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We present the results of detailed tests of the third-generation WAM wave model. The tests are
carried out under well-known conditions, and they are chosen so as to check different aspects of the
model. The test area is the Adriatic Sea, east of Italy, which is very shallow in its northern part. As
expected from the basic physical approach of WAM to the problem, the results show the model’s
capability of responding equally well to different meteorological situations. Some discrepancies
present at short nondimensional fetch and in shallow water are addressed with different formulations

for breaking and bottom friction.

1. THIRD-GENERATION WAVE MODELS

The basic aim of the third-generation wave models is to
approach the problem of the evaluation of the wave condi-
tions from the physical point of view, avoiding many of the
short cuts that are present in the models of the first and
second generation. In the late seventies an increasing num-
ber of wave models were available. While their common
target was the capability of correctly estimating the wave
conditions in a given situation, many different approaches to
the problem were proposed dependent on the specific situa-
tion in which each model was expected to work. Almost all
the models had serious limitations in the mathematical
representation of the physics of wind waves. This in turn led
to bad performance when the models were required to
operate out of the range for which they had been developed.
All this was clearly shown by the Sea Wave Modeling
Project (SWAMP) [SWAMP Group, 1985], an intercompar-
ison test where all participating models were required to
provide the results in a standard way to allow their effective
comparison. The intercomparison test was composed of
seven different cases of increasing complexity, starting with
the simplest case of a uniform offshore wind and ending with
a hurricane wind field. The geometry of the basins, wind
fields, and location of the output points were all specified, so
that input and output were identical for each model. The
different results obtained were due to the differences be-
tween the models themselves.

The main conclusion of SWAMP was that if a major
improvement in the performance of models was to be made,
it would require accurate representation of all the physical
terms relevant to wind wave growth and interaction pro-
cesses. At the same time it was clear that such an approach
was beyond the capability of any single group. A common
approach was therefore necessary and the WAM (Wave
Model) Group was formed, with the key characteristic of
sharing ideas, programs, and results.

Other reasons also made a joint study necessary. Follow-
ing the existence of global atmospheric models with up to §
days of reliable forecasting capability (see, for example,
European Centre for Medium Range Weather Forecasts
(ECMWF) [1986]), it is only natural to use these models to
drive a global wave model. As in this case we are going to
deal with all the possible meteorological situations, the
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maximum reliability is connected to a physical approach to
the problem. In addition, the ERS-1 satellite is expected to
be launched in 1989, providing a large amount of wind and
wave data over the oceans. Atmospheric and wave models
must both be developed to allow data assimilation in real
time on a global scale. Finally, as a given condition for the
above realizations, there lie the latest achievements of the
computer capabilities, in terms of both speed and storage.

Part of the above targets have already been achieved. A
global version of the WAM wave model is now running daily
at the ECMWEF in Reading, England [Janssen and Komen,
1987]: extensive assimilation experiments have been carried
out by Janssen et al. [1987].

A subgroup of WAM was formed to study the Mediterra-
nean Sea and, especially, the Adriatic. An almost enclosed
basin like the Adriatic has an important advantage for
verification purposes compared with larger oceans: the me-
teorological conditions are well defined, and thus differences
between model results and measurements are usually due to
limitations of the physics in the WAM model. In particular,
the large shallow areas of the Adriatic can provide a good
test of dissipation processes which occur in limited water
depths.

The WAM model has been extensively applied and tested
in quite different situations. The WAMDI Group [1988]
describes the results obtained both for Atlantic storms and
for hurricanes in the Gulf of Mexico. Zambresky [1989]
reports good results from the WAM global model as com-
pared with the experimental data from more than 20 loca-
tions around the world (rms H, error over 7 months is
typically between 0.5 and 1.0 m). In these terms our main
aim was not a simple confirmation of the model performance
in a small basin, but rather a keen test of some of its aspects
under well-defined conditions.

In this paper we describe the implementation of WAM in
the Adriatic Sea and then discuss the obtained results and an
alternative approach to part of the phenomenology. The
paper is organized as follows. In section 2 we briefly outline
the WAM model. Section 3 offers a description of the
Adriatic Sea, its geometry, and its bordering orography. The
different meteorological situations are discussed, and rea-
sons are given for the choice of the storms. The available
measured data are indicated. The actual implementation of
WAM is shown, including a discussion on the accuracy of
the grid representation. Section 4 includes the three hindcast
experiments, corresponding to three different meteorological
situations. The discussion of the results is in section 5,
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followed by the implementation of different approaches to
wave breaking at short nondimensional fetch and to dissipa-
tion by bottom friction. This provides the results presented
in section 6 followed by the final outlook in section 7.

2. THE WAM MoODEL

This section provides a compact description of the model.
A much more extensive report is given by the WAMDI
Group [1988].

