85

89

2001

Jeffreys

Bret-Liang
WAM

90

Topex
Bret-Liang



2001

(Liang,1989,1990) Bretschneider (Bretschneider
and Tamaye,1976) Bret-Liang
Topex
WAM
Holland(1980) R-V
(1995) (2000)
(R) (A P) (V)
A P=1056-1.05P, R=0.1R7 V; R-V
1 81 85 7 17  Topex
R-V (Scatter Diagram)
1 R-V Topex
0.79m/s 25.5%
4.31m/s 082 R-V
Topex
Bretschneider
Bretschneider(1976) 51 SMB
Hy = K WRDP oo asssssssssssssesssssesssesesssssssssssssssesssssnssssnsssens (1)

90 5



2001 90 5
2 3
. 2fRO 2fRO 2&fR0O
K' =759- 41.2 FT+160.51C—3 - 219.3C—3 oot (2)
%0, 5 0.5 80,5
Hr R
Ug R ()
f (=0.525sin® )
)
Vi
. 1V, co
H,=H1+= fu Sq)2 ................................................................................................................ (3)
RS
Hg R
0 Vi
Urs Ug 10 10 (=0.865UR)
Bretschneider R7 R7
(1980, 1990) Bretschneider R7
R7 rr( ) Hswei( )
Haual = CHHAAVRTITTC, ottt (4
C =041 (Linand Liang 2000)
Hy R

1-3



2001 % 5
R7 ( )
(4)

Lin & Liang(1999,2000) Jeffreys(1925)

E= Byl ZIWHCPXIT cororosvesscesseessesssssssssssssssssssssssssssssesssessoe (5)

4 Topex 0.017(Lin and
Liang 1999 2000)

E E
X C
T w
(4)
Hosl SCHRVRTIITC,C, weerereereeresereieensssessississseisssessssssssssssssssssssssssssssssseens (6)
Cand Topex
R-V (Holland 1980
1995) (5)
3
(4) (6) 81 85 6 6 Topex
Topex

(Scatter Diagram)



2001 90 5

Liang
Chien(1985) Liang(1973) (Elementary Wave Model)
G
2 /2
QU cosbdAr, 2 7)
- EQuiicos b, 2
A’
A
U r
B *
I
1 85 (Herb) ( 9608)  1996/07/30/23z
1996/07/31/15z 5.a
2 87 (Zeb) ( 9810)
1998/10/15/18z  1998/10/16/18z 6.a
3 89
(Xangsane) ( 0020) 2000/10/31/12z  2000/11/01/10z
9.a
Bret-Liang
(6) R7
( (source) R7 ) R7
Bretschneider ( (source)



2001 90 5

R7 ) Bret-Liang

(2000) 82 85 Topex 5 8
Topex Bret-Liang
4
85 89 5 6
6
5a Oa 5 5b 9b
10 6
Topex
Topex
R-V
R7
Bret-Liang
R7 R7
Bretschneider ( Bret-Liang )
R7 Topex
Topex



2001 90 5

WAM Bret-Liang
Bret-Liang

(Topex
25.5m/s)

1. Bretschneider,C.L. and E.E. Tamage (1976), Hurricane wind and wave

forecasting techniques, Proceedings 15" International Coastal Engineering
Conference,202-237.

2. Holland, G.J. (1980), An Analytical Model of the Wind and Pressure Profiles
in Hurricane, Monthly Weather Review, 108, 1212-1218.

3. Jeffreys, H. (1925), On the Formation of Water Waves by Wind, Proceedings
Roy. Soc. ,A107(A472),189-206.

4. Liang,N.K. (1973), Elementary Wave Model and the Definition of *“Fetch
Ared in Wave Prediction, Acta Oceanographica Taiwanica, No.3.

5. Liang,N.K., Chien,C.C. (1985), A Typhoon Swell Hindcasting Technique
Modified by Land Sheltering Effect, Proceedings Air-Sea Interaction
Workshop, Taipei ,299-311.

6. Liang,N.K. (1989), A Revised Typhoon Swell Prediction Method’ ,Habour
Technology, 4, 1-10.



2001 90 5

7. Liang,N.K. (1990), A Study on Typhoon Swell Height Prediction, Acta
Oceanographica Taiwanica, 25, 77-86

8. Lin, W.C. and Liang, N.K.(2000), A Study on Typhoon Swell Decay by an
Adverse Wind, Acta Oceanographica Taiwanica, 38, 45-59.

9, (1995) H-R-V
6 135-168
10. (1999)
109-114
11. (2000)
— 178-182
40.00 : | SCIATTERlDIAGRIAM | |
» 30.00— g:s;l.;é}i-%.zzoex '.. . . —]
\\E/ .
[a)]
LIJ B —
i
n
[a)]
Z  20.00 |— |
=
]
D B —
@)
=
=
r 10.00 |— |
0.00 | |
| 'i'OPEX OB.WIND SPEED(m/Sl) ‘
1 Topex R-V



2001 90 5

SCATTER DIAGRAM
T

20.00 T T | | T T
L ME. :056 a
RM.SE.: 153
M.A.E.P. : 26.0%
—~  16.00 S 132 s
00— N ;188 . —
é CR. :081 .
&} Y =1.108+0.883X .
\—|
T | a
-y
<
Z 1200 |— ]
)
@
9/ — -
A
|
L 8.00 |— —
a
(@)
E — -
L
Z
= 4.00 [— ]
0.00 ! ! | ! | ! !
0.00 4.00 8.00 12.00 16.00 20.00
TOPEX OB. H1/3(M)
2 Topex
SCATTER DIAGRAM
20.00 T T I T I T T
- ME. :013 i
RM.S.E.: 147
M.AE.P.:21.1%
16.00 sI 31 .
= .00 — N ;188 ', —]
é CR. :082 .
® Y =0.249+0.976X -
—
T | i
o
L 12.00 (— —
2}
>
L
@ | i
N
—
L 8.00 |— —
o
@]
=
L|>J | i
<
2 400 —
0.00 1 1 | 1 | 1 1
0.00 4.00 8.00 12.00 16.00 20.00
TOPEX OB. H1/3(M)
3 Topex



90

2001

SCATTER DIAGRAM

0-0.21

M.E.

:33
1218
:0.82

R.M.S.E.: 1.50
M.A.E.P.: 22.4%

Y =-0.072 + 0.969X

N.
C.R.

20.00

16.00
12.00
8.00
4.00 (—

(Ww)e/TH 19pOoN Buel 91819 pasinay

0.00

8.00 12.00 16.00 20.00
TOPEX OB. H1/3(m)

4.00

0.00

Bret-Liang

4 Topex

(Qws 26790708096

Qw0 £6)20 0T £20 96

(awo £6)79 0T £20 96

Tauclazdozbos

(qWe9 622192006

(quese)zerezz 006

Q036200222096

(awov 6290122096
(Qwove) 22T 12 2096

(Qwove) 781 42 2096
(awo v6) 20082 £09 6
(awo26) 29082 096

(qwoze)
(awo z6)

(awoz 69062 2096

(Quwoze)zzr 622096

(w06 )2 8T 62 096,

TRACK OF TYPHOON HERB(9608)

40

(N)apnie

140

135

130

125

120

115

110

105

Longitude(E)

5.a

1-10



SWH (M)

5b

L atitude (N)

.00 —

2001

STATION: HUALIEN
TYPHOON: HERB(9608)
® OBSERVED

.00 — © BRET.& LIANG MODEL

90

Longitude(E)

6.a

L]
landing

00 7 .
2 g 2 3 2 IS 3 IS 9 5 9 5 g 2 g 2 3
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
0 @ o 3 @ 2 2 & Iy @ o 3 o 2 2 & o
8 2 & 8 8 8 8 Bl 2 ) & 8 3 8 3 3 2
o o o 2 ° 2 ° 2 o o ° @ 2 2 2 b 2
g < g < g g < g < g < g < g < g <
3 3 3 S 5 3 S 3 3 S 3 3 3 3 3 3 3
& Q & 8 8 8 8 8 8 8 8 8 s ki s s s
N < IS < IS g < g < g < g < IS < < <
N N N N R N R B X N N N N N N R N

40

35 |

30

25

20 F

15 |

10 |

5 B 1 G e b b

105 110 115 120 125 130 135 140



90

2001

TYPHOON: ZEB(9810)

STATION: HUALIEN
® OBSERVED

O BRET.& LIANG MODEL

10.00

8.00

6.00

(WHMS

4.00

2.00

0.00

00'8T 86/91/0T
00'ST 86/91/0T
0021 86/91/0T
006086/91/0T
00:9086/91/0T
00:£086/91/0T
00:0086/9T/0T W_
00:TZ86/51/0T m
00'8T 86/ST/0T _N

[a)
00'ST 86/51/0T
0021 86/5T/0T
006086/51/0T
00:9086/5T/0T
00:£086/51/0T
00:0086/ST/0T

00'TZ86/¥1/0T

6.0.b

STATION: SUAO

TYPHOON: ZEB(9810)

® OBSERVED

© BRET.& LIANG MODEL

|— 00:8T 86/9T/00

|— 00'ST 86/9T/00

[— 00:2T 86/9T/00

|— 00:60 86/9T /00

[— 00:90 86/9T/0C

|— 00:€0 86/9T /00

[— 00:00 86/9T/0C

|— 00Tz 86/5T/

[— 00:8T 86/ST/00

|— 00'ST 86/ST/00

[— 00T 86/ST/00

|— 00:60 86/ST/0C

[— 00:90 86/ST/0C

|— 00:€0 86/ST/00

[— 00:00 86/ST/0C

00'TC 8&/vT/00

8.00 —

7.00 —

6.00 —

1.00

w
2
g
)

6.1.b

1-12



Latitude(N)

SWH (M)

7b

40

35

30

25
81026062(975mb)
18102600z(965mb)
20 EICRIEASSETS _
15 -
B / %ﬁﬁl ]
5 IIIIIIIII|IIIIIIIII|K\‘\IbI|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII
105 110 115 120 125 130 135
Longitude(E)
6.00 —
STATION: TUNGCHITAO
TYPHOON: BABS(9812)
® OBSERVED
- O BRET.& LIANG MODEL
4.00 —
2.00 —
4
SO T TTT I T I I T T I T T I T T T T T T T T T T T 11711
8 8 8 8 8 8 8 8 8 8 8 8
3 g 3 § i 3 d 8 3 8 3 8
3 3 3 3 k3 3 3 3 3 k3 3 3
g 3 3 3 3 g 3 N N N N N
3T 3 8 & & 3§ 3 s ‘3 g ‘= ;=
DATE/TIME

2001 90

140




90

2001

TRACK OF TYPHOON DAN(9920)

AR AR AR NN RN N R RN
120

o
<

n o n o n o
(] ™ N ~ — I

(N)apnige

5

140

135

130

125

115

110

105

Longitude(E)

8.a

STATION: TUNGCHITAO
TYPHOON: DAN(9920)

® OBSERVED

O BRET.& LIANG MODEL

landi
anding

6.00

5.00

4.00

(WY HMS

3.00

2.00

1.00

00:00 66/6/0T

007TZ 66/8/0T

008T 66/8/0T

00T 66/8/0T

00:2T 66/8/0T

0060 66/8/0T

0090 66/8/0T

00'€0 66/8/0T

00:00 66/8/0T

00Tz 66/L/0T

008T 66/2/0T

00ST 66/2/0T

002t 66/2/0T

0060 66/./0T

00:90 66/L/0T

00:€0 66/L/0T

DATE/TIME

8.b

1-14



40

35

30

25

Latitude(N)

20

15

10

SWH(M)

2001

90 5

01101122(990mb)

01101062(980mb)

01101002(970mb) -

01031182(970mb)

01031122(960mb)

01031062(960mb)

105

5.00

4.00

3.00

2.00

1.00

0.00

9.b

110

115 120 125 130 135 140
Longitude(E)

9.a

STATION: HUALIEN
TYPHOON: XANGSANE(0020)
® OBSERVED

O BRET.& LIANG MODEL

10/31/00 06:00

10/31/00 09.00 —
10/31/00 1200 —
10/31/00 1500 —

O 10/31/00 1800 —]

0/31/00 21:00 ——
11/1/00 0000 —
11/1/00 0300 —
11/1/00 0600 —
11/1/00 0900 —

S
ATE/TIME



10

BRET-LIANG MODEL H1/3(M)

2001 90 5

10.00

SCATTER DIAGRAM

8.00 —

6.00 —

4.00 [—

2.00 —

M.E. :-048 -
RM.S.E..1.04
M.AEE.P.: 19.5%
S.L. 127
CR. :0.77
N 1243
Y =0.557 + 0.731X *
.

0.00
0.00

2.00 4.00 6.00 8.00 10.00
HARBOURS OB. H1/3(M)

Bret-Liang (6



2001

90 5

1 (9608)
/ H1/3 H1/3 H1/3

(m) (m) (m) (C)
1996/0730232 4.34 4.19 4.19 1.00
1996/0731002 4.51 4.16 4.16 1.00
1996/0731012 4.61 4.16 4.16 1.00
1996/0731027 4.67 4.68 4.68 1.00
1996/0731032 5.05 5.51 5.23 0.95
1996/0731047 4.93 5.45 5.07 0.93
1996/0731052 4.71 6.87 6.25 0.91
1996/0731062 6.52 6.89 6.13 0.89
1996/0731072 6.92 7.67 6.75 0.88
1996/0731082 5.90 7.63 6.57 0.86
1996/0731097 5.19 8.51 7.40 0.87
1996/0731102 5.24 8.38 7.12 0.85
1996/0731112 6.13 8.20 6.56 0.80
1996/0731122 6.33 9.13 6.48 0.71
1996/073113z 6.27 9.03 5.51 0.61
1996/073114z 5.94 9.02 5.23 0.58
1996/0731152 5.09 10.30 3.40 0.33
1996073112457
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2 (9810)
/ H1/3 H1/3 H1/3
(m) (m) (m) (®)
1998/101518z 6.39 4.09 4.09 1.00
1998/101519z 5.83 4.48 4.48 1.00
1998/101520z 5.43 5.43 1.00
1998/1015217 7.70 7.55 0.98
1998/101522z 7.57 7.27 0.96
1998/101523z 8.31 8.06 0.97
1998/101600z 8.10 7.37 0.91
1998/101601z 6.87 8.17 7.03 0.86
1998/101602z 8.55 7.74 6.19 0.80
1998/101603z 8.67 8.24 5.93 0.72
1998/101604z 7.90 7.89 5.52 0.70
1998/101605z 7.16 7.60 5.09 0.67
1998/101606z 6.77 7.71 5.24 0.68
1998/101607z 6.05 6.13 3.68 0.60
1998/101608z 4.94 6.15 3.81 0.62
1998/101609z 4.83 6.16 3.94 0.64
1998/101610z 3.96 5.45 3.49 0.64
1998/101611z 4.03 4.84 3.29 0.68
1998/101612z 3.44 4.50 3.15 0.70
1998/101613z 3.25 4.23 3.00 0.71
1998/101614z 3.24 4.27 3.12 0.73
1998/101615z 3.00 3.86 2.86 0.74
1998/101616z 2.69 3.42 2.60 0.76
1998/101617z 2.79 2.49 1.97 0.79
1998/101618z 2.41 2.43 1.99 0.82
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3 (0020)
/ H1/3 H1/3 H1/3
(m) (m) (m) (®)
2000/103112z 1.44 1.83 1.46 0.80
2000/103113z 1.68 1.81 1.41 0.78
2000/103114z 1.80 1.94 1.67 0.86
2000/103115z 1.92 2.26 2.15 0.95
2000/103116z 2.43 2.39 2.29 0.96
2000/103117z 2.24 2.64 2.61 0.99
2000/103118z 2.57 2.68 2.68 1.00
2000/103119z 2.40 2.80 2.80 1.00
2000/103120z 3.29 3.19 3.19 1.00
2000/103121z 3.40 3.48 3.48 1.00
2000/103122z 3.03 453 4.48 0.99
2000/103123z 2.91 5.34 4.59 0.86
2000/110100z 3.32 6.16 4.99 0.81
2000/110101z 3.11 6.93 478 0.69
2000/110102z 3.21 6.94 4.65 0.67
2000/110103z 3.60 6.97 453 0.65
2000/110104z 4.60 6.82 4.09 0.60
2000/110105z 3.61 6.11 3.79 0.62
2000/110106z 6.16 5.53 3.15 0.57
2000/110107z 4.41 4.75 2.52 0.53
2000/110108z 4.72 4.39 2.24 0.51
2000/110109z 3.53 3.94 1.97 0.50
2000/110110z 2.98 2.83 1.50 0.53

-19




A Finite Element Model for Modified Boussinesq
Equations

Seung-Buhm Woo!, Philip L.-F. Liu!,
Ting-Kuei Tsay? and Ching-Ho Su?
1 School of Civil and Environmental Engineering, Cornell University,
Ithaca, NY 14853, USA
2 Department of Civil Engineering, National Taiwan University, Taipei, Taiwan
3 Institute of Harbor and Marine Technology, Tai-Chung, Taiwan

Date: April 20, 2001

Summary

A new finite-element method is developed to solve two-dimensional modified
Boussinesq equations. The governing equations are rearranged in such a way that it
is suitable for applying the Galerkin finite element method. The present model uses
linear triangular and rectangular elements and linear shape functions. To remove
the third spatial derivative terms in the governing equations, an auxiliary variable
is introduced. For time integration an implicit predictor-corrector iterative scheme
is employed. Several different kinds of boundary conditions, including the perfect
reflecting boundary, the absorbing boundary (sponge layer) and the incident wave
boundary, are implemented. Numerical results are obtained for various examples.



