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ABSTRACT

The results of the WAM model running operationally at ECMWF for ocean
wave forecasts in the Mediterranean Sea are compared against buoy

observations provided by Clima Maritimo, Spain.

The verified parameters are the analysis and the 48-hour forecast of significant

wave height and of mean wave period.

The verification is carried out in the Mediterranean Sea coastal zone, based on
the data from three buoys, Cabopalos, Capdepera, and Palamos, the furthest off

shore and in sufficient depth.

The analysis is organized to assess the relative impact of the various sources
which are commonly questioned to explain discrepancies between wave model
and buoy data: the accuracy of the model wind, the ability of the wave model to
reproduce the physics and the dynamics of waves and the grid resolution of the

wave model.
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1. INTRODUCTION

This paper presents some results from a verification study of the WAM model daily operational at
the European Centre for Medium-Range Weather Forecasts (ECMWEF) for ocean wave forecasts in the
Mediterranean Sea. The verified parameters considered in this study are the analysis and the 48-hour
forecast of significant wave height and mean wave period. These parameters are compared with

observations from a few buoys moored in the Spanish coastal zone.

The accuracy of ocean wave forecasts is known to depend on a few main factors, which are
directly related to the physics and dynamics of ocean waves and to their modelling. Waves acquire energy
from the local wind. This is modelled using surface winds provided by an atmospheric model. Both the
accuracy of the winds and of the wave model are involved. Waves also propagates. This implies a
propagation scheme and requires a proper description of the propagating area, to correctly obtain the
masking effects by coasts and islands, and, in shallow water, a proper description of the bathymetry. To
summarize the accuracy of ocean wave forecasts depends on the accuracy of the model winds, of the wave
model, and of the wave model grid. The relative importance of these three factors depends on the spatial

scale of the meteorological phenomena that need to be taken into account.

The Mediterranean Sea is known for a high spatial and temporal variability of the wind due to the
complex orography of the periphery and of the islands. Strong winds are generated by channeling in
valleys, such as the Mistral from the Rhone Valley. Until recently, this variability was not obtained with
operational atmospheric models, because the resolution was too coarse to approach the orography of the
many mountains surrounding the Mediterranean Sea. It is only with the development of limited area
model such as the PERIDOT model (Juvanon du Vachat et al., 1987), and with the increase in resolution of
global atmospheric model, as for example to T213 for the ECMWEF model, that useful results have been
obtained (Cavaleri et al., 1991, Guillaume et al., 1992).

During the last decade, many efforts have been made to improve the observational network over
the Mediterranean Sea with the extension of a buoy network, mainly by Italy and Spain, and the
development of satellite observations, as for example by the altimeter from the Geosat, ERS-1 and Topex/
Poseidon satellites. For the first time, with these satellite measurements, the spatial variability of the
waves in the Mediterranean Sea could be investigated (Guillaume et al., 1992). The new instruments are
still under calibration and the buoy network remains a key element for the verification of the wave model
results. Because this network has been built with the primary aim of shores and harbours protection and,
also for technical reasons, the buoys are moored in the coastal zone. In the case of the Mediterranean Sea,

the coastal zone is influenced by the large diurnal cycle over land and is affected by local breezes.



Several sources are thus foreseen to explain discrepancies between the wave model results and the
buoy data. There is the accuracy of the model winds (orography and coastal zone effects), the ability of
the wave model to reproduce the dynamics and the physics of waves and the resolution of the wave model
grid. The analysis of the results of the present comparison study has been carried out to try to assess is

these various sources could be separated.

The paper is organized as follows. Section 2 gives a description of the model and of the buoy
results together with the verifications procedures that has been applied. We also discuss in this section
some difficulties we have encountered with the different definitions of mean wave period that are
commonly used. The following section presents the results of the comparison study and is organized in
two parts, first an analysis on the global buoy data set, and then an analysis per buoy location. The main

findings are reported in the conclusion.