It is assumed that wave conditions at a given time 7 and
location ¢ and A, where ¢ is latitude and A is longitude, are
represented by the two-dimensional spectrum F(f, 6, &, A, 1),
f and @ being the frequency and direction that characterize
the single wave component. The evolution of F( ) on the
spherical Earth is governed by the transport equation

oF _, 9 9 9 5
E+(c08¢) W)(tbcosrbf‘)+a(m+£(0F)— 1))

where S represents the local source function and the dots
represent derivatives with respect to time.

Specifically,
¢=vR 'cos )
A= v sin 6(R cos ¢) ! ©))
0= v sin Otan ¢R ! 4)

Here v is the group velocity and R is the radius of the Earth.
Equation (1) is a generalization to spherical geometry of
the standard Cartesian geometry transport equation

oF _ -
T +v - VF=8§ &)
The left-hand side of the energy balance equation represents
the propagation of wind waves, i.e., advection, and its
solution is purely a mathematical problem. The physics of
waves, the dynamics of the problem, is on the right-hand

side term § that is divided into three parts,

S = Sln + Snl + (Sbr + Sbf)dls (6)

S, represents the input of energy from the wind based on the
Miles process,

Sin = BF

where the expression for g8 is adopted from Snyder et al.
[1981]. With respect to the original expression, the model
uses a slightly modified version of B based, instead of on the
5-m height wind, on the friction velocity U,. It is given by
Komen et al. [1984] as

U
B = max {0., 0.25 Lo (28 T* cos 6, — l)}a’ %)

-
where o = 27f, p, and p,, are air and water density, ¢ is wave
phase velocity, and 8, is the angle between wind and wave
direction.

S, represents the nonlinear, conservative, energy ex-
changes between all the possible quadruplets of wave com-
ponents that satisfy given resonance conditions. Its evalua-
tion requires enormous computer power and has been
brought within the actual operational capabilities by the
discrete interaction operator parametrization proposed by
Hasselmann et al. [1985].
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The accuracy of the procedure has been proved by direct
comparison against the full calculation results done for
different spectral shapes. In shallow water the nonlinear
exchanges are corrected by a scaling factor evaluated ac-
cording to Herterich and Hasselmann [1980]. The approxi-
mation is within acceptably small limits in the range kd > 0.8
(k is wave number, and d is depth). In the Adriatic Sea,
where the peak period of storm spectra is around 10 s, this
allows use of the model down to 16-m depth.

S4i. represents dissipation processes which can be conve-
niently split into ‘‘whitecapping’® and bottom interaction
processes. Whitecapping or breaking is the only relevant
dissipation term in deep water. For its evaluation the model
uses a modified version of the expression proposed by
Komen et al. [1984], given as

o\2f & \?
Sor=—233x10%|=|{—| F
2] apy

The tilde represents a slight approximation to the exact
values, as for stability reasons, mean circular frequency @ is
obtained as the inverse of the mean period. Specifically,

®)

&= Ea'g? 9)

dpy =3.02x 1073 (10)

E is the overall energy, and g is the acceleration of gravity.

The only bottom dissipation process permanently consid-
ered in the model is bottom friction. Other terms like
percolation or viscoelasticity of the bottom material, rele-
vant in certain specific areas, can be easily introduced if
necessary. The bottom friction is expressed by

Sor = r_o F 11

o7 T Sinh? kd an
a parameterized expression deduced from the JONSWAP
study [Hasselmann et al., 1973] (hereinafter referred to as J)
with the constant I' = 0.038 m? s~ 3.

In the actual version the model considers 25 frequencies in
geometric progression (f,=0.0418 Hz, f,,,=1.1f,), and 12
directional bands with 30° resolution.

3. THE ADRIATIC SEA

3.1.

The Adriatic Sea (Figure la) lies east of Italy, enclosed
between the Italian peninsula on one side and Yugoslavia
and Albania on the other. It is an almost closed basin, the
only connection with the Mediterranean Sea being the
Otranto Strait to the south. The influence of this on the wave
regime is only in the nearby region. As we discuss results in
its northern section we consider the Adriatic as completely
closed.

The geometrical shape is approximately rectangular, the
main axis from northwest to southeast spanning about 750
km with 200 km across. The bottom slope is 1/1000 starting
from O at the upper end until the edge of the continental
platform (200-m depth) after which, with the exception of a
narrow section close to the Italian coast, deepwater condi-
tions hold. The currents are quite limited, with virtually no
effect on waves. Possible exceptions are the Otranto Strait
and the outflow of the river Po under particular outflow
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(a) Map of Italy and border of grid in Figure 2. Note the orography bordering the Adriatic Sea. (b)

Three-dimensional view of the area.

conditions. We have not considered their effects. Tidal
currents are very small, of the order of 10 cm s~ ' [Franco et
al., 1982].

