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The Role of Near-Shore Bathymetry During Tsunami Inundation in a Reef Island Setting:
A Case Study of Tutuila Island

DErYA 1. DILMEN, 1.2

Abstract—On September 29, 2009 at 17:48 UTC, an M,, = 8.1
earthquake in the Tonga Trench generated a tsunami that caused
heavy damage across Samoa, American Samoa, and Tonga. One of
the worst hits was the volcanic island of Tutuila in American
Samoa. Tutuila has a typical tropical island bathymetry setting
influenced by coral reefs, and so the event provided an opportunity
to evaluate the relationship between tsunami dynamics and the
bathymetry in that typical island environment. Previous work has
come to differing conclusions regarding how coral reefs affect
tsunami dynamics through their influence on bathymetry and dis-
sipation. This study presents numerical simulations of this event
with a focus on two main issues: first, how roughness variations
affect tsunami run-up and whether different values of Manning’s
roughness parameter, n, improve the simulated run-up compared to
observations; and second, how depth variations in the shelf
bathymetry with coral reefs control run-up and inundation on the
island coastlines they shield. We find that no single value of
n provides a uniformly good match to all observations; and we find
substantial bay-to-bay variations in the impact of varying n. The
results suggest that there are aspects of tsunami wave dissipation
which are not captured by a simplified drag formulation used in
shallow-water waves model. The study also suggests that the pri-
mary impact of removing the near-shore bathymetry in coral reef
environment is to reduce run-up, from which we conclude that, at
least in this setting, the impact of the near-shore bathymetry is to
increase run-up and inundation.

Key words: Tsunami, numerical modeling, manning rough-
ness, island reef environment, American Samoa.

1. Introduction

A topic of longstanding interest in tsunami
research is the role of near-shore bathymetry in
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tsunami dynamics (Leschka et al. 2009a; Lynett
2016). One particularly important example is the
complex tsunami dynamics occurring in reef envi-
ronments. The impact of reef-related bathymetry in
affecting the destructiveness of tsunamis on the coast
has been studied numerically and experimentally. For
example, a study on Tutuila Island by Roeber et al.
(2010) concluded that shallow reefs, in some instan-
ces, provided little or no protection to the coastal
communities, and even transformed waves into hav-
ing more destructive power. Roeber et al. (2010) also
observed that fringing reefs and small embayments
can amplify near-shore energy and develop local
oscillation modes with 2—4-min periods adjacent to
the shore of Tutuila. Tsunami observations, suggest-
ing little protection by the coral reefs at atolls and
reef-surrounded islands, were reported in the litera-
ture for the Tohoku tsunami impacts (Ford et al.
2013; Titov et al. 2016). On the other hand, Baba
et al. (2008) performed numerical simulations of the
2007 Solomon Islands tsunami to explore the effect
of the Great Barrier Reef on tsunami wave height and
found that, in the simulations in which the reef was
removed, the tsunami amplitude was larger by a
factor of two or more than that produced by the
model with the reef. Gelfenbaum et al. (2011) per-
formed numerical simulations of the 2009 Samoa
tsunami and concluded that a better understanding of
reef roughness in particular is required to predict how
coral reefs affect tsunami inundation. Experimental
and theoretical studies indicated that reefs have a
strong bottom drag coefficient that is about an order
of magnitude larger than that for sand (see, e.g.,
Baptista et al. 1998; Kraines et al. 1998). Motivated
by those results, Kunkel et al. (2006) performed
simple

one-dimensional and two-dimensional

X Birkhauser


http://orcid.org/0000-0002-1648-8026
https://doi.org/10.1007/s00024-018-1769-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-018-1769-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-018-1769-1&amp;domain=pdf

D. I. Dilmen et al.

numerical simulations with idealized topography to
explore the effect of bottom friction due to a reef on
tsunami run-up. With bathymetry held constant, the
tsunami run-up was decreased approximately 50%
when the bottom-drag coefficient was increased from
0.03 to 0.1. However, the Kunkel et al. (2006) sim-
ulations also suggest the possibility that gaps between
adjacent reefs can result in flow amplification and
actually increase the local wave heights. Fujima
(2006) suggest that the increased damage observed at
some islands in Maldives resulted from the tsunami
front becoming more bore-shaped as it propagated
over the fringing reef, which increased the destructive
force of the wave. Fernando et al. (2005) and (2008)
lend support to these numerical results: coral reefs
protect coastlines behind them but local absences of
reefs cause local flow amplification due to gaps. Their
results are based on field observations, laboratory
measurements (Fernando et al. 2008), and interviews
of local people in Sri Lanka after the 2004 Indian
Ocean tsunami. However, their laboratory simula-
tions treated corals as a submerged porous barrier
made of a uniform array of rods, which likely over-
simplifies the complex structural distribution of coral
reefs. Liu et al. (2009) found that wave amplitudes
can be amplified several-fold (up to tenfold), based
on the near-shore bathymetry.

In this study, we extend the analysis of reef
roughness and reef bathymetry to a slightly more
general study of the influence of reef-related bathy-
metry on tsunami impact, with a numerical-model
case study of the 2009 Samoa tsunami on Tutuila
island. We focus on two main goals: firstly, we want
to understand how roughness variations of the shelf
around the island affect run-up and inundation; sec-
ondly, we perform a model sensitivity analysis
varying the bathymetry where fringing coral reefs
exist, to elucidate the role of such reef-island
bathymetry in controlling run-up on the coastlines it
shields. For this event, localized run-up exceeded
17 m, and the event was well monitored by coastal
tide gauges and off-shore DART buoys and post-
tsunami run-up surveys.

