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Abstract. Wave forecasting aspects for basins with
complicate geomorphology, such as the Aegean Sea,
are investigated through an intercomparison study. The
efficiency of the available wind models (ECMWF,
UKMO) to reproduce wind patterns over special basins,
as well as three wave models incorporating different
physics and characteristics (WAM, AUT, WACCAS),
are tested for selected storm cases representing the
typical wind situations over the basin. From the wave
results, discussed in terms of time-series and statistical
parameters, the crucial role is pointed out of the wind
resolution and the reliability of the different wave
models to estimate the wave climate in such a basin.
The necessary grid resolution is also tested, while for a
specific test case (December 1991) ERS-1 satellite data
are compared with those of the model.

1 Introduction

Wave forecasting is very important for many activities,
such as navigation, maritime tourism, seafarming,
offshore and coastal works and marine system manage-
ment. A lot of scientific effort during the last decades has
been devoted to developing powerful and enhanced
wave models in order to predict the wave climate in the
oceans and the larger seas, e.g. global (Clancy et al.,
1986; WAMDI Group, 1988), North Sea (Burgers,
1990) and Mediterranean Sea (Cavaleri et al., 1991).

An interesting application of the wave forecasting
models is implementation on smaller basins with special
geomorphological characteristics such as the Baltic Sea,
the Aegean Sea and so on. A representative example of
these basins is the Aegean Sea, a special sub-basin of the
Mediterranean Sea with a very complicated topography
and coastline where hundreds of islands are scattered all
over the basin. The wave assessment in the Aegean Sea
is very important for safe navigation (commercial,
maritime tourism) and good service in the transporta-

tion of the tourists all over the Greek Islands. Never-
theless, very few studies have been implemented for the
wave climate in Aegean Sea. Recently, a few research
studies have been integrated in the field of wave
modelling (Kassimidis, 1986; Christopoulos, 1989;
Christopoulos and Koutitas, 1991), and the field of
long-term wave statistics (Athanassoulis and Skarsoulis,
1992). The measured data are very few, concerning short
periods of measurement for the demands of local coastal
projects, and there is no systematic recording of waves
for short-term analysis (Cavaleri et al., 1993).

Focusing on such a special basin, there is an attempt
to investigate major and minor aspects of a wave
forecasting system. The various available wave models
should be tested to check the incorporated physics and
the qualitative and quantative results. The existing wind
data is also a crucial factor for the credibility of the wave
forecast results. Finally, the grid resolution will affect the
simulation of the real basin and the necessary CPU time.

In order to face these aspects of wave modelling we
have distinguished three categories of test:

a Wind input. The efficiency of the available wind
information from various sources to resolve the
orography effect is checked.

b Wave models. The performance of the various wave
models for this characteristic basin is highlighted by
implementing the models using the same wind input.

c Grid resolution. The choice of the best grid resolution
for describing the special features of the basin, such as
the complicated coastline and the numerous islands,
is investigated.

Within this context, we begin with the description of
the basin with its geographical characteristics and the
discussion of the main wind systems (Sect. 2). In Sect. 3
the available wave models and wind data are briefly
presented. A number of wave-model runs is established
by identifying representative storm cases and making all
the possible combinations of implementations, which
characterise the test categories just given. The details of
the wave-model runs are given in Sect. 4. The results,
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either as time-series of the wave parameters or as
calculated statistical values, are discussed in Sect. 5. The
wave results are compared with ERS-1 satellite data for
a specific test case in order to verify and check some
features revealed in previous sections (Sect. 6). Finally
the findings from this wind-wave modelling intercom-
parison study are summarised in the last section.

2 The Aegean Sea

The Aegean Sea is situated to the north-east of the Ionian
and to the north-west of the Levantine Seas (Fig. 1). It is
bounded to the east by the Turkish coast, to the north
and west by the Greek mainland and to the south by
Crete. Its coastline is very irregular, and hundreds of
smaller and larger islands are scattered all over the
Aegean. Another special feature is the existence of large
mountains around the basin, pointing out the signifi-
cance of the orography effect for this basin, small in size
(Fig. 2). Its area is approximately 2 � 105 km2, which is
about one tenth of the area of the Mediterranean.

Three major basins exist (Laskaratos, 1992). In the
north, the Mount Athos depression extends in a WSW
to ENE direction, from the Sporades islands in the west
to the south of eastern limits of North Greece, with
maximum depths of up to 1500 m. The Chios basin in
the Central Aegean, west of Chios and north-west of
Samos, with depths of up to 1100 m, is bounded in the
south by the Cyclades, and communicates with the

Mount Athos basin through a 400-m-deep sill. The third
basin, the depression north of Cretan coasts, is by far
the largest and deepest. It extends east to west and has
maximum depths of 2500 m. The Aegean joins the
Mediterranean through several passages, the passage
between Rhodes and Turkey and the Carpathos Strait to
the south-east, the Caso Strait to the south, and the
Kithira passages to the south-west. The Aegean is
connected to the Black Sea through the Sea of
Marmara.

