CHAPTER 48

APPLICABILITY OF A NEW HYBRID PARAMETRIC WAVE
PREDICTION MODEL

Yoshio Hatada! and Masataka Yamaguchi2

ABSTRACT

DOLPHIN-I is a new hybrid parametric deep water wave
prediction model developed by the authors. This paper
examines the applicability of DOLPHIN-I, on the basis of
the comparison of the computation with the data of sig-
nificant waves obtained in five sea areas with different
horizontal scales around Japan during monsoons and ty-
phoons. In particular, the wave data in Osaka Bay in-
cludes frequency and directional spectra. It is verified
that the model practicality is excellent, because it re-
produces well the wave data observed in any concerned sea
area.

1. INTRODUCTION

In the past 10 years, a number of hybrid parametric
wave prediction models such as HYPA, TOHOKU, GONO (SWAMP,
1985), HYPAS (Gunther et al., 1984) and Graber & Madsen's
model (1988) have been proposed. The advantages of these
models which imply the effects of wind input, wave-wave
interaction and wave breaking in a parametric representa-
tion, are the capability to save computer processing time,
as compared with the discrete spectral model, and to give
reasonable estimation of wave growth under a gradually-
varying simple wind field.

However, the degree of freedom in the models is not
enough to properly resolve the directional characteris-
tics of a confused wave field in the rapidly-varying wind
field of a typhoon and in the sea area enclosed by com-
plicated shorelines, because wave direction is approxi-
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mated by only one parameter such as a mean wave direction
averaged with respect to frequency and direction.

Yamaguchi et al.(1988) developed a new directionally-
decoupled hybrid parametric wave prediction model in deep
water, hereafter referred to as DOLPHIN-I,in order to im-
prove this situation. DOLPHIN-I assumes that the direc-
tional energy of wind-sea defined separately for each di-
rection grows according to a parametric equation derived
from an analysis of observed wave growth data under the
assumption of ideal generation conditions and that each
swell component propagates independently, undergoing en-
ergy dissipation. It is formulated so as to make it pos-
sible to estimate the time variation of directional spec-
tra at a prescribed location through the computation
along the straight wave rays focusing at the location.
The computed results for test cases given in SWAMP(1985)
showed physically sound behavior in each case (Yamaguchi
et al., 1988).

The aim of this paper is to examine the applicability
of DOLPHIN-I, based on the comparison between computation
and observation. First, a brief explanation of the model
is provided from the view points of model formulation and
computation method. Wave hindcast is conducted in five
sea areas with different horizontal scales during mon-
soons and typhoons, and wave observation data used in the
comparison include not only significant waves but also
frequency and directional spectra.

2. OUTLINE OF DOLPHIN-I

(1) Model Formulation
The radiative transfer equation is given as

OE(/,9) aE(f 6) o PEL f ) _
at

+ Co(f) cosb—=+ Cy(f) s

=G, 0) (M)
where E(f, ¢ ) is the directional spectrum, f the frequen-
cy, # the direction, Cg(f)(= g/47zf) the group velocity

of a wave component, g the acceleration of gravity and
G(f,0) the source function modeling inflow and outflow of
wave energy. When a straight propagation path of a wave
component is selected such that dx/ds= cosg¢ and dy/ds=

sin¢ , Egq.(1) is rewritten as

ot
The integration of Eg. (2) over frequency yields the fol-
lowing equation which describes the evolution of direc-
tional energy density of wind waves E(6)

-+



WAVE PREDICTION MODEL 625
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where Eé is the frequency-averaged group velocity.

We assume that wind waves grow under the ideal gene-
ration condition, in which case directional spectrum is
expressed as a product of the JONSWAP spectrum (Hassel-
mann et al., 1973) and cos46—type angular spreading func-
tion and that evolutions of spectral parameters such as
saturation range constant a«, dimensionless peak frequency
v, and peak enhancement factor 7 are governed by the ener-
gy-dependent relations which are derived from the empiri-
cal expressions of Mitsuyasu et al.(1980). Then, the
frequency-averaged group velocity and source function in
Eg. (3) can be determined, and evolution of the direc-
tional energy of wind-sea E*(ﬂ) is described as

IEX0) EX0)
ot D*8)

a 0,3273
+ 2 €l RO =2. 85000 TR0 exp] —0.0875

Ei‘(O)/D*(O) 0,8542 i‘si 3
’{71.43><103—E*(0)/D*(0)} } g s ) D¥(0)

l(8/3 ) €08 (0= 8u) 5 |0 bul <r/2
0 i 160, 2n/2
S(7)=0.8572y0-0428

DX6)=

where f, is the peak frequency, ux the friction velocity,
8, the wind direction and D(¢) the angular spreading
function. The asterisk means the ideal generation condi-
tion.

