
HAL Id: insu-01646982
https://insu.hal.science/insu-01646982

Submitted on 8 Feb 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Comparison Study of a Second-Generation and of a
Third-Generation Wave Prediction Model in the

Context of the SEMAPHORE Experiment
Béatrice Fradon, Danièle Hauser, Jean-Michel Lefèvre

To cite this version:
Béatrice Fradon, Danièle Hauser, Jean-Michel Lefèvre. Comparison Study of a Second-Generation
and of a Third-Generation Wave Prediction Model in the Context of the SEMAPHORE Experi-
ment. Journal of Atmospheric and Oceanic Technology, 2000, 17 (2), pp.197 - 214. �10.1175/1520-
0426(2000)0172.0.CO;2�. �insu-01646982�

https://insu.hal.science/insu-01646982
https://hal.archives-ouvertes.fr


FEBRUARY 2000 197F R A D O N E T A L .

q 2000 American Meteorological Society

Comparison Study of a Second-Generation and of a Third-Generation Wave Prediction
Model in the Context of the SEMAPHORE Experiment
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DANIÈLE HAUSER

CETP/CNRS, Velizy, France

JEAN-MICHEL LEFÈVRE
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ABSTRACT

Numerical wave prediction models presently used in the meteorological institutes are still of two types: the
so-called second-generation and third-generation models. In this paper, the authors present a comparison of the
performance of a second-generation model—the VAG model from Météo-France—and of the third-generation
WAM model. These two models have been run with similar characteristics (same wind input, same resolution).
Simple tests show the differences between the behaviors of VAG and WAM in typical situations (constant wind,
rotating wind). Hindcasts have been performed in the general context of the SEMAPHORE experiment. A one-
month hindcast over the North Atlantic domain has been run by driving both models with the same wind fields.
A comparison between the model output and the available observations, including significant wave height from
satellite measurements, is presented. The results show that VAG and WAM results are in a general good agreement
with the observations, but also that WAM results are a little better than VAG when the satellite data are taken
as a reference. A modification of VAG is then proposed, which allows the performances of VAG to be closer
to those of WAM. This study shows that (i) the second-generation VAG model is nearly as good in predicting
wave heights as the third-generation model WAM in spite of its poor representation of the nonlinear interactions
and (ii) VAG has been improved when introducing the growth and dissipation terms of WAM instead of
parameterizations taken from Golding.

1. Introduction

The usefulness of wave prediction models is proven.
For several decades, security and economic applications
have required the knowledge of the mean sea state or
the prediction of wave spectra. More recently, some
scientific applications have been developed, due to the
interest given to the ocean–atmosphere interactions and
to the development of satellite techniques.

The evolution of the sea state has been studied since
the 1950s. The first theories giving a precise description
of the development of the wave energy spectra were
those of Phillips (1957) and Miles (1957). Both theories
gave an expression of the energy source term due to the
wind. This term, as given by Phillips, results in a linear
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growth of the wave energy, whereas Miles’ expression
results in an exponential growth. Some other and more
sophisticated expressions were proposed later for the
wind input term (Janssen 1989) but Phillips and Miles’
expressions remain quite widely used. Some theories
also gave expressions for the dissipation source term—
for example, Hasselmann (1974), Phillips (1985), Do-
nelan and Pierson (1987), and Longuet-Higgins (1969).
Finally, the nonlinear interactions were mainly studied
by Hasselmann (1962).

Concurrent to the development of these theories,
some measurements were collected and used to describe
the phenomena involved in the evolution of the wave
spectrum and the typical shapes of the spectra. The ob-
servations made by Snyder et al. (1981) allowed a better
knowledge of the wind input term. The Joint North Sea
Wave Project (JONSWAP) experiment (Hasselmann et
al. 1973) also gave a better understanding of the source
terms and the general shape of the wave spectra. Based
on these experiments and on the theories of the wave
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evolution, some reference spectra were defined, as the
Phillips spectrum (Phillips 1977), the Pierson–Moskow-
itz spectrum (Pierson and Moskowitz 1964), the JON-
SWAP spectrum (Hasselmann et al. 1973), and the Do-
nelan spectrum (Donelan et al. 1985).

The development of the numerical wave prediction
models followed the improvements in the knowledge of
the processes involved in the wave evolution. The first-
generation models were very simple and did not take
into account the nonlinear interactions or did so very
simply. The second-generation models did take them
into account but only through parameterizations. In the
third-generation models, an explicit source term for the
nonlinear interactions is included, using the method de-
veloped by Hasselmann et al. (1985). So, second-gen-
eration models should be more accurate than first-gen-
eration ones, and third-generation models should be the
most accurate. Although third-generation wave models
have a better representation of the physics, it has not
been demonstrated that second-generation wave models
are inadequate for operational applications, particularly
since computational efficiency is important here (Holt
1994).

The implementation of a new model, and in particular
of a third generation, requires more personnel and com-
putation resources. Moreover, the increasing availability
of satellite data motivates the development of techniques
of data assimilation in wave models. The use of the
most efficient ones requires a large number of model
integrations. The question then arises in the interest of
implementing an assimilation scheme in a third-gener-
ation wave model for operational forecast, rather than
in a second-generation model.

Consequently, the purpose of this study is to attempt
to better answer this question, taking advantage of a
large dataset from an experiment. Two models were
used: the second-generation VAG used at Météo-France
(Guillaume 1990) and the third-generation Wave Model
(WAM) used at the European Centre for Medium-Range
Weather Forecasts (ECMWF) (WAMDI Group 1988).
The purpose was to compare the models outputs with
each other and with observations. The aim was also to
propose possible improvements for VAG. The period
chosen for this study corresponds to the one of the SEM-
APHORE experiments, which took place in the North
Atlantic (between Madeira and the Azores) in October–
November 1993 (Eymard et al. 1996). From this ex-
periment both wind and wave measurements were ob-
tained and used in the present study. Moreover, wind
and wave data from satellite measurements (TOPEX/
Poseidon, ERS-1) have been used in this study in order
to extend the possibility of comparisons between model
outputs and observations.

Section 2 presents VAG and WAM and some basic
tests. Section 3 gives a brief description of the SEM-
APHORE experiment and of the wind fields and ob-
servations used in this study. Section 4 presents the
results of hindcasts made with VAG and WAM during

the period of the SEMAPHORE experiment. Sections
5 and 6 give the modification made to improve VAG
and the results of the hindcasts made with this new
version of VAG. Finally, section 7 gives a summary of
this study.

