Marine Geodesy, Volame 16, pp. £7-100 D490 1993 510,00 = 00
Primied in the UK. All nights reserved Copyright © 1993 Taylor & Francis

Numerical Simulation of Two-Dimensional
Tsunami Runup

Z. KOWALIK

Institute of Marine Science
University of Alaska
Fairbanks, Alaska 99775-1080

T. §. MURTY

Institute of Ocean Sciences
Department of Fisheries and Oceans
Sidney. British Columbia

Canada V8L 4B2

Abstract The hydrodvnamic and mathematical problems connected with disconi-
nuity berween wet and dry domains, ronfineariry, friction, and computational insta-
biliry are the main problems thar have to be sorted out in the runup computation, A
variery of runup models are analvzed, incliding the boundary conditions used to move
the shoreline. Baxed on the inftial experiments one-dimensional and two-dimensional
algorithms are consiructed, These models are tested against analviical solurions ob-
tained by others. The extent of inundarion along Alaska, Brivish Colwmbia, Washing-
fon, and Oregon coasts cansed by the 19604 Alaska earthguake tsunami (s well docn-
mented. The data gathered at Alberni Inlet, British Columbia, Canada, is wsed to test
the nmumerical model and the boundary conditions set at the mouth of the inlet. The
computed extent of flooding turned owt to be in satisfactery agreement with the data
obtained from the observations.

Introduction

In the ocean wave spectrum, tides, storm surges, and tsunamis belong to the class of long
gravity waves. There have been several studies involving analytical and numerical sim-
ulation of storm surge and tsunami runup on a beach for the one-dimensional case. While
there are a few studies available on numerical simulation of two-dimensional runup due
to storm surges (e.g., Flather and Heaps, 1975), similar two-dimensional tsunami runup
simulations are rare (Mader, 1988; Kim and Shimazu, 1982},

In this study we developed a numerical model for tsunami runup over smooth and
discontinuous bathymetry and calibrated it at first through comparison with the known
one-dimensional and two-dimensional analytical solutions. © 1 we used this model to
simulate runup of the Alaska earthquake tsunami at Port Alberni in British Columbia,
Canada. Reasonable agreement was found between observed inundation and simulated
results.

Correspondence should be addressed 10 Z, Kowalik

87



88 Z. Kowalik and T. 8. Murty

Literature Review and Identification of Problems

To study tsunami runup the vertically integrated set of equations of motion and continuity
is usually used:

i i i a  ruvVu + 3

e e g e
ar  “ax T Vay B ox D (h
av av v af v +
— o v—tu— = —g— - ————— ¥
ar " Tay  “ax oy D @
il dDw)  albv)
oo 5
ar dx ay

All notations are standard, with « directed along the x direction and v along the v direction;
{ is the sea-level variation and [ is the total water depth, D = H + [.

Numerical models constructed by Reid and Bodine (1968), Sielecki and Wurtele
(1970}, and Flather and Heaps (1975) were able to simulate the extent of inundation, but
not the actual processes of wave propagation, breaking, and interaction with the coastal
structures. This approach was guite successful in predicting MNooding due to a major
tsunami in Chile (Hebenstreit et al., 1985). A very extensive and thorough study by Lewis
and Adams (1983) resulted in a complicated numerical solution for the one-dimensional
problem only. Kowalik and Bang (1987) derived a solution using a different numerical
algorithm, but again, only for the one-dimensional case. The boundary point between dry
and wet domains is a singular point. Its position can be calculated from the equation of
motion and continuity by directional derivatives only. One has to suggest a tsunami
“predictor” which will move the boundary between dry and wet grid points. The best-
known approach was proposed by Sielecki and Wurtele (1970). They applied an extrap-
olation of the sea level to the first dry point based on the continuity equation (3). Denoting
m as an index of time integration and j as an index of space integration along the x
direction, the extrapolated level can be found as
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where T is time step and h is space step of numerical integration. Kim and Shimazu
{1982}, on the other hand, applied an equation of transport neglecting friction and inertia.

