ractions

vaves, |

evaluation of the wind field.

1. INTRODUCTION

The economical and scientific interest in the sea has grown
steadily during the last 30 years stimulating the development
of many different methods for the evaluation of the wind
wave field. The various approaches to the problem have capi-
talized upon the continuous improvement of the knowledge of
the physical processes connected with the generation, propa-

gation, and dissipation of wind waves. Before the early 1970’s,

attention was focused on the physical models, trying to track
the development of each single wave component, and those
proposed by Barnett [1968] and Ewing [1971] attained a re-
markable degree of success. At this time the role that non-
linear wave wave interactions play in the development of a
wind wave spectrum was becoming increasingly clear. This
was definitely established during the JONSWAP experiment
[Hasselmann et al., 1973], and, because of the practical impos-
sibility of correctly including them into the physical approach,
it led to the development of the parametric models [Hassel-
mann et al., 1976], in which nonlinear interactions are implicitly
taken into account through the assumed shape of the spec-
trum represented by a limited number of parameters. Even
when coupled to a parallel model for swell, as in the hybrid
model developed for the NORSWAM project [Giinther et al.,
1979], the parametrical approach has its own limitations. A
stroqg debate, which is far from being definitely concluded, is
ensuing on the relative accuracy and practicability of the two
methods. Much of the discussion is connected with our pres-
ent, large ignorance of the subject. In any event both the
methods, physical and parametrical, have their relative ad-
vantages and limitations. The problem becomes much more
complicated when we consider shallow water. On the one
hand, severa] new phenomena, due to the interaction of sur-
f;ze :Laves with the bo_ttom, must be taken into account. On
tera::)t' €T, the parametrization of the nonlinear wave wave m
: 10ns become more problematic, and extensive tests will
¢ necessary before some definite conclusions can be reached
on the subject,
opr:_(::llffgame time there is a strong push for methods capable
the re :l_lng reason'able results in shallow water. In our case
real ¢ l;ll lrfement existed for a method capable of supplying
ve ¢ forecasts and an estimate of the maximum possible
conditions at given location close to the coast in the

C .
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A wind wave forecasting model is described, based upon the ray technique, which is specifically de-
signed for shallow water areas. The model explicitly includes wave generation, refraction, and shoaling,
while nonlinear dissipative processes (breaking and bottom friction) are introduced through a suitable
parametrization. The forecast is provided at a specified time and target position, in terms of a directional
spectrum, from which the one-dimensional spectrum and the significant wave height are derived. The
model has been used to hindcast storms both in shallow water (Northern Adriatic Sea) and in deep water
conditions (Tyrrhenian Sea). The results have been compared with local measurements, and the rms er-
ror for the significant wave height is between 10 and 20%. A major problem has been found in the correct

Northern Adriatic Sea. Considering the possible different so-
lutions to the problem, it was soon clear that a fully correct
approach was not available.

In addition to the reasons specified above, a parametric ap-
proach was ruled out because the local wind fields are charac-
terized by extremely large spatial and temporal gradients.
This is the case in which the parametric models show their
strongest limitation. A physical model could have overcome
this deficiency, but, apart from being forced to neglect any
wave wave interactions, the simultaneous handling of all the
physical processes together with the strong refraction present
in the area seemed too difficult to deal with. On the other
hand, refraction and shoaling were likely to be two dominant
factors in the problems, and they therefore had to be consid-
ered properly. Together with the practical consideration that
the estimate had to be provided at a single position, we were
led to use a technique previously proposed by Collins [1972].
In his paper Collins pointed out that a ray technique is effec-
tive is accounting for refraction and shoaling. Once the bot-
tom topography is specified, this is obtained by computing all
the possiblé wave rays, for each frequency and direction, hav-
ing as source the target position. This method is described in
section 2. The third section is devoted to the description of the
physical processes considered in the model and how they are
parameterized. Then (section 4) we turn to the wind field
problem, and we indicate how it has been evaluated in ‘two
basins of interest. Sections 5 and 6 are devoted to the practical
applications of the model, in the shallow Northern Adriatic
Sea, and in the Tyrrhenian Sea, where deep water conditions
hold. Finally, discussions of the results and conclusions are
given in section 7.

2. THE RAY TECHNIQUE

Given a bottom topography and a reference point A, we
consider a wave crest of a given frequency [, passing through
the point and moving in a specified direction §. The path of
the wave, or better that of the ray normal to it, is established
by the refraction laws [Collins, 1972]

ax, _ _ %

a7 ok,

dk; do

—’=—— e —3 1
dr ax; i=12 M
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where x; = (x,, x,) are the two coordinates in the plane, k; =
(ky, k,) is the wave number, ¢ = 2nf is the circular frequency,
v; = (v, 1) is the group velocity, and 7 is the time.

The ray, or characteristic, is also the path followed by the
corresponding energy packet (frequency f, direction 6), pro-
ceeding on the ray with the group velocity ». The refraction
laws (1) are symmetrical with respect to the direction of mo-
tion; hence the path can be equally traced in both directions.
Through a suitable discretization (say a 10° interval) we can
then consider all the possible directions of approach to point
A, evaluating their respective characteristics. Repeating this
procedure for all the considered frequency bands, we end up
within the assumed discretization with all the possible paths
followed by the different energy packets approaching the tar-
get point A. If at a given time f, the value of energy E(f, ) at
A is known for each single characteristic, the corresponding
bidimensional matrix represents the wave directional spec-
trum at time 7, and point A. Circular integration all over the
directions provides the one-dimensional spectrum

E(f) = A B, ) do

In a depth field h(x, y), o and k are related by the dispersion
relationship

& = gk tanh kh

As equations (1) are integrated in wave number space, wave
height variation with refraction and shoaling are automati-
cally taken into account. The resulting spectral values are
then transformed to (f — ) space through the expression

E(ki, ko) = 52 E(, )

[Collins, 1972], k being the wave number modulus.