Propagation of a swell component is formulated by
the above-mentioned one-dimensional radiative transfer
equation with an energy dissipation term. It is given as

BEs(f, 0) +acg(f)Es(f,0) _ [ —0-25(ui/CYSELS, 0); 10—0uw]|<m[2
at as —Bu(f, OELf,0) 5 |0—0uw|zn[2

where Eg(f,#) is the directional spectrum of a swell com-
ponent, C (=9/27f) the wave celerity, and Bm the damping
rate due to opposing wind.

(5)

In the general sea state, directional spectra of sea
waves E(f,0) are divided into frequency-integrated direc-
tional energy of wind-sea Es(9) and directional spectra
of swell components E4(f,6). The directional energy of
wind-sea is defined by

Ea(ﬂ):S:jM B/, 0)df (6
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where fp, is the peak frequency of directional spectra
for each direction and 4(=0.6) the correction factor used
for the separation of wind-sea and swell. Setting Es(6)
equal to E (8) at the growth stage of wind-sea, evolution
of wind-sea energy for each direction is computed from
Egq. (4) and then total*wave energy parameter of wind-sea
%% is evaluated bye'= E*(6)/D*(8). Directional spectra of
wind-sea Ey(f,0) are established using both the JONSWAP
spectrum with the spectral parameters related to dimen-
sionless wave energy and the angular spreading function
D*(6). On the other hand, change of directional spectrum
for each swell component Eg(f,0]) is obtained from Eg. (5}.

Directional spectrum in general sea state at the same
place is evaluated by simply summing up the directional
spectral component for the same frequency and direction
of both wind sea and swell as

E(f,0)=Ey(f,0)+Eg(f,0) (7)

The wave statistics are obtained by the numerical
integration of directional spectra over wave direction
and frequency using the relations such as

Ef)= "B, 0d0, e=[ (IS, Hp=avE

- ~ f‘"f"E(f,a)sin 0d6df (&)
T‘,,=1.zo./e/]° PE(f f=tan” e

ff‘,”E(f.e)cos 6dedf

where E(f) is the frequency spectrum, ¢ the total wave
energy, Hi/3 the significant wave height, T4/3 the signi-
ficant wave period, and # the mean wave direction.

(2) Method of Numerical Computation
DOLPHIN-I estimates the time variation of directional
spectra of sea waves at a prescribed point by following
growth, decay, and propagation of sea waves along a wave
ray radiating separately from the point for each direc-
tion, as shown in Fig. 1.

The evolution equation Land | | boundary Y
of directional energy, Eqg. Y
(4) is solved by a finite | open N VA
difference method of the N\, poundary / P
two-step Lax-Wendroff N R\ 7 A
scheme. It is given as N
sz Citeh, Al . RA
ez z ZAS( o %— Hindcast point
f!

At | iy
—‘K?)“}‘ Q't‘u/zT ( 9) - dép

eri=el- gL kms
Fig. 1 Wave ray and computa-

__gntl/2 n+1/2
Kinz+ QAL tion of propagation.
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where e=E*(0), K:EéE*(e), Q is the source term in Eq.(4),
n the index of the time step, i the grid number on a wave
ray, and 4s the grid spacing on a wave ray. The value of
e 1s specified in a parametric manner at the upwave open
boundary and it is set at zero in the case of the land
boundary. At the downwave boundary, directional energy
is freely transmitted, and the upwind difference scheme
indicated by

eir'=en—AL (Ki— K0+ Qiat (10)
is used, because Eg. (9) is not applicable, where N
is the grid number at the boundary. It should be noted
that one grid point is added to the grid system for each
direction in order to keep the accuracy of computation
at the hindcast point.