Observations of the tsunami in shallow water suggest that it behaves like a bore and
not like the long waves on the genily sloping beaches. Hibberd and Peregrine (1979)
studied the runup and backwash by considering the long wave equations together with
the wave-front condition represented by a bore. Their condition is based on the fact thai
total depth equals zero at the boundary and £ = —H. To find velocity at the shoreline
this condition can be incorporated into the equation of motion. Considering frictionless
motion along the x direction one can write from (1),
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The next step, which made the wave-{ront prediction more realistic, was an inclusion
of the dissipative effects. Matsutomi (1983) proposed a new wave-front condition which
depends on the time-varying friction parameter. Mader (1988) suggested a somewhat
different and very simple approach to the moving boundary proposed. The movement of
the boundary follows from the equation of continuity written for the upwind—downwind
form. Thus, if velocity is positive in point j, the depth differences are considered between
points j + 1 and j: for the negative velocity the differences are taken between points j
and j — 1.

The final choice of the boundary condition will depend on the comparison of analyt-
ical or numerical computations and observations. The experiments carried out in a wave
tank by Yeh (1987) did show discrepancies between observed bore front and the proposed
analytical or numerical solution. Such experiments are helpful in searching for the realistic
wave-front condition.

Along with the hydrodynamical problems, the mathematical problems connected with
discontinuity and nonlinearity make the runup problem very difficult. Strong nonlinearity
and discontinuity are often sources of the computational instability which require sophis-
ticated filtering technigues (Lewis and Adams, 1983). A small error near the boundary,
due to the approximation of a different order from the general set of equations, will
generate the short wave oscillations that rapidly propagate into the whole computational
domain (Marchuk et al., 1983). To delete the short period oscillations three approaches
are feasible:

{1} Shapiro’s space filter constructed on nine grid points (Shapiro 1970; Lewis and
Adams, 1983). The filtered value is calculated as
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(2) High-order upstream derivative method. The high-order finite difference formulas
constructed on the seven-point stencil (Kowalik and Bang. 1987) and applied 1o
the advective term also generate stable solution.

{3) Filtering by the additional horizontal friction term. By proper tuning this term
can be used as a short-wave filter without distorting the long-period harmonics.

Along with the line of research described above, a second approach has been evolv-
ing. In this approach, a transformation of variables is applied and the independent vari-
ables x, r are transformed as

X=— and T=1t (7)
Iit)

where (1) is the distance from the origin of coordinate to a shore line. Through this
transformation the variable region 0 = x = l{7) is transformed into a fixed region 0 = X =
1, and no special boundary condition is required. The method has been extensively applied
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in USSR by L atkher et al. (1978), in England by Johns (1982}, and in Japan by Takeda
(1984).

To check numerical results the comparison against the exact solutions can be per-
formed. Here an analytical solution for the wave running up the beach without friction,
given by Carrier and Greenspan (1958), may be used. The solution derived by Thacker
(1981) for two-dimensional oscillation in the parabolic basic is useful in predicting the
extent of inundation.

Numerical Scheme Construction and Testing

To construct a numerical scheme, a space-staggered grid is applied which requires either
sea level or velocity as a boundary condition. The first-order scheme is applied in time
and in space. An integration is performed along the x and y directions separately. For this
purpose the set (1)—(3) is split in time into two subsets, Denoting m as an index ol
numerical integration in time, the method can be explained through the following differ-
ence—differential equations.

First. these equations are solved along the v direction,
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In this algorithm the calculation of the sea level starts from time step m, and along the x
direction a preliminary value {* is obtained. Afterward, this value is carried over to the
¥ direction to derive sea level at the m + 1 time step.

To apply boundary conditions at the water—land boundary, first the boundary must
be located at each time step. This was done by a simple algorithm proposed by Flather
and Heaps (1973) for the storm surge computations and explained in Fig. 1 for the x
direction only. To answer whether &, is a dry or wet point (see Fig. 1), the sea level is
tested at this point:

W is a wet point if 0.5, + D} =0 (10)

t; is a dry point if 0.5(D,_, + D) < 0

It is obvious that total depth is positive at the wet points and equals zero at the boundary
because here { = — H. The small negative value of the total depth set at the dry points
allows identification of the location of all dry regions in the computational process. Mext,
Sielecki and Wurtele's (1970) extrapolation (4-4b) of the sea level to the first dry point
was used. The velocity in the first dry point was extrapolated linearly from the two last
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Figure 1. One-dimensional space-staggered grid for the runup calculations. Velocity points (—)
and sea level points () are set at the different locations,

points. Lincar extrapolation is easy to program but caution should be used in the case of
a rough beach.

To test the above numerical method, we simulated a case that was solved analytically
by Carrier and Greenspan (1958). The wave running up the beach without friction was
considered and the problem was solved in the dimensionless coordinates. The distribution
of the sea level along the sloping beach at the various times given both by analytical
{dotted line) and numerical (continuous line) solutions is plotied in Fig. 2.