2. General characteristics of the VAG and WAM
models

Both models used in the present study were developed
to be used on operational basis. VAG is a second-gen-
eration wave prediction model developed in the 1980s
at Météo-France (Guillaume 1990). WAM is a third-
generation wave prediction model developed in 1988 at
ECMWF (WAMDI Group 1988).

Both models are based on the solution of the equation
for the conservation of action (Phillips 1977). The fol-
lowing sections (2a–2b) give more details about these
models, and Table 1 presents the configuration of the
models used in the present study.

a. The VAG model

The operational version of VAG is run on a polar
stereographic grid on the North Atlantic Ocean, assum-
ing deep water at each grid point.

The VAG version used in the study presented here
uses a spherical 0.58 grid. The second-order advection
scheme implemented in the operational version was re-
placed here by a first-order scheme, which tends to
smooth the garden sprinkler effect. This version will
soon become operational. It will simply be referred to
as VAG in the following.

Under the deep water assumption and without current,
the equation for the conservation of wave action can be
simplified to obtain the following equation for the evo-
lution of the wave spectrum F( f, u):

]F( f, u) ]
1 c · =F( f, u) 1 [(c · =u)F( f, u)]g g]t ]u

5 S( f, u), (1)

where f and u the wave frequency and propagation
direction, respectively; cg their group velocity; and S
the source/sink term.

The physical part of the model is identical to the one
used in the operational version of VAG: the source/sink
term S( f, u) consists of a linear growth term, Slin, rep-
resenting the Phillips’ growth process (Phillips 1957);
an exponential growth term, Sexp, representing the Miles’
growth (Miles 1957); and a dissipation term, Sdis, rep-
resenting dissipation due to wave breaking as given by
Golding (1983). The expressions for these source or sink
terms are detailed in the appendix.

The effects of the nonlinear interactions are taken into
account in an indirect way that consists of two steps.
In the first step, the region of the wave spectrum that
corresponds to the wind–sea is delimited and the total

Unauthenticated | Downloaded 02/08/21 01:49 PM UTC



FEBRUARY 2000 199F R A D O N E T A L .

TABLE 1. Configuration for VAG and WAM in the present study.

Configuration of
VAG in the

present study

Configuration of
WAM in the
present study

Modified version
of VAG

in the present
study

Water depth assumption Deep water Deep water Deep water

Spatial discretization Spherical grid, 0.58 3 0.58 Spherical grid 0.58 3 0.58 Spherical grid, 0.58 3 0.58
Spatial domain (108–708N), (808W–108E) (108–708N), (808W–108E) (108–708N), (808W–108E)

Numerical scheme Advection: first-order upstream
Source term: explicit scheme

Advection: first-order upstream
Source term: implicit scheme

Advection: first-order upstream
Source term: explicit scheme

Time step 15 min 15 min 15 min

Number of frequency bands/
frequency range

22, geometric progression
0.040–0.296 Hz

25, geometric progression
0.0418–0.412 Hz

22, geometric progression
0.040–0.296 Hz

Number of direction bands 18 18 18

Growth term Linear (Golding 1983) 1 expo-
nential (Snyder et al. 1981)

Exponential (Janssen 1991) but
without the wind–wave cou-
pling

Exponential (Janssen 1991) but
without the wind–wave cou-
pling

Dissipation term Golding 1983 Hasselmann (1974) modified Hasselmann (1974) modified

Nonlinear interaction term Not explicit Hasselmann et al. 1985 Not explicit

energy of this domain is limited if necessary by the total
energy of the Pierson–Moskowitz spectrum (Pierson and
Moskowitz 1964) corresponding to the fully developed
spectrum associated with the specified wind speed. This
is the ‘‘limitation of the wind–sea energy,’’ which aims
to avoid imbalances between growth and decay. In the
second step of calculation, the wind–sea part of the
spectrum is reshaped into a JONSWAP spectrum (Has-
selmann et al. 1973) with a cos2 distribution on each
side of the wind direction. This is the ‘‘redistribution
of the wind–sea energy.’’ The configuration (resolution,
domain, etc.) as used in the present study is given in
Table 1.

b. The WAM model

The WAM source codes offers a range of possibilities
(deep or shallow water, spherical or stereographic grid,
etc.) but in this study we chose to make VAG and WAM
be as close as possible (see Table 1). So WAM was used
in a deep water mode on the same spherical grid as
VAG and with the same first-order propagation scheme.
However, the physical part of the WAM model differs
quite appreciably from the VAG part. There is no linear
growth term in WAM (the spectrum is initialized with
a low-energy JONSWAP spectrum) and WAM expo-
nential growth and dissipation terms differ from those
of VAG (see the appendix for the detailed expressions
used in WAM). More importantly, the main difference
is that WAM includes an explicit source term for the
nonlinear interactions. For the present study, WAM has
been run in two versions. In the first one, the wind–
wave coupling term proposed by Janssen (1991) has
been kept as in the original code of WAM cycle 4. In
the second case, the wind–wave coupling term has been
removed (see the appendix), keeping all coefficients
similar to the first version. We mainly focus on the

results obtained with this second version because its
configuration is closer to that of VAG. Results obtained
with the complete cycle 4 version are mentioned when
necessary.

c. Growth curves

A first step in this study was the comparison of the
growth and decay curves obtained with VAG and WAM.
These curves were obtained by running a ‘‘one-point’’
version (without advection) of each model forced by a
wind constant during 48 h (two wind speed cases were
studied: 18.25 and 6.75 m s21). After 48 h, the wind
speed is abruptly changed to 0.25 m s21 and kept to this
constant value for the next hours of the simulation. The
configuration of this simulation is close (although not
exactly identical) to the one discussed by Günther et al.
(1992) and Komen et al. (1994). The wind speed value
could not be chosen exactly identical because VAG uses
precalculated terms based on a discretization of wind
speeds every 0.5 m s21).