The computation of the radiative transfer equation,
Eq. (5), makes use of a fractional time step method in
which the propagation equation and the forcing equation
are solved alternatively. The propagation step uses a
piecewise ray method with the Lagrange third order spa-
tial interpolation formula expressed as

Es(f, d=a, zl_z(f, )+ azE’;l'—l(fv 9) + a,E'éi(f. )+ acE:.‘H(fv )

a=—(r—2(r—10r/6, a,=(r—2)(r—1)(r+1)/2,
a,=—(r—2)r(r+1)/2, a=(r—1r{r+1)/6, r=1—CJLf)At/As

At the grid point next to the upwave boundary and at the
downwave boundary, the interpolation formulas with the
first and second order accuracy

Edf, 0)=0—rE%W(f, )+ rEL/, 8)

Es(fv 9= a, ";N—Z(fv )+ a’ZE,‘;N—-l(fv 6) +a;E'§~(f, )

(11)

X (12)
ai=(r—-0r/2, ay=0-7r)Q+r), a=7r(r+1)/2
are applied respectively as well as in the above-men-
tioned case. The computation of the forcing step is
conducted with the analytical solution given by
(13)

E NS, 0)0=EJf, 0)expi—0.25(us/CFfAtl ;16—6.0<x/2
EX(f, O)=EJ/f, 6)exp (—FuAl) s10—6,0=2x/2

3. APPLICABILITY OF DOLPHIN-I

(1) Conditions in Wave Hindcast

As shown in Fig. 2, wave hindcast is conducted in the
five sea areas with different horizontal scales: Lake
Biwa with an extension of 15 to 30 km, Osaka Bay and the
Kii Channel with an extension of 30 to 100 km, the west-
ern part of the Seto Inland Sea with an extension of 150
km, the Japan Sea with an extension of 800 to 1300 km,
and the Northwest Pacific Ocean with an extension of more
than 2000 km. In the Pacific Ocean, typhoon-generated
waves are hindcast, in which case wind distribution is
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estimated by a simple para-
metric typhoon model. 1In

the other sea areas, waves
associated with monsoons are
computed, in which case eval-
uation of wind distribution
over the sea is based on a
spatial interpolation method
of the measured wind data or
a weather map analysis.

150°E

[
.‘\ 40°N
Japan

USSR

<1

L.ake Biwa

Kii Channel

Table 1 is the computa-
tional conditions used in
wave hindcast on each sea
area. The directional range
of -180° to 180°, number of
directional data Njy of 37 and
directional increment40of 10°
are the same in all cases.

Western part af
Seta Inland Sea

Pacific Ocean

20°N ]

130°E
A

I4Q°E

Wind velocity at the
height of 10 m over sea level
Uqp in each sea area is es-
timated with the method
given in Table 1., Friction
velocity ux in DOLPHIN-I is
computed from Ujg by use of
yasus's empirical formula (1984).

Cam (g Vs (0.5814+0.063U710) x 103 , Ui=10mfs
1.211x10°3 y Uw<l0m/s
where Cg is the drag coefficient of the sea surface.
Wind characteristics at grid points on each wave ray are
evaluated every 30 minutes through linear interpolations
with respect to time and space of wind data given every
1 hour at the rectangular grid points.

2 Five sea areas with
different horizon-
tal scales used in
wave hindcast.

Fig.

a modified form of Mitsu-
It is written as

(14)

Table 1 Numerical conditions used in wave hindcast.

Lake Biwa Osaka Bay |Seto Inland| Japan Sea Pacific
& Kii Chan. Sea Ocean
MxN 20x15 36x28 30x35 25x44 43x43
Ax=Ay km 2.5 3 5 40 80
4s km 2.5 3 5 40 80
4t min 7.5 6 10 30 60
frnin Hz 0,176 0.1 0.1 0.05 0.04
frax HZ 2 1.5 1.5 1 1
£ 22 ___ 4 23 | 23 g __24____|_ 30__ |
method 6f | Interpola- |~ ditto ditto weather map | typhoon
wind es- (tion of mea- analysis model
timation |sured winds
M, N: number of grids in x and y direction, Ax, Ay: grid spacing

As: grid spacing on a ray, At: time increment, Ng: number of freqguency
fnmin: minimum frequency, fpax! maximum freguency
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In the hindcast on the sea areas, except for the
Pacific Ocean, land boundary condition in which case the
directional spectrum is zero is imposed. On the other
hand, directional spectra computed by a product of JON-
SWAP-type frequency spectrum referred to as the Ross hur-
ricane model{1976) and cos®4-type angular spreading func-
tion are given at the grid points corresponding to the
open boundary of the Pacific Ocean area, in which case
input data are local wind characteristics and distance
between the concerned grid point and the position of the
typhoon center.

