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A Coupled Discrete Wave Model MRI-II*

Takeshi Ujit

Abstract: An ocean wind-wave prediction model MRI-IT is developed on the basis of the
energy balance equation which contains five energy transfer processes, namely, the input by
the wind, the nonlinear transfer ameng the components of windsea by resonant wave-wave
interactions, wave breaking, frictional dissipation and the effect of opposing winds.

The nonlinear energy transfer is expressed implicitly together with the wind effect by
Toba’s one-parameter representation of windsea, but neither swell-swell nor swell-windsea

resonant interactions are considered.

Hypothetical assumptions are introduced to describe wave breaking effects. The numerical
constant required in the assumptions of wave breaking is determined through trial test runs
for a hindcast performed on the North-western Pacific Ocean.

The significant wave height, one-dimensional wave spectrum and two-dimensional wave
spectrum hindeasted by this new model are in more reasonable agreement with observations

than those obtained with our old model MRI.

1. Introduction

The evolution of a surface wave field in space
and time is governed by the energy balance
equation

dF/dt=0F/3t+Cg-TF
:Snet:Sin+SnL+Sds 3 ( 1)

where Flg,6'; x,?) is the two-dimensional wave
spectrum, dependent on angular frequency ¢ and
propagation direction ¢, Cg=Cg(c,¢) is the
group velocity, ¥ is the gradient operator in the
horizontal plane and the net source function Shet
is represented as the sum of the input S by
the wind, the non-linear transfer S, and the
dissipation Sqgs.

We developed an operational wave model
(wave model here means ocean wave prediction
model) called MRI (Meteorological Research
Institute) based on Eq. (1) (Uji and Isozaki,
1972; Isozaki and Uji, 1973; Uji, 1975) and it
has been used for routine wave forecasting at
the Japan Meteorological Agency since 1977.
The model MRI contains four energy transfer
processes, namely, linear and exponential wave
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growth, wave breaking leading to an equilibrium
state of Pierson-Moskowitz spectrum, frictional
dissipation for over-saturated waves and decay
of waves due to opposing winds. Since no
wave-wave interactions are considered in this
model, evolution of the spectral component of
waves is completely mutually independent.

The intercomparison of wave models carried
out in 1981 by the Sea Wave Modelling Pro-
ject (SWAMP) Group made it clear that MRI
is inferior in predicting the spectral form for
early growth stages, while superior in predicting
waves for complicated winds such as hurricanes
relative to the other models based on the para-
metric representation of windsea (The SWAMP
Group, 1982a, 1982b).

This report describes a new wave model
which was developed to overcome the weak-
nesses of MRI without losing its merit by in-
corporating recent physical pictures of windsea
growth and a hypothetical representation of the
wave breaking effect.

Of particular importance to our new model
are the following works. Toba (1972, 1973a,
1973b) introduced the hypothesis of local balance
and proposed the existence of a 2/3 power law
between wave height and period. He also pro-
posed a single-parameter formula for the growth
of windsea (Toba, 1978). Hasselmann e al.
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(1973) observed windsea growth, studied wave-
wave resonant interactions theoretically analyzed
by Hasselmann (1962) for the observed spectra,
and proposed a spectral form called the JON-
SWAP spectrum. Recently Mitsuyasu et al.
(1980) carefully examined the spectra of growing
windsea in the ocean and found relations be-
tween the fetch and parameters in the JONSWAP
spectrum. These parametric representations of
windsea growth provide a new basis for develop-
ing wave models and are useful in improving
the weak points of MRI.

Fairly detailed empirical knowledge is available
about the frequency spectrum of the fetch-limited
windsea. Some problems, however, are left un-
solved for wave models. First, we still do not
have full understanding of the energy transfer
from wind to waves. Second, the energy transfer
between swell and windsea cannot as yet be
incorporated explicitly in models, because the
exact computations for the nonlinear energy
transfer function Sy are still too time consuming
to carry out. Third, we know little about the
dissipation of energy due to wave breaking.
Therefore, a wave model necessarily has to
introduce some assumptions compensating for
our partial knowledge so that the model is
useful under any operational conditions. For
this reason we introduce some assumptions to
express the dissipation of energy due to wave
breaking in MRI-II.