The time series of the significant wave height (SWH)
is plotted in Fig. 1 for VAG and Fig. 2 for WAM (upper
plots). Figures 1 and 2 also show in the bottom plots
the temporal evolution of the different terms of the en-
ergy budget (integrated over each time step of 15 min):
linear and exponential growth, dissipation, energy lim-
itation, and nonlinear interactions. In the case of VAG,
this latter term is zero because the reshaping of the
wind–sea part of the spectrum is energy conservative.
The ‘‘limitation term’’ corresponds to the energy that
is removed at each time step from the energy budget
after growth and dissipation has taken place. For VAG,
this term corresponds to the difference between the en-
ergy of the wind–sea part found after growth and dis-
sipation and the energy of a Pierson–Moskowitz spec-
trum. This limitation is introduced into the physical
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FIG. 1. Growth and decay curves obtained with VAG for wind speeds of 18.25 (left-panel) and
6.75 m s21 (right panel) during the first 48 h and 0.25 m s21 after 48 h. For each wind speed, the
top panel shows the evolution of the SWH and the bottom panel the evolution of the different terms
that contribute to the energy budget (integrated over each time step of 15 min). Legend: Sin, wind
input (Lin, linear growth; Exp, exponential growth); Dis, dissipation; Snl, nonlinear interactions;
Limit, limitation; Total, sum of the four terms.

scheme of VAG to avoid an infinite increase of the
energy of the wind–sea part when the wind continues
to blow. In WAM, a limitation is also applied to ensure
numerical stability (WAMDI Group 1988; Burgers
1990), but it is applied for each frequency component,
without using any criterion relative to the Pierson–Mos-
kowitz spectrum: at each time step, the net growth rate
is limited by a coefficient proportional to the inverse of
the fifth power of the frequency.

As clearly shown when comparing Figs. 1 and 2, the
wave growth is significantly faster in VAG than in
WAM. For the 18.25 m s21 wind case (left panels of
Figs. 1 and 2), the significant wave height reaches its
maximum after 25 h, whereas about 50 h are necessary
in WAM to reach this maximum. This is even more
obvious on the 6.75 m s21 wind case (right panels of
Figs. 1 and 2). Correlatively, the peak frequency de-
creases faster with time in the case of VAG with respect
to WAM (not shown). These differences between VAG
and WAM are similar when the wind–wave coupling is
kept in WAM (not shown). WAM gives slightly better
agreement with the WMO (1989) curves than VAG; for
example, the maximum wave height should be observed
after 36 h in the case of the 18.25 m s21 wind speed,
but it is observed after 25 h in VAG and the VAG peak
frequency decreases too quickly. The peak frequencies
in the models after the wave growth has completed are
coherent with those given in WMO (1989). Figures 1
and 2 also show that when the wind stops blowing (after

48 h), the decay of the waves is also faster for VAG
than for WAM.

These large differences between VAG and WAM are
associated with even larger differences in the energy
balance. The exponential growth and dissipation terms
are about five times higher in WAM than in VAG. In
the VAG model, these small terms are compensated by
a very large linear growth term and a large limitation
term. Experience showed (Kahma and Donelan 1988)
that the linear growth term is usually negligible com-
pared to the exponential growth one, so the high linear
growth term in VAG is not very satisfactory.

The limitation term plotted in Fig. 1 for VAG shows
that it reaches large values compared to the other terms
of the energy balance equation. Although this limitation
term is necessary as explained earlier, it is not very
satisfactory to find it of the same order of magnitude
as the other terms of the energy budget. This shortcom-
ing is not found in the WAM results (Fig. 2). Note also
that the limitation term of VAG (Fig. 1) presents a neg-
ative peak when the wind stops blowing. This shows a
second weakness of the VAG model, which will be dis-
cussed in section 2d.

d. Effect of time-interpolated input winds

The study of the growth and decay curves for VAG
and WAM evidences the importance of the limitation
of the wind–sea energy in VAG. Particularly, a negative
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FIG. 2. As in Fig. 1 but for WAM.

peak in the limitation term of the energy budget is ob-
served when the wind speed becomes nearly zero. In
order to know whether this is due to the fact that the
wind drop is instantaneous, we studied the outputs of
VAG and WAM in the case of a progressive wind drop.
The growth and decay of the waves were studied as in
section 2c, but the wind speed was imposed to a new
value every 15 min with a linear increase from 0.25 to
18.25 m s21 (6.75 m s21, respectively) during 12 h, with
a constant value during the next 36 h and with a linear
decrease down to 0.25 m s21 after a total of 48 h. Figures
3 and 4 present the temporal evolution of the SWHs
and of the different terms of the energy budget in VAG
and WAM corresponding to these tests.

The comparison of Figs. 2 and 4 shows that WAM
is not very sensitive to a modification of the frequency
of the wind forcing: using interpolated winds instead of
abrupt changes in the wind speed has little impact. VAG,
however, is very sensitive to such a modification (see
Figs. 1 and 3), particularly for the decay of the waves,
which is much quicker in the case of interpolated winds.
This can be explained as follows: interpolating the
winds results in a series of successive slight drops of
the wind speed instead of one larger drop. Each of these
slight drops results in a decrease of the energy of the
Pierson–Moskowitz spectrum corresponding to the im-
posed wind speed. Because the energy in the wind–sea
part of the spectrum is still high, the consequence is an
important limitation of the wind–sea energy for each
wind drop. By contrast, a single significant drop of the
wind speed results in a large decrease of the energy of
the Pierson–Moskowitz spectrum as well as in an im-
portant restriction of the wind–sea part of the spectrum.

So the energy contained in this part of the spectrum
remains generally less than the energy of the Pierson–
Moskowitz spectrum and the energy limitation does not
occur systematically at each time step. In WAM, the
fact that there is no limitation of the energy spectrum
by a given spectrum prevents from having such energy
losses as in VAG. VAG is therefore much more sensitive
to the frequency of the wind forcing than WAM.

e. Effect of an instantaneous rotation of the wind

In order to characterize the behavior of both models
in case of a rotating wind, tests run were also performed
in a way similar to those made by Young et al. (1987)
and van Vledder and Holthuijsen (1993). A 11.75 m s21

wind is fixed until the peak frequency of the spectrum
is twice the frequency peak of the Pierson–Moskowitz
spectrum, and a wind rotation of 608 is then applied.
The spectra obtained 1, 3, and 6 h after the wind rotation
are shown in Figs. 5 an 6 for the VAG and WAM mod-
els, respectively. The difference between the two models
is obvious. In the WAM model (Fig. 6), the wave spec-
trum rotates slowly to align with the new wind direction
within about 9 h. In the VAG model (Fig. 5), some
energy migrates very quickly from the old wind direc-
tion to the new one, whereas some energy remains in
the old one. The spectrum divides instantaneously into
distinct wind–sea and swell parts, with a fast-growing
wind–sea part. The rotation of the wind–sea part of the
spectrum occurs during only one time step; so since the
time step is small, this happens very quickly. Moreover,
this means that the rotation of the wind–sea would be
even faster if the time step of the model was reduced.
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FIG. 3. As in Fig. 1, but in the case of VAG forced by a wind speed imposed to a new value
every 15 min with a linear increase from 0.25 to 18.25 m s21 (6.75 m s21, respectively) during
12 h, with a constant value during the next 36 h and with a linear decrease down to 0.25 m s21

after a total of 48 h. The minimum values of the energy limitation are out of the scale and are
20.473 m2 for a 18.25 m s21 wind speed and 20.142 m2 for a 6.75 m s21 wind speed.