In order to initiate DOLPHIN-I, which does not have
any term for initial generation of wind waves, direction-
al spectra computed from the before-mentioned model under
the conditions of Hy/3= 0.1 m and ux=0.12 m/s are provi-
ded as an initial condition.

! 5 iY) 0 15

(2) Wave Hindcast in Lake Biwa '

Fig. 3 shows the grid system 4
with spacing of 2.5 km placed over 5,_{ 1
Lake Biwa. During winter monsoons, A\
strong winds of more than 10 m/s TEINCT Al
continue to blow over the lake for 1t o) A
two or three days with repetitions 0118 01
of gradual increase and decrease of EE“J— { /
wind velocity, and the resulting Iy EERN ||
wind fields are quasi-homogeneous 157 {]
and quasi-steady. The wind distri- :jk\\~ 4
bution is obtained by linear inter- %j, 7
polation of the wind data measured 2oL TR ]
at three points(B, C and D) with A. Hikone  1O0km
respect to the y direction, in which B. Adogawo
case uniformity of the wind field C. Okinoshirgishi
in the x direction is assumed. D. Hikone-~ Aisei

Fig. 4 indicates the com- Fig. 3 Grid system used
parison between time variations in Lake Biwa.

of significant wave heights and

N T s

e Observotion ' |

Hus ~— Computotion
O o T T IE . Tis T o
oct. 14 oct 15

Fig. 4 Comparison between the computed and observed
significant waves in Lake Biwa.
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mean wave periods observed and hindcast at Hikone-Aisei
point, where T, is the mean period defined by the zero
and second moments of frequency spectra, as 1s indicated
in Eq. (10). This is typical of wave variations occurring
during seasonal winds in Lake Biwa. The figure shows
excellent agreement between the computation and the meas-
urement of significant wave height variation, but hind-
cast mean periods are slightly greater than the observed
results. The reason is that the formulation of DOLPHIN-I
is based on Mitsuyasus's empirical relation between spec-
tral parameters and dimensionless fetch, which gives
smaller estimation than spectral parameters obtained from
the analysis of wave data in Lake Biwa. So, improvement
of the model applicability to wave evaluation in Lake
Biwa is possible by changing the expressions of spectral
parameters.

(3) Wave Hindcast in Osaka Bay and the Kii Channel
Fig. 5 is the grid sys-
tem with a spacing of 5 km
used in wave hindcast, in
which small circles are the
wind observation stations
deployed around the con-
cerned sea area. Wind dis-
tribution over the area
every 1 hour is estimated
from the application of a
linear interpolation formu- ]
la to measured wind data on
each of the triangular Y
meshes made by connecting
the wind observation sta-
tions together (Yamaguchi 5 . -
et al., 1981). 30
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Fig. 6 is the compari- g;
\

son between the computation H

and the observation for ZCZ:Q_Jgnfg_jgfi___
time variation of signifi-

cant waves at the MT sta-

tion in Osaka Bay during Fig. 5 Grid system used in
a strong storm brought Osaka Bay and the
about with a typical pres- Kii Channel.

sure pattern in the winter

of Japan. Wave heights show rapid growth to over 2 m
high because of the duration of strong winds of maximum
20 m/s with the direction of SW to W and then they re-
duce to about 1 m high with a change into moderate winds
of 10 m/s or so with the direction of WNW, while wave
periods of about 4 s do not vary so much as wave heights.
DOLPHIN-I reproduces well the observed time variation of
wave heights, but gives a slight overestimation of that
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of wave periods.