1 Introduction

Boussinesg-type equations provide a means for studying water wave propagation
over a gradual varying bathymetry. The core of the Boussinesq-type equations is
made of the shallow water equations for linear nondispersive wave propagation.
This basic foundation is expanded by adding terms that represent effects of non-
linearity and frequency dispersion.

Assuming that both the nonlinearity and the frequency dispersion are weak and
are in the same order of magnitude, Peregrine (1967) derived the standard Boussi-
nesq equations for variable depth with the depth-averaged velocity as a dependable
variable. Peregrine’s Boussinesq equations can be recast into similar equations in
terms of either the velocity on the bottom or the velocity on the free surface. While
the dispersion relationship and the wave celerity associated with these equations
differ slightly, the order of magnitude of accuracy of these equations remains the
same. Numerical results based on the standard Boussinesq equations or the equiv-
alent formulations have been shown to give predictions that compared quite well
with field data (Elgar & Guza 1985) and laboratory data (Goring 1978, Liu et al.
1985).

The applications of standard Boussinesq equations are limited to the shallow
water depth because of the assumption of weak frequency dispersion effects. The
standard Boussinesq equations written in terms of the depth-averaged velocity
break down when the depth is greater than one-fifth of the equivalent deep-water
wavelength. For many engineering applications including harbor oscillation com-
putations, where the incident wave energy spectrum consists of many frequency
components, a lesser depth restriction is desirable. Furthermore, when the Boussi-
nesq equations are solved numerically, high frequency oscillations with wavelengths
related to the grid size could cause numerical instability. To extend the applica-
tions to shorter waves many modified forms of Boussinesq-type equations have been
introduced (e.g. Madsen et al. 1991, Nwogu 1993, Beji & Nodaoka 1996, Chen
& Liu 1995). Although the methods of derivation are different, the resulting dis-
persion relations of the linear components of these modified Boussinesq equations
are similar, and may be viewed as a slight modification of the (2,2) Pade approxi-
mation of the full dispersion relation for linear water wave (Witting 1984). It has
been demonstrated that the modified Boussinesq equations are able to simulate
wave propagation from deep water to shallow water including the wave-current
interaction (Chen et al. 1998).

Despite of the success of the modified Boussinesq equations in intermediate and
deep water, these equations are still restricted to weakly nonlinear interactions. As
waves approach shore, wave height increases due to shoaling and wave breaks on
most gentle natural beaches. The wave-height to water depth ratios associated
with this physical process become too high for the Boussinesq approximation. Of
course this restriction can be readily removed by eliminating the weak nonlinearity



assumption (e.g., Wei et al. 1995). Strictly speaking, these strongly nonlinear
equations can no longer be called Boussinesq-type equations since the nonlinearity
is not in balance with the frequency dispersion, which is the spirit of the original
Boussinesq assumption.

An one-dimensional finite element model, based on the strongly nonlinear and
weakly dispersive equations, has been developed to calculate the transient, non-
linear wave propagation (Woo & Liu, 2001). The finite element model is based
on the Petrov-Galerkin weighted residual method, in which the linear shape func-
tion and the cubic spline weighting function have been employed. The model has
been successfully applied to several problems, including the shoaling of solitary
wave, interactions of two solitons and the scattering of a nonlinear wave train by
a submerged bar.

In the present paper, the research effort has been focused on the development
of a two-dimensional model for modified Boussinesq equations. The Galerkin finite
element is developed, using linear triangular or rectangular elements with linear
shape functions. Although one auxiliary variable must be introduced so as to deal
with the third spatial derivative terms in the governing equations, the resulting
algorithm is still more computationally efficient than the Petrov-Galerkin weighted
residual method.

2 Modified Boussinesq Equations

The physical system can be characterized by a typical wave amplitude a, a typical
water depth, hg and a typical wave number k3. Two dimensionless parameters

© T (1)
and
1 = (koho)? (2)

represent the nonlinearity and frequency dispersion in the system, respectively.
The Boussinesq wave theory requires O(g) ~ O(u?) < O(1) so that the theory
can be applied for weakly nonlinear and weakly dispersive waves. Following Liu’s
(1994) notation the two-dimensional continuity and momentum equations can be
expressed as

— + V- [(h+en)u,] + p?V - [C1h*V(V - u,) + C3h°V(V - (hu,))] =0 (3)

ou,

ot

du,, du,
V45V (U, ) + 4 l@h?v (v- - >+5hv (v- (h - ))] =0 (4)



in which . . ) .

C1Z§<52—§>a02:%,03:5+§;5:%a (5)
and 7 is the free surface displacement, u, the horizontal velocity evaluated at
Z = Z,, h the water depth, and z the coordinate measured upwards from the still-
water level. We remark here that although the order of accuracy of the above
equations is of O(u'), the linear dispersion characteristics of these equations can
be improved further by choosing z, properly. For instance, Chen & Liu (1995)
suggested that in order to apply these equations in the intermediate to deep water
the optimal value for z, should be —0.52h. Detailed discussions of this choice are
given in Nwogu (1993) and Chen & Liu (1995).

Note that the third order spatial derivative terms appear in the continuity equa-
tion, but not in the momentum equations. Due to the presence of the third order
spatial derivative, the linear Galerkin finite element cannot be applied directly. To
reduce the order of highest spatial derivative, auxiliary variables are introduced,
ie.,

0*h 0*h 0*h

o B Boim g (6)

With these new variables the governing equations can be rewritten in a lower order
form so that the highest spatial derivative in the governing equation is second order.
Note that Ry, Ro, and R3 will be calculated from the bathymetry data once before
the time integration procedure begins, since water depth is invariant in time.

P:=V-u,, R;:=

3 Numerical Schemes

The major effort of present research is to develop an efficient and accurate finite
element model to solve governing equations (3) and (4) with a variable depth in
an irregular domain. The proper choice of spatial approximation scheme and time
integration scheme will be discussed briefly.

3.1 Spatial Approximation Schemes
3.1.1 Galerkin finite element method

For the development of the Galerkin finite element method, the weighted residuals
of the governing equations are required to be zero, i.e., equations (3) and (4) are
multiplied by a weighting function W (z, y) and integrated over the spatial domain
2. Then the weak form of the governing equations is constructed by performing
integration by parts and introducing integrals on the boundary I'.
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Cy= %B(ﬁ +1), Cs=p (%B + 1) , (11)

and n, and n, are the x and y components of the outward unit normal vector to
the boundary, n, respectively.

The dependent variables are approximated in the form of linear combination of
shape functions (1;(z,y)) and the corresponding nodal values of dependent variable
as follows:

in which

F(o,5, nA0) = 3" (o, y) (P (12)

Pl nAf) = 3z, )P (13

where F' = {1, uq,va}, ‘ND’ is the total number of nodes in the domain and
n =20, 1, 2,..., represent the time levels. Similarly, the water depth and second-
order spatial derivatives of the water depth are also approximated with the same
set of shape functions.

The Galerkin finite element method is applied here so that the weighting func-
tion (W (z,y)) is the same as shape function (¢(z,y)). Substituting (12) and (13)
into the weak forms (7) ~ (10), we obtain the following matrix equations:

ND

SMIAEY = {7 + {7} (14)

J=1
ND

Yo IMPLAPY = {7} (15)

in which i = 1,2,...ND and F' = {5}, 1, v,}. The overdot in (14) represents the
time derivative. Here, [M¥] and [M*] denote the mass matrices corresponding to



dependent variables F' and P; F = {n, ua,v,}. Similarly, {f} and {q} represent
forcing vector and boundary integral, respectively.

3.2 Time integration scheme

The time integration scheme should be accurate enough so that the truncation
errors will not produce any non-physical dispersion or dissipation. In this section,
we shall describe the Adams-Bashforth-Moulton predictor-corrector scheme to in-
tegrate (7) ~ (10). This scheme is one of widely used time integration schemes.
The basic idea of the procedure is described as follows. First, based on the solu-
tion from the current time step, an initial guess for the solution of the governing
equation at the next time step is made (predictor stage). The predicted solution
is inserted into the right-hand-side of the governing equation to find the updated
— or “corrected” — solution (corrector stage). The updated solution is inserted
back into the right-hand side of the governing equation to find another "updated”
solution. This procedure is repeated until the difference between two successive
updated solutions is smaller than error tolerance (Lapidus & Seinfeld 1971).

Specifically, in the present model the third-order Adams-Bashforth scheme is
employed for the predictor step.

n+1 n
PIF]: M), ({F}“” th ) = L osrmyr — a6yt 4 571
At 12
(16)
We remark here that the forcing vectors, {f*} and {f"} contain the time derivative
of velocity ({0} in {f*} and {@} in {f"}). For the predictor stage, these derivatives
are evaluated as

(Y = 5 BN - 4l + {177 + 0(a7) a7)
0t = g [ - 7] + o) (18)
7 = B - a4 (1] + o) (19)

where {r} represents {u} or {v}.

Solving equations (16), one obtains solutions for the first predicted values,
{n}dys {u}jh) and {v}5d) at j-th node and (n + 1)-th time step. Using these
values, the auxiliary variable is updated at the (n + 1)-th time level by solving
equation (15); i.e.,

{PYiy = M5 Yy (20)
To update the forcing vectors of the corrector stage, the time derivative terms
in the forcing vectors need to be evaluated in the following manner:
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N = o [N - 1801 + 901 — 201 o) (1)

(Mo = = ROV =300 = 601 + (1] + 0(a#) (22)
() 6jgt[ {rhg! + 60k =3k =20 o) (23)

{1 = At 2{r}is) = ofr}r +18{r}r = 11{r}i 2 + O(A)  (24)

After the forcing vectors are updated at the (n+ 1)-th time level; i.e., {f”}%)l,

{ f“}%)l, and { f“}%)l, the corrected solutions are then obtained by applying the
fourth-order Adams-Moulton corrector method (Lapidus & Seinfeld 1971). The
subsequent iteration procedure can be explained as follows. To obtain the s-th
corrected value for {77};’;;)1, in which s denotes the number of iteration (s = 1,2, ...),
the continuity equation is integrated in the following manner:

Chl: {nily = Iy + S5 (907t + 1907,
SR 29)

Using {n}75), {u}jity), and {v}}i!,,, we update the forcing vector {f*}i7).
The momentum equat1on for Uy can be mtegrated as

Clual = ()} = (b + oI5 OLF iy +1905)
ST o)

Likewise, with {n}5}, {u}jf} and {v}5f!,), the forcing vector {f*}t!) is up-
dated and the momentum equatlon for v, 1s mtegrated as

Cloal: okl = foly + Sy 907 Vit +1907)
SRR e
If the next corrector step is required, then the forcing vector for auxiliary vari-

able {f7}ji5 is updated using {u}}’} and {0}}{} and equation (15) is solved for
Plicy-



The relative errors between two successive correction steps are defined as

n+1l n-i—l
Ae, = max e n{fl i) (28)
{77}](5)

for n. Similarly, Ae, and Ae, are defined for u,, and v,, respectively. The corrector
step continues until Ae,, Ae, and Ae, are all less than 10*.

3.3 Boundary conditions

Applying an appropriate boundary condition is necessary to obtain proper numer-
ical solutions in a finite computational domain. We have implemented three types
of boundary conditions in this paper: (1) impermeable reflective wall boundary
condition, (2) wave maker (or incident) boundary condition, and (3) absorbing (or
outgoing) boundary condition. The details of the formulation are not shown here.

4 Numerical Results

In present numerical simulations two different types of finite element mesh are
used. One is the structured three node triangular element and the other is the
structured four node rectangular element.

4.1 Propagation of Solitary wave over constant depth

The small amplitude solitary wave can propagate over a long distance without
changing shape. The present numerical scheme is first tested for this case. To
avoid potential complications caused by the boundary conditions, the theoretical
surface profile and the corresponding velocity field for a solitary wave are used as
the initial conditions. The computational domain is made large enough that both
the free surface displacement and the velocity vanish at the boundary throughout
the entire numerical simulation.

Figure 1 shows snap shots of the solitary wave with amplitude 0.1 m over
constant depth of 1 m. The crest of the initial solitary wave is located at x = 0.
Therefore, at the moment shown in Figure 1, the wave has traveled a distance close
to five hundred water depth. In the numerical computations rectangular element
of Az = Ay = 0.5(m), the total number of element in x axis (nx) = 1000, in y
axis (ny) = 4, and At = 0.05(sec) are used. The ‘wavelength’, A, is defined as the
width under the solitary wave where 7/h, > 0.001 (Goring 1978). It is estimated
as 30.3 m and the corresponding ‘wave period’ (T) is calculated from the linear
dispersion relation as 9.2sec. There are roughly 60 elements within the solitary
wave. Because the wave amplitude is quite small, the numerical results are almost
identical to the theoretical solution.



4.2 Solitary wave shoaling on slopes

Numerical simulations for the shoaling of a non-breaking solitary wave over plane
slope are performed. Through this analysis, the nonlinear portion of the present
numerical model can be examined. The test case chosen here is the same as the
one studied by Wei et al. (1995).

The crest of the initial solitary wave is located at = 0, where the beach slope
(1:35) begins. The water depth is 0.71 m at z/hg = 10 and 0.2 m at x/hy = 28. The
incident wave height is € = 0.2. In numerical computations, rectangular elements
of Az = Ay = 0.1(m), nx = 500, ny = 5, and At = 0.02(sec) are used. As shown
in Figure 2, the present numerical solutions agree well with that of Nwogu’s (1993)
weakly nonlinear models in terms of wave amplitude and the free surface shape.

4.3 Propagation of deep water wave

A numerical experiment is performed to evaluate the ability of simulating the
propagation of periodic waves in deep water. The sinusoidal wave with wavelength
2 m, wave height 0.1 m is given as an initial condition over the constant water
depth of 1 m. Here, rectangular elements of Az = Ay = 0.1(m), nx = 1000, ny
= 4, and At = 0.02(sec) are used. The rightmost 1/4 wavelength of the initial
condition are tapered off using a sech?(0.5kz) to avoid the abrupt changes of
the water surface at the edge. Since kh = 3.14 in this case, the conventional
Boussinesq equations are not the appropriate model for its dispersion relation does
not converge if kh > 3.016.

Figure 3 shows the snapshot of the free surface profile of the propagating waves
at t = 17.3(sec). The vertical line denotes the location of a wave crest starting at
x = 0(m) according to the exact phase speed calculated from the linear dispersion
relationship. The phase speed of the present model agrees very well with the exact
phase speed.

4.4 Wave evolution in a rectangular basin

The two-dimensional model involves mixed derivative terms with respect to x and
y which do not appear in the one-dimensional model. To verify the correctness of
the numerical model implementation, wave propagation in a square basin is studied
and numerical results are compared with analytic solutions.

The computational domain of 0 < z < 9(m), 0 < y < 9(m), and structured
uniform rectangular elements are used. Here, Az = Ay = 0.2(m), At = 0.05(sec)
are used so that nx = ny = 45. Water depth of 0.45 m and surface elevation of
Gaussian shape

N, = 0.045 e 2(2=4.5)2 4+ (y—4.5)7] (29)



is given as an initial condition. The initial velocity is set to zero over the whole
domain. The initial surface profile is axisymmetric about the center at xr = y =
4.5(m) with the maximum wave height of 0.045 (m).

The perfect reflective wall boundary conditions are applied at each wall. Due
to the gravitational forcing and boundary conditions, the initial wave propagate
from the center and reflected back to the domain by four side walls. The snapshots
of these phenomena are shown in Figure 4.

The axisymmetry is shown clearly (Figure 5), which implies the obliquely inci-
dent wave as well as normally incident wave to the wall are treated properly in the
numerical model. The time history of free surface elevation of numerical solutions
are compared with that of analytic solutions (Figure 6). The comparison shows
good agreement in terms of wave height and phase. The slight discrepancy between
the model and the analytic solution may be due the rather coarse grid resolution.
It is expected that the comparison will be improved by using finer grid resolution.