The bordering orography is rather complicated (Figure
1b). The Alps close the system to the north, leaving only a
connection to the Po valley. On the two main sides, the basin
is practically enclosed between the Apennines (Italy) and the
Dinaric Alps (Yugoslavia).

3.2. Phenomenology

Two main wind regimes are present (Figure 1). Bora, a
cold northeasterly wind affecting the whole northern section
of the basin, is associated with a high-pressure system over
central Europe with sometimes a low-pressure center over
southern Italy. This leads to a strong cold jet of dry air,
extremely active, that causes highly generative, short-fetch
wave conditions. The second regime is a southerly warm
wind, scirocco, affecting the whole Adriatic Sea. Owing to
the channeling effect of the Apennines and the Dinaric Alps,
the surface wind blows along the main axis of the basin.
Depending on the meteorological conditions, two possibili-
ties exist at the northern end. If, as is typical of winter, a
cold humid air layer lies on the Po valley, the warm scirocco
passes above it. The surface evidence is that of a relatively
active wind up to the Po mouth followed by flat calm, leading
to pure swell at the northern coast. Alternatively, the
scirocco reaches the northern end and then turns abruptly
toward the west owing to the blocking effect of the Alps. In
this case we find, in the north, cross-sea conditions with
swell advancing at 90° with respect to the local wind.

3.3. Wind Fields

The evaluation of surface wind in the Adriatic Sea is not
an easy task. On one side, the global three-dimensional
model cannot resolve the complicated features and the
strong spatial gradients present in the basin; there is exper-
imental evidence of values up to 1072 s and 1073 deg m ™'
in stormy conditions. These values have been obtained by

direct comparison of data recorded at the local meteorolog-
ical station and at our oceanographic platform offshore (see
below). On the other, the information is lacking for a
possible three-dimensional model at local scale. In connec-
tion with other projects of our institute, this led us to develop
a specific wind model for the Adriatic basin, based on the
pressure values recorded at the various meteorological sta-
tions along the coast. No use can be made of locally
recorded wind because of the dominant influence of local
orography on it. The channeling effect of the mountain ridges
is taken into account by an objective analysis of the pressure
field, eventually correcting the field for the predetermined
effect of the ridges. Wind is provided at synoptic times at the
knots of a 40-km step size grid with axes fitted to those of the
basin. A detailed description of the procedure and its accu-
racy is given by L. Cavaleri (Wind modeling in the Adriatic
Sea, submitted to Il Nuovo Cimento, 1988).

3.4. Measured Data

Two main experimental stations are available in the Adri-
atic Sea. One is the oceanographic platform run by our
institute, the Consiglio Nazionale delle Ricerche [Cavaleri et
al., 1981]. It is located 15 km off the coast of Venice at 16-m
depth. It is equipped with meteorological and oceanographic
instruments including anemometers and one directional
wave-measuring system. The second is a Waverider buoy
run by the Ente Nazionale Energia Elettrica (ENEL) placed
in 25-m depth in front of the Po delta [ENEL, 1983]. The
buoy was in operation up to 1983, when it was retrieved
because of repeated problems with local fishing boats. Both
systems provide wave spectra at 3-hour intervals at synoptic
times. Their position is shown in Figure 2.

We have hindcasted eight storms using the WAM model.
Of these, a three-storm subset has been chosen for discus-
sion. They are characterized by very reliable wind fields, as
confirmed by direct comparison with experimental data, and
they represent the three basic meteorological situations
described above. For these storms, only the ENEL wave
data are available.
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Fig. 2.

Grid representation of the Adriatic Sea (see Figure 1a). The grid step is 20 km. The two large arrows show

the main wind directions, bora from the northeast and scirocco from the southeast. C (oceanographic platform) and E

(ENEL Waverider) mark the two recording stations.

3.5.

The WAM model can be solved either on a geographic or
a rectangular grid, using equation (1) or (5), respectively. As
the Adriatic Sea is practically aligned at 45° with respect to
the latitudinal and longitudinal directions, the former choice
would lead to a very poor representation of the coast, with
also numerical consequences for the advection term. On the
other hand, there is no particular reason for such a choice, as
we are not making use of any input from a global model
based on geographical coordinates. Rather, as was men-
tioned in the preceding section, the wind grid we use is
aligned along the basin axis, and it is natural to superimpose
the wave grid on the wind one, with the further advantage of
a very good representation of the coastal shape. We have
therefore made use of (5).

There is an error associated with this choice due to the
modification of the great circle paths followed by the wave
trains. Together with the deformation associated with the
Mercator projection of the map used for the grid, the
maximum error is estimated to be less than 0.2%.

The WAM grid is shown in Figure 2. Its maximum
dimensions are 43 x 16 points, with a 20-km grid size. In
each direction, one point out of two is coincident with a wind
grid knot. As the wind components must be specified at each
wave grid point, they are linearly interpolated from the input
wind field. A 15-min time step has been used for the
integration of the advection and source terms.

