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Abstract The most recent tsunami observed along the coastolve for coastal inundation, wave propagation and detailed
of the island of Puerto Rico occurred on October 11, 1918 unup. Our results are in agreement with previous works in
after amagnitud@.2 earthquake was generated in the Monawhich a submarine landslide is favored as the most probable
Passage. The earthquake was responsible for triggeringsource of the tsunami, and the improvement in the resolu-
tsunami that mostly affected the northwestern coast of theion of the bathymetry yield inundation of the coastal areas
island of Puerto Rico. Runup values from a post-tsunamthat compare well to values from a post-tsunami survey. Our
survey indicated the waves reached utmeters. A con- unique energy analysis indicates that the majority of wave
troversy regarding the source of the tsunami has resulted ienergy is isolated to the wave generation region, particularly
several numerical simulations involving either fault rupture at depth near the landslide, and once the initial wave prop-
or a submarine landslide as the most probable cause of treggates away from the generation region its energy begins to
tsunami. Here we follow up on previous simulations of the stabilize.

tsunami from a submarine landslide source off the western . . )

coast of Puerto Rico as triggered by the earthquake. Imi<&words 1918 Mona, tsunami, submarine landslide,
provements from our previous study include: (1) a higherVOlume of Fluid, three dimensional model, non-hydrostatic
resolution bathymetry, (2) a 3D-2D coupled humerical modefmodel . . )

specifically developed for the tsunami event, (3) the use of €ceived: date / Revised version: date

the non-hydrostatic numerical model NEOWAVE, featuring

two-way nesting capabilities, and (4) a comprehensive enyniroduction

ergy analysis to determine the time of full tsunami wave

development. The three-dimensional Navier-Stokes modefhe most recent tsunami affecting the island of Puerto Rico
TSUNAMIZD for two fluids (water and landslide) is used n the northeastern Caribbean occurred on October 11, 1918.
to determine the initial wave characteristic generated by therhe tsunami, which affected mostly the northwest coast of
submarine landslide. Employing NEOWAVE allows us 1o the island, was observed shortly after a,M2 (Doser et al.,

2005) earthquake originating somewhere in the Mona Pas-

Alberto M. Lopez-Venegas . . . .
Department of Geology University of Puerto Rico - Mayag'uez cam->29¢ (Figure 1). A post-tsunami survey carried out by Reid

pus, Mayagilez, PR. and Taber (1919) reported runups ranging fr@nto 8 m
Juan Horrillo along the northwest coast of Puerto Rico, approximately four
Texas A&M University at Galveston, Galveston, TX. million dollars in damage, andi10 casualties from the earth-

Victor Huérfano guake destruction andld people drowned as a result of the
Puerto Rico Seismic Network, University of Puerto Rico - Mayag ueztsunami. The first effort in modeling the October 11, 1918

Campus, Mayagilez, PR. tsunami came from Mercado and McCann (1998), who as-
Aurelio Mercado sumed an instantaneous co-seismic dislocation as the initial
Department of Marine Sciences University of Puerto Rico - Mayag uezsunami source. Although their fault model yielded overall
Campus, Mayaguez, PR good agreement, it was unable to reproduce the observed
Alyssa Pampell-Manis negative polarity of the first wave arrival and detailed runups.

Texas A&M University at Galveston, Galveston, TX. An alternative mechanism for this tsunami event is based on
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Fig. 1 Bathymetry near Puerto Rico’s northwest corner (Mona Passage) and nested ddnajra(l1/3 arc-seconds of resolution) used by the

2D non-hydrostatic numerical model NEOWAVE for the calculation of the tsunami wave propagations and runup. The generation domain (gray
shadow area on the 3arc-seconds domain) is used by the 3D numerical model TSUNAMI3D for the calculation of initial tsunami waves generated
by the submarine landslide.

the assumption that the earthquake triggered a submariradicated two telegraph cables failed in the landslide gener-
landslide. Great debate over the two sources of the tsunamaition area (Reid and Taber, 1919) and no clear evidence of
existed until high resolution bathymetry and multi-channelrecent faulting or seafloor rupture was evident in either the
seismic studies were collected by the US Geological Surseismic profiles or the multi-beam bathymetry, respectively.
vey (USGS) during the first decade of thest century (ten  Attempts to uncover the possibility that a submarine slide
Brink et al., 2004; Chaytor and ten Brink, 2007, 2010) thatwas the major contributor of the tsunami waves has been
showed evidence of a submarine landslide. Lopez-Venegasgidely documented in the literature, for example Hornbarch
et al. (2008) used the identified geometry of the landslidegt al. (2008). Their analysis suggested that a submarine slide
excavation area, and seismic reflection profiles to suggestas also a plausible alternative explanation for the genera-
the landslide as the most probable generation mechanistion of the 1918 tsunami.

for the tsunami, and ran simulations using the identified pa- .
s . : Recent assessments of tsunami hazards along the Puerto
rameters to compare arrival times, polarity of leading wave,

. ico coastal regions carried out by the USGS have identi-
and wave amplitudes close to the shore where runup val: o ) .
. ., fied several large tsunamigenic submarine landslide scarps
ues were measured by the post-tsunami survey of Reid an

Taber (1919). In addition to the good agreement provided b en Brink etal,, 1999, 2004). The study identified the pres-

the modeling, Lopez-Venegas et al. (2008) favored the langEnce of large scarps carved out on the northern margin of the

A i . S . Puerto Rico-Virgin Islands carbonate platform. The scarps
slide over the dislocation model because historical evidence . ;
Show evidence that the northern slope of Puerto Rico has
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undergone massive submarine slope failures. As a conseiore comprehensive description of the submarine landslide
guence, massive underwater landslides in the vicinity of theand the methodology to obtain estimates on the volume of
Puerto Rico Trench are considered a potential hazard (sematerial removed by the event, the reader is directed to the
also Dunbar and Weaver, 2008) and the effects of such apublication of Lopez-Venegas et al. (2008).

