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Abstract—The most recent tsunami observed along the coast of
the island of Puerto Rico occurred on October 11, 1918, after a
magnitude 7.2 earthquake in the Mona Passage. The earthquake
was responsible for initiating a tsunami that mostly affected the
northwestern coast of the island. Runup values from a post-tsunami
survey indicated the waves reached up to 6 m. A controversy
regarding the source of the tsunami has resulted in several
numerical simulations involving either fault rupture or a submarine
landslide as the most probable cause of the tsunami. Here we fol-
low up on previous simulations of the tsunami from a submarine
landslide source off the western coast of Puerto Rico as initiated by
the earthquake. Improvements on our previous study include: (1)
higher-resolution bathymetry; (2) a 3D-2D coupled numerical
model specifically developed for the tsunami; (3) use of the non-
hydrostatic numerical model NEOWAVE (non-hydrostatic evolu-
tion of ocean WAVE) featuring two-way nesting capabilities; and
(4) comprehensive energy analysis to determine the time of full
tsunami wave development. The three-dimensional Navier—Stokes
model tsunami solution using the Navier—Stokes algorithm with
multiple interfaces for two fluids (water and landslide) was used to
determine the initial wave characteristic generated by the sub-
marine landslide. Use of NEOWAVE enabled us to solve for
coastal inundation, wave propagation, and detailed runup. Our
results were in agreement with previous work in which a submarine
landslide is favored as the most probable source of the tsunami, and
improvement in the resolution of the bathymetry yielded inunda-
tion of the coastal areas that compare well with values from a post-
tsunami survey. Our unique energy analysis indicates that most of
the wave energy is isolated in the wave generation region, partic-
ularly at depths near the landslide, and once the initial wave
propagates from the generation region its energy begins to stabilize.
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1. Introduction

The most recent tsunami affecting the island of
Puerto Rico in the northeastern Caribbean occurred
on October 11, 1918. The tsunami, which affected
mostly the northwest coast of the island, was
observed shortly after a M,, (Doser et al. 2005)
earthquake originating somewhere in the Mona
Passage (Fig. 1). A post-tsunami survey carried out
by Re and TaBer (1919) reported runups ranging
from 3 to 8 m along the northwest coast of Puerto
Rico, approximately four million dollars in dam-
age, 110 casualties from the earthquake
destruction, and 40 people drowned as a result of
the tsunami.

The first attempt to model the October 11, 1918,
tsunami was that of MErRcapo and McCanN (1998),
who assumed an instantaneous co-seismic dislocation
as the initial tsunami source. Although their fault
model yielded overall good agreement, it was unable
to reproduce the observed negative polarity of the
first wave arrival and detailed runups. An alternative
mechanism for this tsunami was based on the
assumption that the earthquake initiated a submarine
landslide. There was much debate over the two pos-
sible sources of the tsunami until high resolution
bathymetry and multi-channel seismic studies per-
formed by the US Geological Survey (USGS) during
the first decade of the 21st century (BRINK ef al. 2004;
Cuaytor and TEN Brink 2007, 2010) showed evi-
dence of a submarine landslide. LOPEZ-VENEGAS ef al.
(2008) used the identified geometry of the landslide,
excavation area, and seismic reflection profiles to
suggest the landslide as the most probable mechanism
of generation of the tsunami, and ran simulations
using the identified data to compare arrival times,
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Figure 1
Bathymetry near Puerto Rico’s northwest corner (Mona Passage) and nested domains (3, 1, and 1/3 arc-seconds of resolution) used by the 2D
non-hydrostatic numerical model NEOWAVE for calculation of the tsunami wave propagation and runup. The generation domain (gray
shadow area on the 3 arc-seconds domain) is used by the 3D numerical model TSUNAMI3D for calculation of the initial tsunami waves
generated by the submarine landslide

polarity of the leading wave, and wave amplitudes
close to the shore where runup values were measured
by the post-tsunami survey of REip and TABER (1919).
In addition to the good agreement provided by the
modeling, LOPEZ-VENEGAS et al. (2008) favored the
landslide over the dislocation model because histor-
ical evidence indicated two telegraph cables failed in
the landslide generation area (REip and TABER 1919)
and no clear evidence of recent faulting or sea floor
rupture was evident in either the seismic profiles or
multi-beam bathymetry, respectively. Attempts to
determine whether a submarine slide was the major
source of the tsunami waves has been widely docu-
mented in the literature. For example analysis by

HorNBACH et al. (2008) suggested that a submarine
slide was a plausible alternative explanation for
generation of the 1918 tsunami.

Recent assessments of tsunami hazards along the
Puerto Rico coastal regions conducted by the USGS
have identified several large tsunamigenic submarine
landslide scarps (BrINK ef al. 1999, 2004). The study
has identified the presence of large scarps carved out
on the northern margin of the Puerto Rico-Virgin
Islands carbonate platform. The scarps show evi-
dence that the northern slope of Puerto Rico has
undergone massive submarine slope failures. As a
consequence, massive underwater landslides in the
vicinity of the Puerto Rico Trench are regarded as a
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potential hazard (see also DunBarR and WEAVER 2008)
and the effects of such an event on the coastal region
require further analysis with state-of-the-art numeri-
cal modeling tools. Thus, the purpose of this study
was to re-assess the 1918 Mona tsunami by using a
3D-2D coupled numerical model which has its origin
in two existing tsunami numerical models: the tsu-
nami solution using the Navier—Stokes algorithm
with multiple interfaces (TSUNAMI3D) (HorriLLO
2006; HorriLLO et al. 2013) and Non-hydrostatic
Evolution of Ocean WAVE (NEOWAVE) (YAMAZAKI
et al. 2009).

In the area in which the landslide was generated,
the initial tsunami source is determined by use of the
3D Navier-Stokes (NS) model, TSUNAMI3D,
developed by the University of Alaska Fairbanks
(UAF) and the Texas A&M University at Galveston
(TAMUG). The tsunami wave propagation and the
detailed inundation is carried out by the 2D non-lin-
ear, non-hydrostatic/hydrostatic model NEOWAVE,
developed by the UAF and the University of Hawaii
(UH). Detailed energy analysis enabled us to deter-
mine the full development of the tsunami source and
the appropriate time of coupling between the 3D and
2D models.