Since the bottom topography does not change with time,
the wave characteristics passing through a given target posi-
tion can be evaluated once and for all and stored on magnetic

tape or disk for later use.

3. ENERGY EQUATION AND THE PHYSICAL PROCESSES

Once the wave characteristics are evaluated, we are left
with the problem of evaluating the matrix E(f, 9) (ie., the en-
ergy approaching the target point A along each single ray).

Gelci et al. [1957] proposed the energy balance equation

£=v-VE+S

ot

)

where the group velocity v is now considered as a vector. This
simply says that the energy variation at a single position is due
to that which propagates into the area, plus the source func-
tion S summarizing all the processes producing or absorbing
energy at the actual position. If now we consider the variation
of an energy packet running along a characteristic, our refer-
ence frame moves with the energy itself, and the advection
term vanishes in the corresponding balance equation (2). This
is therefore reduced to the simple expression

oE
=5
ot

valid along each single ray. For the evaluation of E(f, 0) we
are therefore left with the problem of the specification of the
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source function S. This includes all the generative, coﬁﬁ.

servative, and dissipative processes that will be now Singly“

considered.

Generation

Two mechanisms for the generation of waves by wind hays
been taken into account.
Phillips resonant mechanism. Proposed by Phillips [195715
this involves a type of resonance between the free surfac |
waves and the exciting turbulent pressure fluctuations. Theg;
fluctuations are due to the local wind field, and they movﬁ
with the wind over the water surface. The corresponding
growth of the spectral energy density is linear in time and ex.
pressed therefore by %
oF

— =

ot (3’1?.

where « is a function of frequency and of the wind character;ﬁ;
istics. The expression of « is given by Phillips [1957] as

a(k) = pw%gzozp(k, o)

where p,, is water density, g is gravity acceleration, k is waye

number vector, and P(k, o) the atmospheric turbulent pressuz
spectrum. Barnett [1968] proposed and used an expression for
P(k, o), based on the turbulent fluctuations measured by
Priestly [1966]. We found the Barnett expression unsuitable
for shallow water applications, for the contemporary decreast
of h (depth) and o leads to a divergent growing expression for
«. This was also directly proved by a numerical test. We haw
thus resorted to an approximate expression for P(k, o) given
by Phillips [1966, pp. 123125, equation (4.6.4)] and based m
the measurements of Willmarth and Wooldridge [1962] ini
wind tunnel. The resulting expression for P(k, 0) and a(k) arq

80 p,U,* .

wk*c

Pk, o) =

_ 80ps 57
= wie 4

80 p,%0
k) = —2— 2774
a( ) sz 2k2 Ca U

Here p, is air density, U, = (c,U?)"/* is the friction velocity,
~ 0.0012 is the drag coefficient, U is the wind speed com
ponent along the ray direction in m/s. Equations (4) and
are strictly valid at the resonance peak of the wave field. /
more precise expression is, in any event, unnecessary, beca
of the overwhelming effect of the Miles’ mechanism soon 2
the first triggering of the surface waves. )

Miles feed-back mechanism. Once the water surface is di
turbed, it in turn disturbs the air flow over it, causing a gred ¢
transfer of energy from wind to waves. This results in a fe_‘
back mechanism leading to an exponential growth of W&

energy expressed by

=

The original value of 3, as estimated by Miles [1957], see!
to be too low by an order of magnitude to justify the X
mental growth rate of wave energy. Barnell [1968] fou
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¢ between (6) and his experimental data through the dimensional arguments, Phillips [1958] pointed out that the

% €O
Sin gOOdfﬁthe expression energy in the saturated range of a waves spectrum has to de-
. Ucos§ crease with frequency according to the expression
B =5sf 0.90 ) s
c E(f) = g0 ®
a ha'? 0l € is the phase speed of the wave, and § is the  where s refers to saturation and o is a number different from
‘ ‘7 Hcr;: sbetw‘;eu wind and wave vectors. The 0.90 term allows the « in (3) and (8).
L ang[;e experimental evidence of growing waves propagating Notwithstanding some discussion on the actual value of the
:::;er than the wind. exponent of o [Forristall, 1980], (9) has been proved accurate

In more recent years the experiments of Dobson and Elliotz in numerous experiments. Several experiments, including
1978] and Snyder et al. [1978] have shown that Barnett’s JONSWAP [Hasselmann et al., 1973], have indicated a depen-
[ alue of f is too large. Nevertheless, for reasons that will be dence of o’ on the actual dimensionless fetch
:oon clarified, we preferred to use expression (7). 2x

As the Phillips and Miles mechanisms act independently of X = U

each other, the whole generation process is summarized under
x being the actual fetch length, and U, the wind measured at
a 10-m height above mean water level. In our case the fetch is

the expression

%E— =a+ BE (8) not readily defined at each point of a ray, and we have pre-
! ferred to use a constant value for o as originally done by Phil-
Conservative Processes lips [1958].

Expression (9) refers to a mono-dimensional spectrum. For
the saturation of the energy of the single ray, directed at an
angle § with respect to the wind, we have used the equation

As was previously discussed, the effect of refraction and
shoaling are automatically taken into account through the in-

tegration of (1).

is W'dx Most of the problems with the actual physical models derive E(f, 8) = 0.073g%S(5)

PTeSSutd  from the presence of the nonlinear wave wave interactions. o

sion fuf  g55elmann [1962, 1963] pointed out that, given a directional 8

ared B} wave spectrum, for certain resonance conditions the different. S(8) = — cos* () (10)
isuita j, frequency components of the spectrum could exchange energy 37

decreas; among themselves. The existence of these interactions was suggested by Barnert [1968]. The energy along each ray is

ssion fif ater proved during the JONSWAP experiment [Hasselmann  therefore allowed to grow according to (8), with a maximum