event on the coastal region require further analysis using Lopez-Venegas et al. (2008) concluded that the geom-
state of the art numerical modeling tools. Thus, this study in-etry and orientation of the landslide favors an initial lead-
tends to re-assess the 1918 Mona tsunami by using a 3D-2IDg depression wave arriving at the western coast of Puerto
coupled numerical model which has its origin from two ex- Rico. Moreover, the combination of distance of the slide
isting tsunami numerical models: TSUNAMI3D (Tsunami with respect to the shore and the bathymetry of the region
Solution Using Navier-Stokes Algorithm with Multiple In- produces estimates of wave arrivals that are in agreement
terfaces) (Horrillo, 2006; Horrillo et al., 2013) and NEOWAVEwith the time between the onset of the earthquake and the
(Non-hydrostatic Evolution of Ocean WAVE) (Yamazaki et alfirst observed wave arrival by anecdotal evidence collected
2008). by Reid and Taber (1919). These factors are presented as key

Inthe area of the landslide generation, the initial tsunamievidence that supports the landslide as the strongest candi-
source is determined by the 3D Navier-Stokes (NS) modelgate for the generation of the tsunami. The north slope of
TSUNAMI3D, developed by the University of Alaska Fair- the Desecheo Ridge is characterized by a northward, gently
banks (UAF) and Texas A&M University at Galveston (TAMUW#)ping carbonate platform featuring numerous faults and
The tsunami wave propagation and the detailed inundationisracks. Violent ground shaking produced by the earthquake
carried out by the 2D non-linear, non-hydrostatic/hydrostaticmust have triggered the dislodging of the sediment mate-
model NEOWAVE, developed by the UAF and the Univer-rial along this gently dipping slope, therefore resulting in
sity of Hawaii (UH). A detailed energy analysis allows us the generation of the tsunami.
to determine the full development of the tsunami source and In addition to presenting marine geophysical evidence
the appropriate time of coupling the 3D and 2D models.  to justify the landslide as the cause of the tsunami, L'opez-
Venegas et al. (2008) also performed tsunami simulations
to estimate the landslide velocity and bottom friction coeffi-
cient. The tsunamiwas simulated with COULWAVE (Lynett
Strong evidence of a submarine landslide is observed in thaélr.]d L|u_, 2092) using a cruQe rectangular rotational land-

. slide with dimensions obtained from the bathymetry. Al-
USGS multibeam bathymetry data of the Mona Passage (ten : . . .
. ) . though simulations allowed to determine a landslide dura-
Brink et al., 2004; Chaytor and ten Brink, 2007) along the . . . )
. tlf)n of 325 seconds, and a best-fit bottom friction coeffi-
northern slope of the Desecheo Ridge, a shallow east-wes : .

. : . . . clent ranging from).01 to 0.04, the grids employedl000m
trending ridge connecting the island of Desecheo with the . :
: : . . .. and400m) were too coarse to produce detailed water ampli-
western tip of Puerto Rico at the location of Punta Hig'uera . L ) e
. S . o tudes. Finally, limitations of the computational capabilities
in the municipality of Rinc'on (G#3 in Figure 1). The Desecheo
. . . : . and the software at the moment were the lack of on-shore
Ridge is an important geologic feature in the Mona Passage i . L .
) : lﬂundatlon and runup computations, an objective this study

because it separates the deepest portions of the Mona Ri . ) . )

. . seeks to accomplish by modeling a more realistic landslide
leading to the Puerto Rico Trench to the north and the Shalflow with a higher resolution bathvmetr
low Mayaguiez Basin to the south (Chaytor and ten Brink, 9 y Y-

2010).

The shallowest portion of the landslide head scarp is loDescription of the Models
cated at latitudd 8.44°N and longitude57.49°W along the
1320m depth contour. Escarpments are notable at both th&or the development of inundation maps of landslide-generated
left and right sides of the slide allowing a detailed morphol- tsunamis, a common approach is to combine a 3D Navier
ogy of the landslide to be determined and an are@édn?  Stokes (NS) model for the landslide-induced waves with a
to be computed (Lopez-Venegas et al., 2008). Seismic re2D depth integrated non-hydrostatic or Boussinesq model
flection profiles covering the landslide domain show the ver-for the wave propagation and runup (coupled model). The
tical extent of the excavation and portions of the depositional3D NS model determines the wave kinematics and the free
toe of the landslide. Most of the removed material from thesurface configuration caused by the landslide (the initial tsunami
landslide may be found dispersed throughout the Mona Rifivave source), which are then input as the initial condition
and further north to the Puerto Rico Trench because the nathot start) to the more numerically efficient 2D non-hydrostatic
ural downslope in this region reaches deeper h@09m. As  model for the calculation of the wave propagation and de-
a result, the landslide material is dispersed throughout théailed runup.
Mona Canal down to the Puerto Rico Trench, makingitdif-  The 3D NS numerical model, TSUNAMI3D, is based

ficult to trace the depositional signature of this event. For aon the Computational Fluid Dynamic (CFD) model develop-

Tsunami Source Description
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ment originated in Los Alamos National Laboratory (LANL) complex runups. The pressure term is split into hydrostatic
during the 1970's and follows the early work done by Hirt and non-hydrostatic components, and the vertical velocity
and Nichols (1981). It solves transient fluid flow with free is introduced in response to the non-hydrostatic pressure
surface boundaries based on the concept of the fractionahrough the three dimensional continuity equation. The in-
Volume of Fluid (VOF) method using an Eulerian mesh of terested reader is referred to Yamazaki et al. (2008) to obtain
rectangular cells of variable size. The fluid equations solvednore detailed information about the 2D depth-integrated/non-
are the finite difference approximation of the full NS equa- hydrostatic model.

tion and the incompressibility condition equation which re- Both models, TSUNAMI3D and NEOWAVE, have shown
sults from the continuity equation when the density is con-very good agreement with the benchmark cases provided by
stant. The basic mode of operation is for a single fluid phas¢he National Tsunami Hazard Mitigation Program (NTHMP)
having multiple free surfaces. However, TSUNAMI3D also for tsunami model validation and verification, report OAR-
can be used for calculations involving two fluid phases sepPMEL-135 (Synolakis et al., 2007). Results of the valida-
arated by a sharp or diffusive interface, for instance, watetion and verification of these models can be also found in
and landslide material. In either case, both fluids are conthe NTHMP’s Workshop Proceedings (NTHMP, 2012).
sidered incompressible and treated as Newtonian. Internal

obstaclese.g., topography, wall, etc., are defined by block-

ing out fully or partially any desired combination of cells 3D NS Model's Governing Equations

in the domain. It is well known that full 3D NS numeri-

cal models are highly computationally intensive and requireA schematic of the domain and variables used in TSUNAMI3D
a considerable amount of computer resources. Thereforés given in Figure 2. The governing equations to describe
TSUNAMI3D has been simplified to overcome as much aghe flow of two incompressible Newtonian fluide.g., wa-
possible the computational burden of 3D NS tsunami sim{er and landslide) are the incompressibility condition of the
ulations. The simplification is derived from the large aspectcontinuity equation,

ratio (horizontal/vertical scale) of the tsunami wave and the
selected computational cell size required to construct an ef
ficient 3D grid. The large aspect ratio of the tsunami wave
requires also a large grid aspect ratio to reduce runtime andnd the nonconservative equation of momentum given by:
memory usage. However, the grid aspect ratio should be

smaller than the aspect ratio of the tsunami wave to sim-

Y_p, i=1,2,3 1)