The tsunami field surveys of 29 September 2009
Samoa tsunami on Tutuila Island showed that the
western side of the island facing the tsunami direction
had the highest wave run-up although with large
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variations among adjacent villages only 2-3 km apart
from each other; severe destruction was also apparent
along the eastern and northern coastline of the island
(Okal et al. 2010; Fritz et al. 2011; Borrero et al.
2011). It has proven difficult for numerical simula-
tions of this event to successfully reproduce these
large variations in tsunami run-up and inundation at
many coastal villages (e.g., Dilmen et al. 2015). One
challenge for numerical tsunami models in tropical
settings such as this is to properly simulate the impact
of the bathymetry including the pervasive barrier and
fringing coral reefs (Fig. 1). In many respects, the
2009 Samoa tsunami provides an important bench-
mark for numerical models to simulate the tsunami
dynamics in a typical submarine environment of
coral-reef islands, with the ultimate goal of better
understanding the tsunami risks for island commu-
nities around the world.

Our previous work (Dilmen et al. 2015) compared
a tsunami simulation of this event with several
observational datasets to evaluate the high variability
of the tsunami impact around the Island of Tutuila.
We found that the numerical model compares very
well with tide gauge data. At the same time, the
modeling of the inundation process clearly demon-
strated the challenges for models in handling the
complex bathymetric environment of coral islands.
While the numerical simulation qualitatively repro-
duced inundation at all bays where flooding was
observed, the quantitative comparison showed a ten-
dency for the model to underestimate field-measured
run-up values. We also found that there was a high
degree of variability in the simulated run-up accuracy
even among adjacent bays. Such model inconsistency
and the measured run-up variability could not be
explained by the presence of fringing reefs, nor did it
correlate well with the available coral-reef damage
data. There was only a tentative indication that at
villages where the model underestimates run-up,
coral damage is more likely to be high or very high,
suggesting that the shallow-water models may over-
estimate energy dissipation over coral reefs.

The results implied that a more detailed under-
standing of two important model controls, roughness
and bathymetry, would be a very useful next step in
understanding the impact of reef-driven bathymetry
on tsunami dynamics. Dilmen et al. (2015) also
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a Tutuila Island bathymetry. The numbers correspond to the locations of villages at which surveys were conducted, the yellow square is the

location of the PagoPago tide gauge, locations of Amanave and Se’etaga are indicated in red. Black lines show the coastlines and 90 m depth

contour. Inset overview map: Tutuila Island tide gauge is shown as the yellow square. Red star shows the epicenter of the 2009 Samoa

Earthquake; and the red circles are the location of the DART buoys used in optimizing the earthquake fault source used in the MOST
simulations. b A comparison of the measured and simulated tsunami time series at the Pago Pago gauge location

evaluated the relationship between the tsunami
dynamics and the coral damage by numerical mod-
eling and post-tsunami surveys. They speculated that
the variability in simulated run-up differences in the
high-resolution tsunami model might be due to sharp
changes in bottom roughness values caused by coral
reefs. One expects that in reality there are strong
spatial variations in roughness values (e.g., Nunes
and Pawlak 2008). It is possible then that a different
roughness coefficient used in a numerical simulation
might more accurately simulate the run-up. The
numerical model used for these simulations employs
shallow-water equations, which is the classic mod-
eling technique used in tsunami hazard assessment

and forecast. Because these equations are developed
using the assumption that the velocity distribution is
uniform in the vertical direction, it is unlikely those
equations can adequately reproduce the complicated
flows where the water depth suddenly changes near
such reefs. Furthermore, the model represents dissi-
pation using a parameterized bulk-drag formula
(Eq. 1), with a single value for the Manning rough-
ness coefficient, an empirically derived value taken
from the engineering literature. Even though Dilmen
et al. (2015) used a very high-resolution model for the
Tutuila tsunami, there are significant differences
between the observed and the modeled run-up and
inundation; thus, modeling the flooding associated
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with this event remains a challenge. Motivated by
these issues, the present study focuses on two main
goals: firstly, we want to understand how roughness
variations affect run-up; secondly, we perform a
model sensitivity analysis by varying the bathymetry
where coral reefs exist, to elucidate their role in
controlling run-up on the coastlines they shield.

The remainder of the paper is organized as fol-
lows: Sect. 2 summarizes the earthquake and tsunami
event; Sect. 3 presents the modeling studies and the
analyses; and Sect. 4 is the summary and discussion.

2. Model Description

We simulate the 2009 Samoa tsunami using the
MOST Model (Titov 1997; Titov and Gonzalez 1997,
Titov et al. 2016). The evaluation of the simulations,
a comparison with tide gauge and offshore DART
data, and the calibration of the earthquake source
function were described in Dilmen et al. (2015).
MOST is an established tsunami model that has been
widely tested and evaluated, and it is used opera-
tionally for forecasting (e.g., Titov 2009; Titov et al.
2016) and hazard assessment (e.g., Titov et al.
2003a). There are other numerical tsunami models
with alternative dynamical equations and/or numeri-
cal schemes. Recognizing the importance for inter-
model evaluations (e.g., Synolakis et al. 2008), recent
community efforts have focused on using models that
satisfy theoretical benchmarks and case-study com-
parisons, such as those proposed by the National
Tsunami Hazard Mitigation Program (NTHMP
2012). MOST meets the benchmarks and performs
comparably to other tsunami models for the real-
world case studies. The primary metrics for com-
parison with observations are run-up,
inundation from post tsunami surveys at 31 villages
around Tutuila, and tide-gauge data (Fig. 1).