2. Tsunami Source Description

Strong evidence of a submarine landslide was
present in USGS multibeam bathymetry data from the
Mona Passage (Brink et al. 2007; CHAYTOR and TEN
Brink 2004) along the northern slope of the Desecheo
Ridge, a shallow east-west trending ridge connecting
the island of Desecheo with the western tip of Puerto
Rico, in the Punta Higiiero region, in the municipality
of Rincén (G#3 in Fig. 1). The Desecheo Ridge is an
important geologic feature in the Mona Passage
because it separates the deepest portions of the Mona
Rift leading to the Puerto Rico Trench to the north
and the shallow Mayagiiez Basin to the south
(CHaYTOR and TEN Brink 2010).

The shallowest portion of the landslide head scarp
is located at latitude 18.44°N and longitude 67.49°W
along the 1,320 m depth contour. Escarpments nota-
ble at both the left and right sides of the slide enable a
detailed morphology of the landslide to be

determined and an area of 76 km” to be computed
(LopEZ-VENEGAS et al. 2008). Seismic reflection pro-
files covering the landslide region show the vertical
extent of the excavation and portions of the deposi-
tional toe of the landslide. Most of the removed
material from the landslide may be found dispersed
throughout the Mona Rift and further north to the
Puerto Rico Trench because the natural downslope in
this region reaches deeper than 5,000 m. As a result,
the landslide material is dispersed throughout the
Mona Canal down to the Puerto Rico Trench, making
it difficult to trace the depositional profile of the
event. A more comprehensive description of the
submarine landslide and the methodology used to
obtain estimates of the volume of material removed
are available elsewhere (LOPEZ-VENEGAS et al. 2008).

Lo6rPEzZ-VENEGAS et al. (2008) concluded that the
geometry and orientation of the landslide favor an
initial leading depression wave arriving at the wes-
tern coast of Puerto Rico. Moreover, the combination
of the distance of the slide from the shore and the
bathymetry of the region leads to estimates of wave
arrivals that are in agreement with the time between
the onset of the earthquake and the arrival of the first
observed wave, according to anecdotal evidence
collected by ReID and TABER (1919). These factors are
presented as crucial evidence in support of the land-
slide as the strongest candidate for generation of the
tsunami. The north slope of the Desecheo Ridge is
characterized by a northward, gently dipping car-
bonate platform featuring numerous faults and
cracks. Violent ground shaking as a result of the
earthquake must have dislodged sediment material
along this gently dipping slope, resulting in genera-
tion of the tsunami.

In addition to presenting marine geophysical
evidence to justify the landslide as the cause of the
tsunami, LOPEZ-VENEGAS et al. (2008) also performed
tsunami simulations to estimate the landslide velocity
and the bottom friction coefficient. The tsunami was
simulated with COULWAVE (LynerT and Liv 2002)
by using a crude rectangular rotational landslide with
dimensions obtained from the bathymetry. Although
simulations enabled determination of a landslide
duration of 325 s and a best-fit bottom friction
coefficient ranging from 0.01 to 0.04, the grids used
(1,000 and 400 m) were too coarse to produce
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detailed water amplitudes. Finally, limitations of the
computational capabilities and the software at the
time prevented inundation and runup computations,
an objective this study seeks to accomplish by mod-
eling a more realistic landslide flow with higher-
resolution bathymetry.

3. Description of the Models

For development of inundation maps of landslide-
generated tsunamis, a common approach is to com-
bine a 3D Navier—Stokes (NS) model for the
landslide-induced waves with a 2D depth integrated
non-hydrostatic or Boussinesq model for the wave
propagation and runup (coupled model). The 3D NS
model is used to determine the wave kinematics and
the free surface configuration caused by the landslide
(the initial tsunami wave source); these are then input
as the initial conditions (hot start) to the more
numerically efficient 2D non-hydrostatic model for
calculation of the wave propagation and detailed
runup.

The 3D NS numerical model, TSUNAMI3D, is
based on the computational fluid dynamic (CFD)
model originally developed in Los Alamos National
Laboratory (LANL) during the 1970s, and follows
early work by Hirr and NicHors (1981). It solves
transient fluid flow with free surface boundaries
based on the concept of the fractional volume of fluid
(VOF) method using an Eulerian mesh of rectangular
cells of variable size. The fluid equations solved are
the finite difference approximation of the full NS
equation and the incompressibility condition equation
which results from the continuity equation when the
density is constant. The basic mode of operation is for
a single fluid phase having multiple free surfaces.
However, TSUNAMI3D also can be used for calcu-
lations involving two fluid phases separated by a
sharp or diffusive interface, for instance, water and
landslide material. In either case, both fluids are
considered incompressible and treated as Newtonian.
Internal obstacles, e.g., topography, wall, etc., are
defined by blocking out, fully or partially, any desired
combination of cells in the domain. It is well known
that full 3D NS numerical models are highly com-

putationally intensive and require substantial
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computer resources. Therefore, TSUNAMI3D has
been simplified to overcome as much as possible the
computational burden of 3D NS tsunami simulations.
The simplification is derived from the large aspect
ratio (horizontal and vertical scale) of the tsunami
wave and the selected computational cell size
required to construct an efficient 3D grid. The large
aspect ratio of the tsunami wave also requires a large
grid aspect ratio to reduce runtime and memory
usage. However, the grid aspect ratio should be
smaller than the aspect ratio of the tsunami wave to
simplify the fluid surface reconstruction. The stan-
dard VOF algorithm, the donor—acceptor technique of
Hirt and NicHoLs (1981), has been simplified to take
into account this large cell aspect ratio. The pressure
term is split into two components, hydrostatic and
non-hydrostatic. Although TSUNAMI3D has the
capability of variable grids (1D telescoping), it does
not include the nesting capability (2D telescoping)
needed for detailed inundation solutions on coastal
regions. The interested reader is referred to HORRILLO
(2006) and HorriLLO et al. (2013) for more detailed
information about the 3D NS model.

