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Synopsis

This work shows the possibility and extend of using a Boussinesq type wave model for the
simulation of long period waves those encroach a harbor. The basic physics of this model follows the
description of Madsen and Serensen (1992) that uses the concept of depth averaged velocity
distribution with enhanced dispersion characteristics. A finite difference method has been employed
for the numerical computation that follows ADI algorithm. As an application of the model we have
considered Nakada harbor of Okinawa Prefecture. This port sometimes suffers from the unusnal wave
hazards and results into great disturbances in ship handling. The navigation channel inside the harbor
is recently dredged to 5m water depth while in some places in the close vicinity the depth is around
Im. So the bottom contour plays a vital role over the wave evolution in this region. Extensive field
observation have been done at three different locations of which two are inside and the rest is located
at well outside of the harbor towards the offshore direction. Field observations performed from the
beginning of October 1999 to middle of December 1999. For this particnlar study we have chosen few
cases from the above three months. The observed data at the offshore location have been used as the
incident boundary conditions for the model. Later we have compared the simulated and observed
results at the two other locations inside the harbor. The simulated results show fairly great agreement
with the observed data.
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A Boussinesq Model to Study Long Period Waves in a Harbor

1. Introduction

Long period wave is well known in imparting considerable difficulties o the port facilities. Both in normal and
catastrophic situation they can cause huge damages to the anchored ships. mooring systems and other port facilities and,
thus may affect the overall port efficiency. In the recent years there is an upsurge of using Boussinesq equation based
numerical models to study the nearshore hydrodynamic processes. This is because it has been reported by many
researchers that the approximation done by the recent Boussinesq models agree well with the relevant physical
experiments and ficld observations. The major aptness of such models is they can be useful to study the wave
transformation including breaking (Svendsen et al., 1996) for wide range of area from deep sea to swash zone (Serensen et,
al., 1996) with well-nigh confidence. Essentially ocean wave field contains waves of different heights, frequencies and
directions. The wave field is transformed and it experiences a lot of changes into its basic feature when it moves towards
coast from the offshore region due to change of water depth. A large number of rescarchers have been extending their
effort to bring such model into most atiractive form. Peregrine (1967), Abbotts et al. (1978), Flaten and Rygg (1991),
Madsen and Serensen (1991), Sato et al. (1992), Karambas and Koutitas (1992), Nwogu (1993), Hiraishi et al., (1995},
Madsen et al (1997a and 1997b), Bayram and Larson (2000) are some of them.

In this study a Boussinesq equation based numerical model has been developed and employed for the computation of
transformed long waves inside a harbor. The basic physics of this model follows the description of Madsen and Serensen
(1992). An enhanced dispersion relation has been invoked in the simulation. As an application we have applied our model
to study the long period wave field in Nakada harbor of Okinawa Prefecture in Japan.

Nakada is the only port in Izena town of Okinawa Prefecture of Japan, The town Izena is in an isolated island and
presently waterway serves as the only mode of public transportation to and from the main cities of Okinawa. Two large
breakwaters protect this port from the East Side. The bottom topography in and around this harbor is not uniform. The
navigation channel inside the harbor is recently dredged to 5m water depth where the depth at the entrance is about 10m,
The entrance and the close vicinity of this harbor have considerable coral reefs, This port sometimes experiences unusual
wave hazards that create great uncertainty in port management. The Local Government of Okinawa Prefecture has given
great attention to find out the reason of such problem in order to take necessary counter measures, In this connection they
have managed to collect ficld data at three different locations in and well outside the harbor. Initially we have analyzed
these data and observed considerable presence of long period wave that is usually known to create problems to the port
facility.

Our primary interest is to track the available long period waves. Considering the frequency distribution and
respective amplitude in the power spectium obtained from the field data we have chosen the waves of period 30s to 300s
from the collected data sets for this study. Later simulated results are compared with the observed field data.