Another compar-
ison of the time
variation of signi-
ficant waves at the
MT station is indi-
cated in Fig. 7.
Strong stormy winds
during the period of
wave hindcast were .

brought about by a o5k, . * Observation
developing low sys- — Camputation

tem which proceeded o 3 5 & 5 5 s
easterly over the Jon.3 Jan.4

Japan Sea. DOLPHIN-I

again results in Fig. 6 Comparison between the com-
good resolution for puted and observed signifi-
the observed time cant waves at the MT station
variation of signi- in Osaka Bay (1).

ficant waves associ-

ated with strong 3 ; . . . ;

winds whose velocity
increases rapidly
and then decreases
with change of the
wind direction from
SW to NW. But in
detail, DOLPHIN-I
tends to give a
slight underestima-

tion before the peak o ) .,

period of the storm. . L aron k&
Fig. 8 is the O B O T 6 T B I8 0

comparison between Feb.28 Mar.1

the computation and

the observation for Fig. 7 Comparison between the com-

frequency spectra puted and observed signifi-

and directional cant waves at the MT station

spectra at the MT in Osaka Bay (2).

station. DOLPHIN-I

behaves well even for reproduction of the observed wave
spectra, but the directional spectra in measurement have
a smoother distribution than those in computation,
because the directional spectra are evaluated with the
Fourier series method of poor directional resolution
from current records of the three components. A slight
difference in the dominant wave direction in directional
spectrum is also found because of possible errors in
orientation of the instrument and variability of the
measured wind direction.
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0
g MT st
N Computation
4 > Feb.28,
& 22:00

: .
' —Computation \2

/0’0'.4 2fH14 6. 8/
Fig. 8 Comparison of the computed and observed
) frequency spectra and directional spectra
at the MT station in Osaka Bay.

(4) Wave Hindcast in the Western Part of the Seto
Inland Sea

Wave hindcast in this sea area is conducted for the
period of seasonal winds on the grid system given in Fig.
9, in which case estimation of wind distribution is based
on a linear interpolation of measured wind data on tri-
angular elements as well as the case for Osaka Bay. The
seasonal winds occurred
with the passage of [ 10 2 iY) 3o
twin low pressure Sys- T b 3
tems over the Japan o PR BRLZAAE
Sea and the resulting iw / a N
moderately strong 4
winds of over 10 m/s 0 o
with the direction of
WNW to NW continued
to blow over the sea
area.
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Fig. 10 is a ATy 2

simultaneous plot of ?ﬁmw o
1 3 3 . {su

the time variations . Sadomisokl Harb. JES
of the significant T T T %
waves at Kanda and ot LI LTI
Iyo obtained from the ©%© 50 km . &
computation and the
observation. At
Kanda with longer Fig. 9 Grid system used in the west-
fetch for predomi- ern part of the Seto Inland

nant wind direction, Sea.

117
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correspondence of the
computation with the
observation 1is excel-
lent through all peri-
ods of the storm, and
reasonable agreement
between them is also
achieved at Iyo with
longer fetch, though
the observed results
are limited in a short
period under high wave
conditions. The reason
why the observed wave f >
periods are slightly 0 , L \ . A . .

N Tyss

[}

« Observotion
— Computation

~Hszmn

greater than the com- Coeras O C o O O ol ©
puted ones may be due

to the fact that the Fig. 10 Comparison between the
observation was made computed and observed
with a pressure-type significant waves at
wave gauge. Iyo and Kanda.

(5) Wave Hindcast in the Japan Sea

Fig. 10 is the grid system with spacing of 40 km used
in wave hindcast on the Japan Sea. The winter storm of
interest was generated by a low system whose time history
was that two lows, one proceeding northeasterly along the
Japan Sea and the other similarly along the Pacific Ocean
side of the Japanese coast, came together over the east-
ern sea area of north Japan and the central pressure low-
ered to 970 mb at the severest period. Wind distribution
over the area is given by the method (Yamaguchi et al.,
1984) which estimates gradient winds by approximating
curvature of the isobar line and pressure gradient with a
spline function and then converts them to winds over the
sea, multi-
plying a con- ity)
stant coeffi. @20 [0 30 °
cient(=0.67)
by gradient
wind velocity
and rotating
gradient wind
direction by
17° counter- =
clockwise. =