Dilmen et al. (2015) described in detail the numer-
ical-model setup, earthquake source, and comparison of
model results with observations. A set of three, nested
computational grids that zoom into the simulation area
are defined around Tutuila, with successively finer
spatial resolution (A-grid is outermost coarse grid,
B-grid is intermediate, and C is the innermost fine-scale
grid). Details of the grid resolution are listed in Table 1.

wave
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Regional bathymetry and topography datasets were
compiled and provided by National Center for Envi-
ronmental Information (NCEI).

3. Analysis

3.1. The Impact of Changing Manning’s Roughness,
n

In the MOST numerical model, the effects of
bottom friction are implemented by incorporating a
basal shear stress with components (7, T,;) into the
shallow water equations and parametrized by a drag
formula:

VU? 4+ V2

A

(sza Tyz)/p =—Cp

where U, V are the components of the velocities, D is
the fluid depth, and p is the density (Titov et al.
2003b). Cg is the dimensionless friction coefficient,
which can in turn be related to the Manning’s
roughness parameter, n, via:

2
Co =75 2)

The concept of Manning’s roughness was origi-
nally developed for open-channel flow. Manning’s n
values have been measured empirically for a wide
variety of different materials in laboratory experi-
ments (Chow 1959), and by large-scale field studies
of river flow for fully turbulent conditions (Bricker
et al. 2015). From Eq. (1), Cg is depth-dependent,
with increasing depth implying decreased friction.
For example, for n = 0.025 s m~ '3, Cy = 0.006 for
D =1 m, but Cg = 0.0025 for D = 15 m. Bottom
friction typically has the greatest impact at depths of
0-10 m, and is negligible for tsunami propagation in
the deep ocean (Levin and Nosov 2016). The simple

Table 1

Computational grids for simulations

Parameters Grid A Grid B Grid C

Resolution 12 arc sec 2 arc sec 0.3 arc sec
(360 m) (60 m) (10 m)

Size 1110 x 781 900 x 396 2400 x 2000
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form of n, its relatively straightforward implementa-
tion within shallow-water equations, and the
availability of extensive datasets of experimentally
verified values, have led to its widespread adoption in
tsunami modeling (e.g., Imamura et al. 2008) for the
representation of frictional dissipation of tsunami
energy in coastal zones, for both the submerged and
subaerial portions of the domain. In many studies, a
value of n = 0.025 s m™ " has been adopted as
appropriate for a smooth sea bottom or land. A range
of other values has also been suggested from
n ~ 001 to 0.1 sm~ " depending on the setting
and basal conditions (Kunkel et al. 2006; Tang et al.
2009; Jaffe et al. 2010; Gelfenbaum et al. 2011; and
Bricker et al. 2015).

In our previous study of the 2009 Samoa tsunami
on Tutuila island (Dilmen et al. 2015), we selected
n=003sm . Both far-field pressure sensors
(DARTSs) and near-field coastal sea-level stations
(tide gauges) were used to calibrate the tsunami
source for this event. Simulated wave amplitudes
matched well with tide-gauge observations (Fig. 1).
Inundation computations from the model have been
compared with point data of field run-up measure-
ments. While the model confirmed and reproduced
inundation at all 31 flooded villages, the comparison
of simulated values with point observations revealed
that the model underestimates the run-up at 15 village
sites for this event, especially at sites behind heavily
damaged coral reefs. Dilmen et al. (2015) implied
that the model may have overestimated the energy
dissipation over corals, possibly due to improper
model roughness.

In this study, we first evaluate whether a different
value of n can decrease the discrepancy between
simulated and observed run-up at the 31 villages. For
some villages, several separate run-up observations
were made. For such villages, we took the average of
all run-up observations. From the model output, we
took the maximum simulated run-ups in a 3 x 3 grid
box (30 m x 30 m) surrounding the locations of
each of the observations, and averaged them. We also
tried taking just the maximum simulated run-up in the
3 x 3 grid box, and comparing this with the maxi-
mum run-up observations at that village. Finally, we
tried taking the maximum simulated run-up from the
single gridpoint overlaying each run-up observation.

Our results do not depend on which of these various
methods we use.

We performed simulations varying n from 0.01 to
0.15 s m~ !, where the lowest n value represents an
essentially smooth bathymetry over the reef. In Fig. 2
we present the simulations for varying n as a
scatterplot of observed vs. simulated runup at 31
villages around Tutuila. The locations of the villages
are shown in Fig. 1. A comprehensive summary of
the data and analyses is presented in Table 2 in
Appendix.