FIG. 4. As in Fig. 3 but for WAM.

This quick creation of a new wind–sea is in disagree-
ment with what is expected from the exact model, EX-
ACT-NL, as used by Hasselmann and Hasselmann
(1984) to represent the nonlinear interactions without

simplifying assumptions. This difference between VAG
and WAM is due to the treatment of the nonlinear in-
teractions: in VAG the splitting of the total spectrum
into a wind–sea part aligned with the wind direction and
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←

0.9 every 0.1. The distance to the center of the plot is proportional
to the frequency of the waves, and the direction used is the one to
which they propagate. The SWH is given at the bottom of each
spectrum. The black arrow indicates the wind direction after its veering.

FIG. 5. Directional spectra obtained with VAG in the case of an
instantaneous wind veering of 608 for a) 1 h, b) 3 h, and c) 6 h after
the wind veers. The wind is blowing from the west before veering.
The spectra are normalized and the isolines are plotted from 0.1 to

a swell part can lead to a false partitioning of the energy
between wind–sea and swell. By contrast, a progressive
transfer of energy from the old to the new wind–sea is
obtained with the parameterization of the nonlinear in-
teractions of WAM.

f. Effect of a progressive rotation of the wind

The same test as in section 2e was performed but the
wind rotation was chosen to be progressive (608 in 6 h
with change imposed every 15 min). The results indicate
(not shown) that interpolating the wind direction does
not have an important impact on the WAM results: the
spectrum only rotates a little more slowly when the wind
rotation is progressive (12 h instead of 9 h before the
peak direction is aligned with the new wind direction).

For VAG, however, the impact of interpolating the
wind direction is crucial. Because the spectrum is di-
vided into a swell part and a wind–sea part at each time
step, the wind–sea energy is redistributed so that the
energy peak of the wind–sea always remains aligned
with the wind direction. This is quite unrealistic, par-
ticularly for small time steps and a quickly rotating
wind. In the case of a slow rotation of the wind, the
wind–sea rotation is progressive too, which is much
more satisfactory. In this latter case, the VAG results
become similar to the WAM results.

So, compared to WAM, VAG is very sensitive to the
frequency of the wind forcing, not only for the total
energy (interpolation of the wind speed) but for the
energy distribution (interpolation of the wind direction).
The tests discussed in sections 2e,f show that interpo-
lating the wind vector may result in an improvement of
the model in case of changes of wind direction only,
but may degrade the results in case of changes in the
wind speed.

3. Observations

a. The SEMAPHORE experiment

The SEMAPHORE experiment (Eymard et al. 1996)
took place from June to November 1993 in the northeast
Atlantic between the Azores and Madeira, with an in-
tensive observation period from October to November.
It was designed to study the mesoscale ocean circulation
and air–sea interactions. Numerous measurements were
performed using drifting and moored buoys, ships, an
instrumented mast on board a ship, an airborne radar,
and other airborne sensors. These in situ measurements
were completed by observations from the TOPEX/Po-
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FIG. 6. As in Fig. 5 but for WAM.

seidon and ERS-1 satellites. Ocean and wave models
were also used.

b. Observations used

Only a small part of the in situ measurements are
relevant for this study. We only used wind and wave
data, excluding oceanographic measurements. They
consisted of (Eymard et al. 1996)

R wind measurements provided by the R/V Le Suroı̂t
and the MARISONDE drifting buoys,

R frequency spectra of the waves from the SPEAR buoy
(Datawell system), and

R directional spectra of the long waves (from 50 to 400
m) from the airborne RESSAC radar (Hauser et al.
1992; Hauser and Caudal 1996).

Moreover, some satellite measurements were used.
The observations performed by the satellites are very
useful because they are numerous and well distributed
over the entire North Atlantic, whereas the in situ mea-
surements were all located near the Azores. The satellite
measurements used consisted of

R wind measurements provided by the ERS-1 scattero-
meter and

R SWH measurements provided by the altimeters of the
TOPEX/Poseidon and ERS-1 satellites. The ERS-1
data were the Ocean Products Records (OPRs), with
the correction proposed by Tournadre et al. (1994).

The satellite altimeter data have been collocated with
the VAG and WAM grid points. Every satellite data was
associated with the nearest model point in time (690
min) and in space (60.258 in longitude and latitude).
Two datasets of 15 632 values for TOPEX/Poseidon and
12 398 values for ERS-1 were obtained using this meth-
od. The shipborne, Marisonde buoys and ERS-1 wind
observations have been used in a reanalysis process to
build wind fields (see section 3c).

The significant wave heights provided by the ERS-1
and TOPEX/Poseidon satellites have been used for com-
parisons with VAG and WAM outputs in order to assess
the models hindcasts. Previous studies based on com-
parisons between satellite and buoy data show that the
accuracy of satellite-derived significant wave height is
about 10%. So we consider here altimeter wave heights
as a reference and will compare the VAG and WAM
results with this dataset.

c. The wind fields

Two types of wind fields have been used in this study
to drive the wave models. The first type of wind fields,
hereafter referred to as ‘‘reanalyzed ARPEGE winds’’
is based upon the use of the atmospheric model Action
de Recherche Petite Echelle Grande Echelle (ARPEGE)
of Météo-France (Courtier et al. 1991). The wind fields
were obtained from the first guess (6-h forecast from
the analysis), which was updated with the wind data
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TABLE 2. Statistics of collocated datasets of reanalyzed ARPEGE wind speeds and ECMWF wind speeds with satellite measurements.
Mean differences and standard deviations are in meters per second. The collocated datasets contain 15 632 collocated points for TOPEX/
Poseidon and 12 398 points for ERS-1. The mean wind speed and standard deviation are, respectively, 7.25 and 2.68 m s21 for TOPEX/
Poseidon, 7.40 and 3.58 m s21 for ERS-1, 7.13 and 3.54 m s21 for the reanalyzed ARPEGE winds collocated with TOPEX/Poseidon, 7.47
and 3.58 m s21 for the ECMWF winds collocated with TOPEX/Poseidon, 7.37 and 3.71 m s21 for the reanalyzed ARPEGE winds collocated
with ERS-1, and 7.67 and 3.70 m s21 for ECMWF winds collocated with ERS-1.

