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ABSTRACT

A new second generation deep-water ocean wave model VAG is presented and several modifications are
tested on a one month hindcast. On the same period and with the same windfields a version of the third
generation model WAM is also tested. All the results are compared with the data of a pitch-roll-heave buoy
moored at the entrance of the English Channel in 110 meters depth. This necessitates a preliminary investigation
of existing tools to carry such comparisons. Based on commonly used criteria in model testing VAG and WAM
achieve similar results. New tests are defined. For the significant wave heights, the use of the scatter index is
criticized and the notion of relative error is introduced. For the mean wave directions, a weighted mean angular
gap is defined which minimizes the impact of the direction errors of the low waves. From the theory of stationary
random processes applied to waves, a criterion is proposed for frequency spectrum comparisons. Some diagrams
are designed for the comparisons of more directional information. The sensitivity of the new tests to small
differences in the modeling of the spectra attests to their suitability for model comparisons. Their application
to the various runs shows that 1) In VAG, the swell modeling is improved by reducing the directional resolution
of the spectrum and the grid mesh size. A reshaping of the windsea with a f ~* power law for the high frequencies
gives better results. 2) Swells are better modeled with WAM. 3) For both models, the direction of the high
waves are better predicted. 4) In wind turning situations, a lag time between wind turning and wave turning is
observed by the buoy even for rather high frequency waves. This lag time is correctly reproduced with VAG,
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but is too long with WAM.

1. Introduction

VAG is a new second generation ocean wave model
that is now operational at the “Météorologie Nation-
ale” where it has replaced the DSAS first generation
model (Gelci-Devillaz 1969) for the North Atlantic
marine forecast. Iis early development has followed
the method developed by Golding for the British Me-
teorological Office model (BMO), as published in 1983
(Golding 1983). Several modifications have been in-
troduced to overcome some of the difficulties high-
lighted during the SWAMP intercomparison of wave
models (The SWAMP Group 1985), especially in wind
turning situations. OQur approach is different from the
one followed meanwhile by BMO (Ephraums, personal
communication ) and is based on a new scheme for the
determination of the windsea part of the spectrum in
which the nonlinear energy transfers are considered.
The nonlinear interactions are conducted in this part
of the spectrum by redistributing the energy to lead to
a JONSWAP spectrum whose parameters are all de-
rived from the value of the total windsea energy. The
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model is fully described in Guillaume (1987), where
tests, first with the SWAMP cases (The SWAMP Group
1985), and then against available weather ship obser-
vations for a one-month hindcast study are reported.
An improvement over the previous model DSAS is
shown, but the quality of the data is found insufficient
to fully assess the performances of the model.

Taking advantage of the directional data recorded
by the buoy “BEATRICE,” moored at the entrance of
the Channel in 110 meters depth, and provided by the
“Service Technique des Phares et Balises,” the hindcast
study has focused on comparisons with these data and
some modifications in VAG have been tried. They in-
clude an increase of the directional resolution of the
wave spectrum and some grid modifications, in relation
with swell propagation problems suspected by Guil-
laume (1987), a reduction of the second order prop-
agation scheme to a first order, for operational outlook
of saving computer resources, and a modified wind-
sea parameterization based on results obtained by Do-
nelan et al. (1985).

A hindcast done within the WAM project (Komen
1985) with the version WAMDI1 of the third generation
model WAM (WAM Development and Implemen-
tation Group 1988) widens the comparison study to a
model of different structure. The nonlinear transfers
are fully introduced in the energy balance equation
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and calculated without making any assumption on the
shape of the spectrum. The great interest of this run is
that it is done for the same area and with the same
windfields already chosen for testing VAG. These
windfields are issued from the atmospheric model of
the European Centre for Medium Range Weather
Forecasts. Analyzed fields that integrate all available
routine observations are chosen and the wave models
are run with a similar spatial resolution as the atmo-
spheric model, which minimizes interpolation and scale
effects.

The great number of model results to compare with
the data necessitates proper tools to carry comparisons.
The wealth of the data, together with the quality of the
concomitant ECMWF windfields, provides a robust
background to analyze the performances of such ex-
isting tools. A need to improve them emerges. More-
over, the wealth of the data motivates the definition of
new ones. More precisely, from the structure of both

“types of information, model output and observed data,
a set of comparable quantities is first derived. Their
values are computed for all the runs and for the buoy,
and are gathered in a database from which all the
quantities to be compared are obtained. They are first
the significant wave height and the mean wave direction
for which some new statistical parameters are intro-
duced. Frequency spectra are next computed and a
criterion is defined to compare them. Its definition is
based on the application of the theory of stationary
random processes to waves ( Pierson 1955; Neumann-
Pierson 1966). It quantifies in terms of probability the
ability of the model to give the true spectrum of which
one observation is given by the buoy. It is a function
of the frequency and the following hypotheses are
made: 1) The instrumental errors are negligible com-
pared with model ones. 2) Within a frequency bin of
the model the true spectrum is slowly varying. Finally,
diagrams to plot more directional information included
in thé database are designed.

These tools are then applied to the analysis of the
results obtained by the various models. This includes
a discussion of their ability to highlight the models’
behavior differences.

The paper is organized as follows. The VAG model
is described in section 2, and the buoy data in section
3. Section 4 presents the tests done with the VAG model
and the WAM run. All the definitions for the com-
parison study are presented in section 5. Section 6 gives
the results.

2. VAG: Second generation wave prediction model

According to the SWAMP terminology (The
SWAMP Group 1985), VAG is a second generation
coupled discrete model. A full description of the model
is given in Guillaume (1987). '

Briefly, the deep water version tested here is based
on the energy balance equation

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 7

O0E/dt + v-grad(E) = § = Sjn — Sgs + S, (2.1)

where E(f, #), the directional wave spectrum, is related
to the sea-surface elevation ¢ by

[ 50 s - >

and v is the group velocity (v = g/4xf in deep water).

Here S, the source term, includes the wind input
Sin, the dissipation Sg, and the nonlinear interac-
tions Sp;.