The initial conditions are taken as a uniform J spectrum
with significant wave height H, = 0.25 m and mean period
T,, = 3 s directed to north. The spin-up time of the model is
approximately 12 hours.

WAM Implementation

4. HINDCAST OF THREE STORMS

4.1. Case A: Bora With Very Active Generation
Conditions

On March 29-30, 1977, a very cold northeasterly wind
blew over the northern Adriatic Sea. Wind speeds up to 20 m
s™' were recorded at the oceanographic platform. Air-sea
conditions were highly unstable, with air colder than water
by 10°C. In the area the waves were under very active,
purely generative, fetch-limited conditions. The fetch in the
wind direction was 120 km, decreasing on both sides because

of coastal shape.

The wind field at 1500 UT on March 30 is shown in Figure
3a. Figure 4 provides a comparison between experimental
and wind model data at the oceanographic platform. When
weighted on the speed values, on the average the model
underestimates the wind speed by 4% and it has 8° error in
direction.

The wave field for the same time as in Figure 3a is shown
in Figure 3b. Basically, the wave field follows the wind
pattern. In the northern section the wave conditions are
purely generative, with no influence from the south. This is
confirmed by the two-dimensional spectra from the model.

Time history of significant wave height H, and mean
period T, is given in Figure 5 (the thin dashed line in this
figure and in Figures 7 and 10 refers to a modified version of
the model discussed later.) Apart from the spin-up time, the
model follows smoothly the storm, but it exhibits a tendency
to overestimate the overall energy and the mean period.
Owing to the recording technique (5-min record on graph
paper), spectra were not available.

4.2. Case B: Scirocco With Swell in the
Northern Adriatic Sea

On October 26-27, 1981, a scirocco wind blew over all the
Adriatic Sea. Air-sea stability conditions were almost neu-
tral. On the first day the wind affected also the northern part
(20 m s~ ! wind speed were recorded at the platform) leading
to a relatively mild long fetch generation. Subsequently
(Figure 6a) the wind was practically limited to the central
and southern sections, leaving the north under a pure swell
condition. The fit of the wind model at the platform is within
3% and 5° of the experimental data.

The wave field simultaneous to Figure 6a is in Figure 6b.
It is virtually uniform in direction along the axis of the basin,
growing in amplitude in the southern section (generation)
and then placidly propagating to the northwest (swell).

The time history of H  and T,,, is shown in Figure 7. The fit
between experimental and model results is very good for H,,
but the model overestimates 7, during the second day of the
storm. The one-dimensional spectra for a late stage of the
storm are shown in Figure 8. (All the spectra have 24 degrees
of freedom; the associated 95% confidence interval is 0.6-1.9
[Jenkins and Watts, 1968, p. 82]).
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Fig. 3.

(a) Wind field for 1500 UT on March 30, 1977. Arrows represent friction velocity. (b) Significant wave helghl

for the same time as in Figure 3. Isolines are in meters. C and E mark the two recording stations. The grid step is 20

km.

4.3. Case C: Scirocco With Cross-Sea
Conditions in the Northern Section

From November 29 to December 2, 1982, a severe storm
affected the whole Adriatic Sea. An intermittent scirocco wind
blew in the central and southern sections, while a steadily
intense northeast wind affected the northern part for the full 4
days (Figure 9a). The air-sea stability conditions were almost
neutral in the south and highly unstable in the north. At the
platform the wind model underestimates the wind speed by 5%,
with zero degrees average error in direction. There is a strong
flow of energy from the south (Figure 95) that in the northern
section interacts with northeasterly wind and the locally gen-
erated wave field. The time history of H, and T,, is shown in
Figure 10. During the first 2 days there is a good fit between
model and experimental data for both H, and T,,. Starting on
December 1 the fit breaks down, and the model shows an
increasing tendency to overestimate both parameters. The
reasons for discrepancy are found upon examining the spectra.
Figure 11 shows the one-dimensional spectra at 3000 UT on
December 2. It is obvious that the model largely overestimates
the low-frequency energy.

The different sea conditions existing at different times are
clarified by the model two-dimensional spectra (Figure 12). At

3000 UT on December 1 the local wave conditions are purely
generative. Twenty-four hours later, apart from a slight turn of
the wind, the dominant feature is the heavy swell almost at
cross angle to the wind. It is the source of most of the energy
that causes the model overestimate on December 2.

5. DiscussioN

In the following, reference will be made to the three cases
(A, B, and C) described in the preceding section. Before
proceeding further we stress again the accuracy of the wind
fields. Cases A, B, and C have been selected out of a much
larger set of 31 storms used to provide estimates of wave
conditions in the northern Adriatic Sea. Out of this set, eight
storms have been chosen as suitable for the verification of
the WAM model. For each one of the eight storms, the wind
fields have been carefully verified both by direct inspection
of the maps and by comparison of the wind fields with all the
available experimental data. This led to the final choice of
the three storms in section 4. While explicit reference will be
made to their results, we point out the self-consistency of the
conclusions from the full subset of the eight storms.