In MRI, the spectrum is represented as a two-
dimensional discrete array of frequency-direction
energy ‘‘packets’’, each of which propagates at
its appropriate group velocity. The advantage
of MRI mainly comes from this flexible repre-
sentation of waves under variable wind condi-
tions, and so this representation is also used for
MRI-II.
metric description of windsea along with discrete
spectral representation of the entire spectrum,
including both windsea and swell, is referred to
as a coupled discrete (CD) model by the SWAMP
Group. Thus, MRI-II is classified as a CD

wave model.

A wave model incorporating a para-

In the next section, the spectral form of the
windsea and the form of the dissipation function
for wave breaking for MRI-II will be presented.
In Section 3, a numerical constant required for
wave breaking will be determined through trial
test runs for a hindcast of waves due to typhoon
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ORCHID. In section 4, we will examine the
basic performance of MRI-II in an experiment
which examines the growth of a wave field for
a uniform, stationary wind blowing orthogonally
off a straight shore. Conclusions will be drawn
in section 5.

2. Basic description of MRI-II

In this section a parametric representation of
the windsea and assumptions for wave breaking
are introduced and they are incorporated in Eq.
(1). Variables with the suffix * at the upper
right are non-dimensionalized in terms of the
friction velocity u4 and the
gravity g.

2.1. Representation of windsea

We assume the following properties of windsea
under a homogeneous and steady wind to obtain
parametric description of the net source function
Snes* for growing waves:

acceleration of

1) the one-dimensional (frequency) spectrum
of the windsea ¢* keeps a similar form de-
termined by the spectral peak frequency ¢,* and
finally reaches a fully developed equilibrium state
expressed by the Pierson-Moskowitz spectrum
Opm™(0*; opn*) at a sufficiently large fetch, 7.e.

¢* = Coppn™ (0% 0,%),
where Co is a coefficient independent of o*,

Ppm*(a*; opn™) =pmo* S exp

(—1.25 opm*/a*4) |

Ay =8.1 X 1073, 65m™=(0.880)'"* gous/ g is the peak
frequency of the Plerson-Moskowitz spectrum,
Bo=0.74, co=¢/Usss and Uygs is wind speed at
19.5 m height.

2) the evolution of the parameter o,* follows
Toba’s stochastic growth equation (Toba, 1978),
Z.e.

D0,*72/3t* + (1/20,%)(00,* 2/ 02*)

=G[l—erf(boo,* V], (2)

where z* is the fetch, G=1.76x10"% and &,=

0.044;

3) the total energy E* of wind waves is pro-
portional to ¢,* to the minus third power (Toba,
1978), i.e.

sk *=3.
E*eco,*8,
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4) the directional distribution function for a
windsea spectrum is (2/7) cos?f, where # is the
angle between wind and 6. Then the two-
dimensional spectrum F* which satisfies all of
the above four assumptions is

FX(a*, 07 ; 0p%) = @pm0p*a > o*5

Xexp (—1.25 0,*e* 4(2/7) cos?d.  (3)
The total energy E of this spectrum is
EX*=apn/(5 opm™*0,™) . (4)

2.2. Arrangement of growth eguation

Since the spectral form of Eq. (3) is different
from that of Toba (1978), the constants in Eg.
(2) are recalculated. Wilson’s (1965) formula is
non-dimensionalized by use of the drag coefficient
Cd=1.2x107% for the wind velocity at 10m
height. Then, the differentiated form of it is
approximated after Toba (1978) as follows

THUAT > fdx*)= Ci[1—erf (Cas Tp*)], (29

where Tp*=2rx/0,*=1.05T* (Toba, 1978), T*
being the wave period and C; and C; constants.
Since the ratio on the right hand side of Eq.
(2") for different values of 7T%* does not depend
on Cy, the value of C; is determined such that
the ratio for two typical values of T,* (2.5 and
190), respectively, corresponding to the early and
final growth stage be equal to the corresponding
ratio given by Wilson’s formula. The value so
obtained for C: is 7.317x107%. The method of
least squares in the range of 7p* from 2.5 to
250 gives a value of C;=0.4559 for this value
of C..