2. Basic Formulation
The wave transformation model used in ts study is based on the Boussinesq equations with improved dispersion

characteristics as reporied by Madsen et al. (1991) and Madsen and Serensen (1992). The basic contininity equation and
equation of motions for x and y directions can be read as follows:

b 40, =0 (0
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where 7 is the instantaneous water surface elevation, P the depth integrated velocity component (flux) in the x-direction, O
the depth integrated velocity component (flux) in the y-direction, # the local still water depth, D (=h+n) the local
instantaneous water depth, g the gravitational acceleration, & the boundary dumping function varies lincarly along the
width of the sponge layers and null elsewhere, v the eddy viscosity describes the momentum exchange due to turbulence, f
the energy dissipation coefficient and the subscripts x, y and ¢ denote the differentiation with respect to space and time. The
parameter B is an important factor in the dispersion relation that depreciates the computational error in the wave celerity
and group velocity,
The expression for v can be given in the following way (Sato et af., 1992 and Bayram and Larson, 2000):

H

in which a, is a coefficient (2.5 in the surf zone and null elsewhere), fan & the bottom slope, 4 the mean water depth and o
is the angular frequency. O is the flow amplitude, Q, the wave induced flow inside the surf zone and O, is the flow
amplitude of the reform waves and are expressed as follows:

O, =0.4(0.57 +5.3tan 8 )/ gd’ (5)

Q, =0.135\/gd’ (6)
The wave number would be evaluated from the following dispersion relation in which B is equal to 1/15 corresponds

to the frequency dispersion oblained from Padé’s (2,2) expansion of the Stokes first-order theory.

2

¢ 1+BEH

S maluin? 7
gh  1+(B+Ljk’n’ @

where £ is the wave number and ¢ is the wave celerity,

A simple comparison between the linear dispersion relation and the one obtained from Padé’s approximation is
shown in Figure 1.
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Fig. 1 Comparison between dispersion relations

From the above figure it may be observed that for a particnlar range of angular frequencies (o) the dispersion relation
obtained from the small-amplitude wave theory, underscores the wavelength.

3. Numerical Model

A Finite difference numerical method has been employed for the solution of the governing equations. The
discretization is done following the mesh shown in Figure 2. The above governing equations have been discretized in such
a way so that the solution could be obtained by ADI algorithm. The discretized equations are shown in the Appendix.
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Fig. 2 Computational mesh
4. Application of the Model
As an application the obtained model has been applied to study the long period waves in the Nakada harbor of

Okinawa Prefecture. An overview of Nakada harbor is shown in Figure 3. This figure also shows the locations of the
observation stations.
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Station-3

Station-2

Station-1

Fig. 3 An overview of Nakada harbor
Station-1 [(26°55°117, 127°57°43), h=24.2m], Station-2 [(26°55°13”, 127°57°23”), h=10.3m] and, Station-3 [(26°557247,
127°57°18™), A=5.5m]

4.1 Computational Conditions
Three sets of data have been chosen from the observed data for this study. In all cases observed data at Station-1 have
been used as the incident boundary conditions for the numerical model. The basic characteristics of these wave-sels at

Station-1 are shown in Table 1.

Table 1 [SI unit] ODS1 (Original Data Station-1), C1 {Case-1, ¢tc.)

Significant
ODS1 YY MM DD Hours | Depth Hys T Dir.
C1 99 10 25 14~18 | 2422 {141 7.30 E
C2 99 11 29 0608 | 24.23 0.97 7.00 E
C3 99 12 i1 0204 | 24.13 0.51 3.10 E

As an example, Figures 4(a) and 4(b) respectively show the surface elevation and energy distribution for the data of
ODS1CL

2
; — Eta (ODSICI)
E R
~
-1
-2
0 500 1000 1500 2000 2500

time(s)

Fig. 4(a) Instantaneous surface elevation for ODS1C1
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Fig. 4(b) Energy distribution for ODS1C1

From these figures we have assumed that waves having periods in between 30s to 300s would serve our purpose
since we are interested to examine the long period waves in the harbor. Rest two cases ODSIC2 and ODS1C3 are
considered in the similar fashion. An inverse Fourier transformation method is adopted to isolate the waves having period
30s to 300s from the original data sets. Table 2 shows the extracted waves parameters and these parameters are later used
as the incident boundary condition for the numerical simulation. In all cases wave directions and phases are computed
from the observed current velocities in the x-y plane and surface clevation data, respectively.