2. THE VERIFICATION STUDY

The results of the WAM model daily operational at ECMWF for ocean wave forecasts in the
Mediterranean Sea are compared against buoy observations provided by Clima Maritimo, Spain for the
period October 1992 - February 1993. The model results are described in section 2.1 and the buoy data in
section 2.2. The verified parameters are the analyses and 48-hour forecasts of significant wave height and
mean wave period. Section 2.3 describes the verification procedures that have been applied and discusses
the impact of the different methods that were used to define these parameters between the model and the

buoy data.

2.1 WAM for the Mediterranean Sea

The Mediterranean Sea version of the WAM model (WAMDI, 1988) uses a grid with a 0.5 degree
resolution (see Figure 1). 6-hourly analyses and forecasts of 10 meter winds from the ECMWF T213
model are used to feed the WAM model. The wave model results are available every 6 hours. For the
comparison with the buoy data, the WAM model grid point the nearest to each buoy location has been

selected (see Figure 1).

Following a well established practice in the wave modeling community, the significant wave

height (hs) and mean wave period (T, ) are computed from the energy density spectrum (E ) according

to:

hy = 4, [mg (Eq.1)
and k

T, =m_/m,, (Eq.2)
where

m, = j jE(f, 0) f*dfde (Eq.3)

is the n-order momentum of the spectrum.

2.2 The Spanish buoy network
The Spanish buoy network (REMRO) was created in 1960 by the Spanish Ministry of Public

Works. Since 1983 the raw data measured by the buoy network are sent to Clima Maritimo (CM), now a
department of Ente Publico de Puertos del Estado (the Spanish Holding of Harbours), for quality control

and storage in their oceanographic data base.



Wam fine mesh grid (square), buoys (circle) and Wam selected point (x)

o a
o o
[ -]
oo

42.5°N § 425N

a
[w]
o
o

{ 40N

9]

n o o a
g o o
~[1--eree e
a o o
a
i

40°N

o o
0o o
&8
o o

o 4d

o o
a o
m]
a
[m]

375N

)
o)
|
a
a
H
a}
o
b

375N

2.5."W d" 25% 5E 75
Fig 1 The WAM model grid near Spain and locations of the buoys.

Buoy locations (from South), Cabopalos, Capdepera, Palamos (circle), WAM model grid (square). The model
grid point selected for the comparison is highlighted with a cross. The rays show the paths of the waves
coming towards shore according to the WAM resolution of 30 °. The length of the rays gives the 12-hour
travelling distance for 5 sec. period waves.



The maintenance and calibration of the buoys is regularly performed by the Harbours Laboratory
following the procedures recommended by the manufacturers. The network is based on 19 scalar Datawell
buoys of Waverider type, distributed along the Atlantic and Mediterranean coasts of Spain. Three
additional directional buoys moored in Bilbao (Bay of Biscay), in Mahon and in Algeciras (Mediterranean
Sea), although not included in the REMRO network, have also been included in the CM’s data base. These

three buoys are of Wavescan type and manufactured by Seatex.

For the Waverider buoys, the vertical acceleration of the buoy is measured and thé signal
integrated twice in order to obtain the vertical displacement. To avoid measurements of unwanted
accelerations accompanying the pitch and roll of the buoy, the sensitive axis of the accelerometer is
mounted on a stabilized platform, keeping the effect of horizontal accelerations below 3%. The Waverider
buoy follows the sea-surface with a 1.5% accuracy for waves with frequencies ranging from 0.065 to 0.5
Hz. The measurements are transmitted every 0.5 sec to a coastal station where hourly time series of 5120
measurements are stored. The raw data are periodically sent by the stations to CM where, after quality

control, they are stored in the data base.

The main aim of the REMRO network is dimensioning and protection of harbours infrastructures.
Many buoys are thus located very near to the shore, in shallow water, and could not be used for the present
study. Data from the only three scalar buoys located farthest from the shore and in sufficient depth, have
been used: Cabopalos, Capdepera and Palamos. Cabopalos is located 2.7 nautical miles from the shore,
Capdepera 1.5 and Palamos 3.5 (see Fig 1 and Annex A, for more information on the exact mooring
location). Data from these buoys are also available since 1986, 1989 and 1988 respectively.

