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EXECUTIVE SUMMARY

Submarine landdides are becoming more and more a cause of great
concern to specialists, hazard mitigation officials, and state and federal agencies
dealing with natural hazards due to their potential for generating tsunamis.
These tsunamis can vary from catastrophic events, for which there is evidence
pre-historic evidence, down to smaller scale, but still very dangerous, events.
They are of great concern not only for their magnitude, but also because they
may have no detectable precursors (unlike earthquake tsunamis), and can be
generated locally, implying a few minutes before they can reach a populated
area.

Since the studies in which the amphitheater shaped scar at the south slope
of the Puerto Rico Trench was first identified as the result of a submarine
landdlide, there has been concern about what could be the implications for
Puerto Rico if al the dope material went down as a single event. In this study
we make afirst attempt to quantify what could happen if it happens again, using
an Extended Boussinesg wave model developed at Cornell University. The
model, called COULWAVE, is still under development, and its progress can be
followed by assessing its WEB page a
http://ceeserver.cee.cornell.edu/pjl 2/research_ web/COULWAVE/ .

Five landdlide time scales (time of duration of the dide) were
investigated: 1000, 1500, 2000, 3600, and 7200 seconds. They al give
extensive flooding all along the north coast of Puerto Rico, extending many
miles inland and highlighting the seriousness of the latent threat existing all
along the Puerto Rico Trench asfar as we in Puerto Rico are concerned. Much
has been said and written in national news and press about the threat that
submarine landdlides offer both the western and eastern seaboard of the United
States of America. But nothing has come out about the same threat herein
Puerto Rico and the U.S. Virgin Idands. It isthe goa of this study to raise the
awareness of the stakeholders in Puerto Rico about this threst
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INTRODUCTION

There is unequivoca evidence of a pre-historical gigantic submarine slope failure with a
displaced volume that has been estimated at approximately 1500 knt by Schwab et al. (1991)
and approximately 910-1050 km? by Grindlay (1998). Its location is the southern slope of the
Puerto Rico Trench, about 37 kilometers off the north coast of Puerto Rico (see Figure 1). Itis
approximately 55 km across (east-west), has a crown in awater depth of approximately 3000 m,
and extends to a water depth of approximately 6000 m (images of the scarp can be seen in Figure
6 in Appendix 1 and the figuresin Appendix 3). The trench is the surface trace of a southward-
dipping Benioff zone (Grindlay et al., 1997), and it includes the deepest part of the Atlantic
Ocean with depths up to 8.4 km. Because of the obvious concern by the Puerto Rico emergency
managers, the Puerto Rico State Emergency Management Agency (PRSEMA) (previously
known as the Civil Defense) and the University of Puerto Rico Sea Grant College Program
(UPRSG), sponsored a research project with the purpose of ascertaining what could be expected
along the north coast of Puerto Rico if a submarine slope failure of this same magnitude were to
occur again as a catastrophic event, i.e., the entire mass disintegrating rapidly. A contract (C-99-
02) was signed between PRSEMA and the Center for Research and Development of the
University of Puerto Rico in which funds were supplied to the University of Puerto Rico in order
to subcontract Dr. Nancy Grindlay, of the University of North Carolina at Wilmington, N.C., to
estimate the amount of material involved in the dope failure using new ocean bottomdata, and
to make an estimate of the density of the material. An additional contract was signed with the
company HydroMath LLC, in which Dr. Philip Liu and Mr. Patrick Lynett, Ph.D. candidate, of
Cornell University, were to apply a new wave model (COULWAV E), together with asimple
slump model, in order to estimate the expected coastal flooding under various umping time
scale scenarios.

In this report we will put together Grindlay’s 1998 report and the recent modeling results
obtained by the Cornell Ph.D. graduate student, Mr. Patrick Lynett, who has been the developer

1
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Figure 1 — Location map showing the island of Puerto Rico, the Puerto Rico Trench, and the
location of the scarp (taken from Figure 1 in Grindlay, 1998; see Appendix 3).



of COULWAVE as part of his dissertation. We will aso include the report submitted by Liu and
Lynett about the model, including the user’s manual. Finally, flood maps will be presented based
on the results obtained by Lynett.

SUBMARINE SLOPE FAILURES AND ASSOCIATED TSUNAMIGENIC THREAT

Rapid submarine slope failures (as well as subaereal ones) can take many forms and
shapes: falls, dumps, dides, debris flows, grain flows, and turbidity currents. A fall occurs when
loose rock or sediment is dislodged and drops from very steep or vertical opes. A dide occurs
when amass of rock or sediment is dislodged and moves along a plane of weakness, such as a
fault, fracture, or bedding plane. A dlide that separates along a concave surfaceisasiump. A
flow occurs when a mass of rock fragments or sediment moves downslope as a highly viscous
fluid. Figure 2 sketches these different slope failures.

A )

.

.
“ i Sl \( f b
X : —
9 : > .
: Ii *

Figure 2 — Sketch describing the differences between falls, sides, Slumps, and flows (taken from
Chernicoff and Venkatakrishnan, 1995, page 371).

A good review of the topic of submarine landdlidesis given by Hampton et al., 1996),
and we will quote and summarize some of the material covered in the review here. The first thing
they tackle is the terminology or semantics. “ Submarine landdlides’, or just “dlides’, will be used
to describe almost al of the above-mentioned dope failures.

Quoting from Hampton et a., 1996:

“ Landslides possess two essential features: a rupture surface (failure surface, side
surface) and a displaced mass of sediment or rock [see Figures 3aand 3b in this report, taken
from Brunsden and Prior, 1984]. The rupture surface is where failure took place and downslope
movement originated, and more than one such surface may be present in a particular landslide
complex. The displace massis the material that traveled downslope. It commonly rests partly on
the rupture surface, but it might have moved completely beyond it. Moreover, the displaced mass
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might remain intact, slightly to highly deformed, or it might break up into distinct slide blocks. In
some slides, all or part of the mass completely disintegrates, producing a flow.

Following the terminology of Varnes[1978], the main scarp (or headwall scarp) isthe
upper part of the rupture surface vacated by the displaced mass. Crown cracks may exist within
marginally stable material upslope from the main scarp, and minor scarps may exist within the
displaced massitself. The upslope terminus of the displaced massis the head of the landslide,
and the downslope terminus is the toe. The toe region of the displaced mass can have an elevated
surface created by resistance to downslope movement or rotation.

The rupture surface, particularly in mechanically homogeneous material, commonly is
concave upward and scoop-shaped. Accordingly, motion of the displaced massis rotational,
whereby the original seafloor is backtilted. Such slides are formally termed “ rotational slides’ ,
or “slumps’ . However, if mechanical inhomogeneities such as bedding planes control failure,
the rupture surface is more or less planar, movement istrandational, and the landslide is called
a“trandational dlide” . Siding that occurs serially as numerous adjacent failures that progress
upslopeistermed “ retrogressive’ .

End of quote from Hampton, et al., 1996.

They go on to state that submarine landslides can be orders of magnitude larger than
subaeria landslides. While the largest known Quaternary subaerial landslide is given as the 26-
km® Mount Shasta slide (Crandell et a., 1984), the largest submarine side is the Agulhas slide
off South Africa, with a volume of 20,000 kn?.

Very steep slopes are not required, since submarine debris flows have been documented
on very gentle slopes, i.e. lessthan 1° (Elverhoi et. al., 2000), a Gulf of Alaska dlidein a0.5°
slope (Carlson, 1978), an offshore of northern Californiaslide in aslope of 0.25° (Field et al.,
1982), and a Mississippi River deltaslide in a dlope of 0.01° (Prior and Coleman, 1978).

Elverhoi et a. (2000) show that hydroplaning may be a reason for the near frictionless movement
of some glides. Another interesting result is that it has been found that some of them act asif the
water were not present as far as hydrodynamic-drag forces (both at the front and on the top of the
moving mass) are concerned (Hampton et al., 1996).

The stratification into the above categories (Sump vs. dide vs. flows) is not
straightforward, since typically the slope failure may start as one, say as a dide (basal failure of
topography that moves downslope in coherent blocks), and along the way it may disintegrate,
changing into debris or grain flow, and possibly changing further downslope into a turbidity
current (a dense turbid durry of sediment and water).

According to Grindlay (1998), the big amphitheater-shaped scarp along the south slope of
the Puerto Rico Trench is the result of a landslide with the characteristics of a debris flow. This
is according to the terminology of Hampton et al. (1996) in which they state that “slumps consist
of relatively undisturbed masses that slid along curved rupture surfaces, with the bulk of the
material not traveling beyond the flank of the volcano. ...... In contrast to Slumps, debris



avalanches have a well-defined headwall scarp (amphitheater), and the transported rock and
sediment are broken into numerous discrete blocks, some of which move great distances (> 200
km).” The figuresin Grindlay’s report show a curved rupture surface, a headwall scarp, or
amphitheater, and accumulated debris at the bottom of the slope. Time-sequence profiles of the
landslide model used to generate the tsunami in this report can be seen in Figure 9, page 45 in the
manuscript titled “A numerical study of submarine landslide generated waves and runup”, by
Lynett and Liu, Appendix 4. The sequence of events shown in the figure mimic better the
definition of adebris flow than of a lump. No unique concave slip surface is seen, but instead a
sequence of bottom profiles representing the progressive erosion of bottom material as the debris
flow progresses. Though it is also possible that the failure started as a lump and then
degenerated into a debris flow. This happens when loss of shear strength (shear strength isa
measure of the soil’ s ability to resist the driving forces that tend to push the mass downslope)
occurs during failure, and the resulting strength becomes smaller than the downslope
gravitational shear stress (shear stress, adriving force, pushes soil downslope). The failed
sediment mass will then accelerate downslope and tend to disintegrate and flow (Hampton et al.,
1996).

A good layman’s description of the difference between a“sump” and a“dide” (or
landdlide) is given by Smith (2000), quoting from P. Watts (a submarine landslide and tsunami
gpecidist). It all depends on the shear strength of the bottom material. For stiff material the slope
failure tends to mode downslope as a Slump, not a landdlide. Quoting Watts. “A slumpislikea
couch potato. When the slump fails, its butt slides a little farther forward on the sofa cushion,
and its head sinks a little lower”. Continuing to quote from Smith (2000), and using his figure
shown here as Figure 3c:

“That is, the Slump’ s center of mass moves down and forward in a short arc. This motion
ismodeled by rotating a cylinder that lies on its side on the seabed like one of the fallen columns
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Figure 3c — A cross-section of a slump (from Smith, 2000).

of Atlantis. The cylinder penetrates the hillside (shaded) to a depth equal to the maximum
thickness of the slump, and the buried portion of the cylinder’s curved surfaceisthe failure
plane along which the slump will move. If you rotate the cylinder maybe six degrees, the
embedded portion travels downslope a ways, and that’ s the slump. The degree and speed of
rotation, the diameter of the cylinder, and the depth to which it is embedded, all depend on the
clay’ s shear strength.”



Says Watts, “The key difference between a landslide and a lump is the center-of-mass
motion. A slump starts and stops —if you plot position as a function of time. It accelerates,
achieves some maximum vel ocity, and then decel erates. Whereas a landdlide is like your
umbrella getting whipped away by the wind and carried down the street — there’ s nothing to stop
it. It experiences a relatively rapid acceleration and then just keeps in going. Nothing stops s
landslide”.

Landdlide generated tsunamis remain one of the least studied of the causes of tsunamis, in
part because their occurrence is often concealed and in part because of the complicated dynamics
involved in failure, center of mass motion, and deformation. Underwater landslides also pose
difficulties for tsunami warning systems as they often occur on coastal margins near shorelines,
can not be predicted as of yet, and may strike within minutes following a moderate earthquake.
On the other hand, tsunamis generated by underwater landslides often cause limited damage
outside of some range of influence.

Wave generation by landslides depends primarily upon the volume of material moved,
the depth of submergence, and the speed of downslope motion (Ward, 2000). As the dlide speed
increases (and becomes closer in magnitude to the tsunami wave velocity) the sea surface
response increases. If the slide’s duration is too long (slide time scale = J >> L/(gh)¥?, where L
is the horizontal dimension of the dide, and h is the water depth) then long waves would
propagate away from the source areain much less time than it takes for the initia “doming” of
the surface to form. In this case, no significant waves could be generated (Kulikov et al., 1996).
An interesting result that comes out from this study is that as the dide time scale is increased
from the shortest (16.7 min) to the longest (2 hours) the observed runup first decreases — as
expected from the discussion above — but then it reaches a minimum and starts to increase again
for the longer time scales.

Other facts about tsunamis due to submarine landslides are that the larger the dide
volume, the higher the sea surface response. Also, the deeper the slide the smaller the sea surface
response. While many failure events may not be tsunamigenic, recent events and simulations
both corroborate new understanding that underwater landslides and sSlumps are responsible for
the largest tsunamis besides meteor strikes (http://rccg03.usc.edu/la2000/).

The wavelength and periods of landslide-generated tsunamis range between 1 and 10 km
and 1 and 5 minutes respectively (Bryant, 2001). These values are much shorter than those
produced by earthquakes. The wave period and wavelength increases as the size of the dide
increases and the slope decreases (Ward, 2000).

The way a submarine slope failure causes a tsunami is that a slope failure on the move
leaves avoid behind itself that the ocean instantly fills, creating a wave. If the mass movement is
away from the coast then the void created behind (or wave trough, or sea surface depression)
points towards land. Thisis the case for the dope failure we are dealing with since it occurred
along the south slope of the Puerto Rico Trench. Therefore, the first manifestation of the tsunami
along the north coast of Puerto Rico will be awithdrawal of the sea at the coastline. According to
the models, when the wave trough arrives first (versus the wave crest arriving first) the runup
(highest elevation reached by the water at a given inland point) tends to be higher than when the



crest arrives first (Smith, 2000). On the positive side, the withdrawal of the sea offers a warning
to the coastal population.

In generd, this type of tsunami tends to be much more compact than earthquake
tsunamis, sometimes being described as “pocket tsunamis’ (Smith, 2000). Examples of the
compactness of these tsunamis are the Papua-New Guinea tsunami of 1998, and the Vanuatu
(formerly New Hebrides) tsunami of 1999. But there is ample geological evidence that there are
exceptions to the characterization of submarine slope failure tsunamis as “pocket tsunamis’. This
is the case of the hypothesized giant tsunamis generated by pre-historic slope failures like the
ones in the Hawaiian islands (Lipman et al., 1988; Moore and Moore, 1988; Moore et al., 1994;
Masson et al., 1996), the Canary Islands (Masson, 1996; Carracedo et al., 1998), the Storegga
Slide (Dawson et al., 1988; Dawson, 1994; Long et al., 1989; Hansom and Briggs, 1991; Harbitz,
1992; Henry and Murty, 1992; Bondevik et al., 1997a,b), and the Oregon Cascadia Margin
(Goldfinger et a., 2000).

Scientists are currently unable to accurately assess underwater landslide risks, predict
their occurrence following a nearby earthquake, evaluate their tsunamigenic potential, and warn
coastal communities of imminent danger. (Workshop on the Prediction of Underwater Landslide
and Slump Occurrence and Tsunami Hazards Off of Southern California, WEB page
http://rccg03.usc.edu/1a2000/. The results presented in this report present afirst attempt at
quantifying Puerto Rico’s risk to this newly recognized hazard.

PREVIOUS STUDIES OF THE PUERTO RICO TRENCH LANDSLIDE
Schwab et a. (1991) investigated the Puerto Rico Trench scarp and found the following:
1) They estimated that the volume displaced was of the order of 1,500 kn.

2) Theinsular slope above the amphitheater-shaped scarp in the Puerto Rico Trench (depths
less than 3000 m) has a regional slope of 4.5°. The average declivity of the scarp is 8.5°.

3) Itis55km across (east-west), has a crown at a water depth of 3500 m, and extends to a
water depth of 3000 m.

4) Concluded that the scarp formed principally as aresult of slope failure and subsequent
mass movement. They based this conclusion on four pieces of evidence:

a) the tectonic setting of the study area, a plate boundary and aregion of high seismicity

b) the general morphology of the scarp, a distinct embayment having a radius of acircle
fitting the failure surface

¢) the presence of shallow-water carbonate debris downslope and near the base of the
dope

d) the analysis of seismic-reflection data showed truncation of sedimentary strata by
faults

5) They could not determine if failure was catastrophic or took place over a substantial



period of time.

6) They add that recent data has shown that submarine slope failures of this magnitude (
1500 km®) are not unusual. Among the factors that increase the danger that an scenario
like this could happen again they mention that the declivity of the insular slope north of
Puerto Rico and therefore the downslope gravitational shear stress has been steadily
increasing due to the northward tilting (tectonic oversteepening) of the Arecibo basin
since Pliocene time. In addition, pre-existing faults that lead into the headwall of the
scarp could also significantly reduce the shear strength of the strata. All this could lead to
slope failure when shaken by an earthquake, as has been observed al over the world (see
Figure 6). As amatter of fact, further east, at 66° W, just offshore of San Juan, Scanlon et
al. (1988) and Schwab et al. (1991) found evidence of another, though smaller, slump,
with an amphitheater-shaped scarp. They conclude that al this put together suggests that
the entire northern margin of the Arecibo basin is falling due to the present tectonic
regime. Further studies are required in order to document well this smaller slump.

7) Evidence of the gradual decrease in the stability of the northern insular dope off Puerto
Rico is the presence of several smaller downslope-facing scarps seen on the insular slope
in water depths less than 3000 m. They conclude that these smaller scarps may represent
incipient slope failures and they may indicate that the scarp is retrogressive upslope, and
that it continues to be active.

8) Finaly, and quoting from the last paragraph in Schwab et al. (1991): “ Because the
condition of slope instability that allowed an extremely large landslide continues to
develop north of Puerto Rico (assuming the mass slid as a single event), and because the
seismic risk remains the same as when the slide took place, a repetition of the event is
quite possible, with a potential for the generation of a catastrophic tsunami.”

Therefore, it is not surprising that the evidence of this landslide has worried scientists and
hazard mitigation personnel in Puerto Rico and in some federal agencies. Recent experience has
shown that landslide generated tsunamis could be much more common than previously thought.
These can occur many minutes after an earthquake has been felt, and even more worrisome, can
be triggered even by earthquakes smaller than the lower earthquake magnitude threshold of 6.5
for tsunami generation. There is even the documented case of submarine landslides being
triggered by hurricane waves in water depths greater than 100 m (Henkel, 1979; Beaet d.,
1983). Thus they can become what Ward (2000) has called “ surprise tsunami”. They can be
generated far outside the earthquake epicenter, or be far larger than expected given the
earthquake magnitude. And they may arrive without any precursory seismic warning at all.

Thus north of Puerto Rico we have all the conditions needed in order to start worrying
about the possibility of future submarine landslides, and the accompanying tsunami: steep slopes
close to shore, history of previous landslides (including a very large one), gradual decrease in the
slope stability due to tectonic oversteepening and continuous overloading due to sediments
discharged by the major riversin Puerto Rico (almost all of which discharge along the north
coast; not only river discharge can lead to local oversteepening but if the sedimentation rate is
fast enough then high pore water pressure may be retained, producing unconsolidated
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Figure 4 — Location of major submarine slides and debris flows (from Bryant, 2001).
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sediments), the presence of many submarine canyons (some coming very close to the coast), the
presence of many faults and high seismicity, and the annual occurrence of large waves due to
winter extra-tropical storms (occurring as long period swell which can penetrate to relatively
large depth; according to Bea, 1971, wavelength can be more significant than wave height in
destabilizing sediments along slopes) and due to hurricanes.

Thisled the PRSEMA and the Sea Grant Program of the University of Puerto Rico to
sponsor this study. The potential for another similar one is there since at the same location active
faults are present, bringing into mind a scenario like the 1998 Papua-New Guinea deadly
tsunami, whose 7 to 14 meters high waves have been blamed on a submarine landdide on the
steeply sloping bottom off the affected area. The PNG event has raised much concern in hazard
mitigation officials, emergency response personnel, and tsunami experts because, quoting from
an articlein Science News (Vol. 154, October 3, 1988), “The main lesson is that small, local
faults have a much greater potential for tsunami generation than we had thought earlier”. The
educational message from the Papua-New Guinea tsunami adopted by the western seaboard
states of the USA isthat “it can happen here and we need to deal with this problem now”. This
has led the National Science Foundation to sponsor a “Workshop on the Prediction of
Underwater Landslide and Slump Occurrence and Tsunami Hazards off the Southern California
Coast”, held in March of 2000, and was aso the main topic in a“NATO Advanced Research
Workshop on Underwater Ground Failures on Tsunami Generation, Modeling, Risk and
Management”, held in May 23-26, 2001, in Turkey. Also, in January of 2001, the National
Oceanic and Atmospheric Administration (NOAA), together with the Washington State Military
Department, sponsored a workshop titled “Puget Sound Tsunami/Landslide Workshop”.
Recently the landdlide- generated tsunami threat to both the west and east coasts of the United
States has been addressed in the national press, like the article in the San Francisco Chronicle,
December 18, 2000, titled “Underwater landslides threaten California coast”, and the paper by
Driscoll et al. (2000), on the threat to the Atlantic coast of the USA.

RECENT STUDIES OF THE LANDSLIDE AREA

Grindlay et al., 1997, report on a 1996 survey in which the landslide evidence was
corroborated. And as part of the present study, she re-examined the data obtained in the survey
and came out with a more recent estimate of the volume of material involved in the slide and the
average sediment density. The most important conclusions from Grindlay’s report, as far as the
modeling of the dide is concerned is that the new mass failure volume estimate was revised
down to 910-1050 kn?, and that the average density of the material is approximately 2.2
g/cnt.Thisis al reported in her report titled “Volume and Density Approximations of Material
Involved in a Debris Avalanche on the South Sope of the Puerto Rico Trench”. Appendix 2
shows the publication that describes the 1996 survey from which Grindlay obtained the data used
to prepare her report. Grindlay’s report is given in Appendix 3. In the tsunami mode! it will be
assumed that the volume displaced was 900 kn?.

Grindlay concludes that the landslide that generated the amphitheater-shaped scarp on the

south slope of Puerto Rico Trench was most likely a debris avalanche. The bathymetric and
sidescan imagery clearly show a giant amphitheater-shaped scarp that is approximately 57 km
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across. The crown of the headwall scarp lies at depths of 2500 m to 3500 m. The debris deposit
extends more than 25 km down the slope to depths of approximately 7000 m.

LANDSLIDE AND TSUNAMI GENERATION, PROPAGATION AND RUNUP STUDY FOR
THE PUERTO RICO TRENCH DEBRIS FLOW

Recognizing the potential threat of another landslide along the Puerto Rico Trench, this
research project was started in order to estimate what could be expected along Puerto Rico’s
north coast if an event like the one mentioned above in the Puerto Rico Trench were to be
repeated again. The modeling of landdlide tsunamis is much more difficult than the modeling of
earthquakes tsunamis since the time scale of the bottom displacement is much longer than the
time scale of the bottom displacement due to a tsunamigenic earthquake. This couples the
dynamics of the tsunami generation and propagation with the dynamics of the deforming bottom.
In addition, the length scale of landdlide tsunamis tends to be much smaller than that due to
earthquake tsunamis, making the shallow water approximation (e.g., non dispersion) an
unreliable approximation. Also, wave heights can become very large when in shallow water.
This requires the use of a system of fully nonlinear wave equations that retain both frequency
and amplitude dispersion. And thisis the task that the newly developed Cornell model
(COULWAVE) is supposed to accomplish.