(2.2)

a. Physical aspects of the model
The wind input is described by
Sin=A+ B-E({, 0). (2.3)
For the linear growth, the following expression
adapted from Golding (1983) is chosen
[A,- U*-G(6—¢), for f=fna

0, otherwise

(2.4)

Jmax 18 the highest frequency used by the model and,
at this stage, is the only one affected by the linear input:
the energy will be redistributed afterwards by the non-
linear interactions treatment. Here U is the wind speed
at 10 meters, ¢ the wind direction, and G the cosine
squared spreading function,

G(0 — ¢)
~ {2 cos2(8 — ¢)/m,

0, otherwise

for |0 —¢| <m/2

(2.5)

A, is a tuned coeflicient, adjusted to A, = 0.49
X 107/ fonax-

The exponential growth coefficient B follows the
classical expression already used by Barnett (1968),
Golding (1983), and more recently in the WAM model
(WAM 1988)

B 2xfp - [Ucos(8 — ¢)/c— 1],

B= for [Ucos(8 —¢)/c—1]1>0 (2.6)

0, otherwise

¢ is the phase speed, ¢ = g/2=nf in deep water, where
p is the ratio of the air density to the water density, p
= 1.2/1033, and B, is adjusted by tuning to 0.054 and
is very close to the value proposed by Golding ( 1983),
but quite different from the one used in WAM which
is based on measurements by Snyder et al. (1981).

The dissipation is based on the theoretical work of
Hasselmann (1974) and is given by

* Whenever used integrals in 6, are from 0 to 27, and integrals in
£, from 0 to infinity. :
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Sas = B(E)f?E(f, 0) (2.7)
with ®(E) depending on the total energy Er,
ET:ff E(f, 0)dfds (2.8)
and adjusted, as suggested by Golding to
(E) = 125X 1073(Er/g*)!/4. (2.9)

Moreover, the growth is limited. The total wind-sea
energy, as further defined, remains smaller than the
total energy of the Pierson-Moskowitz spectrum for
the local wind,

Epmr = 0.0036U%g ™% (2.10)

The nonlinear interactions are taken into account
by splitting the spectrum in two parts, wind sea and
swell, and by reshaping the windsea part in a JON-
SWAP spectrum

Ejse(f) = ag?(2w)* f 7% exp[~1.25(f7/,) *1v’
(2.11)

with
J =exp[~(f — f,)*/26 /%] (2.12)

and using the cosine squared spreading function G.
The four parameters «, f,, v, and ¢ are defined below.
The splitting between wind sea and swell is done after
wind input and dissipation. The basic idea is to consider
windsea as being the spectral bins of direction less than
90 degrees each side of the local wind direction, and
of frequency higher than a minimum value f;,(6),
depending on the angle from the wind |6 — ¢|. The
total windsea energy, Fwsr, is then given by

Ewstr =
10—¢1<90 " f>fmin(0)

E(/, H)df]dﬁ. (2.13)

where fi.(8) is obtained by an iterative process, starting
from a value that can be considered as the lowest pos-
sible one:

Junin(6) = 0.8 fpm(6) (2.14)

with
Jem(0) = 0.13g/ U cos(8 — ¢).

Here fpm{0) is the peak frequency of a Pierson-Mos-
kowitz (PM) spectrum corresponding to the part of
the local wind in the direction of the involved wave.
The 0.8 coefficient is there to include the forward face
of the spectrum. Equation (2.14) is rewritten

Jmin(8) = 0.8 fp/cos(8 — ¢) (2.16)

and this structure is kept in the following, while fo-
cusing on the determination of fp. Its first value is thus
Jp = 0.13g/U. Thereby, (2.13) provides a first ap-
proximation of Ewst which is used in the growth lim-

(2.15)
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itation. A second approximation of fp is then obtained
by

Jp=0.032(Ewsr) '/*g'? (2.17)

which is the inversion of the relation existing, for a PM
spectrum, between its total energy and its peak value.
This leads to a second approximation of Eysy from
which the final value of fp is inferred, using results from
the JONSWARP experiment and given by equation (3.6)
of Hasselmann (1976) equivalent to

fo = fem(Ewst/Epwr) /1. (2.18)
The JONSWAP parameters are then obtained by

Jo = JIp,
vy=33- 2-3(EWST/EPMT)2: (2.19)

an adjustment proposed by Golding (1983 ) and based
on the JONSWAP Experiment (1973). The shape pa-
rameter o is set to 0.08, the mean value observed during
the JONSWAP Experiment.

In the JONSWAP spectrum, the rear face of the
spectrum is described by a f =3 power law, which has
been called into question by many authors in recent
years (Kitaigorodskii et al. 1975; Mitsuyasu et al. 1975;
Foristall 1981). Recent work by Donelan et al. (1985)
shows that a f~* power law gives a better description
in the energy containing region, of main interest for
the model, and suggests the use of a modified JON-
SWAP spectrum

Exsem(f) = ag?(2m) 7 exp[(/15) 1Y,
Jgiven by (2.12). (2.20)

Adjustments are proposed for the enhancement factor
v and the shape parameter ¢ in terms of U,/c, ratio
of the component of the wind speed in the direction
of the waves at the peak of the spectrum to the phase
speed of those waves. This ratio reduces to U/c, in
VAG because the windsea is adjusted symmetrically
to the wind direction and their formulae become:
1.7, 083 < U/c, <1
‘Y =
1.7+ 6.0 Log(U/c,), 1<U/c, <5
(2.21)
and
o =0.08[1+4/(U/c)’] 0.83<U/c,<5.(2.22)

This is tested in one of the runs but with a cosine
squared distribution, and not with the distribution these
authors proposed.

b. Numerical aspects of the model

The model VAG uses a stereographic grid. For the
integration of the source term, a first order explicit
scheme is implemented. For the advection term, a sec-
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ond order explicit Lax—~Wendroff scheme, in its version
modified by Gadd (1978), is used. In one of the tests,
it is replaced by a first order upstream propagation
scheme defined by

El' = El — pl(El;j — EL.))

—m(EL; — Efje)  (2.23)
where p, = v(cos#)At/Ax, p, = v(sind)At/Ay, €
= sign(uy), € = sign(u,). Here Af is the time step,
(Ax, Ay) the mesh size, which depends on its local-
ization in the grid, and

El; = E(nAt, iAx, jAy).