To incorporate the fetch equation (2/), which
controls the fetch-limited growth in a steady
state, into Eq. (1) we have to express Sp.; by
use of Eq. (2/). For this purpose we integrate
Eq. (1) for all spectral components and obtain
the equation,

AE o1+ SSCg-VF dodb
=0E/0t+V(Cg+E)=SEze:, )]

to lead a fetch equation, where
SEnei={Suer do 29 and

@z(SSCg-FdadB)/E.

If the wind blows in the z direction and the

coast line lies at right angles to z, the above
equation becomes

d(Cgz*E*) /dx* = SEnec* (6)

for a stationary wave field, where Cgz* is the
component of Cg* in the x direction and

Coz*=0.7276+Cgy*,

for the spectral form of Eq. (3), where Cg,*=
1/(20,%). Eqs. (2/), 4) and (6) together with
the above determined values of C; and C; give
the growth equation for the parameter o,*

doy*2/de*=1.783x 10~
[l—erf(4.59x1020,* D] .  (7)

Therefore, the net source function is expressed as
Snez*'dt*:F*(Up*+AUp*)_F*(Up*) , (8)

where 4t* is the time interval of numerical
integration and 4o,* is the amount of change
of o, given by Eq. (7) for d¢*.

2.8. Energy dissipation for over-saturated

components

For growing wind waves, Sue: is expressed by
Eq. (8). But we cannot apply it to over-satu-
rated components. The energy dissipation Sgs
should balance Sin-+Sa for spectral components
around the fully developed equilibrium level, so
that we have to describe Ss: in terms of wind
and waves. Since a swell can propagate with
very small dissipation on a calm sea, the energy
dissipation due to the viscosity of the water can
be considered very small. Thus, energy dis-
sipation mainly occurs through wave breaking.
However, the phenomenon of wave breaking of
wind waves is very irregular and complex, and
no theoretical model of wave breaking is current-
ly available.
thetically that waves break as follows:

1) wave breaking is a process in which a
water mass at a wave crest with a mass pro-
portional to the square of the wave height loses
its wave motion energy; 2) the energy dis-
sipation for a unit area of the sea per occur-
rence of wave breaking is proportional to the
mass of breaking water and the total energy E
of waves including both windsea and swell; 3)
the number of occurrences of breaking per unit
fime, P is expressed as

For this reason, we assume hypo-
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P=Pia,,

where o, is the characteristic frequency which
is related to the total energy including both
windsea and swell by extended application of
Eq. (3) to ocean waves as follows

0= (pmg?/5 opmE)Y8,

Pi is the probability of breaking, which has a
value between 0 and 1 and is expressed by the
empirical formula,

Pi=0.27log(u,?/opw)—0.78,
obtained for data collected by Toba (1979),

where v is the kinematic viscosity of the air.
These assumptions are summarized to yield

SSSM do d0= —Da+E and Da=Cy P-E,

where Da 1s the damping factor for the total
energy E and Cs is a constant whose value will
be determined through a case study by use of
a best-fit technique.

Let Br be a damping ratio for each two-
dimensional spectral component, i.e. —Sgs=Br-
F. For the expression of Br, we have to as-
sume the following additional property:

4) the damping ratio Br depends only on
frequency normalized by o, as

Broc(1+(a/2¢p)%),

because our numerical experiment using artificial
wave data shows that removal of a water mass
from each wave crest acts on the spectrum in
approximately the same way as a low-pass filter
with the damping ratio constant at the low of
the cut-off frequency 20, but depending on the
4th power of frequency at the high frequency
end. It then follows that

Br=Da+E(1+ (¢/20p)*)/En,
where En.= SS(1+ (6/20,))Fdodd  (9)

because the relation
SSBr-Fdo'dB:Da-E

should be satisfied, Finally we obtain the ex-
pression

Sas= — Co+ Pisop, B3 (14 (6/20,))F/Er . (10)

Uii

When a spectral component is nearly as large
as the fully developed spectral component, Sis
+Sn; must be nearly equal to Sy so that

SintSu=[(F/Fo0)*—2]Sus

is assumed for the spectral component whose
magnitude ranges from the fully developed level
to 1.414 times this level, to satisfy the relation
—(Sin-+Sn)=Sass at the fully developed spectral
level Foo, where Foo=¢m(0pm) (2/7)cos?@. For
wave components larger than 1.414 Feo, Sin+Sn
is considered negligible compared with Sq..