LANDSLIDE TSUNAMI MODEL

For this problem a mathematical model has been developed to describe the generation
and propagation of water waves by a submarine landslide. The general model consists of depth
integrated continuity and momentum equations, in which the ground movement is a forcing
function. These equations include full nonlinear, but weakly dispersive effects. The model alows
larger waves than those appropriate for traditional Boussinesg equations. Thus it is described as
an Extended Boussinesq Model because of the inclusion of fully nonlinear effects. The model
has been applied up to now with a smple bottom deformation algorithm mimicking the gross
shape and volume of the Puerto Rico Trench landdlide, which seems to have occurred mainly as
adebris flow (Grindlay, 1998). An important, unknown, parameter is the landslide time scale
since the dynamics of the dlide itself is not modeled itself. Instead the time history of the bottom
deformation is assumed given. We don't know if the 900 kn-plus material that was displaced
went down slope as just one event, or as a sequence of smaller events. And even if we assume a
worst case scenario in which we assume that it all moved down as one event, we don’'t know
how long it may have taken. The landdlide time scale has to be externally supplied. As afirst
study attempt, and from the emergency management point of view in which one of the first
things that is wanted is to grasp the magnitude of the potential event, it was decided to use the
modeling effort to assess five worst-case scenarios in which we assume that the landslide
occurred as just one event under five different landslide time scales: 1000, 1500, 2000, 3600, and
7200 seconds (16.7 minutes, 25 minutes, 33.3 minutes, 1 hour, and 2 hours, respectively). In
other words, we are trying to have an idea of the magnitude of the event Schwab et al (1991)
mentioned at the end of their paper.

Due to the complexity of the numerical code and its large memory and CPU time
reguirements (even when we had available a DEC Alpha 600 MHz workstation with 2 MB of
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RAM), the computational grid size was limited to 300 m, whichis too gross for reliable runup
calculations. A typical run takes approximately 12 days of CPU time on the DEC Alpha 600
MHz workstation. The input bathymetry is from Mercado (1994), and the input topography is
from a DEM for Puerto Rico. The fina runs of the model were carried out by Lynett at Cornell.

Details about the wave model and its application to the ssmulation of the tsunami due to
the Puerto Rico Trench landdide is given in the reports by Lynett and Liu given in Appendix 4,
so they will not be repeated here. Not mentioned in the reports is the fact that the model version
used in the smulations is the weakly nonlinear version (WNL-EXT; see Appendix 4, page 8 in
the document titled “A numerical study of submarine landslide generated waves and runup”, by
Lynett and Liu). According to Lynett (personal communication, 2001), test results for the
scenarios studied showed that there was not much difference in the runup results between the
fully nonlinear version (FNL-EXT) and WNL-EXT, while there was a large difference in
execution time. Also, the bottom friction factor “f” used in the runs (see Appendix 4, page5in
the document titled “Modeling wave runup with depth-integrated equations’, by Lynett, Wu, and
Liu), was taken as 0.01. According to Lynett et al. (see Appendix 4) the typical range of f is 10
#f# 102, A sensitivity run was made for the 1000 s scenario using f = 0.05.

The friction factor “f " is difficult to ascertain, especialy since at present, the model only
allows for one constant value al over the computational domain. But even if it were given asa
function of geographical position, representing the different energy dissipation sources that a
runup of the magnitudes found here will encounter as it propagates inland, its determination is
very difficult. And it is obvious that when the runup encounters large structures (forests with
large tree trunks with dense foliage, buildings, etc.) then the problem becomes three-
dimensional, and outside the capabilities of the COULWAVE model.

Lynett (personal communication, 2002) states that f and the Chezy coefficient, C, are
related by

f= g/C?

where g is the gravitational acceleration. The relationship between C and Manning's
coefficient, n, is given by

C=R"/n
where Ris the hydraulic radius of the channdl.

A few conversions between C and f are given in the table below.
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TABLE 1
Relationship Between C and f Coefficients

C f
10 0.1
14 0.05
31 0.01
99 0.001

The topic of the friction factor, f, still requires much further research since the ultimate
goal of the modeling effort, the evaluation of the runup along the coast, will be sensitive to the
valuesof f in practica applications.

RESULTS

Movies of the results show that towards the iSland a deep wave trough is initially
generated, with a high wave crest generated away from the island. But following the propagation
of theinitial trough towards the north coast of Puerto Rico (at the coastline the initial
manifestation of the tsunami is awithdrawal of the sea along the coast), a crest follows, which
shoals up to very large heights as it reaches the north coast. Figures 5 to 9 show the maximum
sea surface elevation obtained for each one of the time scales mentioned above, with friction
factor f = 0.01. Figure 10 showsthe result for the sensitivity run with f = 0.05 using atime scale
of 1000s.

The figures show extensive flooding al along the north coast of theidland (al the way
from Aguadillato Fagjardo) even for the longest dide time scale. The water penetratessevera
miles inland, apparently being stopped only by the abrupt topography change found inland.
Maximum runups are found between Arecibo and Vega Bagja. It is important to emphasize that
bottom frictional dissipation is represented by a single value of f, and that no consideration is
given whatsoever of large-scale dissipation factors, or structures. Thus results will lie on the
conservative side, but the state-of-the-art nowadays in the preparation of tsunami coastal flood
maps is of no consideration of structures, forests, etc. The neglect of these considerations is
justified as a safety factor.

Figures 8 and 9 show that the results for the two longest time scales tend to be noisy,
especialy so for the time scale of 2 hours. The reason for thisis not clear, and is atopic of
further research. The sengitivity test using f = 0.05 (Figure 10) shows that the maximum runup is
decreased (by 6 m), but the flooding is till very extensive.

Table 2 shows the maximum sea surface elevation at the generating area and maximum

runup height for the six different scenarios modeled. It isimportant to realize that the maximum
runup given in the table is not measured at the same constant location for each ssimulation made.
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TABLE 2
CHARACTERISTICS OF LANDSLIDE AND TSUNAMI SCENARIOS MODELLED

LANDSLIDE TIME MAXIMUM SEA MAXIMUM f
SCALE SURFACE RUNUP (M)
(seconds:minutes) ELEVATION AT
GENERATION
AREA (M)
1000 s=16.7 min 19 55 0.01
1500 s= 25 min 12 37 0.01
2000 s=33.3min 8 30 0.01
3600 s= 60 min 11 31 0.01
7200 s= 120 min 10 35 0.01
1000 s=16.7 min 21 49 0.05

It isinteresting to notice that the expected trend of decreasing runup with increasing time
scale holds between 1000 and 2000 s, but that the runup actually increases between 3600 s and
7200 s (though the increase of just 1 m between 2000 and 3600 s might not significant). But
between 2000 s and 7200 s the increase is of 5 m. It should be emphasized that the maximum
runups listed in Table 2 do not necessarily occur at the same locations. In order to study the
behavior of the runups at the same given location, three slices were taken in the northsouth
direction for each one of the Figures 5 to 10. These are shown in Figure 5. One of the dices
passes right through the center of the offshore maximumin elevation (identified as CENTER,
and it passes dightly west of the city of Barceloneta), another one passes right through the city of
Arecibo (west of CENTER), and the other one passes through the San Juan metropolitan area
(east of CENTER).

Figure 11 shows the plot of the three slices for each one of the dide time scales used. The
figures do show consistently that the runup for the time scale of 2 hours tends to be higher than
for the time scale of 1 hour. And for the CENTER dlice the runup for time scale of 1 hour
becomes higher than for time scale of 2000 s, with the runup for 2 hours being equal to or higher
than the runup for the time scale of 1 hour. The reason for this behavior is not yet clear, and is
under further investigation. But one possible reason may lie with the fact that for the two longest
time scales the initial sea surface profile consists of waves smaller in height and wavelength.

In al scenarios a depression, or wave trough, is the first manifestation of the tsunami that
reaches the coast. This depression isinitially generated over the landslide area and propagates
towards shore. This can be seen in Figure 12 which shows snapshots of the sea surface at 5
minutes after the start of the landslide with atime scale of 1 hour (left graph) and 6.7 minutes
after the start of the landslide with atime scale of 2 hours (right graph), showing the leading
depression moving to the south. Thisis corroborated by the plot of the time histories of the sea
surface elevation, shown in Figures in Figures 13 and 14, which show the leading depression
wave over the generation area and just offshore of San Juan, P.R. Figures 15 and 16 show the
corresponding time histories of the vertically averaged velocities.

The time histories shown in Figure 13, taken right over the generation area, shows how
the initial sea surface disturbance for the two longest time scales, 1 and 2 hours, differ from the
shorter time scales in that they consist of much smaller height and wavel ength waves. Whether
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CORMNELL LANDSLIDE MODEL: COULWAVE
MaXIMUM SEA SURFACE ELEVATION (W)
Landslide Time Scale = 1000 s = 16.7 minutes
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Figure 5 — Maximum sea surface heights for landslide time scale of 1000 seconds. Friction coefficient f = 0.01. Maximum runup = 55
m above MSL. Slices of the sea surface elevation results shown in Figures 5 to 9 were taken along the straight lines extending north
south.
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CORMELL LANDSLIDE MODEL: COULWAVE
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CORMELL LANDSLIDE MODEL: COULWAVE
MAXIMUM SEA SURFACE ELEVATION (M)
Landslide Time Scale = 3600 5 = 1 hour
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CORMELL LANDSLIDE MODEL: COULWAVE
MAXIMUM SEA SURFACE ELEVATION (M)
Landslide Time Scale = 7200 5 = 2 hours
Depth contours in meters Zmax=35m

Eﬂ_ﬂ‘_ e e -4 = — : |_--__;-_. . _‘_f.-. = T T L - - ..-a: = _..__' 1 __..,__-'-.I.. -L_-__-'_,:___
: ] r_j} _‘M:%”,_d__ﬁu,f." J,_ﬂ“h:_ﬂ,gﬁw o~ ’:(1,5; e llli}.l !Iud.-.um\.

19.9 S\
e

1987

. a5
18.7- 33
3 32

19.6°
19.5 - aw,
194
193 : ”
-l".- B 21
3 i 20

- S e
=
s

1920

AT, e i
- 18
19.1- P A 17

- § - A e : 5 s, : y = f g | lwh'—" -
L e oy x ,.n" L - . e = :
i g ™, e R e D S A
(L At | ' T T N e e 14

189

LATITUDE (NAD2T)

18.8]
18.7]
18.6-

1857

18.4- )

1835 :::-'.':.' BRI ":"':_::-. -

- @~ o ! o= & N e n @

%5 £ 8 ¢ 888 88 8 8 8 B
LONGITUDE (NAD2T)
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CORMELL LANDSLIDE MODEL: COULWAVE
MAXIMUM SEA SURFACE ELEVATION (M)
Landslide Time Scale = 1000 5 = 16.7 minutles
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PROFILE: ARECIBO
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Figure 11 — Sea surface elevation along the 3 north-south dices shown in Figure 5. The top figure

corresponds to the dlice passing through the city of Arecibo
through the center of the offshore maximum in sea surface elevation

and the bottom figure

corresponds to the dlice passing through the San Juan metropolitan area. Note the different vertical

scales.
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Figure 12 - Snapshots of landslide tsunami for landlside time scales of 1 and 2 hours. Puerto Rico is
along the bottom boundary.
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SITE: Over Generation Area
Sea Surface Elevation (m) Above MSL
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Figure 13 — Time history of sea surface elevation at generation area for the different scenarios. Friction
factor f = 0.01.
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SITE: Offshore of San Juan, P.R.
Sea Surface Elevation (m) Above MSL
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Figure 14 — Time history of sea surface elevation offshore of San Juan, P.R., for the different
scenarios. Friction factor f = 0.01.
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SITE: Over Generation Area

VERTICALLY AVERAGED WATER VELOCITY (M/S)
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Figure 15 — Time history of vertically averaged horizontal velocities at generation area for the different

scenarios. Friction factor f = 0.01.
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SITE: Offshore of San Juan, P.R.
VERTICALLY AVERAGED WATER VELOCITY (M/S)
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Figure 16 — Time history of vertically averaged horizontal velocities offshore of San Juan, P.R., for the
different scenarios. Friction factor f = 0.01.
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this is the reason for the increase in runup compared to the previous shorter time scale is not clear. The
observed decrease in initial wave height (Figure 13) is consistent with the statements that the slower
the dide then the smaller the initial disturbance over the generation area. This trend can also be
observed just offshore of San Juan (Figure 14). It isin the runup phase that this trend is violated.

Figures 17 and 18 show the results of the sensitivity test made by increasing the fiction factor,
f, from 0.01 to 0.05. This was done only for the time scale of 1000 s. We can notice that by increasing f
the high frequency oscillations superimposed on the lower frequency wave are decreased. But
interestingly, the depth of the initial trough is dlightly increased for f = 0.05 versus the result for f =
0.01. The same happens with the velocities, which initially show dightly higher values for f = 0.05
than for 0.01.

Another very important result to be obtained from these computer simulations is the time it
takes for the coastal flooding to start once the wave is generated in deep water. This can be estimated
from the sea surface time histories shown in Figures 13 and 14. In order to make this estimate we will
use as our start time the moment when the leading depression wave over the generation area reaches its
maximum value. That will be assumed as the start of propagation time. For the arrival time we will use
the time when the sea surface elevation just offshore of San Juan rises above Mean Sea Level (MSL)
once the sea first withdraws from the coastline. The table below shows the results for the six scenarios
modeled in this study.

TABLE 3
APPROXIMATE TRAVEL TIMES

Time Scale Starting Time (s) | Arrival Time () Propagation Friction Factor
Time
1000 s = 16.7 min 408 862 454 s=7.6 min 0.01
1500 s= 25 min 434 850 416 s=6.9min 0.01
2000 s=33.3min 468 929 461 s=7.7 min 0.01
3600 s= 1 hour 416 944 528 s=8.8 min 0.01
7200 s= 2 hours 505 801 296 s=4.9 min 0.01
1000 s = 16.7 min 405 842 437 s=7.3min 0.05

The fourth column corroborates the statement made above about the danger posed by local
landdlides in that in a matter of a few minutes they are affecting the local coastlines.

Finally, Figures 19 to 83 show the computed coastal flooding (friction factor f = 0.01) for each
of the following north coast quadrangles. Aguadilla, 1sabela, Qubradillas, Camuy, Arecibo,
Barcelojneta, Manati, Vega Alta, Bayamon, San Juan, Carolina, Rio Grande, and Fajardo. Figures 84
to 96 show the results of the sensitivity test made for the time scale of 1000 swith f =0.05. Itis
important to understand that the computational grid size was 300 m and, therefore, we can expect some
mismatch between topographic details in the maps and the flood contour values. Also, the topographic
information used for the preparation of the computational grid was obtained from a USGS DEM which
is based on topographic information approximately 40 years old. This topographic information should
be the same one appearing in the USGS quadrangle sheets. But at some locations the topographic
information according to the DEM does not match the one appearing in the quadrangles. This
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SITE: Over Generation Area
COMPARISON OF THE EFFECT OF FRICTION FACTOR f
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Figure 17 — Comparison of time histories of sea surface elevation at generation area (top) and offshore

of San Juan, P.R., for friction factor f = 0.01 and 0.05. Landdlide time scale
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SITE: Over Generation Area

COMPARISON OF THE EFFECT OF FRICTION FACTOR f
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CORNELL LANDSLIDE MODEL: COULWAVE
Aguadilla MaXIMUM SEA SURFACE ELEVATION (M)
Contour interval = 2 m Landslide Time Scale = 1000 5 = 16.7 minutes Friction coeff= 0.0
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guadrangle. Friction factor f = 0.01.
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Figure 20 — Contours of maximum sea surface elevation for time scale = 1500 s for Aguadilla
guadrangle. Friction factor f = 0.01.
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Figure 21 — Contours of maximum sea surface elevation for time scale = 2000 s for Aguadilla
guadrangle. Friction factor f = 0.01.
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CORMELL LANDSLIDE MODEL: COULWAVE
Aguadilla MAXIMUM SEA SURFACE ELEVATION (M)
Contour interval = 2 m Landslide Time Scale = 3600 5 =1 hour Friction coeff = 0.01
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Figure 22 — Contours of maximum sea surface elevation for time scale = 3600 s for Aguadilla

guadrangle. Friction factor f = 0.01.
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Figure 23 — Contours of maximum sea surface elevation for time scale = 7200 s for Aguadilla
guadrangle. Frictionfactor f = 0.01.
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Figure 24 — Contours of maximum sea surface elevation for time scale = 1000 s for Isabela

guadrangle. Friction factor f = 0.01.
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Figure 25 — Contours of maximum sea surface elevation for time scale = 1500 s for Isabela

guadrangle. Friction factor f = 0.01.
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Figure 26 — Contours of maximum sea surface elevation for time scale = 2000 s for Isabela
guadrangle. Friction factor f = 0.01.
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Figure 27 — Contours of maximum sea surface elevation for time scale = 3600 s for |sabela
guadrangle. Friction factor f = 0.01.
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Figure 28 — Contours of maximum sea surface elevation for time scale = 7200 s for Isabela

guadrangle. Friction factor f = 0.01.
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Figure 29 — Contours of maximum sea surface elevation for time scale = 1000 s for Quebradillas

guadrangle. Friction factor f = 0.01.
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Figure 30 — Contours of maximum sea surface elevation for time scale = 1500 s for Quebradillas

guadrangle. Friction factor f = 0.01.
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Figure 31 — Contours of maximum sea surface elevation for time scale = 2000 s for Quebradillas

guadrangle. Friction factor f = 0.01.
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Figure 32 — Contours of maximum sea surface elevation for time scale = 3600 s for Quebradillas

quadrangle. Friction factor f = 0.01.
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Figure 33 — Contours of maximum sea surface elevation for time scale = 7200 s for Quebradillas

guadrangle. Friction factor f = 0.01.



CORMELL LAMDSLIDE MODEL: COULWAVE
MaAXIMUM SEA SURFACE ELEVATION (M)

Camuy . g i = ;
Chmleir interesl =2 m Landslide Time Scale = 1000 s = '16..? minutes  Friction coeff = 0.01

18.500 —

S
3
a
E ot il
E
i

T
L
=
b
w0
E?

LONGITUDE (NAD2T)
Figure 34 — Contours of maximum sea surface elevation for time scale = 1000 s for Camuy

guadrangle. Friction factor f = 0.01.
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Figure 35 — Contours of maximum sea surface elevation for time scale = 1500 s for Camuy

guadrangle. Friction factor f = 0.01.
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Figure 36 — Contours of maximum sea surface elevation for time scale = 2000 s for Camuy

guadrangle. Friction factor f = 0.01.
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Figure 37 — Contours of maximum sea surface elevation for time scale = 3600 s for Camuy

guadrangle. Friction factor f = 0.01.
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Figure 38 — Contours of maximum sea surface elevation for time scale = 7200 s for Camuy

guadrangle. Friction factor f = 0.01.
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Figure 39 — Contours of maximum sea surface elevation for time scale = 1000 s for Arecibo
guadrangle. Friction factor f = 0.01.
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Figure 40 — Contours of maximum sea surface elevation for time scale = 1500 s for Arecibo
guadrangle. Friction factor f = 0.01.
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Figure 41 — Contours of maximum sea surface elevation for time scale = 2000 s for Arecibo
guadrangle. Friction factor f = 0.01.
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Figure 42 — Contours of maximum sea surface elevation for time scale = 3600 s for Arecibo
guadrangle. Friction factor f = 0.01.
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Figure 43— Contours of maximum sea surface elevation for time scale = 7200 s for Arecibo

guadrangle. Friction factor f = 0.01.
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Figure 44— Contours of maximum sea surface elevation for time scale = 1000 s for Barceloneta
guadrangle. Friction factor f = 0.01.
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Figure 45— Contours of maximum sea surface elevation for time scale = 1500 s for Barceloneta

guadrangle. Friction factor f = 0.01.
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Figure 46— Contours of maximum sea surface elevation for time scale = 2000 s for Barceloneta
guadrangle. Friction factor f = 0.01.
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Figure 47— Contours of maximum sea surface elevation for time scale = 3600 s for Barceloneta
guadrangle. Friction factor f = 0.01.
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Figure 48— Contours of maximum sea surface elevation for time scale = 7200 s for Barceloneta
guadrangle. Friction factor f = 0.01.
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Figure 49— Contours of maximum sea surface elevation for time scale = 1000 s for Manati
guadrangle. Friction factor f = 0.01.
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Figure 50— Contours of maximum sea surface elevation for time scale = 1500 s for Manati

guadrangle. Friction factor f = 0.01.
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Figure 51— Contours of maximum sea surface elevation for time scale = 2000 s for Manati

guadrangle. Friction factor f = 0.01.
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Figure 52— Contours of maximum sea surface elevation for time scale = 3600 s for Manati

guadrangle. Friction factor f = 0.01.
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Figure 53— Contours of maximum sea surface elevation for time scale = 7200 s for Manati

guadrangle. Friction factor f = 0.01.
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Figure 54— Contours of maximum sea surface elevation for time scale = 1000 s for Vega Alta

guadrangle. Friction factor f = 0.01.
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Figure 55— Contours of maximum sea surface elevation for time scale = 1500 s for Vega Alta

guadrangle. Friction factor f = 0.01.
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Figure 56— Contours of maximum sea surface elevation for time scale = 2000 s for Vega Alta

guadrangle. Friction factor f = 0.01.
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Figure 57— Contours of maximum sea surface elevation for time scale = 3600 s for Vega Alta

guadrangle. Friction factor f = 0.01.

69




CORMELL LANDSLIDE MODEL: COULWAVE
Vega Alta MAXIMUM SEA SURFACE ELEVATION (M)
Contou interval = 2 m Lﬂnd*.,sllde Time Scale = 7200 s = 2 hours Friction coeff = 0.01

=t &t Sl

18.500

o Ty
AN I d
e g

LATITUDE (NAD2T)

LONGITUDE (NADZ2T)
Figure 58— Contours of maximum sea surface elevation for time scale = 7200 s for Vega Alta

guadrangle. Friction factor f = 0.01.
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Figure 59— Contours of maximum sea surface elevation for time scale = 1000 s for Bayamon

guadrangle. Friction factor f = 0.01.
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Figure 60— Contours of maximum sea surface elevation for time scale = 1500 s for Bayamon

quadrangle. Friction factor f = 0.01.
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Figure 61— Contours of maximum sea surface elevation for time scale = 2000 s for Bayamon

guadrangle. Friction factor f = 0.01.
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Figure 62— Contours of maximum sea surface elevation for time scale = 3600 s for Bayamon

guadrangle. Friction factor f = 0.01.
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Figure 63— Contours of maximum sea surface elevation for time scale = 7200 s for Bayamon

guadrangle. Friction factor f = 0.01.
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Figure 64— Contours of maximum sea surface elevation for time scale = 1000 s for San Juan

guadrangle. Friction factor f = 0.01.
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Figure 65— Contours of maximum sea surface elevation for time scale = 1500 s for San Juan

guadrangle. Friction factor f = 0.01.
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Figure 66— Contours of maximum sea surface elevation for time scale = 2000 s for San Juan

guadrangle. Friction factor f = 0.01.
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Figure 67— Contours of maximum sea surface elevation for time scale = 3600 s for San Juan
guadrangle. Friction factor f = 0.01.
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Figure 68— Contours of maximum sea surface elevation for time scale = 7200 s for San Juan

guadrangle. Friction factor f = 0.01.
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Figure 69— Contours of maximum sea surface elevation for time scale = 1000 s for Carolina

guadrangle. Friction factor f = 0.01.
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Figure 70— Contours of maximum sea surface elevation for time scale = 1500 s for Carolina

guadrangle. Friction factor f = 0.01.
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Figure 71— Contours of maximum sea surface elevation for time scale = 2000 s for Carolina

guadrangle. Friction factor f = 0.01.
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Figure 72— Contours of maximum sea surface elevation for time scale = 3600 s for Carolina
guadrangle. Friction factor f = 0.01.
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Figure 73— Contours of maximum sea surface elevation for time scale = 7200 s for Carolina

guadrangle. Friction factor f = 0.01.
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Figure 74— Contours of maximum sea surface elevation for time scale = 1000 s for Rio Grande
guadrangle. Friction factor f = 0.01.
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Figure 75— Contours of maximum sea surface elevation for time scale = 1500 s for Rio Grande
guadrangle. Friction factor f = 0.01.
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Figure 76— Contours of maximum sea surface elevation for time scale = 2000 s for Rio Grande
guadrangle. Friction factor f = 0.01.
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Figure 77— Contours of maximum sea surface elevation for time scale = 3600 s for Rio Grande
guadrangle. Friction factor f = 0.01.
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Figure 78— Contours of maximum sea surface elevation for time scale = 7200 s for Rio Grande
guadrangle. Friction factor f = 0.01.
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Figure 79— Contours of maximum sea surface elevation for time scale = 1000 s for Fgjardo
guadrangle. Friction factor f = 0.01.
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Figure 80— Contours of maximum sea surface elevation for time scale = 1500 s for Fgjardo
guadrangle. Friction factor f = 0.01.
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Figure 81— Contours of maximum sea surface elevation for time scale = 2000 s for Fgjardo
guadrangle. Friction factor f = 0.01.
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Figure 82— Contours of maximum sea surface elevation for time scale = 3600 s for Fajardo
guadrangle. Friction factor f = 0.01.
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Figure 83— Contours of maximum sea surface elevation for time scale = 7200 s for Fgjardo
guadrangle. Friction factor f = 0.01.
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Figure 84— Contours of maximum sea surface elevation for time scale = 1000 s for Aguadilla
guadrangle. Friction factor f = 0.05.
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Figure 85— Contours of maximum sea surface elevation for time scale = 1000 s for Isabela

guadrangle. Friction factor f = 0.05.
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Figure 86— Contours of maximum sea surface elevation for time scale = 1000 s for Quebradillas

guadrangle. Friction factor f = 0.05.