An important aspect of the model is its modular
structure. Namely, two main tasks are isolated, VA-
GACR for the source term, the VAGADV for the
propagation. An initialization routine sets up the char-
acteristics of the model: frequency discretization, di-
rectional resolution, wind precision, and grid specifi-
cation such as location, mesh, and coastlines. All these
parameters are adjustable, together with the coastlines
which are first settled using the US Navy Summary,
and then manually adaptable.

3. The buoy “BEATRICE”

This sectton describes the data provided by the “Ser-
vice Technique des Phares et Balises.” These data are
processed from the observations of the pitch-roll-heave
sensor of the buoy “BEATRICE” (Bouée-phare:
Equipement d’Acquisition de Traitement et de Res-
titution d’Information de Comportement et d’Envi-
ronnement, Racapé 1986, 1987). This buoy is moored
at the entrance of the English Channel, offshore Ushant,
48°31'42” N and 5°49'03” W, in 110 meters depth.

The information about the directional spectrum are
obtained by the method developed and implemented

- by Ezraty et al. (1981, 1983), which is based on the
theoretical work of Longuet-Higgins ( 1963). From the
records of the vertical displacement { and of the angles
of pitching and rolling, the three quantities

§i=¢ &=00/dx, &=49{/dy (3.1)

are available. It is then possible to estimate the cospec-
tra C; ; and quadspectra Q; ; of any pair (§;, &) by fast
Fourier transform, and therefrom the first five coefli-
cients of the Fourier development of the spectrum in

E(f, 0) = Ao(J) + Ai(f) cos[6 — 0:(/)]

+ Ax(f) cos[2(6—-02()] + - - - (3.2)

These are given by

Ao(f) = Cii/27
A (f) cos[8,(f)] = Q12/km,
A(f) sin[0,(f)] = Q1 3/kn
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A2(f) c0s[202(f)] = (Ca2 — Ca3)/ kP,

A2(f) sin[260,(f)] = 2C, 5/ K, (3.3)

where k is the wavenumber, and satisfies the dispersion
relation in deep water,

gk = (2xf)~ (3.4)

As k is independent of 6, whatever may be the shape
of the spectrum, 8,(f) is related to the directional
spectrum by '

8,(f) = argU E(f, 0) exp(i0)dd|. (3.5)

The data provided consist in the mean directions 8, (f)
and the energy densities E(f) = Ay(f), for 64 fre-
quencies ranging from 1/128 to 0.5 Hz. They are ob-
tained from signals recorded to a frequency of 2 Hz
and the length of the records is of 2048 seconds (34
min, 8 s).

4. Description of the models’ runs

Taking the opportunity of a flexible tool, several
versions of the VAG model have been tested. In the
last section, results obtained with the five following
ones are presented. They have been selected because
they show various aspects of the model and also allow
a better understanding of the statistical tools presented
in the section 5.

e VAGI2: It is the original version. The spectra have
12 directions of propagation (Af = 30°) and 12 fre-
quencies starting from 0.04 Hz with an increment Af/
J = 0.2. The grid is polar stereogiaphic, with the
Greenwich meridian as reference, and has a 150 km
mesh size at 60°N (Fig. 1). For the propagation, the
second-order Lax-Wendroff scheme is implemented

F1G. 1. Coverage of the grids used during the tests: (W) regular
latitude/longitude, 1° X 1°; (V1) polar stereographic, 150 km at
60°N; (V2) polar stereographic, 100 km at 60°N.
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TABLE 1. The main characteristics of the runs.
Grid Direction Frequency Propagation Windsea
Run characteristics nb (Af) nb (range) scheme spectrum
VAG12 stereo.150 km 12 (30°) 12 (.04/0.3) Lax-W 2 Jonswap
VAGI8 stereo.150 km 18 (20°) 12 (.04/0.3) Lax-W 2 Jonswap
VAGADI stereo.150 km 18 (20°) 12 (.04/0.3) Upstr. 1 Jonswap
VAGDO stereo.150 km 18 (20°) 12 (.04/0.3) Lax-W 2 Jons. + Donelan
VAGG2 stereo. 100 km 18 (20°) 12 (.04/0.3) Lax-W 2 Jonswap
WAM lat/long 1° X 1° 12 (30°) 26 (.04/0.45) Upstr. 1 no restriction

and the reshaping of the windsea is in the JONSWAP
spectrum Ejgp (2.11).

e VAGI8: the directional resolution of the spectra
is increased from 12 to 18 directions to investigate the
underestimation of significant wave height in swell
dominated situations reported in Guillaume (1987).
This high resolution is kept for all the following tests.

¢ VAGG2: In Guillaume (1987), it is also suspected
that the limitation of the grid to the north could explain
some of the swell underestimations noticed. The grid
is widened to the north (Fig. 1). The grid mesh size is
decreased to 100 km at 60°N to go closer to the res-
olution used in the WAM run.

e VAGADI: The first order propagation scheme
described in section 2b is implemented to justify op-
erational computer resources.

® VAGDO: The windsea is reshaped in the modified
Jonswap spectrum Ejspy (2.20), with a cosine squared
spreading function. The initial Lax Wendroff scheme
is used.

The WAM run has been done with the WAMDI
version of the third generation model, made available
on the CRAY-XMP of the European Centre for Me-
dium Range Weather Forecasts (Hasselmann 1987).
It has the following characteristics:

e WAM: The spectra have 12 directions of propa-
gation and 26 frequencies starting from 0.042 with an
increment Af/f of 1.1. The grid is a regular lat./long.
grid of resolution one degree X one degree. It covers
an area from 20° to 70°N and 80°W to 10°E (Fig. 1).
The mesh size at 60°N is then 55 km X 110 km. The
propagation is done with a first order explicit scheme.

A summary of the main differences of all the runs
is given in Table 1. All runs have been done on the
CRAY-XMP of the European Centre for Medium
Range Weather Forecasts, with the 10 meter analyzed
windfields obtained from their archives, for the period
5 November 1985 to 5 December 1985, starting with
a background situation. For the winds, a specific in-
terpolation routine is incorporated in the WAM system
(Hasselmann 1987). The first two days, used to warm
up the model, are discarded. Outputs are collected every
six hours, at the main synoptic hours 0000, 0600, 1200,
and 1800 UTC.