The 2D depth-integrated and non-hydrostatic
model NEOWAVE is built on the non-linear shallow-
water equation with a non-hydrostatic pressure term to
describe weakly dispersive waves. This approach is
equivalent to existing models based on the classical
Boussinesq equation. The model features a momentum
conserved advection scheme that enables modeling of
breaking waves without the aid of analytical solutions
for bore approximation or empirical equations for
energy dissipation. An upwind scheme extrapolates the
free-surface elevation instead of the flow depth to
provide the flux in the momentum and continuity
equations. This scheme apparently improves the model
stability which is essential for computation of energetic
breaking waves and complex runups. The pressure
term is split into hydrostatic and non-hydrostatic
components, and the vertical velocity is introduced in
response to the non-hydrostatic pressure through the
three dimensional continuity equation. The interested
reader is referred to Yamazaki et al. (2009) to obtain
more detailed information about the 2D depth-inte-
grated/non-hydrostatic model.

Both models, TSUNAMI3D and NEOWAVE,
have led to very good agreement with the standards
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provided by the National Tsunami Hazard Mitigation
Program (NTHMP) for tsunami model validation and
verification, report OAR-PMEL-135 (SynoLaKIs et al.
2007). Results from validation and verification of
these models can be also found in the NTHMP’s
Workshop Proceedings (NTHMP 2012).

3.1. 3D Navier—Stokes Model’s Governing Equations

A schematic diagram of the domain and variables
used in TSUNAMI3D is given in Fig. 2.

The governing equations used to describe the flow
of two incompressible Newtonian fluids (e.g., water
and landslide) are the incompressibility condition of
the continuity equation:

Ou;
Mo, i=1,2,3 (1)
ax,-

and the nonconservative equation of momentum
given by:

Ou; Ou; 1 /9 0 0 Ou;  Ou;
o o 1 (% Bq) | 0 fma (o Oy
ot a)Cj P12 ox;  Ox; 6xj P12 a)Cj Ox;

ij=1,2,3

+ &is

(2)

where u = [u(x,y,z,t), v(x,y,2,1), w(x,y,z,t)] are
the velocity components along the coordinate axes
X = [x,y,7] at time ¢. Here, the given subscripts 1,2
indicate physical variables corresponding to the water
and landslide phases, i.e., p; (x,y,t) and p,(x,y,?) are
the density of the water and landslide material,
respectively. The water and landslide phases are
considered as Newtonian fluids, therefore, the

kinematic viscosity u;/p; and p,/p, can be adjusted
for internal friction. Here u; and u, are the molecular
viscosity of the water and landslide material respec-
tively, thus, the landslide friction term in Eq. 2
factored by u,/p, can be adjusted according to a
constitutive model for landslide rheology, e.g., the
Bingham model, which is not implemented in this
study. The acceleration due to gravity is represented
by g =1[0,0,—g]. The total pressure in each phase,
Pt = P + g, is divided into the hydrostatic pressure p
and the dynamic or non-hydrostatic pressure q.

In the water domain the hydrostatic pressure is
given by:

p=pgn —2) (3)

such that Op/0z = —p,g. Here, z is the elevation
measured from the vertical datum to the cell center
and #, is the water free surface elevation, also mea-
sured from the vertical datum.

For the landslide phase, the total pressure
Pt =P + ¢, is determined by the hydrostatic pres-
sure as:

p=glpi(ny —ny) + pa(ny — 2)] (4)

and the dynamic pressure g. Here #, is the landslide
free surface elevation measured from the vertical
datum. The landslide material is also considered as a
Newtonian fluid, with kinematic viscosity, u,/p, for
internal friction.

Both water and landslide surface elevations, 7,
and #,, are traced using the simplified VOF method
based on the scalar function F and the donor-acceptor
algorithm of Hirt and NicHoLs (1981). The method is

DomainQ(t)

Figure 2
Sketch of model domain and variables for 3D NS model TSUNAMI3D
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based on the so-called fraction function F, in which
F is defined as the fraction of fluid in the control
volume cell (namely, volume of a computational grid
cell). F is a discontinuous function, its value varies
from O to 1 depending of the fluid interface location.
Basically, when the cell is empty, the cell has no fluid
inside and the value of F is zero; in contrast, when the
cell is full, F = 1; therefore, when the fluid’s interface
is within the cell, 0 < F' < 1. Details of the simplified
VOF method can be also found in HorriLLO et al.
(2013).

For discretization of the computational domain,
the model uses an Eulerian variable mesh of rectan-
gular cells with large aspect ratio. The governing
equations are solved by using the standard explicit
finite difference scheme starting with field variables
such as u, ¢ and #;, known at time = 0. The
governing equations are solved by discretizing the
field variables spatially and temporally in the domain
to obtain new field variables at any required time. All
variables are treated explicitly with the exception of
the non-hydrostatic pressure field, g, which is implic-
itly determined (CasuLLi and STELLING 198). Non-
linear terms are approximated by using an up-wind
down-wind approach up to the third order (HORRILLO
et al. 2013). The hydrodynamic pressure field g is
calculated by use of Poisson’s equation, by using the
incomplete Choleski conjugated gradient method to
solve the resulting linear system of equations.

The friction term in the momentum equation can
be adjusted to mimic the internal friction within the
fluid body, i.e., the viscosity coefficient. This coef-
ficient has been chosen to give the best possible
agreement with the reference data.

3.2. 2D Non-Hydrostatic Model’s Governing
Equations

The governing equations for the depth-integrated,
non-hydrostatic NEOWAVE model (YAMAZAKI et al.
2009), are derived from the incompressible Navier—
Stokes equation and the incompressibility condition
of the continuity equation in a spherical coordinates
system in which / is the longitude, ¢ is the latitude,
and z denotes the normal distance from the still water
level (SWL). The resulting momentum equations
along A, ¢, z directions are:
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and the continuity equation reads:

a(g—nm)+ 1 9(UD) 1 d(VDcos ¢)
ot Rcos¢ 04 +Rcosqb 0¢

(3)

where U, V and W are depth-averaged velocity
components in the 4, ¢ and z directions respectively.
The variable ¢ is the time, { is the free surface ele-
vation from the SWL, R is the Earth’s radius, Q is the
Earth’s angular velocity, p is the water density, Q is
the non-hydrostatic pressure, g is the gravitational
acceleration and 7 is the Manning’s coefficient for the
sea-bottom friction. The vertical velocity W is
assumed to have a linear distribution along the water
column, therefore the vertical velocity component W
is simply the average value of the vertical velocity at
the free surface and the sea floor. The total depth is
defined as D = { + (h, — 1., ), where h,, is the water
depth (from SWL to sea floor) and #,,, is the sea floor
co-seismic deformation (1, is not considered in this
study). A detailed discussion of NEOWAVE
numerical scheme, solution and capability is found in
Yamazakt et al. (2009).