98



CORMELL LAMDSLIDE MODEL: COULWAVE
MaAXIMUM SEA SURFACE ELEVATION (M)

Camuy . g i = ;
Chmleir interesl =2 m Landslide Time Scale = 1000 s = 16.7 minutes | Friction coeff = 0.02

18.500—— N = e

18.475- 5~

LATITUDE (NADZT)

18.425 &

LONGITUDE (NAD2T)
Figure 87— Contours of maximum sea surface elevation for time scale = 1000 s for Camuy

guadrangle. Friction factor f = 0.05.
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Figure 88— Contours of maximum sea surface elevation for time scale = 1000 s for Arecibo
guadrangle. Friction factor f = 0.05.
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Figure 89— Contours of maximum sea surface elevation for time scale = 1000 s for Barceloneta

guadrangle. Friction factor f = 0.05.
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Figure 90— Contours of maximum sea surface elevation for time scale = 1000 s for Manati

guadrangle. Friction factor f = 0.05.
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Figure 91— Contours of maximum sea surface elevation for time scale = 1000 s for Vega Alta

guadrangle. Friction factor f = 0.05.
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Figure 92— Contours of maximum sea surface elevation for time scale = 1000 s for Bayamon

guadrangle. Friction factor f = 0.05.

104



CORMELL LAMDSLIDE MODEL: COULWAVE
MaAXIMUM SEA SURFACE ELEVATION (M)

San Juan : ) = X
Contour intenal = 2 m Landslide Time Scale = 1000 s = 16.7 minutes = r.' ction coeff = 0.05

18.500

LATITUDE (NADZT)

=

:
LONGITUDE (NAD2T)
Figure 93— Contours of maximum sea surface elevation for time scale = 1000 s for San Juan

guadrangle. Friction factor f = 0.05.
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Figure 94— Contours of maximum sea surface elevation for time scale = 1000 s for Carolina

guadrangle. Friction factor f = 0.05.
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Figure 95— Contours of maximum sea surface elevation for time scale = 1000 s for Rio Grande
guadrangle. Friction factor f = 0.05.

107



CORMELL LAMDSLIDE MODEL: COULWANVE
Fﬂjﬂlﬂb MAXIMUM SEA SURFACE ELEVATION {M}
Contour interval = 2 m Landslide Time Scale = 1000 s = 16.7 minutes Friction coeff = 0.05

18.400

18.37
-§ 18.350
Z
LU
(=]
E
< 18325
18.300
18.27 LA :
G 3 gt = T ¥
. i~ = S 5 5
3 @ @2 & © S
LONGITUDE (NAD27)

Figure 96— Contours of maximum sea surface elevation for time scale = 1000 s for Fgjardo
guadrangle. Friction factor f = 0.05.
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mismatch cannot be blamed on topographic modifications in the last 40 years, but instead are
simply errorsin the DEM. But at this moment there is no other source of topographic data for
Puerto Rico.

CONCLUSION

Though the lack of knowledge about the Sump time scale is a limiting factor in assessing
the credibility of the scenarios we have run, the fact is that model results show that even for dide
time scales of 1 to 2 hours the expected coastal flooding aong all of the north coast of Puerto
Rico is extensive. Recent USGS surveys have documented "cracks or scarps on the northern
insular margin off northern Puerto Rico which have been described as a potential tsunamigenic
hazard in Schwab et a (1991, 1993). According to USGS scientists in Woods Hole, MA, the
potential tsunami hazard along the northern coast of Puerto Rico is REAL... not hypothetical, as
is the case with the recent finding of echelon cracks found off the mid-Atlantic USA shelf region
(Driscoll et a., 2000).

According to Schwab (personal communication, 2002), “basically, the "bad" situation in
Puerto Rico is set up due to the tectonically controlled rapid tilting of the strata along northern
Puerto Rico (there is Pliocene shallowwater limestone at the sea floor in >4,000 m of
water....that's a serious elevator ride DOWN!!!). Thistilting to the north creates instability of
the northern submarine margin. Thisis not a good situation in an area of high seismicity, in that,
in Puerto Rico you have both static (tectonic tilting) and dynamic (earthquake acceleration)
triggering mechanisms operating in an area where a bunch of US Citizens live along the coast.
By the way, afew of the cracks on the insular margin are only ~20 km seaward of San Juan, one
of the largest population centers in the Caribbean!!!!”

In this study an attempt has been made to quantify the order of magnitude of what can be
expected based on dide time scales starting from relatively fast dides all the way to relatively
dow dlides. The results show that the repetition of another such event would be catastrophic for
Puerto Rico. But even more important, it shows that even smaller-scale events could be
catastrophic. With the quantification of what is at stake like it has been done here, it is
imperative that both scientists and emergency management personnel, both at state and federal
levels, work towards the goal of making our political leaders comprehend what is at risk such
that funding is made available towards monitoring what is going on along the Puerto Rico
Trench. Because at present there is no monitoring at all. If we don’'t do this, it would be an
irresponsible act on our part.
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ABSTRACT

Schwab, W.C.. Danforth, W. W, Scanlon, K M. and Masson, [0.0, 1991, A ghinl submiudne slope (Gilure on the northern

nsubar slope of Puerto Bice, Mar, Geol,, 96 237-244

A large amphithester-shaped searp, approximately 55 km scross, wus imaged on the northern mselir dope of Puerto Rico
wsing leng-range sidescan sonar and bathymetric dato. This scarp resules from the removal of more than {300 km® of Tertiary
stratn A review of senende-reflsction profiles, smtigraphic data. and subsidence madels of the nerthern insalar margin of
Puerin Race wers wsed to infer thal large-scabe slope fmilure was induced by the Lectonse oversteepening of the inpular slope
und was responsibie for the formation of the scarp. The oversteepening probably wis caused by the mosi recent episode of
convergence of the Canbbesn and North American plates, which hegan between spprosmutely 4 and 25 my. ago. The
Tertiary sirata have been tited approximately 4.5 1o the north m the kst 4 my.

Introdoction

Dhuring a Ml day cruise aboard the RV, Farnefla
in Movember and December 1983, GLORIA (Geo-
logic Long-Range Inclined Asdic) sidescan-sonar
coverage was obtained over the EEZ of Puerto
Rice and the LS, Virgin Islands i water depths
greater than 500 m (EEZ-SCAN ‘B3 Scientific
Staff, 1987), One of the more spectacular features
revealed by the GLORIA imagery was a large
amphithester-shaped scarp on the northern insular
slope of Puerto Rico (Figs.] and 2} representing
the removal of approximately 1500 km” of struta
i{Scanlon et al., 1988). A review of regional onshore
and offshare stratigraphy, subsidence models; off-
shore dredging surveys, and Caribbean tectonic-
framework models sl indicate that the scarp
formed ns a result of slope failure and subsequent
mass movemenl. This study documents the slope
failure. evaluates the factors that may have led 1o
failure, and considers the significance to the relative
stability of the northern insular slope of Puerto
Rico.

DO2S-3227901 80350

Geologic setting

Thie study area 15 located on the northern insular
slope of Puerto Rico (Figl). Puerto Rico lies
within the plate boundary zone between the North
American and Caribbean plates, an area of high
seismicily {Sykes et-al., 1982 Mann and Burke,
1984), Basement rocks of Peerto Rico are folded
and faulted metamorphic, sedimentary, and vol-
canic rocks of Late Jurassic io Eocene age intruded
by plutons of intermediate composition and of
Late Cretaceous 10 late Eocene age. Flanking the
basement rocks on the north and south are parallel-
bedded, seaward dipping, relatively undeformed
strata of muddle Eocene 1o Pliocene age, Tertiary
strata on the north fank of the istand he in the
Arecibo basin (Meyerhoff et al., 1983), & 300 km
long 55 km wide strecture (Fig lp The southern
flank of the Areciho basin is subuerially exposed
and ranges in age from middle Oligocene to early
Pliocens and in thickness from a few hundred
meters (o more than 1300 m (Hngps and Gordon,
1964}, The northern flank of the Arecibo basin is

) 191 — Elsevier Science Pubfishers BV
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exposed along the northern insular slope of Puerto
Rico in water depths ranging from 3200 1o 6000 m
(=ze Meyerhof ¢t al., 1983). A more complete and
thicker Tertiary section 18 present offshore {(from
middie Eocene to carlv Pliocens; MeyerhofT et al.,
1983}, the maximum offshore thickness being
bt 4006 m.

Seismic-reflection profiles (unpublished ) collected
over the northern imsular slope of Puerto Rico show
that the offshore stratigraphy can be divided inte
three wnits (Fig.3; Meyerhofl et &1, 1983 The
lowest unit, unit 1, consists of basement rocks
which, based on subsierial exposures and samples
dredged offshore (Fox and Heezen, 1975; Perfit et
al, 1980, are of Laie Jurassic o middle Eocene
age (Meverhofl et al, 1983), The upper surface of
unit | s offset by several large normal fashs, The
middie unit. amit 2, forms the lower part of the

WL BUHWAR ET AL

Arecibo busin strata, The dges and compositions of
unit 2 rocks arz poorly constrained by samples
dredged offshore, but Meyerholl et al, (1983) have
infierred them 1o be shallow-water limestiones of late
middle Eocene to middle Oligocene sge. The upper-
most part of the Arecibo basin strata, wnit 2,
oulerops in northern Puerto Rice (Monroe, 1976)
and was penctrated by expioratory well CPR4
{Fag 1: Briggs, 1961}, Unit 3 rocks consist of middle
Oligocene to garly Pliccene apge reef and shallow-
waler imestone {Briggs and CGordon, 1961; Monroe,
1980, Meverhoff et al., 1983}, Similar rocks have
heen dredged from the insular slope down to witer
depths of approximately 6400 m (Fox and Heesen,
1975; Perfit et al., 1980)

During kate middle Eocene 1o middle Oligocene,
the northern part of Puerto Rico subsided because
of crustal thinning and sediment loading {Birch,
I966) and umit 2 was deposited. By this time,
southward subduction of the MNorth American
plate under the iskind had stopped (Matison, 1984
Duncan and Hargraves, 1984; Burke et al., 1984},
resulting in an oblique strike-stip plate boundary
(Svkes et al, 1982: Matison, 1984) or a stnke-slip
houndary (Duncan and Hargraves, 1984)

Unit 3 was deposited along a strike-slip plate
boundary from middle Oligacene toearly Pliccene
time {Svkes et al . [982; Burke etal., [984: Duncan
and Hargraves. 1984; Mattson, 1984) Meyerhoff
et al, (1983, using unpublished seismic-refiection
data, reported that the uppermost part of the
Arecibo basin strata, unit 3, is characterized by
continuous paraflel reflectors, by constant thick-
ness, and by constant dip that persists throughout
much of the basin offshore. Also, little structure
i present in the offshore unit 3 sirata with the
cxception of drape siructures and a fow Fauls
which cut the section, Meverhoff et al {1983)
suggest that this stratigraphic setting is a represen-
tation of the tectonic stability of the region (rom
fate Oligocene to early Pliocens time

Sykes 2t al, (1982} suggesied thal slight con-
vergence between the Caribbean and North Ameri-
can plates m Pliocene lime caused  renewed
subduction. Subduction-induced tectonic erosion
may have fhmned the sland-arc crust from
underneath, cansing the northern insuwlor marpin
af Puerte Rico to tlt rapidly 1o the north {Birch,

115



SLOPE FAILUHE OFT FUERTD HICTR

339

ET0'W sEag! BEMY
/] T T
a 57
HALOWE TERS — T T
_,..,—-—'-"'"_‘_r\-""‘—
i —— A
e S ) e
— o gagn TRENEN AXD RO e Y i

PUERTY
fﬂ"l"--a_._n—-—n_n_._»r"_""'

[k

e

150 e

185

e

|

R e LA P AT2 SUBW

EXFLANATION

Submaring Conyang; Otishore
sefemani Adebris mans bansgart
conduits

Moass Movement Deposils,
Composed of insulbor shebf sedimest
onz debris fram frecibo Basin
rofa

e
FR

Ponded Turbidite Bagns

Displaced Bipcke af Arecibe
Basin wbrata umile 2 o0d 31 and for
ocubtorops of units §er 2 rochs

Cosnslope-facing srargs on e
nssn Hop

R

Fig.2, Interpretive skeich (modified from Seanbon and Masson, 1959) of the GLORIA mmagery of the northern msnlar mazpin ol
Fuerto Rico (EEL-SCAN "85 Scientific Scaff, 1987). The bocation of Uhis interpretive sketeh i shown on Fig.l. The keaation of the

sezsemic-reflecton profile 1s Trom Meyerhofl et al (1983

1986). As a resull, the southern part of umit 3 has
been uplifted @ few hundred meters within the past
4 m.y., whereas the northern part has subsided
more than 2000 m, thus generating a 4.5 regional
slope on the Arecibo basin strafa (Birch, 1986)
The insular slope of Puerio Rico to g water depth
of approximately 3000 m is essentially the upper

surfoce of unit 3, This subduction-induced Lectonic
erosion has been suggested 1o mark the formation
of the present Puerto Rico Trench (Alonso-Harms
elal, 1983) and may be reluted toa reorganization
of spreading direction and rate along the entire
mid-Atlantic sea-loor-spreading system al approx-
imately 2.5 moy, (Khitgord and Schouten. 1986
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Fig. 3. Interpretation of a stsmec-refbection profile showing strtigrephic wnits 1, 2 and 3 ifrom Meverhofl e al, 19830 See Fip2

o Mwcanion,

Methods

GLORLA is a shallow-towed {water depth 50 m)
long-range sidescan-sonar system designed for
deep-ocean reconnaissance mapping, A tolal swath
width of 35 km was achieved in the decpest arcas
of the Caribbean survey {EEF SCAN "85 Scicntific
Swff, 1987}, For o detailed description of the
GLORIA system, sée Somers et al, ( 1978), Naviga-
tion for the Caribbein GLORIA survey was pro-
vided by rransic satellites snd  the  Global
Positioning System (GPS), Bathymetric data were
subsequently collected in April 1985 over the
amphitheater-shaped scarp using a 12 kHz acoustic
profiler pboard the BV, Storefla, Moavipational
contral for the bathvmetric survey was hased on
STARFIX, a satellile system similar 1o GPS.

GLORIA acoustic backseattering intensity data
are recorded in digital formal with each pizel in
the data set representing a rectangular area of 1he
sedy Moor that is diecctly dependent on the sonar
beam geometry, the speed of the wwfish over the
sea floor, and the trigger interval of the sonar
mulse. Distormions inherent in raw backscatter data
due to the sonar beam geometry and other van-
ables; such as towlish altitude and ship speed, were
corrected by post-cruise digital processing using
the U8, Geological Survey Mini-Processing Sys-
tem (MIPS) (Chavez, 1986} resulling in imagery
that is peometrically and rudiometrically correct.

A sidescan-sonar image is an approsimate model
of the imeraction of sound with the sea Aoor that
uses @ two=dimensional display of pinels, sach with
an assocated backscattenng intensity. The bevel of
acouslic backscattering is a Tunction of, among

other things {Reed and Hussong, 1989 and refer-
enees therein), the ses-floor topography, rough-
mess, and composition. Scnograph interpretation
15 Lherefore greatly improved if accorate bathvmer.
ric duta are available, sa that the wopographic
element can be eliminaed. In this study, bathyme-
try data (Fig.4) were digitized from 12 kHz echo-
sounder profiles collected in the area of the amphi-
theater scarp and merped with the GLORIA imag-
ery (Fig.5) in order o aid in the sonogriph
imterpretation. The digitized 12 ¥Hz data were
subdivided into geographic coordinates with corre-
sponding water deptlis, The bathymetric data were
then gridded in an Albers Equal Area map praj-
ection al o scale egual to that of the GLORIA
image of the amphitheater-shaped scarp, Bathy-
metric data were mapped by gradually enlarging
the pixels representmg each hathymetric value by
way of a filtering process until 8 smooth raster
image of the sea-floor topography was produced,
The topographic image was then digitally merged
with the GLORIA image and projected into three
dimensional space (Fig &),

Deseription of the study area

The insular slope above the amphitheater-
shaped scarp dwaler depth <3000 m) has a
regional slope of approximately 4.5° (Fig4). This
section of the slope i cul by a number of agarly
straight, downslope trending Ginyons from | o
3 km wide and up to 400 m deep. These submarine
anyons wre arcas of High scoustic hackscattering
intensity on the GLORIA imagery (Figs.s and &),
probably representative of outcrapping Tertiary
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limestone and)or carbonate mass movement depos-
its (Gardner et al, 1980). These canyons are
thought to act as offshore transporl conduits for
shell sediments probably in the form of turbidity
currenis {Schoeiderman et al., 1976; Grove e al,,
19%2). For example. the Rio de La Plata submanne
canyvon (Fig.2) cuis well onto the shell off the
mouth of the La Plata River, which drains about
537 km?® of the island’s interior. The Rio de La
Plata canyon terminates downslope in an area of
high hackseatter on the insular slope immediately
cast of the amphithezter-shaped scarp (Figs.2 and
5) This area of high backscatter is interpreted to
represent mass movemenl deposits composed of a
mixture of terrigenous sediment from the La Plata
River, calcareous sediments from the mzular shelf,
and carbonate material from the canyom itself
These mass movement deposits can be seen on the
GLORIA imagery 1o have spilled over the castern
crown of the amphitheater-shaped scarp down to
15 base (Fig6)

The amphitheater-shaped scarp is approxmately
S5 km agcross. has it crown inoa water depth of
ahout 30 m (Fig.4), and extends to a water depth
of about 6700 m (described on Fig.2 as “basc of
slope™). The uverage declivity of the amphitheater-
shaped scarp i 8.5°, A system of submarine can-

vons or talus chutes, recopnized as linear arcas of
high backscatter on the GLORIA imagery (Figs.2,
5, and &) with little bathymetsie expression {Fig.d),
has developed on the scarp. Most of these head-
wall canyons appear 1o have hittle relation to the
submaring canvons that stripe the insular slope
above the crown of the amphitheater-shaped scarp
and thus can be viewed as related to the mass
wasting developed on the scarp isclf,

Subuerial mapping and marine seismic-reflection
data show that unit 3 strata, both onshore and
offshore, have approximately the same dip (3.5°
te 5") and are, in general, little disturbed by faulis
(Meverhoff et al., 1983} Unit 3 is stratigraphically
comtinuous to a water depth of 3300 m, where the
section is downfaulted and exposed 10 a water
depth of aboutl 4300 m (Fig.3). These faolts are
interpreted by Meverhoff er al, {1983 10 be growth
faults that were active at least as long ago as the
time of deposition of umt 2 {middle Eocene 1o
middle Oligovene ), Reactivation of this faull wone
due to tectenic stress bas caused them Lo cut early
Pliocenc-age (Unit 3} strata (Meyerhofl et al,
19830, Extrapolation of this faull zone eastward
from the seismic-reflection profile (Fig.3) 1o the
amphitheater (Fig.4) shows that most, if not all,
of the parallel-bedded seaward dipping Tertiary
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Fig. 5 GLOMIA mmagery. of the amphitbentershaped scarp |EEZSCAMN "2 Scienvidlc Swil. 10871, The eation of this mapery

fiertber mlerpre

section has been removed from the .|r|'!p|'|i: healer
downslope from the projected line of the faull
sone and sugpests i causal retatron with the amphi-
theater-shaped scarp.

The sea floor below the amphitheater-shaped
scarp, between the base of slope (water depth
b m) and the Puerto Rico Trench (water depth
000 my, exhibhis severzl hundred meters of local
refiel wihile displaving a regional slope of only 1.7
The GLORIA imagery of this 500k mowii
sea floor displays arcas of high and low scoustic

backscattering intensity (Fug. %) The ares of low

aren ol

tation i shown om Pig.2 with nonth towank the top sl the figure

backscatier have been mterpreted from high-rodo-
lution seismic-reflection profiles and cores to be
ponded furbadile basins (Fip.2; Scanlon et al

1988 and provide & less reflective matenal, Areas
of high kackscatter on the GLORIA imagery from
the area of sea foor fear The base of 1he ﬂlr_‘-pc
heve been dentified based on dredged samples as
Crotacesuy basement (unil 1) amd Tertiary (unit
2y outcrops and displaced carbonate debris (units
Doand 3 from upslope (Scanlon snd Masson,
198, thus substantisting sn inference that siraia

(rom the msular shope have moved downslope.
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FagAr. Three-dimensional sonograph perspective views of the amphitheater-shaped scarp. (A) Viewed [rom the nonthwess (R Viewod
from the north, (O ¥eewed froan e norihenst. See Figs 2 and § for interpretation
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Driscussion

It is unlikely that slope fuilure of the Arecibo
basin strate is the sole process respansible for the
present morphology of the amphitheater-shaped
scirp, Other processes. such as the effects of disso-
fution of carbonate strala below the calcile com-
pensation depth, erosion by sbyssal currents or
turbidity currents. and bioerosion are also Known
L be active on lower continental marging, How-
evier, it s reasondble to suggest that slope Fuilure
was the principal cousative factor because of: {1)
the tectonic seiting of the study area, a plale
boundary and region of high scismicityv: (2§ the
general morphology of the scarp, a distinct enhay-
ment having a radins of o crcle fitting the failure
surface (Hansen, | 9841 (3) the presence of shallow.
water carhonate debris (similar to the rock af units
2and 3) downslope and near the hase of the slope
(Fox and Heczén, 1975 Perfit el al, 1980% and
() the analyas of sesmic-reflection data (Meyer-
hodl et al, 1983} that show iruncation of sedi-
mentary strafa (unit 3y by faults.