5. Tools for comparison with pitch-roll-heave data

The great interest of pitch-roll-heave data is that
the comparisons between the model results and the
observations can be carried out at different levels of
complexity. Among the clearly identified paths are the
significant wave height comparison, the mean wave
direction comparison, and the frequency spectrum
comparison. When selecting the tools we could have
applied to the many results we had, we found it nec-
essary to understand precisely some of them and define
new ones. This is the aim of this section. It starts with
a preliminary paragraph about the reduction of the
various types of information (VAG model, WAM
model, observations) to comparable quantities. These
are gathered in a database from which all the compar-
1sons are done, and to which all the tools further defined
are applied. The three following paragraphs are devoted
to the definition of tools for the comparisons of sig-
nificant wave heights, of mean wave directions, and of
spectra. The definition of the mean wave direction is
adapted to take into account the limited directional
information available from the data. In the last para-
graph, some diagrams are designed to plot more direc-
tional information.

a. Preliminaries: a database

The buoy data consist of mean directions, @q( f;),
and energy densities, Eqs(f;), for 64 frequencies reg-
ularly spaced from 1/128 to 0.5 Hz, at irregular times,
and describe the state of the sea at the location of the
buoy. The models give a directional spectrum, Epoq(f,
8), for 12 (or 26) frequencies on a logarithmic scale,
12 (or 18) directions of propagation, every 6 hours,
and at grid point locations. These characteristics have
to be matched.

For each grid, the nearest point to the buoy location
is selected (Table 2). The synoptic time (0000, 0600,

TABLE 2. Geographical collocation: for each grid,
the nearest point to the buoy is given.

Grid

Point location  stereo.150 km stereo.100 km 1° X 1°

Distance 48°21'N, 5°43'W 48°18'N, 6°20W 48°N, 6°W
from buoy 21 km 45.3 km 59 km
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1200, and 1800 UTC) is attributed to the nearest ob-

servation with the restriction that the separation time

is less than one hour. From the model outputs and the
buoy records, 90 events are selected. Quantities com-
putable from both model and buoy are defined. They
consist of the energy densities E(f,,) and the mean
wave directions 6(f,,), for each frequency f,, on the
frequency scale of the model VAG. The numerical
schemes used to derive these quantities from the data
and the models outputs are given in appendix A.

b. For the comparison of significant wave heights

The significant wave height H; is obtained from the
total energy Er by
H, = 4(Ep)"? (5.1)
with
Er= 2 E(fn)Afm.

For the comparisons, the following statistical pa-
rameters are introduced:

(5.2)

e The mean error uy

pr = [ 20 (Hmoa — Hops)1/N. (5.3)
e The standard deviation of the error oy
o1 = {[Z (Hmoa —H ovs — #a)*1/(N — 1)}'/2,
(5.4)
° AThe scatter index 61;1 ‘
€1 = On/ HHy,s (5.5)
where up,,, is the mean of the observations ‘
it = (2 Hons)/ N (5.6)

This scatter index is commonly used to quantify wave
model performances, but is found to be not as relevant
as'expected. This point is developed in the analysis of
the results.

The relative error is introduced, as it is another way
to measure precision, and additive parameters are de-
fined:

e The mean relative error py
pr’ = [ 2 (Hmoa — Hobs)/ Hovs]/N.
e The standard deviétion of the relative error oy
o’ = {{ 2 [(Hmoa — Hobs)/Hovs — 1r'1}/
(N—=1))"2 (5.8)

(5.7)

¢. Comparison of mean wave directions

Usually, the mean wave direction, 8,,, is defined
from the two-dimensional spectrum by
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Oy = arg[ff E(f, 0) exp(i())dfdﬂ] (5.9)

but the data only provide the two quantities 8( /) and
E(f), related to the two-dimensional spectrum by (3.5)
and

E(f)=fE(f, 6)deo (5.10)
which cannot lead to the expression (5.9), as a simple
application of the triangular inequality. So we decide
to modify the definition in the form

Oy = arg[f E(f) exp[iﬂ(f)]df] (5.11)

with 6(f) given by ¢3.5). This definition aprlies di-
rectly, both to the model outputs and the buoy data
and does not necessitate any additional assumptions
(as for example the shape of the observed spectrum).
During the test period significant differences have been
observed between the values obtained by (5.11) and
those given by (5.9); an example is given in Fig, 2.
The following statistical parameters are defined:

e The mean angular gap p4
Mg = [Z A‘ang]/]\[:

where A, is the angular gap between the observed and
modeled'mean wave directions, and the weighted mean
angular gap uw4, which we define following the for-

(5.12)

85120100
30w o 30°€
£l b oo
; : B R R LR PR TR A A GEEREY " \RERERRREN !:J! ........ Q0°t
é B §
L ; rw‘-_t-si'z;bu‘s-
150°W 180° 150°C

FIG. 2. Mean wave direction of a two-dimensional spectra obtained
by VAGG2. The arrow toward the center gives the wind direction,
the two others give the mean wave direction from (5.9) (regular
arrow), and from (5.11) (dashed arrow).
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mulation given by Audoin et al. (1987) for winds.
These authors propose a weighting of the angular gap
by the mean value of the observed and modeled wind
speed. Since the aim of the present study is the com-
parison of results of several models, the interpretation
is easier with a coefficient independent of the model.
We suggest the use of the observed parameter only and
the following definition:

Kwa = [2 (Hobs ¢ Aang)]/z Hobs]~ (513)

d. An adjustment criterion for the comparison of fre-
quency spectra

Summarizing a great number of spectrum compar-
isons is not an easy task on the basis of numerous plots
of observed and modeled spectra. Within the theoretical
background of the stationary random processes applied
to waves (Pierson 1955; Neumann-Pierson 1966;
Borgman 1972), the statistical properties of the spectral
estimates obtained from such a buoy are known and
commonly used, as for example, to clarify the inter-
pretation of the comparison diagrams with the ad-
junction of the limits of a confidence interval. To our
knowledge, these statistical properties are not used to
compare a great number of spectra. An adjustment
criterion that may lead to practical interpretation for
such studies is proposed. It is based on the statistical
properties of the spectral estimates Eq( f,,,) obtained
from the buoy, namely the chi-square distribution of
the quantities 2vE s f1n)/ E(f) for each frequency f,
of the frequency scale of the database. E(f,) is the
spectrum value in term of stochastic process and v the
number of degrees of freedom. The determination of
the parameter » in the present case is given in appendix
B. It is based on the hypothesis that within a frequency
bin of the model, the true spectrum is slowly varying.
With this statistical background, the usual procedure
is to compute the limits of a 90% confidence interval
for each estimate, and determine whether or not the
model value falls within it. Using the same ideas in a
slightly different way, it is possible to define a contin-
uous criterion, which is more flexible. This is the aim
of the next paragraph.