We et al., 1973], which also showed their dominant role in deter- value given by (10).
) glV5 mining the distribution of energy in the spectrum. While breaking establishes the saturated value of energy for
>ased 0 A ray model is basically uncoupled and linear, in the sense each frequency, it is present also during (and an integral part

162] in, that the energy of each component is evaluated independently of) the generation itself. It implies a definite loss of energy
x(k) atd  of the other ones. Also, the directional spectrum, necessary for  that is hard to quantify correctly because of the strong nonlin-
ff; the evalution of the nonlinear interactions, is known only at earity of the phenomenon. For this energy loss we have used a

1 the target position. Therefore, besides being ruled out by the quasi-linearized expression proposed by Hasselmann [1974]
practical complexity of their evaluation, there is not even in
principle any way by which nonlinear interactions can be Sereaking(k) = —n0E(k) an
taken into account. The main practical consequence is the the coefficient  being evaluated on the basis of JONSWAP
| choise of the value of £ (formula (6)). We pointed out that the results. There is a certain degree of inconsistency on the con-
«f MOst recent measurements indicate a lower value of £ than temporary use of (8) and (11). This implies that one should
|| that suggested by Barnett (formula (7)). The actual physical ¢onsider an energy input (8) and an energy output (11), whose
4 Picture of the whole process [Hasselmann et al.,, 1973] is that difference should provide the net energy budget. But the ex-
locity,q  the energy is fed by the wind at the frequencies just to the  pressions for o and 8 in (8) have been obtained by a direct fit
sed col} right of the spectral peak and then taken to lower and higher to experimental data of a growing sea, and in principle they
) and f{?quencies by the nonlinear interactions. Under this hypothe- include all the processes acting during generation. Never-
> field 4 sis, Has“""’f’“"" [1974] has proposed a new expression for f, theless, we have taken into account also (11) in the source
, becalf - coherent with the new view of the process. But if we use this 8 function S to assess its influence on the final results, We have
joon 43 and we do not take nonlinear interactions into account, waves found that this results in a slight decrease of the energy

1 can : T ;
¥ rin 1101 8row, as we do not have any mechanism for transfer- growth rate, but with little effect on the value of the final sig-
ace 15 &4 & €nough energy at lower frequencies. On the contrary, the nificant wave height.

I of . N . o . . 3

2 gr; ﬁ emBla:lnett has been obtained by a direct fit to the experi- Botiom friction. This process is due to the oscillating mo-

m? & been Zonat? [Barnett and Wilkerson, 1967]. Even if this has tion of the water particles close to the bottom, Because the in-

L O E termine d? lumPel'l}/ fro‘m. a physmgl stan.d point, -the B de-  gtantaneous energy loss is proportional to the square of the ve-
¥ e i em ;lhls'way implicitly contains all mforma?lon about Jocity U, the process is nonlinear. For the uncoupled case of
b tentative mp ysical process we are try ing to describe. Some he ray technique, Collins [1972], beginning with the results of
A sorted 1o thnsdwm-1 the model proved this point, and we re- previous paper by Hasselmann and Collins [1968], proposed
Diseir - ¢ definitive use of (7). the following ‘linearized’ expression for a wave number de-

7 sectl Hsipation pendent bottom friction term

? ’ Breakin . This i L . ,
he ex o1 int 8. This is the only dissipative mechanism of prac- S srcionlk) = c;gkv (UYE(K) (12)

] fount €rest in deep water. In a classic paper based only on " 20’ cosh® (kh)

b
i
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Fig. 1. Comparison of relationships between nondimensional

wave height and nondimensional time from numerical models and
laboratory and prototype scale observations. [After Resio and Vincent,
1977a.] Broken lines refer to the actual model. ’

Here ¢; is the bottom friction coefficient (¢; = 0.015 for fine
sand) and (U) denotes the ensemble average for the wave or-
bital velocity at the bottom in a depth . We approximately
determine (U) by projecting the two-dimensional spectrum
into a frequency spectrum E(f) and then using the expression
[Collins, 1972]

_ ‘ gzkz 172
<w‘{;Em&wm%f#

Therefore, for the evaluation of (12), E(f) must be known for
all the frequencies at every point along each ray. As this infor-
mation is not available, we have assumed a parametric repre-
sentation of E(f) using the mean JONSWAP spectrum [Has-
selmann et al., 1973] computed according to the local wind
component and the resulting dimensionless fetch at the actual
point along the specific ray. To save computer time, we have
limited the evaluation of (12) to cases when the depth is less
than half the wavelength of the actual frequency.

Several other mechanisms for energy dissipation in shallow
water have been identified, and Hsiao and Shemdin [1978]

CAVALERI AND RIZZOLI: WAVE PREDICTION IN SHALLOW WATER

have done a comparative study of their relative importance |
Percolation, studied by Liu [1977], has been found to be inef.
fective for fine sand (grain diameter <0.15 mm as on the bot.
tom of the Adriatic Sea). Bottom elasticity has been exper. |
mentally evaluated by Rosenthal [1978] and found to be of
secondary importance. Viscous-elastic movements of the bot.
tom sediments, like for the soft mud of the Gulf of Mexicy
[Hsiao and Shemdin, 1978), are nonexistent for hard sand. Fj.

nally, Long [1973] has pointed out the possible existence of g |

scattering process resulting from the interaction of surface ang
bottom spectra. Even if this process has been shown to be Po-
tentially very important for the damping of waves on shalloy
water, its existence has still to be proven, mainly due to the
difficulty of making the necessary measurements, and we haye
not considered this mechanism here. For energy dissipation iy
shallow water we therefore consider only bottom friction. I
case of fine sand this has been shown by Hsiao and Shemdiy
[1978] to be the dominant mechanism.