In MRI-II the above mentioned representation
of Sgs results in a kind of swell-windsea inter-
action, because the local state of wind and wind-
sea affects the dissipation of swell through Eq.
(10). But this interaction only reduces the total
energy, and is quite different from resonant
wave-wave interactions which conserve the total
energy.

For the waves in opposing wind, three energy
dissipation effects are considered: (1) wave
breaking which is assumed to be independent of
the direction of wave propagation, (2) the sup-
pressing effects of wind for waves propagating
against the wind and (3) the energy dissipation
due to viscosity, where the latter two effects
were already introduced in MRI. The non-linear
energy transfer between swell and windsea due
to resonant wave-wave interactions is neglected,
because we do not have yet a simple enough
parametrized description of Sg; for all forms of
wave spectrum that can be practically incorpo-
rated in a wave model.

2.4. Numerical scheme

We use the same expression of the two-
dimensional spectrum and the same scheme for
wave energy propagation as in MRI (Uji and
Isozaki, 1972), i.e., wave energy is numerically
represented by 352 (16 directions times 22 fre-
quencies) spectral and equally
spaced grids on local Cartesian co-ordinates are

components,

employed.

Our calculation consists of the following seven
steps;

1) each two-dimensional energy spectral com-
ponent propagates for a given time interval 4¢;

2) the damping coeflicient Br due to wave
breaking is determined by Eq. (9);

3) a frequency spectrum ¢(c) is calculated by
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the method of least squares, 7.e. the value of
¢(0) is determined to minimize the value of the
integral

| o, 09—porc2/m) cosaan
—=/

4) the peak frequency 0, is determined by the
best fit of ¢(o; 0,) to ¢(s), where the swell
components are disregarded;

5) the peak frequency o, is transformed to
the corresponding duration # using the duration-
limited growth curve of ¢, obtained from Eq. (7);

6) the new windsea is given for the new
time step #-+4¢;

7) the evolution of non-growing components
are calculated by simple time integration using
the damping coefficient Br.

3. A case study and determination of the
magnitude of the wave breaking effect
During the period of typhoon ORCHID (8013),

sea waves were observed in three different ways:

(1) with ultrasonic wave gauges set on the

bottom of the sea at a depth of 50 m at coastal

observation stations, (2) at the ocean data buoy

No. 3 (Buoy No. 3) and (3) with a ship-borne

wave recorder on the research vessel (R.V.)

Shumpu Maru. The observation stations and

o LOCATION OF THE TYPHOON AT 00Z
® GRID POINT
X OBSERVATION STATION

ENOSHIMA
®(21,7)

1ROZ AKI

®(1812)

® SAKINOHAMA
(14,13)

BUOY NO.3
% (15,21)

994 w7 GRID SIZE

Fig. 1. The track of typhoon ORCHID (8013)
and the observation stations in the area of
the hindcast. The grid size, 127km, is also
shown in the lower right corner.

—34'N
TRACK
OF Iz
S SAKINOHAMA ALMPU -
- 33"
Ké
o (14,13)
: L ; 30"
134 30 135 E

Fig. 2. The track of the R. V. Shumpu Maru,
the Sakinohama observation station and the
nearest grid point to them (solid circle),
The observation stations whose data are re-
ferred to in the text are marked by crosses.

the path of the typhoon in our computation area
are shown in Fig. 1, and the observation stations
R.V. Shumpu Maru are shown in Fig. 2.

The wind field of the typhoon is given as a
vector sum of the circular symmetrical wind field
calculated from the pressure field expressed by
Fujita’s formula and the wind field parallel to
the forward speed of the typhoon (Uji, 1975).
The wind fields were analyzed every three hr
and every 127 km from 15:00 GMT (152) 06
September 1980 to 12z 13 September 1980 to
carry out a hindcast of sea waves using MRI
at the Maritime Meteorological Division of the
Marine Department, Japan Meteorological Agen-
cy (JMA). The two-dimensional wave spectra
travelling into calculation area through the
boundary are determined by use of the results
of the routine operation of wave prediction at

IMA.