Since for each frequency the density function of g
= 2vEus(fm)/ E(f) is known, the probability p for g
to range between any two values n; and 7, is known.
We suggest choosing these two values in such a way
that p gives the probability for the true spectrum E to
be less than a% of the modeled spectrum [i.e., range
between Enea(fin)(1 — a) and Eoq(f)(1 + @)], where
« is a percentage to be chosen:

m= 21’Eobs(fm)/Em0d(fm)(1 + a)

and

n2 = 2VE‘()bs(fm)/E‘mod(fm)(1 — o) (514)
and lead to a criterion p.( f,) defined as being this
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probability. This criterion ranges from 0 to 1. With the
first approximation that the instrumental errors are
negligible compared with the model ones, it quantifies
the ability of the modeled spectrum to be the true wave
spectrum. For each comparison of observed and mod-
eled spectra, it gives a frequency dependent criterion.
Some properties of this criterion are more extensively
described in the analysis of the results.

To interpret this criterion on the whole period, its
mean value u%s(f.) and its standard deviation
o %s(fm) are computed for each frequency f,,. For con-
venience, when Enoa(fy) is zero, the value of p( f)
is arbitrarily set to zero, and is discarded from any
determination of mean and standard deviation value.
When no events are kept for these determinations the
two are also set to zero.

a. Some diagrams for the comparison of directional
information

Some more information related to the directional
aspects can be visualized, as shown for example by
Ezraty (1981 ) with diagrams that gather arrows with
direction 6( f,,,) and length E( f,,)/ Emax (Emax being the
maximum value of the spectrum), for all the frequen-
cies and versus time. Some modifications are proposed
here to take into account the specific characteristics of
the results and to improve their adequacy to the present
comparison objectives: 1) FE(f,) is replaced by
E(f;,) Af,, which, in the case of a logarithmic scale for
frequencies, gives a clearer understanding of the con-
tribution of the wave of frequency f,, to the total energy.
2) Instead of using a normalization by E,,., to prevent
the length of the arrows from varying too much, a
change of scale is done by setting this length to

h(fm) = 4(E(fm) &)'? (5.15)

which represents, in a wave height equivalent, the con-
tribution of the wave of frequency f,, to the total energy.
It varies by the same order of magnitude as the signif-
icant wave height. It is thus more adapted to compar-
isons. Plots of arrows of direction 6(f,,) and length
h(f) are proposed. Only a few different times can ap-
pear on the same diagram. We also present, for a given
frequency f,,, time series diagrams of 4( f,,,) and 6(f,).
They are to be compared with those of significant wave
height and mean wave direction previously described.

6. The results

The analysis of the results obtained with the various
models starts with a qualitative interpretation of the
time series diagrams of significant wave heights and
mean wave directions, for three representative runs,
VAGI12, VAGG2 and WAM. A statistical study for all
the runs follows, based on the values of the parameters
defined previously. Frequency spectra are compared
and the behavior of the adjustment criterion defined
in section 5d is investigated. Complementary results
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on directional aspects are discussed with the support
of the diagrams presented in section 5e. The main re-
sults are summarized in the last paragraph.

a. Significant wave heights and mean wave directions
comparisons

Plots of the time series of significant wave heights
and mean wave directions for the three runs VAG12,
VAGG?2, and WAM, together with the observed values
are presented in Fig. 3. It is clear that with both a coarse
resolution in direction for the spectra, and in mesh size
for the grid, VAG12 only partially describes the ob-
servations. Better results are obtained with VAGG2
and WAM. More precisely, three main periods are
highlighted:

o A first storm at the beginning of November rises
the significant wave height up to 7.5 m. The peak is
well timed but underestimated by all runs. A piateau
in the growth is only depicted by WAM. The decay is
correctly described by VAGG?2 and WAM.

s A second stormy situation with a double peak
structure occurs at the end of the period. The timing
of the peaks is correct but their intensities are differently
modeled and seem to be slightly affected by grid mod-
ifications, as confirmed by the other runs. The mean
wave directions are mainly steady and well reproduced.

e In between, a medium to low sea state is charac-
terized by a trend in the mean wave directions, veering
from west to east. This trend is correctly reproduced
by VAGG2. For WAM, even though the wave heights
are very well modeled, differences up to 80° happen
(21 to 24 November). The sudden change in the mean
wave direction on the 27 November is depicted by all
runs.

A comparison of the observed wind, at the signal
station of Ushant (48°28'N, 5°8'W) and of the
ECMWEF analyzed wind used by the models at the buoy
grid point is given in Fig. 4. The high variability of the
observations, probably because of the location of the
wind sensor, on top of a cliff on the island, and because
of the short time averaging ( 10 min ) arouses suspicion
on the relevance of these observations to drive any
comparison. Referring to the quality of the ECMWF
atmospheric model (Lange et al. 1987), and supported
by the quality of the wave data (Racape 1987), inves-
tigations are thus restricted to the understanding of the
differences that have appeared in the different runs and
to their quantification, and this starts with the selection
of useful parameters to highlight them.