TOPEX/Poseidon

Mean
difference Std dev Correlation

ERS-1

Mean
difference Std dev Correlation

Reanalyzed
ARPEGE winds 20.12 2.19 0.787 20.03 2.23 0.814

ECMWF winds 0.22 2.06 0.821 0.27 2.02 0.846

provided by the ships and buoys deployed during the
campaign and by the ERS-1 scatterometer (Le Meur et
al. 1994). All the available wind data from ships and
buoys were used in this reanalysis, even if they would
have arrived too late for a real-time analysis. Reanalyzed
ARPEGE winds are available for the entire North At-
lantic with a 0.58 resolution every 6 h. No wind esti-
mates from satellite altimeter measurements were used
for these reanalyses.

The second type of wind fields—hereafter referred to
as ECMWF winds—corresponds to the output of the
operational atmospheric model used at ECMWF. The
wind data provided by the ships and buoys deployed
during the campaign were also assimilated in the
ECMWF atmospheric model but it was an operational
assimilation (only data transmitted in time are taken into
account in the assimilation). ECMWF winds are avail-
able with a 18 resolution and have been then linearly
interpolated on the 0.58 resolution grid of the wave mod-
els every 6 h.

The differences between the two wind fields (rean-
alyzed ARPEGE and ECMWF) may come from (i) the
model itself and its associated assimilation method, (ii)
the number of standard observations that were assimi-
lated (only data that arrived in time for the real-time
analysis have been used for the ECMWF winds), or (iii)
the assimilation of ERS-1 scatterometer data in the case
of the reanalyzed ARPEGE winds.

Table 2 shows a comparison of the reanalyzed AR-
PEGE wind speeds and the ECMWF wind speeds with
the observations from the altimeters of the TOPEX/
Poseidon and ERS-1 satellites during October 1993. The
mean differences between modeled and observed winds
are a few centimeters per second and the standard de-
viations are of the order of 2 m s21. These results are
significant at the 99% confidence level because of the
large database available. The mean differences and stan-
dard deviations are of the same order of magnitude for
both wind fields, which seems to show that both wind
fields are of the same quality. However, the correlation
between modeled and observed winds is higher for the
ECMWF winds. As a consequence, we will focus here
on the results obtained when driving the wave models
with the ECMWF winds. It should be noted that runs

were also performed by forcing VAG and WAM with
the reanalyzed ARPEGE winds in order to study the
impact of the winds on the results of the wave models.

4. Comparison between the results of the VAG
and of the WAM

Two hindcasts were performed by forcing VAG and
WAM by the ECMWF winds during October 1993 on
the entire North Atlantic. In this section we compare
the results of these two hindcasts.

a. General comparison of the SWHs

The analysis of the wave fields for the whole period
showed that the structure of the SWH fields is quite
similar in both models. Particularly, the positions and
shapes of the areas of high SWHs are very close in
VAG and WAM. This agreement was confirmed by a
statistical comparison between VAG and WAM SWHs
at all sea points every 3 h during October 1993
(3 888 144 data for each model): the correlation coef-
ficient obtained is 0.92. However, WAM SWHs are
about 13 cm lower than those for VAG (mean SWHs
are, respectively, 2.41 and 2.28 m for VAG and WAM).
So the variations of the SWHs in both models is similar
but with a systematic mean difference between VAG
and WAM.

These results are confirmed by a statistical compar-
ison of the SWHs hindcasted by VAG and WAM (with
both models forced by the ECMWF winds) with the
measurements from TOPEX/Poseidon and ERS-1. Sat-
ellite observations and models data were collocated, as
explained in section 3b. The result of this comparison
is summarized in Table 3.

For the hindcasts run with the ECMWF wind fields,
and those run with WAM using the version without
wind–wave coupling, the mean differences between the
models’ SWHs and those of the satellites are small and
of the same order of magnitude for both models (0.07
to 0.08 m for VAG; 20.06 to 20.11 m for WAM).
However, when WAM is used in its complete cycle 4
version (with the wind–wave coupling) a significant
negative bias is found with respect to the satellite data
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TABLE 3. Statistics of collocated datasets of SWHs hindcasted by VAG and WAM (with or without the wind–wave coupling) both forced
by the ECMWF winds (first two lines) and satellite measurements. The fourth line is relative to the modified VAG model and is discussed
in section 5. Mean differences and standard deviations are in meters. The collocated datasets contain 15 632 collocated points for TOPEX/
Poseidon and 12 398 points for ERS-1. The mean SWHs and standard deviation are, respectively, 2.40 and 1.19 m for TOPEX/Poseidon,
2.54 and 1.28 m for ERS-1, 2.47 and 1.22 m for VAG SWHs collocated with TOPEX/Poseidon, 2.34 and 1.12 m for WAM SWHs collocated
with TOPEX/Poseidon, 2.21 and 1.10 m for WAM with the wind–wave coupling SWHs collocated with TOPEX/Poseidon, 2.16 and 1.16
m for the modified VAG SWHs collocated with TOPEX/Poseidon, 2.62 and 1.20 m for VAG SWHs collocated with ERS-1, 2.43 and 1.10
m for WAM SWHs collocated with ERS-1, 2.30 and 1.08 m for WAM with the wind–wave coupling SWHs collocated with ERS-1, and
2.27 and 1.13 m for the modified VAG SWHs collocated with ERS-1.

TOPEX/Poseidon

Mean
difference Std dev Correlation

ERS-1

Mean
difference Std dev Correlation

VAG
WAM

0.07
20.06

0.56
0.49

0.892
0.911

0.08
20.11

0.63
0.57

0.873
0.895

WAM with
wind–wave
coupling 20.19 0.48 0.916 20.24 0.56 0.901

Modified
VAG 20.24 0.52 0.902 20.27 0.59 0.888

(20.19 and 20.24 m with respect to TOPEX/Poseidon
and ERS-1, respectively). A negative bias is also found
for WAM with respect to the satellite data when WAM
is driven by the reanalyzed ARPEGE winds [20.23 and
20.29 m with respect to TOPEX/Poseidon and ERS-1,
respectively, whereas for the same wind field VAG pre-
sents only a very small bias (20.04 m)]. So it seems
that the trend of WAM is to underestimate the significant
wave height, which is in agreement with the slow grow-
ing rate of new wind–sea mentioned in section 2c. In
comparison, the bias of the significant wave heights of
VAG with respect to the satellite data remains less than
60.10 m whichever wind field used.

When one looks at the correlation between model and
satellite SWHs, WAM always gives better results (high-
er correlation coefficients) than VAG. The differences
in correlation coefficients are significant at the 99% con-
fidence level due to the great number of points in the
collocated datasets.