Recently described as a new type of carbonate
bank murgin (Mulling amd Hine, [989), “scalloped
bank margins that are dissinctly embayed™ (mar-
gins contaiming amphitheater-shaped scarps) also
have been identificd and verified as the conse-
quence of slope failure in various subscrial and
submarine settings (e.a., Brinaden, [979; Lee. 1959
and references therein). For example, a scallaped
margin along the west Florida corbonate platform
has been shown, wsing seismic-reflection profibes,
10 be the result ol a catasirophic slope failure of
Miocene ape which formed an embayment upprox-
imately 100 km long-and 30 km wide that repre-
sents the removal of shout 300 m of sretigraphic
section {Mullins et al., 1986). Although the amphi-
theater-shaped scarp north of Puerlo Rico repre-
sents the removal of ahout 1500 km* of strat.
submaring siope fatlures of this scale may nol be
partcularly unusual. Recent surveys using modern
reitote sensing instruments show that some of the
workd's. Jargest slope failures have occurred on
submarineg slopes (Lee, 1989} These include slides
on the steep submerged volcanic slopes of the
Hawaiian Islands (Moore e al,, 1989), the conli-
nentil dope of Norway (Bugge et al,, [987) and
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dlong the middle and lower slopes of convergent
margins (Lewis et al, 1988 Von Huene el ol
I 959,

We da not know if the stope Tadlure that resulied
in the amphitheater-shaped scarp off Puerto Rico
wits catastrophic (the entire mass disintegrating
rapidly) or 1eok place over a substantial period of
time (klock by bock) In gencral, slope failure
occurs when resistance to deformation offered by
the siruta (shearng sirength) is overcome by the
environmental stresses acting downslops, The twi
principal downslope stresses applicable 1o the
study area resull from gravity and earthguake-
induced accelerations (Les, 1989 An jmportant
property of strata is that the shearing strength
decremses s ¢xcess pore-water pressure (ic. in
excess of hydrostanic) increase {Morgenstern, |967,
Sangrey, 1977; Seed, 1979; Lee, 1985), Excess pore-
water pressure can be caused by repeated foading
from earthguukes {Lee, 1985} The declivity of the
insular slope and therefore the downslope gravita-
fional shear stress has been steadily mcreased due
10 the northward tilting (1ectonic oversteEpeningl
of the Areciho basin strata since Pliocens time.
Furthermore, the steength of the strata wis proba-
bly significantly reduced by presexisting faulis
(Fig.3) that are seen to lead into the headwall of
the amphitheater-shaped  scarp  (Figd), The
increase in the downslope gravitational shear
stress, when coupled with carthquake accelerations
and possible strength reduction during major
earthquakes. can be expected (o exceed the shear
strength of the curbonate steara, particularly along
the Fault-induced pre-existing zongs of weakness,
The result would be slope futlure; such that the
northern section of the Arecibo basin strica would
have broken off. disintegrated, and shd into the
arei beiween the base of slope and the Puerto
Rico Trench. Subsequent muss wasting of the
exprosed filure plane resulted in the formation of
the headwall canyons {Fig 5}, and turbidite depos-
its, originating from the headwall of the amphithe-
ater-shaped scarp, the wpper msular slope, and
insular shell, partially buried the foot and toe of
the Failed mass.

Further cast along the msular slope near longe-
tude 66°W (Fig.2l. o smaller area of high back-
scattering intensity on the GLORIA imagery his
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abso been interpreted to be an amphitheater-shaped
scarp (Scanlon et al, 19881, supgpesting that the
entire northern margin of the Arecibo basin s
failing due to the preseat tectonic regime, However,
the bathymetrie date over this area are poor,
making definitive interpretation of the GLORIA
sonographs difficult.

Implications and conclusions

It appears that the slope fullure of the northern
margin of the Arccibo basin sirata results Trom
oversieepening and high seismicity, characteristic
of this tectonic settimg. 1 is of nowe that this
overstecpening has occurred within the fast 4 m.y.
(minimum age of the unit 3 strata) and is probahly
representative of the present tectomic regime which
has existed for approximately 2.5 moy. (Klitgord
and Schouten, 1986), Thus, the slope failure(s)
which formed the amphithester-shaped scarp prob-
ably have occurred within the last 2.5 m.y. As this
oversieepening continues, the relative stability of
the msular slope decreases, In addition o the
amphitheater-shaped scarp and its smaller counter-
part Lo the east (Fig.2), several smaller downslope-
facing scarps have been identified on the insular
slope of Puerto Rico in water depths less than
3000 m (Fig.2; Scanlon et al, [958}, These smaller
searps may represent incipient slope failures. and
they may indicate that the slope Giilure represented
by the amphitheater-shaped scarp 15 retrogressive
upslope and will continue o be active,

Knowledge of slope fatlure and mass movement
wlong the boundary of convergent plates has signi-
ficance for the understanding of tsunami genera-
tion, Althgugh tsumami are commonly caused by
large earthquakes [e.g.. the 1964 Alaska earth-
quake (Plafker ot al., 1969 Von Huene and Cox,
1972} and the 1960 Chilean earthguake (Kajiura.,
1979)], they also can be gencrated by other mecha-
nisms, including submarine slope failure {MoCul-
loch, 1985; Won Huene et al, 1989), IT the
amphitheater-shaped scarp was the result of a
catustrophic slope failure, it was of sufficient size
to have generited o farpe tsunami that must have
had major impact on the nearby (35 km) northern
coastal areas of prehistonic Puerto Rico (e.g., von
Huene et al., 1989 and references thereiny, Because
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the condition of slope instability that allowed an
extremely large landslide continwes 1o develop
north of Puerto Rico (assuming the mass shid in a
single event}), and because the seismic risk remains
the same as that when the slide took place. a
repetition. ol the event is guite possible, with
potential for generation of & catastrophic 1sunami,
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Researchers Investigate Submarine Faults

North of Puerto Rico

A 2l<iay maring geophyvécal expedition in
the summer of 1530 revealed a previously e
Identitled strika-slip Bl zona within G-100
keoal the densely populated northern coast of
Pueno Rico. The purgoese of the expedition,
which washeld ahoard e LS, resaapcly ves-
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Caribbean plate bomd ary
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can Republic by Prenoce eral [ [953] have
shown that its last strikeslip, ground breaking
ruphure occumed approximately 700 years ago.
The main subduction-related featwne is he
Fuero Rico Trench, which islocated 6570 km
naetls ol e Seplenibonal fault zone, The
Puerin Rico Trench i the surface trace ol a
soaithward-dipping Benioli Zone that mnst re-
cently muprured daring an M &0 Hispaniola
earthguake [Dodea and W, 1E97]

To better understand the complex relation:
ship between sinkeslip and subduction tecton-
i¢s narthof Pueno Rico, LS, and Spanish
researchers acquined chose to 50,000 km of
bathymetrie and backscaiter data and -5600
km ol along-track single channel setsnic, griy-
1y, and magnetic dain along the Puerto Rico
Trench and nosthem Puerlo RicaVirgen land
margns Smeeral major featiroes were obseroed
(Figure 1k

e the cuter rse of the obliquely subducting
Cretsceous-age Alantic oceanke crust of the
Morth Aomerican plote,

= the T=E 4 km-deep race of the sibdiection
zone at the Puerto Rico Trench and the flank-
log Muath Puerto Rlco Slope strike-slip lau 1L
previoushy identifbed by Mosson amd Scenlon
T

& asubmerged “foroarc” whene the South
Puemn Rico Sloge strike-slip faul. observed for
{he first tiree, strikes subparadlel vo the plate
vectar and to the North Puero Rico Slope ault
4060 kkm b the north,

# the northem Pueno Rieo platdomslope
area nccupied by a drowned Oligocene 1o
Tower Pliocene carbonale platborm, and

& the Mona Pastage, whers the Maona Rile
was mapped in grealer detail and the Yuma
Rt was identslied for the first fime {Figure 1)

S siche-scal, bathymetnc and single-chan-
riel seismic data indicats that two anonalbows
highs in the norhem Peerto Rico-and His-
pranioda slopes are resirinang bends farresdd
hetween the subparaliel Nodth and South
Puerio Rleo Shope laull zoses. The Mona Block
restriining bend exhibits more than 4 km of
bathymetric relief, is bounded 1o the south by
the Septentrional fauli 2one, and is known by
dredging to constst ol bluese histand oller
higth-grade metumoarphic mocks Updif of the
bimck is altributed (o both the bend in the
Sonith Pueno Rico Slope tault 2one-Seplen-
trinnal fult zone and underhrusting of the
sowtheastern extensaon of the Bahama Plat
fearmm | enfiper careet Wraied, 1507

Thie Main Ridge restraining bend exhibits 2
kam of Balhymetric reliel with thros Baois ac-
tively updifiing jts southern margin (Figure &,
Lire 9}, The Main Ridge & associated with
higher than average cruslal ssismicity. Al the
western end of the Main Ridge restraining
Brerwd, he Soulh Pusro Bleo Slope faul zone
exhibrils a well-developed pullapan basin. To
Thve wors?, e Fault dips steeply Lo the soulh, o
seiting Escene basemend by <05 s (Figure 2,
Line 233,

The survey abo revealed extenave normal
Taulting of the Oligocens o early Pliocenes car
bonate plationm in thoe Mona Passage, indewat-
ing & significant amount of recent eastwest
regional extension. This localized extension of
the platlorm strata rellects the dilferemial vast-
ward relarive motlons of the Poerro Rico and

Hispaniola mictoplates. Detatls of the detonma-

tioal festures af theste faulis, along with an-
swers to mare complex qusestiond—such oy
what is the relation between crustal tauling

and the subducted slab of North Amenca be-
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meath Puerto Rico—will require additional
processing and integration of these newly ac-
quited sidesscan, balhymeiry, and geophysical
i sein
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VOLUME AND DENSITY APPROXIMATIONS OF MATERIAL INVOLVED
IN A DEBRISAVALANCHE ON THE SOUTH SLOPE OF THE PUERTO RICO
TRENCH

Project Summary

Analysis of recently collected bathymetric, sidescan sonar and single-channel seismic
reflection data, together with onshore well and outcrop data are used to estimate the volume and
density of material involved in a debris avalanche that generated the 57 km wide amphitheater-
shaped scarp centered at approximately 66° 40° W on the northern insular slope of Puerto Rico.
It is believed that the Oligocene-Pliocene megasequence of carbonates (PR1) was the major unit
involved in the debris avalanche. Studies indicate that this unit, which extends across the entire
north coast of Puerto Rico, has arelatively uniform thickness and ranges from 1500-1300 kmin
the vicinity of the landslide headwall scarp. Measurements of surface area assuming a pre-
failure morphology of a straight, slope-parallel shelf break rather than the observed scalloped
morphology, estimate that ~700 knt of material was involved in the failure. On the basis of
onshore well logs the density of this unit is estimated to be approximately 2.2 g/cn®. Assuming
that the failure was catastrophic, volume estimates of material involved in the landdlide range
from 910 knT to 1050 kn.

Project Description

A recent marine geophysical expedition (Grindlay et a., 1997) of the Puerto Rico Trench
and northern insular margin of Puerto Rico and the Virgins Islands was conducted to investigate
the seismogenic potential of the region. The Puerto Rico trench represents a tectonically active
plate boundary zone, where the north American plate is being subducted obliquely beneath the
Caribbean plate. Grindlay et al., (1997) identified several active fault zones within the trench,
including one on the south slope of the trench whichlies within 60-100 km of the north coast of
Puerto Rico. In addition, Grindlay et a., (1997) corroborated the existence of a major submarine
didefirst reported by Scanlon et a., (1988) and Schwab et a., (1991) on the south slope of the
Puerto Rico trench, located about 37 km north of the city of Arecibo on the island of Puerto Rico
(Figure 1). Although rarely documented directly, earthquakes are often inferred to be the
triggering mechanisms of submarine slides (Hampton and Lee, 1996) and that under certain
circumstances submarine slides can be accompanied by large and destructive tsunamis (Moore
and Moore, 1984; von Huene et al., 1989; Jiang and Le Blond, 1992; Hampton and Lee, 1996).
The presence of active fault zones in the Puerto Rico trench implies that there is a potential threat
of repeat submarine dides and accompanying tsunamis.

In this study, geophysical data collected during the June-July 1996 cruise on board the
R/V Maurice Ewing (Chief Scientist Grindlay, Co-Chiefs Paul Mann and James Dolan) and
existing onshore well and outcrop data are used to provide estimates of the volume and density
of material involved in the debris avalanche that formed the large amphitheater-shaped scarp.
These data include sidescan sonar imagery (HMR1-system) which provides information about
the reflectivity and nature of seafloor material and structures. High-resolution multibeam sonar
bathymetric data (Krupps-Atlas Hydrosweep system) provide vertical depth resolutions on the
order of 10-15m and swath widths up to 2.5 the water depth. Accurate bathymetric maps are
used to estimate the surface area of the materia involved in the dide. Single-channel seismic
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(SCS) profiles provide information about the subsurface structures, including location of
headwall scarps and extent and thickness of units that pre- and post-date the dide. Onshore well
data from CPR-4 (Briggs, 1961) and Toa Bgawells (Anderson, 1991) are used to make
lithologic and age correlations of seismic reflection data and determine physical properties of
these units. The volume and density estimates of the material involved in the submarine
landdlide provided in this report will be used in numerical models to estimate potential tsunami
propagation and runup.

Results
Classification and morphologic description of submarine landslide

On the basis of the geophysical data the landslide that generated the amphitheater-shaped
scarp on the south slope of Puerto Rico trench was most likely a debris avalanche. Varnes (1978)
define a debris avalanche as a landdide that involves the failure of hundreds to thousands of
cubic kilometers of rock and sediment that have disintegrated into relatively smaller pieces
(compared to the large Slump blocks but can include blocks of many cubic kilometers) and have
clearly moved rapidly. Each debris avalanche is thought to represent a single episode of
catastrophic slope failure. The bathymetric and sidescan imagery clearly show a giant
amphitheater-shaped scarp that is approximately 57 km across (Figures 2 A, B, and 3). The
crown of the headwall scarp lies at depths of 2500 m to 3500 m. The debris deposit shown as
dark, highly reflective material in the sidescan imagery extends more than 25 km down the slope
to depths of approximately 7000 m (Figures 2A &B). The seismic profile 20 shows a thin layer
characterized by chaotic returns and a hummocky surface that is the uppermost unit on the
amphitheater-shaped scarp (Figure 4).

Description of the stratigraphic units on the south slope of the PR trench

Seismic profiles that extend across the northern insular margin of Puerto Rico show that
the offshore stratigraphy of the platform can be divided into three megasequences (Meyerhoff et
al., 1983; van Gestel et al., in review)(Figure 4, SCS profile 20). On the basis of well data from
CPR-4 and Toa Baja wells these sequences can be correlated with lithologic units of defined
ages (Figure 5) (Meyerhoff et al., 1983; van Gestel et al., in review). The lowest unit, PR1
consists of island arc basement rocks which based onsubaerial exposures and samples dredged
offshore (Fox and Heezen, 1975; Perfit et al. 1980) are of Cretaceous to Eocene age. The middle
unit, PR2, does not correlate to any major formation or group of formations on Puerto Rico
(Meyerhoff et al., 1983) but is speculated to be of Eocene age and formed as a basinal fill in a
deep marine setting. Meyerhoff et a., (1983) and van Gestel et d., (in review) note that this unit
is offset by large normal faults that extend upward into the overlying unit. It is possible that
reactivation of these faults due to recent tectonic activity has resulted in their growth into the
overlying unit PR3. The uppermost unit, PR3, consists of Oligocene-Pliocence shallow marine
limestones deposited during a tectonically quiescence period (Moussa et al, 1987; Meyerhoff et
al., 1983, Reflectors within PR3 can be subdivided in five individual sequences that are
conformable with reflectors in the underlying PR2 (van Gestal et a., in review) (Figure 5).
Overal, unit PR3 is characterized by continuous parallel reflectors, constant thickness and
constant dip that persists through the offshore units. During the past 2.5 m.y. the submarine part
of PR3 has subsided more than 4000 m generating a 4.5° regiona slope (Birch, 1986).
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At the base of south slope SCS profile 20 shows thick onlapping deposits of stratified
material characteristic of turbidites. Core and dredge samples show the top portion of this unit to
consist of turbidites (Conolly and Ewing, 1967; Fox and Hezzen 1975, Perfit et a. 1980). The
source of these deposits is unknown, athough it is likely that some portion consists of sediments
transported across the shelf and down the scarp face through the submarine canyons. These
deposits have been offset vertically and most likely laterally by the South Puerto Rico slope
fault. In addition asmall, lower headwall scarp is observed cutting these deposits at 7500m.

Estimates of volume and density of material involved in the landslide

SCS Profile 20 suggests that only unit PR3 was involved in the submarine landdlide, as it
is the only unit to be truncated abruptly at the upper headwall scarp (Figure 5). Unit PR2
appears to vary little in thickness, although the seismic data do not provide enough penetration to
clearly delineate the interface between units PR2 and PR1. On the basis of systematically
collected SCS profiles over the platform, van Gestel et al., in press, estimate that the thickness of
unit PR3 ranges from 1500 km to 1300 km (assuming a velocity of 2.75 km/s) at the upper
headwall scarp. Given the surface area of failure calculated to be ~ 700 knf (Figure 6) a
volume of ~ 910-1050 kn material is estimated to be involved in the landslide. Geophysical
logs from the Toa Bajawell (Anderson, 1991) indicate that unit PR3 has a density of 2.2 g/cnT.
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Figures

Figure 1. Shaded relief of regional bathymetry (1 min grid interval). Contour interval is 500m.
Box indicates location of study area. The location of CPR-4 and Toa Bagja wells on the north
coast of Puerto Rico are indicated by filled white circles.

Figure 2A. Side scan sonar imagery (HMR1) of amphithester-shaped scarp cut into the northern
Puerto Rico insular margin and debris deposit downslope. Highly reflective areas such as fault
scarps, bare rock surfaces, appear as dark gray to black; areas with limited backscatter such as
heavily sedimented surfaces and shadowed areas appear aslight gray. Also identified: a
possible lower headwall scarp at the base of the slope, the South Puerto Rico Slope Fault Zone
and submarine canyons cut into the Oligocene-Miocene carbonate platform. The north coast of
Puerto Rico is shown in black, areas of no data are in white. Location of seismic profile shown
in Figure 5 is marked by dashed white line.

Figure 2B. Bathymetric map (250m grid-interval) of the study area at the same scale as the side
scan sonar imagery. Contour interval is 100 m. The crown of the amphitheater-shaped scarp
ranges from 2500-3500 m. The base of the upper scarp lies at approximately 7000m water
depth. Location of the seismic profile 20 shown in Figure 4 is indicated by the dashed white
line. The north coast of Puerto Rico is shown in black; areas of no dataarein white.

Figure 3. A three-dimensional perspective view of the amphitheater-shaped scarp. View from
the northeast. Modified from Grindlay et d., in prep.

Figure 4. Interpretation of main seismic megasequences of the northern margin of Puerto Rico
from EW96-05 SCS line 20. This line is considered representative of several lines which extend
across the margin. This figure shows the head-wall scarp of the amphitheater-shape scarp, debris
deposits associated with scarp, the location of South Puerto Rico Slope Fault Zone, recent
turbidite deposits within the trench and the lower-head wall scarp and associated debris deposit
at the base of the sope.

Figure5. CPR-4 and Toa Bgjawell logs from Briggs (1961) and (Anderson, 1991) and
correlation of seismic sequences PR1 and PR3 identified in SCS profile 20 (Figure 5). Eustatic
sea level curve of Hag et al., (1987) aso shown. After van Gestel et d., in review.

Figure 6. Shaded surface area ~700 knt of estimated material involved in submarine side

assuming a slope-parallel shelf break rather than the observed scalloped morphology. Contour
interval is 100 m.
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Figure 2A
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Figure 2B
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Figure 3
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FIGURE 5
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Modeling Wave Runup with Depth-Integrated Equations

Patrick J. Lynett, Tso-Ben Wu, and Philip L.-F. Liu
Schonl of Civil and Environmental Engineering, Cornell University
Ithaca, NY 14853

In this paper, a moving boundary technique is developed to investigate wawve runup
and rundown with depth-integrated equations. Highly nonlinear and weally dispersive
equations are solved using a high-order finite difference scheme. An eddy viscosity
model iz adopted for wave brealdng so as to investigate brealdng wave runup. The
moving boundary technique utilizes linear extrapolation through the wet-dry boundary
and into the dry region. MNonbrealing and brealdng solitary wave runup is accurately
predicted by the proposed model, vielding a validation of both the wawve brealang
parameterization and the moving boundary technique. Two dimensional wave runup
in a parabolic basin and around a conical island is investigated, and agreement with
published data iz excellent. Finally, the propagation and runup of a solitary wawe in a

trapezoidal channel is examined.

Keywords: wave runup, brealding waves, Boussinesq equations
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Introduction

The past decade saw the advent and wide spread applications of Boussinesg-type
equation models for studying wave propagation in one and two horizontal dimensions.
The conventional Boussinesq equations (Peregrine, 1967) had two major limitations:
(1) The depth-averaged model poorly described the frequency dispersion of wawe
propagation in intermediate depths, and (2) the weakly nonlinear assumption limited
the largest wave helght that could accurately be modeled. The dispersion properties
of the conventional Boussinesq equation model have been improved by modifving
the dispersive terms (Madsen and Sorensen, 1992) or using a reference velocity at a
specified depth (Nwogu, 1892), These techniques vield a set of equations whose linear
dispersion relation can be adjusted such that the resulting intermediate-depth dispersion
characteristics are close to the true linear solution. Liu {1994) and Wei ot af. (1905)
presented a set of highly nonlinear Boussinesg-type equations that not only can be
applied to intermediate water depth but also are capable of simulating wave propagation
with strong nonlinear interaction., Wei et af. (1995) have also developed a high-order
numerical acheme to solve these equations. All of these efforts successfully extended the
usage of the Boussinesg-type equation model, such that wave evolution from relatively
deep water to the breaking point could be accurately captured.

Wave propagation using Boussinesg-type equations is now well simulated and
understood, but the process of runup and rundown is not. Shoreline boundaries may
move significantly under the temporal influence of incident waves. A numerical model
should be able to take into account such variations correctly in order to obtain realistic
flow patterns,

Researchers generally use a fixed grid, finite difference or finite element method
to solve the Boussinesq-type equations. Using a fixed grid numerical model to solve a
moving boundary problem can lead to difficulties related to the loss of mass conservation

and instabilities in the computations (Leendertse, 1987) as a result of imposing discrete



fixed increments to the extent of wetting and drying areas (Balzano, 1998), To reduce
the computational instabilities near the wet-dry interface, some researchers added
bottom friction into the momentum equations. However, a numerical model should be
stable even without using bottom friction dissipation.

Zelt (1991) used a Lagrangian form of the Boussinesq-type equations to simulate
shoreline movement. This model produced maximum runup values that compared
well with experimental values, but the shape of the wave as it traveled up the slope
did not compare as favorably, A handful of others have utilized Lagragian techniques
with depth-integrated equation models to simulate a moving shoreline {e.g., Petera
and Nassehi, 1996: Gopalakrishnan, 1989). Another treatment of moving boundary
problem is employving a slot or permeable-seabed technique (Tan, 1883, 1884}, The
first application of the permeable slot with a Boussinesq-type model (Madsen et al,
1997} yielded runup errors on the order of ten percent of the maximum. Modifications
hawve been made to this permeable slot technique (Kennedy et af., 2000}, increasing the
accuracy, but it was also shown that the empirical coeflicients that govern the technique
can not be universally determined, due to numerical stability problems (Chen et alf,,
2000).

In this paper, we present a new moving boundary treatment for wave propagation
models. The moving boundary algorithm is conceptually simple, easy to implement, and
can be emploved by different numerical schemes (i.e., finite difference and finite element)
utilizing depth-integrated equations. The moving boundary technique utilizes linear
extrapolation near the wet-dry boundary, thereby allowing the real boundary location
to exist in-between nodal points. The model is compared with the classic Carrier and
Greenspan {1058) solution for monochromatic long wave runup on a constant slope.
As another one horizontal dimension test, the solitary wave rumip experiments of
Synolalds (1986,1987), which range from non-breaking to breaking waves, are recreated

numerically. To test the accuracy of two horizontal dimension moving boundary



problems, three cases are examined: wave oscillations in a parabolic basin, solitary wave

interaction with a conical island, and wave evolution in a trapezoidal channel.