From the values of the statistical parameters defined
in sections 5b and Sc gathered in Table 3, what can be
deduced?
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For the significant wave height: the values of the
mean error uy and of the mean relative error uy” show
that, except for VAG12, the biases are low and of the
same order of magnitude. The scatter indexes ¢y are
also of the same order of magnitude. All VAG runs
have a 25% value for the standard deviation of the
relative error, which is only 19% for WAM. It is inter-
esting to compare more precisely the variability of the
scatter index with that of the standard deviation of the
relative error o5": 1) VAG12 has a scatter index higher
than the other VAG runs but it does not lead to a
higher value for the standard deviation of the relative
error. This can be explained by the fact that the un-
derestimation of wave heights occur to the highest
waves (Fig. 3). Thus, the standard deviation of the
error is high, as reflected by the scatter index, but this
is not the case for that of the relative error. 2) On the
other hand, WAM has a scatter index very near to the
other VAG runs, although it shows a lower value for
the standard deviation of the relative error. This mainly
comes from the differences in the modeling of the low
waves (Fig. 3) for which few centimeters are noticeable
in terms of percentage. These remarks show that the
scatter index has to be cautiously handled, because its
definition mixes up two different aspects of data com-
parison: although it is expressed in percentage, it is the
standard deviation of the error that is involved in its
calculation and this does not give information about
the relative error. Another shortcoming of the scatter
index is its dependence on the mean value of the ob-
servations, which makes things very unclear while
doing comparisons between results issued from differ-
ent datasets (this is fortunately not the case here). This
appears clearly in the following example: if, within a
long period of time, a model and the observations per-
fectly agree except for a few days, the value of the scatter
index (standard deviation of the error normalized by
the mean of the observations) will depend on the ab-
solute level reached outside the short period, as this
level mostly determines the mean observation value,
instead of only taking into account how good the
agreement is outside this short period. We suggest the
two evaluations in terms of error and relative error be
done, as they elucidate different aspects of wave inten-
sity adjustment, both of practical interest and of easy
interpretation. In the present situation they show that
1) VAG12 underestimates the significant wave heights
by 15% (—0.4 m), and mostly the highest ones. 2) All
other runs have a similar and low bias (even if some
bias is noted in one evaluation, it is not confirmed by
the other one). 3) All VAG adjustments have a scatter
of the same order of magnitude. It is lower for WAM,
mainly because of a better prediction of the intensity -
of the lower waves. The two models have similar values

FiG. 3. Significant wave height and mean wave direction. Comparison with the buoy
measurements (A« . +) for the runs, VAG12, VAGG2, and WAM.
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for the mean angular gap u, and for the weighted mean
angular gap uy,. The weighting by the significant wave
height decreases the mean value by one fourth and
shows that the direction of the higher waves is better
predicted. :

b. Frequency spectrum comparisons

Before presenting the results obtained with the dif-
ferent runs, some aspects of the new p,-criterion defined
in section 5d are described; e.g., its dependence on the
frequency, the way it quantifies the ““visual” discrep-
ancy between two spectra, its dependence on «, and
the validity of the hypotheses made.

1) SOME PROPERTIES OF THE p,-CRITERION

To start with, plots of modeled and observed spectra
together with their corresponding p,-criterion values
are prepared, for a = 10%, 20%, 30% and 40% (Figs.
5 and 6). The envelopes at 20% from the model spec-

trum are added (dotted line) in Fig. 5. By definition,
for each frequency f, paos(f) is the probability for the
true spectral value to be in the domain limited by these
two curves. These diagrams help to understand some
aspects of the behavior of the proposed adjustment cri-
terion: 1) it is always zero for the lowest frequencies,
as a consequence of zero energy in these frequency
bins. 2) For the highest frequencies (Fig. 6), its values
are rapidly decreasing and reflect that measurement
errors are no longer negligible. 3) It is extremely rare
that the criterion is steady on all the remaining fre-
quency ranges, and it falls quickly to very low values
as soon as the observed values diverge from the mod-
eled spectrum (Fig. 5). This is outlined clearly in Fig.
7 where the values of the 20% criterion are plotted, for
all frequencies and for the whole period, as function
of R = | Egus(fin)/Emoa(fm) — 1|. 4) An increase of
the value of « (Fig. 6), increases the value of the cri-
terion (which is not surprising) and keeps the main
features of the frequency dependence. This is also ver-

TABLE 3. Significant wave heights and mean wave directions comparison. Here uy is the mean and o, the standard deviation of tke error,
ux is the mean and o the standard deviation of the relative error, e is the scatter index, u,4 is the mean angular gap, and x4, the weighted
mean angular gap. The uy and o are in meters and u,4 and py,4 are in degrees.

Signiﬁéant wave height

Mean wave direction

, MODEL ur (on) ux’ (ox") €H Ha Hwa
VAGI2 —.42(.73) —14% (26%) 27 28.6 24.1
VAGI8 +.02 (.59) +6% (25%) 22 16.7 12.7
VAGADI1 —.15(.62) —-1% (25%) .23 17.5 14.0
VAGDO +.10 (.61) +9% (26%) .23 16.7 12.4
VAGG2 .00 (.56) +5% (24%) 21 15.8 12.4
WAM —.02 (.51) —1.5% (19%) .19 16.6 11.9
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(- - +) envelopes at 20% from the mode! spectrum.

ified for the mean and the standard deviation, thus we
only present them for a = 20% (Figs. 8-11). This value
of a agrees roughly with a 10% error for the significant
wave height.

A first investigation of sampling variability effects
has been done by preparing the same plots on subsets
of the database; €.g., the first half period, with significant
wave heights higher than three meters. Some differences
appear but they do not contradict the results below.

The validity of the hypothesis of a slow variation of
the spectrum in frequency and its impact on the cal-
culation of the criterion has been tested. The initial
discretization of the spectra of the WAM model in 26
frequencies makes possible the determination of the
criterion on less averaged spectra estimates. The mean
value and standard deviation thus obtained are com-
pared with the previous ones in Figs. 12 and 13. The

10~40% FROM MODEL PROBARBILITY
20,121,855

& UTC
100

80

60

40

20

FIG. 6. Frequency spectra comparison: adjustment criterion p,
corresponding to the spectra of Fig. 5, for « = 10%, 20%, 30%, and
40% (from bottom to top).

F1G. 7. The 20%-adjustment criterion as a function of | Eqy(f,)/
Eoa(fm) — 1}, for all frequencies f,,, and for the whole period 7
November-5 December 1985 (run VAGG2). The value of the cri-
terion falls quickly to zero as soon as the observed spectral value
diverges from the modeled one.

scatter is slightly lower, but the level and the variations
of the mean are very similar, with however an accen-
tuation of a break between high and low frequencies.