One can see that the numerical method has reproduced the analytical solution quite
well, but for time ¢+ = 0.2 and 0.3 the short-period oscillations occur in the numerical
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Figure 2. Numerical simulation of Carrier and Greenspan’s {1958) problem. All vanables, i.e.,
sea level time and horizontal distance, are dimensionless. The numbers represent time from the
onset of the runup. The dotted line represents the analytical solution and the continuous line depicts

the numerical solution.
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results, Small errors near the boundary, due to the different order of approximation of
the general set of equations and boundary conditions, are causing these oscillations. These

oscillations were eliminated by a filter (6).
Besides, an analytical solution for the sloping beach, the solution derived by Thacker

{1981) for the parabolic basin may serve well to test the frictionless motion. The initial

WAVE RUNUP IN PARABOLIC BASIN
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Figure 3. Numerical simulation of Thacker’s (1981) solution in parabolic basin. Free surface in

the frictionless motion, given initial surface distribution is planar (lop portion, dotted ling), will

oscillate and remain planar at any time. In the bottom portion the water level oscillations are

depicted at 4, 4.5, and 5 km from the left edge of the parabolic basin.
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Figure 4. Maximum distance of wave penetration over dry land as a function of the wave period
and wave amplitude for the constant bottom slope. The wave of given amplitude and period {e.g..
| m and 5 min) is generated at 1 km from the shoreline. Propagation of the first wave over sloping
beach of 0.01 slope is monitored and maximum travel distance from the shoreling is recorded. The
dotted and continuows lines were constructed by repetition of above experiment for the various
periods and two wave amplitudes (1 and 2 m).

planar free surface motion will continue to be a planar with a seiche period, depending
on the depth and horizontal distance. The motion in cross section along the x axis is
reprivduced in the upper portion of Fig. 3 (initial position is given by dotted line). In the
lower portion of Fig. 3 the sea level computed both analytically and numerically is given
al a few locations.

A constructed numerical algorithm has been applied to study a response of the coastal
domain to the incoming sinusoidal wave. A sloping beach with the bottom slope equal 1o
0.01 is considered. At the open ocean boundary, located 1 km from the shoreline, a
sinusoidal wave is given as a boundary condition. Two experiments were carried out. In
the first experiment, at the open boundary a 1-m wave amplitude is prescribed and the
wave period is varied from | to 20 min. In the second experiment, the 2-m amplitude is
considerd. Figure 4 depicts the maximum distance of wave penetration over dry land as
a function of the wave period. This is runup calculated from the first incoming wave.
Since the wave at the open boundary pumps water in a continuous fashion, it is interesting
to see if this pumping mode influences runup distance. Two experiments were performed
with bottom friction coefficient r = 0 and r = 0.03. The results for the 1-m amplitude
arc depicted in Fig. 5. For the high fmiction case the runup does not change in time, but
frictionless motion displays runup increase for the second and third wave. This runup
stays almost constant after the third wave.

Realistic motion in two-dimensional space olten takes place over discontinuous bath-
ymetry where a simple extrapolation scheme for the moving boundary fails 1o produce
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Figure 5. Computed runup distance for two cases of bottom friction (r = 0 and r = 0.03). The
wave of 1-m amplitude and 10-min period is generated | km from the shoreline. Propagation of
the several waves in the wave train is monitored by recording position of the shoreline in time. In
the frictionless motion (r = () the second and third waves generate larger runup than the first
wave, IF the bouom (riction is introduced (r = 0.03) the runup decreases and differences in the
runup of the first, second, and third waves are very small.
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the right answer. To account for the various cases of overtopped, submerged. or exposed
barriers, special boundary conditions have been introduced. For example, for the over-

topped barrier the velocity is calculated by

u = *£3gD (11)

Here D is depth of the water over the barrier. The water is transported from the top of
the barrier to the foot by the above velocity. When water [lows across a submerged barrier
the velocity is calculated by the formula for a submerged weir, Reid and Bodine (1968).

