance of moving average filters is dif-
ficult to quantify. While it is possible to interpret the geographic
window size of these filters as a cut-off wavelength, one can show
that smoothing of sparser (and not decimated) grids would lead
to different results (Salaree 2019). These filters may be quantified
through the percentage of points in the moving window relative to
the total number of grid points, but this does not describe the final
product because it depends significantly on the spatial resolution of
the grid. As a result, one cannot uniquely express the performance
of these filters in a quantitative scale.
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(ii) Altering the bathymetric slopes: While moving average filters
do preserve the volume of bathymetric features, they significantly
alter the existing bathymetric slopes (e.g. Salaree 2019). Expan-
sion filters such as spherical harmonics, on the other hand are more
efficient—although not perfectly—in maintaining such slopes and
therefore preserve the general shoaling properties in tsunami simu-
lations (Kanoglu & Synolakis 1998).

Contrary to moving average filters, decomposition methods are
more promising as they are easily quantified (usually in the fre-
quency domain), and since they are mathematically well-behaved
functions, they preserve remaining bathymetric slopes, although
not perfectly. Given the spherical nature of a tsunami environment,
which cannot be neglected when considering propagation across an
ocean basin, we will use the spherical harmonic expansion.

2 METHODOLOGY: DECOMPOSING
THE BATHYMETRIC FIELD USING
SPHERICAL HARMONICS

We recall that any given function F defined on a spherical surface
(such as the field of actual topography/bathymetry at the Earth’s sur-
face) can be expanded onto a complete set of orthonormal spherical
harmonic functions Y™, representing eigenfunctions of Laplace’s
equation (e.g. Lee & Kaula 1967; Hirt & Rexer 2015):

oo |

F@.9)= amY|" (8. 9), )

1=0 m=-—I

where | and m are degree and order, respectively, 8 and @ co-
latitude and longitude and a;, appropriate expansion coefficients.
In this study, we express the Y, using exponential harmonics:
Y™ = P"(cos8)e™ (—I < m < I), where P" are Legendre as-
sociated functions of the first kind.

When applied to the elevation/bathymetry field, eg. (1) simply
expresses that F can be reconstructed as the sum of its harmonic
components, just like a 1-D function defined on a finite interval is
the infinite but discrete sum of its spectral Fourier components. Of
course, in real life the summation (1) has to be truncated at some
maximum degree I, controlling the physical resolution of the re-
sulting bathymetry. While the most dominant features of the field
are given by the first few terms of the expansion in eq. (1)—smaller
I’s or lower degrees—the smaller, more detailed features of the field
require higher degrees (larger Inax). In other words, the resolution of
the resulting field is determined by the number of terms used from
eqg. (1). For example, in the case of the Earth with a circumference
of 40000 km, one can get to a physical resolution of 400 km
by expanding the Earth’s topography to the first 100 degrees
(Imax = 100).

In this study, in order to investigate the changes in the behaviour
of tsunamis in bathymetry fields with various levels of physical
resolution, we will focus on the Pacific bathymetry. This choice is
based on the following reasons:

(i) The Pacific Ocean can be considered as a well-contained body
of water (if not totally contained since it has a few free boundaries
allowing flow through at its edges, for example, at the Drake passage
and south of Australia), for which good bathymetry grids exist (e.g.
Edwards 1989; National Geophysical Data Center 2006; |IOC 2008;
Amante & Eakins 2009).

While another choice with this property could have been the Indian
Ocean, the average depths for the two oceans are similar (3868
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and 3595 m, respectively), and we have verified that the slope dis-
tributions in both ocean basins have a correlation coefficient of
99 per cent, resulting from a trade-off between the slower spreading
rates in the Indian Ocean which would lead to generally steeper
slopes, and the greater number of passive margins (India, Africa,
etc.) from which trenches, characterized by steep slopes, are absent.
The similarity between the overall slope regime in the two basins
can result in similar amplification of tsunami amplitudes during
shoaling (Kanoglu & Synolakis 1998).

As a result of these factors, the two oceans have similar hydrody-
namic attributes, and the choice of one over the other in this study
does not undermine the generality of our work.

(ii) Numerous earthquake tsunami sources in the Pacific have been
the subjects of rigorous studies (e.g. Satake 1995; Satake et al.
1996; Titov & Synolakis 1997; Hébert et al. 2001; Okal et al. 2004;
Synolakis & Okal 2005; Lopez & Okal 2006; Maclnnes et al. 2009;
Fujii et al. 2011; Okal et al. 2011, 2014; Salaree & Okal 2018).
As a result, we have a good understanding of the mechanisms and
positions of tsunami sources in this basin. The Indian Ocean features
only two margins with documented megathrust earthquakes: the
Sumatra—Andaman and Makran trenches; the potential of the Java
trench in this respect remains unresolved.

