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Coupling of tsunami generation and propagation codes
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Abstract. Tsunami generation by underwater landslides has been simulated with a variety of
numerical models. We propose a benchmark case that enables validation of tsunami generation
models. We compare experimental benchmark results with results from a boundary element
method tsunami generation code. Our simulation approximates an underwater slide as a solid
body. In order to justify this approximation, we show that center of mass motion governs tsunami
generation. We also show that deformation is of secondary consideration for tsunamis generated
by underwater slides. Given the computational cost of complete fluid dynamic simulations, a
method is sought to combine the tsunami generation code with a tsunami propagation code.
We develop a coupled model that employs an irrotational, inviscid boundary element code in
the near-field and the depth-averaged nonlinear wave propagation code in the far-field. A case
study of the 1998 Papua New Guinea tsunami demonstrates the effectiveness of the coupled
model approach.

1. Introduction

Landslide tsunamis are receiving significantly more attention following sur-
veys and analyses demonstrating that the surprisingly large local tsunami
that struck Papua New Guinea (PNG) in 1998 was generated by an under-
water slump (Kawata et al., 1999; Tappin et al., 1999, 2001; Synolakis et al.,
2001). In response to these and other studies, recent work by marine geolo-
gists now considers the tsunamigenic potential of landslide scars (Goldfinger
et al., 2000; Driscoll et al., 2000). Despite these advances in the observa-
tional science, there are few validations of the numerical models currently in
use (Watts et al., 2000; Grilli and Watts, 2001). Consequently, the ability
of scientists to simulate landslide tsunamis remains in doubt.

Researchers have tackled landslide tsunami generation with a wide vari-
ety of numerical methods incorporating many different assumptions. Iwasaki
(1987, 1997) and Verriere and Lenoir (1992) utilized linear potential the-
ory to simulate wave generation by moving the domain boundary. Depth-
averaged shallow water wave equations were simulated by Fine et al. (1998),
Harbitz (1992), Imamura and Gica (1996), Imamura and Imteaz (1995),
and Jiang and LeBlond (1992, 1993, 1994) in combination with disparate
landslide models. Fully nonlinear fluid dynamic field equations were solved
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by Assier Rzadkiewicz et al. (1997), Grilli and Watts (1999), and Hein-
rich (1992) in concert with assorted landslide models. For the most part,
scientists have studied vastly different landslide geometries, motions, and
constitutive behaviors. There is currently no consensus on the ability of
these different models to reproduce landslide tsunamis.

Watts et al. (2000, 2001) appear to be the only researchers to compare
tsunami generation for both different center of mass motions and different
rates of deformation. They show that center of mass motion is the most im-
portant determinant of tsunami features. They also attempt to discern the
effect of depth-averaged wave equations on tsunami generation. They con-
clude that depth averaging may diminish tsunami amplitude by restricting
fluid flow to uniform horizontal motions. We will revisit these results here
for the sake of completeness. We endeavor to address three questions in this
paper. With such a wide variety of models available, can any single model be
used reliably for both landslide tsunami generation and propagation? If not,
what are the most important tsunami generation features to simulate? Last
of all, how should tsunami generation and propagation codes be coupled?

2. Tsunami Sources

Coseismic displacement and mass failure constitute the two most common
forms of tsunami generation. Coseismic displacement, or vertical seafloor
deformation, occurs during most earthquakes and often generates tsunamis
with longer wavelengths, longer periods, and a larger source area than those
generated by mass failures (Hammack, 1973; Watts, 1998, 2000). Hence, co-
seismic displacement readily produces transoceanic tsunamis, whereas mass
failures produce tsunamis that decay rapidly away from the axis of fail-
ure (Plafker et al., 1969; Iwasaki, 1997). Coseismic displacement generates
tsunami amplitudes that correlate with earthquake magnitude (Hammack,
1973; Geist, 1998); submarine mass failures produce tsunamis with ampli-
tudes limited only by the vertical extent of center of mass motion (Murty,
1979; Watts, 1998). Both mass failure center of mass motion and tsunami
generation can surpass those of coseismic displacement by orders of magni-
tude, posing a greater threat to coastal communities than previously recog-
nized.