By simulating this test case, we are able to check the stability of the numerical
model associated with boundary condition. It is interesting to see how the corner
boundary respond to the higher harmonic waves which is generated as time goes
on. We ran the model until simulation time reaches 30 minute, which correspond
to 36000 time step. The maximum iteration number was 5, indicating that the
present model is stable. Also, we checked the conservative property of mass and
energy. It is founded that there is no loss or gain of mass and energy.

5 Concluding Remarks

A new two-dimensional finite element method is formulated for the modified Boussi-
nesq equations describing weakly nonlinear and weakly dispersive waves. The
choice of the auxiliary variable for the treatment of the third order spatial vari-
ables in the governing equations is decided with the consideration of computational
cost, boundary treatment and the possibility of extension to include higher order
nonlinear terms. Several different types of boundary conditions have been consid-
ered, including the perfect reflecting boundary, total absorbing boundary (sponge
layer) and the incident wave boundary condition. Several numerical examples have
been presented and good agreements between present numerical results and exist-
ing analytical and other numerical solutions are obtained. Future work will be on
the treatment of other types of boundary conditions, such as the partially reflective
boundary, and different dissipative mechanism. The future investigations will also
be focused on the harbor oscillations with different geometry.
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Figure 1: Comparison of numerical and theoretical solution of solitary wave prop-
agating over constant depth at t = 146 (sec). ( a/h= 0.1)
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Are Poincare Waves Existed in The
Chesapeake Bay

Jerome P.-Y. Maa and J.-I. Kwon'

ABSTRACT

Kelvin and Poincare waves are all caused by the Coriolis force when waves
travel in alarge straight channel. Although they all propagate along the channel,
their frequency and amplitude are quite different. The amplitude of Kelvin waves
decreases across the channel from the right to left hand side. Poincare waves
have many modes with different frequencies and their wave amplitude has a
sinusoid form across the channel.

Using a numerical three-Dimensional hydrodynamic model (EFDC model)
on a straight channel with constant water depth, we are able to simulate Kelvin

and Poincare waves. The numerical results were confirmed with the analytical
solution.

The Chesapeake Bay extends about 315 km from its entrance to the head
with an average width about 30 km. The average depth is about 7 meters. Kelvin
waves induced by M,and K;tides had been identified, but Poincare waves have
not been identified yet. Using the EFDC model to simulate M, tide in the
Chesapeake Bay, we have identified both Kelvin and possible Poincare waves.
Because of the much high frequency for high order Poincare waves, they may
responsible for other low frequency oscillation found in secondary embayments.

1.INTRODUCTION

Kelvin and Poincare waves are al induced by the Coriolis force when
waves travel in an idealized large straight channel with a constant water depth.

* Virginia Institute of Marine Science, College of William and Mary,
Gloucester Point, VA 23062
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Although the analytical solutions for these two wave forms were available long
time ago (Pedlosky, 1987), the absolute wave amplitudes are still unknowns.

Thus, a numerical experiment using a well established numerical model to
explore the relative significance is worthwhile. It is well known that the Coriolis
force is important for large scale motion, for example, tidal waves travel in the
Pacific Ocean. Is this force also important for tidal waves travel in a channel
with only its length is as large as the tidal wave length? More important, are
these waves can be found in reality, for example, in the Chesapeake Bay? Using
tidal records along the Chesapeake Bay, Browne and Fisher (1988) have
identified two modes of Kelvin waves induced by M,and K,component tides,
respectively. Questions like “Can other tidal components also be capable of
inducing Kelvin waves? Is it possible that Poincare waves also existed in the
Chesapeake Bay?’ remain unanswered.

While a sophisticate numerical three-dimensional (3-D) hydrodynamic
model (Environmental Fluid Dynamic computing Codes, EFDC, Hamrick, 1992,
1996) is available at the Virginia Institute of Marine Science (VIMYS), it is
possible to carry out numerical experiments for identifying the existence of
Kelvin and Poincare waves. Through this numerical exercise, we may also check
the accuracy of the EFDC model, and address questions mentioned in the first
paragraph. The objectives of this study are (1) using the analytical solution to
check the accuracy of EFDC model, (2) using the EFDC model to analyze the
characteristics of Kelvin and Poincare waves, (3) using the EFDC model to
examine the possible existence of Poincare waves in the Chesapeake Bay, and (4)
introducing a technique to identify small tidal wave signals.

2LONG WAVES PROPAGATING IN A LARGE CHANNEL

Under the conditions of small amplitude (i.e., h/H << 1), hydrostatic,

frictionless, and large scale tidal flows, the equations of motion for tidal waves
travel in alarge straight channel in one direction (Fig. 1) can be written as

fu Th
B AV o [T RURTR TSR 1
t v gﬂx (1)
v Th
e LU Tl o [T TUTT PSSR 2
t gﬂy (2)
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where the Coriolis force term is important because of the large scale motion
(Pedlosky, 1987). The continuity equation can be written as

R L 3)

I Ty

where H(x,y) isthe mean water depth, g isthe gravitational acceleration, h(x,y,t)

Is the water surface fluctuations, u and v are the two local horizontal velocity
componentsin the x and y directions, respectively, tistime, and f =2Wsnqis

the Coriolis parameter with W=7.3" 10°s™* and q isthelatitude.

3KELVIN WAVE

Analytical solutions are available for the simple harmonic tidal waves
propagate through a large straight channel with a constant water depth (Pedl osky,
1987). The channel length, L, is large or comparable with wave length, | , and
the channel width, W, is aso on the order of wave length, | (Fig. 1). Waves
propagate into this channel from one side and eventually move out from the
other end. Assuming the channel axis is parallel to the x direction and the y
direction is the lateral direction. The lateral boundary conditionsarev =0 at y
=0andy =W. The analytical solution of Egs. 1 to 3 can be found in two modes.
Thefirst modeis called Kelvin waves that have aform as follows

h=h,e "% oKX T+ ) oo ssees s sssnsssas (4)

where h,is the unknown amplitude after the Kelvin waves are fully developed,
C, = (gH)"?is the wave phase velocity, k =2p/I isthe wave number. Note that
s =C_k and the negative sign represents Kelvin waves move in the positive x
direction. The positive sign represents Kelvin waves go to the negative x
direction, if existed. The along channel water particle velocity u can be obtained
as

u :rlil_ocoe' VS cos(kx+ it +f) = - R (5)

f Ty

and there is no cross channel flow, i.e. v = 0. A conceptual diagram is given in
Fig. 2 to show the development of Kelvin waves for a large straight channel. At
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the entrance of this channel, the input sinusoidal tidal waves have constant wave
amplitude across the channel (Fig. 2a). The wave amplitude profile across the
channel for the fully developed Kelvin waves is shown in Fig. 2b. The following
parameters: W = 60km, H =3m, f=0, f= 37 degrees and T = 22357.1 s
(frequency = 4.4729 x 10° Hz) were used to generate Fig. 2. Notice that the
analytical solution (Eq. 4) only represents the fully developed Kelvin waves. The
transition information from the profile givenin Fig. 2ato 2b is not available.

4.POINCARE WAVES

The second mode of analytical solution is called Poincare waves and the
solution is given as follows (Pedlosky, 1987).

é o
h:hoécosggpyg- Lf sngﬂpy—ucos(kws t+f) ....................................... (6)
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U=—28—2C0SC——=- —INC——jCOS\KXES Tt +T ) oorrrriieiieeeeeeeeeeen. 7
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é 2.2 2
V:_ﬂ w éf2+C0n2p gsn gmwc—)sn(kx+st+f) ................................... (8)
H snp a W2 3 EW g

wheren =1, 2, 3, ... isinteger which represents different mode of the Poincare
waves,C, =s  /k isthe phase velocity in the x direction. The frequency, s, of
each mode of Poincare wavesis given as

1/2

:(?f+C§f<+22 .................................................................... (9)
é a0

Notice the frequency for each mode of the Poincare waves are different by a
factor of np/W. Thisis an indication of the channel width effect: The small
the channel width, the large the frequency difference among each mode of the
Poincare waves. For high order Poincare waves, the frequency can be high.

A conceptual diagram of showing the developed first three Poincare waves
is given in Fig. 3. The input parameters are the same as those used to generate
Fig. 2b. At the entrance of this channel, the input wave was the same as that
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given in Fig. 2a. After the transition zone, in which the wave amplitude changed
gradually, the fully developed Poincare waves were plotted. The corresponding
Poincare wave frequencies are s, =6.5099" 10°Hz, s, =1.018" 10*Hz,

s, =1434" 10"Hz,..and s,, =5.4424" 10*Hz.

5.THE EFDC HYDRODYNAMIC MODEL

The Environmental Fluid Dynamic computer Code (EFDC, Hamrick, 1992;
1996) developed at the Virginia Institute of Marine Science is a sophistic
hydrodynamic model that capable of predicting small scale process, e. g., salinity
front formation (Shen and Kuo, 1999). EFDC constitutes the hydrodynamic
portion of HEM-3D (Park et al., 1995). The basic hydrodynamic and transport
portions of the model resemble the widely used Blumberg-Mellor model
(Blumberg-Mellor, 1987) in both the physics and the computational scheme used.
The model uses finite difference method to solve the full three-dimensional
equation of motion for tidal flows (i.e., assuming hydrostatic) with free water
surface, and the continuity equation for water mass. Non-linear terms and bottom
friction terms are included. Bottom friction is specified as the bottom roughness
height, r. Conservation of salinity and heat are also included. This model can
handle surface wind stress, heat, salinity fluxes, freshwater discharge, and tidal
forcing.

Mellor and Yamadd s level 2.5 turbulence closure model isimplemented in
the model (Mellor and Yamada, 1982; Galperin et al., 1988). Dynamically
coupled transport equations for the turbulent kinetic energy and turbulent length
scale are solved to provide an accurate representation of turbulent field.

The model uses sigma coordinates in the vertical direction and Cartesian or
curvilinear-orthogonal coordinates in the horizontal direction. The finite
difference model uses an internal-external mode splitting procedure to separate
the internal shear or baroclinic mode from the external free surface gravity wave.
The external model solution uses a semi-implicit scheme to alow large time
steps, which are constrained only by the stability criteria of the explicit central
difference or upwind advection scheme used for the nonlinear accelerations.
Notice that in this study, vertical structure information is not needed. For this
reason, three water layers were arbitrary selected. For other applications, the
range of water layers can be changed significantly, e.g., up to 60 layers.

The model is capable of simulating density and topographically induced
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circulation as well as tidal and wind-driven flows, spatial and temporal

distributions of salinity and temperature. It also has the capability of simulating a
moving boundary, which is especially usefully for those areas that have large
tidal ranges or large tidal flats. The process of wet and dry cells can be important

for better simulate not only hydrodynamics, but also water quality and sediment

transport.

Although not thoroughly verified and tuned, the EFDC also has the basic
and necessary codes for simulating sediment transport. If biological processes
can be provided, this model can also be used to study lava transport and softshel
fish migration.

In this study, we are checking the capability of using the EFDC to simulate
Kelvin and Poincare waves. The difference in terms of governing equations
between the EFDC model and the analytic solution given in the previous chapter
are the nonlinear terms and the bottom friction terms. Both of these terms are not
included in the analytical solution, but available in the EFDC model. The EFDC
model, on the other hands, may have numerical friction/diffusion, and round-off
errors involved. Nevertheless, a comparison of these two results can be used to
establish the credential of the EFDC.

6.NUMERICAL EXPERIMENT ON THE IDEAL CHANNEL

In order to obtain comparable results, the EFDC model was used to
simulate the waves in a large straight channel given in Fig. 1 with the same
parameters, i.e., W =60km H =3m,q=37degrees, and T = 22357.1 s for M,
waves. For the numerical modeling, the extra parameters used are Dx =Dy

=2km, L=100km, bottom roughnessr = 0 and 0.001 m, and Dt =223 s. A simple
harmonic M, tidal waves are the only driving force on the left hand side of the
channel. On the right hand side of this channel, free exit of any waves are
permitted. The input tidal waves have an amplitude of 0.3 m and the frequency
of M,tideis4.4729 x 10° Hz (i.e, T =22357.1 s). M, was chosen instead of

the most dominant M, tide because of the shorter wave length (121.22 km) in

the given model domain. The total duration of model simulation was 40 tidal
cycles, and the last five tidal cycleswere used for analysisthe tidal ranges.

The computed water surface elevations at each time step were recorded for
the entire computing domain. The average wave height at each cell was
calculated using the results of the last 5 tidal cycles. The wave height contours
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for zero roughness (Fig. 4) show the evolution of wave height within this rather
short channel. Obviously it takes about 50 km to fully develop the Kelvin waves.
Between x = 60 - 80 km, the wave height profile across the channel is similar to
that given in Fig. 2b which can be seen clearly. The Coriolis force continuously
affects the cross-channel wave height profile by showing the continuous increase
(decrease) of wave height on the right (left) hand side of the channel.

For further checking the effects of bottom friction on the development of
Kelvin waves, a commonly selected roughness height r = 0.001lm was
implemented in the model simulation. The results (Fig. 5) show a significant
deviation from the theoretical solution.

It would be interesting to see the evolution of Kelvin waves in arelatively
long and narrow channel. Possible environments can be found in the Hudson
Estuary and the Chesapeake Bay. Thus, a second case was tested with the
following parameters, i.e, W = 30 km, L =300 km, r = 0 and 0.001m, dx=dy= 2
km. Without bottom roughness, the continuous action of Coriolis force can cause
asignificant increase of wave height (Fig. 6a). With bottom friction, on the other
hand, the Kelvin wave pattern (Fig. 1b) till prevail but the wave height
decreases gradually in the long axis direction (Fig. 6b). The selection of
roughness height r = 0.001 m is rather arbitrary and not fully justified yet.
Nevertheless, it indicates a overwhelming effect on the wave height along the
channel. Notice that in this case, the Kelvin waves requires about 30 km to
developed, this number seems on the same order of the channel width.

In case for a narrow and short channel, the influence of Coriolis force is
still not negligible, and the effect of the downstream end is aso limited. The
contours plot of wave height for arelatively short channel (Fig. 7) is very close
to the corresponding portion of a much longer channel, e.g., the first 100 km plot
givenin Fig. 6b.

It is hard to see Poincare waves directly from the water surface elevations.
Using the Fast Fourier Transform (FFT) to analyze the frequency components at
selected cells, however, each mode of Poincare waves can be seen clearly. In the
FFT analysis, 4096 data points were used. At the channel mouth, it is clearly
shown that there is only one tidal component, which isthe input M, tidal wave
(Fig. 8d). In the transition zone, all other waves emerged (Fig. 8b). Beyond the
fully developed area (station C in Fig. 1), all modes of Poincare waves as well as
the Kelvin waves can be clearly seen (Fig. 8c). Notice that the frequency of
Kelvin wave is exactly the sameas M,. In other words, Kelvin waves are just a
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modification of the across channel wave amplitude profile of the input waves. In
Fig. 8c, the model calculated frequencies for the first two modes of Poincare
waves (P, and P,) have rather large difference with those given by the

Analytical solution ( A, and A,). It looks like the EFDC model cannot reproduce
A and A,. It produces P, instead. After the third mode, they matched

reasonable well. It is not clear yet what cause the difference and may worth for
more studies in the near future. The relative significance of each mode of
Poincare waves can be depicted from the height at each frequency. In general,
less than one tenth of the input tidal energy goes to the Poincare waves, and most
of the transferred energy staysin the first mode of Poincare waves (Fig. 8c).

7 NUMERICAL EXPERIMENT ON THE CHESAPEAKE BAY

The Chesapeake Bay, the largest estuary in the U.S., extends about 315 km
from the its entrance to the head near the mouth of Susquehanna River. The bay
width varies from 18.5 km at the Chesapeake Bay entrance to about 35 km near
the mouth of the Potomac River, and then narrows to about 6 km near the mouth
of the Severn River (Fig 9). It has a surface area of about 11,400 km? and a
shoreline of about 1200 km. The mean depth of the Bay is about 7 meters and
the maximum depth is nearly 53 meters off Kent Island. The Bay is of sufficient
large that the Coriolis force effect is not negligible. It is long enough to contain
one complete wavelength of the dominant semi-diurnal tide and over one-half
wavelength of the diurnal tide.

There are numerous studies on almost all subjects related to the Chesapeake
Bay such as the natural resources, water quality, etc. One of the previous
researches in the Chesapeake Bay was about the tide and tidal current in the bay
(Browne and Fisher, 1988). Their research indicated that the mean tidal range in
the bay varies between 0.3 m and 0.9 m. The mean range in the tributaries may
be amplified. The average tidal currents vary from about 0.05 m/sec to slightly
over 1 m/sec.