Overall, for most of the villages, the variation of
runup with 7 is straightforward, with higher values of
n having less run-up. For some villages, however, the
relationship is not monotonic, and the highest sim-
ulated runup does not always occur for the lowest
value of n. Thus, at individual locations, the complex
patterns of refraction and reflection, and nonlinear
interactions can complicate the relationship between
dissipation and runup. This is also clear from the
different spreads among the simulated run-ups at
individual villages. At some villages, there is very
little spread in simulated runup as n varies (e.g.,
Fagatele village, observed runup =4.92 m, the
spread is 4% of the mean simulated value), whereas

15
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A comparison of model and field run-up for the simulations with

varying n at 31 villages in Tutuila Island. The blue line shows the

1:1 line. Points falling on or close to the blue line show where there
is good agreement between simulations and observations
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at others the spread is large (e.g., Poloa village,
observed runup = 13.5 m, the spread is 76% of the
mean simulated value).

The results are mixed regarding whether the
various values of n improve the simulated runup
compared to observations. The model estimation of
run-up is improved by changing n for some villages
and doesn’t change significantly at others. Of the total
31 villages, at 10 villages the difference between
observed and estimated run-up is smallest when
n=002sm "’ At 9 villages, the closest match
occurs forn = 0.03 s m~ 3. At5 villages, the closest
match occurs for n = 0.015 s m~ ">, For the remain-
ing 6 villages, two villages each achieve the closest
match to observations when n = 0.04sm~ "3,
n=006sm " andn = 0.08 s m "

In our simulations, n is uniform throughout the
model domain, which oversimplifies the real situation
of a heterogeneous littoral and coastal environment.
Equations (1) and (2) represent dissipation in these
environments. An obvious next step in tsunami
modeling is to evaluate whether variations in basal
conditions might be represented by spatial variability
in n. Introducing spatial variations in n would add
tunable degrees of freedom in the model, and in
practical applications it would be important not to
over-constrain a model. Nonetheless, an evaluation
could be performed as to whether spatial variations in
n might be optimized against observations to provide
agreement with detailed measurements in case stud-
ies such as ours, and it would represent a ‘best-case’
for the ability of equations to simulate run up in these
events. Since the computational influence of friction
is strongest in the very near-shore and onshore
environments (the influence is inversely proportional
to flow depth), even a simplified uniform-friction
study like ours can provide insight for the problem.
Calibrating a variable-friction map for such a vari-
able-friction simulation represents a formidable
challenge. However, general hydrodynamic studies
combined with measurements of wind- and tidal-
driven currents in coral-reef lagoons (where the
problem appears to be the most acute) can provide
needed data for variable-friction maps and hence
more precise estimates of the run-up and associated
currents for shallow-water wave simulations.

Pure Appl. Geophys.

Next, we evaluate the spatial patterns of the
maximum tsunami amplitudes for two representative
villages, Se’etaga and Amanave, as a function of
n. Dilmen et al. (2015) showed that, for standard
parameters (n = 0.03 s m~ '), our modeling suc-
cessfully simulated the run-up observations at
Se’etaga, agreeing to within 2.4%. On the other
hand, just 3 km southeast from Se’etaga, the simu-
lation did a relatively poor job for the village of
Amanave (the model underestimated observed run-up
by 45%). This very different simulation performance
illustrates the complexities of the setting, and thus
made Se’etaga and Amanave suitable for our case
studies.

Figure 3 shows the tsunami evolution during the
propagation toward the west coast of Tutuila Island
where the two villages are located, for the simulation
that provided the best fit with the tide-gauge record.
These snapshots of the model amplitudes illustrate
the dimensions and shape of the tsunami waves at the
time of the initial flooding event at the two selected
village locations. The figure shows that the wave-
length of the tsunami in deep water is comparable
with the size of Tutuila Island. However, when the
wave reaches the shallow areas of the west-coast
shelf, the wavelength shortens to approximately the
length of the shelf. The wave exhibits strong refrac-
tion around the island due to the dramatic bathymetry
changes near the island shelf. The strong amplifica-
tion of the wave amplitude and shortening of the
wavelength over the shelf lead to an increased
steepness of the wave front, indicating mild to strong
nonlinearity during the shoaling of the tsunami near
the two selected locations.

The simulated maximum wave amplitude fields
are shown in Fig. 4a—d for Se’etaga, and in Fig. 4e—
h) for Amanave. For Se’etaga, n = 0.03 s m~ '3
provides the best agreement in run-up (5.69 m
observed, 5.57 m model), whereas for Amanave,
n=002sm " gives closest agreement (7.74 m
observed, 6.32 m model). For higher values of n, the
wave-amplitude fields vary smoothly on scales of
few-hundred meters. The highest values of run-up are
found in the center of both bays, suggesting a
refraction or focusing of wave energy there. As n is
reduced from 0.04 to 0.02 s m~" 3, some significant
localized increases in wave amplitude and inundation
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appear, particularly in Amanave bay, where the wave
approaches double that of the
n = 0.08 s m~ " simulations. For n = 0.015 s m™ "
3 wave amplitudes increase throughout each bay, and
the increases are clearly co-located with the clusters
of shallow bathymetry structures related to reefs that
are dotted around the perimeter of each bay, and
which can be seen in detail in Fig. 7a, c. Figure 4 also
shows evidence that lower values of n have some
impact offshore, with a more complex wave pattern
and more small-scale structure, perhaps indicating
more scattering of wave energy and a cascade to
smaller scales.

amplitude

17 min 54 sec

19 min 48 sec

23 min 09 sec

Combining Eqgs. 1 and 2, we find that the absolute
value of the bed shear stress is proportional to the
flow velocity as follows:
pr® - |uf?