The two parameters prepared for comparison with the WAM model results are the highest one-
third wave h1 ,3» and the mean wave period T » computed following the zero-up-crossing method. The
use of these two parameters is common for engineering applications and inherited from the earlier time
when spectral analysis of wave records could not be easily performed. We discuss in more details in the
next section, the expected differences between these buoy-derived parameters and the model ones due to

the two different approaches used to compute them.

2.3  Verification procedures
From section 2.1 and section 2.2, the definitions of significant wave height and mean wave period
between the model and the buoy are based on a different data analysis method. We first analyse if this

might have a significant impact on the statistical results next presented.



~ Many experimental studies have confirm that to a first order

hy;3=h;, (Eq.4)
with some evidence that the highest one-third waves are 5% lower than the significant wave height (Goda,

1985) and will better verify:

hy,3=095h. (Eq.5)
According to the statistical theory of random waves, the zero-up-crossing mean wave period is

related to the second moment of the frequency spectrum as follows:

T, =T, (Eq.6)

with

T= ,my/m, (Eq.7)
However, Eq. 6 is not as widely confirmed experimentally as Eq. 4 for the significant wave height. There
have been reports that Eq. 7 produces shorter periods compared to the zero-up-crossing method, and the
discrepancies do not seem to be fully understood. They could be linked to the different performances of
the wave recording instruments as well as to the effect of non-linearities (Goda, 1979). Moreover, Eq. 7 is
not the relationship that has been chosen by the WAM Group to analyse the WAM model output (WAMDI,
1988). Eq. 2 was preferred as a more stable parameter and a better theoretical definition of mean wave

period in the context of ocean wave spectral theory.

Table 1 gives a comparison of the two definitions T (Eq. 7) and T, (Eq.2) for some Jonswap

spectra,

p[(-0-£)* 2621

Exp = 08" (2m) " f “exp[-125G/£) )Y (Bq.8)

with various values of peak frequency fp and enhancement factor Y and with a shape parameter
o of 0.08.

The T, values are found to be up to 19% higher than the T, values. To summarize, there are

evidences that:

T .<T (Eq.9)

and

T,<T,. (Eq.10)



To our knowledge, no direct comparison of T o 10 T . has been done on buoy measurements. As
this would clarify some aspects of our comparison study, it was decided to perform this comparison on the
buoy data set. Based on the 1D-spectra derived by Fast Fourier Transform from the buoy records, the
mean wave periods derived from Eq. 2 and Eq. 7 were compared to the mean wave period obtained by the

zero-up-crossing method. The results of this comparison are given in section 3.2.

fp/y 0.372. 0.3/1. 0.272. 0.2/1. 0.1/2. 0.1/1.
T, (sec) 3.0 29 4.5 43 8.9 8.6
T (sec) 2.7 2.6 3.9 3.7 7.6 7.2
(T,-T)/T, | o0.11 0.1 0.15 0.16 0.17 0.19
TABLE1 Comparison of mean wave period definitions
Comparison of the two definitions T, = m_;/my and T, = ,/m,/m, for some Jonswap spectra (Eq. 8). f is

the peak frequency in Hz and Y the enhancement factor. The shape parameter O is set to 0.08.

During the comparison the following statistical parameters have been used:

- the mean difference (or bias), i.e. the mean of the differences model minus buoy x-values,

B = X Fpoa=%op} /N, (Bq.1D)
with N the number of comparison points,
- the standard deviation of the differences,
172
c = ({z(xmd X, =)}/ {N~ 1}) (Eq12)
- the scatter index,
SI = G/uobs, (Eq.13)

with | , - the mean of the observed values

- the intercept X, and slope A of the linear regression, least squares fit, applied to the data set.



3. . RESULTS
This section starts with the comparison of significant wave height (swh, see section 3.1) and of
mean wave period (see section 3.2) for the five-months period, October 1992-February 1993 at the three

buoys, Cabopalos, Capdepera and Palamos. A more detailed analysis at each buoy location is given in

section 3.3.

3.1 Significant wave height comparison

At all buoy locations, the observed sea-state is on average low. The mean significant wave height

is of the order of 1 m, and the maximum values are between 3 m and 5 m.