We discuss first wave generation, then the energy loss by
bottom friction.
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Fig. 4. Companson between model (MOD) and experimental (EXP) wind data at the CNR oceanographic platform
(position C in Figure 3a). («) Modulus, in meters per second, The average ratio EXP/MOD is 0.96. (b) Direction, in

degrees. The rms error is 8.

5.1

Case A offers an example of pure generation conditions at
the recording site. The overestimate of the model cannot be
explained by a lack of accuracy of the instrumental position, as
this would imply a shift of two or three grid steps. As a further
test we have repeated case 2 of the SWAMP Group [1985], a
uniform wind blowing orthogonally offshore a straight coast.
The results are consistent with case A, i.e., compared with the
J growth curve, the model overestimates energy at short
nondimensional fetch. On the other hand, the WAMDI Group
[1988] shows a remarkable agreement between the J and WAM
growth curves. K. Hasselmann (personal communication,
1988) has pointed out that the discrepancy arises because of the
insufficiently high resolution used for the grid. Having run case
2 with different resolutions, we have verified the sensitivity of
the short-fetch results to the actual grid resolution. The con-
clusion is that, with an offshore wind, the first few grid points
feel the effect of the border, and this effect is revealed as an
overestimate of the overall energy. Afterward, the interacting
sources take the model on the right trend.

This is a purely numerical effect. But, in our opinion, a
more physical argument must also be considered. For this
we consider the source function S in equations (1) and (5).

In section 2, § was split into three terms (equation (6)):

8§ =8+ Sat+ (Sor + Sondis

Wave Generation

The term S, describing the nonlinear interactions is based on
strong theoretical ground, and it has been verified by experi-
ments (J). The wind input term S, is based on the conclusions
of Snyder et al. [1981] from the Bight of Abaco experiment.
Both these references are very reliable and are widely accepted
by the scientific community, and they will not be discussed
further.

We are left with Sg;.. Because of the depth distribution in
the area, deepwater conditions hold for most of the genera-
tion. Also, at the ENEL position, a direct verification of the
various source terms indicates Sy to be at least 1 order of
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Fig. 5. Time history of significant wave height H, and mean period

T,, on March 29-30, 1977 (position E in Figure 35).
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Fig. 6. (a) Wind field for 1800 UT on October 27, 1981. Arrows represent friction velocity. No isoline is traced as

all the values are smaller than 0.2. (b) Significant wave height for the same time as in Figure 6a. Isolines are in meters.
C and E mark the two recording stations. The grid step is 20 km.

magnitude smaller than S,, (S, will be discussed later, but
the argument will remain.) Therefore we can confidently rule
out Sy as a possible reason for the discrepancy and concen-
trate our attention on S,,.

In the WAM model, coherently with Hasselmann [1974],
the whitecapping is modelized with the general expression

()
Se=cal -] | —

\w/ \arm/

where a and ap,, are given by (9) and (10). The ¢ and m
coefficients have been established by Komen et al. [1984]
through the analysis of the dynamical equilibrium of the
wave spectrum for conditions close to the fully developed
stage. In this case, & = ap,,, and the choice of m becomes
unessential for the actual value of S,,. This is not the case for
a young sea. By using the J growth curves of the dimension-
less parameters, we estimate a/ap,, = 1.5 at the ENEL
position, and we conclude S, to be very sensitive to the
value of m. This has been proved by G. van Vledder
(personal communication, 1988), who has checked the dura-
tion-limited growth curve of the exact nonlinear model
[SWAMP Group, 1985] for different m values in (12). After
10* s, a time interval that for wave growth can roughly be
compared with our fetch conditions, H, drops from 3.82 m

(12)

for m = 2 to 3.10 for m = 3. This is coherent with the
overestimate we reported for cases A and C.

In the actual formulation (see (8) and (12)) the loss by
whitecapping depends only on the wave spectrum, not on
the wind, and this is somehow unrealistic. Certainly an
implicit dependence is hidden in (8) and (12), because &, the
integral wave steepness given by (9), depends on the previ-
ous wind fields. But the breaking is a local phenomenon, and
direct sea experience confirms that for given wave condi-
tions, a sudden increase in the wind speed produces an
abrupt strong increase in the number of breakers and of the
associated energy loss. There is ample experimental evi-
dence in this sense (see, for example, Toba and Koga
[1986]). In the early stages of development, breaking is
highly frequent; this can weaken the basic hypothesis [Has-
selmann, 1974] that the whitecapping is strong locally but
weak in the mean. Therefore it should not be surprising that
the theory, and consequently expression (8), does not fit the
experimental data for limited fetch or duration. At later
stages, when the phase speed at the peak becomes compa-
rable to the wind speed, the wind influence can be expected
to decrease, and the whitecapping can be expected to
become weak in the mean and therefore to be correctly
described by (8). Confirmation in this sense is given by case
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period T,, on October 26-27, 1981 (position E in Figure 6b). The
vertical arrow indicates the time of the spectrum shown in Figure 8.