So if one considers the satellite observations as a
reference, the WAM SWHs are slightly better when con-
sidering the correlation between models and satellites
data, but VAG SWHs are more satisfactorily when con-
sidering the mean differences. Since bias in the signif-
icant wave height can most likely be removed by tuning
some of the coefficients of the source/sink terms, we
consider here that WAM is potentially better than VAG,
in spite of the bias in the significant wave height. This
study shows, however, that the WAM coefficients should
be tuned to remove the bias in significant wave height.

b. Comparison between the VAG and WAM hindcasts
and the SEMAPHORE measurements

In order to better understand the evolution of the sea
state at the location of the SEMAPHORE experiment,
we compared the major features of the wave spectra in
VAG and WAM. This was achieved by partitioning the
spectra into up to four wave trains by using the method

proposed by Gerling (1991). Figure 7 shows the result
of this partitioning for VAG and WAM at 35.58N,
24.58W during October 1993. This location (hereafter
referred to as point M) was chosen because it is the
central point of the SEMAPHORE area, where the larg-
est number of observations were performed. The most
important wave trains exist in both wave models and
they are quite similar when comparing their energies
and wavelengths. A northerly swell train with a 200–
300-m wavelength can be observed on days 278–282,
a northeasterly swell train with wavelengths around 170
m is observed from day 285 to day 293, and a westerly
train with wavelengths between 100 and 150 m is visible
from day 296 to day 300. Energetic wind–sea trains can
be seen from days 281 to 284, 286 to 289, and 302 to
304. Most of the time, complex sea states can be ob-
served with several wave trains coexisting, but VAG
and WAM give coherent results. However, significant
differences can be seen between the two models: there
are more low-energy wave trains in VAG, and the tran-
sition between the different wave trains is less marked
for VAG, whereas the partitioning pattern is smoother
for WAM. These differences between the wave spectra
hindcasted by VAG and WAM are probably due to the
differences in the treatment of the nonlinear interactions
in the two models. Actually, the parameterizations of
these interactions used in VAG result in a continuous
alignment of wind and wind–sea, which induces fast
rotations of the wind–sea. This was already evidenced
in the test run presented in section 2e. The VAG model
also favors the separation of a wave train into several
trains when the wind rotates. In contrast, the explicit
calculation of the nonlinear interactions in WAM makes
the wave trains smoother and makes their variations in
time more slow.

Figure 8 presents the temporal evolution of the total
SWH and of the peak frequency of the wave spectra
hindcasted during October 1993 at point M by VAG
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FIG. 7. Partitioning of the directional spectra obtained with VAG
(top panel) and WAM (bottom panel) at point M (35.58N, 24.58W)
during Oct 1993. Each wave train is represented by an arrow; the
length of the arrow is proportional to the energy of the wave train,
its direction indicates the direction to which the train propagates,
and its ordinate gives the mean wavelength of the wave train. Wind–
sea wave trains are plotted in bold arrows. In the middle panel, the
evolution of the wind vector during Oct 1993 at point M is also
shown.

FIG. 8. Temporal evolution of (a) the SWH, (b) the wind–sea peak
frequency, and (c) the swell peak frequency (bottom panel) at point
M during Oct 1993. Continuous line is VAG, dotted line is WAM
and triangles are the measurements made by the SPEAR buoy.

and WAM, and the corresponding measurements made
by the SPEAR buoy located near point M during the
SEMAPHORE experiment. Although it is difficult to
achieve a quantitative comparison between buoy mea-
surements and models hindcasts (because of the small
number of data points), this figure illustrates that there
is a good agreement between the hindcasted values and
the buoy data, both for SWH and peak frequency. The
only important disagreement is observed on 16 October,
when the hindcasted SWHs are much lower than the
measured ones (about 2.4 vs 4 m), regardless of the
wave model considered. From a comparison of the non-
directional frequency spectra of the buoy with the spec-
tra of the VAG and WAM models (not shown), it ap-
pears that the underestimate of the SWHs of the models
at the location of the buoy is due to an underestimate
of the energy of the swell component. Due to the lack
of data in the generation zone of this swell (northeast
of the buoy measurements), no clear explanation of this
temporary disagreement could be found, which occurs
for both models.

We also performed a comparison of directional spec-
tra obtained from VAG and WAM with those derived
from the observations of the airborne radar RESSAC.
From these radar observations, directional spectra are
retrieved for wavelengths in the range 50–400 m (fre-
quencies from 0.06 to 0.17 Hz) with a 10% accuracy
in wavelength and with a 158 resolution in direction
(with, however, a 1808 ambiguity in the propagation
direction). The absolute level of the spectra and the
associated significant wave height must be interpreted
with caution because the transfer function, which is ap-
plied to convert the direct measurements (spectra of
backscattered modulation) to wave spectra, is not well
known. So, we restrict our comparisons here to the spec-
tral behavior (in a relative sense). Figure 9 illustrates
the results for the case of the wave spectrum measured
by RESSAC on 20 October at 1525 UTC and the cor-
responding spectra from VAG and WAM. Although the
spectra are quite complex, both models do reproduce
the three different wave systems observed by RESSAC
(note that the 1808 ambiguity for the RESSAC spectra
is not removed in the plot of Fig. 9.). This good agree-
ment was noted for all spectra measured by RESSAC
during October and November 1993 (about 30 spectra).

5. Modifications of the VAG model
Some weaknesses of the VAG model were evidenced

by studying the growth and decay curves (section 2).
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FIG. 9. (a) Directional spectrum of the waves measured with the airborne radar RESSAC on 20 Oct at 1525 UTC and
corresponding spectra obtained with (b) VAG and (c) WAM. The spectra are normalized and the isolines are plotted from
0.1 to 0.9 every 0.1. The distance to the center of the plot is proportional to the frequency of the waves. The SWH is
given at the bottom of each spectrum. Note that the RESSAC data are obtained with a 1808 ambiguity in the propagation
direction that was not removed in the figure.

Moreover, a statistical comparison of the SWHs hind-
casted by VAG and WAM with the satellites measure-
ments (section 4) showed that the WAM SWHs were
better correlated with the TOPEX/Poseidon and ERS-1
data, although they presented a significant mean differ-
ence. So we tried to remedy these weaknesses of VAG
by testing some modifications.

The study of VAG and WAM growth and decay
curves showed that the energy balance in the VAG mod-
el was not very satisfactory (section 2). Two main weak-
nesses of VAG were evidenced. First, the linear growth
term was too high, whereas the exponential growth term
and the dissipation term were too low compared to
WAM. Second, the energy input due to the wind and
the energy output due to the breaking of the waves were

not well balanced. So, a limitation of the wind–sea en-
ergy was shown to be necessary, but it was quite large
and resulted in losses of energy (see sections 2c–d and
Figs. 1 and 3).