4. 3D-2D Coupling Process

One critical step in the process of coupling the two
models is to determine the right moment to transfer
the 3D model’s wave and water kinematic (u#, v and w)
and free surface (7,) field to the 2D non-hydrostatic
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model. The right time for transfer is determined by the
3D domain size, and the total energy of the water
induced by the submarine landslide. The 3D domain
must be large enough to fully develop the generated
waves without leaving the domain boundaries, and the
wave energy should reach a maximum which indi-
cates that the generated waves are fully or mostly
developed. If the domain size-energy considerations
have been fulfilled, then the 3D field information or
variables (4, v, w and #,) are converted into two
dimensions by simple column-wise depth averaging
and input as the initial condition (hot start) to the 2D
non-hydrostatic numerical model.

4.1. Energy Equations

The generated waves are determined to have
been fully developed when the total (potential plus
kinetic) wave energy reaches a maximum. Energy
in the system (3D domain) is determined at each
phase (water and landslide) from the equations of
classical mechanics by integrating each control
volume or computational cell energy over the entire
domain. The potential energy of the deformed
water surface is measured in terms of x; — h, the
free surface elevation from the SWL (Fig. 2). The
wave’s potential energy per unit horizontal area is
given by:

1

EPWmlcr :Eplg('/ll _h)z' (9)

The water or wave’s kinetic energy is a function of
the square of the velocity:

1
Eiyue = 5mi (0 92 +w7) (10)

where m; is the mass of the water fraction (F) in the
control volume.

The energy of the landslide material can be
calculated in a similar manner. The potential energy
of the landslide material is measured in terms of the
submerged sediment density p, — p, and the distance
of the landslide surface 7, from the vertical datum.
The landslide potential energy per unit horizontal
area is then given by:

1

Epge = 5 (pZ - pl)g(’h - hxy)(hxy + ’72) (11)

where h,, is the height of the sea floor from the
vertical datum (Fig. 2). The landslide kinetic energy
equation is again similar to that of the water:

1
EKSlidc = 51’112(1/!2 + V2 + Wz) (12)

with m, the mass of the fraction (F) of the landslide
material in the control volume. Assuming a still water
condition at ¢ = 0, all energies are zero except for the
potential energy of the landslide (Epq,,(0)), which
has a value based on the landslide’s location relative
to the reference vertical datum. At any time ?, the
change in landslide potential energy Epg,, (0) —
Epg,. (t) gives the amount of energy released into the
system at that time.

Similar energy analysis was performed by ABADIE
et al. (2012) using a 2D numerical model for a
landslide tsunami and by SuEk et al. (2006) using a
block slide experimental arrangement. ABADIE et al.
(2012) calculated potential and kinetic energy of the
water/wave ahead of the landslide by integrating the
energies from the tip of the landslide to the boundary
of the computational domain. SUE et al. (2006) used
data measurements to calculate potential and kinetic
energy of the block landslide and the potential energy
of the resulting wave, thereby relating the energy of
the landslide to the energy transferred to the wave.
Here, we are able to perform a more comprehensive
3D energy analysis as the potential and kinetic energy
of the wave and landslide can easily be calculated
separately in time by integrating the respective
energies from each computational cell, depending
on the cell’s fractional amount of water and/or
landslide material. This results in a more complete
view of the complex energy behavior in landslide
motion, tsunamigenesis, and physical/numerical
losses.

5. Results: 3D Landslide-Tsunami Simulation

The model TSUNAMI3D was used to perform the
full-scale 3D numerical simulation to calculate the
initial tsunami wave on the basis of our assumption
that the earthquake initiated an underwater landslide.
The resulting mass wasting of the Mona tsunami
underwater landslide is approximately 155 m thick
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(on average), ~10.5 km long, ~7.7 km wide and
slides (initially) over a slope of ~ 10 %. The wasting
volume of ~12.5 km® used in this numerical simu-
lation is larger than that of 10.0 km® reported by
Lopez-VENEGAS et al. (2008) and TEN BRINK ef al.
(2006). The discrepancy is attributed to the different
slide dimension obtained by following more precisely
the scarp borders and, probably, to the different
method used for calculation of the volume. The
landslide volume reported herein was calculated by
projecting tangentially the existing immediate isobath
located at the undisturbed edges of the scarp to create
smooth surfaces between the projected isobath,
gridding these smooth surfaces, and subtracting these
surfaces from the gridded bathymetry of the scarp. In
contrast, the landslide volume reported by LOpEz-
VENEGAS et al. (2008) and TEN BrINK et al. (2006) was
calculated by interpolating smooth surfaces through
polygons that define the edges of the slide.

Figure 1 shows the bathymetry of the Puerto
Rico’s northwest corner that surrounds the Mona
scarp. The shadowed region on Fig. 1 indicates the
3D domain used by the TSUNAMI3D model. The 3D
domain dimension box is 0.6 arc-degree (east-west)
x 0.5 arc-degree (south-north) and 5.10 km high. The
south-north horizontal dimension of the domain is
approximately 55.6 km long, and at latitude of
~18.55N arc-degrees the east-west horizontal
dimension is approximately 63.26 km long. The
domain grid resolution is 720 x 600 x 337 cells in
the x, y and z direction, respectively, for a total of
145.6 million cells. Thus, the model’s horizontal
spatial steps are 87.86 x 92.67 m (x, y) and the ver-
tical spatial step is variable, and ranges from 1 to
8 m. The finer vertical resolution was confined in the
water-free surface and water—landslide interface
regions, in contrast with the coarser vertical resolu-
tion which was confined to the deeper-water regions.
The time step size is variable with a minimum value
of 0.05 s. The seawater and landslide densities have
assigned values of 1,025 and 2,000 kg/m3, respec-
tively. A Newtonian fluid approach has been assumed
for the water-landslide system; the viscosity coeffi-
cients (kinematic viscosity) p,/p, and p,/p, have
been set to 1x107°m?%s as a conservative
assumption to obtain greater landslide downslope
acceleration, tsunami wave amplitude, and runup.
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The free slip condition is applied in all fluid cells
neighboring a sea bottom cell, i.e, du/0z = 0. In an
early state of a full-scale landslide downslope
movement, a Newtonian fluid assumption for the
landslide material is reasonably valid if one seeks a
conservative initial tsunami wave. It is also true that a
Newtonian fluid will not come to rest completely.
However, the initial tsunami wave characteristic is
mainly controlled by the early landslide kinematics
and slide characteristics (initial slide acceleration,
size, slope, sediment properties, etc.) and not by the
subsequent slide evolution in deeper water. As the
landslide reaches deeper water, the effects of the
landslide kinematics only cause minor changes to the
main tsunami characteristics (HAUGEN et al. 2005;
GriLLI and WATTs 2005; WATTS et al. 2005). It is also
observed that massive landslides have longer runout
distances. Basal-friction and shear-rate seem to
reduce as the landslide thickness and volume
increases. The larger the slide volume, the greater the
thickness and the smaller the shear rate (CAMPBELL
et al. 1995). Therefore, assumption of no basal fric-
tion in the initial state of wave generation, or even
assuming an almost inviscid flow for the landslide-
water system, are valid and conservative suppositions
for a full-scale event. The geological range in deeper
water of many large fan systems originating from
ancient submarine landslides supports this simplified
assumption of a Newtonian fluid for the landslide
material.