An available Cartesian gird for the Chesapeake Bay with a grid size of 1.8
Km in both x- and y-directions was used in this study (Fig. 9). This grid was
generated for other purpose and was borrowed to check for the existence of
Kelvin and Poincare waves. At this time there is yet no full calibration of the
EFDC model using the grid given in Fig. 9. For this reason, there may be errors
using this grid with EFDC. For our purposes to check the effects of Coriolis
force, however, we believe the grid should be able to show the characteristics.
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There are 96 grid cells in the x-direction, 180 grid cells in the y-direction,
and 10 layers in the vertical direction. We have reduced the number of layers to
only five layers because of the same reason given in the previous study case.
There are 3,555 active water cellsin each layer. M, tidal (T = 44714.2sor f,,,

= 2.2364 x10°Hz) with amplitude = 0.425 m is applied as the only forcing at the
mouth of the bay. The computing time step is 232.9 s, and the EFDC model was
run for 40 tidal cycles. The last 5 tidal cycles were used to find the tidal ranges,
and the last 4096 points of time series records were used with FFT to analysis
the wave components.

The tidal range along the east and west coasts of the Chesapeake Bay (Fig.
10) did show a noticeable difference. In the middle section (50 km < x <150 km),
tidal range on the right hand side (east side) of the bay is significantly large than
the west side. This is because of the large bay width at this site can show the
Coriolisforce effect, exp(-fy/Co) in EQ. 5, more clearly. The reverse character of
Kelvin waves (tidal range on the west coast is large than that on the east coast)
for the first 20 km may be because of the reflection of incident waves on the
west coast near Station D.

Spectrum analysis of time series at six selected stations (A to F, see Fig. 9)
indicates that several modes of Poincare waves also existed from the results of
this numerical experiment (Fig.11). The energy in any mode of Poincare waves,
however, is much smaller than that of the Kelvin waves. The difference is about
two order of magnitudes. Only occasionally, the first mode of Poincare waves
has a relatively large energy (see Fig. 11b). It is not surprise to see the Poincare
waves are not as strong as these given in an ideal case (e.g., Fig. 8). The varying
water depth should be the main reason of causing this effect. Also noticed that
some modes of the Poincare waves are relatively weak, e.g., B, and P, in Fig.
11d as well as P, in Fig. 11c. These may be attribute to the effect of varying

geometry and bathymetry.

Data analysis of real tidal records to extract Poincare waves induced by all
major tidal components is a difficult task because of the small energy for each
mode of Poincare waves. sing a technique developed for lock-in-amplifier by
electric engineering, however, it is possible to identify the usually non-
measurable weak signals, in this case, the Poincare waves. Details are given
next.
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L ock-in Amplifier Technique

Let the small periodical signal is one component of the entire signal which
can be described as

h:A\)+§¥_A1cos(snt+fn) ......................................................................... (10)

n=l

where A isthe mean water level, A, andf , are the amplitude, frequency,
and phase of n-th wave component, respectively. The component that is required
to be extracted has aamplitude A , frequency s, , and phase f,.

By multiplying Eq. 10 with Bcos (s, ), one obtains the following equation

hBcos(s, t) = A Bcos(s, t)+ A Bcogs, t +f, )cos(s , t) +
é A] COdS nt +f n)COS(Skt) ..........................

nt k

using the trigonometry property: cosacosb = %[cos(a - b)+cosfa + b)], Eq. 11

can be rewritten as

hBcos(s, t) = A Bcos(s, t)+ }é A Bloos(f ) +cos(2s t+f )] +
a ¥ AB(cods, - s, )+f ]+ cod(s, +s )t +1,])

nt k

In Eq. 12, only the second term on the right hand side is not a function of timet.
Thisterm ( %Akbcosfk) is actually a constant with two unknowns: A and f,.

If applying a low-pass filter with a sufficiently low cutoff frequency to the
results of Eq. 12, then only this term can pass through, and all other terms will be
blocked by the filter.

Similarly if multiplying Eg. 10 with Bsin(s, +f,), and using a similar
trigonometry, one can obtain the following Equation.

hBsin(s,t) = A Bsin(st)+ Y, ABISN(f, ) +sn(2s,t+f, )] +
a ¥ AB(sn(s,- s, )+ J+sn[ls, +s,)t+f,])

In Eq, 13, only the second term on the right hand side is not a function of time.
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Using the same low-pass filter, the only term that can pass through is
%AKBs'nf . - By adding the squares of these two low-pass filtered results, one

will obtain a constant R as follows.

R? = (1pf [hBsin(s t)])* + (1pf [NBcos(S ,t)])7 wvvvveveeeeeeeeeeerrveeeeeseseeeeeeee (14)

where Ipf stands for low-pass-filtered. Now the amplitude of the wanted signal
can be obtained as A = 2R"?B. The phase angle can be obtained as

f

_,2€1pf[MBsin(s,t)]u
. = tan glpf [thos(skt)]H ....................................................................... (15)

An application of the above process to extract the first three modes of
Poincare waves at Station B from the time series generated from the EFDC
model output has been implemented. The wave amplitudes are 0.0136 m, 0.0185
m, and 0.00254 m at frequency 4.4725x 10°, 6.71 x10°, and 8.945x10° Hz,
respectively. The program was written in Matlab language to take advantage of
the excellent FFT subroutine available and the codes can be found from the
author’ s web site www.vims.edu\~maa.

8.CONCLUSIONS

This exercise indicates that an analytical model and a well developed
numerical model can work together to identify the development of weak wave
generation processes. The following concluding remarks can be summarized:
1.Kelvin waves represent the effect of Coriolis force on the adjustment of wave

amplitude profile across the channel. Its frequency is exactly the same as that of
the input tidal waves.

2.A transition length, which is about the same as the channel width, is needed for
the Kelvin waves to be fully developed in a straight channel.

3.The Corialis force is important even the channel width is much smaller when
compared with the wave length. The accumulated action of Coriolis force along
the channel can be significant.
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4.Bottom friction plays an important rule to balance the Coriolis force. Although
their roles are not exactly opposite, the combined effect of the Coriolis force
and the bottom friction is a gradually diminished Kelvin waves along the
channel.

5.Poincare waves have a sinusoidal wave from across the channel. These waves
are induced and represent the effect of Coriolis force on wave frequency. The
importance of Poincare wavesis rather insignificant because of the rather small
wave amplitudes for each mode (less than one tenth of the Kelvin waves).

6.The EFDC model can reproduce Kelvin waves and almost all modes of the
Poincare waves in.16 an ideal channel. The frequencies of the first two modes
of Poincare waves, however, are not accurately simulated even in the ideal case.
The reasons of having this difference are pending for the results of more
studies.

7.The EFDC model with a untuned data set for the Chesapeake Bay can
reproduce Kelvin waves in the Chesapeake Bay. The EFDC model aso pointed
out the possible modes of Poincare waves in the Chesapeake Bay.

8.Because of the irregular geometry and bathymetry, the possible Poincare waves
in the Chesapeake Bay are much smaller than those for an ideal case (100 times
less than that of the Kelvin waves).
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Fig. 2. Coriolis Force Modified Kelvin Wave Amplitude Profile Across the
Channel. (a) Input sinusoidal waves at the beginning of the channel,
and (b) fully developed Kelvin waves in the channel.

19



L (c) Poincare waves, Ist mode (n = 1) 4
1 == ——— Lowtide,ot=m

W High tide, 0,t=0

_2 1 1 1 1 L

2 T T T T T

| (d) Poincare waves, 2nd mode (n = 2) . 4
K Low tide, o,t=7

-

qfb=-=--
i High tide, 0,t = oﬂ ]

_2 1 1 1 1 1

Normalized Wave Amplitude (m)

2 T T T
+ (e) Poincare Waves, 3rd mode (n = 3)

Low tide, ojt=m

o gy -
~ - ~,
~, L ~

~. -
~, -
N

" High tide, o5t = 01 1
_2 | | |
60 50 40 30 20 10 0

Distance Across the Channel (Km)

Fig. 3. Coriolis Force Induced Poincare Waves. (a) Fully developed first mode
wave amplitude across the channel. (b) Fully developed second mode
wave amplitude. (C) Fully developed third mode of Poincare waves.

21



Y (km)

Ry LR

N

60

e —
0.6 i
. ’\’\_—___\i‘vA :>

|::>20: O.S\W——'—-—J'/
10" o
. //\_\ - e

: 1
0 | ! ! ! ! ! ! ! !
0 A7 20 40 60 80 7 100

X (km)

Fig. 4. Contours of Wave Height Showing the Development of Kelvin Waves for a Rather
Short Channel without Bottom Friction. Waves come in from the left hand side and
exit at the right hand side. Input wave height = 0.6 m, constant water depth = 3m.

22



T A<\\// T
500
40
€ 30
X
>—
= 20006

Fig. 5. Contours of Wave Height Showing the Effect of Bottom Friction on the Development
of Kelvin Waves for a Rather Short Channel. Bottom roughness height r = 0.001 m,
waves come in from the left and exit at the right hand side, input wave height = 0.6 m.

23



_J
0.1\
300

~

\} [0 = N
dle S
<\\<° ,\< N i\\<‘
(a) o
R - 8
>O
%0}_‘. N
o N o
¢ =/ 8
(

—

(a) roughness height, r = 0.0 m

0.5 N ]

WMN
TR | —

(b) roughness height, r = 0.001 m

I T
. 0.3
| |

100 150

X (km)

N~
o
. o
0
N
N %
N({ o <
<<\
R ) SN N | W
I e g  ©°

(W) A

Fig. 6. Contours of Wave Height Showing the Development of Kelvin Waves for a Narrow and Long Channel with (a) r =
0 m, and (b) r =0.001 m. Waves Come in from the left handside and exit at the right hand ide, input wave height =
0.6 m, constant water depth =3 m.

25



{/K\\/// ‘ ‘///<\\///‘

N

0.7

— I I I |

0 |
0 R 20 40 60 8o A 100
X (km)

Fig. 7. Contours of Wave Height Showing the Development of Kelvin Waves for a Narrow and Short Channel
with r=0.001 m. It shows a similar contour plot for the first 100 km given in Fig. 6b.

26



10 (a) sLtation A‘

(b) station B

ENERGY (m2Hz)

Frequency (Hz)

Fig. 8. Spectrum Analysis Showing the Development of Kelvin and Poincare Waves for an ideal Straight
Channel Givne in Fig. 1 without Bottom Friction. (a) At the entrance; (b) in transition zone , and (c) in
fully developed zone with the analytic solution marked as crosses and A,, A,, etc.

28



Susquehanna River

Severn River R
. C. E;rr éf”/ Kent Island
Washington D. F o 5 C

Potomac Ri u% .
i iiq
HH 100 Km
Y W
H . o A
-
L 10 Km
X -j—lj'_l-i-i--lm SHHHH
FE

Fig. 9. Computational Grid for the Chesapeake Bay.

29



1.2 : [ ‘ ‘
1 i -5 East side

&« N S S West side

b e 1

£ M

o 1 X S R S |

(@)

c

oy 1

©

o J

C

@©

o

=

0 50 100 150 200 250 300 350
Distance from the mouth (km)

Fig. 10. Calculated Tidal Range along the Chesapeake Bay Showing the Kelvin Waves
Caused by Coriolis Force

30



Energy (m*/Hz)

10000

100

0.01

(a) Station A

‘ ‘ f,=4.47x10° Hz

10000
100

(b) Station g | A170-0135m

£,=6.71x10° Hz
B A A,=0.0185 m

0.01

10000

f;=8.945x10" Hz
A;=0.00254 m

100

0.01 !

(c) Station C

0 0.4 08

12 16 2

Frequency (Hz) <104

Fig. 11. Spectrum Analysis Showing the Kelvin and Poincare Waves in the Chesapeake Bay at Stations A to F .

31



Energy (m*/Hz)

10000
100

0.01

10000
100

0.01

10000

100 L

0.01

(d) Station D

) .

(e) Station E

(f) Station F

Frequency (Hz)

Fig. 11. (Continue)

32



2001




2001 N 5

McNown (1952)

(natura frequency)

Kravtchenko and
McNown (1955) McNown (1952)
Apte and Marcou (1954)
Biesd and LeMehaute (1956) LeMehaute (1961)
Miles and Munk (1961)
(rediation)
Green
Green
Delta
(harbor paradox)
LeMehaute (1962) (viscous

dissipation)

Ippen and Raichlen (1962) Raichlen and Ippen (1965)

Ippen, Raichlen and Sullivan (1962)



2001 N 5

Ippen and Goda (1963)
Miles and Munk (1961) Green

Merian
1966) Merian
(Wilson, 1972) Lee (1969)
60°

(Lee, 1969)

Leendertse (1967)

Hwang and Tuck (1969)

Hankel

(trial and error method)
Lee (1969, 1971) Leeand Raichlen (1972)

(Ippen,

10°



2001 N 5

Helmholtz

(mild dope equation)

element method Chen (1986) and Tsay, Zhu and Liu(1989)

(1986) (1992)
Chwang, Ou and Su  (1990) Lee (1969)
(1991)

Berkhoff (1972)
Chen and Mei (1974)

hybrid

(1990)

Laplace



2001 0

(1)

1 AgcoshK(z+h)

F= W P~ F(XY)E™
R = A X (X Y)XE™ et

A g w

f(x,y)
ﬂzz +.”z12: F K2 S0 e
x> Ty
() f, f
fo () f,

0
n

(1)



2001

() Helmholtz

n n
T S S Y
Weber ()
o Lo THE e I8,
) 2(% Jarm R
i source point  HYY
Helmholtz (fundamental solution)
source point f,
1 F, 0
] (]| T
i1 =10 T

H] [e]

Sommerfeld

Helmholtz

Hankel



2001

.
iﬂ—ég (U IR (< NP (2-12)
C L oty
in
i) =[H] ) -4
{f}=[R]"(Cl] i)
=[H] "{e]{u,.]4c}
SIM]HCY e (2-13)
()
i _ & ﬂHél) ) (1)&@ )
R L L (2-14)
3 HO
11%:0 ...................................................................................................... (2-15)
L Lo (2-16)
n r 9n
r n
(@)
%: ...................................................................................................... (2-17)
(2-14)



2001 N 5

_ y Jf;
f _EQEH‘(’)xﬂ_nds ................................................................................... (2-18)
AB
i, _ 1t X
e —— (2-19)
(2-18)
f —-iE‘BHél) x%ds ............................................................................. (2-20)
{1} =Bl {Ch 1 e (2-21)
( ) fl = fi + fr + fs (2_21)
{£,}-{f +1.}=[B]. {C) 1 oo (2-22)
f, =1, (2-22)
[M]XC} =[BIACH+{f, + £.} oo (2-23)
{C=(M]- [BY HE + £} oo (2-24)
f f
o) ﬂfZ
Ml [l -
f, fs



2001 N 5

(amplification factor)

bl later] 22
A(f+f - iwt |Af+f)'Wt| |fi+fr| .......................................
Weber
Hankel
Lee(1969)



2001 N 5

X Y
Z Z 0
R B,
Ry
BZ hl
h,(X,y) hy(x,y,t) =12
h (X y,1) A T( L K)
X o
R (X, Y1) = A K e e, (3-1)
w =2p/T h, (x,y,t)
h (xy.t)=f (x,y)e" [T 2 (3-2)

f,(xy)  f,(xy)

(1)

4-10



2001 N 5

N2f,+KZE,=0 (3-3)

NXc,c Nf,) +(C,y /W f, =0 s (3-4)
a1 _ _
N_(ﬂ’ﬂ_y) c, =L, /T C,, = ke,

K

K = 051+ 2K, N, /S0 2K 0,)] e (3-5)
k, =2p/L, (3-3) Helmholtz (3-4)

(' mild dope equation)
(2)
f, =1, =Y (3-6)

1f i

C,Cy ﬂ—; =-C,Cy ‘ﬂ_ri B, e (37)

i

‘ﬂ_r21 =-iaK,f, B, e (3-8)
n (3-7) a

fy fi
fr
fs f1
f o f (39
fs

4-11



2001 N 5

lim Jr’ g—+|KOf S R (3-10)
kor® ¥ eﬂr 1]

fi
fi — AeiKorCOS(q-qo)
= AQ ei"J, (K,r)[cos(ng,)cos(ng) + sn(ng,)sn ()] weveeeeeeeeeereeernss (3-11)
n=0
e=1 e=2(n=12..) J, n Besd (rd@)
i=-1 f,
fr - Ae-iKorCOS(qmo)
¥
=AQ e,i"J, (k,r)[cos(ng,)cos(ng)- sn(ng,)sn(n)] .cooeeeeererervrereinnns (3-12)
n=0
fs (3-3)
3
f. =8 Hi(K, r)[a, codng) + b, SN (NQ)] corvvveeeereeeerreeerceeeeeeseeeseeeeeessesenns (3-13)
n=0
H! n  Hankel a, b,
domain method
(3-4)
(functiona)
(variation) (boundary vaue problem)

(power)



2001 N 5

(weighted residual method)

&, 0 u
29w £, dA
2 @ a

1If, 1. "M :
887 5Q e, (f+ ) rds (3.14)

1 \\é N
F =2 @EeaCe (Nf,)? -
w e

. 1
+ chclg (- E f,+f,)

+%Q2ial<2f22ds

(3-14) Green

iIf,

- @fpzczgmzfz of, xdA+ fC,C,, —+
W By ﬂn

+C,C,, 11{—;) xf , *dS

* ORIG ( f,+ 1,) M xSt 2 (5C,, (-,
B, B

Moot Iy s (3-15)
n fin

C
+ (‘f:zczg (%+iaK2 f,)>df, xdS- C‘o?)%\l\lzfz f, xdS=0
B, n w2

f, df Laplace Green
(3-14) :
fe c* Cq ke
o N £ (3-163
=1
ct = &Ml X;CS ={xe}T {ce} .......................................................................... (3-16b)
j=1



2001 N 5

€8 = 8 %08 =HTICT] o (3-160)
P g N L (3-160)
e ] {} X;
(3-14)
[Klo n{ ol 1 3{Qh 1 e eesessssss e (3-17)
[K] N (3-17)
(3-14)
(3-12) (3-12) (3-13)
(3-9) z
Y ) \\C2g N ﬂfz _
- (vlv,jxlz X(C,C,,Nf,)dA+ gpawzzfsz+ chzczg T 0570 (3-18)
Neuman
Dirichlet

Jeong, et a (1996) Demirbilek, Xu and Panchang (1996)

4-14



2001 N 5

Murakami, Y oshida and Irie (1999)

98296
49985



2001 N 5

(2-26)

1 Apte A.S. and Marcou, C., Seiche in Ports, Proc. of the Fifth Conference on

4-16



10

11

12

13

14

2001 N 5

Coasta Engineering, Grenoble, France, pp.85-94, 1954.