At all locations the WAM analysed swh are biased low with respect to the buoy observed swh,
with biases ranging from 7 cm to 25 cm (see Table 2). Apart from Cabopalos the scatter of the differences
model minus buoy is rather high, of the order of 40%. The Cabopalos buoy, where the agreement is the
best with a 7cm bias and a 30% scatter index, observes the lowest sea-state with no observation of waves

higher than 3 m (see Fig 2).

The model 48-hour forecast of swh (see Table 3) is also biased low compared to the buoy
observations, by 6 cm to 14 cm. Compared to the buoy swh, the 48-hour forecast is less biased than the
analysis, but this effect is significant at Capdepera only (14 cm instead of 25 cm). Compared to the buoy
swh, the 48-hour forecast produces higher scatter indexes, 40% to 46%. However, this increase in scatter

is significant at Cabopalos only, from 30% with the analysis to 40% with the 48-hour forecast.

To evaluate the impact of the wind error, and to overcome the difficulty that the winds are not
measured at the buoy locations, the 48-hour wind speed forecasts are compared to the wind speed analyses

(see Table 5) and the same is done for the model significant wave heights (see Table 4).

The ECMWF analysed 10 m wind speed is on averaged 5 m/s at the buoy locations. The analysed
10m wind speed is always less than 15 m/s at Cabopalos and Capdepera, and less than 20 m/s at Palamos
with very few cases between 15 m/s and 20 m/s.

Compared to the analysis, the 48-hour forecast wind speeds and swh are biased high (see Table 5),
but only significantly at Capdepera (0.5 m/s or 10% for the wind speed; 14 cm or 13% for the swh). At
Capdepera, the mean higher waves in the 48-hour forecast are explained by mean higher wind speed in the
48-hour forecast. These higher 48-hour forecast wind speeds explain the significant lower bias found with

the forecast compared to the analysis in the comparison with the buoy swh. At all locations, the 48-hour



forecast compares to the analysis with a scatter index of the same order of magnitude (see Table 4) as the

one from the comparison against buoy data (see Table 3).

h (m) N i, L c SI hy, A
Cabopalos 526 0.8 -0.07 0.22 0.29 0.05 0.85
Capdepera 579 1.1 -0.25 042 0.38 0.12 0.65

Palamos 567 0.9 -0.14 0.41 0.44 0.12 0.72

TABLE 2 Comparison of WAM swh ANALYSIS against BUOY data.

h,(m) N W 1) c SI hy A
Cabopalos 526 0.8 -0.06 0.31 0.40 0.00 0.92
Capdepera 579 1.1 -0.14 0.47 0.43 0.12 0.75

Palamos 567 0.9 -0.11 0.43 0.46 0.12 0.76

TABLE 3 Comparison of WAM 48-hour swh FORECAST against BUOY data.

h (m) N Wy 7 c SI hg A
Cabopalos 526 0.7 0.01 0.28 0.40 0.005 1.00
Capdepera 579 0.8 0.11 0.30 0.37 0.005 1.13

Palamos 567 0.8 0.03 0.25 0.32 0.05 0.98

TABLE 4 Comparison of WAM 48-hour swh FORECAST against WAM ANALYSIS.

Uy (m/s) N . T} (o} SI U, A

Cabopalos 526 5.1 0.04 2. 0.39 1.2 0.76

Capdepera 579 5.0 0.54 2. 0.40 1.2 0.87
Palamos 567 53 0.00 1.8 0.34 0.9 0.82

TABLE 5 Comparison of ECMWF 48-hour u;g FORECAST against ECMWEF ANALYSIS.
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3.2 Mean wave period comparison

To start with the three definitions of mean wave period are compared on the buoy data set. These
results were obtained afterwards on a slightly bigger buoy data set now including a few missing data that

had been recovered. The results are shown in Table 6.