Using a cluster with 32 CPUs assigned, computer
time required to simulate 10 min of the Mona Pas-
sage underwater landslide and tsunami was ~48 h.

The 3D simulation results of the landslide-induced
tsunami waves are shown in Fig. 3. The left panels of
Fig. 3 show snapshots of the evolution of the underwater
landslide at 0.5, 1.5 and 3 min; the respective evolution
of the free surface is shown in the right panels. As is
apparent from Fig. 3 (use the color bar as a reference), a
wave ~48 m high (crest to trough) is recorded 3 min
after slide initiation. The outgoing positive wave with an
amplitude of ~ 18 m is followed by a backgoing neg-
ative wave or initial surface depression of ~30 m
caused by the fast downslope motion of the underwater
landslide. Notice that a rebounding wave is emerging
from the surface depression between the outgoing and
the negative backgoing wave (Fig. 3b, c). The



Advanced Tsunami Numerical Simulations of The 1918 Mona Passage Tsunami

-67.1

-67.2

£
£
9
=]
X
(0]
E
T

-67.3

P

S

=

2

)

=

=

.g

g

\

=)

-

2

S

<

_

=

g

=

=

S

Q

<« -

: =
% Do
=3

=
S E

[} =
N 3 E
@ S N
> 3
o S
~
23
© SIS
% =0
q =
532
— g R
~N o 2 g

50 o=
e < S
= L= 3
o 358
. o] B0~~~
~ 2 Fm.m
® o =

c ~
o S ™
- 9
R % 8

~ =
5 =~
: e
S
S =
ERS]

. =
5 S
T em
° -
< E

=
7\
N R

o s

=

(5}

=

g

w

~ g

4 o

=

w

4

© =

% Z

' =

[a)]

o

. a2

> =

2 <

Z

js)

%)

=



A. M. Lopez-Venegas et al.

rebounding wave does not evolve as a massive wave in
the same way as the outgoing wave, but as a short and
highly dispersive wave.

5.1. Landslide and Tsunami Energy

The energy produced by the landslide and result-
ing tsunami wave is presented in Fig. 4. Figure 4a
shows the change of potential energy and the kinetic
energy of the landslide. The change of the landslide
potential energy is presented as the difference
between the initial potential energy and the potential
energy at time t, Ep(0) — Ep(f). This difference
accounts for produced energy that is released at time
t into the system after the landslide motion begins
(t=0). The landslide kinetic energy initially
increases and then begins to level off after ~ 160 s.
As mentioned above, the assumption of a Newtonian
fluid means the landslide material will not come to a
complete rest, therefore the energy produced contin-
ues to increase, but the landslide stops accelerating
after less than 3 min. As found by SuE et al. (2006),
the initial change of potential energy of the landslide
is converted mostly into landslide kinetic energy as
the landslide begins moving, i.e., t <40 s. This
kinetic energy is then transferred into the kinetic
energy of the water as the moving landslide sets the
water around it into motion. The water movement
deforms the free surface, converting some of the
water kinetic energy into potential wave energy. For
example, at an early state (<20 s) after the onset of
the landslide, the potential energy given off by the
landslide is mostly converted to landslide kinetic
energy. Also during this time a small fraction of the
landslide potential energy inside the generation area
starts to be converted to water kinetic energy and
wave potential energy (Fig. 4b) with values one and
two orders of magnitude smaller.

We partition the water energy on the basis of the
location of the landslide to account for the energy that
propagates away from the wave generation area
separately from the energy inside the generation area
(ABADIE et al. 2012). The outgoing and backgoing
propagating waves, which are those that propagate
outside the generation area, are of principal interest
for tsunami inundation and hazard assessment. Also,
we determine the development of the tsunami wave

Pure Appl. Geophys.

in terms of the energy released in the system on the
basis of the energy outside the generation area and
thus the appropriate time to transfer the wave
information from the 3D model (TSUNAMI3D) to
the 2D model (NEOWAVE). The generation area is
defined in time by flagging computational cells
horizontally surrounding the landslide; here, we mask
four cells on any side of a cell which contains
landslide material at any point in time, resulting in a
9 x 9 horizontal grid surrounding any landslide cell.
Inside the generation area, the kinetic water energy is
summed on water cells column-wise from the surface
of the landslide to the free water surface, and outside
the generation area this kinetic energy is summed on
water cells column-wise from the sea floor to the free
water surface.