7|~ T (3)

Figures 5 and 6 show the maximum values of |u|,
the momentum flux (pD|u|*), and |7, as a function of
the value of n, for Se’etaga and Amanave bays,
respectively. In both bays, there is the same basic
behavior. Lower values of n are associated with much
larger velocities (top panels of Figs. 5, 6) throughout
each bay. Lower values of n are also associated with
higher momentum flux (middle panels of Figs. 5, 6),
although the momentum-flux pattern is also affected

[m]
5.0

0.1

0.0

Figure 3
Model tsunami amplitudes at three different times during initial tsunami impact on the west coast of Tutuila. Bays of Se’etaga and Amanave
are indicated by green stars. Positive tsunami amplitudes are colored in red, negative in blue
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(a)n=0.08 (b)n=0.04

Se'etaga

(d)n=0.015

(e)n=0.08 (f) n=0.04

Amanave

(g)n=0.02

0 1 2

4 5 6

Figure 4
Simulated maximum wave amplitudes are shown for the bays near the villages of Se’etaga (top panels) and Amanave (lower panels) for
n = 0.08, 0.04, 0.02 and 0.015 s m~"3. The pre-tsunami shoreline is shown as a thin black line. Colors inland of that line therefore show the
degree of inundation. Village locations are shown as red stars. Black arrows indicate the tsunami direction from its source

by the shoreward-shoaling bathymetry. Note the
middle panels also show that the lower values of
n produce a larger momentum flux at offshore
locations, showing that the greater dissipation asso-
ciated with higher n is felt several km offshore.
Finally, the bottom panels of Figs. 5 and 6 show the
maximum computed bed shear stress from Eq. 3. It is
noteworthy that the nearshore stresses are greater for
lower values of n, despite the scaling in Eq. (3). The
increased velocities outweigh the smaller n and larger
D resulting in larger stresses. It is also clear that the
largest stresses are associated with the individual reef
structures seen in detail in Fig. 7b, c.

We next turn to a comparison of water-surface
elevations at virtual sea-level gauges estimated from
the MOST output at gridpoints near the coasts of
Se’etaga and Amanave, for varying n (Fig. 7). At
these villages, the maximum wave amplitude occurs
during the first surge. For the Se’etaga time series, the
maximum water elevations are 3.1, 3.2, and 3.3 m for

n=20.08, 004, and 0.02 m sV 3, respectively
(Fig. 7). At Amanave, the maximum water elevations
are 3.1, 3.4, and 39 m for n = 0.08, 0.04, and
0.02 m s~ respectively. The various values of 1 do
not affect the timing of the waves, and have most
impact on the amplitude of the first wave.

Both Se’etaga and Amanave time series show
some evidence of resonance or constructive interfer-
ence between approaching and receding waves
(Fig. 7). We generally expect successive wave
heights to decrease in amplitude after several waves,
but at both sites wave elevations increase between the
fourth and sixth waves then decrease again after the
seventh wave. The time series at Se’etaga shows that
the approaching and reflecting waves from the
coastlines and bathymetry barriers form constructive
interference after the third wave. Tsunami time series
at Amanave drop off in amplitude more quickly than
at Se’etaga and have a less sinusoidal form. By 1.5 h
after the first waves, the tsunami has become a
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0.6 0.8

Figure 5
Dynamical fields from simulations for Se’etaga Bay as a function of Manning roughness, n. Upper panels: maximum flow velocity for
n = 0.08, 0.04, and 0.02 s m71/3; middle panels: maximum momentum flux for n = 0.08, 0.04, and 0.02 s m7'/3; bottom panels: maximum
bed shear stress for n = 0.08, 0.04, and 0.02 s m~ 3. The figure shows the maximum value of the field at every grid point, whenever it occurs
in the model simulation. This accounts for the linear features seen in some of the panels
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Figure 6
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Figure 7
Comparison of water-surface elevations at selected virtual tide gauges in the near-shore regions of villages of Se’etaga (a, b) and Amanave (c,
d). Maps show the location of the villages as red stars, and the locations of the virtual tide gauges are shown as blue squares. In b and d water
surface elevations are given for varying n during the 4 h after the fault rupture at t = 0

distorted noisy wave-train. This behavior indicates
more nonlinearity and more overall dissipation,
compared to Se’etaga, perhaps because of the more
complicated reef structures within the bay that cause
the waves to be dispersed in the reef areas (Fig. 7a
compared with Fig. 7c).

3.2. Changes of Island Shelf Bathymetry

In this section, we evaluate how variations in
island shelf bathymetry with the associated contribu-
tions from reef structures affect the tsunami run-up
and inundation inside the bays at the 31 villages
around Tutuila. We generate synthetic bathymetries
for the higher-resolution grids of our nested compu-
tational grid system (the B and C grids of Table 1) by
progressively removing bathymetry with less than
90 m depth (i.e., bathymetry in the range 0-90 m is
ultimately set equal to 90 m). As shown in Fig. 1, the
90 m contour outlines the bathymetry inside the
barrier reef. Therefore, such a procedure will grad-
ually remove all reef-related bathymetry structures,
including bathymetry features related to the fringing
and barrier reefs, while leaving the flat 90 m-deep

shelf in front of the coastline intact. Let zqu(x,y) be
the real bathymetry and let zp,(x,y) be the extreme
flattened bathymetry. We performed several experi-
ments varying the bathymetry smoothly between
these limits using the parameter, r, in the following
equation:

(4)

Thus, r = 1 corresponds to the real bathymetry
and r = 0 to the flattened bathymetry. We varied
r from O to 1 in increments of 0.2. The resulting

Zexpl(x7y> = rZreal(xay) + (1 - r)zﬂat(x7y)

bathymetries are shown in Fig. 8. In all simulations, a
value of Manning’s roughness of n = 0.03 m s~ '
has been implemented.