Berkhoff, J.C.W., Computation of Combined Refraction Diffraction, Proc. 13"
Coastal Engineering Conference, 1972.

Bied, F. and LeMehaute, B., Mouvements de Resonance a Deux Dimensons
dans une Enceinte Sous L' Action d Ondes Incidentes, LaHouille Blanche, July-
August, pp.348-374, 1956.

Chen, H.S,, Effects of Bottom Friction and Boundary Absorption on Water
Wave Scattering, Applied Ocean Research, Vol .8, pp.99-104, 1986.

Chen, H.S. and Mei, C.C., Oscillations and Waves Forces in an Offshore Harbor,
Raph M. Parsons Laboratory, Report N0.190, MIT, 1974.

Chwang, A.T., Ou, SH. and Su, C.H., Wave Oscillations inside Porous Wall
Harbors, Proc. the 3" Conference on Hydraulic Engineering, Taiwan, ROC,
pp.853-868, 1990.

Demirbilek, Z., Xu, B. and Panchang, V., Uncertainties in the Validation of
Harbor Wave Modédls, Proceedings of the International Conference on Coastal
Engineering, pp.1256-1267, 1996.

Hwang, L.S. and Tuck, E.O., On the Oscillations of Harbors of Arbitrary Shape,
Submitted to J.F.M. (publication pending) 1969.

Ippen, A.T., Editor, Estuary and Coastline Hydrodynamics, McGraw-Hill Book
Company, New Y ork, 1966.

Ippen, A.T. and Goda, Y., Wave Induces Oscillations in Harbors: The Solution
for a Rectangular Harbor Connected to the Open Sea, Report No0.59,
Hydrodynamic Laboratory, MIT, 1963.

Ippen, A.T. and Raichlen, F., Wave Induced Oscillations in Harbors. The
Problem of Coupling of Highly Reflective Basins, Report No0.49,
Hydrodynamics Laboratory, MIT, 1962.

Ippen, A.T., Raichlen, F. and Sullivan, R.K., Wave Induced Oscillations in
Harbors. Effect of Energy Dissipators in Coupled Basin Systems, Report No.52,
Hydrodynamics Laboratory, MIT, 1962.

Jeong, W.M., Chae, JW., Park, W.S.,, and Jung, K.T., Field Measurements and
Numerical Modeling of Harbor Oscillations during Storm Waves, Proceedings of
the International Conference on Coastal Engineering, pp.1256-1267, 1996.

Kravtchenho, J. and McNown, J.S., Sciche in Rectangular Ports, Appl. Math,,

4-17



2001 N 5

Vol.13, pp.19-26, 1955.

15 Lee JJ., Wave-Induced Oscillationsin Harbors of Arbitrary Shape, Report KH-
R-20, W.M. Kerk Laboratory of Hydraulics and Water Resources, Caiformia,
Ingtitute of Technology, Berkeley, California, 1969.

16 Lee JJ., Wave-Induced Oscillations in Harbors of Arbitrary Geometry, J.F.M.,
Vol.45, pp.375-394, 1971.

17 Lee, JJ. and Raichlen, F., Oscillations in Harbors with Connected Basins, J.
Waterways, Ports, Coastal and Ocean Engineering Divison, ASCE, Vol.98,
No.Ww3, pp.311-332, 1972.

18 Leendertse, JJ.,, Aspects of a Computational Model for Long Period Water
Wave Propagation, Memorandum, RM-5294-PR, The Rand Corporation, 1967.

19 LeMehaute, B., Theory of Wave Agitation in a Harbor, Journal of the
Hydraulics Divison, ASCE, Vol.87, No.Hy2, pp.31-50, 1961.

20 LeMehaute, B., Discussion of the paper “ Harbor Paradox’ by J. Miles and W.
Munk, Journa of the Waterways and Harbors Division, ASCE, Vol.88, No.WW?2,
pp.173-185, 1962.

21  McNown, JS, Waves and Seiche in Idedized Ports, Gravity Wave
Symposium, Nationa Bureau of Standards, 1952.

22  Miles, J. and Munk, W., Harbor Paradox, J. Waterway and Harbors Division,
ASCE, WW3, pp. 111-130, 1961.

23  Murakami, K., Yoshida, A. and Irie, |., Characteristics of Harbor Oscillation
and Ship Motion Induced by Long Period Waves, Proceedings of the Ninth
International Offshore and Polar Engineering Conference, Bret, france, May 30-
June4, pp.552-557, 1999.

24  Rachlen, F. and Ippen, A.T., Wave Induced Oscillationsin Harbors, Journal of
the Hydraulics Division, ASCE, Vol.91, No.Hy2, pp.1-26, 1965.

25 Tsay, TK., Zhu, W. and Liu, PL-F, A Finite Element Model for Wave
Refraction, Diffraction, Reflection and Dissipation, Applied Ocean Research,
Vol.11, No.1, pp.33-38, 1989.

26  Wilson, B.W., Seiches, Advanced Hydroscience, Vol.8, pp.1-94, 1972.

27
111-129 1986.

28

4-18



29

30

31

2001

668-679

4-19

1992.

1-18 1990.

23-37

1991.



2001

4-20



2001

Contour of depth in Haw-Lien Regiaon

3735

Y 334 o

-1386

-3067

-1130 =1t 1918
X {m

-2146

] Institute of Harbor & Marine Technology

OEP IR, OEP

=

Aot

315000.

(

-
2657000 12648000

4-21



0002-

2001

000¢

000¥-  000S-
1 I

000¢-
| LA

0 0001- 000¢-

000}

000¢

o
0
SBARE]

SRS | %%""A%?Qgggﬁp
e e
i’y‘“““yv RS AV
Lo SR e AP RO AN
A AR A A RS
SR P D

R BRI
PR R e g ISR

e AR R

§§§’“‘”§?§% i 4&53'; vi%gﬁ.%‘?gsﬁ
JLH ) iyl

“‘ <P "/’/ ‘A ‘VAQ?

% ﬁes% | %&?!y? § A

s A R Ry Tasa

P

S,
o
YAvawa'
N

g

ii\\/

200

<
&
raaYa
Wiy

VA

&
o
L
RN
VAYAVAY
Vﬂ"

L\

v,
AVANG)
Gt
LV
20
N7
a




2001 NV 5

1995 1




2001 NV 5

Gelci  Vass (1957)

1970 Uji
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WAM (WAve Modd)  Tolman (1989)

WAVEWATCH
Delft SWAN (Simulating
WAves Nearshore) (Booij 1996)
Holthuijsen (1997)
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Bretherton Garrett (1968) ( Hamilton principle )
( the wave action balance
equation )

—(NJ)+—(C NJ)+—(C NJ)+ (c NJ)+—(C NJ)_% ........ (1)

N =Nt X Y.k, k) c. ¢, C G
X y s q
‘] = Cg /|k| Sotal
(1)
N, e Ny + T o N)+ S C N (c N)]
W @
+N(—+CXE+CyE+Cs ﬂ +C, E)——‘]S“’“"'
It X Ty s ‘1q s
Xy s ¢ @)
(2)
N+ e ny+ _(c N)+ o (CSN)+1(ch):M ........................ 3)
ﬂt ix 19 s
N

N, T : T T I = Soa
o + 1 (C N) + (cosf ) f(CfN)+‘"S (CSN)+ﬂq(CqN) o (4)

C G C, C

q

( Sotal )
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( Fractional step method )

Nn+1/3_ Nn T[

F——(CoN) T 0 s aaanas 5
5t N 5)
Nn+2/3 _ Nn+1/3 1'[
B (O N T O I 6
5 7N ©)
Nn+1 _ Nn+2/3 ﬂ 1‘[
————— + —(C NI+ —(C N)=S . e 7
Dt ﬂX( X ) W( y ) Stotal ()
5) (Flux
correction transport method) (Boris Book 1973) (6)
Crank-Nicolson X
y -
( Taylor-Galerkin ) ( Donea 1984 Selmin Donea
1985)
Dt2
{M +Q[Dt(VM, - SM ) - 7(VMb- SM )} N
..................... (8)
2

=(M - (1- QIDUVM, - SM,)- = (VM - SM,)}N"""

M = 870 AW oo (9)
VM, = QoTo'yq CiaW oot (10)
VM, = (676 ,,C.CINAG- (3878  C.CiW oo (11)
IR (12)
SM, = O(OTCiy)ni dG- QbTxi('j,Xi CYAW ..o (13)
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Q Q=1/2 Crank-Nicolson
(8)

JONSWAP

10% (WAMDI Group 1988)
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1998) 500 117 125
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(MEST v6.2) (Smith Sandwell 1997) 2 3.6
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4.2

Rankin-Vortex Model ( Holland 1980 )

(16) ( Myers 1954 )
P oo P, 4+ DP @ 0/ ettt (16)
P r P, DP=PR, - P,
R, R R,
1 (1013.3mb) r, Graham

Nunn (1959)

r, = 28.52 tanh] 0.0873(f - 28)] +12.22/ exp[(1013.3- P,)/33.86]

LoV, +3722 an
V, f (16)
U2 = O L e oy o e (18)
r, dr a r
r. U, ( cyclostrophic wind speed )
V. (gradient wind speed)
1 dP
Vi+frv =— D et rere e e sarr e e ree e e e e e re e re e eeeareeere e reenne e reesrenane 19
Piry =y (19)
V2 4 £ TV, S U e ss s (20)
V, Z-05F 1+3J(0.5F 1)2HUZ coieeeereeensssissesssesessssssssssssssssessssssssnees (21)
V. r f =2wsn f
V.. (Powell 1980)
Ve S 0.8V oottt ettt sees (22)
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V.=V, F 0.5V, COS coueerrerreeesessesssssssssesssssssssssssssssssssessssssssssssssssssssssanes (23)
V., r
R-V
9 10 11
R-V 8.5
8.8 89 8 23 1
7.1 8.5 89
8 23 0 7.2 9.6
89 8 22 22
R-V
R-V
R-
\%
12 13
R-V 4.6
7.1 89 8 23 2
6.4 8.1
89 8 23 0 5.0 9.0
89 8 22 20 R-V
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x
p = p(xh) Fr (Froude number)
Fr =u /o ©)
(10)
(contact line)
Py +CPy =
Up FOUL T 00 ettt (11)
Ju, v_
ix Ty

¢ = /g xtanh( kh)/ k



(no-dlip)
u \Y p
2 O
fy =(CsfS+Cnfn+CWfW+Cefe+QfS'l)+CpSf .................................................. (12)
f X y u v 5 Refp/Ix  ReTp/ Ty
Chen and Patel (1987) (12) P
o 4
(12) u v Navier-Stokes
Patankar
(1980) SIMPLER
Navier-Stokes
SIMPLER Navier-Stokes
4.1
(h,)40
cm (m 125 (H)1 cm
(L) 2.05cm Ur 0.67 Ur HL?/h,® 2 (d)
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2(b)  2(c)
09h,
Dean and Dalrymple (1984)
gH Js/auy \/Sﬁ
——~=—|cosh F o Y] e 13
R Sh & [coshikycosy - €/ cosy + =] (13)
=. 9K fgnhkycosly +p/2)+ Hf 1 oo JZy Y+ p‘ K\fCOﬂ?ﬁpo (14)
" 25 coskiy
y =kx-s't
3(b) 3(c) y=15d d=+J2n/s p
3(d) 3(e) t, 2
3 3(c)
4.2
Madsen (1971)
Stokes Madsen
Madsen Stokes Dong (2000)
4 (a) h, 40 cm T 3 H 5
cm
Stokes 4(b)
4(c) 09h,
Stokes 5@ (d
4 5 Stokes
H p H? coshkh,
h:—co X- st coshzkh, + 2)cos2(kx- st
shox- St) +5 sjnh?’krb( hy +2)oos2(kX- St) ..o (15)
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L Mizuguchi (1987)
U T UL U5 FUg e ee s ee s ses e s ee s se s neseesenees (16)
u, = Re{Ul(l- e'ay)e'St} ................................................................. (17)
_ du 1+i) 1-1i CA+3 0oy 1-0
UZ:Re{Ul dl[_3(4) 2y Y( > ey_ze)’_Tye Y)]/S} (18)
L =Re{U, - 6 ™) iU, Prea @y 1eeh Ry glers) (19)
a8 ik 3HZ%k 1+i
U, = __ O SR L2k -7 -y
Pk Y2 eamnikn a7 YT/a Y
U, Stokes
_H coshky JprgH? €cosh2ky 1U prgH?
=rg——2> é - = - =2 [coshzk
P19 coshkh, " 2Lsinh 2Kty ganh? ki 350033’ 4Lsinh2kh)[co .. (20)
2 5
4.3
(tsunami)
(storm surge)
Goring and
Raichlen (1980) 0.4m 6.25cm
6(a)-(e) 6
(a/ne) ¥2 6(a)
6(b) u
(Huang and Dong, 20018)
u, 1H 7 H 4
—L =[1+=)sech®) - —(—)sech
n =[( >h 0) 4(ho)sec X]
\¥ 1 H 5 by.,, 7 A DY, gy g2 e (21)
— +=—)sech’[x - sech™[X- (—)“]}e < da
J—Q 2h [ ( )?]- 4( 0) [ (a)]}



u. =cH/h,, x=Kct

K =(/3H/4h,)/h, 6(b)

, b =@xKc/u)/2, c:1/gIh0+Hj,

(adverse pressure gradient)

X 6(c)
6(d)
P
6(e)
t, 4ru/Keu/Jp
7%
( )
Boussinesq Kdv
Boussinesq

Peregrine (1967) Madsen et a.