Table 2 [SI unit] EDS1 (Extracted Data Station-1); Wave period: 30s~300s

Significant
EDS1 YY MM DD Hours | Depth His T Dir.
C1 99 10 25 14~18 | 24.22 0.033 89.86 E24°N
c2 99 11 29 0608 | 24.23 0.017 84.43 E8°§
C3 99 12 11 02~-04 | 24.13 0.013 75,94 E8°N

Figure 3(a) shows the extracted surface elevation data in the range of 30s to 300s, on the other hand, Figure 5(b)

describes their contribution to gross energy.

0.1
005 | — Bta (EDSICI)
e TN Y N NY.Y .07 . I S
=
-0.05 f
0.1
0 500 1000 1500 2000 2500

fime(s)

Fig. 5(a) Instantaneous surface elevation for EDS1C1
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Fig. 5(b) Energy distribution for EDS1C1

4.2 Adjustment of Reflection Coefficient

Usually Jong period waves inherit considerable reflection. Numerically a sponge layer having a width equivalent to
twice of the incoming wavelength or more can absorb most of the wave energies. But physically this job is still neither
easy nor econoinic for a long period wave. In this study we have considered waves in the range of 30s to 300s. From the
field survey we have assumed that a 90% reflection may be occurred in the case of the above wave range. Energy dumping

event in a sponge layer follows the following relation:

}’gm
Ej S
2(sinhy —y )
where the term g is the boundary damping function and is null elsewhere apart from the boundary, =, =Jeh, yis a

coefficient, F is the width of the sponge layer and X is the horizontal distance along the sponge layer in the x and y

loosneyx, 7 i1 5 j=1.2 (8)

directions. respectively.

200
150

100

Y Axis

50

Fig. 6(a) Computational domain for reflection coefficient (not to the scale)
QOur approach is to find out a reasonable value of yto be used for a sponge layer with a width which is essentially less

than a half of the incoming wavelength and reflects about 90% of the wave energy. To do that we have used Eq. 8 and
checked it out for varying » The computational domain for this case is shown in Figure 6(a). In this computation a
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uniform water depth of 10m is assumed over the whole domain. From Table 2 it may be observed that the significant wave
periods for all the cases is close to 90s. So a regular wave train of 10cimn wave height, 90s wave period, and a sponge layer
of width 400m have been used in this particular study.

- P2 — P3

H/Hi

Fig. 6(b) Effect of yin energy dumping

From Figure 6(b} it may be perceived that a value of y is 3 should serve our purpose. In the above figure it may be
observed that when ytakes a value of 8 the sponge layer used here is able to dump almost all the energies at locations P2
and P3.

5. Results and Discussions

We have mentioned in Table 1 that ODS1C1, ODSIC2 and ODS1C3 represent the original observed data at Station-1
in three different months, days and hours, respectively, on the other hand, in Table 2, EDS1CI1, EDSIC2 and ERSIC3
express their corresponding extracted data in the range of 30s to 300s wave period. Similarly EDS2C1, EDS2C2 and
EDS2C3 describe the corresponding extracted wave at Station-2 and, EDS3C1, EDS3C2 and EDS3C3 stand for Station-3.
The original and extracted data at Station-2 and Station-3 are not shown here separately but are used in the comparisons.

5.1 Linear Solution

In general the sccond order flux-related termns in the momentum equations are discarded in the long period wave
approximation because of the smallness in the wave steepness. It is known that the dispersion characteristics of a wave
field i a shallow water region are more significant than a deep-water wave and a linear model can not reproduce the
dispersive characteristics of a wave field as like as a nonlinear model. On the other hand, a high-order Boussinesq model,
because of its structure and formulation, contains a number of higher order derivatives those considerably affect the
computational effort when the flux-related terms are not even active. So¢ it is worthy to mention here that a linearized
Boussinesq model does not curtail the computational time significantly as well. In this computation we have linearized our
Boussinesq model and then as a test case, a unidirectional irregular wave field having significant wave height 0.75m,
significant wave peried 12s and uniform water depth of 10m with a 400 nos. of wave components have been adopted for
siiulation. Later the obtained results are compared with the corresponding nonlinear solution, It is expected that overall
resulis obtain from both the lincar and nonlinear model may not vary significantly but obviously there will be fundamental
differences. Figares 7(a} and 7(b) show the comparisons of the surface elevations obtained from a linear and a nonlinear
solution at Station-2 and Station-3, respectively. In this study we have used the non-linear model as it is.
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— Nonlinear
g 25 50 75 100
time(s)
Fig. 7(a) Comparisons of surface elevations between linear and nonlinear solution at Station-2
0.5
0.25
>
& 0
= V
-0.25
------- Linear Nonlinear
-0.5
0 25 30