Model Equations and Numerical Scheme
The model equations to be utilized in this paper are the highly nonlinear, weakly
dispersive wave equations, given in dimensional form {e g, Liu, 1994).
G+ E=0, wu,+F=0 oy
where

E= V[t Qul = V- {(ht O [(3( - (h4 2 = 22) V(9 w0)

4[5 -1 -2] V(v (] ®
F = uy- Vg +gv¢ + {%:jv(v o) + 7V [V - (hﬂuf)]}
HIT - (a9 19+ (b = VT - (i) + (v V)9 (9 ()
+ {30‘? [te - V¥V« (Atta)] 4 mal(ta Vi) VIV - ua) + %‘3’? [ta - V(V -*uc.)]}

z
4+ {—% Vottgy — (g V[V (Rug 4]+ 6 [V - (e V- ua}

i

4V {%—2 (V- wa) — o V(V - )] } (2)
where ¢ is the free surface elevation, k is the local water depth, and wu, = (14,7, is the
reference horizontal velocity, The welocty is evaluated at the elevation z, = —0.521k,
as recommended by Nwogu (1993), based on optimum agreement of the governing
equations with the linear dispersion relation. Wherever k& is negative (initially dry
land), this relationship is set to z, = —A, s0 as to avold the evaluation of w, under the

seafloor. Two dimensionless, characteristic coeflicients can be given as

e=alk, p=~r/MX {4)



where a is the wave amplitude and A is the horizontal length scale. £ 1s indicative of the
importance of nonlinearity and is assumed to be ©(1) in {1)-(3): g represents frequency
dispersion and &{p?) << 1. The order of magnitude of accuracy of these equations
is O(p!). Note that the above momentum equation,(2), i= slightly different from that
presented by Wei et al. (1995). This difference is caused by the omission of some G{p*)
terms in Wei et al. in their conversion of 1V (w2} to u, - Vu,. These neglected terms
vanish only if ¥ x %, = 0, which, however, does not imply the irrotationality of the How
fleld. In fact, ¥V X g i5 of G{p?). A more mathematically detailed explanation can be
found in Hslao and Liu (2002}

The parameterizations, H; and Hg, account for the effects of bottom friction and

wave brealing, respectively. Bottom friction is described in the quadratic form:

Ry = -~ Ualual (5)

where f is a bottom friction coefficient, typically in the range of 1072 to 1072, depending
on the Reynolds number and seafloor condition. To simulate the effects of wawve
breaking, the eddy viscosity model (Zelt, 1991: Kennedy et af, 2000) is used here.
Readers are directed to Kennedy et af. (2000) for a thorough description and validation
of the breaking model, and the coefficients and thresholds given therein are used for all
the simulations presented in this paper.

The model used {for all the simulations in this paper iz nicknamed COULWAVE, for
Cornell University Long and Intermediate Wave Modeling Package. This model has the
ahility to simulate a wide range of long wave problems, including interaction with porous
coastal structures (Lynett et al., 2000), wave generation by seafloor movements such as
landslides { Lynett and Liu, 2002a), and internal wave propagation and evolution (Lynett
and Liu, 2002b). The mumerical model utilizes a predictor-corrector time-stepping
scheme, accurate to (A#!), where At is the time step. Similar numerical schemes have

been successfully emploved by Wel et al. (1995) for modeling surface wave phenomena.



Assume now that the numerical simulation is at time », where all physical values (free
surface and velocity) at time #, and previous times, are known. To determine the

physical values at the next time step n + 1, the explicit predictor is first applied:

At .
= —- 1—9‘\233& — 16EF 4+ SEFTY) (8

i nt+l 3 n At i n -1 n—2 i
(a)l] = (a)i; — E(\ngM — 16F7; +5F; (7

where 1 represents the time index, i the z-space index, and j the y-spare index {(r and
y make up the horizontal plane). Thus, in order to start a simulation, initial conditions
from three time levels are required. Now, with an initial estimate of the physical valuss

at the new time level, the implicit corrector equations can be applied:

At " _ _ 7
= - Egggt._;rl +19E7, — BELTY + EfTY) (8)
: n+l _ ¢ il '&t 'an+l 19F"™ 5Fn—]. Fn—fa g
'l\'ua-)é__;i = Qﬂa)e_;i - ﬂ( ij + id i + i ) | )

These equations are solved with Jacobi iteration, so the calculation of E™* and F™H
is performed with the free surfare and velocity values from the previous iteration. Th
implement the algorithm, an additional grouping of the mixed space and time derivatives
in the dispersive terms is required. Wei et al’s {1005) paper gives a good description
and justification of this grouping procedure.

Spatial differencing in the mumerical model employs centered finite differences.
Al first order spatial derivatives are differenced with fourth order (Axt = Az}
accurate equations, which are five-point differences. Second order spatial derivatives
are approximated with three-point centered finite difference equations, which are
second order accurate. The second order spatial derivatives are taken to lower order
accuracy because these derivatives only appear in dispersive terms. The "combined”
dispersive-mumerical error for the second order derivatives is O{Ax*u?), which is less
than the error associated with first order spatial derivatives, O(Axt), for all the grid

spacings and wavelengths modeled in this paper.
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Moving Boundary Algorithm

The development of the moving boundary algorithm presented in this paper
began with a search for a scheme that allows for the wet-dry boundary to exist at any
location, not restrictively at a node on a fixed grid. Qne method of achieving this is
through dynamic regridding, using a Lagrangian approach. Methods such as this have
been used in finite difference and finite element nonlinear shallow water (NLSW) and
Boussinesq equation models {e.g., Petera and Nasshel, 1998: Zelt, 1991). Lagrangian
moving boundary techniques require numerical flexdbility, in terms of utilizing constamntly
changing space and time steps, to be implemented in conjunction with a Eulerian-tvpe
model. This Hexdbility is not present in the current numerical scheme, and is difficult
to achieve due to the nature of the required high-order derivatives, and so a different
approach is developed in this paper.

Owing to the significant number of derivatives calculated by the numerical model
{~ 50 in 2D}, it would be advantageous if the moving boundary scheme did not require
any sort of special treatment of the derivatives near the wet-dry boundary (i.e., forward,
backward, or low order finite differences). To require, for example, directional differences
at the boundary leads to abundant conditional statements, making the programming
tedious and the runtime longer. Therefore, the five-point centered finite differences that
are employed in the numerical model are desired to be used at all locations, including
those points near the shoreline, where neighboring nodes may be dry., With this in
mind, the moving boundary scheme will employ a linear extrapolation of free surface
displacement, ¢, and velodty components, %, and ¢ ,, from the fluid domain, through the
wet-dry boundary, and into the dry region. Kowalik and Bang (1987) presented a similar
approach of emploving a linear extrapolation into the dry region, based on Sielecld
and Wurtele's {(1870) earlier developments. Their model uses an leap-frog scheme to
approximate the NLSW equations, and is limited to one-dimensional, non-breaking

problems. This paper will attempt to extend this idea to two horizontal dimension



breaking problems, using a high order numerical model.

An extrapolation through the wet-dry boundary permits this boundary to exist
in-between nodal points. Flgure 1 gives a numerical example of how the extrapeolation
is performed in a one-dimensional problem, showing a solitary wave interacting with
a 1:20 slope. The free surface locations that are determined using the governing
equations, {1)-(3), are shown by the solid line, whereas the linearly extrapolated points
are shown by the dots. With extrapolated values of ¢ and wvelocity components in
the dry region, solving the model equations at wet nodes can proceed. When solving
the model equations, five-point centered differences are employed to approximate the
spatial derivatives. Although no derivatives are calculated at dry {extrapolated) points,
the physical values of free surface and velocity at these points are used to evaluate
derivatives at neighboring wet points. The determination of the location of the wet-dry
boundary is performed once per time step, immediately after the predictor step. The
moving boundary technique is numerically stable, and does not require any additional
dissipative mechanisms. No filtering in the fluld domain is performed in any of the
simulations presented in this paper.

The first step in the extrapolation boundary method is to determine a nodal
boundary dividing an area where the model equations are to be solved (le., the wet
region) and an area to be extrapolated (ie., the dry region). The criteria employed
to determine this dividing point is dependant on the total water depth, H, where
H=~h4+( I H >4 where § iz some threshold, the model equations will be applied
at the node, otherwise the physical variables at the node will be extrapolated from a
neighboring node. The value of 4 should be small: a value of «,/80, where a, is the
incident wave amplitude, was used for all simulations presented in this paper. This value
is chosen based on stability. It was found that decreasing this value can occasionally
cause stabllity problems, especially for simulations with strong wave brealdng or ones

that include bottom friction. The instability problems assodated with these two



parameterizations are due to the fact that they are inversely proportion to the total
water depth. A very small total water depth may create an equally large dissipative
momentum Hux, which can lead to an overflow in the iterative numerical scheme,
However, for non-breaking simulations without bottom friction, a § value of a. /5000
could be stably emploved. A convergence check, by changing 4, will be discussed briefly
in the next section.

For the simple one dimensional problem shown in Figure 1, the extrapolation
procedure is straightforward. Using the two wet points (where M > &) nearest to the
wet-dry boundary, a linear extrapolation into the dry (where M < §) reglon iz performed.
For the two-dimensional case, the procedure is slightly more complex, but the logic is
identical. The 20 extrapolation is performed by checldng the surrounding eight points
of a dry node. For each surrounding node that is wet, a 1D linear extrapolation is used
to estimate the free surface at the dry node. Since more than one surrounding node
can be wet, the free surface value at the dry node is taken to be the average of the 1D
extrapolations. This procedure is simply repeated for the second layer of dry nodes,
extrapolating from the just-extrapolated first layer of dry nodes. For both 10 and 2D
cases, a four-point filter is passed over the extrapolated region, smoothing ¢, u,, and
T4 and eliminating possible slope discontinuities in the extrapolation. Additionally,
there iz one possible arrangement of wet and dry nodes that can not be allowed to exdst.
When a wet node is grouped with dry nodes on both sides, i.e., if node ¢ is wet and both
i—1 and i + 1 are dry, the extrapolation is impossible for both dry nodes. When this
situation is developed, the wet node is no longer considered to be in the fluld domain,
and its value will be extrapolated.

Az the shoreline mowves up and down the slope, the number of wet and dry points
changes. For example, at time & — 1, node ¢ — 1 is wet and node 4 is dry, and its free
surface value has been extrapolated. Now, at time v, the new extrapolation for node ¢

yvields a total water depth greater than 4. Mode ¢ is therefore now a wet node, and its
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value is no longer extrapolated, but caleulated by (13-(3).

As the extrapolated, dry points are soley a function of the neighboring wet points,
the finite differences that incorporate these dry points cannot truly be thought of as
centered finite differences. Let us consider a one horizontal dimension problem, and
focus on 6 grid points, mumbered from ¢ = —3 to i = 2. At the time that we take a
snapshot, the shoreline exists somewhere between point ¢ = 0 and ¢ = 1. Points to the
left of this point are wet (i = —3,—%, —1,0}, and points to the right are dry (i = 1, 2).
At the wet points, the governing equations, using the predictor-corrector scheme, are
solved. At the dry points, the free surface and velocity are linearly extrapolated, and

can be given as:

B=2:iF-F, (10)

P3=3P0—2P_1 (11)

where P represents both { and #,, and the subscripts represent the i-index. Substituting
the extrapolated values of points ¢ = 1 and ¢ = 2 into the 4™ order first derivative

difference equation:

aF, _P,—-EBFP,+BF - P,

12
o 12Ax (12)
yields, after some manipulation:
5B _1[eR] 5[oR -
dr 6 |dx |, 6T,
where 2B stands for the 2™ order backward {or upwind) finite difference:
35 Pa—4P 435K .
el ot 14
[ dx } - SAx (14
and 15 stands for the 1% order backward {or upwind) finite difference:
oF, —P+ R .
[ﬁ} =~ ar (1%)
12
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Using the same approach, the derivative at ¢ = —1 can be rewritten as:
8F_ 1[3F 1 [dF 1[8F .
=15, 5w e m) (18)
3 = T lar Tlas The

where 2T stands for the 3™ order tilted (in the badcward direction) finite difference:

aP_, P:—6P 1 3P 12K .
= (17)
T |ap GAT
and 2¢ stands for the 2™ order centered finite difference:
BP_l —P—2 ‘I‘ PG -
= 18
[ ar L - AT (18)

5o clearly, hidden within the linear extrapolation, is leading order dissipation associated
with the upwind differencing, even though a 4" order centered difference is being taken.
Note that the extrapolations are done for both free surface and velocity, so the moving
boundary scheme will dissipate both momentum and mass.

The same analysis can be done for the second-order in space derivatives. At the

point i = 0, the curvature is given as

#F, P,—13R+P ,
dr Ax? (19)

which is, with the linear extrapolation of B, exactly zero at this point. Therefore, at
the first wet point, all second-order differences disappear, and the governing equations
{1}-(3), reduce to the nonlinear shallow water wave equations. Now, looking at the
whole picture of first and second order spatial derivatives, we see that numerical

dissipation i1s not as great as it might appear. It was shown that the first spatial

=Ea)

derivative at the first wet point, %7

, isin large part approximated by the first order
upwind finite difference, 33—?] - The leading numerical truncation error of the upwind
difference is %%ﬂ,ﬂ, which is the source of the numerical dissipation in upwind schemes.
However, at this first wet point, the second spatial derivative, %u,ﬂ, iz forced to zero

in the numerical model. The leading numerical truncation error of the second spatial

derivative taken with a second order centered difference formula is &l—f% Therefore,
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the leading order, dissipative truncation error of the upwind difference at the first wet

point is actually % (%%) At the second wet point, the first spatial derivative,

6?;‘, also incorporates upwind differencing (although its importance is & times less here

as compared to the first wet point). As the second spatial derlvative at this point is

non-zern, there will at this point occur dissipation proportional to the second spatial

S A B2 P
derivative, equal to {7 57"

It is worth noting that these issues with leading order numerical dissipation
associated with the linear extrapolation could be avoided by utilizing a higher order
polynomial extrapolation. Unfortunately, these higher order extrapolations created
stability problems with breaking and near-brealing wave rumup, As these waves
approach the beach, typically the curvature of the free surface is large very near the
shoreline. The large curvature created rapidly varying extrapolated values, which then
led to mumerical roundoft problems.

It would seem to be unnecessary to perform the linear extrapolation in the
numerical model, as one could simply code a couple conditional statements, where if
the current calculation node in the model is near the wet/dry boundary, use upwind
differencing, instead of centered differencing. This too was attempted, but always
resulted in 2Ax waves. It was found, through trial and error, that stability comes from

the prediction of velocity in the dry region. In this numerical scheme:
(o)™ = F [(ua)™, (1), ()" ()™ (20)

as well as a function of numerous other parameters. Let us say that at time n, the

point 2 was dry. Now, at time n + 1, the point ¢ is wet. What are the previous values
of velocity, at times n — 2, 52 — 1, and =, to use in the predictor-corrector scheme? An
answer of zero velocity would be most obvious, because physically, there was no fluid.
Using a zero velocity at these times in the numerical model led to 2Ar waves, So for
this type of model, a zero velocity at previous times does not work. Using the linearly

extrapolated velocities at the previous times of n — 2, 2 — 1, and » works well. It could
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be argued that the velocities at the previous "dry” times should not be zero, in fact
they should not be anything - they are undefined. Thus, this model is simply taking a
reasonable guess at what the undefined velocity should be in order to yield a stable and
accurate numerical model, The linear spatial extrapolation is not just Important as a
spatial extrapolation (which is equivalent to some combination of upwind differencing) -
it is especially important as a temporal extrapolation.

Az a primary check of the algorithm, its ability to conserve mass is analyzed, Mass
is defined as the integral of the free surface elevation, not the integral of the total water
depth. A range of solitary waves, from 0.01 < £ < 0.4 propagating up one-dimensional
slopes of 1:10, 1:20, and 1:50 were checked for conservation of mass. Note that when
referencing solitary waves, £ = H/k, where H is the solitary wave height. The solitary
wave is generated using the analytic formulas presented in Wei and Kirby (1995),
which are derived from the weakly nonlinear, "extended” Boussinesq equations. Figure
2 summarizes the conservation properties of these cases. Shown in this figure is the
fractional change in mass of the soliton, after completely exiting the nearshore region.
Thus, these fractions represent the change in mass, scaled by the initial mass, after
interaction with the shoreline is over. There are two clear trends: (1) for a given slope,
the error in conservation is larger with larger wave heights {2) for a given wave height,
the error is larger with milder slopes. Both of these trends are consistent with the
expectation that the numerical error is larger when the curvature near the shoreline is
larger. For all the simulations shown in Fig, 2 and contained in this paper, the change
in mass is less than 1% of the initial mass (or the mass contained in one wavelength for

the periodic wave test).

Validation in One Horizontal Dimension

Sine Wave Runup



14

As a first check of the moving boundary model, a monochromatic wave train is let
to runup and rundown a plane beach., This situation has an analytic solution derived
by Carrier and Greenspan (1958), Thelr derivation makes use of the NLSW equations,
and thus for consistency the dispersive (p?) terms will be ignored in the mimerical
simulations for this comparison. The wave and slope parameters for this test case are
identical to those used bv Madsen et al. (1997) and Kennedy et af. (2000). A wave
train with height 0.008 m and period of 10 s travels in a one dimensional channel with a
depth of 0.5 m and a slope of 1:25. For the numerical simulation, a grid size of 0.045 m
and a time step 0.01 s are used: bottom friction is not included and the wave does not
break. It should be noted that the grid size is an order of magnitude smaller than what
is required for a convergent solution. This amall grid size is used only to make certain
that the boundary location travels a significant mumber of grid points (3> 10) during
runup and rundown,

The results of the numerical simulation are shown in Figure 2. Figure 3a) shows
the numerical free surface at various times, along with two profiles of the analytic free
surface. The comparison between analytic and numerical horizontal shoreline movement
iz shown as Figure 3b). The agreement is good. Also, as a check on the convergence
properties of 4, an additional simulation with § = a,/5000 was run. A comparison
between the § = a,/50 shows little difference, and is not given in this paper . The
maximum deviation in shoreline at any time between the two § runs is on the order of

0.01% of the maximum excursion.

Nenbreaking and Breaking Solitary Waze Runup

Solitary wawve runup and rundown was investigated experimentally by Svnolalis

(1986,1987). In his work, dozens of experimental trials were performed, encompassing
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two orders of magnitude of solitary wave height. The beach slope was kept constant at
1:19.85. Many researchers have used this data set to validate numerical models (e g,
Zelt, 1991: Lin et af, 1999). To compare with this data, solitary waves with heights in
the range of 0.005 <2 ¢ <2 0.5 are made to runup and rundown a slope and the maximum
vertical runup is calculated. Note that this range includes both non-brealdng and
breaking waves. For all simulations, Ax/k = (.3 and ﬂtm = 0.02. As a test of the
sensitively of wave runup to bottom friction, three sets of simulations were undertaken
with different bottom friction coefficients, f. Set 1 was run with no bottom friction, Set
2 with f=107%, and Set 3 with f =10"%

The numerical results are compared with the experimental data in Figure 4, where
maximum vertical runup is scaled by the water depth. For the smallest solitary waves
(£ < 0.01) bottom friction does not affect the runup, as maximum runup is identical for
all three numerical sets. This is consistent with previous research (e .g., Liu et al. 1995),
where it s shown that bottom friction effects are minor for nonbrealing waves, and will
typically alter the runup by < 0.5% of the maximum. For larger wave heights, breaking
is initlated, both experimentally and numerically, near £ = 0.04. It iz at this point that
the numerical runup for Set 1 and Set 2 begins to diverge. Note that due to the log-log
scale used in Figure 4, the deviation in maximum runup may not be apparent. As an
example, for £ = (.3, scaled runup with no bottom friction i& 1.21, with f = 107% runup
is 0.73, and with f = 1072 iz 0.45, which are significantly different, Use of f = 5+ 1072
yvields the best agreement with experimental data for this particular case,

It would seem that inclusion of an accurate bottom friction parameterization
becomes increasingly important with increasing degree of wave brealdng, The probable
reason is that as a broken wave runs up a mild slope, it travels up the slope as a fairly
thin layer of water. Ascan be seen from (5), the smaller the total water depth, the more
important bottom friction becomes.

Synolakis (1988) also photographed the waves during runup and rundown. One
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set of these snapshots, for £ = 0.28, was digitized and compared with the numerical
prediction, shown in Figure 5 The numerical simulation shown in this fgure uses

F =107, The wave begins to break between Figs. 5a) and 5b), and the runup/rundown
process is shown in Figs. 5c)-d). In Fig B¢}, numerical snapshots from three other
models are plotted. The comparisons indicate a significant improvement over weally
nonlinear Boussinesq equation results of Zelt (1991} and the NLSW results of Titov and
Synolalis (1995). Additionally, the numerical results presented in this paper compare
faworably to the two dimensional {vertical plane) results of Lin et af. (1999), which

makes use of a complex turbulence model.

Validation in Two Horizontal Dimensions

Long Wazve Resonance in a Parabolic Basin

Analytic solutions exist for few nonlinear, two horizontal dimension problems, One
such solution is that for a long wave resonating in an dreular parabolic basin, Thacker
(1981) presented a solution to the NLSW equations, where the initial free surface

displacement is given as:

) 3 3 (I—AE)UB i 1—142 )
Cf\r,t_[])_ha[il_‘q -1- 7(1_;12)2_1 (21)

and the basin shape is given by

where

s s
Aza—'ro ‘93
a*+rg’ L )

h, is the center point water depth, v is the distance from the center point, a is the
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distance from the center point to the zero elevation on the shoreline, and #, is the

distance from the center point to the point where the total water depth is imtially zero.
The numerical values used for this test are : &, = 1.0m, r, = 2, 000m, and « = 2, 500,
The centerline initial condition and depth profile is shown in Figure 8. Thacker showed

the solution to this problem to be:

o (1— A% I 1-4 -
(nt) =k, l—z'-lcoswt_l_az {l—Acoswt}E_l (24)
where
1. ,
w = ~(8gh,) (25)
@

and g is gravity., Cho (1995) also used this solution as a test for his NLSW moving
boundary model. Cho’s model, an explicit leap-frog finite-difference scheme which
includes numerical frequency dispersion, reproduced the analytical solution very well
for roughly one-half of an oscillation, but began to deviate soon after, A simulation
using the extrapolation boundary technique presented in this paper was undertaken,
truncating the dispersive terms in (2) and (3} to be consistent with the NLESW solution,
and using Ar = 2Bm and At = 0.9s. Bottom friction i= not included and the wave
does not break. The comparison between the numerical and analytic results is shown in
Figure 7. The numerical free surfaces shown in Fig Ta}-d) are from the fifth oscillation,
and show excellent agreement with the analytic solution. Additionally, a test using
the full equations (2) and (2), with dispersive terms, was performed. Interestingly,
the wave field in this situation becomes chaotic after the first oscillation, and shows a
similar pattern of divergence from the analytical solution as Cho’s results. Therefore
this parabolic basin comparison would appear to be an ideal test for NLEW models, as

the effects of numerical dispersion or dissipation become evident rapidly.

Hunup on a Conical fsfand
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Briggs et al. (1994) presented a set of experimental data for solitary wave
interaction around a conical island, The slope of the island is 1:4 and the water depth
is 0.3%m. Three cases were simulated, corresponding to solitary wawve helghts of 0.013
m (g = 0.04), 0.028 m (¢ = 0.09), and 0.058 m (¢ = 0.18). In addition to recording
free surface elevation at a half dozen locations, maximum wave runup around the entire
island was measured. This data set has been used by several researchers to validate
numerical runup models (e g., Liu et af,, 1005: Titov and Synolalds, 1908: Chen et af.,
2000}, In this paper, free surface elevation is compared at the locations shown in Figure
8. Gages #6 and #9 are located near the front face of the island, with #0 situated very
near the initial shoreline position. Gages #168 and #22 are also located at the initial
shoreline, where #18 is on the side of the island and #22 on the back face.

Simulations were performed using Ar = 0.1%mn and At = 0.02s: bottom friction is
neglected for these numerical tests. A soliton is placed in the numerical domaln, as an
initial condition. Numerical-experimental time series comparisons are shown in Figure
9, Figures 9a)-d) are for Case 1 (¢ = 0.04), 9e}-h) are for Case 2 (= = 0.09), and 93}-1)
are for Case 3 (¢ = 0.18). The gage number is shown in the upper left of each subplot.
For all comparisons, the lead wave height and shape i1z predicted very well with the
current model. Also, for all comparisons, the secondary depression wave is not predicted
well. The numerical results show less of a depression following the main wave than in
the experiments. This deviation is consistent with other runup model tests (e.g., Liu
et al., 1995; Chen et af.,, 2000), The agreement of Case 2 is especially notable, as the
soliton breaks along the back side of the island as the trapped waves intersect. This
breaking oceurs both experimentally, as discussed in Liu et af. (1995), and numerically.