We first focus on maximum wave amplitudes in
simulations that implement these varying bathyme-
tries. The wave amplitude fields near Se’etaga and
Amanave are shown in Fig. 9, and the results for
simulated run-up for villages around Tutuila are
given in Table 3 in Appendix. In general, we find that
wave amplitudes and run-up are smaller when the
reef-related roughness of the original bathymetry is
removed, contrary to the common belief that reefs
and related bathymetric features protect reef-
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surrounded coasts from tsunamis (Baba et al. 2008;
Kunkel et al. 2006). When there is a smooth shelf
(r = 0), the tsunami run-up achieves its lowest value
at 22 out of the 31 villages. For the remaining 9
villages, 4 villages achieve the smallest run-up when
r = 0.2, 2 villages achieve the smallest run-up when
r = 0.4, and 3 villages achieve the smallest run-up
when r = 0.6 (Table 3 in Appendix).

The same basic behavior is observed in the
maximum wave amplitude fields near Se’etaga and
Amanave (Fig. 9). Wave amplitudes are larger for the
real bathymetry than for the flattened bathymetry.
The model estimates the maximum water surface
elevations at Se’etaga village as 3.2, 2.2, and 2.1 m
for r=1.0, 0.8, and r = 0.0, respectively. At
Amanave, the maximum water surface elevations
are 3.4, 2.8, 2.1 m for r=1.0, 0.8, and 0.0,
respectively.

These results may seem counterintuitive at first
glance, since the removal of apparently protective
structures over the island shelf actually decreases the
run-up and inundation for the two considered loca-
tions. While there are fairly straightforward
hydrodynamic explanations for the phenomenon, the

Pure Appl. Geophys.

results dispute the popular misconception that any
bathymetry barriers on a shelf, particularly the ones
associated with barrier reef islands would provide
additional protection against a tsunami. These results
can only be fully explained by the nonlinear wave
dynamics, since linear theory (as manifested by a
Green’s law, for example) would assume same
amplification for waves coming from deeper water,
regardless of bathymetry profile experienced along
the way. The increased particle velocities of higher-
amplitude waves, when amplified over reef struc-
tures, may contribute to higher run-up values. The
effects of non-linear wave transformation over the
reef environment appear to create more energetic
flows toward the coastlines, leading to larger run-up.
The inundation limits can be seen in Fig. 9 from the
color shading that lies inland of the pre-tsunami
shoreline. It is interesting to note that the inundation
limits are not a strong function of the offshore
bathymetry, despite the very large variations we have
implemented. It suggests that the extent of inundation
may be more sensitive to the coastal geometry and
topography, and the immediate near-shore bathyme-
try. Indirect evidence of this finding has been

(d)r=0.4

-1000 -500

Figure 8
C grids of synthetic bathymetry generated from Eq. 3, shown for the west side of Tutuila Island. r = 1 gives original bathymetry; r = 0 gives
flat shelf bathymetry from 0 m to 90 m depth
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Figure 9
Simulated maximum wave amplitudes are shown for the bays near the villages of Se’etaga (top panels) and Amanave (bottom panel) for
different bathymetry [r = 0.0 (flat-shelf), 0.4, 0.8 and 1.0 (actual)]. The pre-tsunami shoreline is shown as a thin black line. Colors inland of
that line therefore show the degree of inundation. Village locations are shown as red stars. Black arrows indicate tsunami direction

documented by Wei et al. (2013), who observed very
consistent inundation area predictions with fairly high
variability in amplitude comparisons. Thus, hi-res
topographic data (such as from LiDAR surveys) are
important for accurate inundation mapping.

Simulated time series computed at the same
offshore locations near Se’etaga and Amanave
villages provides additional illustration and some
explanation for the decreased run-up without barrier
reef- and fringing reef-related bathymetric structures
(Fig. 10). In contrast to the results for varying
roughness, changing the bathymetry prompted sig-
nificant changes in the time series. As the bathymetry
is progressively removed (r — 0), the first waves
arrive 5-10 min earlier with generally smaller ampli-
tudes and with shorter periods.