The com- 29 Tottori  Wajima Hojikizaki g .
b Fukui Ak’m
puted and ob- i Fx gy T
served time L Kanozowg ===
. . Niigata
variations of
significant

waves at Fig. 11 Grid system used in the Japan Sea.
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Wajima with a water depth of
50 m and Tottori with a water
depth of 30 m are compared in * Observation

K . — Computation
Fig. 12. The model takes into (shallow water)
account the effect of water -+ Computation
depth on waves in an expedient (deep woter)
way by multiplying the frequen-
cy spectrum computed at the
hindcast point by a correction
factor of ®@(kh)=tanh?kh , where
k is the wave number and h the
water depth. DOLPHIN-I with a .
correction for water depth ef-
fect predicts the variation of
waves with the change of winds
in a general sense better than
the original DOLPHIN-I, but the
degree of agreement between the
computation and the observation
is not as accurate as in the 05 | S S —

: X 2 0 iz 0 2 o}
above-mentioned cases in Dec.23 Dec.24 Dec.25
which wind distribution
is estimated with inter- Fig. 12 Comparison between the
polation of measured wind computed and observed
data, because of less significant waves at
accuracy of hindcast winds. Wajima and Tottori.

In particular, the computed

time variation of waves at Wajima is about 4 hours behind
the observed one, reflecting the time lag between the
computed winds and the measured winds.

T ¥

Ty
. Tws

5

el o e

Wojimo

sh Hus

O
Husmor Tus s

o]

Tottori
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(6) Wave Hindcast in the Northwest Pacific Ocean
Waves caused by a ty- i

phoon with rapidly-varying o__ 201}(3:) 30 40
wind fields is hindcast in RSN’
the Pacific Ocean. Fig. 13 k
is the grid system with a o
spacing of 80 km placed on T
the Pacific Ocean, in 2%
which the tracks of two g oo,
typhoons to be hindcast - -
for wave conditions - Ty- %9 ] 5+ L ond boundory
phoon 8115 and Typhoon
8210 - are also drawn.
The estimation of wind 30 . =
distribution in a typhoon r =
relies on the use of a 7
parametric typhoon model. 8115
The model in which the 40 f
exponential function is I f
assumed for the pressure
distribution, computes Fig. 13 Grid system used in the
wind fields in a typhoon Pacific Ocean.

» Open boundory
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by using parameters such as central pressure, position of
the typhoon center, radius to maximum winds and wind in-
flow angle to the typhoon center. These data are given
every 6 hours and through a linear interpolation, wind
field is estimated at intervals of 1 hour.

Fig. 14 is the time variation of significant waves at
Irouzaki situated on the Pacific Ocean side of the Japa-
nese coast, as is indicated in Fig. 13. The computation
is in close agreement with the observation showing propa-
gation of swell with a distant typhoon and rapid growth
and decay of wind waves with approach and passage of a
typhoon. Accordingly, the model predicts general charac-
teristics of typhoon-generated waves in the northern
hemisphere such that waves during Typhoon 8210 when Irou-
zaki was situated on the right hand side of the typhoon
track give more rapid growth and decay associated with
approach and passage of a typhoon than those during Ty-
phoon 8115 when Irouzaki was situated on the left hand
side of the typhoon track. When the effect of water
depth on wave chracteristics at Irouzaki where water
depth is 50 m deep is introduced in the same way as in
the Japan Sea case, the computated results might be
slightly smaller than the observed ones.

15 —y T T \ 15 — T T T T T T
“w Ld
Y L
20 r-sus =IO g210
5 IrGzaki Z Ir6zaki
E » Observation 2 « Observation [ .
155 [ — Computation L5 — computation 4 Hus
BT o o oo TV T s o R
Aug.20  Aug.2!  Aug.22 Aug.23 Jul.31 Aug.!  Aug.2 Aug.3

Fig. 14 Comparison between the computed and
observed significant waves at Irouzaki.

4. CONCLUSIONS

Practical applicability of the wave prediction model
developed by the authors, DOLPHIN-1, was confirmed by
reasonable agreement between the hindcast results and
the wave data, including directional spectrum, which were
acquired in five sea areas with different horizontal
scales around Japan.
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