8.1. Determination of the magnitude of the
wave breaking effect
The dissipation source function Sqs in Eq. (10)
still has an undetermined dimensional constant
Cy. For various values of Cp, hindcast calcu-
lations of sea waves caused by the typhoon
were repeated. Obtained wave heights were



308

5
L
[‘.
x  SUMPU-MARU
o BUOY NO.3
e THE SUM
3_ .
E
‘T X
(f? L] .
= l .
& 2
x L] - o
o . * o °
3 1 g : o
E o
X
X X
¥ ox
—{ (= ; T T T T T _—
0 05 1 2 4 8 6 32 64
Cpx3600 (m2)
Fig. 3. Root mean squares of differences be-

tween hindcasted and observed wave heights
plotted against the value of the coefficient
of the dissipation term, Cb.

compared with observed ones in two ways, at
Buoy No. 3 and with the R.V. Shumpu Maru,
because observed waves at stations of these two
ways are considered to be less affected by the
The root mean square of 38 differ-
ences in wave height between those observed at
Buoy No. 3 and those calculated at the nearest
grid point (15, 21) to the buoy and the root
mean square of differences between eight data
collected by the R.V. Shumpu Maru and those
at the grid point (14, 13) are plotted against
the various value of Cp in Fig. 3 together with
their sum. The value, C;=6/3600 m~2, is ob-
tained as the best value of C» which minimized
the sum of the two root mean squares.

38.2. Hindcasted Results

Figure 4 compares wave heights observed at
Buoy No. 3 during the period from 212z 08
September to 12z 13 September with those
hindcasted by three wave models: (1) MRI
(open circles), (2) MRI-II with no wave break-
ing effects (solid circles) and (3) MRI-II with
the wave breaking effects (crosses). Figures 5,
6 and 7 show the same as Fig. 4 but for other
observation stations.

coast line.

MRI-IT with no wave breaking effects con-
sistently gives much higher wave heights than
the other two wave models and actual observa-
tions through the whole period except in the
early growth stages. This shows that the energy
dissipation for over saturated components plays
an important roll in complicated wind fields,
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Fig. 4. Observed and computed significant wave
heights at Buoy No. 3 and the grid point (12,
17). The graduation of the date on the
abscissa i1s at every 00: GMT.

SAKINCHAMA

Hy3(m)

T T T T T
n
DAY
Fig. 5. Observed and computed significant wave
heights at Sakinohama, the grid point (14,
13) and those observed on the R. V. Shumpu
Maru at stations marked by crosses in Fig.
2. The symbols are the same as in Fig. 4.

such as typhoons. It is also worth noting that
the energy dissipation term tuned by the data at
Buoy No. 3 and at the stations of the R.V.
Shumpu Maru also gives the most reasonable
wave height at all of the other observation
stations,
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Fig. 6. Observed and computed significant wave
heights at Irozaki and the grid peint (18,12).
The symbols are the same as in Fig. 4.

5+ ENOSIMA

11

DAY

‘Fig. 7. Observed and computed significant wave
heights at Enoshima and the grid point. (21,
7). The symbols are the same as in Fig. 4.
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Fig. 8. One-dimensional spectra for MRI and
MRI-II at the grid point (14,13) at 06z 11
September in the period of high waves.

One-dimensional spectra computed by MRI
and MRI-II (from now on MRI-II refers to
MRI-II with wave breaking effects included
unless otherwise noted) at the grid point (14,

POSITION (14,132 AT 1980 9 12 182

15, -+ —
= 10
E [
b ll‘q\
I” “\
S ) "
i : .- )
. 4 T
a. 5, 10. 15, 20. 25.
F (1072 HZ
Fig. 9. Same as Fig. 8 except that the time is
18z 12 September during the decay stage of
waves,
T e B B S e S e e e C S SO S S SRS (RS N (R U toer S
19.-
E - SAKINOHAMA AT18Z12 Sept. 4
L T t——— SHUMFU-MARU AT THE SAME TIME =
S. + 4
0. 4
0.
Fig. 10. One-dimensional spectra observed by

the R.V, Shumpu Maru at K4 (see Fig. 2)
and at Sakinohama.