The time series show the significant influence of
varying the bathymetry for the later tsunami waves in
the two bays, due to wave resonance and shoaling.
The resonance is particularly prominent in Se’etaga

bay (Fig. 9a). As the bathymetry is progressively
removed (r — 0), the resonant amplification in the
amplitude of waves 4-7 seen in Se’etaga Bay,
diminishes and eventually disappears. Therefore, the
resonant feature in the time series of the original
bathymetry is probably related to the multiple
reflections from the bathymetric features of the
semi-enclosed lagoon inside the barrier reef, and
not to coastal reflections.
indicates that the run-up and inundation are mostly
driven by the initial wave, which is the highest for all
cases. Therefore, reflection and refraction are not
playing significant role for the maximum run-up and
inundation for the two locations. This is another
indication that the nonlinear evolution of the wave
over the shelf is predominantly responsible for the
increased run-up for the original bathymetry.
Roeber et al. (2010) came to similar conclusion
using resonant mode analysis of their numerical
simulations for the 2009 Samoa tsunami around

The time series also
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Figure 10
Comparison of water surface elevations at selected virtual tide gauges in the near-shore regions of villages of Se’etaga and Amanave. Refer to
Fig. 7 for location of gauges. Water surface elevations are given for varying r in the 4 h after the fault rupture at r = 0

Tutuila. They found significant resonant amplifica-
tions for relatively shorter wave periods at the west
coast of Tutuila, where shallow reefs provided little
protection for coastal population. Our work indicates
that the reef-related bathymetric structures actually
increase the run-up and, therefore, tsunami impact for
coastal communities there.

4. Discussion and Conclusion

Manning roughness, n, was spatially uniform in
our simulations. Although almost all numerical codes
can accommodate variable roughness, the use of a
uniform roughness coefficient is standard practice in
most current tsunami models. The main reason is the
difficulty of determining the correct pattern of
roughness values within the computational area.
Also, the use of a lower roughness coefficient is
thought to produce more conservative results (our
study confirmed and quantified that notion), which is

desirable for many tsunami studies. Arguably, the
uniform roughness is only valid at large scales, and
cannot capture the real situation of a heterogeneous
reef environment. An important frontier in tsunami
modeling research is whether, in pursuit of more
accurate predictions, models should incorporate spa-
tially varying n or whether, in addition, the
mathematical representation of the dissipation
(Egs. 1, 2) must be reformulated.

When we remove reef-related bathymetry struc-
tures, the modelled run-up values on the coast
decrease, due to non-linear wave transformation over
the reef flats. A notable feature of the simulations is
that varying the bathymetry has a strong impact on
the wave resonance that was observed. The bathy-
metry plays a significant role in the constructive
interference of reflected and incident waves. As the
bathymetry is progressively removed, the first waves
arrive earlier and the period of successive waves gets
longer, consistent with faster velocities in deeper
water. Interestingly, similar dynamics were noticed
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by Lynett (2007) for a set of one-dimensional
numerical experiments with artificial bathymetry
simulating the barrier and fringing reef environment.
Lynett’s numerical experiments showed peculiar
increase of overland velocities when long obstacles
were added to the one-dimensional bathymetry for
weakly nonlinear waves, but not for highly nonlinear
(very high amplitude) waves. While the geometry of
these idealized one-dimensional experiments are
different from our realistic 2-d modeling setting, the
general dimensionless parameters of the 2009 Samoa
tsunami wave are similar to the weakly nonlinear
case of Lynett’s simulations (Fig. 2). Our numerical
results appear to confirm that such amplifications,
wherein the reef shelf features increase the run-up,
can occur in natural settings of reef islands like
Tutuila. The dataset synthesized in Tables 2 and 3 in
Appendix are summaries of the model results.

The role of reefs and reef—island shelf bathymetry
in tsunami dynamics remains enigmatic, which echos
Lynett’s (2016) conclusions about the chaotic nature
of flow over complex bathymetries, and the resultant
challenges inherent to the deterministic modeling of
such flows. Our results add to a body of literature
exploring this important question. In our experiments,
the reef-related bathymetry enhanced run up via non-
linear tsunami transformation over reef structures.
We designed our experiments to pervasively smooth
and remove the reef-related small-scale bathymetry
of the island shelf, rather than focusing on individual
structures. To some degree, our results must depend
on the proximity of the reefs to the shore. Broader
reefs further from shore, such as the Great Barrier
Reef example for instance, might dissipate wave
energy enough to reduce onshore run up. However,
given the degree of complexity we found in our
simulations, it would be hazardous to conclude that
reefs, and the reef—island bathymetric environment in
general, provide universal protection for their inshore
coastlines.

To conclude, while the impact of coral reefs on
the dynamics of tsunamis impinging on tropical
islands is obviously complicated and depends on
many factors, our results reinforce a focus on two key
issues that call for further research: first, the repre-
sentation of the turbulent dissipation in terms of the
governing equations and their coefficients; and sec-
ond, the role of all aspects of reef—island bathymetry
such as reef widths, reef types and coastal geometry
on the scale of individual bays.
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Appendix

These tables present MOST model output for
maximum amplitude along selected villages (Fig. 1
for locations of the villages). There is a tendency that
run-up increases with decreasing Manning coefficient
and the model better estimates run-up (Table 2).
There is also a tendency that run-up decreases with
removing reefs (Table 3).
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Model, simulated run-up (m) for different Manning’s roughness, n, values at 31 villages around Tutuila