(1991) Boussinesq Battjes and Beji

(1991)
Beji and Battjes 1994
Ohyama
and Nadaoka (1994)

Huang and Dong (1999) Dong and Huang (1999)



Ur Ursell
number KC Keulegan-Carpenter number aspect
ratio

7 25cm 3.5cm 2.5
25cm 12.5cm
7
(diffuse)

Davies & Heathershaw (1984)

(resonant Bragg reflection) Davies & Heathershaw (1984) Mei
(1985)  Kirby (1986)
Mase et al. (1995)

(oscillatory flow)

Huang and Dong (2001b)

(periodic waves)
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7.1
Darcy (1856)
(Darcy slaw)
Ke
=- =R
u m B et enes (22)
u (seepage velocity) (Darcian velocity)
Kq (intrinsic permeability) L2(L )
Forchheimer (1901)
LT T (23)
a b
a b
Ward (1964)
fp=usc, U
p - ks f ki_/z ..................................................................................... (24)
C, 0.550 (unsteady)
Solitt and Cross (1972) Ward (1964)
fv. 1. n Ci
—=-—Np-—n,V- ng, VvV
¢ " Y PRE \_/|_| .......................................................... (25)
S=1+(1- n,)Cy /n, (inertial coefficient) c,
(added mass) v (intrinsic velocity)
u v=u/ny Ny,
Brinkman (1947)
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~ m x o~
- Np=-—u- TN ZU e (26)
m (homogeneous)
(isotropic) m =m (25)
u v
—+—=0
Ty (27)
2 2 C.n?
sﬂ+uﬂ+vﬂ_u:-im+uﬂu+ﬂu)-unwu- ¢ Ny U2 + V2 (28)
Tt X Ty Kk Wk
2 2 C.n2
Sﬂ+uﬂ+vﬂ_\/:-im+u ﬂ\2/+ﬂV - un\NV' anV\lU2+V2 ....... (29)
Tt x v rly ¢ Y ok Wk
(29)
fJu, fu_fu_ To_ 1 T°u T (2.2
—+U—+V—=- —+—(—+—)- Ku- K +
AL L vt ( y) u- Keuvu™ +ve (30)
v 1 7%v 1% [
S%+u%+ %:_%JrE(TR_ZJFﬂ )- Kv- Kevyu? +v? (32)
K K

1.2

11

(9)
Skalak (1963)

W)

Deresiewicz and



Uy, =Ny, L R (33)
w',"p (W) ()
ST I (1L P (34)
LT I (ST OO (35)
(33)
(35)
Uy =NyUy VI T WY b s (36)
2 b\, 2 b\,
( P+R—e ﬂ—)w ('p+R—e ﬂ—y)p .................................................... (37)
., W™ W W
(WJrﬂ)W_(WJrﬁ)p .................................................................................. (38)
7.3
u,v p
(w) ()
12
Uy » Up y Vi Vp (W) (p)
u I r
Gauss-Seidel (w)
Uy (W)
(38) (36) Uwy »Upy
Gauss-Seidel (p)
(o) Vpu
Vuu (36)
SIMPLER Pwu  Pwl,Pwz, Pws
Ppu (37)
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1.4
Losada et al. (1997)
1.8sec 4.29cm
0.475m 0.385m 0.8m Ny
0.521 Dsy  2.09cm Kp G
McDougal (1993) Arbhabhiramar and Dinoy (1973)
D n
ke =1.643" 10 ()" —2—
s (10) D D (37)
_ Ny \1/27-15
Cy —100[D(K—p) Y (38)
k,=322"10"m*> C; =073 S
S=1 S=1
13
x=0 13 @ () x=-4 4 44 68 140 212cm
14 4cm
18 10 8cm 8 24cm
13 14 Losada et al. (1997)
13 14
Kp G S
15 16 40cm 2cm 2
2m 0.3m 15m
Losada et al. (1997) 15

(partial standing wave) 16
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Berkhoff (1972)

Li (1994) Booij (1981)
Li (1994)

Li (1994)

(radiation boundary condition)

(Booij 1981 Kirby 1986 Daylrmple 1989 Maa 2001)

(TPMSE)
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suh (1997)



2001 90 5

TF & 2 2
-~ * NXOC,RF) +[Kk*Ce, - wIF

LS 1)
+[f,(kh)gRiZh + £, (kh)(Rih)2gk]F =0

F t C C k
w g h f, f,
@ O

- 4khcosh(kh) +sinh(3kh) + sinh(kh) + 8(kh)*sinh(kh)
8cosh® (kh)[2kh + sinh(2kh)]
khtanh(kh) e (2
~ 2cosh?(kh)

f,(kh) =

sech? (kh)
6[2kh+ sinh(2kh)]?
- 9sinh?(2kh) cosh(2kh)
+12(kh)[1+ 2sinh * (kh)][kh + sinh( 2kh)]}

{8(kh)* +16(kh)? sinh(2kh)

f,(kh) =

(1)

Hsu  Wen (2000, 2001)
fy (wave energy dissipation coefficient)

)

- ﬂZF

t2

+NXCC,NF) +[k*CC, (1 +if,) - W]F

+[ f,(kh)gN?h + f,(kh)(Nh)?gk]F =0

7-3
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fo =de, +(1- dgf, + 1,

dd de=1
d¢=0
L (5)
e (perturbation coefficient) e<<l (5)
By =Y Y O e ©)
y (6) (4)
- 2wi ‘H_‘HT =N ><(CCgNV) +CCgk2(1+ifD)y_
B e —————— (7
+[ f,(kh)gN?h + f, (kh)(Nh)* gk]y~
Radder (1979) S)]
. f
N (8)
(7)
] 2Wi ﬂ e )
CC, L L 9)



2001 90 5

k= K*(L+if ) - N*JCC, , 1hgN"n+ £, ()
c D

cc, CC, e (10
fq Dally (1985)
K K
f =—2(1- L
4 Kkh AQR weoveeeresmsesiss s (12)
e L (12)
A K,=04 K,=015 O |sobe
(1987)

g, =0.53- 0.3exp(- 3,/h/L,) +5tan*?bexp[- 45(:/h/ L, - 0.1)?] (13)

tanb L,

f, Dean Darymple(1984) Hsu  Jan (1998)

C_AC, AW 1

P30 gN SRR KR e (19)
1, 2h
=3 L+ §nh 2kh) .............................................................................................. (15)
Gt Z 0L A K O (16)
_ A
A= GIN KR weereeeerereereressenenesse st sessess sttt s et b bbbt (17)
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K= 2y OF K = 2y e (18)
dy  de 90%
f, (1995)
!
i
i0 forU, £ 30
11
f:’—-—+ +S))tanb for 30E£U_£50
s : kh S+ S,)tan or rETE (19
&/ -1
g 03 +S+S)tanb for50£U,
tkh® 15Ju, - 243
U _2QgAT?
ro 12 e (20)
_2n-1
S, 2
o = koh- h* (K2 +k3)
2 AN2 SN2 KR e st assasss (22
2.2 TPMSE
TPMSE
hp
h  Rojanakmthorn (1989)
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RNxa, NF)+k2%a ,[L+if, JF =0

.................................................................... )
R N (24)
~ i,bz(l- . 2kh) bz(l- e2kh) i
a, = ghb; i BT Zozb% ..................................................... (25)
L1y b2‘11+gnh(2khp)p
2_29 p 1% 2kh, i; ....................................................................... (26)
b =
1 noekh sinh(khp)- deOSh(kh) .................................................................... (27)
kh 1 kh
b, =nge sinhlkhy )- =y € (28)
D S sttt (29)
d, =rpsinhlkh, )- (S+if Jeoshlkty) (30)
N, S=n,+(1-ny,)C, Cy f,
k (dispersion relation)
, ngsinh(kh, )- d, sinh(kh)
W = gK——— (31)
M€ smh(khp)- deOSh(kh) ..............................................................
S=1 f,=0 h, =0 a,
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cC (23)

g

Rojanakmthorn (1989)

1°F

tZ

+Rixa NF) +[k%a , (L+ify) - W?]F

+[ f,(kh)gN?h + f,(kh)(Nh)* gk]F =0

F(x,y,t) =y (x, y,i)e™ t=et (32)

K2 . o
i 2wuﬂ—>;:N>(ccgNy)+k2ap(1+lfD)y

+[ f,(kh)gN?h + f,(kh)(Nh)2gk]y

v =t/ fa,

AW _ oy +K2f

apﬂt .............................................

k2 =K*(L+if ) - N'ya, , [+ 1, (R o]
c D

fa, a,
fp
. J1 n§n 2 nng _ of
OQi- >l +—=2lu et d
o1 9k, o T p
P _W U 12 o emereaeses

(31)

TPMSE
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31

p p
n U (36)
fp
(Alternating Direction Implicit
Method) ADI (7) 1
(7) ;
.I: f rl;+(l]/2 ?J,q de n+l/2 += n+l/2 + d2 += k
P.q 1Dt i = x' pg (kc)pq P.q y P.q ( )pq _________ (37)
2

f n+1 f n+1/ 2

q - a4 : _ 42¢ n+l/2 1. n+l 2 i1, Lo n
fp,q—pqlD:q =+ Sk paf b AT+ S KD paf b (3g)
2

X /
Mt___ | el B e B |
I I I I I I I I I I
L _ _ 1 _ L L L L L L L
| | | | | | | | | |
- -*T-F -1 =-1t*T-F -I--1=- -
S I UG (=1 Y S
| | [ | [ | | | [
I l | Ip.g-1lpg |pg+1! I I I |
__I__I__I | _I_I__I__I__I_
L —I—- -1 - 1 L 1q A Y N S
| | | | | | | | |
F-1- 1 -t - F -1- -1 - F -1- 1=+ -
| | | | | | | | | | |
I e e e
| 1 1+ _r_ 1 __1 | |
| | | | | | | | \ | |
p=1 Il Il i | L L A i i “7Y
1l / f \ N
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_ 2w
P.q (B ) pgq oo (39)
d2F " = f rI;-l,q al rr]J,q +f rl])+1,0|
X7 p.q DX2 ....................................................................... (40)
q2f " :fr;xq-l' A ?J,q +fr;),q+1
y  pq 2
D e (41)
CZ Gy p X q y
q n Dt Dx Dy X 'y
(tability)
32
(radiation condition)
1)
(42)
af _ 9f af
—=a—+cl=0 9B
dt t ar L, (42
a 4= 4=0
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O<ac<1 a
r r =|r| = xcosq+ysing’
q
ﬂ—r:c:os‘ ﬂ—r:sin‘
x F oy T (43)
41 X
Eiikcos T=0 9B
x R o (44)
(44) 1B, X y 1B,
(45)
w_.
gy KINATZ0 Ty (45)
(o [0
(Hsu  Wen 2000)
(2
X
ik - £) = +ikf +2ik,f. 1B
x )= L L (46)
f X f, X
33
e
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(47)
3 A A 1
r é é_ABS(f D) (47)
P q
E, <10* (Dt)
Dt
2w 2
Dt=N,——D
"cc, L (48)
N, ol  O(10)
TPMSE Hsu  Wen (2000)
41
1 K. K,
T =1sec
q, =80 30m” 60m
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1 X (Hsu  Wen, 2000)
f,=ikf k, =k q, <10°
f,=ikf k. =Kk[1- sin’q] q, <30°
Pa2 0
fo=ikt k::k[cl al\f,ln2 q] g, <70
1- bsin“q
c, =0.9947; a, =0.8901,
b, =0.4516
f =ikf k =k, =kcosq q, <90°

X (m) X (m)

@ (b) 3
2 (g, =80°)
Dx=Dy =0.1m 301" 601
Dt = 0.05sec 2 2 (@) ~ (b)
3
3 q° >70°
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d, =80°

4.2
4.2.1
Nagayama (1983)
H, =7.0cm
1.0m
Ursdl number (U,)
4.2.2
1/30 4

90 5
3
kX2+ ky2 = k?
T =1.18sec g, =0
X=4.0m
3

d., = 0.05m

H,=006m T =119sec
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H (m)

H (m)

2001 90 5

0.25 500
. Experimental data(Nagayama, 1983) T=1.18 sec, Ho=0.07m |
020 —e— fD =0 (without bresaking) 400
I omme—-- fD =fd (linear shoding) e
015 ——  f =f, +f, (present model) 300
I —ZA— loca Ursell parameter i ur
0.10 — 200
v e 30-To" e S WA |
0.05 — M Ses . o —{ 100
- [ ___‘-\\‘ 4
T o s e v R EE E S A IS
7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
x(m)
3 (Nagayama, 1983)
0.15
T=1.20 sec, Ho=0.05m, slope=1/30
. Experimental data (without bottom friction)
010 — fo =g+ fo
L - fo=fa+fs+fpy
[ ]
0.05 foxs e O S e RN
I \‘\\ °
0.00 ! | ! | ! | ! | ! | ‘\I\\\
6.0 5.0 4.0 3.0 2.0 1.0 0.C
x (m)
4
Rojanakmthorn (1989)
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rms

4.4

(1984)

N =10

1/3

Dx=0.05m Dt =0.013sec

A, =5.0cm
h. =3.13cm
Diffuson numbers

90

1/20

Davies

| =100cm

5
2
S C; K, (m?)
1.0 0.332 3.7740°
B(cm) |D,(cm)| D(cm) | T(sec) H,(cm)
1 235 8.0 39.0 1.81 4.47

-16

Heathershaw' s

Courant numbers
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35 T T T T T
3.0 O Experiment of Rojanakamthorn et al. (1989)
25 |k Present model
o)
()
S
=
fp = 1.495664
0.0
/
-0.5 1 1 1 1 1
0 1 2 3 4 5
X (m)
6 rms
3.5 T T T T T
30 F O Experiment of Rojanakamthorn et al. (1989)

— Present model

h s (CM)

D, =025 C, =0.90

2k/ K =1

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
-0.5

35
3.0

rms

depth (M)

depth (m)
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1.0

[ Davies and Heathershaw (1984)

------- Mild-slope equation

0.8 I~

Present model

R
8 (N =10)
45
TPMSE
(1) RDE  ( ) (2)PBCG ( ) (3) MIKE 2! SEMS
( ) Berkhoff 1982
3 4 TPMSE
RED MIKE 21 s EMS
PBCG TPMSE
3
(m) (sec) (deg) (m)
0.01 1.0 0 0.04-0.45
(m) (m)
0.1 20 x 25 201 x 251 49,123
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4
(sec) (MB)
RDE 1056 26.20
PBCG 10103 7015 11.48
MIKE 21' SEMS 96 661 6.87
TPMSE ( ) 1200 1600 2.7
PS. Pentium 233 Personal computer 64 MB
Windows 95
TPMSE
1.
2.
TPMSE
3. NZh
INH*
4. TPMSE
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(Focus)
RCP(Regional Coastal Processes)
(Ebersol,1986) Li(1994) SWM
1. RCP
RCP
RCP
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(Ebersol,1985)
RCP
RCP

2. SWM

SWM Li(1994)

(Nh/kh=0(e) < 1) Berkhoff (1972)

N xcc,NF) +cc,k’F =0

............................................................................... (1)
F C Cq k
N=1/1%x9/Ty) x y Li(1994)
| f
F(xyt)=Y(xybDe™ Y =
(X, y,t) =Y (x,y,t)e \/cc_g
Wi Tf o ,
- Oc_g_t_sz L )
k2=k2_ Nz CCQ
Jo5,
|sobe(1987) )
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f=2np | |29
2 k0h gs'gg
g =a/h
gy =0.135

g.=0.4" (057+5.3tanb)

g, = 0.53- 0.3exp(- 3,/h/L,) +5tanb ¥ exp[ - 45(,/h/L, - 0.1)?]

w tanb a h Lo
ho o] g>0p
fq ADI
SWM
Berkhoff(1982)
2
3
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Dalrymple(1989)
0° 60°

Dalrymple (1989)

(Hsu, et
a., 1999)

(1)

Watanabe Maruyama(l986)

Watanabe  Maruyama(1986)

(2)

Watanabe  Maruyama(1986)



2001 NV 5

8 3
Watanabe
Maruyama(1986)
(3)
Ou (1988)
9
30°
10
4
Ou (1988)
RCP
40
32 x 20 10 25 50
RCP 50
1 3 4 6 8
( 11) 3
7~10 ( 20 )
4
8
12 1
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11
SWM
SWM 10 20
x 20
1 6 1.45
10 1.6 14
13
(H) (Ho) 13 6
RCP
( 11) SWM
RCP
(
241 2000) 50 20
1
1/600 1/100 6
48
1.45cm lsec SW 1.6cm
l4sec SW 14
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SECTION 3
——— Computation
e Experiment

FANRTRNEN SRR ENUVANATEN STRTATAIN SACAVAVEN SYATRTATIN AVACVANEL SUATATAIN rAAVATE AR
- 3 E - 1 2 3

1
X(m)

SECTION 4

—— Computation
e Experiment

5 4 3 2 -1 0 1 2 3 4
X(m)

H/Ho

H/Ho

&

AR £ 5T
i

SECTION 5

—— Computation
¢ Experiment

N sr e\ ,
2001 /& ¥ B {3 T3t
e
3
SECTION 1
—— Computation L
¢ Experiment L
z
=
L . - se s ot .
.
.
1 1 1 1 1 1 1 1 1
5 4 3 2 1 0 1 2 3 4 5
X(m)
3
SECTION 2
——— Computation L
¢  Experiment L
s
£
z |

SECTION 6
——— Computation
¢ Experiment

T R A S P AP ST S I S I
9 8 7 6 5 4 3 2 1

X(m)

SECTION 7
——— Computation
e Experiment

PRI EERTR AN RE RN S SRTATEY SAT AT SNUTUTATEY AUV SATATE SYAATE SR
9 8 7 6 5 4 3 2 1

X(m)

SECTION 8

—— Computation
e Experiment

PRI EERR AN BE U UTIN S UATATEY ST ATAEY AU UTATEY AUV SATATE S ATATAE SR
9 8 7 6 5 4 3 2 1

X(m)