Hr Hr By (Mr 1 | Mr_1, | Or -1, | Or,-7,
Cabopalos 53 4.0 4.1 1.2 -0.1 0.8 0.1
Capdepera 5.7 4.6 4.7 1.0 -0.1 1.3 0.1
Palamos 5.9 4.4 4.5 1.4 -0.1 1.0 0.1

TABLE 6 Comparison of the three definitions of mean wave period on the buoy data set
T, =m_/myandT = fm,/ m, are derived from the 1D-spectra and T, is the mean period defined by the
zero-up-crossing method

These results confirms the preliminary results presented of section 2.3. On the present buoy data
set Eq. 9 and Eq. 10 are verified, as well as Eq. 6, although that latter was questioned in the literature (see
section 2.3). For the mean wave period, the definition chosen by the model and the one based on the zero-
up-crossing method do not produce identical results, while the definition based on the second order
momentum (Eq. 7) agree well with the zero-up-crossing definition. Compared to the zero-up-crossing
method, the WAM definition produces mean wave period from 1. to 1.4 sec higher on average, with a

scatter of the differences ranging from 0.8 to 1.3 sec.

The results of the comparison between the WAM mean wave period derived using the WAM
definition and the buoy mean wave period derived with the zero-up-crossing method are now presented.
For technical reasons, it was difficult to re-process the whole data set. Moreover, this is not necessary, as

most of the results from this re-processing can be inferred using the results shown in Table 7.

With the two independent definitions, the differences between model and buoy mean wave periods
are small (see Table 7) at all locations. At Palamos and Capdepera the bias is negligible, at Cabopalos the
model period are on average 0.35 sec higher than the buoy ones. The standard deviations of the
differences are of the same order, 0.7 sec, at all locations. Similar results are found with the 48-hour
forecasts (see Table 8). Compared to the model analysis, the mean wave periods of the 48-hour forecast

(see Table 9) are slightly higher. This is consistent with the findings of section 3.1 that the 48-hour wind

12



forecasts are stronger than the wind analyses, because with higher winds, higher waves with longer period

are generated.

Based on the results of Table 7, the low biased reported in Table 7 and Table 8 in fact shows that
the WAM model mean wave period are on average 1 to 1.5 sec shorter than the buoy ones. The model
shorter periods, together with the model lower waves, compared to the buoy observations give a consistent

picture of the behaviour of the model, namely that the model gives less developed waves compared to the

buoy.

T (s) N Ry T o SI T, A
Cabopalos 526 4.0 035 | 073 0.18 0.91 0.86
Capdepera 579 4.7 0.01 0.76 0.16 0.49 0.90

Palamos | 567 4.5 -0.04 0.72 0.16 0.21 0.94

TABLE 7 Comparison of WAM mean wave period ANALYSIS against BUOY data.
the model period is defined by Tm =m_, / my, , while the buoy one is obtained by the zero-up-crossing method

T (s) N My u c SI T, A
Cabopalos 526 4.0 0.31 0.79 0.20 0.59 0.92
Capdepera 579 4.7 0.11 0.83 0.18 0.68 0.88

Palamos 567 4.5 0.04 0.81 0.18 0.14 0.98

TABLE 8 Comparison of WAM 48-hour mean wave period FORECAST against BUOY data.
the model period is defined by Tm = m_l/ m,, , while the buoy one is obtained by the zero-up-crossing method

T (s) N By 1] o SI T, A
Cabopalos 526 44 0.04 0.67 0.15 0.50 0.87
Capdepera 579 4.7 0.09 0.56 0.12 0.47 0.92

Palamos 567 4.5 0.08 0.48 0.1 0.15 0.98

TABLE 9 Comparison of WAM 48-hour mean wave period FORECAST against WAM ANALYSIS.

13
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3.3 Analysis per buoy location

Time series showing the evolution of significant wave height, mean wave period together with
model mean wave direction, wind speed, wind direction and 2m temperature, for the whole period and at
each buoy location, are gathered in ANNEX A. To analyse the various causes of the discrepancy between
the model and the buoy data, we have introduced some new scatter plots (see Figures 5 to 10), which show
the directional distribution of wind speed and significant wave height for the analysed and 48-hour
forecasts fields. Because the wind is not measured at the buoy locations, the analysis of the wind error
sources is more difficult. Moreover, because the buoy does not measure wave direction, the mean wave

direction from the WAM model analysis has been used to prepare the directional distribution of buoy swh.