X

plify the fluid surface reconstruction. The standard VOF al- 2% uj% _ b (@ L O ) L2 [& (81“ 4 O
gorithm, the donor-acceptor technique of Hirt and Nichols Ox; pr2 \Oxi Oz Ozj | pr2 \Ox; O
(1981), has been simplified to account for this large cell as- i,j =123 2)

pect ratio. The pressure term is split into two components,

hydrostatic and non-hydrostatic. Although TSUNAMI3D has Whereu = [u(z,y. 2, 1), v(z, y, 2,), w(z, y, 2, )] are the

the capability of variable grids (1D telescoping), it does not VeloCity components along the coordinate axes: [z, y, 2]
comprise the nesting capability (2D telescoping) which isat time . Here, the given subscripts 2 indicate physical
needed for detailed inundation solutions on coastal regiongP@rameters or variables corresponding to the water and land-

The interested reader is referred to (Horrillo, 2006; Horrillo S'ide Phases.e., p: (z,y, t) andp; (x, y., t) are the density of
et al., 2013) for more detailed information about the 3D NSthe water and landslide material respectively. The water and
modél landslide phases are considered as Newtonian fluid, there-

fore, the kinematic viscosity:; /p1 and u2/p2 can be ad-

The 2D depth-integrated and non-hydrostatic model NEqjysted for internal friction,, Herg:; and . are the molecu-
OWAVE is built on the non-linear shallow-water equation |ar viscosity of the water and landslide material respectively,
with a non-hydrostatic pressure term to describe weakly disthys, the landslide friction term in Equation 2 factored by
persive waves. This approach is equivalent to existing mody,, / , can be adjusted according to a constitutive model for

els based on the classical Boussinesq equation. The modgindslide rheologyeg., Bingham model, which is not im-
features a momentum conserved advection scheme that egtemented in this study. The acceleration due to gravity is

ables the modeling of breaking waves without the aid of anvepresented bg = [0,0, —g]. The total pressure in each
alytical solutions for bore approximation or empirical equa- phasep,,; = p + ¢, is divided into the hydrostatic pressure
tions for energy dissipation. An upwind scheme extrapolates, and the dynamic or non-hydrostatic pressyre

the free-surface elevation instead of the flow depth to pro- In the water domain the hydrostatic pressure is given by
vide the flux in the momentum and continuity equations.

This scheme apparently improves the model stability which
is essential for computation of energetic breaking waves ang = p1g(n1 — 2) 3

s
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Landslide—_

Fig. 2 Sketch of model domain and variables for 3D NS model TSUNAMI3D.

such thadp/0z = —p;1 g. Here,z is the elevation measured third order (Horrillo et al., 2013). The hydrodynamic pres-
from the vertical datum to the cell center andis the water  sure fieldq is calculated through the Poisson’s equation by
free surface elevation measured from the vertical datum agsing the incomplete Choleski conjugated gradient method

well. to solve the resulting linear system of equations.
For the landslide phase, the total presspyig = p + ¢, The friction term in the momentum equation can be ad-
is determined by the hydrostatic pressure as justed to mimic the internal friction within the fluid body,
i.e, the viscosity coefficient. This coefficient has been cho-
p = glpr(m —m2) + p2(n2 — 2)] (4)

sen to give the best possible agreement with the reference
and the dynamic pressugeHerer, is the landslide free sur- data.
face elevation measured from the vertical datum. The land-

slide material is also considered as a Newtonian fluid, with, . . .
. L . . - 2D Non-hydrostatic Model's Governing Equations
kinematic viscosityus / p2 for internal friction.

Both wate_r and Ia_ndsl_|qle surface elevat_long,andm, The governing equations for the depth-integrated, non-hydrostatic
are traced using the 5|mpl_|f|ed Volume of Fluid (VOF) methoﬁ{IEOWAVE model (Yamazaki et al., 2008), are derived from
b.aLsed ﬁ:.the S(;:f\‘:,a ;fulnctigﬂginql_:lhe donhor(-jqccbepto(rjalgor; the incompressible Navier-Stokes equation and the incom-
rithm o |rtan' 'cho S,( ; ): © met. odis base ont epressibility condition of the continuity equation in a spheri-
so-called fraction functior¥’, in which F' is defined as the cal coordinates system in whichis the longitude is the
fraction of fluid in the control volume cell (namely, volume latitude, and: denotes the normal distance from the still wa-

F:fa CFmPUtéﬂo?a'nS:)“td Cleloll)F IS 3.d|sc?r:::nl¢|0l{§ fu?c?on, ter level (SWL). The resulting momentum equations along
its value varies from to 1 depending of the fluid interface \" ,° i ions are:

location. Basically, when the cell is empty, with no fluid in-
side. the value of" is zero; when the cell is fullf’ = 1;

therefore, when the fluid’s interface is within the cell, then 8_U + L&_U + K&_U — ( v ) Vsing =

0 < F < 1. Details of the simplified VOF method canbe ¢ ~ ficos¢ O~ R 9 Rcos¢

also found in Horrillo et al. (2013). g 9 1 1 04
For the discretization of the computational domain, the Rcos¢p ON 2 Rcosd ON

model uses an Eulerian variable mesh of rectangularcells 1 @  9(C — hy + 7o) s g UVU2+V?