13) at 06z 11 September are shown in Fig. 8
and those at 18z 12 September in Fig. 9. The
agreement of the spectra at 06z is remarkable,
while for the spectra at 18z MRI gives a large
energy peak in the frequency range from 0.11
to 0.14 Hz, but MRI-II yields no significant
energy peak. The spectra observed by the R.V.
Shumpu Mary and at Sakinohama at the same
time are shown in Fig. 10. It is natural that
the total energy predicted by MRI-II and shown
in Fig. 9 agree with the observations of the
R.V. Shumpu Maru because MRI-II was tuned
by means of observations around this station.
However, it is remarkable that both one-
dimensional spectra have almost the same form.

In Fig. 11, the two-dimensional forms of the
spectra in Fig. 9 are normalized by dividing by
their maximum value and then contoured at an
interval of 0.1. There is a large difference in
the directional distribution of the energy be-
tween MRI and MRI-II. For the spectrum of
MRI, wave energy is travelling mainly toward
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Fig. 11. Two-dimensional spectra normalized by
the maximum value. The one-dimensional
forms of these spectra are shown in Fig. 9.
The upper figure is for MRI and the lower
is for MRI-II. The ordinate shows compass
direction in degrees.

the NNW and N. On the other hand, the
main energy for MRI~II is toward the NE. In
other words, the swell travelling N or NN'W
in MRI is considerably dissipated in MRI-II.

Figure 5 shows that the waves observed at
Sakinochama are lower than those observed on
the R.V. Shumpu Maru as well as being lower
than all hindcasted waves after September 11.
The observation station at Sakinohama is located
2km off the east of a cape as shown in Fig. 2,
and it lies on a compass bearing of 20° from
the tip of the cape. Therefore a wave com-
ponent travelling eastward along a direction
greater than 20° does not reach the station
directly.

Let Ed be the sum of the energy running in
directions which can reach the station directly.
The mean direction of the wave energy at the
grid point (14,13) and the ratio of Ed to the
total energy are shown in Fig. 12. After 09z

] ?

] fhepttitties
gﬂ.El ffffff ////////
WG =R e i

i — NRI-1I <4

LT T R 112 13 o

SEPTEMEER 1980

Fig. 12. Mean directions of wave energy at the
grid point (14, 13) and the ratios of Ed to
total energy E for MRI and MRI-II. The
mean wave direction is indicated by an arrow
and upward is north. The position of the
tail of the arrow in the ordinate indicates
the energy ratio.

7 sakiNoHama Ry

Hyz (m)

T
3 10 11 12 3
DAY

Fig. 13. Wave heights corresponding to Ed and
the observations at Sakinchama. The sym-

bols are the same as in Fig. 4.

11 September there is a difference between MRI
and for MRI-II in the computed mean wave
directions as well as in the energy ratio. The
cape shuts out about 502, of the wave energy
for MRI and about 70 ¢4 for MRI-II after 09z
11 September.

‘Wave height at Sakinohama corresponding to
Ed is shown in Fig. 13. The agreement be-
tween the results of MRI-II and the observations
at Sakinohama is remarkable after 09z 11 Sep-
tember. This shows that the directional prop-
erties of waves obtained by MRI-II are more
reliable than those of MRI. The results also
show that the difference in wave height at
Sakinohama and the observation stations of the
R.V. Shumpu Maru is due to the shade effect
of the cape.