2) USE OF THE p,-CRITERION FOR THE COMPARISON
OF SPECTRA

Some interpretations based on the values of the mean
of the poge-criterion on the whole period are now pre-
sented, starting with the model VAG. Figure 8 shows
that VAG12 fails in the modeling of swell (low fre-
quencies), that decreasing the angular discretization
to 20° (VAG18) is favorable, but that the benefit is
lost when the propagation scheme is reduced to a first
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FiG. 8. Frequency spectra comparison: mean value of the 20%-
adjustment criterion over the period 7 November-5 December 1985:
(---)VAGI2,(——) VAGAD|, (---) VAGG2, and (- - -) VAG18.
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FIG. 9. Frequency spectra comparison: standard deviation of the
20%-adjustment criterion over the period 7 November-5 December
1985:(- - ~-) VAGI2, ( ) VAGADI, (---) VAGG2, (---)
VAG1S.

order (VAGADI1). The sudden increase in this case
for f,, around 0.1 Hz is of no meaning as the standard
deviation (Fig. 9) is also increased. Decreasing the mesh
size to 100 km (VAGG2) does not bring noticeable
improvement. The reshaping of the windsea according
to the parameterization of Donelan et al. (1985), leads
to a better adjustment for the high frequencies
(VAGDO, Fig. 10). This is consistent with the con-
clusions of these authors that the rear face of the spec-
trum is better described with a f~* power law.
For WAM, the mean quality of the adjustment ap-
pears as mainly steady on the whole frequency range
. (Fig. 10). Swells are better modeled. However, for high
frequencies, WAM does not give as good results as
VAG with the parameterization of Donelan (VAGDO)
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FIG. 10. Frequency spectra comparison: mean value of the 20%-
adjustment criterion over the period 7 November—5 December 1985:
(---) VAGG2, (—) VAGDO, (=====) WAM.
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FIG. 11. Frequency spectra comparison: standard deviation of the
20%-adjustment criterion over the period 7 November-5 December
1985: (---) VAGG?2, ( ) VAGDO, (=) WAM.

or even with the JONSWAP parameéterization
(VAGG2).

For all the runs, a break appears in the mean value
between high and low frequencies. It is very tempting
to attribute this decrease to shortcomings in the mod-
eling of the interactions between swell and windsea,
because it is mainly at these frequencies that they hap-
pen. However, these conclusions have to be tempered
by the fact that the scatter is important (Figs. 9 and
11). This scatter outlines how much has to be done to
reach the true spectrum modeling.

c¢. Directional aspects -

In this section, the comparisons between models and
observations are carried on with the support of the full
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FIG. 12. Impact of the frequency discretization on the adjustment
criterion: mean value of the 20%-adjustment criterion over the period
7 November-5 December 1985: (===) WAM 12 frequencies, (-——)
WAM 26 frequencies.
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FIG. 13. Impact of the frequency discretization on the adjustment
criterion: standard deviation of the 20%-adjustment criterion over
the period 7 November-5 December 1985: (=) WAM 12 fre-
quencies, (——) WAM 26 frequencies.

database, emphasizing the directional aspects. In Figs.
14 and 15 this information is plotted for WAM and
VAGG?2, in comparison with the observed values, for
26 and 27 November. During these two days, although
the wave heights are low, their spectral structure is
complex, due to a sudden change in the wind direction,
backing from east-northeast to west-northwest, and to

MEAN WAVE DIRECTIONS: WAM <->, OBS
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a superimposed westerly swell. This swell (bottom .of
the diagrams) is similarly described in intensity by the
two models. VAGG?2 gives it from the west and WAM
from the west-southwest which is nearer to the obser-
vations. Looking at the windsea (top of the diagrams),
one can see that after the changing of wind direction
(27 at 0 h), VAGG2 adjusts more quickly to the ob-
served wave direction, and that WAM shows a lag time.
To investigate this point, the evolution of the energy
(in terms of wave height equivalent) and of the mean
wave direction has been prepared for various frequen-
cies. It is given, with the wind direction added in dashed
line, for f,, = 0.17 Hz in Fig. 16. Whenever the wind
direction changes, the data show a lag time between
wind turning and wave turning. This lag time is cor-
rectly reproduced by VAGG2 but is too long with
WAM. A shift tendency of the mean direction towards
the swell direction is also outlined (21 to 24 November)
in the case of this model. Figures 14 and 15 also show
that the separation between windsea and swell is around
0.1 Hz, the frequency around which a reduction in the
criterion mean value has previously been noticed (Figs.
10 and 12). The evolution of the mean direction for
the nearest frequency to this value (f,, = 0.12 Hz) is
thus of interest and is given in Fig. 17. When the mean
wave direction is far from the wind direction, and waves
are then swell dominated, WAM gives better results,
but as soon as this direction is nearer to the wind di-
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FiG. 14. Full information plotting. Comparison between buoy and WAM for 26 and 27 November. For
each frequency f,, an arrow of direction 6(f,) (north to the top), and length A(f,) = 4{E(f))"/* is

plotted.
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rection, and waves are then windsea dominated,
VAGG?2 behaves better—again even in wind turning
situations..

d. Summary of the main results

The significant wave height and mean wave direction

comparisons show that in the mean VAG and WAM
-achieve similar results, except for the relative error, for
which WAM shows a lower scatter. The new criterion
defined for the comparison of frequency spectra high-
lights that for VAG a reshaping of the windsea with a
f~* power law is better than a /> one for the high
frequency tail of the spectrum. It also shows that the
swell modeling is improved by reducing the directional
resolution of the spectrum to 20 degrees. Swells are
better obtained with WAM. This model uses a first
order propagation scheme and a 30 degree resolution
for the spectrum, but, with a 1 degree X 1 degree res-
olution for the grid, has a much higher resolution in
the west—east direction from where most of the swells
are coming and takes into account the Irish coast better.
To further decide the relative impact of the coastal
setup in the model and of the propagation schemes,
observations in the open ocean are crucial. A final study
on the directional behaviors of the two models shows
that, in wind turning situations, a lag time between
wind turning and wave turning is observed by the buoy
even for rather high frequency waves. This lag time

is correctly reproduced with VAG, but is too long
with WAM.