Submarine mass failure or underwater landslide are broad terms encom-
passing reef failure, rock slides, noncohesive slides, cohesive slumps, and
other related events. There is a spectrum of mass failure materials that
each possess distinct modes of failure and subsequent behaviors (Prior and
Coleman, 1979; Edgers and Karlsrud, 1982; Hampton et al., 1996). Any
submerged geological structure can be expected to undergo some degree of
submarine mass failure due to strong ground motion from a nearby earth-
quake (Tappin et al., 1999, 2001). As such, all forms of submarine mass
failure can be present at the same time. Despite the ubiquity of mass failure,
most events are not tsunamigenic on account of their small size or deep sub-
mergence. Here, the focus will be on two idealized forms of mass movement:
noncohesive slides and cohesive slumps (Watts and Borrero, this volume).
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Figure 1: Schematic diagram of the experimental and numerical benchmark case.

Underwater slides are identified by translational failure, while underwater
slumps are defined to undergo rotational failure (Schwab et al., 1993).

3. Benchmark Validation

We present a benchmark case based on the sliding block experiments of pre-
vious researchers (Heinrich, 1992; Twasaki, 1982; Watts, 1997; Wiegel, 1955).
Figure 1 shows a straight incline with a planar beach inclined 8 = 14°. The
coordinate origin is at the undisturbed beach and the positive x-axis is ori-
ented horizontally away from the shoreline. A semi-ellipse approximates the
initial landslide geometry (Grilli and Watts, 1999; Watts and Borrero, this
volume). The landslide specific density is v = 1.81. The landslide length
measured along the incline is b = 1000 m. The initial submergence at the
middle of the landslide is d = 261 m while the maximum landslide thickness
is T'= 52 m. We performed this benchmark case experimentally, reduced in
scale by a factor of 1000, and numerically with a boundary element model
at the scale given here (Watts et al., 2000; Grilli and Watts, 2001). We mea-
sured a slide initial acceleration of a, = 0.73 m/s? with acceleration remain-
ing more or less constant for the duration shown here. Figure 2 compares
experimental and numerical results for landslide tsunami measurements at
numerical wave gauges go—gs (solid), as compared to scaled up laboratory
measurements (dashed). Wave gauges are on the z-axis at © = 1948 m,
r = 2248 m, x = 2548 m, x = 2848 m for gy, g1, g2, and g3, respectively.
Experimental results represent the smoothed average of three replicates of
identical experiments. Given the experimental errors involved, we consider
our irrotational, inviscid numerical model of tsunami generation to be rea-
sonably well validated.
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Figure 2: Experimental (dashed) and numerical (solid) results for the benchmark
case.

4. Motion Versus Deformation

Tsunami generation in the shallow water wave limit occurs through vertical
acceleration of some region of the ocean floor (Tuck and Hwang, 1972). Tsu-
nami generation in an inviscid, irrotational numerical model occurs
through gradients of the velocity potential at the free surface, which can
arise from both horizontal and vertical landslide motions (Grilli and Watts,
1999). For such models, tsunamis can be generated by velocity in addition to
acceleration, although acceleration is the only landslide motion experienced
at early times. Watts and Borrero (this volume) describe two distinct center
of mass motions: slides involving rectilinear failure of a thin layer of de-
formable silt or sand, and slumps involving deep failure of clay with residual
shear strength restraining motion. Figure 3 compares tsunami generation
by a landslide undergoing the center of mass motion of a slide with that of
a slump at one numerical wave gauge above the landslide. With these dis-
tinct center of mass motions, we find that tsunami amplitudes and periods
can differ by factors of 2-5 for identical landslide size, shape, and density.
In both cases, the initial acceleration a, is the most important measure of
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Figure 3: Comparison of underwater slide and slump generated tsunamis.

motion
Ao = T (1)

where s, is the characteristic distance of motion, and ¢, is the characteristic
time of motion (Watts, 1998, 2000). We ascribe the differences in tsunami
features to the slide initial acceleration of a, = 0.60 m/s? when compared to
the smaller slump initial acceleration of a, = 0.18 m/s? due to the restraining
basal friction.