3.3.1 Cabopalos

At Cabopalos, the agreement between the model swh and the buoy swh is impressive, both with
the analysis and 48-hour forecast (see Fig 2). On average low sea-state are observed, with no waves higher
than 3m. The angular distributions of swh are also very close between the model (analysis and forecast)
and the buoy (see Fig 6). The shape of the swh distribution (see Fig 6) is similar to the one of the wind
speed distribution (see Fig 5), with three peaks, of directions NE, SW and NW. This indicates that the
waves are mainly locally generated. In the distribution of the 48-hour forecast significantly higher easterly
waves are found (see Figure 6). From Fig S, winds stronger than 10 m/s from North/NorthEast are on
averaged higher in the 48-hour forécast than in the analysis. These higher wind speeds explain the higher

easterly waves in the 48-hour forecast.

3.3.2 Capdepera
At Capdepera, the directional distributions of swh does not have the same shape as the directional

distribution of wind speed. This indicates a strong influence of the coast on the waves. At Capdepera,
higher waves (3-5m) are observed (see Figure 2). These high waves are significantly underestimated by
the wave model analysis. The 48-hour forecasts are again systematically higher than the analysis. The
buoy is under the lee of Mallorca (see Figure 1 and ANNEX A) for winds blowing from SW to N, and
under the lee of Menorca for winds blowing from N/NE to E/NE. It is from these directions that the model
winds and waves are mainly coming. Only a few low wind are found from the remaining directions to
which the buoy is fully opened, between East to South. The highest observed waves are from North (see
Figure 8), they are greatly underestimated by the analysis and also, to a much lower extent, by the 48-hour
forecast. With a T213 resolution, the two islands are not separated in the atmospheric model orography.
Therefrom, wind channeling effects between the two islands cannot be obtained by the model. Moreover,

with a 0.5 degree resolution and a 30 degree resolution in the discretization of the wave spectrum direction,

15



0ct92/Feb93: Ul0 speed versus Ul0 direction (ECMWF)
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forecast (bottom).
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Oct92/Feb93: SWH versus Mean Wave (WAM) direction
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Fig 6 Angular distribution of significant wave height at Cabopales.

Scatter plot of mean wave direction versus significant wave height. The mean wave directions shown for the
buoy (top diagram) are the WAM analysed mean wave direction (the buoy does not measure mean wave
direction). WAM analysis (middle diagram) and WAM 48-hour forecast (bottom diagram).

17



Oct92/Feb83: Ul0 speed versus UlQ direction (ECMWF)
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Fig 7 Angular distribution of wind speeds at Capdepera.

Scatter plot of 10m wind direction versus 10m wind speed for the ECMWF T213 analysis (top) and 48-hour
forecast (bottom).
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Oct92/Feb93: SWH versus Mean Wave (WAM) direction
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Fig 8 Angular distribution of significant wave height at Capdepera.

Scatter plot of mean wave direction versus significant wave height. The mean wave directions shown for the
buoy (top diagram) are the WAM analysed mean wave direction (the buoy does not measure mean wave
direction). WAM analysis (middle diagram) and WAM 48-hour forecast (bottom diagram).
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Oct92/Feb93: U100 speed versus Ul0 direction (ECMWF)
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Oct92/Feb93: SWH versus Mean Wave (WAM) direction
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Fig 10 Angular distribution of significant wave height at Palamos.

Scatter plot of mean wave direction versus significant wave height. The mean wave directions shown for the
buoy (top diagram) are the WAM analysed mean wave direction (the buoy does not measure mean wave
direction). WAM analysis (middle diagram) and WAM 48-hour forecast (bottom diagram).
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the WAM model encounters similar difficulty to obtain the masking effects by Menorca. This explains the

discrepancies obtained between the model and the buoy data.