B, a long-fetch moderate generation with large nondimen-
sional fetch, where (see Figure 7) the WAM model smoothly
reproduces the experimental trend.

A full attack on the problem is outside the scope of this
paper. We have, however, carried out some sensitivity tests
by changing the m value in (12). Figure 13 compares the J
and WAM growth curves, the latter obtained with m = 2 and
m = 3, respectively. The grid resolution was 0.25°, about 28
km. As expected, the increased energy loss by breaking
leads to comparably less energy at similar fetch. While the
spectrum develops, & in (12) approaches &p,,, and breaking
becomes independent of m.

We have considered also the possibility of a variable m
during growth. Following the above discussion, a suitable
quantity for the parametrization of breaking is ¢ /U, the ratio
between the phase speed at the spectral peak and the wind
speed. We have used the expression

m=3-2cplU (13)

The resulting growth curve is shown in Figure 13. Alterna-
tive expressions for m can easily be thought of, for instance,
dropping 2 in (13), or letting m shift from 3 at the early stages
of development to 2 at fully developed conditions. The main
point we want to stress is that at short nondimensional
fetches a correct representation of breaking is likely to
require proper consideration of the interaction between the
wave spectrum and the local wind.

5.2

In the preceding section, case B has offered an example of
swell from southeast with a correct evaluation of the energy
present in the northern part. On the contrary, in case C,

Bottom Friction
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where swell interacts heavily with the local wind waves, our
H, estimate is in excess, mainly because the low-frequency
energy is overestimated.

The interaction of wind waves with the bottom is basically
through one or more of the following phenomena: backscat-
tering, percolation, elasticity of the bottom material, and
bottom friction. We consider them in sequence.

The scattering of surface waves by an irregular bottom has
been analyzed by Hasselmann [1966] and Long [1973]. The
phenomenon is energy conservative, its effect being a redis-
tribution of energy among the wave components including
those propagating in a direction opposite to that of the
incoming waves. Long [1973] has used scattering to explain
the experimental swell attenuation in J. The conditions were
similar to those we are analyzing in the Adriatic Sea (depth
between 10 and 30 m, f, = 0.1 Hz). Long showed that the
experimental evidence could be justified by bottom irregu-
larities with 60-cm rms amplitude and bottom wavelength
between 50 and 500 m (range of surface wave length). For
the same range the corresponding amplitude in the northern
Adriatic is of the order of a few centimeters. As the
scattering efficiency is proportional to the square of the
amplitude, we can rule out this effect for practical consider-
ation. In addition, we have analyzed some heavy swell cases
directionally recorded at the CNR platform (Figure 2) by the
variational technique of Long and Hasselmann [1979]. In no
case have we found evidence of energy traveling against the
incoming swell direction.

Percolation is the flow in the bottom material induced by
the wave pressure field discussed earlier. Its importance, in
terms of energy loss, with respect to other mechanisms has
been analyzed by Shemdin et al. [1980]. They find the effect
to be minor for a mean sand diameter of 0.38 mm, and to
decrease rapidly with it. In the northern Adriatic, the mean
sand diameter is 60 um, and the effect is consequently
negligible.

If the bottom material has some degree of elasticity, it
reacts with vertical alternative movements to the wave
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Fig. 8. One dimensional spectra at position E at the same time

of Figure 6b. The large arrow shows the direction of local wind. The
small arrows indicate the mean direction of each wave component
out of the model. The reference for direction is Figure 6.
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(¢) Wind field for 0000 UT on December 2, 1982. Arrows represent friction velocity. (b) Significant wave

height for 0300 UT on the same day. lsolines are in meters. C and E mark the recording stations. The grid step is 20

km.

pressure fields. The eventual energy absorption depends on
its viscous characteristics. Usually, this effect is irrelevant
for sand, and Rosenthal [1978] has analyzed its influence for
I swell cases. He found the effect to be more than 1 order of
magnitude smaller than is needed to explain the attenuation.
Accordingly, we do not consider it a possible explanation for
swell attenuation in our case.