It must be pointed out that we have given no allowance for
calibration in the model. All the considered physical processes
have been introduced in their original formulation. In this
sense the model can be defined as a general one, directly ap-
plicable to any basin, independent of the bottom topography
and the geometry of the basin itself. !

It is useful to compare the output of the model with thost
from different approaches. Such a comparison has been car-
ried out by Resio and Vincent [19774] for different models o
empirical growth laws. As shown by these results, and late
pointed out by Cardone and Ross [1979], most of the models
give reasonable results when applied to fetch limited cond
tions. This is connected to the fact that the past available data
on which the models are usually calibrated, are associated with
wind blowing offshore at a limited distance from the coast, &
in the experiments of Hasselmann et al. [1973] and Barnett ani
Wilkerson [1967]. The spread of the results from the differen
models is much larger in time limited conditions. Figure |
from Resio and Vincent [1977a], shows such a comparisonilj
adimensional form. The broken lines correspond to the grow
ing curves associated with our ray model. The ‘modified Bart
ett’ corresponds to the original Barnett [1968] model as modi
fied by Resio and Vincent [1977a, b] by introducing a mor§
accurate propagation system and making the equilibrium
range constant dependent on the stage of wave development
Even if, as suggested by Resio, an adimensional wave height

.TRIESTE
el

Fig. 2. Area of the Northern Adriatic Sea covered by the grid. Numbers 1-8 show the coastal stations where meteor-
ological data were available. Point of measure (CNR tower) is marked with a cross. Main isobaths (in meters) are shown.
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time (H-T) law does not hold in nature, such a comparison il-
luminates eventual crude discrepancies between models and
experiments. These are likely to be much greater for basins of
complicated geometry, where the application of the empirical
growth laws become more problematic and when the results
are possibly influenced by limited depth effects. The last sec-
tions of this paper are devoted to such comparisons.

4. WIND EVALUATION

A great deal of attention has recently been devoted to the
improvement of the specification of a wind field, as this is one
of the main factors limiting the accuracy of the results of a
wave forecasting model. Wind is usually deduced from the
surface isobaric maps, with possibly the contemporary infor-
mation of the actual wind speed measured at some reference
stations. Several authors [e.g., Hasse and Wagner, 1971;
Sanders, 1976] have also studied or taken into account air sta-
bility conditions. In an extensive study based on a large set of
experimental data, Findlater et al. [1966] have analyzed the
relationship between surface and geostrophic winds (U at 19.5
m and U,, respectively) and found this to vary with U, and
the air stability conditions. Using these results for his model of
the North Atlantic Ocean, Ewing [1971] has used a constant
ratio U/U, = 0.8 and a rotation of U through 8° toward the
low pressure center.

Studying the wind field for the NORSWAM project, Har-
ding and Binding [1978] have shown the importance of accu-
rate surface data in the area of interest, including wind speed
and 'direction. In our case this was not available, with the ex-
Cept}on of the CNR oceanographic tower in the Northern
A.drl_atic Sea (Figure 2). The Meteorologic Service stations are
distributed along the coast, but the wind recorded at them is
strongly influenced by the local orography, and it is practically
useless for the estimation of the wind field in the open sea. We
have therefore taken the starting information to be only the
atmospheric pressure recorded at the different coastal stations.
Two filfferent techniques have been used for the wind esti-
Mate in the two areas of application of the model.

Adriatic Sea

The areq of interest is sketched in Figure 2. Two main pat-
Strong winds are present in the area, a cold north-east
bora’), often of gale force, characterized by frequent

o 100 200 300KmM

Fig. 3. Meteorological maps for the two storms considered in the Northern Adriatic Sea. Isobars are shown at 2 mbar
interval. In (a) the grid covering the Tyrrhenian Sea is also shown. The darker line indicates the schematic limits of the sea.
Point of measurement at A has been shifted to B in the model.

strong spatial and temporal gradients, and the southeast ‘sci-
rocco,” with much smoother field. A lower limit to the possible
resolution of the wind field is established by the number and
distance of the stations present along the coast. There are 16
of them on the edge of the Adriatic Sea, including the Yugo-
slavian side, and 8 of them are included, and are shown with a
sequential number, in the area bounded in Figure 2. The bot-

~ tom grid used for the wave model in the Adriatic Sea has a

mesh size of 7.5 km. Because of the possible ultimate accuracy
of the estimated wind field, we thought useless such a resolu-
tion and the wind was specified every 16 points, at 30 km in-
tervals. For the evaluation of the wind field, we have used a
model previously developed [Robinson et al., 1972] for the
storm surge forecast. In it, 3 hour surface pressure data at the
available stations along the Adriatic coast are least square
(LSQ) fitted to a linear polynomial in the two horizontal grid
coordinates, with each station weighted proportionally to its
inverse square distance from the point at which wind has to be
estimated. The pressure spatial gradient and corresponding
geostrophic wind are obtained by differentiating the LSQ
polynomial. The geostrophic wind is then attenuated by 50%
and rotated by 17° to estimate anemometer height (10 m)
wind. Differences from geostrophic wind are much larger than
those we have previously quoted from Findlater et al. [ 1966]
and may be justified by the average different conditions pres-
ent in the Adriatic region. i

This procedure was originally designed for the forecast of
storm surges, which are usually associated with long fetch and
spatially uniform wind fields. The procedure fails when the lo-
cal topography leads to local winds greatly different from
those present in the general area under consideration. In this
case the wind field is smoothed out, and the local effects dis-
appear (Figure 3 shows two examples of such a meteor-
ological situation). The bora, usually limited to the Trieste
Gulf, is subjected to this biasing. We found a definite im-
provement in the estimate of the wind field in this area by
considering only the coastal stations strictly surrounding the
gulf (1-4 in Figure 2). With this solution the rms error for
speed and direction turned out to be 1.9 m/s and 30°. The lat-
ter is not negligible, and it is critical when the wind is blowing
parallel to a coastline. As will be clear when we discuss the re-
sults of the model, a small rotation can result in large varia-
tions in the fetch, leading to completely different wave genera-
tion conditions.
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March 10-11, 1976

0 } L =L 1 } 1 l L }

!