As mentioned, maximum runup was also experimentally recorded. The vertical
runup helghts are converted to horizontal runups, scaled by the initial shoreline radius,

and plotted on Figure 10. The crosshairs represents the experimental data, where Fig.
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10a) is for Case 1., Fig. 10b) is for Case 2, and Fig. 10c) is for Case 3. The numerical
maximum inundation is also plotted, grven by the solid line. The agreement for all cases

is very good.

Sofiton Evolution in a Trapezoidal Channel

Peregrine (1988} presented laboratory experiments wherein solitary waves
propagated through a trapezoidal channel. To experimentally create the solitons, a
piston wavemalker was cut to fit the channel and could slide horizontally along the
trapezoidal channel. In the numerical simulations, as it iz difficult to implement a
piston wavemaler in a trapezoidal channel, the solutions of solitary waves in rectangular
channels are used as an initial condition everywhere in the channel.

Once a solitary wave enters a trapezoidal channel, it deforms. Eventually, in certain
channels, the leading wave will reach a quasi steady state, and the waveform will not
change in time. After reaching this quasi steady state, numerical results of the lead wave
height are compared with Peregrine’s experimental results. The comparisons are shown
in Figure 11. For this comparison, a trapezoidal half - channel {one vertical wall and
one sloping side wall) with constant depth width of 1.5k, where k. is the depth at the
non-sloping part the channel, and a sidewall slope of 1:1 iz employved. Three different
amplitude solitary waves (¢ = 0.08k,, @ = 0.12k,, and a = 0.18k,) are simulated
and compared with experimental results. The numerical results show reasonably good
agreement with laboratory data, although there is a clear trend of under prediction of
wave height near the shoreline.

An interesting property of wave evolution in certain trapezoidal channels is the
successive regeneration of the wave front. When the channel is wide enough, with

respect to the wavelength, and the side-wall slope 1s gradual enough, the wave energy
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that is reflected off the side walls does not resituate in the original wave, as occurs in
the Peregrine {1969) experiments discussed above, but forms a distinct wave behind the
original wawve front. Wave energy is continually transferred from the original wave front
into the new wave behind, until the original wave front virtually disappears. The new
front has a smaller height, and a slightly longer wavelength than the original.

Une example of the phenomenon is discussed in this section. A half channel i=
created (one vertical wall at ¥ = 0, one sloping side wall), with a constant water depth
width of 9%, and a length of 280k, where h, iz the constant water depth along the
cemter of the channel. The side wall iz sloped at 1:.5. A asolitary wawve, with wave height
0.1k, i= placed in the channel as an initial condition. The wave does not hreak, and
bottom friction is not included, For this simulation, Az/h, = 0.14 and Aty/g/k, = 0.05
are used.

Figure 12 shows four snapshots, in plan view, of the wave propagating through
the part of channel. The dashed line plotted across the channel is the £ — ¢ = 0 line,
where ¢ iz the linear long wave speed, +/gh.. Seafloor elevation contours are also shown
on each plot. Fig. 12a) shows the wave soon after the simulation has begun, and the
front is beginning to arc, due to slower movement in the shallower water. By the time
shown in Fig. 12b), wave energy has reflected off the slope, and has formed a second,
trailing, wave crest behind the original wave. As this slope-reflected wave crest interacts
with the vertical wall (or centerline of channel), a Mach stem forms at the vertical wall,
and virtually no wave energy is reflected off the vertical wall, Also at this time, an
oscillatory train, trailing the leading wave, forms along the slope. At time = 85, shown
in Fig. 12¢), most of the wave energy has transferred from the original wave front, to
the secondary crest. In the last plot, Fig. 12d), the process has started to repeat Itself,
evidenced by the lobe growing behind the second front, near a depth of 0.9,

This process can be examined from a different perspective with Figure 13. This

figure shows numerous time series, taken along the centerline of the channel {y = 0).
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Also shown are three characteristic lines. Following the first characteristic, we can see
that the lead wave as nearly disappeared by & = 140k, whereas the secondary wave is
clearly defined by this polnt. The process repeats: at x = 230k, the secondary wave is
vanishing, and a third wave front is beginning to take shape. The phenomenon shown
in Figs. 12 and 13 is an interesting one, although not wholly unexpected, and is a

demonstration of the interaction between nonlinearity and refraction.

Conclusion

A moving boundary algorithm is developed for use with depth integrated equations.
Used here in conjunction with a fixed grid finite difference model, the moving boundary
algorithm could also be emploved by a finite element scheme. Founded arcund the
restrictions of the high-order numerical wave propagation model, the moving boundary
scheme emplovs linear extrapolation of free surface and velocity through the wet-dry
boundary, into the dry region. The linear extrapolation is simple to implement and can
be straightiorwardly incorporated into a numerical model. The technique is numerically
stable, does not require any sort of additional dissipative mechanisms or filtering, and
CONSEIvVes INass,

The moving boundary is tested for accuracy using one and two dimensional
analytical solutions and experimental data sets. Nonbrealking and breaking solitary
wave runup is accurately predicted, vielding a validation of both the eddy viscosity
breaking parameterization and the runup model. For strongly brealdng waves, the
proper numerical estimation of bottom friction is shown to be important. Two
dimensional wave runup in a parabolic basin and around a conical island is investigated,
and comparisons with published data show excellent agreement. Also, solitary wave
evolution in a trapezoidal channel is simulated, and an interesting phenomenon is

examined.



L8]
L8]

Acknowledgement

This research has been supported in part by National Science Foundation grants to

Cornell University (CMS-9908392, CTS-9808542).

References

Balzano, A (1908) "Evaluation of methods for numerical simulation of wetting and

drying in shallow water flow models” Coast. Engng., 34, B3-107,

Briggs, M. 1, Synolalds, C. E., and Harldns, G. 5. (1994}, "Tsunami runmup on a conical
island.” Froc., Warves Physical and Numerical Modeling, 446-455,

Carrier, G. F., and Greenspan, H. P. {1058). " Water waves of finite amplitude on a

sloping beach.” Jowmnal of Fluid Mechanics, 4, 97-100,

Chen, Q., Kirby, J. T, Dalrymple, R. A., Kennedy, A. B., and Chawla, & (2000).
"Boussinesq modeling of wave transformation, brealdng, and runup. Part I; 207

Journal of Waterway, Port, Coastal and Ocean Engng., 126(1), 57-62,

Cho, Y-8, {1995}, "Numerical simulations of tsunami propagation and run-up.”, Ph.

D, Thesis, Cornell University. 284 pgs.

Gopalakrishnan, T. C. {1980}, " A moving boundary circulation model for regions with
large tidal flats.”, faternational Jeurnal for Numerical Methods in Engineering , 28,

245-280.



Hsiao, S-C. and Liu, P. L-F. {2002). "Permeable effects on nonlinear water waves™

Proceedings of the Rogal Society of London, In press.

Kennedy, A. B, Chen, Q, Kirby, J. T,, and Dalrymple, R. A (2000). "Boussinesq
modeling of wave transformation, brealdng, and runup. Part I 107 Journal of

Waterway, Port, Coastal and Ocean Engng., 126(1), 20-47,

Kowalik, Z. and Bang, I. (1987). "Numerical computation of tsunami run-up by the

upstream derivative method.™ Science of Teunami Hazards, 5(2), 77-84,

Nwogu, &, {1992). "Alternative form of Boussinesq equations for nearshore wave

propagation.” Jomrnal of Waterway, Port, Coastal and Ocean Engng., 119(6), 618-628.

Leendertse, J. J. (1987). "Aspects of SIMSY'S2ZD, a system for two-dimensional flow

computation.” R-2752-USGS. Rand Corp., Santa Monica, CA, 80,

Lin, P, Chang, K-A ., and Liu, P. L-F. {1999}, "Runup and rundown of solitary waves
on sloping beaches” Journal of Waterway, Port, Coastal and Ocean Engng., 125(5),
247-255,

Liu, P. L.-F. (1994}, "Model equations for wave propagation from deep to shallow
water”, in Advances in Coastal Engineering, Vol 1, (ed. P. L.-F. Liu}, 125-157,

Liu, P. L.-F,, Cho, Y-8, Briggs, M. ], Kanoglu, U., and Synolakis, C. E. {1995},
PRunup of solitary waves on a circular island ”?, Jowrmal of Fluid Mechanics, 302,

250-285,



24

Lynett, P., Liu, P. L-F., Losada, I., and Vidal, C. (2000). ™Solitary wave interaction
with porous brealkwaters” Jouwrnal of Waterway, Port, Coastal and Ocean Engng.,
126(8), 214-222,

Lynett, P. and Liu, P. L.-F. {2002a). "A numerical study of submarine landslide

generated waves and runup.” in review FProceedings of the RHogal Sociely of London.

Lynett, P. and Liu, P. L.-F. (2003b). "A two-dimensional, depth-integrated model for

internal wave propagation.” accepted in final form Weaze Motion.

Madsen, P. A, and Sorensen, &, R. {1992}, " A new form of the Boussinesq equations
with improved linear dispersion characteristics. Part IT: A slowly varying bathymetry ®

Coast. Engng., 18, 182-204.

Madsen, P. A, Sorensen, ©. R., and Schaffer, H A&, {1997}, "Swrf zone dynamics
simulated by a Boussinesg-tvpe model. Part I Model description and cross-shore motion

of regular waves.” Coast. Engng., 32, 285-287,

Peregrine, . H. (1987). "Long waves on a beach ™, Journal of Fluid Mechanics, 27,
B15-8327.

Peregrine, [v, H. (1969). ™Solitary waves in trapezoidal channels”, Jouwrnal of Fluid
Mechanics, 35, 1-6.

Petera, J., and Nassehi, V. (1998). "A new two-dimensional finite element model for
the shallow water equations using a Lagrangian framework constructed along fluid

particle trajectories”, fnternational Jowrnal for Numerical Methods in Engineering , 29,



4159-4184,

Sielecld, A. and Wurtele, M.G. (1970}, "The numerical integration of the nonlinear
shallow-water equations with sloping boundaries.” Jowrnal of Compulational Physics, 6,

219228,

Synolalds, C.E. (1988). "The runup of long waves ™ PhD thesis, California Institute of
Technology, Pasadena, Calif,

Synolalds, C.E. (1987}, ®The runup of solitary waves” Jouwrnal of Fluid Mechanics, 185,
523545

Tao, J. {19832). "Computation of wave rurmip and wave breaking.” Internal Heport,

Danish Hydraulics Institute, Denmark.

Tap, J. (1984). "Numerical modeling of wave runup and breaking on the beach.” Acto
Oceanologica Sinica, 6(5), 692-700 (in Chinese).

Thacker, W. C. (1981), "Some exact solutions to the nonlinear shallow water wave

equations” Joumnal of Fluid Mechanics, 107, 499-508,

Titov, V. V., and Synolalds, C. E. (1998), "Numerical modeling of tidal wave rumup ™
Jowrnal of Waterway, Port, Coastal and Orcean Engng., 124(4), 157-171,

Wel, G. and Kirby, J. T. (1995). A time-dependent mimerical code for extended
Boussinesq equations” Jowrnal of Waterway, FPort, Coastal and Ocean Engng., 120,

251-281.



Wel, G, Kirby, J. T, Grilli, 8. T\, and Subramanya, R. {1995), A fully nonlinear
Boussinesq model for surface waves, Part . Highly nonlinear unsteady wawves,” Journaf

of Fheid Mechanics, 294, 71-02,

Zelt, J. A, {1991). "The runup of nonbreaking and breaking solitary waves.” Coast.
Engry., 15, 205 246,



27

Figure 1. Runup and rundown of a solitary wave, where extrapolated nodes are shown

by the dots.

Figure 2. Fractional change in mass for brealing and non-breaking solitary waves in-
teracting with 3 different planar slopes. Simulations where breaking occurs are indicated
by the 1's, non-breaking results by the o's.

Figure 3. Sine wave runup on a planar beach, a) Numerical free surface at various
times, analytic free surface is shown by the dashed line {——), and is only compared
for the maximum and minimum shoreline movement profiles. b) Comparison between

analytical (——) and numerical {—) shoreline movement.

Figure 4. Nondimensional maximum runup of solitary waves on a 1:19.85 beach versus
nondimensional wave hieght. The points represent experimental data taken from Syn-
olakds (1986), the dotted line is the mumerical result with no bottom friction, the solid
line is the numerical result with a bottom friction coefficient, f, of 1073, and the dashed

line with f = 10~%.

Figure 5. Breaking solitary wave runup and rundown on a planar beach at ¢{g/h)"?
= a; 15, b) 20, ¢} 28, d) 45. The solid line represents the numerical results and the
points experimental data. In ¢) the dashed line represents numerical results by Lin et al.
(19899} (closest to experiment and rmumerical results presented in this paper), the dotted
line represents results by Zelt (1991}, and the dashed-dotted line results by Titov and
Synolalds (1995).

Figure 6. Initial free surface and depth profile for parabolic basin test.
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Figure 7. Centerline free surface profiles for numerical (——) and analytical {- - -) bowl
oscillation solutions at t= a) 5T, b) 51T, ¢} 537 , d) 51T, where T is the oscillation

period,

Figure 8 Conical island setup. The gage locations are shown by the dots, and the wave
approaches the island from the left.

Figure 9. Experimental (- -} and numerical {—) time series for solitary wave interaction
with a conical island. Figures a) - d) are for case &, e) - h) are for case B, and i) - 1} are

for case C. The gage number is shown in the upper left.

Figure 10. Maximum horizontal runup, scaled by the initial shoreline radius, for case
A a), case B b), and case C c). Experimental values are shown by the stars and the

numerical results by the solid line,

Figure 11. The transverse profile of a solitary wave in a trapezoidal channel. The
continuous line shows the numerical result: the crosses indicate the measured profile

digitized from Peregrine’s {1969} paper.

Figure 12. Evolution of a solitary wave in a trapezoidal channel (half channel shown), at
t{g/R)Y? = a) 7.5b) 35 ¢) 65 d) 92. Seafloor elevation contours are shown at increments

of 0.5 Ak, by the solid lines. The line of r — ¢t = 0 is shown by the dashed line.

Figure 13. Time series along the centerline of the channel (y = 0): location of each
time series is note along the right border of the figure. Characteristics are shown by the

dashed-dotted Lines.
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Abstract

A mathematical model is detived to describe the genetation and propagation of wafer
waves by & stbmarine landslide. The model consists of depth-integrated continuity equation
and momentttn eqiations, 0 which the prothd movement is the forcing function. These
equations include full nonlinear, but wesk frequency dispersion effects. The model i= capable
of describing wave propagation from relatively deep water to shallow water. Simplified
models for waves genetated by small seafloor displacement of cresping prothd movement ate
also presemted. A numerical algorithm is developed for the pemeral fully nonlinesr model
Compatisons ate made with & Boundary Intepral Equation Method model, and a deep water
limit for the depth-inteprated model is determined in terms of a chatacteristic side lanpth of
the snbmatine mass. The importahce of honlinearity and ftequency dispetsion in the wave
peneration region and on the shoreline movement is discussed. As a case study, & tsunami
genetated by a prehistoic massive subimatine slump off the notthern coast of Puetto Rico is
modeled. Sensitivitiss of the slump time scals to the generated wave amplitnide and wawve form

are Investigated, and two-hotizontal dimension effects ate also examined.



Introduction

In recent yeats, significant advances have been made in developing mathematical models
1 desctibe the entite process of generation, propagation and rin-1p of a tstnami evems (e.g.
Yeh et el 1996; Gedst 1998). These models ate based pHmatily on the shallow-water wave
eqiiations and ate adeqtiate for ts1hatmis genetated by seistmic sesfloor deformation. Since
the duration of the selsmic seaflont deformation is very short, the water sutface response is
altnost mstantaheotis ahd the iniHal water sutface profile mimics the fnal seaflont deformation.
The typical wavelength of this type of ts1hami ranges from 20 km to 100 km, Thetefote,
frequency dispersion cah be ighoted in the generation tepion. The nonlinearity is also nsually
not important in the generation replon, becatse the initial wave amplitude is relatively small
compated to the wavelength and the water depth. However, the frequency dispetsion becotnes
important when a tstthami propagates for a long distance. Nonlineatity could also detminate
&8s & tstmam]i enters the runup phase. Consequently; a complete model that can describe the
entite process of tstthami genetation, evolution, ahd runtp needs to consider both frequency
dispersion and nonlineatity

Tsthamis ate also generated Ty other mechanisms. For exatnple, submarine landslides
have been dectimented as ohe of possible solltces for several destriictive tstnamis (Moore
£ Moote 1981, von Huene ef el. 1989, Jiang & LeBlond 1392, Tappin ef el. 1999, Keating
& McGuite 1993). On Movember 28, 1975, a landslide was ttiggeted by a 7.2 magnitnde
eatthquake along the southesst cosst of Hawall, A 60 km stretch of Kilanea’s south coast
stbsided 3.5 m ahd moved seawatd & m. This landslide generated & local tsunami with
& maximim mnup height of 16 m at Keatthon {(Cox & Motpan 1877). Mote tecently, the
devastating Paptia New Guines tstinatmi in 1988 is thought to be catsed by a stbmmatine
landshde {(Tappin et ef. 1999, Keating & hMcGuire 1989, Tappin ef of. 2001). In terms of
tstnami generation mechanisins, two significant differences ecdst between submatine landslide
and coselsmic seafloot deformation. Fitst, the duration of & Jandslde s much longer and i=s in
the order of magnitnde of several minntes, Hence the time history of the seafloor movement
will affect the chatacteristics of the generated wave and heeds to be included in the model.

Secondly, the effective size of the landslide repion is 1sually much smaller than the cosslsmic



seafloor deformation zome. Consequently, the typical wavelenpth of the tsuhamis penetated
by a submarine landslide is also shorter, 1e, about 1 4o 10 km. Therefore, the frequency
dispersion comld be important in the wave genetation region. The existing mumerical medels
based on shallow-watet wave equiations may not be smitable for modeling the entite process of
stbmatine landslide genetated tsthatmi {(e.g., Kaney & Butler 1976, Harbitz ef of. 1993),

In this papet, we shall present & hew model describing the genetation and propagation
of tstnamis by a submarine landslide. In this genetal model only the asstnption of weak
frequency dispetsion is employed, ie., the ratio of water depth to wavelength is small or
Ofu?) < 1. Umil the past decads, weakly dispersive models were formulated in terms of &
depth-averapged velocity (e.g. Peregtine, 1967). Recemt work has cleatly demonstrated that
modifications to the frequency dispetsion terms (Madsen ef e, 1992) or expression of the
model eqiiations in terms of an arbittaty-level velocity {MNgown, 1993; Lin, 1991) can extend
the validity of the Bnear dispetsion properties into deeper water. The general gmideline for
dispersive properties is that the ®extended” versions of the depth-inteprated equations are
valld for wavelenpths preater than two water depths, whetess the depth-averaged model is
valid for lengths preater than five water depths (eg., Nwopn, 15993). Moteover, in the model
presented in this papet, the 1l nonlinear effect is included, i.e., the ratic of wave amplitude
to water depth is of otder one of £ = ©(1). Therefore, this new model Is mote genersl than
that developed by Lin & Eatickson {1983), in which the Boussinesq approdmation, ie.,
Ofu?) = O() € 1 was used. In the special case whete the seafloor is stafionaty, the new
model teduices 1o the model {or fully nomlineat and weally dispersive waves pIopagating over
& vatylng watet depth (e.g. Lin 1994, Madsen & Schaffer 1998). The model is applicable for
both the impulsive slide movernent and cresping slide movement. In the latter case the time
duration for the slide is much longer than the chatactetistic wave petiod.

This paper is otganized in the following manther, (Gowerning eqiations and bonndaty
conditicns for How motions generated by a giound movement ate stimmatized in the next
section, The derlvation of appraimate two-dimensional depthinteprated governing equations
follows. The general model equations are then simplified for special cases. A mumerical

algorithtn is presented o solve the general mathematical model, The numetrical model i=



tested tsing available experimental data (e.g., Hammack 1973) for ohe dimensional sittations.
Employing & Bovndary Integral Equation Model, which sclves for potential flow in the vertical
plate, a deep water lmit for waves generated by subinarine slides is determined for the
depth-inteprated model. The importance of nonlineatity and frequency dispersion 1= inferted
through numetical similation of a latpe number of different physical setups. As & case study,
& latpe prehistoric slide off the northern coast of Puetto Hico, whose attributes have been
well doctimented {(Grndlay 1998), is examined. Throngh this analysis, the impact of slide
velocity on the free sutface is investigated. Additonally, the magnitude of two-dimensional
wave energy spreading eflects is captired by comparison of one and two dimensional numerical

sitmilatichs,

Governing, Equations and Boundary Conditions

As shown in Fipure 1, £{z, 1, #) denotes the free suitface displacement of a wave train
propagating in the water depth #'(z", ¥, ¢). Inttoducing the chatacteristic water depth ko
as the wvertical length scale, the characteristic length of the submatine slide 1egion £y as the

hotizeital length scale, £/ gl as the time scale, and the characteristic wave amplitude ag

as the scale of wave motion, we can define the following dimensionless vatiables:

(Is y) = (Ir! y’”’fﬂs == "_"ff'riﬂ: t= Vﬂ'hﬂfffo
k=0 (ho, {={"foo, p=p"paac

£
fu, v] = {r_e.", r.":]l,/ (-E . ghg) , W= T.L"ff |:; w’ghg] (2.1}
in which {u, v] represent the hotlzontal velocity comp ohents, v the vertical velocity comp ohent,

# the presstite. Two dimensionless patameters have been inttodiced in {2.1), which ate

e=afhy, p=hyfé (2.2)

Asstming that the viscovs effects are insignificamt, the wave motion can be described by the



comtinuity equation and the Eulet’s equations, ie.,

BV utow, =0 {2.3)
w  eu - Vu + %u‘us =—-Vp {2.4)
2 £
U ue NV T, = —Fpa. — .
Eur + % Ve + o fp.—1 {2.5)

whete u = (u,t) denotes the hotizontal velocty vector, ¥V = {8/8z, 8/8y) the hotizontal
gradient vector, and the subsctipt the partial detivative.

On the free sutface, = = £{{z, y, ¢J, the usttal kinematic and dynamic bonndary conditions

apply:
w=pHG+eu-VE), omz=e {2.6a]
p=0 {2.68)
Along the seafloot, = = — k&, the kinematic bonndaty condition requites
ut
w4 ptu- Vet Tk =0, onz=—h {2.7)
£

For later 11se, we note hete that the depth-integrated contimity equation can be obiaihed
by imtegrating (2.3) from : = —f to = = (. After applying the boundary conditions {2.6a)

and {(2.7), the resulting equation reads
= 1
v f uds| + ZH: =0 (28)
-

whete

H=e(+h (2.9)

We tematk hete that (2.8) iz exact.