7. Conclusion

A one month hindcast on November 1985 has been
done with five versions of the second generation model
VAG and with the version WAMDI of the third gen-
eration model WAM. The same windfields from the
ECMWEF archive are used and the results are compared
with the data from the pitch-roll-heave sensor of the
buoy “BEATRICE” moored at the entrance of the
channel by 110 meters depth.

The comparisons start with the study of the signif-
icant wave heights and of the mean wave directions.

For the significant wave height comparisons, the no-
tions of error and relative error are used, as they clarify
well-defined aspects of adjustment quality, both having
practical interpretation. It is outlined that this is not
the case for the scatter index, especially while doing
comparisons over long periods or with various datasets.
It is shown that on the basis of classical statistical tests
WAM and VAG achieve similar results. The intro-
duction of the relative error highlights a lower scatter
for WAM.

For the mean wave directions it is first pointed out
that its definition needs to be adapted to take into ac-
count the specific characteristics of the pitch—roll-heave
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FIG. 16. Energy, in term of height equivalent A(f,,), and mean direction for the frequency bin centered in f;, = 0.17 Hz. Comparison
with the buoy data (A- - -) for WAM and VAGG2. The direction of the wind used by the models is added in dashed line.

data and avoid making additional assumptions on the
shape of the spectrum. The values of a weighted mean
angular gap minimizing the influence of the direction
errors of the low waves outline that higher waves are
better reproduced. No new differences between the
various runs are discovered. This shows the limitations,
to further investigate the behavior of wave models, of
existing standard statistical tests based on the only
comparison of significant wave heights and mean wave
directions.

The next step is the comparison of the frequency
spectra. An adjustment criterion is defined to quantify
in terms of probability, the ability of the model to give
the true spectrum. Some tests with this criterion are

reported and used to illustrate some of its properties.
Its application to the various model runs has high-
lighted differences that were previously indiscernible:
1) in VAG, a reshaping of the windsea with an f™*
power law for the rear face of the spectrum is better
than an f ~° one; 2) the swell modeling is improved by
reducing the directional resolution of the spectrum; 3)
swells are better modeled with WAM.

Finally, some diagrams are designed to present more
of the directional aspects. They show that, in wind
turning situations, a lag time between wind turning
and wave turning is observed by the buoy even for
rather high frequency waves. This lag time is correctly
reproduced with VAG, but is too long with WAM.
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APPENDIX A
Determination of the Database

The values included in the database are the energy
densities E(f;,) and the mean wave directions 6(f,),
for each frequency f,, on the frequency scale of the
model VAG, which are the most informative quantities
jointly computable from the models outputs and the
buoy data. ,

From the VAG spectral outputs, they are obtained
by integration:

E(fm) = 2 E(fm, 0)A8 (A.1)
and
0(fm) = arg( 2 E(fm, 0) exp(if)AB).

From the buoy data, an interpolation is necessary
and one preserving the total energy is chosen. For a
given frequency f,,, corresponding to a frequency bin,
(> fm,), the two indices i; and i, are calculated

iy — 15)Af < for, < (4, — 0.5)Af and
(i — LSYAf < [, < (i — 0.5)4f, (A3)
where Af is the frequency bandwidth of the data, Af

(A.2)

= 1/128. The energy density E(f,,) for the frequency
f 1s then obtained with the following formula:

E(fim) = 11/ (fmy = Sn)H 2 AfEobs(i2df)

+ [(iy = 0.5)Af = fm ) Eans[(ir — 1) Af]

+ [fon, — (12 + 0.5)Af 1Eqes[ (32 + 1)AS },
) (A.4)
The same weighting is applied to obtain the mean di-
rection 6(f,,).

From the WAM spectral outputs, the mean energy

densities and the mean wave directions are calculated
by integration for the 26 frequencies, applying (A.1)

and (A.2), and are then interpolated to 12 frequencies
with a similar scheme as used in (A.4).

i=i iy

APPENDIX B

Statistical Properties of the Spectral Estimates
Obtained from the Buoy

A single record of length T of the sea surface ele-
vation, 9,(t), 0 <t < T, as given by the buoy, provides
us with an estimate E_, of the power spectrum F of
the stochastic process n(f).

The method starts with a fast Fourier transform of
the digitized signal

7/(0), ..., n[(N — 1)Ar)]
(N = 4096, At = 0.5 sec)

which gives the coefficients (a,, b,) of the following
Fourier representation:

n,(gAt) = 3 a, cos(2wgn/N)

+ b, sin(2wgnAt/NAt), n=0,+:--,N/2. (B.1)
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As the mean elevation is the reference level, g, is zero,
and without lost of generality, by, is set to zero. An
estimate E,; of the true spectrum is then obtained by

Ees(fn) = (an2 + bn2)/2 (B.2)

for f, = fo, + » -, Nfo/2, where fo = 1/T = 1/NAt.

For a Gaussian process the quantity, 2 E(f,)/ E(f,)
is distributed as a chi square with two degrees of free-
dom (except for » = 1 and N/2, where it is one) and
the estimates obtained with two different frequencies
are independent. This is also approximately true for a
non-Gaussian process as N is large (Jenkins and Watts
1969).

The spectrum is then smoothed by averaging over
k equal to 16 adjacent estimates, which gives a new
estimate E,;. Under the hypothesis that the true spec-
trum is not too rapidly varying, each quantity
2kEois(Ja)/ E(Ja)s Ju = kfo/ 2, 3kfo/2, - - - is distrib-
uted as a chi square with 2k degrees of freedom, and
two estimates obtained for two different frequencies
are independent as there is no overlapping of averaged
frequency bands.

In (A.4) the interpolation made to obtain the spectral
estimates for the database, E,,, is done by weighted
averaging. The scale being logarithmic, the number j
of spectral values involved and the weight coefficients
vary. This makes the presentation of the process more
tedious. However, this choice of scale is made to obtain
better resolution of the spectrum in the peak region
and the hypothesis of a true spectrum slowly varying
can reasonably apply. The quantities 2vE v (f,)/ E(f,)
are then distributed as a chi square with 2» degrees of
freedom, with » = kj but two estimates obtained with
different frequencies are no longer independent.
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