with large aspect ratio. The governing equations are solved 2 DR cos ¢ O\ YVE D (5)

by using the standard explicit finite difference scheme start-

ing with field variables such as, ¢ ands; » known attime =~ U v + vov + (2 + ) Using =

t = 0. The governing equations are solved by discretizing ot Rcos¢p ON R 0¢ Rcos ¢

the field variables spatially and temporally in the domain _go¢ 110Q

to obtain new field variables at any required time. All vari- ROp 2R I¢

ables are treated explicitly with the exception of the non- 1 Q 9(¢— hy+ 1) , g VNU2+V2

hydrostatic pressure fielgl which is implicitly determined " 9DR BY " pis D 6)

(Casulli and Stelling, 1998). Non-linear terms are approxi- 513, 0

mated by using an up-wind down-wind approach up to the—,~ = 7 (7)
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and the continuity equation reads SWL (see Figure 2). The wave’s potential energy per unit
horizontal area is given by
(¢ — Neo) 1 o(UD) 1 9(VDcoso)

1
ot Rcos¢ OA + Rcos ¢ o Eryarer = 5/)19(771 —h)*. )
8
®) The water or wave's kinetic energy is a function of the square

wherel, V andW are depth-averaged velocity compo- ©f the velocity:

nents in the\, ¢ andz directions respectively. The variable 1 s )
t is the time,¢ is the free surface elevation from the SWL, EEwarer = §m1(u +ot+w) (10)
R is the earth’s radiug? is the earth’s angular velocity, is

the water density( is the non-hydrostatic pressurgjs the
ravitational acceleration andlis the Manning’s coefficient . .
g g The energy of the landslide material can be calculated

for the sea-bottom friction. The vertical velocifif’ is as- . il h tential t the landslid
sumed to have a linear distribution along the water column,In a simrar manner. the potential energy ot the landsiide

therefore the vertical velocity componelit is simply the mate.rlal is measured m_terms of the submgrged sediment
ensityp, — p1 and the distance of the landslide surfage

average value of the vertical velocity at the free surface ancij . . .
: . rom the vertical datum. The landslide potential energy per
the seafloor. The total depth is definedas= ¢+ (hy—1co)s . . . .
unit horizontal area is then given by

whereh,, is the water depth (from SWL to seafloor) ang,
is the seafloor co-seismic deformatiop is not considered 1

in this study). A detailed discussion of NEOWAVE numer- Epsiiae = §(p2 = P1)9(02 = hay) (hay +12) (11)
ical scheme, solution and capability is found in Yamazaki
et al. (2008).

wherem; is the mass of the water fractiod] in the control
volume.

whereh,, is the height of the seafloor from the vertical da-
tum (see Figure 2 for reference). The landslide kinetic en-
ergy equation is again similar to that of the water:

i 1
3D-2D Coupling Process Exen = §m2(u2 +o? 4+ w?) (12)

One critical step in the coupling process of the two mod-with m, the mass of the fractionq) of the landslide mate-
els is to determine the right moment of transferring the 3Drial in the control volume. Assuming a still water condition
model's wave and water kinematie ¢ andw) and free sur-  at¢ = 0, all energies are zero except for the potential energy
face (1) field to the 2D non-hydrostatic model. The right of the landslide £¢,,,,. (0)), which has a value based on the
time of transferring is controlled by the 3D domain size, andjandslide’s location with respect to the reference vertical da-
the total energy on the water induced by the submarine lanctum. At any timet, the change in landslide potential energy
slide. The 3D domain must be large enough to fully developg . (0) — Ep,,,,. (t) gives the amount of energy released
the generated waves without leaving the domain boundariespto the system at that time.
and the wave energy should reach a maximum indicating  Similar energy analysis was performed by Abadie et al.
that the generated waves are fully or mostly developed. 1{2012) using a 2D numerical model for a landslide tsunami
the domain size-energy considerations have been fulfilledand by Sue et al. (2006) using a block slide experimental
then the 3D field information or variables f,w andn) are  setup. Abadie et al. (2012) calculated potential and kinetic
converted to two dimensions by a simple column-wise deptfenergy of the water/wave ahead of the landslide by integrat-
averaging and inputted as the initial condition (hot start) toing the energies from the tip of the landslide to the bound-
the 2D non-hydrostatic numerical model. ary of the computational domain. Sue et al. (2006) used data
measurements to calculate potential and kinetic energy of
the block landslide as well as the potential energy of the
Energy Equations resulting wave, thereby relating the energy of the landslide
to the energy transferred to the wave. Here, we are able to
The generated waves are determined to have been fully deerform a more comprehensive 3D energy analysis as the
veloped when the total (potential plus kinetic) wave energypotential and kinetic energy of the wave and landslide can
reaches a maximum. Energy in the system (3D domain) ibe easily calculated separately in time by integrating the re-
determined at each phase (water and landslide) from thepective energies from each computational cell, depending
equations of classical mechanics by integrating each contrabn the cell’s fractional amount of water and/or landslide ma-
volume or computational cell energy over the entire domainterial. This allows a more complete view of the complex
The potential energy of the deformed water surface is meaenergy behavior in landslide motion, tsunamigenesis, and
sured in terms ofy; — h, the free surface elevation from the physical/numerical losses.
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Results: 3D Landslide-Tsunami Simulation fluid will not come to rest completely. However, as the ini-
tial tsunami wave characteristic is mainly controlled by the
The model TSUNAMI3D was used to perform the full-scale€arly landslide kinematics and slide characteristics (initial
3D numerical simulation to calculate the initial tsunami wave slide acceleration, size, slope, sediment properties, etc.) and
based on our assumption that the earthquake triggered an uRot by the subsequent slide evolution in deeper water. As the
derwater landslide. The resulting mass wasting of the Mondandslide reaches deeper water, the effects of the landslide

tsunami underwater landslide is approximatelsm thick ~ kinematics only cause minor changes to the main tsunami
(in average),~ 10.5km long, ~ 7.7km wide and slides Characteristics (Haugen et al., 2005; Grilli and Watts, 2005;