We are therefore left with the bottom friction that as was
mentioned previously and as is coherent with the above
considerations, is the only mechanism present in the WAM
model. Physically, energy is lost because of the work done
by the wave orbital velocity against the bottom turbulent
shear stress. The fact that the shear stress

T= ity (14)

depends, via the drag coefficient c,and the water density p,,,
on the square of the horizontal bottom velocity u, implies
both nonlinearity and coupling among different components.
The theory has been developed by Hasselmann and Collins
[1968] (hereinafter referred to as H-C) and an approximate
treatment used by Collins [1972] for shallow water calcula-
tions. Assuming c, constant throughout the wave cycle and,
according to previous experimental results, equal to 0.015,
his dissipation function reads

cr ghka
2702 cosh2 kh

with («), the ensemble average of the modulus of the bottom
orbital velocity, defined as

Seilf, 0) = E(f, 6)u) 15)

272

() = 2 E(f) m Af

The WAM formulation for bottom friction {equation (ii))
is taken directly from J. There swell was not very intense,
and the bottom velocity was dominated by tidal currents. In
the first approximation this allowed us to neglect the effects
of nonlinearity and any interaction among frequencies, pro-
ducing the linear and decoupled expression (11): this as-
sumption cannot be assumed to hold in general. It is cer-
tainly not true in the northern Adriatic, where orbital
velocities dominate over the weak currents present in the
area. In fact, we have taken the opposite assumption and
neglected any influence of tidal and mean currents.

We have carried out a detailed analysis of the two ap-
proaches, linear and nonlinear, to the representation of
bottom friction, and of their quantitative differences. While
the full results are reported elsewhere (L. Cavaleri and P.
Lionello, Linear and nonlinear approach to bottom friction
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Fig. 10. Time history of significant wave height H, and mean period T,, from November 29 through December 2, 1982
(position E in Figure 9b). The vertical arrows indicate times of the spectra shown in Figures 11 and 12.

in wave motion: Critical intercomparison, submitted to
Estuarine, Coastal, and Shelf Science, 1989) we summarize
here our main findings.

We define S, and §; as the source terms from bottom
friction according to H-C and J theory, respectively. By
direct inspection of (11) and (15) we find that for a given
wave component, the ratio r = §,;_/S; depends only on (u).
This implies that » = 1 only for a certain value of («), above
(below) which the linear approach underestimates (overesti-
mates) the energy loss. This is what we expect from a
nonlinear process such as (14).
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Fig. 11. One-dimensional spectra at position E at the time of

Figure 9b. The large arrow shows the direction of local wind. The
small arrows indicate the mean direction for each frequency. The
reference for direction is Figure 9.

A more comprehensive feeling is obtained by comparing
the overall energy loss in the spectrum. From the H-C theory
this is given by

cr gk*F(Kk)
cosh? kh

2 2
. [(m + cos? (¢ — 0)<%> + sin? (¢ — e)<%>] a7

where (u,, u,) are orthogonal components of u with u,
directed along the main direction ¢.

Given F(k), the integral of (17) can be obtained only by
numerical integration. An enlightening result is obtained on
assuming a constant directional distribution throughout the
spectrum. In this case the integral ratio r between the overall
energy losses is given by

) 2
27 1/} u

o8 [(u) + cos? 0<—X> + sin® 9 <—y>}D(0) de
rJ, u u

(18)

Suclk) =

where, without any loss in generality, we have taken ¢ = 0.
D(0) is the directional distribution satisfying the condition

f”o(e) do=1
0

For a given D(6) the quantities (u2/u), (u>/u) are linear in (u),

say,
llz M2
()-om (£}

with a and b suitable quantities less than 1. Hence (18) can
be written
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with G a function of the directional distribution only. So, for
a given D( ), r depends only on {«). independently of the
energy distribution in the one-dimensional frequency spec-
trum. Table 1 provides, for different directional distribu-
tions, the (u) values for which r = 1. These values turn out
to be similar to the ones measured during the JONSWAP
experiments, which cannot be any surprise, because these
are the values on which the linear expression (11) has been
calibrated.

The above arguments are better summarized by observing
the time energy decay of a JONSWAP spectrum, according
to the H-C and J theories. The results, for different depth and
initial peak frequency, are shown in Figure 14. At relatively
low wave height the J approach is acceptable. At even
smaller H, its overestimate has no great consequences, at
least for short times or distances, because the energy in-
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TABLE 1. Values of (¢) for Which r = 1
Directional Distribution (u),*cm s™!
cos? 16.17
cos* 15.37
cos® 14.57

*Ensemble average of bottom orbital velocity modulus. The value
of {u) for which linear and nonlinear approaches to bottom friction
produce identical results depends on the directional distribution.

volved is small. The difference from the nonlinear approach
becomes substantial for high wave heights. In this case,
when also the energy involved in the process is large, the
linear approach underestimates the energy attenuation by
50%.

A practical example is given by the Texel storm, discussed
in detail by Bouws and Komen [1983]. The wave conditions
were remarkable for intensity and constancy in time: «# = 25
ms~ ', H =6.8m,fp=0.09Hz, and d = 35 m. Bouws and
Komen analyze the dynamic equilibrium of the spectrum
using expression (11) for bottom friction, and they find it
possible only by increasing I" of a quantity between 50 and
75%. This is the corresponding increase in bottom friction
dissipation we have found by using the nonlinear approach
on the same figures.