Village # Village name Run-up Run-up, Run-up, Run-up, Run-up, Run-up, Run-up,
(Fig. 1) field n = 0.08 n = 0.06 n = 0.04 n=10.03 n = 0.02 n = 0.015
31 LAUILI 3.36 1.35 1.58 1.78 1.80 2.12 2.35
30 AMALAU 2.50 1.46 1.49 1.52 2.12 1.55 1.72
29 AFONO1 2.18 1.92 1.98 2.06 3.00 2.20 2.45
28 AFONO2 3.80 2.04 2.11 2.21 3.50 2.41 2.68
16 AVAIO 3.70 2.81 2.95 3.12 3.15 3.59 3.98
27 MASEFAU 4.00 3.32 3.30 3.27 4.20 3.37 3.74
18 AMAUA 291 3.05 3.23 343 3.20 3.81 4.23
17 FAGAITUA 350 3.60 4.26 5.02 4.75 5.31 5.90
26 MASAUSI 2.79 2.46 248 2.50 3.15 2.56 2.84
25 SAILELE 2.95 1.99 2.01 2.01 2.25 2.00 223
24 AOA 2.23 1.36 1.60 1.82 2.20 2.05 2.28
19 AMOULI 3.15 2.76 3.18 3.53 3.20 4.18 4.64
23 ONENOA 3.60 2.20 2.21 223 2.50 2.24 2.48
21 AUASI 3.79 2.57 3.06 3.47 3.08 3.73 4.14
22 TULA 7.00 3.11 3.44 3.66 3.80 3.89 4.32
20 AUNUU 2.15 1.54 1.71 1.85 2.14 2.03 2.25
3 POLOA 13.23 6.10 6.49 7.03 7.30 7.62 10.74
4 AMANAVE  7.74 4.69 4.85 4.93 5.25 6.32 5.79
2 FAGAILII 6.00 4.77 4.78 4.84 4.90 5.33 7.90
5 FAILOLO 6.54 2.87 2.79 2.69 2.70 3.29 3.14
6 AGUGULU 6.12 1.93 2.11 235 2.50 2.23 243
7 UTUMEA 4.51 3.05 3.15 3.76 4.00 4.52 5.68
8 SE’ETAGA 5.69 4.98 5.09 5.50 5.57 6.29 5.19
1 FAGAMALO 6.39 2.88 3.22 3.37 3.30 3.30 15.00
9 NUA 4.09 3.61 3.86 4.15 4.20 3.85 3.86
10 AFAO 5.89 3.46 3.83 4.10 4.20 3.98 4.74
11 ASILIT 6.81 5.05 5.30 5.66 6.00 6.94 5.74
12 AMALUIA 5.39 5.14 5.26 5.26 5.20 5.60 6.21
13 LEONE 2.80 1.26 1.89 2.58 3.00 2.66 2.01
14 FAGATELE 492 3.12 3.21 3.28 3.30 3.33 3.33
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Table 3

Model, simulated run-up for different r values representing varying bathymetry at 31 villages around Tutuila

Village # Villages Run-up Run-up, Run-up, Run-up, Run-up, Run-up, Run-up,
(Fig. 1) field r=1 r=0.8 r=20.6 r=04 r=02 r=20.0
31 LAUILI 3.36 1.80 1.13 1.05 0.98 0.94 0.89
30 AMALAU 2.50 2.12 2.05 1.89 1.76 1.65 1.54
29 AFONO2 2.18 3.00 2.34 2.30 2.33 2.24 2.17
28 AFONO1 3.80 3.50 2.70 2.79 2.75 2.77 2.72
16 AVAIO 3.70 3.15 2.46 2.25 2.25 2.27 2.30
27 MASEFAU 4.00 4.20 2.80 2.49 2.58 2.61 2.70
18 AMAUA 291 3.20 1.93 1.86 1.79 1.75 1.67
17 FAGAITUA 3.50 4.75 3.14 2.78 2.86 2.88 2.95
26 MASAUSI 2.79 3.15 2.15 2.10 1.99 1.95 1.98
25 SAILELE 2.95 2.25 1.55 1.63 1.47 1.49 1.43
24 AOA 2.23 2.20 1.90 1.76 1.72 1.69 1.63
19 AMOULI 3.15 3.20 3.67 2.87 2.93 2.87 2.80
23 ONENOA 3.60 2.50 1.69 141 1.42 1.40 1.33
21 AUASI 3.79 3.08 2.24 2.16 2.02 2.02 1.88
22 TULA 7.00 3.80 2.38 2.22 2.07 2.07 1.98
20 AUNUU 2.15 2.14 2.07 1.90 1.78 1.78 1.67
3 POLOA 13.23 7.30 5.32 5.12 4.79 4.46 4.14
4 AMANAVE 7.74 5.25 3.29 3.06 2.85 2.73 2.59
2 FAGAILII 6.00 4.90 475 4.36 4.08 3.82 3.56
5 FAILOLO 6.54 2.70 2.11 2.07 2.10 2.02 1.95
6 AGUGULU 6.12 2.50 1.93 1.99 1.96 1.98 1.94
7 UTUMEA 4.51 4.00 3.12 2.86 2.86 2.88 2.92
25 SE’ETAGA 5.69 5.57 3.71 3.30 343 3.46 3.59
1 FAGAMALO 6.39 3.30 1.99 1.92 1.84 1.81 1.72
9 NUA 4.09 4.20 2.78 2.46 2.53 2.54 2.17
10 AFAO 5.89 4.20 2.87 2.80 2.65 2.60 2.64
11 ASILIT 6.81 6.00 4.14 4.34 391 3.96 3.83
12 AMALUIA 5.39 5.20 4.50 4.15 4.06 4.01 3.86
13 LEONE 2.80 3.00 3.44 2.69 2.75 2.69 2.62
14 FAGATELE  4.92 3.30 2.23 1.85 1.88 1.85 1.75
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