Appraximate Two-Dimensional Governing Equations

The three-dimensional boundaty-valile problem described in the previous section will be
approimated and projected onto a two-dimensional hotizontal plane. In this section, the
nonlineatity Is assttmed to be of (1), However, the frequiency dispersion is assttmed o be
weak, e,

Ofp®) % 1 {3.1)

188



TUsing ;? as the small parameter, a pertirbation analysis is pedformed con the primitive
poverning equations, The complete derivation is piven in Appendix A. The resulting

approcimate comtinmity equation is

Sk e+ V- (Bua) = 9 B [ (3 - e #) = 52 (T o)

1 f
(3= =2 ) 7 (9 gm) + )] h —0tu) (3.2)
Equation {3.2] is one of thtee poverning eqiations for { and uy. The othet two eqiations
come from the hotizontal momentum equation, {2.4), and ate given in vector form as
281, Fee
ot +EUs - Vi, +VE + i 7 1 77 VIV ta) + 2V |V (fua) + "

+eu’ { [‘W (o) + %“*] v [v (hua) + %"f]

iy [g (v (Rl + %)] + {1 - Vi)V [v “{ha) + %]

+z2V [ﬂa -V (‘F - (hua) + %‘)] + ialta - Via)V(V - ua) + %v [ta - V(V -ua)]}

£

etV {—%2? St — (g [T-"- {hua) + Irl;} +¢ [? ~(hag) + hf] Y -ua}

2
+e2utv {% [(v tig)? — uy - V(Y- u.,)]} = O(u*) (3.3)

Equations {3.2) and (3.3) are the coupled governing equations, written in terms of u,
and ¢, for fully nonlinear, wealdy dispelsive waves genetated by a seafloor movement. We
tetterate hete that u, is evaluated at z = z.{z, y, ¢), which is & functionh of time. The
cheice of z, i= made based om the Ineatr frequency dispersicn characteristics of the governing
eqiiations {eg., Nwopn 1995, Chen & Lin 1995). Asstiming a stationary seafloot, in order
to extend the applicability of the governing eqhations to relatively deep watet {or a short
wave], ip is tecommended to be evalilated as =z, = —0.531%. In the following analysis, the
same relationship 18 employed. These model equations will be referted to as FNL-EXT, for

fully-nonlineat, ®extended” equaticns.
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Creeping ground movements

Tp o this point the time scale of the seafloot movernent is assumed to be in the same
otdet of maghitude as the typical petiod of genetated water wave, tw = %o/ /gho s piven in
{2.1). When the gtound movement is cteeping in nature, the time scale of seafloot movement,
t., corld be latger than #,.. The only scaling patameter that 1= ditectly affected by the time
scale of the seafloor movement is the characteristic amplitude of the wave motion. After
inttoducing the time scale #. into the time detivatives of i in the contimmity equation, (3.2},

elong with a chatacteristic chanpe in water depth Ak, the coefficlent in front of By becomes

St
£t

whete § = Ahk/h,. To maimain the consetvation of mass, the above patameter must be of
order one. Thus,
tu &L,

f= T v 34

The above relationship can be imterpreted in the following way: Duting the creeping pround

movement, over the time period ¢ < #, the generated wave has propagated a distance ¢+/gh..
The total vohitne of the seafloor displacement, normalized by fiy, Is Mo%, which showld be the
same as the volttne of watet nnderneath the genetated wave crest, i.e., £/ gk, Thetefore,
over the ground movement petiod, ¢ < ¢, the wave amplitnde can be estimated by {3.4).
Conseqiisttly, honlineat effects become impottant only if £ defined in (3.4) 5 (1), Since, by
definifion of & cteeping slide, the valne MJF_EE iz always less than omne, filly nonlinear effects
will be mportant for only the largest slides. The same conclision was reached by Hamimack
{1973}, nsing a diffetemt approach. The impottance of the fully nonlinear effect when modeling

cteeping gronnd movements will be tested 1 & following section.

Limiting Cases

In this section the genetal model is further simplified for diffetent physical conditions.



Weasakly nonlinear waves

In many situations the seafloor displacement is relatively small in compatison with the

local depth, and the seafloor movement can be approximated as

f{r,p,t) =holz, ) + 55(1, ¥t {41}

in which 4 iz comsidered to be small. In other words, the maximum seafloor displacement
iz much smaller than the chatactetistic water depth. Since the free stitface displacement 1=
directly proportional to the seafloor displacement, 1.e. O(e¢) = (k) or much less than the
seaflont displaceinent in the case of cresping ground movelnents, we can further simplify the

governing eqiations detived in the previons section by allowing
Ofe) =0(8) =O(u*) « 1 (1.2)

which is the Eotssitesq approdmation, Thus, the contimiity eqiation, {3.2) cah be tedtced to

G+ - () + o= w20 {ro [ (3 - 352) V(9 wa)
~ (3ot 30 ) T {7+ (o) + 2 )| b =000, 6 8 (+3)

The mementim equation becotmes

29
7

ZO(,L.:'J',EFEJFE;I (L)

1 E_
Uar + Ety - Vg + ¥V +p {Eziv(v Uy} + 22 V[V - (o) + Eh't]}

These model equations will be referted to as WNL-EXT, for wealdy-nonlineat, * extended”
equations, The Bnear version of the above will alss be ntilized in the following analysis, and
will be tefetted to as I-EXT, for liheat, ®extended” equations.

It iz also possible o express the approimate continuity ahd momentum equationhs in
terms of & depth-aversged welocity. The depth-averaged equations can be detived using the
same method presented in Appendix A. One vetsion of the depth-avetaped squations will be

employed in futire sections, which is subject 4o the restraint {1.2], and i= given as



E
G+ V- (HE) +—he =D {15)
8 | nd ; 5
e teus Va+ V{4l {%V(V ‘u) - %V[V (o) + Eht]}
:O(F4:EF2:‘SF2] (‘L'ﬁ)

whete the depth-averaged velodity is defined as

1 =<
ulz, yt) = mji; u(z,y =t dz {L.7)

This set of model equations, {1.5) and (1.6), will be teferred to as WNL-DA, for weakly-

nonlineat, depth-averaged equaticns.

MNonlinear shallow-water waves

In the case that the water depth is very shallow or the wavelength is very long, the
governing equations, (3.2) and (3.2), can be truncated at Ofg?]. These esiliing equations
are the well-known nonlinear shallow water equations in which the seaflont movement is the
forcing tetm for wave genetation. This set of equations will be referted to as NL-8W, for

nonlineat, shallow-water equations.

Numerical Maodel

In this paper, a finite difference algorithm is presented for the general model equations,
FNL-EXT. This model has the robusthess of enabling slide-generated sutface waves, althongh
nitially linear or weakly nonlineat in nature, to propagate imto shallow water, where fully
nonbinear effects may become mportant. The sttictite of the present nutmerical model i=
similat to those of Wel & Kitby (1995) and Wel ef of. {1995). Differences between the model
presented hete and that of Wel ef el exdst in the added tetins diue to & time-dependant water
depth and the numerical treatment of some nonlinear dispetsive terms, which is discussed in
mote detail in Appendix B. A high-order predictor-cottector scheme is ttilized, smploying
a third order in time explicit Adsims-Bashforth predictor step, and a fourth order in time
Adams-honlton implidt cortector step (Press ef s, 1889). The implicit cortector step must

be itertated until a comvergence criterion is satisfied. All spatial detivatives ate differenced

192
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to fourth order acetttacy, yielding a model which is mimerically accurate to (Az)d, (At in
space and (A#]t in time. The governing equations, {3.2) and {3.3), are ditnehsionalized for
the nimetical model, and all varlables desctibed in this and following sections will be in the
dimensional form. Note that the dimensional equations ate equivalent to the non-dimensional
ones with £ = g =1 and the addition of gravity; g, to the coeficient of the leading order free
sttface derivative in the momentum eqUation (i.e., the thitd term om the left hand side of
(3.3)). The predictor-cortector equations ate given in Appendix B, along with some additional
desctiption of the numetical scheme., Runnup and rundown of the waves generated by the
stbmatine disturbance will also be exatmined. The moving bonhdaty scheme emplayed hete is
the technique developed by Lymett ef el (2001).

In addifich to the depth-integrated model numetical tesults, outpit from a two
ditnensichal {vertical plane) Boundary Integral Equatioh Method {BIEM] model will be
presented for certain cases. This BIEM model will be primarily used to determnine the deep
water acenracy lmit of the depth-integrated model. The BIEM model solves for inviscid,
irrotational flows and comverts a boundary wvalte problem imto an integral equation along
the boundary of a physical domain, Thetefote, just as with the depth-integration approach,
it reduces the dimension of the problem by cme. The EIEM model utilized here solves the
Laplace equation in the vertical plane (1, z}, and, of coutse, is valid ih all water depths for all
wavelengths, Details of this type of BIEM muoedel, when 1sed to model water wave propagation,
can be found in Golli ef ol {1988), Lin ef ol (14992), and Golli (1993) for example. The
EIEM model used in this work has reprodnced the mimerical results presented for landslide
gehetated waves in Grillt & Watts {1999) perfectly.

Comparisons with Experiment and Other Madels

As & fitst check of the presemt model, a compatison between Hammack's {1973)
exp etimental data for an impnlsive bottom movement ih a constant watet depth is made.
The bottom movement consists of a length, {,= 211 water depths, which is pushed vertically
upwatd. The change in depth for this experiment, §, is 0.1, so nonlineat effects shonld play

a small Tole near the soutce region. Figute 2 shows a compatison between the nimerical
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testlts using FNL-EXT, experimental data, and the lineat theoty presented by Hammack.
Eoth the fillly nonlinear model and the linear theory agree well with experiment &t the edge
of the sonttce region (Figute 2a). From Figute 2b, a time seties taken at 20 water depths {from
the edge of the sontce 1egion, the apreement between all data is apaln quite pood, but the
deviation between the lineat thecty and experiment is slowly growing, The pmrpose of this
compatisen is to show that the pressnt nmenical model acctitately predicts the free sutface
tesponse to a simple seafloot mowvement. It would seem that i one was interested in just
the wave field very neat the soltce, lineat theoty is adequate. However, as the mapgnitide
of the ted upthrust, §, becomes larpe, linenr theory is not capable of accurately predicting
the free sutface tesponse eveh vety heat the soltce tegion. One such linest vs. nonlinear
comparison is shown in Figute 2 for § = 0.6, The motion of the bottom movement is the
same as In Hatmtnack’s case above. [mmediately on the outskitts of the botbom movement,
thete are substantial differences betwsen Bneat and nonlineat theoty, as shown in Fipute 2c.
Additicmally, as the wave propagates away from the source, errors in linear theory are more
evidemnt.

A handfil of experimental trials and analytic selutions exist for nen-impulsive seafloor
movements, However, for the previons wotk that made 1se of smooth cbstacles, such as &
semi-citcle {(e.g., Fotbes & Schwartz, 1982) ot & semi-ellipse {eg., Lee ef el, 1989), the length
of the obstacle is always less than 1.25 watet depths, of g = 0.8, Unfortihately, these ohjects
will cteate waves too shott to be modeled aconrately by & depth-integrated model.

Watts (1997) petformed a set of expetiments whete he let a triangular block free fall down
& planat slope. In all the expetiments, the front face {deep water face] of the block was stesp,
and in some casss vertical, Physically, as the block travels down = slope, water 1= pushed
ottt hotizontally from the vertical front. Numetically, however, 1sing the depth-integrated
model, the dominhant ditection of water motion neat the vertical face is verticsl, This can
be explained as follows., Hxamining the depth-integrated model equations, starting from
the leading order, shallow water wave equations, the only forcing term due to the chanping
water depth appeats in the continnity equation. Thete is no foreing term in the horizontal

momentim equation. Thetefots, in the hon- dispetsive system, any seafloor botbom cannot
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ditectly create a horizontal velocity, This concept cah be further lnminated by the equation

desctibing the vertical profile of horizontal velocity:
“(I: By 3y f:] = “G(I! y:ﬂ + O(F2) (ﬁl}l

Apain, the chahping seafloot bottom cathot ditectly creates a hotizottal velodty componett
for the non-dispersive system. All of the seafloot movement, whether it 15 & verfical or
translational motion, is Interpreted as strictly a vertical motiom, which can lead to a very
different penetated wave pattern,

When adding the weally dispersive terms, the vertical profile of the hotizontal velodty

becomes:

ul{z, p 51t =ualz,y,t]—

.F"-2 {—3 . :'-c% v{v -1.:,_-,) —I—{: — za)v |:v : {hua;l + ;?H]} -|-O{F4:] (5.2)

MNow, with the higher-order dispersive formmilation, thete is the forcing tetm, %y, which
acootits for the effects of 8 hotrzontally moving body. Keep in mind, however, that this forcing
term is & second-order cortection, and therefote should represent only a small correction to
the horizontal velocity profile. Thus, with rapid translations]l metien and/or stesp side slopes
of a sttbmatine slide, the How motion is strongly horizontal locally, and the depth-integrated
models ate hot adequate. In sliphtly different terms, let the slide mass have & chatacteristic
side length, L.. A side lenpth is defined as the hondzontal distance between two points at which
dh/ft = 0. This defitition of a side length is described graphically in Figure 3. Figute 3a
shows & mass thet Is symmetric atound s midpoint in the r-plane, whete the back {shallow
water] and front {deep watet] side lengths ate equal. Figure 3b shows a mass whose front side
is miutch shorter that the back., An itregilat slide mass will have least two different side lenpths,
In these cases, the chatactetistic side length, L;, is the shortest of all sides. When L; is small
compated to a chatacteristic water depth, f., that side is consider steep, ot in deep water, and
the shallow-water based depth-integrated model will not be accurate. For the vertical face of
Watts' experitments, L, =0, and thetefote L,/k, = 0 and the sittation tesembles that of an
infinitely deep ocean. The next section will attempt to determine a lmiting value of L. /R,

whete the depth-integtated model hegins to {ail.
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Limitations of the Depth-Integrated Madel

Beforte mtilizing the model for practical applications, the lmits of acentacy of the
depth-integrated model st be determined. As lusttated above, j1st as thete is a short wave
acclracy lmit {wave shotld be at least 2 water depths long when applylng the ®extended”
model], it is expected that there iz also a slide length scale limitation. By compating the
ottpitts of this model to these of the BIEM model, a limiting valile of L, /k, can be inferred.
The high degree of EIEM model acenracy in sitmilating wave propagation is well docnmented
(e.g. Grilli 1980, Grill ef el 1994),

The compatison cases will Mse a slide nass travelling down a constant slope. The slide
mass moves &s a solid body, with velocity described following Watts (1997). This motion
iz chatactetized by a decteasing acceletation until a terminal velodty is reached. ALl of the
solid body motion coefficients 1sed in this paper ate identical to those employed by Gl &
Watts (1999), Note that all of the sithmatine landslide simlations presented in this papet ate
non-breaking.

The settp of the slide mass on the slope is shown in Figure 1. The time history of the

seafloor 1s described by

Rz, t) = ho{z) — % {1 +tank (1—7;1(1‘))} [1 — tanh (I_T“mn (7.1)

where Ah is the madmmun vertical height of the slide, z; is the location of the tank nflection
point of the left side of the slide, 7, is the location of the inflection point on the right side, and
£ iz a shape factor, controlling the steepness of the slide sides. The 1ight and left boundaties,

and steepness factor ate given by

(LR
Cos{ﬂ)

5(t) = 2:6t) — Seos(6),  1i(t) = 2.0) + eos(B), S =

whete 1. is the horizontal location of the center point of the slide, and is determined using the
equlaticns governing the solid body motion of the slide. The angle of the slope is given by £.
The thickness of the slideless™ water colimn, of the baseline water depth, at the centerpoint
of the slide is defined by h.(t] = Ro{z.{#)] = Ak + d(¥). With a specified depth above the

initial center point of the slide mass, d, = d{t = ), the initial horizontal location of the shide
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centet, r.{t = 0], can be found. The length along the slope between r; and rp is defihed as b,
and all lenpths are scaled by b,

For the fitst compatison, a sHde with the patameter set: 6=6°, d,/b=D0.2, and Ak /5=0.05
is modeled with FNL-EXT and BIEM, With these patameters the chatactetistic hotizontal
side length of the slide mass, L./b, = 1.7. L, is defined as in Figmre 3, of specifically, the
hotizomtal distance between two poihts at which &k /8¢ 1s less than 1% of the madmum 8k /5
valtle. Note that a 6° slope 1s toughly 1/10. Figtte 5 shows fout shapshots of the free sutface
elevation ftom both models. The lowest panel in the fipute shows the initial locafion of the
slide mass, along with the locations corresponding to the four fres surface snapshots, Initially,
as shown in Figites 5a and b, whete L./h.=6.1 and 1.5 Tespectively; the two models agres,
and thms ate sfill in the ranpe of acceptable aconracy of the depth-inteprated model, In Figure
Sc, as the slide moves into deeper water, where L. /f.=3.1, the two models begin o diverge
ovet the sontce tegion, and by Figute 54, the {free surface tesponses of the two models ate quite
different. These restlts indicate that in the vicinity of /=5, the depth-integrated model
becomes ihacotttate. At this location, k. /B=0.5, and L. /f.=3 4

Mumetons additional comparison tests were petformed, and all indicated that the
depth-integtated model becotnes haccitate when L,/k. < 3 ~ 3.5 One mote of the
compatisons 15 shown here, Examining a 20° slope and a slide mass with a maximnm heipght
Ah/b=0 1, the initial depth of submetgence, d, /b, will be sticcessively incteased from 04 to
0.6 t0 1.0, The corresponding initial L. /k; valtles ate 3.4, 2.4, and 1.5, respectively. Time
seties above the initial centerpoint of the slide masses and vertical shoreline movements ate
shown in Figure 8. The expectation is that the fitst case (L./h, = 5.4 initlally) should show
good agteement, the middle case (L. /f. = 2 1 initially] marginal agreement, and the last case
{Lsff. = 1.5 initially] bad agreement. The time setles above the center, Figntes 6a, ¢, and
g, do cleatly apree with the stated expectation. Various different z, levels wete tested in an
attempt to better the agrecment with the BIEM model results for the deeper water cases, but
i,=0531h provided the most accurate ontput. Kundown, as shown in Fipntes 61, d, and 1,
shows good agreetnent for all the frials. The explanation is that the wave that creates the

tundowh i= penetated from the backface of the slide mass, This wave sees & characteristic
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water depth that is less than k., and thus this backface wave temains in the region of accuracy
of the depth-integrated model, wheteas the wave motion nearer to the front face of the slide is
inacenrate, This featite ks also cleatly shown in Figute 5. Thus, i ohe was solely intetested
in the leading wave approaching the shoreline, the chatacteristic water depth should be
interpreted as the average depth along the backface of the slide, instead of .. The Inacourate
elevation waves created by the front face of the moving mass could be absorhed numerically,
stch as with a sponge layer, so that they do not effect the simmilation.

A prideline that the depth-imtegtated ® extended® model will yield accutate testlts for
Le/h: > 3.51s accepted. This testriction would sestn o be mote siringent than the ® extended”
model frequency dispersion lmitation, which requires that the free smrface wave be at least two
water depths long. In fact, the slide length scale Bmitation is mote in Bne with the dispersion
limitations of the depth-averaged {conventional] model. The limitatiohs of the varions model

formmlations, i.e. "extended” and depth-averaged, ate disctissed in the next section.

Impartance of Nonhnearity and Freguency Dispersian

Another useftl grideline would be to khow when honliheat effects begin to play an
imp ortamt role. This can be determined by runnhing mimerons mimerical trials, employing the
FNL-EXT, WNL-EXT, and L-EXT equation models. These three equation sets shate 1dentical
linear dispersion properties, but have varying levels of nonlineatity. The FNL-EXT model will
be consideted cotrect, and any diffetence in output compated to the other models with lesser
nonlineatity would indicate that fll nonlinear effects ate impuortant.

The impottahce of nonlinearity will be tested thtotgh examination of vatious Al /d,
cotmhinations, tsing the side mass desctibed in the previotls section. The value of Ak/d,
can be thonght of as an impilsive nonlineatity, as this valule represenis the magnitnde of
the free sutface tesponse H the slide motion was entitely vertical and instamtaneons. The
procedute will be tohold the value ki, = f{t = 0) = Ak +d, constant for a given slope angle,
while altering Ak and d,. Two output values will be compared between all the simulations:
maximum depression above the Initial centerpoint of the slide and maximum mndown. For all

sitmlatiohs presented in this section Axr/b = 0.003 and At /gh._ /b= D.OB03.
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Set # Slope (degrees] ha /b Liffia,

1 ab .55 35
2 15 .55 35
2 3 .55 2.5
+ ] 015 13

Table 1. Chatactetstics of the simulations petformed for the nonlineatity test.

Fignte 7 shows the output from four sets of compatisons, whose chatacteristics ate given
in Table 1. Figutes Ta & b show the depression above the cemterpoint and the rundown
for Set 1, Figutes Tc & d for Set 2, Figures Te & f for Set 3, and Figmres Tg & h for Set 4.
Examining the maxitmim depression plots for Sets 1,2, & 3, it is cleat that the t1ends between
the three sets are very similar, with FNL-EXT predicting the latrgest depression, and L-EXT
predicting the smallest. The difference between FNL-EXT and WNL-EXT is solely due to
nomlinear dispetsive terms, which are of G{eg?), while the difference between WNL-EXT
and L-EXT is catsed by the nonlinear divergence term in the contimity equation and the
colvection tetn in the momentitn eqiation, which ate of G{g). The telative differences in the
maditmim depression predicted between FML-EXT and WHNL-EXT are toughly the same as the
differences betwesn WNL-EXT and L-EXT for Sets 1,2, & 3. Therefore, n the source regiom,
for L./h.  valtles neat the accitracy limit of the ® extended” model (near 3.5}, the nonlinear
dispersive terins ate as necessaty to include in the model as the leading order nonlineatr terins.
As the L./k. valte is incteased, the slide prodtices ah Incteasingly longer {shallow watet)
wave. Frequency dispersion plays a lesser role, and thus the nonlineat dispersive tetms become
expectedly less important. This can he seen in the maxitmim depression plot for Set L. For
this set, L./k,, =13, and the FNL-EXT and WNL-EXT testlis ate neatly indistingnishable.

Inspecting the maxitmim mndown plots for Sets 1, 2, & 3, if seetns that the ttends betwesn
the three different models have changed. Mow, WNL-EXT predicts the latgest rindown,
while I-EXT predicts the smallest. It is hypothesized that the dociimented over-shoaling
of WNL-EXT (Wel et el, 1985) cancels out the lesser wave height generated in the soutce
tegion compared to FNL-EXT, leading to rundown heights that agree well between the two

models. As the slope is dectessed, the ertot in the L-EXT rondown prediction incteases. This
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iz attributed to a longet distahce of shoaling hefore the wave teaches the shoteline. As the
slope i= decteased, while f._ iz kept constant, the honzontal distance from the shoreline to the
initial centerpoint of the slide incteases. The slide length is roughly the same for the three
sets, thetefore the penetated wavelenpth is roughly the same. Thns, with a lesser slope the
genetated wave shoals for a greater mumber of wave pericds, During this relatively larper
distatice of shoaling, nonlinear effects, and in particular the lerding otder nonlinear effects,
accimitlate ahd yield large ertors in the linear {I-EXT) simulations. This trend is also evident
in the mhdown plot for Set 4. Also note that in Set 4, where the nonlineat dispetsive terims
ate very small, the FNI-EXT and WNL-EXT rundowns ate identical.

A deep water Hmit has been determined for the "extended” model (L /f. > 3.5), but it
wollld also be interesting to khow the lmits of applicability of the depth-avetaged {WINL-DA)
and shallow water (NL-SW) models. The only differences between these thtee models (the
weakly nonlineat ® extended®, weakly honlinear depth-averaged, and honlineat shallow-watet)
are found in the frequency dispersion terms - the nomlbinear terms ate the same, The testing
method to detetmine the deep water limits of the varions model types will be to fix hoth a slope
of 15° and a slide mass, with Ak/b = 0.05 and L./b = 1.85, while incrementally increasing
the initial water depth above the cemterpoimt of the slide, 4. Fipnte & shows a sumtmaty
of the compatrisons of the thiee models, Figutes 8a & d show the maximum fres surface
depression meastted above the initial centerpoitnt of the slide and the maximmm mhdown
for vatous L./ k., combinations, WHNL-EXT sclutions ate indicated by solid lines, WNL-DA
by dashed lnes, and NL-SW by the dotted lines. Also shown in Fiputes 8b & e ate the
mecimitm depression and rithdown testilts from WHNL-DA and NL-5W telative to the results
from WNL-EXT, theteby more cleatly depicting the differences between the models. These
figrtes show WNL-EXT and WNL-DA apresing neatly exactly, while the ertors in NL-5W
dectease with inctemsing L./, The NL-8W restlts do not converge with the WNL-EXT
testilts umtil L, /R, >~15. Fightes 8c & f ate time setes of the free sitface elevation above
the Inifial cemterpoint of the slide and the vertical movement of the shoreline for the case of
L./t =35, tespectively. Diffetences between NL-5W and WNL-EXT are clear, with NL-83W

under-predicting the free sutface above the slide, but over-predicting the rihdown die fo owver
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shoaling in the non-dispersive model. The only significant difference between the WNL-EXT
and WNL-DA tesults come after the mardimiim deptession in Figure 8¢, where WNL-DA
predicts an vscdllatory train following the depression. These restlts indicate that to the deep
water lmit that WNL-EXT was shown to be accurate, WNL-DA i= accurate as well, As
mentiohed previonsly, altering the level on which z, 1s evaluated in the *extended® model does
not increase the deep water acciitacy limit for slide generated waves.