B3 SWM H5: SR 2508 aed 16 2 38
Berkhoff(1982)R ] 7t 2 ' &
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50 (standard
GUMBEL GUMBEL
F=eXP[-EXP-(X-UY ] oot (1)
a=0.78s u=Xm-0.5772a Xm S 3
GUMBEL GUMBEL
4 50
125 100 143
50
50
1.2.2 (TYWAVE)
34 85 241
5 300
52 126 24
20
Pearson |11 2
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S
SSE
50 SSE 6.11 S 5.12
2
SSW S SSE SE ESE
() Hs(m) |Ts(s) | HS(m) [Ts(s) | HS(M) [Ts(s) | Hs(m) |Ts(s) | HS(m) [Ts(s) | Hs(m) | Ts(s)
2 170 |499 | 235 |587 | 262 |620| 229 |580| 209 |554 | 206 | 550
5 251 |6.07 | 341 |707| 392 |758| 331 |697 | 295 | 658 | 282 | 6.43
10 299 |662| 401 |767 | 467 |828| 388 |754 | 340 |[706 | 3.23 | 6.88
20 343 |700| 452 |814| 532 |883| 436 |800| 378 | 745 | 357 | 7.24
25 356 |723| 467 |828| 552 |900| 451 |813| 390 756 | 367 | 7.34
50 39 |762| 512 |867 | 611 |947 | 493 |850| 422 (787 | 395 | 761
100 433 |797 | 554 |901| 665 (983 | 532 |883 | 451 (813 | 422 | 7.87
1.2.3 RCP
SE SSE S
SSW SwW
TYWAVE RCP
2 SSE 5 RCP
50
3
3 RCP
SE SSE S SSW SW NNW
TYWAVE | TYWAVE | TYWAVE | TYWAVE | TYWAVE SMB
(m) 493 6.11 5.12 3.96 3.40 3.63
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(9 8.50 9.47 8.67 7.62 7.06 5.98
(m) 2.43 1.73 3.78 3.29 2.92 2.31
SwW SwW SwW SwW SwW SwW
124 (MIKE 21 HD)
MIKE21 HD
4
M2 SV K1 o1
( ) ( ) ( ) ( )
(Xiamen) 1.98(359) 0.46(63) 0.27(277) 0.18(245)
(Liao Lu Wan) 1.60(90) 0.54(125) 0.31(139) 0.24(122)
(M) ()
50X 60
4 (M2 X K1 01 ( 4) (M2)
90
6
7 1.5 m/s
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8.67 3.78 SW53 7.1
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DHI LITPACK
LITPACK
6
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16 1500
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LITPACK 17
10 300
500
(m)

(N +) 0.5 0.7 0.9 1.
-112.5 0.3 0.0 0.0 0.0
-90.0 0.0 0.0 0.0 0.0
-67.5 0.3 0.0 0.0 0.0.
-45.0 0.1 0.0 0.0 0.0
225 1.3 0.3 0.3 0.0

0.0 0.3 0.7 0.0 0.0
225 5.7 0.3 0.0 0.3
(s) 9 10 11 11
7 (
(m)

(m/s) 3.2 1.6 0.0 1. -3.
0.5 2 2 2 2 2
0.25 2 2 2 2 2
0.0 6 6 6 6 6
-0.25 4 4 4 4 4
-05 4 4 4 4 4
-0.75 2 2 2 2 2
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(1) (1988)

2 (1986) SEC/R-HY-97-
01

(3) (1987) SEC/R-HY-97-04

(4) US Army Corps of Engineers(1986)Regional Coastal ProcessessRCPWAVE,
Technical Report CERC-86-4.

(5) Danish Hydraulic Institute(1988)MIKE 21 User Guide and Reference
Manual.

(6) Danish Hydraulic Institute(1988)LITPACK User Guide and Reference
Manual.
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MIKE21-BW
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60 120
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4.1
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(freak wave)
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NLS+
[6] Korteweg de Vries (KdV) NLS
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N

Pritchard 1952, 1954,

1956 James River Estuarine circulation
Pritchard
Tidal-averaged velocity or residual current
Gravitational
circulation Hansen 1956
Heaps 1969 North Sea
Wind surges Reid Bodine
1968 Storm surge

Convective acceleration terms  lanuiello 1977
Residua current Haas 1977

Ippen
Harleman 1966

Schijf
Schonfeld 1953

Keulegan 1966 (saline wedge)
Arrested saline wedge 1
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Harleman 1966

Harleman 1966
Steady nonuniform of a two-layered system

Yih 1980 internal surges
Balloffet Borah 1985 Keulegan 1966 Schijf
Schonfeld 1953 Mississippi River
Arita Jirka 1987 Zero velocity line
Partheniades 1990 Stationary
Internal wave

Wang Connor 1975 Multi-layered

models
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5
Transient
2.1
I +‘|1(ru) +‘|1(rV) +ﬂ(rvv) DB ttiiteet ettt ae et aeebe st e e eaeebenaeneeaenran (2.1)
T X v %
r=r(xy,t) u v w X Y-, Z-
e

Rate of adding mass per volume

Xy
iy, ou)  few) w0 M o Moy e (2.2)
Tt X v Tz % X v %
LG [GUEL A (A5 CALT J J  2 SY (2.3)
T P VA vox W %
me m, f f =2wxanf w
f (22) (2.3
w rfu rfv y4
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D g e (2.4)
1z
2.2
2.2.1 Kinematic boundary conditions
1. Free surface z=h(Xy,t)
DO - g I I Y g e 2.5
ot |, gﬁﬂj‘ﬂxﬂl‘ﬂy WHz=h 0 (2.9)
2. Bottom z=-h(x,y,{)
G B L L L 2.6
Dt Z:_h—gﬂ—t+uﬂx+vﬂy+W&:_h 0 (2.6)
222 Dynamic boundary conditions
XY Z
1.
tfh €t th Th U
P i = o s 2.78
X+p ﬂX gpﬂx ﬂ yx‘ﬂy &:h ( )
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ts psmzépﬂ ﬁ ﬂ- L:j ..................
y W g ﬂy XYT[X yyﬂy ZyHZ:h
ps+t>f11-[l_l:(+t)s/%=g' p XZ:I-[_Z'tyz:[-I_h tzza
e Uz
2.
h _é i Th u
tP-p —=g (p-t ) —+t  —+t_ 4 e
x & "y b,
ih ¢é Th Th u
th-pP—=a(p-ty)—-t —Ft o .
Ty 8 oy I Th,
Th .,Th_¢€ Th Th, ., U
pb_t:__t — - & p+txz_+t z_+tzz’
™ YTy 8 [ YA
2.3
(2.1) z

It x v 9z

(‘Snﬂr dz+ (‘i fitr dz+(f;n‘”(r v) dz+c‘;1 UG dz= (‘Snedz

LebnitZ s rule
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Net rate of volume addition per unit

a
horizontal area
IUH) I D) st (2.11)
fit fix %
(2.2) (2.3
25 2.6 2.7 2.8
at Ldz=TrF, atwdz=rF;x c‘h)nt ydzZ=TrF, (2.129)
C‘h)n m, dz = my C\h)n m,dz = m_y ...................................................... (2.12b)
r Dr  r(xyt)=r,+Dr(xy,t)
Dr <<r, Fp:(‘lipdz-izrogh2
' F _4Stb
@), 1 (51u2dz+1 (‘;nuvdz- fq, al (F - FXX)- LU S
L Ty L L (2.13)

- FMH D th_
B L L L L B LLIS,)
M T,
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@), 1 ¢ 1 ¢ MrEy) . 1
—+ 2 Quvdz— QVdz+ f ¥+ 2 (F-F
t fy & * ‘ﬂy(p
_a_ﬁﬂ_ ﬂ_h_z Hm:o
ro X ix ro = Ty
2.4
24.1
2
tr=ar( eyl ¢ =corla )
Cq
i1 .
i g fow Darcy - Weisbach
|
_ g
C, = : C 2 Chezy
r n° g Manning
T H A
24.2
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T T L CoUL s (2.17)

r.. 1.2 kg/m? U
( Wind drag coefficient ) Cp

1125443 U, £1m/sec
2 (2.18)
CD :%05' Ul};Z']_O?’ 1<U10 T .
I
|
126710°° U,, 3 15m/sec
2.4.3 I nternal stress
Eddy viscosity
coefficient
F, =E 9, , Y9, 9 T (2.19)

E;
1~10° m?/sec
2.5
( Ensemble average) Vertica
average 29 2.13 2.14
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TH s 0 Oy i, 2.20
o ox gy (2.20)

ﬂqx +ﬂ(uqx) +ﬂ(uqy) _ fqy +ﬂ(FP B Fxx) _ T“:yx +i(t St b)_ ax

™%y x v ro " T (2.21)
1 H fhe . Th
- —¢p°*—+DrgH—=- gh—=0
rogep fix ? ixe J x
Tlay +ﬂ(qu)+ﬂ(qu)+ qu+ﬂ(Fp Fyy)_ TPy i(tix tSX) m
Tt I Ty Ty T ro ™ 7 (2.22)
1lee ,H fhé . Th
—cp°® +DrgH—=- gh—=0
o iy ve = Ty
(A, dy) = (Auo (X, Y), Ayo (X, Y)) "(XY) i W, t =0, e, (2.23)
H=h+h =h+hy(xY) "(XY) N WLt =0 s (2.24)
W Domain
(1) Discharge boundary S (Discharge boundary)
Sq
d, =a,d, +a,0, =0, , 0 =-a,0, *a,0, = 0 o (2.25)
a, =cosn,x) a, =cosh,y) “or Prescribed value
Os
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(2) Essenti al
2Y1 £ RN (2.26)
( 3) Nt ur al
Thoghe TN @G ———————— (2.27)
In éfng s éfso
m:o
s
2.6
Reference level
h b
2.6.1 Tideless condition
2 h
h
H. Reference datum
h
hy H
Hy :i-'-zf
o
P
H =
s grs+zs

15-11



2001

(1) Hy =H.+h
(2) His =H,
(3) P: = Ps (Hy - z¢)or ; =(Hy - z)0r,
Z; =Zs = Hs - hf
B =t N oo (2.28)
Fs-Tg
2.28 2.20
221 222
2.6.2 Tidal condition
h h 3
Original reference level
h h Hy =[Hs+F®)]+h  H,=[Hs+F(t)]

z, =z, =[H.+F(@)]- h,

15-12
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h, = M [ ++ssnnrenr e e e e (229)
re-rq
h b (2.28)
h
220 (221) 222 Galerkin
gh

M IH GO +G0 - MO =0 3.1
“FJr QG Q, - MQ; =0 o (3.1)
MB-GTh+EQ+EQ-qu—P (3.2)

ﬂt X XX X yX y y - PR EEEE LR L L L L L R L L R R R LD .
MﬂQy G.'h+E +E + fMQ, = P, 3.3
= Gy +Q. +E,Q, Q= P e (3.3)

EXX EXy Eyy Mh M Gx C:"y Px Py H

Q Q 31 32 33 Q Q

Ml‘;—':le: Y, (3.4)
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M,Q, - Gih+ EQ+CQ = Py coiererrrrriresissssssssssisssssssssssssssssssssesssssssens (3.5)

Ml MZ Gl GlT

Split-time method

34

Ml§1n+% -h

MZ(Qn+1- Qn):_

11

Th/1n = (Th/Tn)’
h2
8.0

0.01

E C H Q

Time integration

t 1 t 1 Q tn tn+:L
n-E n+—2
35
0—_ )
3 o= - DIGQ, + DR, gh 0 Qn B (3.6)
.
DIG'h,, , +DH(E+C)Q, + DR )/ h, Q.0 (3.7)
30000 2500
10" 120 2400 1331
11
d, =9, =0
h=h,
h
Spin up
h
1 1072
C
Exx = By = E,y = 500n/s
C,  0.001 4.4
0
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4.1
1. Essential boundary condition : p=n
h=0
2. Natural boundary condition : ﬂ:g@é LA
in éne fin
4
4.2
h=0 h, 30000
2500 8.0 h=0
0.3 0.6
1.0 15
;
0.3
0.3
G =0.01
C =0.001
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29187.5 18250.0 62.5%
4.3
30000 2500
8.0
0.00001 0.00005 0.00010 0.00020
0.3 15 3.0 6.0
8
0.00001 0.00005 29041.7
18775.0 64.6 % 0.00001
0.00020 29041.7 8250.0
28.4 %
0.3 1.5
0.3 15
1
4.4

Manning Darcy Chezy
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=0.010
0.0005

4.5

1.0

30000

6
500m?/s

2001

10 240

0.6

0.0200

45000

2500

2500

10

30000 2500
9
F(t) =1- cos
45000 12.5
8.0
0.00020

C = 0.001 C =0.010
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fh/fn=0
TH/fn=0
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1x 10° 0.3 23305.6 29041.7
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River
Sea \Z River

< Freshwater

1
r r +Dr
V, H
L L,
Y __— % New reference
Reference level SeA F() X o
Original reference
Sea Hs < River New interface’ 7. River
Interface h S N
A f Original interface A 1>
EaINES) 2~ Bottom N[~ 2~ Bottom
Reference datum Reference datum
2 3
Natural Boundary Condition
Grid : 10 * 120
—_—— reference level
————— no intrusion
iNntrusion
10 .00 =
_ e == === == -
8.00 —_—— — — — — -
4 \\
£ ‘~
E’ 6.00 — N
= ‘.
[ -
° N
% 4.00 — \
2 .
T hY
2.00 — '\\
i h)
L e L B B S B S B
0 5000 10000 15000 20000 25000 30000
Distance away from the river mouth (m)
4
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Water dept (m)

1000

8.00

Essential Boundary Condition

Grid : 10 * 120
reference level

no intrusion

intrusion

6.00 —

4.00 —

2.00 H

0.00

Waterdepth (m)

I T I T I T
10000 15000

!
20000

25000

Distance away from the river mouth (m)

10.00 —
8.00
Sa
B
1.'\\ Different Upper Boundary Condition
600 3\ « (no intrusion)
[
1t \ — — referencelevel
(Y
H — ea=03m
400~ \ N
|I R ---- ¢ea=06m
4 .o
1 \ . — -- ea=10m
H \
2004 1 " s——- da=15m
[
I L
i VLN
L\
0.00 — T T T T 1
o 10000 20000 30000
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1000 —
8
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il refeence level
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=
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1 2 3
MIKE21-
HD
1. (nested grids) 2.