3.3.3 Palamos

At Palamos there are also some noticeable differences between the buoy measurements and the
model results, especially for October 1992 (see Fig 11). Many peak swh values are underestimated by the
model, as for example on 9, 14, 18 and 20 October. In Fig 11, the highest WAM swh in an area
surrounding the buoy, 1.5 ° by 2° width, have been added. Three of the four peaks are still not achieved.
This indicates that the underestimation of the peaks cannot be attributed to a too coarse resolution of the
wave model grid. It must either be due to a general underestimation of the peaks of storm by the WAM
model, an effect that has already been reported in the Mediterranean Sea by Guillaume et al. (1992) in a
comparison with altimeter observations from Geosat, and/or to an underestimation of the wind speed by

the ECMWEF atmospheric model.

The directional distribution of wind speed (see Figure 9) shows that the strongest winds are from
N/NW. This is the direction of the highest model waves (see Figure 10) and these waves are overestimated
compared to the buoy observations. The selected model point (the nearest to the buoy location) is located
to the North and is closer to the main stream of the Northwesterly winds. This spatial discrepancy could
easily explain this model overestimation. However, from the other directions, the swh is underestimated

by the model at all ranges.
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4. CONCLUSION

Significant wave heights and mean wave periods derived from the WAM model have been

compared with observations from the Spanish buoy network moored in the Spanish coastal zone.

The parameters that were compared are the significant wave height and the mean wave period.
These parameters were obtained with the zero-up-crossing method for the buoy data and from the wave
spectrum using Eq. 1 and Eq. 2 for the WAM model data. An investigation carried out on the buoy data set
after the records were re-analysed by Fast Fourier Transform to obtain the spectrum, shows that the two
definitions produces significantly different results for the mean wave period. On our data set, the mean
wave period derived from the zero-up-crossing method compares well with a spectral-derived period based
on Eq. 7, although this has been questioned by some authors (see Goda, 1985, p.37) However, Eq. 2 was
preferred by the WAM development and implementation group (WAMDI, 1988) because it is a more stable
parameter and a better definition of mean wave period in the context of ocean wave spectral theory. On the
buoy data set, the mean wave periods derived from Eq. 2 were found on average 1 to 1.4 sec (20% to 30%)
higher than the ones derived from Eq. 7, with a standard deviation of the differences ranging from 0.8 to
1.3 sec. There is thus an urgent need for a common definition to be used. In view of the progresses in
wave measurements with the routine availability of observed wave spectra, the same definitions as used by

the WAM model (Eq. 1 and Eq. 2) should be agreed upon.

After removal of the discrepancies from the non matching definition discussed in the previous
paragraph, the results of the buoy/model comparison are the following. At all buoy locations, the waves
are on average 1 m with maximum swh values between 3 m and 5 m, and with short periods, 4-5 sec on
average. The model swh analysis and 48-hour forecast are biased low compared to the buoy observations,
and the scatter of the differences model mimis buoy is rather high, from 30% to 40%. Moreover, the model
mean wave period analysis and 48-hour forecast are biased short compared to the buoys observations.
Based on both the swh and the mean period comparisons, the WAM model results indicate a less
developed sea-state compared to the buoy observations. With slightly higher 48-hour forecast winds, a

slightly more developed sea-state is obtained in the 48-hour forecast compared to the analysis.

Because waves are not only locally generated, and because wind observations are scarce and
barely at the same location as the wave measurement, it has always been very difficult to distinguish
between wind input inaccuracy and inherent wave model inaccuracy in the verification of wave model
.results. This difficulty is partly overcome by a closer analysis of the results at each buoy locations. The

joint use of some new diagrams showing the directional distribution of wind speed and the directional
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distribution of significant wave height helps to distinguish between mainly windsea and mainly swell

situations.

At Cabopalos, the similarity of the wind and wave directional distribution indicates that the sea-
state is mainly windsea dominated. From the integrated parameter comparison (swh and mean wave
period, see Table 2 and Table 3), Cabopalos is the location where the model and observation best agree.
There is also an impressive agreement between the swh directional distributions (see Fig 6). Compared to
the analysis, the 48-hour forecast produces significantly higher northeasterly waves and this is explained

by higher 48-hour forecast winds from this direction.