19 21 23 1 3

For the March 10, 1976, storm we lacked part of the mete-
orological data, and we have correspondingly assumed the
wind recorded at the tower as representative of the whole
area.

Tyrrhenian Sea

The area covered by the model is shown in Figure 3a. The
square corresponds to the grid (19 X 19 points), the darker
line to the actual schematization of the sea boundaries. The
mesh size is 85 km. Here we have made use of a simpler model
available through the Military Aeronautics Meteorological
Service. Starting from the surface isobaric maps, the model
supplies the two horizontal pressure gradients at each grid
point and the associated geostrophic wind U,. Surface wind is
then estimated by the means of the formulas [Baggiani et al.,
1978]

U=085U,

a=(22.5 - 0.0175 P) %

m’sec

11 GM TIME

Fig. 4. Observed (continuou;) and computed (dashed line) significant wave heights at the tower (Figure 2) for records
of Febr}lary_ 12, 1976, and March 10, 1976; 95% confidence limits are shown. Arrows indicate the records whose spectra are
shown in Figures 5 and 7.

5 7 9

« being the angle between U and U, and @ the latitude. No
check of the model results was possible because the wind is
strongly influenced by the local orography at all the surround-
ing stations. The wind data were available at 6 hour intervals.
The wind fields are evaluated for the entire storm duration
prior to the execution of the wave model. During the in-
tegration of the energy equation along each ray (section 3) the
wind at the actual point of interest is evaluated by linear inter-
polation for speed and direction, both in space and in time
with respect to the closest grid points and synoptic times.

5. APPLICATIONS TO THE ADRIATIC SEA

The bottom topography of the area is shown in Figure 2.
The target point of the model is the oceanographic tower of
the institute [Cavaleri, 1974], marked with a cross in the fig-
ure. The average depth at the tower is 16 m, the distance from
the coast is 15 km. Detailed measurements of wind waves are
obtained by an instrumental system [Cavaleri, 1979] including

a resistance wavestaff, two pressure transducers, and two elec-

tromagnetic current meters. Analysis of the data provides the

=100

8 16 24 32 40 hz

1 SEs fx100

8 16 24 32 40 8 16 24

32 40 8 6 =24 32 40 hz

Fig. 5. Spectra of six records (see Figure 4) during February 12, 1976, storm; 95% confidence limits are shown aside spec-
trum of record number 1. Dashed line shows the hindcasts of the model.
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estimate of the directional and one-dimensional wave spectra.
Average wave direction is defined for each frequency. An esti-
mate of the significant wave height H, is provided by the in-
tegration of the spectrum, supplying the overall energy E, and
use of the formula H, = 4 /E. Each result is compared with the
corresponding one from the model.

Directional analysis has been carried out following that of
Longuet-Higgins et al. [1963], originally developed for the re-
sults of the pitch-roll buoy, and shown to be equivalent [Bow-
den and White, 1966] to the information on surface elevation
(or pressure) and horizontal velocities on the same vertical.
The @alysis of Longuet-Higgins et al. supplies an estimate of
the directional distribution filtered by the weighting function

8 4 0, - 0
W= 13
3 COs ( 2 ) ( )

v‘”};efe 0is the considered angle and (¢ — 0) varies in the inter-
Al (=7, 7). To have a reasonable comparison between theory

;nd. €Xperiment, we have therefore filtered the angular distri-
u:"lon out of the model by the weighting function (13). Both
' resulting distributions are shown in the figures together
€ experimental data.

c‘);“xvailable records have a typical duration of 30 min, re-

With th

ded approximately at hourly intervals. Analysis is done by

2 3 451

2345123475

2 3 4 51

Fig. 6. Directional energy distribution for seven frequencies of the six spectra of Figure 5. Darker line, measure; thin line
model results; dashed line, filtered model results. The 27 interval is divided into five sections.

the FFT technique [Cavaleri et al., 1978]. The records are split
into 18 nonoverlapping sections of 100 s duration, each singu-
larly spectrally analyzed; this yields spectral estimates at 1/
100 Hz interval with 36 degrees of freedom. The resulting 95%
confidence limits [Jenkins and Waits, 1968] are 0.67 and 1.65
times the estimate of spectral energy for a single frequency.
Corresponding confidence limits with 95% probability for the
estimate of the significant wave height are 0.94 and 1.065.

Two storms have been hindcasted, on February 12, 1976,
and March 10, 1976, respectively; each of them is now de-
scribed. Note that as a rule the model covers the entire Adr-
iatic Sea (Figure 2). In the cases discussed, both being storms
from the northeast, with practically no energy from the south-
east, the grid is that shown in the figure.

February 12, 1976. The meteorological situation is shown
in Figure 3a. Comparison between measured (H.,,) and esti-
mated (H,,.q) significant wave heights is shown in Figure 4
(top). Eleven records were available, distributed over 10
hours. The hindcast results lie above the measurements, the
rms difference between H.,, and H,,., being 0.27 m, the rms
percent difference (referred to H.,,) 20%. Six of the measured
and estimated spectra are reported in Figure 5 (confidence
limits for H.,, are shown in the figure aside the first spec-
trum). The general shape of the predicted spectra is in agree-
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Fig. 7. Spectra of six records (see Figure 4) during March 10, 1976, storm; 95% confidence limits are shown aside spec-
trum of record number 1. Dashed line shows the hindcasts of the model.

ment with the measured spectra, and there is average agree-
ment between the peak frequencies. Model spectra show a
tendency to be less peaked and more flat with respect to the
experimental ones. This likely depends on the fact that we
have not accounted for wave wave interactions in the model.
Higher values on the high frequency side depend also on the
assumed constancy of Phillips’ o’ coefficient [Phillips, 1958].