In summaty; the nonlinear dispersive tertns ate impottant for slides near the deep water
it (L./h. = 3.5) whose heights, ot Ak/d, valties, ate latge (> D.1). For shallow watet slides
{L:/h: = 10), the nonlinear dispersive tetins ate not Important near the solfce, even for the
largest slides. The "extended” formulation of the depth-integrated equations does not appear
to offer amr benefits over the depth-averaged formmilation in tegards to modeling the generation
of waves in deeper water, The ? extended® model world be useful if one was interested in
modeling the propagation of shallow-water, sidegenetated waves into deepet water, which is
not the focts of this paper. The shallow water wave equations ate only valid for slides in very

shallow water, whete L,/ fi, =~15.

Moaodeling A Submarine Slump

As & case stndy to apply this model, a prehistoric, massive snhmarine slump off the
Morthern coast of Puerto Rico is investigated. According to Gitindlay (1998), the sltmp was
approcimately 57 kin wide, occiirting oh & stesp slope (roughly 1/10) with a length of about 40
km; the top of the failnte slope is at & depth of 3000 meters, the bottom at TOOD meters. The
catastrophic failure is estimated to imvolve over 900 km® of soil, With this information and the
evidence of a citerlar slip, the maxitmmm dectease in water depth along the slope is estimated
at 700 m, Asstming solid body motion of the mass and using the estimated soil density given
by Grindlay, the duration of the movement is calenlated to be on the vrder of 10 minnutes.

To implement ahy bottolm movement in the model, the evolution of the motion must
be completely known beforehand. Thete are different slide mechanisms, which of course will
determine the free sutface response. In the previous sections, a solid mass slid down a slope.

In this section, a rotational sliimp is examined. This type of seafloor movement is most Hkely
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the type that occurred off the coast of Puerto Ricn, where there is & large citewlar cut-ont
of & steep slope (Gtindlay 1998). A depth transformation fnction that appraodmates this
motioh is a sihe-wave addition. In this approach, a sihe wave, whose amplitiide is a function
of time and wavelength is a constant in time, is added to the initial water depth. In wrder
to numerically model a two hotizontal dimension slump, the fransverse motion is described
with & Gaussian distribution of the centerline profile. The time history of the seafloor for the

rotational slimp is given by

WMo t) = hale ) +ale) O sin |37 2| for —Zgr-sexE ()

whete
aft) = Ah (1 — e_m“‘) \
_ 422
Gly)=e¢ ty—.)'fra
Ak is the mecdmim change in depth due to the slump, 1, is 7-cootdinate of the mid-point of

the slump, y, is the y-coordinate, and 7, is the half-width of the slump. Figure Y shows the

evolition of grotnd movements. The nonlineatity parameter (3.1) for this failure is:

L % 60000 T00m,

toygh ko BDDs+/3 &lm/s? B000m GO0Dm

Thuis, nonlinear effects are weak over the soutce region, but of primary intetest will be wave

=048

heights in shallow water neat the coast. Assuming a characteristic failure side length of half
the slump length and a chatacteristic depth as the depth at the midpueint of the slump, the

side length patameter is

L. 30000m
L. =50

k.,  BOOO

and this submarine mass movement is near the deep water limit of FNL-EXT.

Numerical Results

The fitst nimencal similation presented is for & ome-hotizontal dimension (1D) problem.
At the top of the slope the water depth is 3000 m, at the bottom it is 7000 m. The slope in
the failute tegion is 1/10. This failute slope is connected to the shallow watet by a milder
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slope of 1/50, and the depth is constant i the deep watet. The macdtmim chahge i watet
depth during the slide, Ak, i= 70D m, and the slump period, ., 18 10 minutes. The numerical
testlts using FNL-EXT are given as Figute 10. In Figute 10a, the slump is 2 minnutes old, and
very latpe waves have been created. A latpe negative wave is created over the tegiom of the
sliump whete the depth increases, and vice-vetsa, Almuest halfway through the slump period,
Figure 10h, the waves have bepun to propagate away from the slide region. In Figites 10c and
10d, the wave piopegating inbo the shallow water region begins to shorten and amplify, and
nonlineatr effects begin o become important. In this last subplot, the predicted fres surface
using L-EXT iz also shown, indicating the importance of leading order nonlnearity. Up to the
time shown in this figute, thete is 1o diffetence between FNL-EXT and WHNL-EXT simulation
restlts, However, as the wave comtintes to travel towatds the shoreline, the FNL-EXT and
WHNL-EXT models begin to deviate for a short time before breaking initiates.

Figure 10 and other numetical tests seem to indicate that the leading, and latpest
amplitnde waves ate only a functeon of the mitial seafloor motion. A simple physical arpiument
cah provide ah explanatich. Focusing on the slimp in Figure 10, the average depth in the
region 18 5000 m, and the linear long wave speed, o, i= 220 m/s. The herizontal slump side
length, L., s 30 kin, and so the titme tequited for a wave {distitthbance] to travel actoss the
half the slump region, £./c, 1= about 2 minntes. Thetefore, after about 2 mimttes of seafloor
motion, the leading waves shonld be exiting the soutce tegion. Exeamination of Figute 10a
supports this value, as the leading waves ate sepatating and moving from the failure slope 2
minntes after the slump start. The atpiment can be further sulidified by examining the effects
of slimps with diffetent dutations. I the artval times of the leading waves for slumps with
different durations ate the same, that world indicate that the waves have exited the sonrce
teglon at the same time, ahd the seafloot movement after about 2 mintites will not aflect the
leading waves, Fipute 11 shows free sutface snapshots for slittnps of 1dentical peometry, but
different dutations of motion (#. valttes]. All the shimps have identical artival times, bt very
different amplitudes as each of the leading waves experisnces & different two-mimte water
depth change. Thus, it is shown that for an accurate medeling of the leading waves created

by & slump, one only needs to cortectly model the first L./c seconds of the metion, This
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statement s imited to small amplitude waves, where the honlinear phase speed cortection is
minst,

Looking back to Fignre 10, it is cleat that when the waves Teach the shoteline, they will
be of extremely latge amplitnde. Kealistically, the tsunami created from this event would
not be as latge, due to spreading eflects. T demonstrate this, a two dimensional mimetical
sitmlaticn i petformed, with a side width of 57 km {r,=28.5 km). Numetical profiles ate
shown in Figmre 12, Initially, the wave amplittude is still large, with & madimmim depression
anhd elevation of neatly 100 m abont 2 mintttes aftet the shde start (Figute 12a). Some of
this wave enerpy spreads, and by the time the slide 1z over, Fipure 124, the leading deptession
traveling towatds the shotelihe has ah amplitude of less than 70 m, fullowed by an elevation
wave of about 100 m.

Compatison of spatial profiles with the 1D results gives an estimate of the importance
of 2D effects. The compatscns ate given as Fipute 13, The 2D profiles plven in the figure
are the cemterline free swriace displacements. The two sets of nnmerical similations have
very similat waveforms, but the 1D results are latper In amplittde, especially the leading
depression traveling imbo shallower water, Natnrally, the width of the slide {2r,) ditectly effects
the importatce of two-dimensional spreading. Figure 14, a plot of the maxitmim depression
recorded st the top of the slide slope (=150 km in Fignre 10] as a fuhction of slide width,
shows this telationship. The ttend wvery closely tesetmbles ah exponential decay, whete for
ah aspect ratio of unity;, the maxitmim depression slong the centerline for a 20 simulation
is roughly 80% of the cortesponding value from a 1D result. Clearly, the 1D muodel can give

highly conservative testlts, depending on the aspect ratio of the failure tegion.

Conclusions

A model for the cteation of fully honlineat long waves by seafloot movement, and theit
propagation away from the sontrce region, is presented. The general fully nonlinear model can
be trunceted, so as to only include weskly nonlinear effects, of model & hon-dispetsive wave
system. Rarely will fillly nonlinear effects be important above the landslide regiomn, but the

model has the advantapge of allowing the slide-penetated waves to become fully nonlineat in
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nature, without requiting a trahsition among governing equations.

A hiph-order finite difference model i= developed to numerically simulate wave gensration
by seafloot movement. The nmmerical genetation of waves by both impulsive and creeping
movements aptees with expetimental data ahd other ottmerical models. A deep-water acctitacy
limit of the model, L./%. = 3.5, is adopted. Within this imitation, the *extended” formulation
of the depth-integrated equations shows o benefit over the ®conventional®, depth-averaged
approach near the soutce region. Leading wrder nonlinear eflects were shown to be important
for prediction of shotelihe movement, and the fully nonlineat terms ate Important for only the
thickest slides with relatively short lenpth scales, Through the numerical examination of an
ancient slide off the Prerto Hican cosst, it is seen that the leading depressioh wave traveling
towards the coastline is sclely a function of the initial slide meovement. A compariscn between
one and two dimension simulations indicates that, due to the neglect of two-ditnensicnal

energy spreading effects, the ohe dimensionel model can significantly owerpredict wave height,
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Appendix A. Derivation of Approximate Two-Dimensional Gaoverning

Equations

In detiving the two-dimensional, depth-integrated poverning equations, the frequency

dispersion 18 assnmed to be wesk, 1.8,
Ofu?) &1 (A1)

We can expand the ditnensionless physical vatiables as power setles of u?,

F=2 68" (F=¢( ) (A.2)
n={
= Z p.i\"u'n; {A.3)
n=1

Furthermotre, we will adopt the following asstimption on the vorticity feld. We assime that the
vettical vortichty component, {wy — ty), 5 of &1}, while the hotizontal vortidty comp ohetts

ate weaker and satisfy the following conditions

L (A4

)
Eul = vT.I'_']_- (AE':I

Consequently, from {A 1), the leading crder herizontal velocity components ate independent
of the vertical cootdinate, 1.e,

g =t.|‘..;](1', E ﬂ: (A‘E)

Substituting (A.2) and {A.3) into the comtinmity equation {2.3) and the boundary

condition (2.7}, we collect the leading order tetims as

Vowg fw. =0, —h <zl (AT;I

u'l_-l—ua-v.fz-l—;l;:[) on oz =—h (A8

Inteprating {A.7) with respect to z and vsing (A&) to determine the imtepration constant, we

obtain the vertical profile of the vertical velocity compohents:
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f
) = —;v g — v - (lrl‘t.l(]) - g (A'g)

Similaily, integrating {A.5) with respect to z with Information from (A.8), we can find the

corresponding vertical profiles of the horizontal velodty components:

2

u; = —EV(V ~ug) — =V [v - {hug) + Fi;] + iz, w, ) (A1)

in which €] is a unknown function to be determined. Usp 4o O{u?), the horizontal velocity

components can be expressed as
e #
u=ulz, y t) +p {_EV(V ~ug) — =V [v {hug) + ;] + Oz, 1, 't)}
+O(Eh), —h <z el {A.11)

MNow, we cah define the hotizomtal velocity vector, u,{z, u, z.{z, W #), ¥} evaluated at

z=za{z, y, t) as
= ug + {—%v(v cug) — 22V [w- (o) + Fﬂ +Cilz, v f)} +O@Eh)  (A12)

Subtracting (A.12) from {A.11) we can express u in tetms of u, as

ST {2 ; 2 V(V - 1a) +(z — 2]V {v - (huga) + %ﬂ } + Ot (A13)

MNote that 1, = ug + O(FE) has been used n {A.13).
The exact comtinnity eqiation {2.8) can be rewritten approximately in tetms of { and u,,.
Substituting (A .13) into (2.8}, we obiain
1 2 1 202 F] 1 2
SH T () — V- { B (0 — o0 41 - 22 ) (T )
+ (=1 = ) ¥ (7 (o) + 2] b =0 (414)
in which H =h +¢¢.
Eqnation (A 11) is ohe of thtee governing eqiiations for ¢ and us. The other two eqiiations
comme from the hotizontal momentum equation, (2.1). Howevet, we must find the presstite field

fitst. This can be accomplished by apprordmating the vertical momentiin eqiiation {2.5) as

Ep, =—1 — FE(ET.L']_f + Ezug ERVE'EY —I—Ezu'lu'l_s:] + O(p“l), —h< z e (A.lﬁ;l
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We can imtegrate the equation above with tespect o z to find the pressure field as

P == 24t {26 - T e + (5 — Q)T - s + 2]

+§(;2 — %My - WV o) +£(z — elug - ¥ [v - (hug) + %“‘] + g(eﬂgﬂ — AT - wp)?

f
teled — 2)[V - (hug) + ;]V '1.(0} +0(Et), —h<z<el {A16)
We rematk hete that (A.11) has been used in deriving (A 16). To obtain the governing

eqiiations fof gy, we fitst stbstitute (A.13) and {A 16) into (2.1) and obtain the following

equiation, 1p to G(u?),
uat +Eua - Vg + V¢ + 5 {%:-E.V(‘V “tat) + 32V [‘? “(Rua)e + h?“] }
etz {:av(v “ua) + ¥V [v s {Rua) + %“} }
+ep® { [v - (huag) + %”] v [v - (huag) + %’*}
=V [T (o + )] +(st0 - T30} 9| T Gt} + ]
+307 [ua V(T (0] 4 )] - salit T V(T 202) 4 27 a9 -uan}
+e v {-%2\7‘ gt — gV [v » (o) + Fij +< {v - (hua) + Fiﬂ v -u.,}

¥}
+e'a’V {% (9 -2a)? — w0 (V- ua)]} =0() (A.17)
Eqnations (A .11) and (A.17) ate the cotpled governing equations, wiitten in tetns of u,

and ¢, for fully nenlineat, weally dispetsive waves genetated by a sttbmatine landslide.

Appendix B. Numerical Scheme

T simplify the predictor-corrector equations, the velocity time derivatives in the

momenttn equations are grotped into the dimensional form:

U=t 2w (o — e — G e + ()] B.1)
v =u 2o (s — Ol — & [y + ()] (8.2)
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whete stibsctipts denote pattial detivatives. Note that this gronping is different from that given
in Wel ef el {1995). The grouping given above in B.1 and B.2 ihcorporates honliheat tetms,
which is not done in Wel et gl These nonlinear Hine detivafives atise from the nonlinear

dispersion terms V [C(V (hua + LE“)] and ¥V (%EV . uma), which can be reformilated using

the telation:

fae

2 2
(g V- um) (C V- ua) — VGV - ua)
t

The authors have found that this form is more stable and requites less iferations to converge
for highly nonlineat problems, as compated to the Wel ef ol formmlation. The predictsr

equaticns ate

;] k] ‘&f L] - 7—
TJ‘:;—L =1+ E(stf.j — 16ET; ! +5E7; %) (B2
Ut =ug, + (23 — W6FT + 5F 8 + 2 R)E - 3(R)T + (U5 (B4

At
VT =V + (286 — 16675 +5GT7) +2AGT; - GG T (G (B.5)

whete

E=—the— [+ M, — [+ M),

Hovole-om)-t)as (en-u)al)

1
[
oo [(5(e—cnew —%zi)Sﬁ@(«;—hl—za)n}}y (8.6)

F=—[{t") +(t*)a] — (e — maltatt — Zathat

+(Chely = [BCS +T)e = |5 (3 - ¢) s 428y
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[~ (T 4T, — 2 [ ¢Sy,

_A=¢
2

F31 Loy T (e — £){Rt)ay — Cxlty + (v )y]

€ = —[(w)y + (7] — 9 — Tyt = St

+(he)y = [BUS + TNy - |5 (4 - ) 5 425,)]

¥

~ (2 = O (Ta 4B, — 5 [T +¢57]

2 2

G == ;f" oy + {20 — {)(ru)ay — (e + (hn)s]

S =y oy T = (hu}lx + l:hr],y + iy

2l

(&)

(B8

(B.9)

(B.10)

(B.11)

Al terms ate evaltlated at the local grid poimt (£, 7], ahd n replesents the citrent time

step, when valtles of {,» and v ate known, The above expressions, (B.6) - (E.11], ate for the

fully nonlinear problemn; i a weally nonlinear o1 non-dispersive system Is to be examined, the

eqiations should be tmneated accordingly, The fourth-order implicit corrector expressions for

the free stitface elevation and hotzontal velocifies ate

ip] 2 ‘ﬂt — 71—
'J?f__-;il-]_ =T + ﬁ(gﬁ?ﬁl + 19E§j - E'Et'.j ' +Et'._:i 2]'

- aYs _ — n ]
Ut'._,j-l =5+ ﬁ(gﬂ?‘-l +19F7 — 5F; L+ I35 N+ (Fl:]z'.;-l - (A

At
+ S OGTT 186G, - 5GET H G HGUET - (G

i

(B.12)

(B.13)

(B.14)

The system is solved by fitst evaluating the predictor equations, theh u ahd v ate solved

via (B.1) and (B.2}, respectively. Both (BE.1) and {E.2} yicld & diagonal matrix after finite
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diffetencing. The mattices ate diagonal, with a bahdwidth of five {dule to five poiht finite

differencing), and an efficdent LU decomposition can be utilized. At this point in the nimerical
systemm, we have predictors for {, , and v. MNext, the corrector expressions ate evalilated, and
sgaln u and v ate determined from (B.1) and (B 2], The relative ettats in each of the physical
vatiables is found, in crder to determine i the Implicit cortectors need to be reitetated. This

telative ertor is given as:
n+l T_ll__:::+l

prtl

I

(B.15)

whete w Iepresents ¢, w, and v, and w, is the previous ietations valne. The correctors ate
recalenlated until all ettots ate less than 10—, Note that inevitably thete will be locationhs in
the mumerical domain where values of the plyrsical variables are close to zero, and applying the

above ettor caletlation to these points may lead to nhhecessary itetations in the cotrector loop.

Thus it is required that |%], |E:f';.—h| > 107 for the corresponding ertor calenlation to proceed,
whete a is determined from equation (3.4] for a cteeping slide. For the model equations, lineat
stability amalysis pives that At < %, where ¢ iz the wave celetity in the deepest water, Note
that when modeling highly nonlinesr waves, a smaller At is usnally required for stability. In

this analysis, At = % produced stable and convergent restilts for all trails.

For the numetical exterior boundaties, two types of conditions are applied: reflective and
tadiation. The teflective, ot ho-flux, boundaty condition for the Botssinesq equations has
been examined by previotls teseatchets (Wel & Kithy, 1995), and thelt methodelogy Is followed
here. For the radiatiom, of open, boundaly condition, a sponge layer is utilized. The sponge
layer s applied in the mantner tecommended by Kithy ef el {1898). Euntp and tindown
iz modeled with the "extrapolation™ meving benndary algerithm described in Lynett ef el
{2001},
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Appendix C. Natation
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wave amplitnde

length along the slope between 1; and 1, for the tanh slide

wave celetity

depth of water above the centerpoint of the slide, function of time
initial depth of water abowve the cemterpoint of the slide, i.e. at ¢+ =0
Eravity

transverse watetr depth function for the two-hotizontal dimension slump
characteristic water depth or baseline water depth, function of space
water depth profile, function of space and time

the changing part of the water depth profile = (e — f, )/4

baseline water depth at the cemterpoint of the slide = Ak + d

imitiz]l baseline water depth at the cemterpoint of the slide = Ak 4 d,
total water depth =% +2¢

characteristic horzontal lengthscale of the submatrine slide
chatactetistic hotizontal side length of the snbmarine slide

depth dependant pressure

half-width of the sliump profile

shape factor for tanf slide

time

titne scale of seafloor metion

typical perind of wave generated by a specified seafloor motion
depth dependant components of velocity In 7,1,z

magnitiide of hotzontal velodty comp onents, w, v, evallated on z4

depth-averaged hotizontal velodty comp ohents
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Inhir

At

Az, Ay

3l

hotizontal velodty vector = {u, )

hotizontal coordinates of the midpoint of the seafloor movement

locations of the left and right inflection points for the fanf slide profile
arbitraty level on which the "extended” equations are detived

scaled charactetistic chanpe in watet depth due to seafloor motion = Ak/fh,
chatactetistic, ot maximmm, change in water depth dune to seafloor metion
time step in mimerical model

space steps In nmetical model

nonlineatity patameter, = a/f,

hotizontal pradient vector

density of water

slope angle

freqiiency dispetsion patameter, = fo,/1;

free surface displacement

(1)
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Figure 1. Basic formmlational setup.
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Figure 2. Shown in stbplots a) ahd b), a compatison between Hammack’s (1973) experimental
data {dots) for an impulsive seaflocr upthmst of §=0.1, FNL-EXT ntmetical stmilation {sclid
line), and linear theory (dashed line); a) is a time series at x/h=D0 and b) is at x/h=20, where
x is the distance from the edge of the Impulsive movement. Subplsts ¢} and d) show FNL-EXT
{solid line) and IL-EXT (dashed line) nitmetical resilts for Hatmmack's setitp, except with §=0.6.
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Figure 3. Graphical definition of the chatactetistic side length of a slide mass. The slide
mass at time—+%, is shown by the sclid line, while the profile at some time=? = #, is shown by
the dashed line. The negative of the change in water depth {or the approximate free stitface
Tesponhse ih the non-dispersive eqiation model) duting the increment ¢ —#, is shown by the

thick line plotted on z==0.1.
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Figure 5. Free sutface snapshots for BIEM (solid line] and depth-imtegtated (dashed line)
results at #{g/d,)* = a) 10.6, ) 21, ¢} 31.6, and d) 41. The lower subplot shows the location

of the slide mass i1 each of the abowve four snapshots.



410

D 0 o
—0.005¢ —0.002f
0o 1 -0.005
—o.o04|
—p.o15}
o
T 5ozl oot} _D.00B|
Yo
—p.025} _p.oos| Vo
—o.oi5} -
—D.03} 1
oo} -
_D.oz5f e]l I_E.'Ihc =15
—0.02 —ooiz -
D D 5 10
D 0 o
-UD
2 0.0 | —o.oost —poozf
Q
E _nog oot -0 UU4 I
5o
E . L
% _o0g | o015} 0.008
T —-D.0D&|
o] —DD2f
N —
& -0.04 el
© _p.oes|
£ _pos 1 —opezp 1 LM =15
—-0.03 =
0 0 0 5 10
tigia,)"™ tigid )" tigid )"
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Figure 7. Maximum depression sbove the initisl centerpoint of the side mass and maximnm
rundowh for four different trial sets. FNL-EXT resulis indicated by the sulid line, WNL-EXT
by the dashed lne, and L-EXT by the dotted line.
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Figure 8. Maximim depression above the initial centerpoint of the slide mass a) and maximum
rundown d) for & set of ntmetcal simitlations on a 15° slope. Shown in b) and e] ate the
meximim depressioh ahd maximum rundown scaled by the cotresponding weltles from the
WHNL-EXT model. Time setles compatisons for L./h,, = 3.5 showing the free sittface elevation
abuove the centerpoint ¢ and vertical shoteline movement 1) ate given on the right. WNL-EXT
testilts indicated by the solid line, WNL-DA by the dashed line, and NL-SW by the dotted lize.
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Profiles ate taken 5 minttes after the start of the movement.
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Figure 12. T free sutface Tespohse o a submatine slump.
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Figure 13. Compatison between 1D {(—) and 2D centerline (- —) spatial profiles.
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Figure 14, Dependence of the maxitmim depression penerated at the top of the failure slope

on the aspect ratio of the slimp region. The dashed line represents the maximim depression

predicted by a 1T simnlation.
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