75
time(s)

100
Fig. 7(b) Comparisons of surface clevations between linear and nonlinear solution at Station-3
5.2 Nonlinear Solution

Figures 8(a) and 8(b) show the comparisons of the surface elevations and energy distributions between simulated wave
phase difference.

In the simulation EDS1C1, EDS1C2 and EDS1C3 have been utilized as the incident wave conditions for the model
.05

and the respective observed wave at Station-2 for EDS2C1 while Figures 8(c) and 8(d) demonstrate their coherency and
0.025

— Model — EDS2C1

-0.025 ﬂ\\yn{}'\w Wm\// W@M{%{\{}ﬂm‘!&wj\}

()

0

200 400

600 800
time(s)

Fig, 8(a) Comparisons of surface elevations at Station-2 for EDS2C1
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0.0001 -

0.00001 7
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Frequency (1/T)

Fig. 8(b) Comparisons of energy distributions at Station-2 for EDS2C1
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Fig. 8({c) Coherency at Station-2 for EDS2C1
1
——991025(52C1)
< 0.5 -
Sy
% \._/ V
g*-: -0.5 .
-1
0.001 0.01 0.1

Frequency (1/T)
Fig. 8(d) Phase difference at Station-2 for EDS2C1

Figures 9(a) and 9(b) compare the surface elevations and energy distributions of simulated and observed wave at
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Station-2 for EDS2C2 while Figures 9(c) and 9(d} represent their coherency and phase difference.

0.05
— Mode!l — EDS2C2
0.025
B 0 Aﬂs\ NAVANPNN Y AVANY
=3 ?ﬁ" EVae (MY =" ¢ v\w
-0.025
~-0.05
a 200 400 600 800
time(s)
Fig. 9(a) Comparisons of snirface elevations at Station-2 for EDS2C2
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0.7 N
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0.007 0.01 0.1
Frequency (1/7)
Fig. 9{b) Comparisons of energy distributions at Station-2 for EDS2C2
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Fig. 9(c) Coherency at Station-2 for EDS2C2
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Fig. 9(d) Phase difference at Station-2 for ED§2C2

Figures 10(a) and 10(b) show the contrast of the surface elevations and energy distributions of the simulated and
observed wave at Station-2 for EDS2C3 while Figures 10(c) and 10(d) specify their coherency and phase difference.

0.05
— Model —— EDS2C3
0.025 r
-~
P Do oo R N e AN GV 0 O
\% 0 PRGN IV W N
-0.025 |
-0.05
¢ 200 400 600 800
time(s)
Fig. 10(a) Comparisons of surface elevations at Station-2 for EDS2C3
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0.0001 / i
0.00001 -
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0.001 0.01 0.1

Frequency (1/T)

Fig. 10(b) Comparisons of energy distributions at Station-2 for EDS2C3
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Fig, 10(c) Coherency at Station-2 for EDS2C3
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Fig, 16(«) Phase difference at Station-2 for EDS2C3

Figures 11{a) and 11{b} represent the comparisons of the surface elevations and energy distributions obtained from
the model and from the ficld observation at Station-3 for EDS3C1 while Figures 11(c) and 11(d) account their coherency

and phase difference.
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Fig. 11(a) Comparisons of surface elevations at Station-3 for EDS3C1
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Fig. 11(b) Comparisons of energy distributions at Station-3 for EDS3C1
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Fig. 11(d) Phase difference at Station-3 for EDS3C1

Figures 12(a) and 12(b) symbolize the contrast of the surface elevations and energy distributions of the simulated
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and the relevant observed wave at Station-3 for EDS3C2 while Figares 12(c) and 12(d) describe their coherency and
phase difference.
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Fig. 12(a) Comparisons of surface elevations at Station-3 for EDS3C2