To illustrate a two-dimensional motion with discontinuous topography, two cases of
waves running up the beach are considered. The channel, which comprises a sloping
beach along the x direction, is 200 wide along the v direction. As in the previous
experiments, the open boundary is located 1 km from the shoreline and a 1-m amplitude
sinusoidal wave is set at the open boundary. In the first experiment a depression in the
beach profile is considered (Fig. 6). The water running up the beach will flow inio the
depression from the various directions and eventually fill it up completely (Fig. 6). The
second experiment demonstrates wave interaction with an obstacle located on the beach
(Fig. 7). The obstacle reflects the wave and divides the flow into two branches; finally,
the divided flow joins beyond the obstacle and runs up the beach,
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Simulation of Tsunami Runup at Port Alberni

We constructed a grid for the head of the Alberni Inlet and the Somass River with the
grid size of 50 m. The total number of grid points along the length of the inlet is 135 and
there are 75 points along the width. Figures 8 and 9 respectively show the waler depth in
the inlet and river and the surrounding land elevations. At time ¢+ = 0 a tsunami wave
with amplitude of 3.8 m and period of 95 min enters the head of the inlet. Figure 10
shows the computed tsunami inundation (the computed inundation boundary (heavy line)
and observed inundation boundary (broken line) (White 1966)). The overall comparison
seems to be satisfactory, although in the region located around x = 5000 m, v = 500 m
the model depicts higher inundation than the observed values. This can be explained only

i |
R 1 =% ot |

b

Figure 6. Simulation of two-dimensional motion with discontinuous topography: a depression in
the beach profile. A sloping bottom chanel of | km long and 200 m wide continues as a sloping
beach of 1 km long with depression of 80 m wide and 400 m long located 180 m from the shorcline
{a). The wave cnieres the depression and climbs the shores around it (b, ¢). Further progress in
filling up the depression with the multiple reflections and confused sea level distribution is depicted
in Fig. 6d and e. The wave recedes down-slope leaving water in the depression (f).
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Figure 7. Simulation of two-dimensional motion with discontineous topography: an obstacle lo-
cated on the beach. A sloping bottom channel of 1 km long and 200 m wide continues as a sloping
beach of | km long with an obstacle located 60 m from the shoreline (a). The obstacle is 80 m
wide, 120 m long, and 10 m high. The wave of 1-m amplitude travels up the beach (b), impinges
on the obstacle and reflects from it (¢). and displays a curved front behind the obstacle (d).

by the small land slopes in this region. Here terrain raises from 5 to 10 m at a distance
of 500 1o 800 m.

There are hills on the north side of the inlet and there was little tsunami inundation.
On the west side, the agreement between the observed and computed inundation is quite
satisfactory. The disagreement between the computed and observed inundation in the
southwest cormer was somewhat reduced (Fig. 11) when the topography was improved
by including the location of the hugh MacMillan-Bloedel pulpmill in the computation.

Figure 12 shows the observed (broken line) and computed (solid line) data of the first
few waves at Port Albemni (Dunbar et al., 1991). According to Dunbar et al. the simulation
at Port Alberni shows that the first wave is modeled well, but thereafter the predicted
wave lags the measured wave. The modeled third wave has the largest amplitude (6 m),
observations by Wigen and White (1964) suggest that the third wave was, in fact, the
highest at about 4.2 m above the tidal water level. However, the modeled wave lags
observations by about one-hall a wave period (15 h). White (1966) recognized that the
Port Alberni observations are imprecise, since the gauge at the townsite had broken and
these high-water values are a synthesis made up from data collected up the Somass River
and from eyewitness accounts at the town.

The differences in height and timing between the modeled and observed data reflect
the fact that Alberni Inlet is nearly resonant with the initial wave (100- to 1 10-min period),
and the treatment of the reflecting boundary conditions at Port Alberni. Modeled water
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Figure 8. Head of the Alberni Inlet and Somass River; water depth in m.
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Figure 9. Head of the Albemni Inlet and Somass River; land elevation in m.
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Figure 10. Computed {solid line) and observed (broken line) inundation of Port Alberni.
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Figure 11. Computed inundation of Port Alberni, after proper inclusion of the pulpmill in th
computations,
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levels at the head of the inlet could be improved by incorporating a high-resolution model
of the flood-dry area in the Somass River valley that allows the tsunami to dissipate some
energy by inundating the surrounding land.

This has been done in the present work and, as can be seen from Fig. 13, the modeled
waveforms agree with the observed waveforms quite well, in both phase and amplitude.
We hope to improve the results even more in future work, by including structures on the
land that was inundated in the computations.
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Figore 12. Observed (broken line) and computed (solid line) tsunami wave forms at Port Alberni
{Dunbar et al., 1991) without including land flooding.
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Figure 13, Observed (broken line) and computed (solid line) sunami wave forms at Port Albemni
with the inclusion of inundation.
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