(initially) over a slope of~ 10%. The wasting volume of Wattsetal., 2005). Itis also observed that massive landslides
~ 12.5km? used in this numerical simulation is larger than have longer runout distances. Basal-friction and shear-rate
the one reported in Lopez-Venegas et al. (2008) and tef€em to reduce as the landslide thickness/volume increases.
Brink et al. (2006) ofL0.0km3. The discrepancy is attributed The larger the slide volume, the greater the thickness and the
to the different slide dimension obtained by following more smaller the shear rate (Campbell et al., 1995). Therefore,
precisely the scarp borders and probably by the differenfisSsuming no basal friction at the initial state of the wave
method used for the calculation of the volume. The landslidedeneration or even assuming an almost inviscid flow for the
volume reported herein was calculated by projecting tangenlandslide-water system is a valid and conservative supposi-
tially the existing immediate isobath located at the undis-tion for a full-scale event. The geological footprintin deeper
turbed edges of the scarp to create smooth surfaces betwe@ter of many large fan systems originated by ancient sub-
the projected isobath, gridding these smooth surfaces, an@arine landslides supports this simplified assumption of a
subtracting these surfaces from the gridded bathymetry ohewtonian fluid for the landslide material.

the scarp. On the other hand, the landslide volume reported Computer time required to simulaté) minutes of the

by Lopez-Venegas et al. (2008) and ten Brink et al. (2006\Mona Passage underwater landslide and tsunamiwé8 hours
was calculated by interpolating smooth surfaces through polydsing a cluster witi32 CPUs assigned. The 3D simulation
gons that define the edges of the slide. results of the landslide-induced tsunami waves are shown in

Figure 1 shows the bathymetry of the Puerto Rico’s northEigure 3. Left panels of Figure 3 show snapshots of the evo-
west corner that surrounds the Mona scarp. The shadoweHtion of the underwater landslide at5, 1.5 and3 minutes,
region on Figure 1 indicates the 3D domain used by theand the respective evolution of the free surface is shown on
TSUNAMI3D model. The 3D domain dimension boxis arc- Panels to the right. As can be observed from Figure 3 (use
degree (east-west) 0.5 arc-degree (south-north)andlokm the color bar as a reference), a wave~ofi8m high (crest
high. The south-north horizontal dimension of the domain ist0 trough) is recorded aftet minutes of the slide initiation.
approximatelys5.6km long, and at latitude of 18.55 N arc- The outgoing positive wave with amplitude of 18m is fol-
degrees, the east-west horizontal dimension is approximatelgwed by a backgoing negative wave or initial surface de-
63.26km long. The domain grid resolution 0 x600x 337  Pression ok~ 30m caused by the fast downslope motion of
cells in thez, y and z direction, respectively, for a total the underwater landslide. Notice that a rebounding wave is
of 145.6 million cells. Thus, the model's horizontal spatial €merging from the surface depression between the outgoing
steps ar&7.86 x 92.67m (z,y) and the vertical spatial step is and the negative backgoing wave (panels (b) and (c)). The
variable ranging fronim to8m. The finer vertical resolution feébounding wave does not evolve as a massive wave as the
was confined in the water free surface and water-landslid€utgoing wave, butas a short and highly dispersive wave.
interface regions, in contrast with the coarser vertical reso- The energy produced by the landslide and resulting tsunami
lution which was confined in the deeper water regions. Thewvave is presented in Figure 4. Panel (a) shows the change of
time step size is variable with a minimum value@5 sec.  potential energy and the kinetic energy of the landslide. The
The seawater and landslide densities have assigned valuesafange of the landslide potential energy is presented as the
1025kg/m? and2000kg/m?, respectively. A Newtonian fluid  difference from the initial potential energy and the potential
approach has been assumed for the water-landslide systeemergy at timeg, Ep(0) — Ep(t). This difference accounts
the viscosity coefficients (kinematic viscosity) /p; and  for the produced energy that is released at titmato the
uz2/p2 have been set tb x 10~°m?/sec as a conservative system after the landslide motion begins (t=0). The landslide
assumption to obtain greater landslide downslope accelerdinetic energy initially increases and then begins to level off
tion, tsunami wave amplitude and runup. The free slip condi-after ~ 160 sec. As mentioned above, the assumption of a
tion is applied in all fluid cells neighboring a seabottom cell, Newtonian fluid means the landslide material will not come
i.e, du/0z = 0. At an early state of a full-scale landslide to a complete rest, therefore the produced energy contin-
downslope movement, a Newtonian fluid assumption for thaues to increase, but the landslide stops accelerating after less
landslide material is reasonable valid if one seeks a consethan 3 min. As found by Sue et al. (2006), the initial change
vative initial tsunami wave. It is also true that a Newtonian of potential energy of the landslide is converted mostly into
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Fig. 4 Potential-released and kinetic energy of the landslide and resulting wave inside and outside the wave generation area. Panel (a), potential
energy released by the landslide (solid line) and kinetic energy of the landslide (dashed line). Panel (b), potential (solid) and kinetic (dashed) energy
of the water inside the generation area. Panel (c), potential (solid) and kinetic (dashed) energy of the water outside the generation area. Panel (d),
energy budget comparison between the potential energy released by the landslide and the total energy transfered into the system (landslide kinetic

+ water kinetic+ water potential).

landslide kinetic energy as the landslide begins moving, i.e.the free surface, converting some of the water kinetic en-
t < 40 sec. This kinetic energy is then transferred into ki- ergy into potential wave energy. For example, at early state
netic energy of the water as the moving landslide sets thé< 20 sec) after the onset of the landslide, the potential en-
water around it into motion. The water movement deformsergy given off by the landslide is mostly converted to land-
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slide kinetic energy. Also during this time a small fraction half potential and half kinetic, the kinetic energy determined
of the landslide potential energy inside the generation are&ere is approximately twice as large as the potential energy;
starts to be converted to water kinetic energy and wave pothis difference is most likely because equipartition of en-
tential energy (Figure 4 Panel (b)) with values of one andergy may not hold immediately during the generation pro-
two order of magnitude smaller. cess of the wave, see Fritz et al. (2004) and Watts (2000).