Watts (1997) found experimentally that the primary mode of landslide
deformation is through extension parallel to the incline. Watts et al. (2000)
found the same result for numerical simulations of deformable landslides
performed with the model of Imamura and Imteaz (1995). For both ex-
perimental and numerical results, the rate of extension was constant (i.e.,
landslide length grew linearly in time) following an initial transient. The
maximum landslide thickness 7' remained more or less constant over time.
Therefore, self-similar landslide deformation can be described by a constant
rate of extension I' with dimension of inverse time. Watts et al. (2001) de-
rive a maximum rate of landslide extension based on observations of actual
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Figure 4: Comparison of solid and deforming underwater slide generated tsunamis.
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where b, is the initial landslide length and g is the acceleration due to grav-
ity. Figure 4 demonstrates that the rate of deformation given by (2) changes
the characteristic tsunami amplitude by less than 10% and has no signifi-
cant effect on tsunami wavelength at one numerical wave gauge above the
landslide. Wave generation at early times begins earlier and proceeds more
slowly when deformation occurs, as seen on Fig. 4 and as noted by Watts et
al. (2000). Center of mass motion appears to affect tsunami features more
than landslide deformation (Watts et al., 2001).

5. The 1998 Papua New Guinea Case Study

For the sake of brevity, we leave the known facts of the PNG event to be pre-
sented elsewhere (Watts et al., this volume). Here, we develop and demon-
strate a five-step tsunami simulation technique that reproduces almost all
of the documented local tsunami features. A summary of the technique is
presented in Synolakis et al. (2001), although we provide additional details
and justification here.
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5.1 Mass failure geology

We note that a push core taken by the Remotely Operated Vehicle (ROV)
Dolphin 3K along the exposed failure plane revealed stiff biogenic mud (Tap-
pin et al., 2001). We also note our best estimate of the maximum thickness to
length ratio 7'/b = 15% for the mass failure. These observations, in addition
to bathymetric contours (Tappin et al., 1999), indicate a typical cohesive
slump that has traveled a small fraction of its length (Prior and Coleman,
1979; Schwab et al., 1993; Turner and Schuster, 1996). The significant differ-
ences between cohesive slump motion and noncohesive slide motion account
for the inability of earlier PNG landslide simulations to describe tsunami
generation for this event (Tappin et al., 1999, 2001).

5.2 Mass failure shape

We determined mass failure geometry from a combination of bathymetry
data, sub-bottom profile records, and seismic reflection lines (Tappin et al.,
1999, 2001; Synolakis et al., 2001). Both sub-bottom and seismic records
revealed some motion along internal failure planes within the slump mass.
However, the slump mass appears to have moved as one or at most two
coherent units. We estimate a maximum thickness of T = 600 m, a width
w = 4 km, and an initial length b = 4.1 km long (Tappin et al., 2001;
Synolakis et al., 2001). Assuming parabolic profiles across both width and
length, the slump involved a volume of about 4 km? of sediment. The largest
known mass failures on earth are more than 1000 times more voluminous
(Prior and Coleman, 1979; Edgers and Karlsrud, 1982; Turner and Schuster,
1996).