(frequency domain) ( , 2000 Linetal,2000 Tsay et al, 2000)
|OS (Institute of Ocean Sciences, Canada)

(nested grids)

(tidal currents) (transient) (large scale)

(mass transport)
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(Coriolis forces)

(1983)
(3-D)

Li (1987)
Ogura (1933)

(1989)

(interpolation)
Lu & Warren (1992)
MIKE21- HD

(1999) Semtner (1986)

(2000)
(2000a)

Tsay (1991)
(2000) Lin et al. (2000 2001)
(resonance)
al. (2000)

16-2

Tsay et a. ( 2000)

(DHI, 1994)

(hindcast)

(frequency domain)

Juang et
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(AMORGOS)

1 ( , 2000a)

600

150 80
Mz &
, 2000 Linetal., 2000;
2001
(nodes)

1995 (

, 1999) 367.6 54.3
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49.2
96.2
2000)

of Ocean Sciences, Canada)

(FK-7191) (Nanwan-7187)
(KH-7183) 3
( , 2000
(1983)
1.
( )
3.
1.
45cm/s 10cm/s
(90 °°)

16-4

665 (2001 )

( ,
2

OS (Institute
2001
(Xun-Guang- Zui)

, 2000b)

(2000) (2000)

(270°)



2001 NV 5

17cm/s 28cm/s
7cm/s 10cm/s

(0°) (180°) 3.
80cm/s 20cm/s
4,
5.
(VM-ADCP) (532 550 )
(1999) 30
117cm/s 32cm/s 130
46.7 cm/s 7.9cm/s
¢ ) ( 21
° 542579 N 120° 50.2056 E 215 21° 552199 N 120
° 51.5366 E 354 ) ADWCP
4
( , 2000Db) 5 8m
1 30 3
12 18 m/s
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20 m/s
50 100 cm/s
31 MIKE21-HD
(3-dimensional) (shallow-water wave)
Tu, M), w), fow) , 19p Left, T, 1 2 A0 (1)
ft ™x v 1z T X reﬂx v Tzg
M+ (vu) + (w) + flvw) + fu+lﬁ_ igﬂt > 4 My, + T 3: (0 I (2
it X iy 1z rfy rafix Ty 1z
Tp F T G T 0 ettt e bt nne e (3)
R e L (4
ix My 9z
(x, y, z) (Cartesian coordinate)
v4 u, v, w
t f =2Wanf (Coriolis
parameter) W= 7.3 10°S* (angular frequency) f
p r t, =Xy,
(stresstensor) g =9.8ms?
p=rgv h(x,y)
Tu i fug 1 92U
ﬁ+U>NU- fV—'gW —E?E; ?A1§7 ﬂy .......................... (5)
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iv 1 'ﬂvo 1 &Py ‘ﬂ vo

ﬁ+u>4\lv+ fu—'gﬂ—y ?E? ﬂZg r Ah XZ ﬂy .......................... (6)

z T l

ﬁ+ﬁoh udz+—0n VAZ = 0. e (7)
A (horizontal eddy viscosity) A,

(vertical eddy viscosity) MX, Y,t)

1 @
MIKE21-HD (DHI, 1994).
L ®)
it ™ Ty
X
o, Tap 0 ﬂaepqo ‘Hz gp\/
It ﬂx(fg ﬂye X C? ><h2 ©
1 é1 U i El 3
e,"—(ht )+ (htxy)H W fWWx+rﬂX(Pa)—0
y
p, ﬂé_ Y apao, ﬂ+qup+q
2 2
ft Wehg Mxeho ] (10)
a T Yoy - hTpy-
'?gﬂ_y(htw+ﬂx(htxy)ld W fWWy+rﬂy(Pa) 0
P, a(X, y,1) Xy (m?/s/m) = (uh,vh)
(m*/s/m?) e m/s  C(x,y) Chezy
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(m'2/s) f, V.V, (% i t)

y (m/s) W(x,y) (Corioalis)
R (xy.1) (kg/m/s%)

MIKE21-HD

(ADI:alternating direction implicit)
(8) (10) (DHI, 1994)
(double sweep)

(8)

n+l n A
Y
it Dt 5,

16-8
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.N+1/2

ghz, » g ?"“ MAIRTE

Gzllob
QIIO

&z,
2
X_

laipg@gpjﬂ"' pj)ml ){(pj+1 +pj)n xi _ (pj + pJ'-l)wrl y(pJ' + pJ])n xlg ><l (15)

Wéhg g 2 2 P 2 2 h'g, DX
N a2
Dt D P @i @ 2P 2P+ P 8 (16)
" h g @x)? 4
X_
1 aepqo effp ' o a7 + pr e Y1
we = g K 12 ]+11//22k QM xvl+11//22k laxa ............... (17)
opy P2+ gp,”f\/ p*? +q*? 18
o T (18)
LT o S Y o i (19)
a=n+1, b=n a=n, b=n+1
n — n — 1 n
', =d,, +2", h _2><(hj+l+hj)k .................................................. (20)
N2 I (21)
j+1/2,k n
(hj,k + hj,k+1 + hj+l,k + hj+1,k+1)
iz o T (22)

V. =
j+1/2,k-1 n
(h]kl+h +hJ+1kl+ j+Lk)

\FDt 2;5 » Dt (V')? V{ Ploa (pl?ﬂ ’ pl?)+ pE-l}j ........................................... (23)

(Dy)’
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.1 ,
v :E>(vk+1,2+vk_l,2 s e (24)
DY S Dl) e (25)
1 n- n- n- n- n+ n+ n+ n+
G =S @+ Al Al + i, G A O+ R e (26)
LN 1 T o 11 TS 27
j+1 IRAS
C = M e (28)
(28) C  Chezy number, M Manning number (10)
(13) (27)
3.2
(stability condition) Courant
Number(C,)
C = Cmetx)x e (29)
Crn Dx Dt
(energy
dissipation)
MIKE21-HD
MIKE21-HD Chezy Number(C)
Manning Number ( M) C=Mh"® h
C M m'?/s m"/s M=1/n n
Manning Number
Manning Number 20 40
(E) (damping)

(scattering waves)
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DXZ
B bbb (30)
2Dt
I 0 T 0 G TP (31)
Dt Dx \%
Smagorinski (DHI, 1994)
e- e, 1§£ NG EVEL (32)
geﬂxz 2& Ty ﬂXz ‘ﬂygg
u\Vv X Yy D C,
025 1.0 (30) (32) E
(3.33)
C.=05
3.3
7
(extracting) (setting)
MIKE21-HD (nested grids)
7 C ) (
) C )
8 9
8
( , 2000
2000a)
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Mo Station Station Grid Location L2 22 K1 01
Name Me. Coordinate | Latiude | Longitude | Amp. | Phase | Amp. | Phase|Amp. | Phase |Amp. | Phase
1 |Waglan Island 7122 21,0 22211 | 114°18° | 0.33] 268 0.13] 298] 0.35| 299|028 250
2 |Pratas 7152 (57.0) 20°42 | 11643 | 0.20 271|010 287020 312(0.20 247
3 |[Magabungan 5001 85,0 18°28 | 120°34° | 0.08| 192] 0.06] 215|0.6] 313|017 269
4 |Port 3. Vicente 5005 {101.1) 18°31 | 122°08 | 0.39] 152|020 190| 0.1 210(0.10 191
5 |Baten Eo 7L (101,67 26°11 | 127°47 | 057 190| 022| 224|022] 212|047 182
6 |Gaja 726 (101,79 27702 | 127°58° | 052 200| 0.23] 232 0.9 216|0.4| 195
7  |Makano Shima 40 (101,97 20°50° | 129°51° | 0.8 197| 0.24| 236|023 204 0.5 169
8  |Kottoi 8073 (79,127) 3419 | 130°54° | 032 202| 046 3z4|0.12] 309|013 263
9 [Sasuna Mo 7606 (85,127 34°38 | 129°24° | 045 256| 021 292 0.06] 221) 005 209
10 |Pusan Hang 7566 Q0,127 35°06 | 129°02° | 040| 236 0.19] 273 0.04] 143) 002] 109
IOS (Institute of
Ocean Sciences, Canada)
MIKE21-HD (
) ( ) 10
(20004)
(Tsay, 1991 , 2000 Linetal.,
2000; 2001 )
11 11
732
(Orthogonal)
17,582 8,940
150
3 3,058
(local radiation condition) ( , 1990)
(
, 2000) (M,) (Ky) 12

16- 12



2001 NV 5

13 M,

14 15
(M2) (Ky)

10S

(Tsay etal., 2000 Juang et al., 2000)

4.1
16
(+y) (Dy) 300
(Dx) 300 167
X 50kmx50km U
90
73 (94~ 167) 32 (0~32)
600
1000 ( 100 )
U
(numerical stability)
Dt=2 Courant Number (C,)
0.8
16 CPU- 800MHz  PC 15

24
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(now-cast) (intime)

42 MIKE21-HD

1. Neuman W - (velocity) (flux)

n
2. Dirichlet | =c (surface elevation)
3.Cauchy all+bj =c 1 2

Tn

a b c (constant) J
(variables) n (normal direction)
MIKE21-HD Dirichlet () Neuman

( )
(FAB: Flux Along Boundary)

FAB
0 (flow) (perpendicular) FAB=0
1
(extrapolation) FAB
2 (explicitly)
FAB
12 1 2
FAB=1
FAB=2
MIKE21-HD FAB
(slip
boundary condition) Neuman
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MIKE21-HD
Neuman
Dirichlet
Dirichlet

Neuman
43

MIKE21-HD

16
Manning Number=32 Smagorinski
(32) C.=0.5
10m/s
Neuman Dirichlet
17 5
18
Dirichlet 19 19
15 )
( )
(blow-up)
20
Dirichlet
20 19
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Dirichlet
9 21
18 19
Neuman
Dirichlet
Neuman
( )
(calibration)
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1 2 3
( 3km 28 )
(nowcast)
M, (Kelvin wave)
K1
K1
9 ( 3 5
1 ) M, 0.115 m K,
0.094 m (assimilation)
M,
Ky 0.063 m 0.061 m
6 M, 40%
! (email: jansen@odb03.ncor.ntu.edu.tw)
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( Y oshioka,
2000; Chan et al., 2000; Suk et al., 1999) 86 8
(Taiwan Strait
Nowcast Model Study, TSNOW)

(hindcast)

TSNOW

( Lin et a., 2000)

(invert)
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80m " " " "
40 m
60 m 500 m
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(Foreman, 1977)
1 5 O, Ki N, My, S
(GMT) 1901 1 1 O 1
M, M,
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2 GRLP « —vHi/H, -1
" 1+.[H,/H, " JH,/H, +1
H,>> H, k,® 0 k. ® -1(
180°)
(antinode)
x=0 0 (node)
Hilaly(1969) Dean and Dalrymple (
Dean and Darymple 1991)
(Kelvin wave)
0
(Jan et al., 2001)
RDI
6 ( 1 WCl1 WC4 EWC PHC
) 2 Ki M
M, PHC M,
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(baroclinic)
o ( Princeton Ocean Model, POM)
(z-leve)
Semtner (1986) (hydrostatic)
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D @ (A, K) (5) (6)
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(barotropic mode) (baroclinic mode)
(POM;
Blumberg and Mellor, 1987) Chao and
Paluszkiewicz (1991) ( Shaw and
Chao, 1994)
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X
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( Davis
and Furnes, 1980; Lynch and Naime, 1993)
( ) 99°  130° 2° 41°
1°/8 (Kantha, 1995)
M, K; 3 4
( Kang et a., 1998; Fang et
a., 1999; Lefevre et a., 2000) 3 M,
4
K1
( Jan et a., 2001a) K;
K1
TSNOW 6 M,
24 6
(inverse)
( Das and Lardner, 1991,
Lardner, 1993) 50 100
(Coutier at al., 1994; Thompson et al., 2000) adjoint
TSNOW
adjoint
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(Jan et al. 2001b)
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9
4
(RMSerror)
14
RMS:\/—a (M - 0)?
T5%
M @) T
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2
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g2 (error variance) n 2
MSF O
1
3
TSNOW 9
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(MSF=0.99) K, S,
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RMS 16 cm(Lefevre et al., 2000)
TSNOW 4
TSNOW RMS O,
MSF 0.89(K; )
9 6
Ki M
5 TSNOW
6
Ky M, 2
RMS Ki M, 6 0.059 m/s
0.093 m/s 89% 35% K4 6
Ky M
( 3 km)
(nowcast)
M
Ky
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9 ( 3 5 1
) M, 0.115 m
K, 0.094 m
M, K; 0.063 m 0.061 m
6 M,
40%
TSNOW

http://duck?2.oc.ntu.edu.tw/tsnow/new/index.html

1 Blumberg, A. F., and G. L. Mdlor, 1987: A description of a three-
dimensional coastal ocean circulation model. in Three-Dimensional Coastal
Ocean Models, Vol. 4, edited by N. Heaps, pp. 208, AGU, Washington,
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1 11 ( 1) 0, Ki N, My S,
A ( m G ©) 1901/1/1/0:00
ET GMT *
O, Ky N> M, S

(N ®|A G|A G|A G|A G|A G

(MT) |26°10 |119°57 |.25 088|.31 120[.40 042/2.10 064.66 096

(WC) |24°59 (119°27 |.25 112|.39 147|.35 056|2.05 089.55 126

(KM) |24°24 (118°25 |.27 124|.33 157|.31 091]1.70 112|.49 152

(P1) |25°18 |121°36 .18 092/.21 116|.10 045/.47 073 |.12 092

*(TS) |25°11  |121°24 .18 097].20 126{.20 061{.99 080 (.30 112

*(HC)[24°51 |[120°55 .20 106|.23 134(.30 064(1.61 085.47 118

*(TC) |124°20 [120°33 [.20 115[.24 145[.33 067|1.73 090.50 123

(BD) |23°23 (120°09 |.19 126.21 161).12 055.63 075 |.16 107

(DG) |23°15 |119°40 |.19 125[.20 159[.09 053.50 079 |.10 112

*(KS) |22°37  |120°17 |16 129[.18 16/{.04 3331.18 351 .07 353

(P3)[21°57 |120°45 |.20 105|.22 134{.05 309/.26 312 |.11 323

2 6 ( 1) Ky
M, Mg ( m/s) Min ( m/s)
O ) G °) GMT

Kl MZ

(N @B|M4g Min O GMG Min O G

WC1|24°59 [119°29 |0.091 0.001 29 3050.295 0.065 31 264

WC2(24°50 |119°48 |0.047 0.017 38 238/0.221 0.105 37 252

WC3(24°39 |120°08 |0.031 0.013 31 2230.127 0.068 32 233

WC4(24°28 |120°28 |0.015 0.0 49 213/0.053 0.001 48 224

EWC|25°00 (120°08 |0.113 0.010 40 288(0.310 0.110 25 214

PHC [23°51 |[119°5Z2 |0.075 0.033 69 338/0.693 0.060 67 348
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3 TSNOW 9
( 1) O, Ky N, M, S, A ( m)
G ©) 1901/1/1/0:00 ET GMT
0, K, N, M, S,
A G| A G|A G| A G| A G
24 87 | .35 137 | 39 43 | 197 63| .06 351
27 106 | .33 150 | .36 70 |1.88 87| .22 149
28 116 | 32 145 | 27 92 |139 106 .36 161
18 98| .26 184 | .19 61 | 98 81| .02 281
21 108 | .34 156 | .30 66 | 161 84| .10 181
23 111 | 34 151 | 31 65 |166 82| .17 164
22 117 | 28 148 | 12 46 | 62 60 | .08 112
21 118 | 14 118 | .02 338 | .14 337 | .09 2
22 117 | 28 151 | 09 58 | 45 71| .05 123
Mean RMS(m) | 0.025 0.094 0.025 0.123 0.115
MSF 0.97 0.75 0.98 0.99 0.84
4 TSNOW 9 ( 1) O,
K, N, M, S RMS (MSF) A
( mG ©) 1901/1/1/0:00 ET GMT
0o, K, N, M, S,
A G| A G| A G| A G| A G
25 89 | 29 121 |.39 042 [211 63 | 65 95
29 111 | .31 140 | .36 071 |1.95 91 | 57 127
38 124 | 35 136 | .29 088 |1.60 113 | 46 149
12 105 | .19 161 |.17 071 | 86 81 | .23 119
21 126 | .29 152 |.30 070 |155 88 | 45 123
26 125 | 32 145 | 32 067 |1.68 88 | 49 123
24 109 | 23 142 | 12 057 | 68 72 | .15 107
13 120 | 23 169 | .02 244 | 18 333 | .09 317
23 117 | 24 149 | .09 077 | 52 85 | .10 130
Mean RMS (m)  ]0.046 0.061 0.030 0.063 0.028
MSF 0.01 0.89 0.98 0.99 0.99
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5 TSNOW
6 Ki M,
Maj ( m/s) Min ( m/s) O
G ©) GMT
K, M,
Ma Min O G |Mg Min O G
WC1 047 .015 5 208 |.242 .186 0 239
WC2 061 .003 20 206 [.241 .084 27 251
WC3 062 .004 30 196 [.169 .032 29 235
WC4 070 .007 56 191 |.119 .006 60 211
EWC 075 .012 19 204 |.306 .070 26 212
PHC 145 .024 102 40 [.579 .044 81 358
RMS error (m/s) 0.059 0.093
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M2 canstituent
Sdlid line — cophase e (in degres)
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Cotidal chart for K1 constitdent
Sdlid line — cophase e (in degres)
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(a) (b)

B clieci s =4 s B HE eor 1m0

8 TSNOW K1
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(a) Depth averaged tidal current ellipses for K1 at 6 currentmeter stations

WCi | WC2 | WC3 | Wc4 | EWC | PHC
Ohserved
- Vd s £ P 4]
o
E ] ] ] ] ]
o |Calculated ! ! ! ! !
W
puld
- - - ) - lﬁ
1} ! T T T T
) 150 cm/fs
(b) Depth averagedtidal currentellipses for M2 at 6 currentmeter stations
WCH1 | WC?2 | WC3 | WC4 | EWC | PHC
Cbserved | | | | |
2 o |l o | .| 2
] ] ] ] ]
Calculated 1 | ! | !
Q 7 = / =
= T T T T

T
a 150 cm/s

TSNOW Ky M,

17-23




	台灣颱風湧浪預警系統芻議
	A Finite Element Model for Modi�ed Boussinesq

Equations
	Are Poincare Waves Existed in The 
Chesapeake Bay
	港池振盪之數值模擬計算 
	近岸颱風波浪推算之研究
	數值黏性造波水槽之發展及其應用
	緩坡方程式之研發與應用
	布袋外海波浪聚焦現象之探討
	Mike21 數值模式在台中港海域之應用
	Mike21 軟體之於港灣工程規劃設計上之應用
	數值模式在港灣規劃之應用 -以金門水頭商港為例
	海岸溢淹模式之建立與應用
	海岸線變遷模式發展
	MIKE21-BW 模式在數值試驗上的應用
	河口海水入侵之數值模擬
	潮流數值模擬邊界條件之設定
	台灣海峽短期預報系統之發展