Figure 4b shows the potential and kinetic energy
of the water inside the generation area; likewise,
Fig. 4c shows the water energy outside the generation
area. Clearly, we see that the water kinetic energy is
substantially affected by the landslide motion,
because the kinetic energy of the water in the
generation area continues to increase substantially
with the continued landslide motion and is approx-
imately one order of magnitude larger than the kinetic
energy outside the generation area (compare the
dashed lines in Fig. 4b, c). However, inside the
generation area the potential water energy is almost
two orders of magnitude less than the kinetic energy
and reaches a maximum early (after ~62 s; apparent
from the magnification in Fig. 4b) as the initial wave
begins to leave the generation region. Outside the
generation area, Fig. 4c, the wave potential energy is
approximately twice as large as that inside the
generation area, because of the large amplitude of
the initial tsunami waves and the subcritical regime
(Froude number F, = V;/\/gD < 1, where V; is the
average landslide velocity, D the total water depth,
and g the acceleration due to gravity) for this specific
underwater landslide. The potential and kinetic
energy of the water outside the generation region
level off or reach a maximum in approximately 180 s
(3 min). Effectively, once the initial large wave
propagates from the generation region, its energy
stabilizes. Whereas ABADIE et al. (2012) found
equipartition of wave energy away from the landslide
as very nearly half potential and half kinetic, the
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Potential-released and kinetic energy of the landslide and resulting wave inside and outside the wave generation area. a Potential energy
released by the landslide (solid line) and kinetic energy of the landslide (dashed line). b Potential (solid) and kinetic (dashed) energy of the
water inside the generation area. ¢ Potential (solid) and kinetic (dashed) energy of the water outside the generation area. d Comparison
between the potential energy released by the landslide and the total energy transferred to the system (landslide kinetic + water kinetic + water

potential)
kinetic energy determined here is approximately generation of the wave (Fritz et al. 2004; WATTS
twice as large as the potential energy; this difference 2000). The large difference might be enhanced by
is most likely because equipartition of energy may inclusion of the third spatial dimension, in contrast

not be valid immediately during the process of with the 2D model in ABADIE er al. (2012).
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Equipartition of water energy outside the generation
area is expected to occur later in the wave-propaga-
tion process.

As a result of these energy calculations, we
conclude that most of the energy transfer from the
landslide to the wave occurs in the first few minutes
of wave generation, as also found by ABADIE et al.
(2012). Conversion of potential energy into water
energy in this 3D deep-submerged landslide is
between 3.5 and 4.5 %, similar to that for other
studies of submerged landslide [WaTTs (2000),
3-7 % of the landslide kinetic energy; SUE et al.
(2006], 1.1-5.9 % of the landslide potential energy).
Although substantial wave-energy production contin-
ues within the generation region, the increasing depth
of the landslide limits any further tsunamigenic
potential after the initial wave is formed. Therefore,
the tsunami wave is mostly developed by the time it
reaches the boundary of the computational domain
and 3 min is an appropriate time to transfer the wave
information from TSUNAMI3D to NEOWAVE for
the detailed inundation calculation.

The total energies are compared in Fig. 4d. The
solid line shows the total energy input into the system
by the landslide potential energy and the dashed-
dotted line represents the energy loss. In a closed
system, the potential energy released by the landslide
would be converted completely into landslide kinetic
energy plus total water/wave energy (dashed line).
However, there is a substantial difference between
these energies in our model result. This is a topic of
continued study, but we believe this is largely
because of numerical diffusion which is expected to
be more substantial in a 3D numerical model.
Nevertheless, we still are able to include small
additional friction through the viscosity coefficient
while keeping basal friction negligible, meaning that
“physical friction” is kept to a minimum. In more
realistic or complex models, for example, in a domain
with complicated bathymetry as in this particular
case, we are aware that numerical models undergo
substantial numerical diffusion or energy dissipation
in regions where waves shoal or runup. The numer-
ical diffusion effect is well observed when waves
travel over a sloping sea bottom (KowaLik 2008),
because the nonlinear terms are usually reduced to an
upstream/downstream numerical form. For example,
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in a 1D x direction scheme, the numerical diffusion
associated with the first order of approximation
(positive velocity) for the nonlinear term reads:

uph, o%u
2 ox?

where u), is the resulting water or slide downstream
particle velocity from the upstream/downstream
numerical scheme, and h, is the space step or the x
direction grid resolution. This term (Eq. 13) is similar
to the friction term in the momentum equation
(Eq. 2) with viscosity coefficient (artificial-numerical
viscosity u,h,/2) being a function of the space step 7,
and the downstream particle velocity u,. The artifi-
cial-numerical viscosity coefficient is large in
shallow water regions where wave particle velocities
are larger, enhanced further by the shoaling or slope
gradient. In contrast, in deeper water with a uniform
or smooth sea bottom bathymetry, particle wave
velocities (i.e., u,) are very small and the numerical
diffusion caused by the nonlinear terms is also small.
In these regions, numerical diffusion occurs in the
short-wavelength range, being determined by how
well short waves are resolved by the spatial step.
Waves generated by submarine and subaerial land-
slides are very dispersive and are degraded quickly
into short waves; therefore, the model’s numerical
scheme will quickly dissipate these short waves that
are at or close to the unresolved scale (24,) (KowALIK
2008).

In addition, a depth-profile of the wave kinetic
energy density in J m~ within the wave-generation
area is shown in Fig. 5. This seems to be an
interesting analysis of the energy behavior within
the water column and enables further understanding
of the water dynamics associated with the landslide.
The kinetic energy density of the wave is largely
concentrated near the landslide, which reaches from a
depth of approximately —1,200 to —3,000 m ini-
tially, and —1,200 to —3,500 m after 3 min. The
depth interval of main energy concentration grows
with time, so that the energy imposed by the landslide
reaches higher into the water column, but it is mainly
concentrated deeper than —1,200 m. There is a small
amount of energy density at the surface associated
with free surface motion, but it is minimal compared
with the maximum at greater depth. At the beginning,

(13)
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Figure 5
Depth profile of water kinetic energy density within the generation
area at selected times during wave generation

the energy density maximum occurs just above the
leading edge of the landslide. This maximum may
also be amplified at later times (after ~120 s) by
rebounding of landslide material from the face of a
cliff in the sea floor. A secondary maximum occurs
over the middle part of the landslide at earlier times
(before approx. 60 s), then becomes increasingly
pronounced above a deepening portion of the leading
edge. Interestingly, at 152 s, the energy densities
above the shallower and deeper portions of the
leading edge are nearly balanced, and thereafter the
maximum energy density shifts to the deeper portion,
with the energy near the shallower part becoming a
secondary maximum as the leading edge smooths and
flattens. At 3 min, when the wave information is
transferred to the 2D model, a maximum energy
density of 8.2 x 10* J m~ is calculated at —3,052 m
depth.