The effect of refraction is evident in Figure 6 (thin line),
showing the directional distribution of energy for some fre-
quencies of the spectra in Figure 5. The peak of the single dis-
tTibutions is coincident with the estimated dominant direc-
tions. There is a 70° difference between the high and low
frequency. Differences between model and experiment on the
low frequency side have little meaning because of the very
low energy levels. Differences on the high frequency side,
where no refraction is present and waves are aligned along the
wind direction, are associated with the error of wind estimate.
The average rms error of the main direction is close to 10°.

. The influence of bottom friction has been shown to be quite
limited, apparently because of limited wavelengths with respect
to the local depth. The model has been run with and without
bottom friction, but the difference is only a few percent for the
lowest frequencies considered and the respective spectra prac-
tically overlap.

The plot of the directional spectra, some of which are re-
ported in Figure 6, is the crudest comparison between theory
and experiment. In Figure 6 each column refers to a single
§pectmm. Two different scales have been used for the draw-
ing, the darker line bounding the diagrams with a higher scale
vajlue. There are some macroscopic differences, associated
with small errors in the peak frequency position and with the
st.eepness of the left side of the spectra. This is the case, for
different directions, of the directional distribution (1 — 0.14) =
(number of record-frequency) and (5 — 0.14).

. Measurement of the experimental directional distribution is
limited by the previously discussed filtering characteristics of
the measuring system. Nevertheless, comparison with the fil-
tered results from the model suggests that a cos* angular dis-
tribution, like the one we have in the model, is well representa-
tiye of the situation at the intermediate frequencies. At the
highest frequency values, the experimental directional distri-

bution seems to be more flat, suggesting that a less peaked an-
gular distribution of energy could best fit the results.

Note also the shift of direction from low to high frequen
cies, more and more evident as time passes, associated with

the variation in time of the wind direction.

March 10, 1976. The meteorological situation is shown in
Figure 35. We have records available, distributed over lf
hours. Each record has been hindcasted with the model. A plo
of recorded (H..,) and hindcasted (Hoa) significant way
heights is shown in Figure 4 (bottom). The rms difference be
tween H.,, and H,eis 0.17 m, and the rms percent differenc
referred to He,p, is 11%. :

Six spectra, corresponding to records 1, 4, 6, 9, 13, 17,
shown in Figure 7. There is a clear underestimate at the be
ginning of the storm, apparently connected to the problem i}
the determination of the wind field, which we discussed in th
previous section. In particular, the low values of H,,.4 for
first three records is likely to depend on an incorrect estimal
of the wind direction and hence on the virtual shortening ¢
the available fetch (Figure 2). In the central part of the sto
when the wind recorded at the tower has been assumed to
valid for the whole generation area, hindcasted and record
spectra are in very close agreement, with a slight tendencyt
overestimate the peak frequency, an underestimate of
peak level and an excess of energy on the high frequency si¢
Similar arguments on nonlinear interactions and the o
Phillips, as discussed for the previous storm, hold here.
hindcasted spectra are much smoother, not only for the It
of any statistical variation but also for the assumed upper Vi
ues of the saturation conditions.

In the last part of the storm, even though there is
agreement between He,, and Hyoa, W find poorer compa i
between the spectra, a result apparently connected to the el”
in the estimated wind.

The mean wave direction for some of the frequencies #
be seen in the six directional spectra (measured, hindeas
and filtered hindcasted) in Figure 8. As in Figure 6, We
evidence of refraction. The small difference between
sured and hindcasted directions are within the uncertaint!
the measurements. Larger differences at higher frequen
are consequent with the error in the wind direction. Cont
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uous line, model results; dashed line, filtered model results. The 2« intervals is divided into five sections.

erations on bottom friction are similar to those seen for the
storm of February 12, 1976. The darker line bounds the
Spectra with a higher scale value. Note the lack of any hind-
casted energy in most of the frequencies of record 1, as it was
evident also from Figure 7. Note also the refraction effect for
the single records, going from low to high frequencies, and the
Cl'lange of the mean direction from record to record at the
hlgh?r frequencies, coincident to the turning of the wind.
With respect to the February 12, 1976, storm, the larger dif-
ferences present for the single directional spectra do not allow
a0 accurate determination of the actual directional distribu-
tion. We find in any case a suggestion that, similar to the pre-
Vious case, a cos* angular distribution seems to fit well the ex-
Perimental data at the intermediate frequencies. The high

ﬁ':eql.lency side of the spectra seems to require a less peaked
distribution,

6. APPLICATION TO THE TYRRHENIAN SEA

m;;‘e:he pr.cvious section we have shown the results of the

basicauap?hed- to two storms in the Northern Adriatic Sea,

iy ey h01' limited fc‘:tch. and shallow water conditions. We

daep v ere thg gpphcauon of the model for long fetch and
ater conditions.

he data useq for the hindcast derive from an exceptional

Storm recordeg close to Palermo (Figure 3a) by a Waverider

buoy belonging to ENEL (Ente Nazionale per Energia Elett-
rica, Italy) and later analyzed by Cavaleri and Rossi [1978].
The storm lasted 4 days, from December 30, 1974, until Janu-
ary 2, 1975, causing large damage to harbor structures.

The sequential meteorological conditions for the severest
period of the storm are shown in Figure 9. These maps are
more accurate than the standard isobaric maps usually avail-
able. They were redrawn from the original meteorological
data with much more attention that is normally warranted.