We partition the water energy based on the location ofThe large difference might be enhanced by the inclusion of
the landslide to account for the energy that propagates awaip€ third spatial dimension in contrast to thé) model in
from the wave generation area separately from the energiPadie et al. (2012). Equipartition of water energy outside
inside the generation area, see also Abadie et al. (2012). THBE generation area is expected to occur later on in the wave
outgoing and backgoing propagating waves, which are thos@ropagation process.
that propagate outside of the generation area, are of princi-
pal interest for tsunami inundation and hazard assessment. As a result of these energy calculations, we conclude
Also, we determine the development of the tsunami wavehat the majority of energy transfer from landslide to wave
in terms of the energy released in the system based on tleecurs in the first few minutes of wave generation, as also
energy budget outside the generation area and thus the afsund by Abadie et al. (2012). Potential energy conversion
propriate time to transfer the wave information from the 3D into water energy of this 3D deep-submerged landslide ranges
model (TSUNAMI3D) to the 2D model (NEOWAVE). The betweers.5% to4.5%, magnitude comparable to other sub-
generation area is defined in time by flagging computationainerged landslide studies, e.g., Watts (2008%p{7%, with
cells horizontally surrounding the landslide; here, we maskrespect to the landslide kinetic energy) and Sue et al. (2006)
4 cells on any side of a cell which contains landslide mate-(1.1%-5.9%, with respect to the landslide potential energy).
rial at any pointin time, resulting in @ x 9 horizontal grid  While significant wave energy within the generation region
surrounding any landslide cell. Inside the generation areagontinues, the increasing depth of the landslide limits any
the kinetic water energy is summed on water cells columnifurther tsunamigenic potential after the initial wave is formed.
wise from the surface of the landslide to the free water surTherefore, the tsunamiwave is mostly developed by the time
face, and outside the generation area this kinetic energy i reaches the boundary of the computational domain and
summed on water cells column-wise from the seafloor to th& minutes is an appropriate time to transfer the wave infor-
free water surface. mation from TSUNAMI3D to NEOWAVE for the detailed

Panel (b) of Figure 4 shows the potential and kinetic en-inundation calculation.
ergy of the water inside the generation area; likewise, panel
(c) shows the water energy outside the generation area. ClearlyFigure 4, panel (d) gives a comparison of the total en-
we see that the water kinetic energy is largely affected byergies. The solid line shows the total energy input into the
the landslide motion, as the kinetic energy of the water insystem by the landslide potential energy and the dashed-
the generation area continues to increase substantially witbotted line represents the energy loss. In a closed system,
the continued landslide motion and is approximately one orthe potential energy released by the landslide would be con-
der of magnitude larger than the kinetic energy outside thererted completely into landslide kinetic energy plus total
generation area (compare dashed lines in panels (b) and (c)yater/wave energy (dashed line). However, there is a con-
However, inside the generation area the potential water ersiderable difference between these energies in our model re-
ergy is almost two orders of magnitude less than the kinetisult. This is a topic of continued study, but we believe this
energy and reaches a maximum early on (aftei2 sec, see is largely due to numerical diffusion which is expected to
the zoomup on panel (b)) as the initial wave begins to leavebe more substantial in a 3D numerical model. Neverthe-
the generation region. Outside the generation area, panel (dgss, we still are able to include small additional friction
the wave potential energy is about twice as large as that inthrough the viscosity coefficient while keeping basal fric-
side the generation area due to the large amplitude of thBon negligible, meaning that “physical friction” is kept at a
initial tsunami waves and to the subcritical regime (Froudeminimum. In more realistic or complex model settings, for
numberF,. = V;/+/gD < 1, whereVj is the average land- example, in a domain with complicated bathymetry as we
slide velocity, D the total water depth, angithe gravity ac- have here, we are aware that numerical models undergo sub-
celeration) for this specific underwater landslide. The potenstantial numerical diffusion or energy dissipation in regions
tial and kinetic energy of the water outside the generatiorwhere waves shoal or runup. The numerical diffusion effect
region level off or reach a maximum bi80 sec 8 min-  is well observed when waves travel over a sloping seabot-
utes) approximately. Effectively, once the initial large wave tom, see Kowalik (2008), as the nonlinear terms are usually
propagates away from the generation region, its energy staeduced to an upstream/downstream numerical form. For ex-
bilizes. While Abadie et al. (2012) found that the equiparti- ample, in a 1Dr—direction scheme, the numerical diffusion
tion of wave energy away from the landslide was very nearlyassociated to the first order of approximation (positive ve-
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locity) for the nonlinear term reads Table 1 Numerical Gauge location
9 Gauge Station Longitude Latitude Water
Upha % (13) number  Name ew) (°N) Depth(m)
2 Ox? G#1 Old Lighthouse 67.162423  18.494596 13.0
(Punta Borinquen)
whereu,, is the resulting water or slide downstream particle G#2  Aguadilla 67.161112 18.429514 36.0
velocity from the upstream/downstream numerical scheme, o
andh,, is the space step or the—direction grid resolution. G#3  RinconLighthouse 67.274675  18.364380 15.0
. . L. . . (Punta Higuero)
This term (Equation 13) is similar to the friction term in ——5 Figure 1