The left side of Figure 14, with H, = 2.5 m, corresponds to
case A, and it is a clear indication that (as was already
pointed out) bottom friction does not play a major role here.
The right-hand side presents the typical scirocco conditions,
and the two cases considered (H; = 2.5 m, H, = 5 m) tend
to represent the conditions prevalent in cases B and C,
respectively. Their results, the good fit for the low swell in B
and the large overestimate for the heavy sea conditions in C,
now have their logical explanation.

6. REPEATED HINDCAST OF THE THREE STORMS

Following the discussion in the previous section, we have
repeated the hindcast of the three storms with the following
modifications: for breaking, m = 3 in expression (12) and for
bottom friction, H-C theory is substituted for J theory. The
results are shown again in Figs. 5, 7, and 10 by the thin
dashed lines. The new runs were started a few hours in
advance, so there is no spin-up period in their plots. Exclud-
ing this from the comparison, the H, rms error has changed
from 1.05, 0.42, and 0.61 to 0.57, 0.42, and 0.25 meters for
cases A, B, and C, respectively. The values of mean period
T,,, show even more drastic improvements (Table 2).

Our conclusions are as follows. Case A is the least
satisfactory. This was expected, as the suggested modifica-
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Fig. 14. Time decay, due to bottom friction, of the overall energy of a JONSWAP spectrum.
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TABLE 2. Root-Mean-Square Error of H, and T,, Estimates
Obtained With WAM and Modified WAM Models
H,m T,.s
Modified Modified
Case WAM WAM WAM WAM
A 1.05 0.27 0.60 0.27
B 0.42 0.42 1.13 0.72
C 0.61 0.25 0.63 0.25

tion for breaking has no theoretical background. Also, the
mentioned effect of grid resolution, even if not the only one,
is likely to be a reason for discrepancy. Case B has the least
spectacular results. The reasons are (1) the long fetch with
relatively mild generation, where the arguments used on
discussing the breaking lose their effect, and (2) the low
swell, suitable for the linear approach to bottom friction. We
are quite satisfied with case C. It certainly provided the best
results, and this followed the improvement in the description
of bottom friction, something of which we feel we under-
stand the physics.

7. OUTLOOK

One of the main characteristics of the third-generation
WAM model is to avoid as many short cuts as possible in the
description of the physics of wind waves. Even if because of
insufficient knowledge or computer limitations we have only
a crude description of a physical phenomenon in some cases,
each process is described independently of the others. When
a better description becomes available, this will allow its
immediate implementation into the model. The modular
structure of the model makes this a straightforward opera-
tion.

In testing the new description of a physical process, two
different lines of attack are usually available. In one case a
large extensive test is carried out, for instance, running a
1-month hindcast on a wide ocean. The results with and
without the ‘‘improvement’” are then compared, and a
conclusion about it is finally reached. Alternatively, one can
concentrate on a few specific cases, aiming at a very
thorough analysis of each case, from which specific conclu-
sions are possible for the single terms of the equation. The
two approaches have clearly different aims. The former
provides a general validation of the model in its various
possible shapes, and the latter focuses the attention on the
single terms, trying to reach conclusions about the correct-
ness of their formulation. This can be done only under very
simplified conditions, some sort of natural SWAMP cases,
for which reliable input wind fields are available. This is
what we have done in the ‘*Adriatic laboratory,”” and in our
opinion the results confirm our belief.

The implementation of the nonlinear bottom friction will
not affect the general performance of the global model
described by the WAMDI Group [1988]. Obviously, the
improvement will appear only on the few large shallow areas
of the globe. The Gulf of Mexico, the Argentine continental
shelf, and the southern North Sea are notable areas in this
sense. The consequences will be more general as high-
resolution models are developed for specific areas, most of
them on the continental shelf close to the coast, where
strong ecanomic interests are concentrated. Even if the
major storms will be coming from the open sea, the ability to
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produce an accurate estimate of wave conditions also when
the wind blows toward the open sea is of obvious concern.
For this we see two possible solutions. The first is to envelop
the lands with a high-resolution grid nested in the large one.
This would provide a very accurate description of the coastal
shapes and of the local bathymetry, and it would suit the
accuracy of the results. We expect this solution to be used in
the future, but we judge it problematic with the computer
power currently available. The second solution we suggest is
whenever the wind blows toward the sea, to impose a
JONSWAP spectrum at each coastal point, evaluated ac-
cording to local fetch, wind speed, and directon. If our
considerations on breaking are correct, in most cases at one
grid step off the coast the waves will be already within the
range of validity of the Hasselmann [1974] theory. The grid
resolution would not be a problem, as with a correct result at
the first grid point, the influence of the border would be
already forgotten.
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