Wave data were recorded at 1.5 hour intervals on a strip
chart recorder, each record lasting 5 min. The records were
then digitized at 0.5 s intervals and analyzed by the FFT tech-
nique. Splitting of the records into three nonoverlapping sec-
tions of 100 s duration, singularly analyzed, yielded spectral
estimates at 1/100 Hz interval with 6 degrees of freedom. The
resultant 95% confidence limits [Jenkins and Watts, 1968] are
0.42 and 4.7 times the estimate of the spectral energy for a
single frequency. These values are shown in the spectral plots
and are associated with the limited accuracy of the digitaliza-
tion due to the small recording scale and the limited recording
length. These large errors limit conclusions which can be
made from a comparison of model and experimental results.
The 95% confidence limits for the estimated significant wave
height H, are 0.83 and 1.23, also shown in the figures.

Forty-six records were available, and each of them was




10970

CAVALERI AND RIZZOLL: WAVE PREDICTION IN SHALLOW WATER

XY:10XY MBAR 18 GMT

DEC 30, 1974

s K|
o 100 200

06 GMT
DEC 31, 1974

15 GMT

DEC 31, 1974
———mKm
100 200

Fig. 9. Meteorological maps during the storm of December 30, 1974, to January 2, 1975, in the Tyrrhenian Sea. Isobars
are shown at 2 mbar interval.

hindcasted with the model. For practical calculation, the tar-
get point was shifted from position A to B (Figure 3a) as a
consequence of the schematization of the coastal line. No en-
ergy input from outside the boundaries (darker line) was as-
sumed.

Uniform deep water conditions were assumed, and there-
fore bottom friction was not considered. Waves were mea-
sured in 12 m of water, which implies that shoaling and satu-
ration have to be taken into account. The lack of any
remarkable refraction effect has been verified with a numeri-
cal test, and it is due to the steep bottom, rapidly increasing to
deep water conditions (50 m of depth at 3 km off the coast).
We followed, therefore, the procedure of hindcasting the
spectra at point B (Figure 3a) in deep water conditions. Tak-
ing shoaling into account for the single frequencies, the
spectra were then transferred to 12 m of depth. Following
evaluation of significant H, and maximum H,,, (assumed
equal to 1.87 H,) wave heights allowed an estimate of local
eventual saturation [Ippen, 1966, p. 114]. When H,., was
found to be larger than the maximum value H, allowed by
saturation, we assumed H,,, = H, and the energy at all the
frequencies was reduced by the ratio (H,/H..,)> This proce-
dure does not modify the shape of the spectrum and the peak
period.

Estimated (H.,,) and hindcasted significant wave heights
(H g, Hos, respectively, in deep and shallow water) are shown
in Figure 10. The overprediction of the hindcast at the begin-
ning of the storm derives from the schematization of Sicily
(Figure 3a) with a resultant shift of the target point from A to
B. Prior to the storm a west wind of moderate amplitude was

blowing (Figure 9) and from Figure 3a it is clear that the
shadowing effect of the coast has been neglected in the model.
To model the influence of shadowing, we should have used a
much finer grid, but we estimated that this effect was small, as
during the heaviest period of the storm the wind was blowing
from the north. During this period, H.,, shows large oscilla-
tions, apparently due to the long beat period, to the short rec-
ord length and to the large peak period 7T,. This period was
around 11-12 s, which implies that during a record (5 min)
an approximate number of 25-30 waves was recorded. This
gives a high statistical variability (the confidence limits of He
are shown in Figure 10). -

Differences between measured and hindcasted 7T, were
within the frequency resolution (0.01 Hz), with a slight over-
estimation during the maximum of the storm. During the
decay of the storm the model largely underestimated the wave
height and period. No obvious reason for this was found in the
model. To check the validity of the wind we applied the SMB
method [Sverdrup and Munk, 1947], the results of which ar¢
shown in Figure 10; note the close agreement to the modek
We think, therefore, that the discrepancy between H.,, and
H,, is due to an underestimate of the wind speed. Note thal
also an error in the direction could have influenced the results
because of the corresponding variation of the fetch length. Ne
check on wave direction was possible as such data were 0%
available.

The overall rms error between H.,, and H,,, is 1.30 m with
a rms percentage error, referred to H.,, of 57%. If we lim!
ourselves to the severest part of the storm, from record 5 to 2.
these figures improve to 0.52 and 14%. ‘
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in Figure 11.

Four spectra, sampled during the worst period (records 3, 8,
10, 16), are shown in Figure 11. As we have already pointed
out, any argument is limited by the large confidence limits
(see figure). In any case, apart from an error in the position of
the peak on the first spectrum, we feel satisfied with the agree-

have not found any evident consequence of the lack of non-
linear interactions in the model, both in the shape of the
spectra and in the position of the peak. The error of T, during
the storm decay is consistent with the uncertainties in the defi-
nition of the wind field.

7. CONCLUSIONS

ment between measurements and hindcasts. In particular we .

06 12 GM TIME
2 Jan'75

06 12 18
1Jan'75

Fig. 10. Observed (heavy line) and computed (thin line) significant wave height at point A (Figure 3) during the storm
of December 30, 1974, to January 2, 1975; 95% confidence limits are shown. Dashed line refers to computation in deep
water at point B. Dots show the estimate by Sverdrup-Munk method. Arrows indicate the records whose spectra are shown

ographic tower, and one in the Tyrrhenian Sea, using the data
of a Waverider buoy moored close to Palermo during ex-
ceptionally high wave conditions; rms absolute and percent-
age errors are 0.27 m, 20%; 0.17 m, 11%; and 0.52 m, 14%, re-
spectively.

The data from the Adriatic have allowed comparison of the
directional spectra. Notwithstanding the filtering character-
istics of the measuring system, we found that a cos* directional
distribution of energy for single frequencies fits well the ex-
perimental data for the central part of the spectrum (f < 0.20
Hz). At higher frequencies a less peaked shape seems to be
more representative of the actual distribution.