the momentum equation (Equation 2) with viscosity coef-
ficient (artificial-numerical viscosity:, . /2) being a func-
tion of the space step, and the downstream particle veloc-
ity u,. The artificial-numerical viscosity coefficient is large mation is transferred to the 2D model, a maximum energy
in shallow water regions where wave particle velocities aredensity of8.2 x 10* 3 m~3 is calculated at-3052m depth.
larger, enhanced further by the shoaling or slope gradient. By using the numerical code NEOWAVE with the nested
On the other hand, in deeper water with a uniform or smoottgrids shown in Figure 1, detailed tsunami runup was ob-
seabottom bathymetry, particle wave velocities (ig,) are  tainedin present-day Aguadillag., sealevel elevation (runup),
very small and the numerical diffusion caused by the nonlin-water depth (inundation) and maximum momentum flux quati-
ear terms is small too. In these regions, the numerical diffuties. Figure 6 shows the tsunami inundationresults in Aguadilla
sion takes place in the short wave length range, being detecalculated on the innermost grid (3 arc-second resolution)
mined by how well short waves are resolved by the spatiabf the nested grid domain. Panel (a) in Figure 6 portraits
step. Waves generated by submarine/subaerial landslides afee maximum runup or sealevel elevation with reference to
very dispersive and are degraded quickly in multiple shortthe Mean High Water (MHW) level. Panel (b) on the same
waves; therefore, the model’'s numerical scheme will quicklyfigure shows the inundation depth definedias= ¢ — h;
dissipate these short waves that are in or close to the unravhere( is the sealevel elevation anfd is the land eleva-
solved scaleZh,), see Kowalik (2008). tion with respect to the MHW level. It is important to men-
Additionally, a depth-profile of the wave kinetic energy tion that regions with inundation depth shallower thaft
density in J nT3 within the wave generation area is shown in (~ 0.30m) are not indicated in the figure. Numerical results
Figure 5. This seems to be an interesting analysis of the ershow that the overall maximum water elevation in the pop-
ergy behavior within the water column and allows a further ulated area of present-day Aguadilla ranges frarto 9m.
understanding of the water dynamics associated with th&€onsequently, the maximum inundation depth ranges from
landslide. The kinetic energy density of the wave is largely0.30 - ~ 6.0m.
concentrated near the landslide, which reaches from a depth Three nearshore numerical gauges have been located in
of approximately—1200 to —3000m initially, and —1200  the domain to record the profile in time of the tsunami waves
to —3500m after3 minutes. The depth interval of main en- as they approach Puerto Rico’s western coastal region (see
ergy concentration grows with time, so that the energy im-Figure 1). Table 1 shows the location of the numerical gauges,
posed by the landslide reaches higher into the water columrand their results are depicted in Figure 7. According to Reid
but it is mainly concentrated deeper thati200m. There is  and Taber’s survey, all locations in western Puerto Rico ex-
a small amount of energy density at the surface associatquerienced a tsunami leading depression wave. In the Old
with the free surface motion, but it is minimal compared Lighthouse (Punta Borinquen - G#1), the lighthouse keeper
to the maximum at greater depth. At the beginning, the enebserved the sea receding shortly after he felt the main shock,
ergy density maximum occurs just above the leading edgevhile the Rincon lighthouse keeper at Punta Higuero (G#3)
of the landslide. This maximum may also be amplified atwitnessed that the sea returned® minutes after it receded
later times (after~ 120 sec) by a rebounding of landslide shortly after the earthquake. Several important observations
material from the face of a cliff in the seafloor. A secondarycan be derived from the numerical simulation results. The
maximum occurs over the middle part of the landslide atinitial wave to approach the shore was indeed a negative
earlier times (before arouril) sec), then becomes increas- wave, and this negative wave reached the coastline facing
ingly pronounced above a deepening portion of the leadingAguadilla abouts minutes after the landslide initiation (see
edge. Interestingly, at 152 sec, the energy densities above tli&#2 wave profile, middle panel on Figure 7). This is con-
shallower and deeper portions of the leading edge are nearblistent with the arrival time observations presented by Reid
balanced, and thereafter the maximum energy density shiftand Taber (1919) and the computations presented by both
to the deeper portion, with the energy near the shalloweMercado and McCann (1998) using a dislocative source, and
part becoming a secondary maximum as the leading edgeopez-Venegas et al. (2008), using a submarine landslide
smoothes and flattens. Atminutes, when the wave infor- source.
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Fig. 5 Depth profile of water kinetic energy density within generation area at selected times during wave generation.

Our simulations yield a maximum wave amplitude of the 12.8m estimated by Lopez-Venegas et al. (2008). The
2.2m at 13m depth offshore the coast at Punta Borinquenextent of flooding in Aguadilla is accurately predicted by
(upper panel on Figure 7), with on-shore runup48 to  the model, which flooded partially the town square located
~ 5.4m (see color scale inside upper red triangle that is in-West of San Carlos Borromeo Church, two blocks east of the
dicating the location of the Old Lighthouse on panel (a) of beachfront (Figure 8). Witnesses indicate that the tsunami
Figure 6). The runup model result is slightly higher than thepenetrated up to the town square but not to the Church. Fi-
estimatedt.6m on-shore runup value from the post-tsunaminally, for the third numerical gauge (G#3) at Punta Hig'uero,
survey, but considerably lower than tBe8m obtained from  which is located at a depth dfs m, wave maximum ampli-
the previous modeling study of Lopez-Venegas et al. (2008}ude is estimated to ba1m. Surprisingly, the positive wave
At the numerical gauge offshore of Aguadilla (G#2) (middle came shortly after the negative wave, as it was witnessed by
panel on Figure 7), the model's maximum wave amplitudethe Rincon lighthouse keeper (see lower panel on Figure 7).
of the approaching wave is estimated4a2m at a depth of Unfortunately, this location is outside the 1/3 arc-second
36m, and the runup in the area of the old downtown (lowergrid, thus detailed runup was not computed; however, higher
red triangle on Figure 6, panel (a)) ranges frandm to  values for runup were obtained on-shore that were not in
7.2m. These values are in agreement with thel.0m val-  agreement to either the survey of Reid and Taber (1919)
ues estimated by the survey and still significantly lower than(5.5m) or the results of Lopez-Venegas et al. (20G8)n).
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In this particular region, the topography features coastal clifftions at both G#1 and G#2 fit well the observations, whereas
and shallow water. Therefore, a nested grid with increasinghe simulation might slightly overestimate at G#3. These
resolution should be considered in future research to estivalues are corroborated by the NEOWAVE inundation sim-
mate precisely the runup and inundation extent nearby thelation in Figure 6. The fact that slightly higher values are
Rincon lighthouse at Punta Hig uero. obtained is related to the internal friction of the landslide,

Our results are in better agreement to the values obtaine\ﬁfhiCh here is kept to a minimum for e§timating potential
from the post-tsunami survey of Reid and Taber (1919) tharﬂjamage for the present-day coast if a similar event were to

those obtained from the previous numerical model of L’opezhappen today.
Venegas et al. (2008). Therefore, we conclude that simula-
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Fig. 7 Numerical gauges results at three different locations indicated in Table 1 and previously surveyed by Reid and Taber (1919). Upper panel
(G#1), Old Lighthouse at Punta Borinque; middle panel (G#2), Aguadilla; lower panel (G#3), Rinc on Lighthouse at Punta Higuero. See Figure 1
for geographic location of gauges.