Even though the figure shows a large dis-
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crepancy in wave height between observations
and the computations during the period from
00z 11 to 06z 11 September, I believe this dis-
crepancy is caused by some error in estimation
of the wind field rather than being due to a
deficiency in the wave models, because both
models yield almost the same results during this
period in spite of the fact that they are based on
different pictures of the spectral energy balance.
Furthermore, the results of MRI-II are in good
agreement with observations at all observation
stations throughout the period of hindcast. How-
ever 1 cannot prove this view at present, be-
cause of a lack of appropriate wind data from
the central region of the typoon over the sea.
Wave heights and one-dimensional spectra
hindcasted by MRI agree with those of MRI-II
At the decay
stage of waves, however, the wave height, the
one-dimensional wave spectrum and the two-
dimensional wave spectrum are hindcasted more
accurately by MRI-II than by MRI. It can be
concluded, therefore, that the explicit represent-
ation of S¢s due to wave breaking in MRI-II
is very successful. It can be also concluded
that the dissipation function Sas can be applied
without reference to the varying conditions of
wind and waves during practical use. This

for very high wave conditions.

conclusion is reached for the following reasons:
(1) since over-saturated components appear most
prominently in wind fields where wind rapidly
changes speed and direction both in time and
space, a hindcast of waves due to a typhoon is
one of the most extreme but realistic tests of
Ses for over-saturated components, (2) the dis-
sipation term tuned by wave heights observed
only at two points gives not only reasonable
wave heights at all other observation stations
but also yields reasonable directional property of
waves.

4. Basic performance of MRI-II

To test the basic performance of MRI-II, a
numerical experiment which corresponds to Case
IT of the SWAMP experiment was carried out.
‘The experiment examined the growth of a wave
field in a square sea 1,000X 1,000 km in size for
a uniform, stationary wind of 20 msec™ blowing
orthogonally off a straight shore. The sea state
is 1nitially calm. For a large fetch the evolution
of the wave field with time provides a duration-

limited growth curve of the model, while for a
large duration the dependence of the wave field
on the distance off-shore presents a fetch-limited
growth curve.

Since the energy propagation term is negligibly
small for a large fetch, the duration-limited
growth curve for the peak frequency agrees well
with the theoretical curve of Eq. (7), as would
expected. The substitution of the values of C;
and C: into Eq. (2') gives the equation

do, % fdz*=5.51 x 10-3
X [1—erf (4.59x 1072 6,4 )],  (11)

which controls
waves for a steady state.

the fetch limited growth of
On the other hand,
the waves of this numerical experiment under
steady fetch-limited conditions are determined
by two terms of Eq. (1); one is the energy
input Sge: controlled by Egs. (7) and (8) and
the other is the advection term which is calcu-
lated numerically for each two-dimensional
spectral component. Therefore, the agreement
of the fetch-limited growth curve of the ex-
periment for fp*=0,*/2% and that obtained from
Eq. (11) shown in Fig. 14 is very important,
because it shows that not only our numerical
scheme for energy propagation but also the
matching of the two-dimensional representation
of wave energy and the parametric representation
of windsea are satisfactory.

The duration-limited growth curves and the
fetch-limited ones for MRI were not well de-
fined, and it can also be seen from this figure
that this weak point of MRI is completely over-

0.02 4

I IIiIHyD7 T IIHH!\D.
X*

Fig. 14. Non-dimensional fetch-limited growth
curves of MRI-II for the peak frequency.
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come in MRI-II, and the main purpose of this
work has been accomplished.

5. Conclusions

MRI-II is designed to overcome a weak point
of MRI without losing its merits; namely, the
inferior representation of the shape of the wind-
sea spectra at early stages of windsea growth.
For this purpose, a one-parameter representation
of windsea is incorporated into MRI that calcu-
lates energy propagation based on a two-dimen-
sional spectral representation of wind waves.
The weak point of MRI is overcome by the
one-parameter representation, 7.e., MRI-II great-
ly excels over MRI in describing both the fetch-
limited and duration-limited growth stages of
windsea.

Hypothetical assumptions are also introduced
into MRI-II to describe wave breaking effects
for over-saturated components. The numerical
constant required in the assumptions is deter-
mined through trial test runs for a hindcast.
As a result of incorporation of these wave
breaking effects, MRI-II gives more reasonable
estimates not only of the wave height and the
one-dimensional spectrum but also the two-
dimensional spectrum. Thus, MRI-II also
outperforms MRI in applications to actual wind
fields.

Taking into account the accuracy and the
time and spatial sparseness of available wind
data for wave prediction, the performance of
MRI-II is remarkably good.
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