1 L
0.2 e Model —— EDS3C2 |
0.01 |
S
> 0.001 - .
0.0001 ]
0.00001 .

0.000001
0.001 0.0 0.1

Ereguency (1/T)

Fig. 12(b) Comparisons of energy distributions at Station-3 for EDS3C2
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Fig. 12(c) Coherency at Station-3 for EDS3C2
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Fig. 12(d) Phase difference at Station-3 for EDS3C2
Figures 13(a) and 13(b) portray the comparisons of the surface elevations and energy distributions of the sinwlated

and the corresponding observed data at Station-3 for EDS3C3 while Figures 13(c) and 13(d) illustrate their coherency and
phase difference.

0.05
—— Model —— EDS3C3
0.025 |
=
T 0
=g
-0.025 |
-0.05
0 200 400 600 800

tirne(s)

Fig, 13(a) Comparisons of surface elevations at Station-3 for EDS3C3
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Fig. 13(b) Comparisons of energy distributions at Station-3 for ED$3C3



Md. Hasanat ZAM AN, Katsuya HIRAYAMA and Tetsuya HIRAISHI

1
——091211(53(C'3)
3 0.75 i
S
5 035 g
=
S
0.25 -
0 1
0.001 0.01 0.1
Frequency (1/T)
Pig. 13(c) Coherency at Station-3 for EDS3C3
1

—— 991211(S3C3)
0.5 .

T N
(WARVATAY

-0.5 .

Phase (rad) xg
>

0.001 0.01 0.1
Frequency (1/T)
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Fig. 14 Observed wave heights at Station-1 and comparisons of their corresponding obserbed and simulated wave heights
at Station-2 and Station-3
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Figure 14 displays the incident wave heights observed at Station-1 and comparisons between computed and observed
significant wave heights for the above three cases at Station-2 and Station-3.

From Figures 8(a), 9(a), 10(a), 11(a), 12(a), and 13(a) it may be perceived that computed instantaneous surface
elevations agree pretty well with the observed data at both the stations inside the harbor for the above three cases. These
observations are well supported by the Figure 14 where comparisons between the computed and observed significant
wave heights are found to match each other to a large extent at the both measuring stations.

6. Conclusions

A nonlinear two-dimensional Boussinesq model with enhanced dispersion characteristics has been examined to study
the long period waves in a harbor. In this study observed data in Nakada harbor of Okinawa Prefecture have been utilized.
Three sets of data of different months, days and times are considered. In all the cases observed data at the offshore station
(Station-1) have been used as the incident boundary conditions for the model. Later we have compared the simulated and
observed results at the other two stations (Station-2 and Station 3) inside the harbor. Comparisons are carried out for
instantaneous surface elevation, energy distribution, coherence and phase difference, The simulated results show fairly
great agreement with the observed data. Some initial results show that for the case of any provisional estimation a
linearized model may be used but a nonlinear model is desirable for the enhancement of the accuracy in the results. This
model might be a useful tool to reconfigure the Nakada harbor for possible safty though we believe that this model is
applicable more generally.

(Received on August 31, 2000)
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List of Symbols
The following symbols are used in the present paper:

dispersion parameter
wave celerity

mean water depth
instantaneous local water depth (A+)
frictional cofficient

width of the sponge layer
acceleration due to gravity
still water depth

local wave height
incident wave height
significant wave height

S momm TN e T
=

x-grid point

y-grid point

wave number
computational time step

oo
o

fluxes in the x~direction

©
©

fluxes in the y-direction
flow amplitude

(S IR

scattered the flow amplitude

©

flow amplitude of the reformed wave

tn
=3

frequency spectrum

LS

time

P—i

wave period

X : horizontal axis

X, : distances in the sponge layer for x and y direction
a coefficient

bottom slope

Qp

s

7 : surface fluctuation
¥ sponge layer related coefficient

v eddy viscosity

o angular frequency

& : boundary-damping function in the x and y direction

£, : damping coefficient
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Appendix

After discretization the X-direction continuity and momentum equations take the following forms:
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Dyj=hij+n,;
After discretization the Y-direction continuity and momentum equations take the following forms:
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