5.3 Mass failure motion

Since the slump center of mass motion is essentially decoupled from wave
generation (Jiang and LeBlond, 1992; Watts, 2000), we solve equations of
motion tailored to the local geology. We model the PNG slump as a rigid
body rotating along a circular arc subject to external moments from added
mass, buoyancy, gravity, and a constant residual shear stress (Batchelor,
1967; Bardet, 1997). We solve the linear differential equation for the an-
gular displacement ¢ of a damped pendulum by invoking the small angle
approximation

2

d
RV(pb + Ompo)d—tf ~ _(pb - po)ngb - WbSu (3)

where R is the radius of curvature, V is the slump volume, p; is the bulk
density, and p, is the water density. The sediment residual shear strength
Sy retards slump motion at all times (Bardet, 1997). We assume an added
mass coefficient C,,, = 1 (Batchelor, 1967; Watts, 2000). Multiplying the
solution of (3) by the radius of curvature R ~ 7 km gives the slump center
of mass position along the failure arc

s(t) = s, [1 ~ cos (tiﬂ (4)
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Figure 5: Profiles of the two-dimensional 1998 Papua New Guinea tsunami.

as a function of time subject to s(0) = 0 and 0 < t/t, < m. The characteristic
distance and time of slump motion are found from (3) and (4) to be

R(pr — &4 R C
So — ((bf (bl) , to — (r)/ + m) (5)

2 g(v—1)
which correspond to well known pendular motion. Based on the initial angle
¢; = —0.351 and final angle ¢y = —0.065 of the center of mass position

expressed in radians as well as a slump specific density v = 2.14, we calculate
a characteristic distance of motion s, = 1 km and a characteristic time of
motion t, = 44 s. These values correspond to an initial acceleration a, =
50/to? = 0.51 m/s? and maximum velocity Umax = So/to ~ 23 m/s. These
quantities differ by less than 3% with the exact solution of the nonlinear
differential equation with fluid dynamic drag (Nayfeh and Mook, 1979).

5.4 Tsunami generation code

The strong horizontal component of slump acceleration suggests that a depth-
averaged tsunami generation code may not be appropriate. A more rigorous
evaluation of the long wave approximation is also possible. The initial slump
depth of around d ~ 1 km yields a tsunami wavelength \ = t,v/gd = 4.4 km
(Watts, 1998, 2000). The wavelength to depth ratio A\/d =~ 4.4 is about 5
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times less than the criterion A/d > 20 usually associated with shallow water
waves. Therefore, we incorporate the center of mass motion into a com-
plete fluid dynamic simulation of tsunami generation, employing the two-
dimensional boundary element model of Grilli and Watts (1999) to solve
irrotational and inviscid equations of fluid motion. This tsunami generation
code is fully nonlinear and fully dispersive. The slump center of mass mo-
tion was prescribed by (4) and (5). Figure 5 reveals that tsunami amplitude
consistently grew over a duration ¢t ~ t, and ceased to grow significantly
thereafter as waves propagated both towards shore and out to sea—the ori-
gin of this profile is at the shoreline as in Fig. 1. Watts (1998, 2000) has
shown that ¢, is both the duration of wave generation and the tsunami pe-
riod. At the time t = t,, we find a two-dimensional trough of —38.2 m and a
peak of 34.7 m separated by a horizontal distance of almost exactly 4.4 km.
We estimate the amplitude to depth ratio as A/d = 0.035 which provides
an Ursell parameter U = Ay?/d® ~ 0.7 indicative of both nonlinear and
dispersive water waves. Our choice of tsunami generation code is justified.

The w = 4 km wide slump generated water waves in a depth d ~ 1 km,
suggestive of essentially two-dimensional wave generation. We accounted for
three-dimensional effects by assuming a parabolic transverse wave profile of
width w in the absence of transverse wave propagation. During the time
t, of wave generation, the width of the wave will increase to approximately
(w+ A) and take on a form not dissimilar to

wl—i yoe’ (%) (©)

where y is measured perpendicular to the axis of slump failure. Conservation
of mass dictates a reduction of w/(w + A) ~ 0.5 in the overall tsunami
amplitude due to transverse propagation (Watts et al., 2001). The factor of
three in the argument of (6) yields a relative wave amplitude of 1% at the
transverse distance y — yo = w + A. We intend to reproduce these results
using the three-dimensional model of Grilli and Watts (2001) in the near
future.