In order to improve the behavior of the VAG model,
we tried to make VAG have a better balance between
growth and decay. This was performed by replacing the
exponential growth and dissipation terms used in VAG
by the ones used in WAM. Because of the differences
between VAG and WAM, this could not be done without
readjusting VAG, which was made by taking into ac-
count weighting coefficients for the linear growth, the
exponential growth, and the dissipation. These coeffi-
cients were chosen so that the growth and decay curves
of the modified VAG version were in overall good
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FIG. 10. As in Fig. 1, but for the modified VAG version.

agreement with VAG and WAM standard curves. This
version of VAG will be referred to as the ‘‘modified
VAG’’ model in the following.

The growth and decay curves obtained by driving the
modified VAG model by a 18.25 m s21 (6.75 m s21,
respectively) wind during 48 h and then by a 0.25 m
s21 wind are shown in Fig. 10. These curves should be
compared with those in Fig. 1, which were obtained
with the VAG standard version. For the high wind speed
case (18.25 m s21), the modification of VAG leads to
a clear improvement of the growth and decay curves.
The linear growth term is now negligible compared to
the exponential growth term. This is in better agreement
with experimental results (Kahma and Donelan 1988).
Moreover, growth and dissipation balance better, leading
to a smaller limitation of the wind–sea energy. However,
the wave growth remains a little too fast (about 25 h
until full development; WMO 1989). For the light wind
case, the rate of the wave growth is slower for the mod-
ified VAG than for VAG and the linear growth term
also remains weak, so that the energy balance is quite
satisfactory. However, the limitation of the wind–sea
energy remains relatively high compared to the other
terms of the energy budget. In spite of this, the modi-
fication of VAG results in an overall improvement, par-
ticularly for high wind conditions.

The modification of the expressions for growth and
decay in VAG had no major impact when the test de-
scribed in sections 2d–f was repeated. Even with the
modification of the growth and dissipation terms, the
behavior of VAG is not satisfactory when changing the
frequency of the wind forcing or in case of wind ro-

tations: the losses of energy due to the limitation of the
wind–sea energy remain.

So this modification of VAG has a positive impact
on the behavior of VAG, but it does not solve the prob-
lem of the high sensibility of the model to the frequency
of the wind driving. This shortcoming is probably not
restricted to the VAG model but rather inherent to sec-
ond-generation models because of the constraint that
must be imposed in this case on the wind–sea part of
the wave spectrum. This shows that some care must be
taken for these models if changes in the forcing have
to be done.

6. Hindcasts with the modified VAG model

Hindcasts were performed with the modified VAG
model for October 1993 on the North Atlantic to assess
the improvements resulting from the modification of
VAG. In these hindcasts the weighting coefficients of
the sink/source terms are those determined from the
idealized case presented in section 5. They have not
been precisely tuned because this would have required
the use of a large dataset of real cases and this was out
of the scope of the study presented here.

The first hindcast was performed by forcing the mod-
ified VAG model by the ECMWF winds every 6 h (the
same hindcast was also performed using the ARPEGE
reanalyzed winds). A comparison between the SWHs
hindcasted by the standard and the modified VAG mod-
els showed that the impact of modifying VAG was prin-
cipally a decrease of the SWHs (mean difference and
correlation between both datasets are, respectively,
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20.30 m and 0.977), which is probably due to the fact
that the weighting coefficients in the modified VAG
have not been precisely tuned. However, the comparison
between the SWHs hindcasted by both versions of VAG
and the SWHs measured by TOPEX/Poseidon and
ERS-1 showed that the modification of the VAG model
results in better correlation between VAG SWH and
satellites SWHs (see the last line of Table 3).

The mean differences between modified VAG outputs
and satellites data are important (20.24 to 20.27 m),
but this is probably because the weighting coefficients
for the linear growth, the exponential growth, and dis-
sipation in the modified VAG were not precisely ad-
justed. In contrast, the standard deviations decrease
when modifying VAG but they remain slightly higher
than those obtained with WAM. The improvement in
correlation when modifying VAG (0.902 instead of
0.892 and 0.888 instead of 0.873) is significant due to
the large number of data in the collocated datasets. The
performances of the modified VAG model—when con-
sidering the correlation coefficients—are intermediate
between those of the standard VAG and WAM models.
So the modification of VAG results in a significant im-
provement of its performances, when correlation coef-
ficients are considered.

We also have estimated the influence of the modifi-
cation of the VAG model on its sensitivity to the fre-
quency of the wind driving. We therefore performed a
second hindcast with the modified VAG model by driv-
ing it with wind fields interpolated every 15 min. The
comparison of the SWHs obtained as outputs of the two
simulations with the SWHs measured by the satellites
showed that the modification of the VAG model has
almost no impact on its sensitivity to the wind driving
frequency, confirming the conclusion of section 5.

The run tests discussed in section 5 showed that the
modification of the VAG model resulted in a better bal-
ance between growth and decay, so that the limitation
of the wind–sea energy was reduced, especially for high
wind speeds. This improvement of the VAG model was
also evidenced when looking at the losses of energy
resulting from the limitation of the wind–sea energy.
Figure 11 shows these cumulated losses of energy on
16 October between 0300 and 0600 UTC for the VAG
and the modified VAG models. The important losses
evidenced in the VAG model remain with the modified
version (northeast of the SEMAPHORE area, North
Sea), but the total extent of areas associated to losses
of energy is significantly reduced with the modified ver-
sion (see Fig. 11, bottom panel cf. top panel). This re-
veals a significant improvement of the modified VAG
model with respect to the standard version.

7. Summary and conclusions

The behavior of the standard VAG and WAM models
were studied using simple tests and a comparison of

hindcasts results with the observations collected during
the SEMAPHORE experiment.

The study of the growth curves obtained for both
models showed that the wave growth is too fast in the
standard VAG for high wind speeds, but it is too slow
in WAM for low wind speeds. Moreover, the evolution
of the wave spectrum in VAG is not very satisfactory
when the wind rotates, particularly for instantaneous
rotations of the wind and small time steps. In such cases,
the partitioning of the spectrum into wind–sea and swell
seems to be more realistic in WAM than in VAG. Fi-
nally, the tests evidenced a high sensitivity of VAG to
the frequency of the wind forcing, which is not satis-
factory. This shortcoming is probably not restricted to
the VAG model but probably inherent to second-gen-
eration models because of the constraint that must be
imposed in this case on the wind–sea part of the wave
spectrum.