Refraction, evident both in the recorded and in the hind-

odel, A hindcast ocean surface wave ray model has been applied casted data, is well handled by the model. This is concluded
d 2] poth in shallow and in deep water conditions. The model con- from a comparison of the directional spectra and from the
) tains the physical effects due to shallow water depth, genera- plot of the mean direction for each frequency in the single
Wm&» tion, and dissipation by bottom friction and breaking, but spectra.
ci#f  does not specifically include nonlinear wave wave inter- From the two tests in the Adriatic Sea we found a tendency
-Te¢4  actions. Two storms have been hindcasted in the Northern of the model to overestimate the peak frequency and the en-
¥ L Adriatic Sea, using the wave data collected at the CNR ocean- ergy on the high frequency side of the spectra. This is likely to
This
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hindcast.

’ Four spectra sampled during the heaviest period of the storm (Figure 10); 95% confidence limits are shown
a§lde spectrum of record number 10. Heavy line, measurement; dashed line, deep water hindcast; thin line, shallow water
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be a consequence of the linearity of the model and of the as-
sumed constancy of the Phillips &’ constant for the saturation
conditions. These two effects, however, tend to compensate
each other, leading to the generally small error in the signifi-
cant wave height reported above. This derives from the use in
the modeling of the generation process of Barnett’s value of 8
(1968), derived from experimental data and therefore contain-
ing, in an approximate way, wind generation and nonlinear
processes.

Shoaling is well handled by the model. A problem arises
when breaking is reached at the target point. As the spectrum
is evaluated only here and it is known only at the end of the
numerical run, possible breaking along the ray path is ig-
nored. We followed the procedure of evaluating the signifi-
cant wave height H, independently of wave breaking. H is
then compared with the local breaking limit, and, if this is ex-
ceeded, the energy of all the frequencies is proportionally re-
duced. Application of this procedure to the storm in the Tyr-
rhenian Sea has led to good results, within the large
confidence limits of the experimental spectra.

In the shallow water of the Northern Adriatic we have used
a parametrization of bottom friction, on the basis of the Has-
selmann and Collins’ [1968] theory. Its influence, even though
present, was not found to be very important because of the
absence of long wavelength waves.

Probably the largest source of error in our modeling effort is
the proper definition of the wind field. Strong orographic in-
fluence in the Northern Adriatic leads to wind fields rapidly
varying both in time and in space. This can hardly be repre-
sented by using the few available meteorological data stations
along the coast. In the Tyrrhenian Sea we lack any reasonable
comparison to test the estimated wind field. The problem is
more critical than in the open ocean because of the com-
plicated coastal shapes. An error in the estimated wind direc-
tion does not simply imply a corresponding shift of the wave
direction, but it can lead to a drastic variation of the fetch
length, that has a strong influence in the final result.

No allowance has been given to the possibility of a calibra-
tion of the model. The physical processes have been used as
originally formulated. In this sense the model can be con-
ceived as general and directly applicable to any basin.

This last point deserves further discussion. At a first glance
it should be quite surprising that a model like the actual one,
with a sophisticated structure, but with rather empirical phys-
ics, provides quite reasonable results. After all, we ignore
completely the nonlinear wave wave interactions, thought to
be a key point of the wave generation process, and we use the
Miles theory with a coefficient that is likely to be incorrect.
Nevertheless, the final errors are among the lowest ones of the
various wave models, especially in view of the absence of any
‘adjustable coefficient.” Besides, the accuracy is more or less
the same, independent of the different conditions (long and
short fetches, high and low wind speed, deep ocean and shal-
low basin of complicated shape) to which the model has been
applied. The probability of a fortunate result is therefore very
low, and one is led to think that there must be some basic rea-
son for this. The B of Barnett has been deduced from a set of
experimental data. Different data and different researchers
have led to a different expression of A or different approaches
to the problem. Nevertheless, in practical applications all
these expressions do not lead to drastically different results. In
a certain sense we are searching for model solutions near the
correct physical solution. This limit of uncertainty is reflected

CAVALERI AND RizzoLl; WAVE PREDICTION IN SHALLOW WATER

in the final results, where most of the differences disappear be;:

cause the complicated physics of wave generation and dis

sipation ultimately involves the comparison of a single pre.

dicted and measured parameter, the significant wave heighy
Comparison would be much more significant if the test wer
carried out on a more fundamental level, like the directiony|
wave spectrum.

The question is how close we can expect to model the cor.
rect physical processes. One limit is posed by our actual igno.
rance of the details of the whole process. This can be expecteg
to be considerably reduced as we continue to learn more f
the future. A more permanent limit is associated with the
complexity of the process, dominated alternatively by differ.
ent phenomena of variable importance. This is likely to py
some limit of convenience to the development of the model
after which the increase of complexity and cost will not be jus.

tified by the reliability and accuracy of the results. After al|

most of the push to the actual extensive wave studies derives
from.the economical interest in the sea. Finally, the most cru.
cial point is the intrinsic variability associated with waves,
which implies already by itself a range of uncertainty around
which different interpretations of the phenomenon are al
lowed to survive. We expect that, with improvements in the
field, the range of the models will decrease, but without col
lapsing into an ideal ome. Rather, some specialized ap-
proaches for well-defined conditions or locations are likely to
be established. For instance, hurricanes are a very unique
phenomenon, which deserves to be modeled as a particular
solution for a strongly varying spatial and temporal wind
field. On the other hand the parametrical approach is well

suited to the large storms with fairly uniform wind field. Ata

given location, some ‘black box’ model, well tuned on a suffi
ciently long set of data, can give fairly good results.

The alternative approach, the one we followed, is to provide
a model without any particular restriction to the practical ap-
plication. At the possible expense of some accuracy, such &
model can be applied everywhere and in any conditions, with-
out the eye and the hand of the expert. Nevertheless, as shown
in the previous paragraphs, the results can be very satisfac
tory. Further refinements seem to be unwarranted because of
the uncertainties relating to various aspects of the problem.
Perhaps the largest error is the definition of the wind field.
Any improvement in a wave model will have to pass through
this crucial step.
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