5.2. Inundation and Run-up

By using the numerical code NEOWAVE with the
nested grids shown in Fig. 1, detailed tsunami runup
was obtained in present-day Aguadilla, i.e., sea-level
elevation (runup), water depth (inundation) and
maximum momentum flux quantities. Figure 6 shows
the tsunami inundation results in Aguadilla calculated
on the innermost grid (1/3 arc-second resolution) of

the nested grid domain. Figure 6a shows the maxi-
mum runup or sea-level elevation with reference to
the mean high water (MHW) level. Figure 6b shows
the inundation depth defined as D = { — h; where ( is
the sea-level elevation and % is the land elevation
with respect to the MHW level. It is important to
mention that regions with inundation depth shallower
than 1 ft (~0.30 m) are not indicated in the figure.
Numerical results show that the overall maximum
water elevation in the populated area of present-day
Aguadilla ranges from 3 to 9 m. Consequently, the
maximum inundation depth ranges from 0.30-6.0 m.

Three nearshore numerical gauges have been
located in the domain to record the profile in time
of the tsunami waves as they approach Puerto Rico’s
western coastal region (Fig. 1). Table 1 shows the
location of the numerical gauges; their results are
depicted in Fig. 7.

According to Reid and Taber’s survey, all loca-
tions in western Puerto Rico experienced a tsunami
leading depression wave. In the Old Lighthouse
(Punta Borinquen—G#1), the lighthouse keeper
observed the sea receding shortly after he felt the
main shock, whereas the Rincon lighthouse keeper at
Punta Higiiero (G#3) witnessed the sea returning
~?2 min after it receded shortly after the earthquake.
Several important observations can be derived from
the numerical simulation results. The initial wave to
approach the shore was indeed a negative wave, and
this negative wave reached the coastline facing
Aguadilla approximately 5 min after initiation of
the landslide (G#2 wave profile, middle panel of
Fig. 7). This is consistent with the arrival time
observations reported by Rem and TaBer (1919)
and the computations of Megrcapo and McCANN
(1998), who used a dislocative source, and LopEz-
VENEGAS et al. (2008), who used a submarine
landslide source.

Our simulations yield a maximum wave ampli-
tude of 2.2 m at 13 m depth offshore of the coast at
Punta Borinquen (upper panel of Fig. 7), with on-
shore runup of 4.8 to ~ 5.4 m (color scale inside the
upper red triangle indicating the location of the Old
Lighthouse in Fig. 6a). The runup model result is
slightly higher than the estimated 4.6 m on-shore
runup value from the post-tsunami survey, but much
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Table 1

Numerical gauge location

Gauge Station name Longitude Latitude  Water
number® °W) (°N) depth
(m)
Gl Old Lighthouse 67.162423 18.494596 13.0
(Punta Borinquen)
G#2 Aguadilla 67.161112 18.429514 36.0
G#3 Rincon Lighthouse 67.274675 18.364380 15.0

(Punta Higiiero)

* See Fig. 1 for gauge location

lower than the 8.3 m obtained from the previous
modeling study of LOpEz-VENEGAS et al. (2008). At
the numerical gauge offshore of Aguadilla (G#2)

(middle panel of Fig. 7), the model’s maximum wave
amplitude of the approaching wave is estimated at 4.2
m at a depth of 36 m, and the runup in the area of the
old downtown (lower red triangle in Fig. 6a) ranges
from 4.8 to 7.2 m. These values are in agreement
with the >4.0 m values estimated by the survey and
still substantially lower than the 12.8 m estimated by
LoOPEZ-VENEGAS et al. (2008). The extent of flooding
of Aguadilla predicted by the model (partial flooding
of the town square West of San Carlos Borromeo
Church, two blocks east of the beachfront) is accurate
(Fig. 8). Witnesses reported that the tsunami pene-
trated up to the town square but not to the Church.
Finally, for the third numerical gauge (G#3) at Punta
Higiiero, which is located at a depth of 15 m, wave
maximum amplitude is estimated to be 7.1 m.
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of the gauges are given in Fig. 1

Surprisingly, the positive wave came shortly after the
negative wave, as was witnessed by the Rincén
lighthouse keeper (lower panel in Fig. 7). Unfortu-
nately, this location is outside the 1/3 arc-second grid,
thus detailed runup was not computed. However, high
on-shore runup values were not in agreement with
either the survey of R and TABER (1919) (5.5 m) or
the results of LoPEZ-VENEGAS et al. (2008) (5.9 m). In
this particular region, the topography features coastal
cliffs and shallow water. Therefore, a nested grid with
increasing resolution should be considered in future
research to estimate precisely the runup and extent of
inundation near the Rincéon lighthouse at Punta
Higiiero.

Our results are in better agreement with the values
obtained from the post-tsunami survey of RED and
TaBER (1919) than those obtained from the previous
numerical model of L6PEz-VENEGAS et al. (2008).
Therefore, we conclude that simulations at both G#1
and G#2 fit the observations well whereas the
simulation might slightly overestimate at G#3. These

values are corroborated by the NEOWAVE

inundation simulation in Fig. 6. The fact that slightly
higher values are obtained is related to the internal
friction of the landslide, which here is kept to a
minimum to estimate potential damage for the
present-day coast if a similar event were to happen
today.

Although the main motion of the landslide was
directed toward the north, some of the energy of the
tsunami was refracted around Puerto Rico’s north-
west shelf, producing waves affecting Puerto Rico’s
north coastline. A separate study is in progress to
quantify these effects, because these waves would be
highly dispersive for a landslide source, thus enabling
discrimination among the postulated sources.

5.3. Momentum Flux

The magnitude of tsunami momentum flux was also
calculated, to determine the potential for inland
damage from the flow forces. The magnitude of
momentum flux could be useful for engineering design
purposes, for re-assessment of existing structures, for
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assisting coastal managers in assessing the relative
vulnerability of some infrastructure, or in identifying
the nature and location of major tsunami flows.
Figure 9 shows the magnitude of the inundation depth
and water flow velocity at maximum momentum flux.
The inundation depth shown in Fig. 9a corresponds to
the inundation depth at the time when the maximum
momentum flux occurs. It is important to mention that
this inundation depth is slightly different from the
maximum inundation depth portrayed in Fig. 6b. In the
same manner, the flow velocity, shown in Fig. 9b
corresponds to the velocity when the maximum
momentum flux occurs. These quantities are valuable
for determination of flow forces on sensitive structures
along the tsunami runup path.