The comparison of the results of a one-month hindcast
obtained with VAG and WAM with each other and with
observations collected during the SEMAPHORE ex-
periment showed that both models give overall similar
results in terms of significant wave height. The wave
fields and spectra hindcasted by VAG and WAM are
generally consistent. Moreover, the significant wave
heights and the spectral behavior (peak frequency and
direction) obtained with VAG and WAM are in overall
good agreement with those measured by the SPEAR
buoy or the airborne radar RESSAC during the SEM-
APHORE experiment. The only discrepancy between
models outputs and measurements was observed on 16
October, but no clear reason could be found and both
models exhibited the same problem in this situation. So,
VAG and WAM give good predictions of the evolution
of the sea state.

The comparison of the SWHs hindcasted by VAG
and WAM with the ones measured by TOPEX/Poseidon
and ERS-1 evidenced that WAM SWHs are better cor-
related with the satellites ones but present a larger neg-
ative bias, in particular when the wind/wave coupling
is kept in WAM (as in the operational cycle 4 version
of WAM).

Some modifications of VAG were also tested. The
purpose of these modifications was to tend to a better
balance between growth and decay when the waves are
fully developed. This could be partly achieved by using
the same expressions in VAG to describe growth and
decay as the ones used in WAM. Although the coeffi-
cients of the modified VAG have not been precisely
tuned, there were some improvements. The balance be-
tween growth and decay is significantly better, which
results in less loss of energy in the model and in a more
realistic growth curve. However, VAG remains very
sensitive to the frequency of the wind driving. Hindcasts
made with the modified VAG result in a better corre-
lation between satellite and VAG significant wave
heights, with respect to the standard version. The bias
is, however, larger than in the previous version of VAG.
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FIG. 11. Fields of the energy losses summed between 0300 and 0600 UTC on 16 Oct for (a) the standard
VAG model and (b) the modified VAG model. These energies have been converted into SWHs by using
SWH 5 4.004 Energy. White points mean no energy losses and black points mean losses correspondingÏ
to SWHs greater than 3 m. In the other cases, gray shades are proportional to the SWHs corresponding to
the energy losses.

This bias should be removed by tuning more precisely
the coefficients—but this requires a study on a larger
database that was out of the scope of this paper. The
better correlation with satellite data suggests that the
modified VAG gives better results than the standard
version. The correlation with satellite data tends to be

also closer to the results obtained with WAM. From this
modified VAG version we conclude that the differences
between the standard VAG and WAM performances
were not only due to the differences in the treatment of
the nonlinear interactions but to differences in the pa-
rameterizations of the source and sink terms.
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We are aware, however, that these conclusions should
be confirmed by adjusting the modified VAG and per-
forming a new additional comparison between VAG and
WAM using a more important dataset. This study was
based principally on SWHs and it should be continued
by a study of the wave spectra. This is particularly im-
portant in the case of nonstationary situations where the
advantage of the third-generation WAM model could
be more obvious. This is, however, difficult to achieve
because of the small number of observations available
for validation.

This study showed that although some shortcomings
can be seen when using a second-generation model, the
differences in the hindcasted wave fields obtained from
of a second-generation and from a third-generation mod-
el are small. Since second-generation models like VAG
are much easier to implement and use with less CPU
time, this shows that the choice between second-gen-
eration and third-generation models is not obvious. The
development of data assimilation into wave models for
operational use makes this question still open because
a trade-off will have to be found between the degree of
complexity of the model and the degree of complexity
of the assimilation technique. It is likely that in the
future, some improvements in the sea state prediction
will mainly come from an efficient assimilation tech-
nique. In this paper we showed that second-generation
models are still valuable tools for wave prediction if the
wind input and dissipation terms are accurate. So it may
be a suitable choice to develop data assimilation
schemes into second-generation models that are much
more simple to handle than third-generation ones be-
cause of the treatment of the nonlinear interaction term.
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APPENDIX

Expressions Used in VAG and WAM for the
Sink/Source

a. Definition of variables

f Frequency
f max Maximum frequency in the model
u Direction of propagation
uw Direction of the wind
U Wind speed
ra, rw Densities of air and water, respectively
c Phase velocity of the spectral component
E Total energy of the spectrum
u* Friction velocity
t Wind stress
t w Wave-induced stress

b. Expressions used in VAG

The source term used in VAG is the sum of four
terms:

R a linear growth term given by (Golding 1983)

 2
26 2 2S ( f, u) 5 3.18 3 10 U cos (u 2 u ) if f 5 f and |u 2 u | , 908,lin w max wp (A1)

0 otherwise.

R an exponential growth term given by (Snyder et al. 1981)


r U cos(u 2 u ) U cos(u 2 u )a w wS ( f, u) 5 0.054 2p f 2 1 F( f, u) if . 1,exp 5 6[ ] r c cw (A2)

0 otherwise.

R a dissipation term given by (Golding 1983)

Sdis( f, u) 5 4 3 1024 f 2E 0.25F( f, u), and (A3)

R a parameterization of the nonlinear interactions in two
steps: limitation of the wind–sea energy and reshaping
of the wind–sea spectrum.

c. Expressions used in WAM

The source term used in WAM is the sum of three
terms:

R an exponential growth term given by (Janssen 1991)
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 r 1.2a 4 22p f m(lnm) x F( f, u)
2r 0.41 w

S ( f, u) 5 (A4)exp
if m , 1

0 otherwise,

with

2gz u*0 0.41/xm 5 e (A5)
2 1 2u c*

u*
x 5 1 0.011 cos(u 2 u ) (A6)w1 2c

20.01u*z 5 (A7)0
twg 1 2! t

0.41U
u* 5 . (A8)

10
ln1 2z0

In the the WAM cycle 4 version, u* is computed
iteratively because t w depends on Sexp.

In the runs we have made with the wind–wave cou-
pling we used the following expressions:

t 5 0 u* 5 ÏC U (A9)w d

with

23 211.2875 3 10 if U , 7.5 m s
C 5d 235(0.8 1 0.065U ) 3 10 otherwise.

(Wu 1982) (A10)

R a dissipation term given by (Hasselmann 1974; Ko-
men et al. 1994)

2 49(2p) f f
9 2S ( f, u) 5 22.25 f E 1 F( f, u),dis m4 1 2 1 2[ ]g f fm m

(A11)

where f m is the mean frequency of the spectra de-
fined by f m 5 [(1/E) ## f 21F( f, u) df du]21, and

R an explicit computing of the nonlinear interactions
(Hasselmann et al. 1985; Burgers 1990).
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