Although the landslide main motion is directed toward lowing hydrodynamic force equation,
the north, a fraction of the tsunami energy is refracted around
Puerto Rico’s northwest shelf, hence producing waves thap — lpCd(b x h)u? (14)
impact Puerto Rico’s north coastline. A separate study is un-

derway to quantify these effects, as these waves would bhere, is the fluid density(, is the drag coefficient; and
highly dispersive for a landslide source, therefore allowingy « 1, is the wetted area of the body projected on the plane
to help discriminate among the postulated sources. normal to the flow direction, (Yeh, 2007). The fluid force at
The tsunami momentum flux quatities was also calcu-a given location can be determined by Equation 14 using the
lated to determine potential for inland damage from the flowcombined values dfu? (momentum flux quantity) shown in
forces. The momentum flux quantities could be useful forFigure 9 panel (c). A complete discussion of tsunami forces
engineering design purpose or re-assessment of existing stesting on structures can be found in Yeh (2007). From Fig-
tures, or assisting coastal managers in assessing the relativée 8 it can be gleaned that the water entering the city is
vulnerability of some infrastructure or in identifying the na- stopped by the road embankment structure which acts as an
ture and location of major tsunami flows. Figure 9 shows theinundation protection system. Overall, the momentum flux
magnitude of the inundation depth and water flow velocity quantity in the populated area of Aguadilla ranges fram
at maximum momentum flux. The inundation depth shownto 125 mx(m/sec} per unit mass and per unit breadth.
in panel (a) of Figure 9 corresponds to the inundationdepth  These quantities can be useful to estimate the flow forces
at the time when the maximum momentum flux occurs. lton a structure according to its location in the inundation
is important to mention that this inundation depth is slightly area. For example, in 1893, a monument to commemorate
different from the maximum inundation depth portrayed in the 400" anniversary of Christopher Columbus landing in
panel (b) on Figure 6. In the same manner, the flow velocPuerto Rico was erected south of the former mouth of the
ity, shown in Figure 9 panel (b), corresponds to the veloc-Culebrinas River, the boundary between the town of Aguadilla
ity when the maximum momentum flux takes place. Thesg~. 2km due northeast) and Aguada. The “Cross of Colum-
quantities are valuable for the determination of flow forcespus”, also called the “Columbus Monument”, consists of a
on some sensitive structures along the tsunami runup path~ 10m? base supporting a pillar of 2.4m? plus a stack of
Assuming a steady flow, the inundation forces exertedseveral granite blocks of square sections forming a column
on a surface-piercing structure can be evaluated with the fol{~ 2.35m?) which supports the capstone cross (.75m?).
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Fig. 8 Tsunami inundation extent in present-day Aguadilla (northwest Puerto Rico) assuming the hypothetical case of the Mona tsunami of
October 11, 1918. Pané), the inundation limits map, and pan@d), inundation depth map, are placed side by side to facilitate visualization of
the inundation level with respect to the populated areas. Plan view is taken from Googl€Earth

The total height of the monument may have reached up tanay have affected the piercing structure during the tsunami.
10m and may have stood up t0Om from the shore. Ac- By means of the information obtained from Figure 9, it is
cording to Reid and Taber (1919), the monument, exceppossible to do a rough estimation of the force and overturn-
for its massive base, collapsed during the earthquake, anidg moment that may have affected the pillar of the Colum-
in turn, tsunami waves carried the monument blocks to dishbus monument under the tsunami load, whiere 3.9m and
tances between5 and 75m landward. In 1923, an exact u« = 8.1m/s are obtained from the color scale at Columbus
replica of the monument was built using the original base,Park (lower triangle on Figure 9). The assessment is per-
therefore helping in the assessment of tsunami forces thdbrmed by assuming that the pillar survived the earthquake
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Fig. 9 Numerical results in Aguadillacomputed on the innermost gtid arc-second resolution) of the nested grid domain. Pé@elnundation
depth at maximum momentum flux. Parf), water velocity at maximum momentum flux. Paie), maximum momentum flux quantity.

and was destroyed later by the tsunami flow load. The pillaiof this event by employing an advanced computational sys-
has a cross section ef 1.2 x 1.2m? and stands up on the tem for submarine landslides, in which a well-established
base atl.2m above the ground, therefore the pillar has anand validated 3D/2D coupled model is presented and ap-
effective flow height ofh = 3.9 — 1.2 = 2.7m. Now, by  plied, yielding results comparable to observations. For the
considering a steady flow at the maximum momentum flux3D phase the Navier-Stokes model TSUNAMI3D for two
in view of the fact that tsunamis have a long period, Equa-fluids (water and landslide material) was used to determine
tion 14 can be applied. Following the work of Yeh (2007), the initial wave characteristic generated by the submarine
a drag coefficient of 2@; = 2) was used in the calcula- landslide. To solve for coastal inundatiarg., wave propa-
tion. At the base of the piercing structure we thus obtaingation and detailed runup, the 2D non-hydrostatic numerical
a shear force ofv 213kN and an overturning moment of model NEOWAVE was used. The 3D model provides the
~ 288kNxm. The restoring moment owned to the weightwave kinematic and the free surface configuration for the
of the granite monumentpf,..,ite = 2750kg/m?) partially initial tsunami wave source, which were then input as the
submerged during the tsunami load~s115kNxm which initial condition (hot start) to the more numerically efficient
is much less than the overturning moment. 2D model.

The full-scale 3D numerical simulation used a wasting

Conclusions volume of~ 12.5km? to generate the initial tsunami wave.

A wave of ~ 48m high (crest to trough) was recorded af-
This study presents an improved numerical simulation forter 3 minutes of the slide initiation. The outgoing northward
the October 11, 1918 tsunami observed along the northwespositive wave with amplitude of~ 18m was followed by
ern coast of Puerto Rico. The work and simulations pre-a landward negative wave or initial surface depression of
sented here are based on the assumption that this tsunami30m. Shortly, a rebounding wave emerged from the sur-
was generated by a massive submarine landslide triggerdece depression between the outgoing and negative backgo-
by the earthquake. This study builds on previous researchhg waves, though this rebounding wave did not evolve as a
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massive wave, but as a short and dispersive wave. The nethe valuable help from Harry Justiniano and Jos’e Benitez
ative wave reached the coastline facing Aguadilla in aboufrom the Physical Oceanography Laboratory at the Marine
5 minutes after the landslide initiation. These estimates ar&ciences Department - UPRM, and IT staff from PRSN. All
consistent with the observations of a leading depression andiishes to thank Uri ten Brink and Jason Chaytor from the
arrival times collected from witnesses. Although the land-Woods Hole Science Center, USGS. Special thanks go to the
slide main motion is directed toward the north, a fractionreviewers for their comments and suggestions, which signif-
of the tsunami energy is refracted around the Puerto Rico’scantly contributed to improving the quality of this paper.
northwest shelf, apparently impacting the north coastline.
A subsequent publication will address this question and the
impact along the northern coast of Puerto Rico. References
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