Assuming steady flow, the inundation forces
exerted on a surface-piercing structure can be eval-
uated by use of the hydrodynamic force equation:

1
F=3pCalb x h)u? (14)

where p is the fluid density; Cy is the drag coefficient;
and b x h is the wetted area of the body projected on
the plane normal to the flow direction (YEH 2007). The
fluid force at a given location can be determined by use
of Eq. 14 combined with the values of zu* (momentum
flux) shown in Fig. 9c. A complete discussion of tsu-
nami forces acting on structures can be found
elsewhere (Yen 2007). From Fig. 8 it can be gleaned
that the water entering the city is stopped by the road
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embankment structure which acts as an inundation
protection system. Overall, the momentum flux in the
populated area of Aguadilla ranges from 25 to 125 m x
(m/s)? per unit mass and per unit breadth.

These quantities can be useful for estimation of
flow forces on a structure according to its location in
the inundation area. For example, in 1893, a monu-
ment to commemorate the 400th anniversary of
Christopher Columbus landing in Puerto Rico was
erected south of the former mouth of the Culebrinas
River, the boundary between the town of Aguadilla
(~2 km due northeast) and Aguada. The “Cross of
Columbus”, also called the “Columbus Monument”,
consists of a ~10 m> base supporting a pillar of
~2.4 m® plus a stack of several granite blocks with
square sections forming a column (~2.35 m®) which
supports the capstone cross (~0.75 m®). The total
height of the monument may have reached 10 m and

may have stood up to 100 m from the shore.
According to Re> and TaBeR (1919), the monument,
except for its massive base, collapsed during the
earthquake, and in turn, tsunami waves carried the
monument blocks to distances between 45 and 75 m
inland. In 1923, an exact replica of the monument
was built using the original base, therefore aiding
assessment of the tsunami forces that may have
affected the piercing structure during the tsunami. By
means of the information obtained from Fig. 9, it is
possible to obtain an approximate estimate of the
force and overturning moment that might have
affected the pillar of the Columbus monument under
the tsunami load, where 7 = 3.9 m and u = 8.1 m/s
are obtained from the color scale at Columbus Park
(lower triangle in Fig. 9). The assessment is per-
formed by assuming the pillar survived the
earthquake and was destroyed later by the tsunami



A. M. Lopez-Venegas et al.

flow load. The pillar has a cross section of
~1.2 x 1.2 m? and stands on the base 1.2 m above
the ground, therefore the pillar has an effective flow
height of 7 = 3.9 — 1.2 = 2.7 m. Now, considering a
steady flow at maximum momentum flux, because
tsunamis have a long period, Eq. 14 can be applied.
Following the work of YEn (2007), a drag coefficient
of 2 (C4 = 2) was used in the calculation. At the base
of the piercing structure we thus obtain a shear force
of ~213kN and an overturning moment of
~288 kN m. The restoring moment owing to the
weight of the granite monument (Pgrypice = 2,750 kg/m?)
partially submerged during the tsunami load is
~ 115 kN m which is much less than the overturning
moment.

6. Conclusions

In this study we present an improved numerical
simulation for the October 11, 1918, tsunami
observed along the northwestern coast of Puerto
Rico. The work and simulations presented here are
based on the assumption that this tsunami was gen-
erated by a massive submarine landslide initiated by
the earthquake. This study builds on previous
research of this event by using an advanced compu-
tational system for submarine landslides, in which a
well-established and validated 3D-2D coupled model
is presented and applied, yielding results comparable
with observations. For the 3D phase, the Navier—
Stokes model TSUNAMI3D for two fluids (water and
landslide material) was used to determine the initial
wave characteristic generated by the submarine
landslide. To solve for coastal inundation, i.e., wave
propagation and detailed runup, the 2D non-hydro-
static numerical model NEOWAVE was used. The
3D model provides the wave kinematics and the free
surface configuration for the initial tsunami wave
source, which were then input as the initial condition
(hot start) to the more numerically efficient 2D
model.

The full-scale 3D numerical simulation used a
wasting volume of ~ 12.5 km® to generate the initial
tsunami wave. A wave ~48 m high (crest to trough)
was recorded 3 min after slide initiation. The out-
going northward positive wave with amplitude of

Pure Appl. Geophys.

~18 m was followed by a landward negative wave
or initial surface depression of ~30 m. Shortly after,
a rebounding wave emerged from the surface
depression between the outgoing and negative back-
going waves, although this rebounding wave did not
evolve as a massive wave, but as a short and dis-
persive wave. The negative wave reached the
coastline facing Aguadilla approximately 5 min after
initiation of the landslide. These estimates are con-
sistent with the observations of a leading depression
and arrival times collected from witnesses. Although
the landslide main motion is directed toward the
north, a fraction of the tsunami energy is refracted
around the Puerto Rico’s northwest shelf, apparently
affecting the north coastline. A subsequent publica-
tion will address this question and the impact along
the northern coast of Puerto Rico.

Analysis of the potential and kinetic energy of the
system showed that the energy of the wave is largely
affected by the landslide motion in the generation
region, and this energy is mainly concentrated within
the wave-generation area and at depth near the sur-
face of the landslide. Once the initial wave begins to
propagate from the generation area, its potential and
kinetic energy begin to stabilize. Because the energy
outside the generation area is what is propagated
toward the shore, and is therefore of importance for
inundation and hazard studies, the stabilization of the
wave energy in this region indicates the appropriate
time to transfer the wave kinematics and free surface
information from the full 3D model to the 2D model
for detailed inundation calculation.

By using two-way nested grids of 1 and 1/3 arc-
second with the 2D numerical code NEOWAVE,
details of the tsunami runup, i.e., sea-level elevation
(runup), water depth (inundation), and maximum
momentum flux, were obtained for Aguadilla. Fig-
ure 8 shows the extent of tsunami inundation in
present-day Aguadilla, assuming a hypothetical tsu-
nami if the Mona landslide were to occur today. The
expected maximum water elevation in the populated
area of Aguadilla ranges from 3 to 9 m with maxi-
mum inundation depth from 0.30 to ~6.0 m,
respectively.

Numerical calculation showed that the water
entering the city is stopped by the road embankment
structure that acts as an inundation protection system.
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The momentum flux in the populated area of Agua-
dilla ranges from 25 to 125 m x (m/s)* per unit mass
and per unit breadth. Momentum flux values are
important for engineering design purposes or re-
assessment of existing structures to verify their
capability to resist tsunami loads. The data can also
assist coastal managers assessing the vulnerability of
infrastructure by identifying the nature and location
of major tsunami flows.
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