(i) Finally, the Atlantic Ocean has virtually no subduction zones
and was the site of only two quantitatively documented transoceanic
tsunamis, the 1755 Lisbon event for which no consensus ex-
ists on a precise source location and mechanism (Baptista et al.
1998; Gutscher et al. 2002), and its 1761 sequel (Wronna
et al. 2019).

Having selected the Pacific Basin for this study, we then use the
ETOPOS5 model grid (Edwards 1989) as a good approximation of
the ‘real’ Pacific bathymetry. The choice of ETOPO5 rather than
models with finer Ress and Res,, such as ETOPO1 and GEBCO,
was made due to (i) the size of earthquake sources and therefore the
dominant wavelength as prescribed in hydrodynamic models (e.g.
Shuto et al. 1986; Titov & Synolakis 1995) and (ii) lower processing
cost. A version of this model of the Pacific Ocean, compatible
with our simulation routines, has been prepared and published by
NOAA (Titov et al. 2016). The resolution of our grid (5 arcmin
or 9 km at the Equator) compares favourably with typical ones
used in transoceanic propagation (LeVeque et al. 2011; Gica et al.
2008), even though studies specifically targeted at the influence of
dispersions have used finer ones (Kirby et al. 2013).

In Figs 1 and 2, we then expand the topography/bathymetry of
the Pacific basin in spherical harmonics using increasingly large
values of I.x. Fig. 2 which shows the spectral power contained in
each harmonic degree, documents that most of it is concentrated at
lower degrees |.

A caveat in using this method to expand elevation fields is that
contrary to 1-D Fourier expansion, the density of information at
various latitudes is not uniform: as we approach either of the poles,
higher latitudes have fewer physical details at smaller degrees. This
simply expresses the fact that the area of Earth surface at colatitude
8 decreases like sin® towards the poles.

Nevertheless, as the Arctic Ocean is largely isolated from the
Pacific basin by continents north of 65°N, and continental Antarctica
covers the southern latitudes beyond 70°S, this effect is expected
to be marginal when expanding bathymetry for the purpose of our
tsunami simulations, inherently limited to the Pacific basin.
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Figure 1. Expansion of the Pacific bathymetry using various values of maximum degree Imnax.
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Figure 2. Distribution of spectral power over harmonic degree, with the dashed, red curve as a fit showing the general trend.

020z AN o€ uo Jasn Juswpeda( sjeuss ‘Aleiqi AlsiaAiun ule}semyloN Aq G010.8S/2E9/1L/SZzornsqe-aoiue/B/woo dnooiwspese/:sdiy Woll papeojumod



Effects of bathymetry complexity on tsunami 635

Figure 3. Seventeen designed tsunami sources around the Pacific. The strike angles of all the earthquake sources are chosen to follow those of their host

trenches (red lines). Earthquakes are numbered according to Table 1.

3 TSUNAMI SOURCES

In order to avoid the influence of a particular source location on
tsunami propagation, we selected 16 different locations around the
Pacific margin mostly coinciding with those of previously studied
events. This was done to constrain our study to realistic scenarios.
We then considered pure shallow dipping thrust source mechanisms
(6 = 15°, A = 90°) with strikes chosen along their host trenches, as
shown in Fig. 3.
These epicentres are selected according to three criteria:

(i) All the trenches capable of creating large earthquakes are in-
cluded.

(if) Potential sources were chosen to create a good azimuthal cov-
erage for the Pacific basin. This was done to accommodate the
directivity effect for tsunamis (Ben-Menahem & Rosenman 1972),
according to which tsunami waves from an earthquake interfere
constructively in a direction perpendicular to the rupture.

(iii) Sources positioned at the epicentres of documented events,
were extracted from either the publications addressing these events
or the USGS catalogue, as listed in Table 1.

For all 16 designed sources, we calculated ocean floor deforma-
tion for three seismic moments of My, = 1028, My = 10%°, and M,
= 10 dyn-cm (10%, 10%? and 10 N-m; M,, = 7.9, 8.6 and 9.3,
respectively). This was done to avoid effects of a specific source
size and therefore a particular dominant tsunami wavelength (e.g.
Rabinovich 1997). All sources were placed with a depth of 10 km
at the top of their rupture.

Note that the largest classes of moment may significantly ex-
ceed the level of known seismicity in the relevant subduction
zone, specifically in Regions 3, 4 and 5 (Vanuatu, Philippines and
Bonin-Mariana); however, in view of our lack of understanding
of potential limitations on the size of interplate events (McCaf-
frey 2007; Stein & Okal 2007), our approach may be more than
a purely didactic exercise. Similarly, the common focal geometry
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