5.5 Tsunami propagation code

We choose the accurate tsunami propagation code TUNAMI-N2 developed
at Tohoku University to continue our case study (Imamura and Goto, 1988).
We gridded the best available PNG bathymetry over a uniform spacing of
100 m. The tsunami generation behavior noted on Fig. 5 suggests that the
time ¢ = t, is an appropriate time to transfer results from the boundary
element method code to the tsunami propagation code. We curve fit the
shape in Fig. 5 with two Gaussians and modulated the two-dimensional
shape with the functional form given in (6). We input the three-dimensional
tsunami shape at ¢t = ¢, as an initial condition for tsunami propagation

n(z,y) = sech? (W) (—35.71 exp (—0.10128 (2 — 29.066 — x,))?
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Figure 6: Comparison of measured and simulated water levels for the 1998 event.

+25.14 exp (—0.051693 (z — 31.709 — mo))Q) (7)

where x, and y, position the tsunami shape above the slump. For the
function given in (7), the trough has an amplitude of —19.9 m while the peak
has an amplitude of 16.4 m, where small errors in amplitude are introduced
by the curve fit. We neglected water velocities when transferring the tsunami
shape to the propagation code for two reasons. First of all, Watts (2000)
demonstrated that landslide tsunamis partition most of their radiated energy
into potential energy at times t < t,. Second, the maximum water velocity
is only 2% of wave celerity, or limited to 2 m/s, in the tsunami generation
region. We estimate the ratio of kinetic to potential energy as being less
than 1% for this tsunami.

Our maximum run-up results, based on the combined mass failure ge-
ology, geometry, and motion analyses linked with coupled generation and
propagation codes, compare favorably with the field run-up measurements
shown in Fig. 6. Agreement between simulated and measured longshore dis-
tribution of run-up is governed primarily by bathymetry and would improve
with more accurate nearshore bathymetry. Landslide tsunami propagation is
highly directional and resembles a rifle shot oriented along the axis of failure
(Iwasaki, 1997; Tappin et al., 2001). The waves that struck Sissano Lagoon
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and Malol were part of the recoil from that rifle shot. Tsunami arrival times
based on simulation results are 09:10 at Malol and 09:11 at Arop and Sis-
sano. Eyewitness accounts from Malol describe tsunami arrival as soon as
the approximately 45 s ground motion from the widely felt aftershocks at
09:09 ceased (Davies, 1998). The tsunami first attacked Malol, then Sissano
soon afterwards, because of deep submarine canyons off of both villages.
All simulations of tsunami generation within the source region predict first
tsunami attack at Malol based on existing bathymetry. Tsunami arrival con-
verged from both east and west on the sandy spit in front of Sissano Lagoon,
also in agreement with eyewitness accounts and physical evidence (Davies,
1998; Kawata et al., 1999).

6. Conclusions

We presented a landslide tsunami benchmark case and validated our bound-
ary element method tsunami generation code with experimental results. We
showed that tsunami generation by submarine mass failure requires fore-
most an accurate center of mass motion, whereas landslide deformation is a
secondary consideration. The 1998 PNG event shows that submarine mass
failures can generate large tsunamis that strike nearby coastlines shortly af-
ter a moderate earthquake. Our combined generation and propagation case
study is part of a new and accurate technique to assess tsunami hazards
from submarine mass failures. The technique couples tsunami generation
and propagation codes. Future improvements of this technique will com-
bine free surface elevation with depth averaged velocities. Another manner
with which to couple generation and propagation codes is to pass informa-
tion from one simulation to the other through time-dependent boundary
conditions. Any coupling based on boundary conditions is necessarily more
complicated because a wave leaving the generation region must be allowed
to reenter the generation region at some later time. That wave, in turn,
must be allowed to leave the generation region once again. Because of these
additional propagation conditions, the tsunami generation code must have
a quasi-transparent effect within the domain of the propagation code.
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