At Capdepera, the comparison of the directional distribution of swh to the directional distribution
of wind speed indicates a strong influence of the coast. The discrepancies between the wave model and
buoy results are explained by the too coarse resolution of the atmospheric model which does not allow a
proper description of the orography of Mallorca and Menorca to obtain the channeling effects between the
two islands, by a too coarse resolution of the wave model grid and a too coarse directional discretization of

the wave spectra to obtain the proper fetch and propagation around the islands.

At Palamos, the analysis of swh and wind speed distributions indicates an overestimation of the
north/northwesterly waves which is attributed to the spatial separation between the buoy and the model
nearest grid point. From all the other directions, the waves are underestimated by the model. Many peak
swh values are noticeably underestimated by the model. This was found several times during October
1992. Extending the comparison to some neighbouring points, the same peak underestimation is found.
This cannot then be attributed to the resolution of the wave model grid which is already finer than the wind
model resolution. This underestimation of the peaks has then to be attributed to either a general
underestimation of storm peaks by the WAM model, an effect that has already been reported in the
Mediterranean Sea by Guillaume et al. (1992), and/or to an underestimation of storm wind speed by the

ECMWF T213 atmospheric model as reported by Cavaleri et al (1991).

It is thus expected that a higher resolution in the wave model should improve the results at -
Capdepera and Cabopalos. However many qualitative aspects of the wind field need to be further
quantified in the Mediterranean Sea, such as the accuracy of storm winds, the impact of the atmospheric
resolution on the accuracy of coastal winds, the accuracy of forecast winds. From our study storm winds
seem to be underestimated by the ECMWF T213 atmospheric model. Coastal effects are partly taken into
account at Cabopalos and Palamos, but not enough at Capdepera because the model orography is too
coarse to distinguish between the Balearic Islands. The decrease in accuracy found in the 48-hour wave

forecast is directly related to the lower accuracy of the 48-hour forecast winds. There seems to be a
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systematic overestimation of the wind speed in the 48-hour forecast leading to higher waves with slightly

longer period.
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ANNEX A

This annex comprises for each buoy location and on a monthly basis, the time series of the evolution of

selected model and buoy parameters for the period October 1992- February 1993.

From top to bottom:

- WAM model significant wave height (solid line) and buoy significant wave height (dots)
- WAM model mean wave period (solid line) and buoy mean wave period (dots)

- WAM model mean wave direction

- T213 ECMWF 10m wind speed

- T213 ECMWF 10m wind direction

- T213 ECMWF 2m temperature

For the significant wave height and mean wave period, the results of the monthly statistical comparison are
given in the right margin:

M-MEA, mean of the model values, O-MEA, mean of the buoy values,

M-STD, standard deviation of the model values, O-STD, standard deviation of the buoy values,

ERSTD, mean difference (or bias), i.e. mean of the differences model minus buoy values,

SCATI, scatter index,

SLOPE (resp. INTER), slope (resp. intercept) of the linear regression.
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BOYA DE CABOPALO

Numero de Codigo : 129

Coordenadas Geograficas

Longitud : 0 gr. 37! 48'" O

Latitud : 37 gr. 397 00’/ N
Profundidad : 67 metros
Procedencia : R.E.M.R.O.
Tipo de boya : Escalar (Waverider Datawell)
Tipo de datos : Procesados y registros brutos
Estado actual : En funcionamiento
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BOYA ™ DE CAPDEPER

Numero de Codigo : 142

Coordenadas Geogfaficas

Longitud.: 3 gr. 29' 07'’ E
Latitud : 39 gr. 39’ 04’’ N
Profundidad : 48 metros
Procedencia : :- R.E.M.R.O.
Tipo de boya : Escalar (Waverider Datawell)
Tipo de datos : Procesados y registros brutos

Estado actual : En funcionamiento
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BOYA DE PALAMOS

Numero de Codigo : 171 -

Coordenadas Geograficas

Longitud : 3 gr. 10' 48'' E
Latitud : 41 gr. 49' 12'' N
Profundidad : 90 metros
Procedencia ¢ R.E.M.R.O
Tipo de boya : Escalar (Waverider Datawell)
Tipo de datos : Procesados y registros brutos
Estado actual : En funcionamiento
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