Thus for geomorphological reasons and from the
point of view of wave climate interest in the Aegean Sea,
three sub-parts can be distinguished, the North Aegean
extending from the parallel of 39:5�N till the coastline of
Macedonia and Thrace, the Central Aegean extending
from the parallel of about 38�N till 39:5� and the South
Aegean with the Cretan sea, extending from about 38�N
to the north coasts of Crete.

The most frequent winds that prevail in the Aegean
during the four seasons are the winds of the northern
sector. Less frequent are the winds of the southern
sector, while the western and eastern winds have much
lower frequencies. This is due not only to the dynamics
of the basin but also to the physicogeographical factors
of the Aegean (Catsoulis, 1970).

In summer, dry winds of the northern sector, called
Etesians and reaching sometimes gale force, prevail. The
dynamic factors involved in the generation of the
Etesian are:

– the high-pressure system of the Azores which in
summer moves north and extends to south-eastern
Europe and the Balkans;

– the deep asiatic low which extends to the west and
sometimes further than Cyprus;

– the western Russia high;
– the high-pressure fields of north-western Europe

which often reach the Aegean.

The most important factors are the first two. Each
one of these two fields, separately, can generate Etesian
winds, but the long series of consecutive Etesian days
are created by an additive effect of both pressure fields
(Carapiperis, 1968). The maximum wind force starts
from the northern Aegean, passes slightly east of
Limnos and Skyros, through the Cyclades, pastFig. 1. Aegean Sea

Fig. 2. Aegean basin orography
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Karpathos island and moves on towards the centre of
the eastern Levantine.

In winter, the Aegean is the site of violent wind
storms on both the northern and southern sectors.
Typical wind patterns are shown in Fig. 3, while in
Table 1 results from the statistical analysis of wind data
for a 20-year period (1950–1968), reveal the mentioned
characteristics of the winds over Aegean sea. The wind
data have been measured from the stations network of
Hellenic Meteorological Service (HMS).

3 Available information

3.1 Wind data

Information on wind speed and direction can be
provided by the meteorological models run operation-
ally by various meteorological services. For the area of
Aegean Sea the wind fields produced by the European
Centre for Medium-Range Weather Forecasts and the
U.K. Meteorological Office (hence referred to as
ECMWF and UKMO, respectively) are in principle
available for hindcasting and forecasting purposes. For
the hindcast test cases presented here, the analysed
winds at 10 m above sea level are used

3.1.1 ECMWF Winds. ECMWF produces routine global
analyses for the four main synoptic hours 00, 06, 12 and
18 UTC and global 10-day forecasts based on 12-UTC
data. Until September 1991, ECMWF was running the
T106 components spectral meteorological model with a
three-dimensional spatial representation. The vertical

Fig. 3a–c. Wind patterns in Aegean Sea. a North winds, winter;
b north winds, summer; c south winds

c

Table 1. North-south wind distribution in July and January in the
Aegean Sea

Location of
HMS Stations

July
(NW–N–NE)

January
(NW–N–NE)

January
(SW–S–SE)

Limnos (39°53,25°04)
1–2 BF 12 10 6
3–5 BF 47 23 16
6–7 BF 10 13 6
> 7 BF 1 2 1

70% 48% 29%
Skiros (38°54, 24°33)
1–2 BF 14 6 11
3–5 BF 56 23 16
6–7 BF 7 16 7
> 7 BF 3 1 l

77% 48% 34%
Mikonos (37°28, 25°20)
1–2 BF 11 8 8
3–5 BF 52 28 16
6–7 BF 22 16 2
> 7 BF 2

85% 54% 26%
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resolution is 19 layers, while horizontally the model uses
two different numerical prescriptions: the spectral
prescription (106 wave numbers) representing upper
air fields, and the computation of their gradients and the
grid-point prescription (resolution of 1:125�) used for
computing adiabatic terms and the non-adiabatic,
physical parametrisation.

In September 1991 ECMWF made operational a new
high-resolution version of its forecast model the T213
(Simmons, 1991). A target resolution of T213 in the
horizontal and 31 levels in the vertical (T213/L31) was
set, entailing a doubling of horizontal resolution (about
80 km for the Aegean Sea latitudes), and an approximate
doubling of vertical resolution between the boundary
layer and stratospheric model levels. The doubling of
vertical resolution is crucial for improving the descrip-
tion of orography, while the doubling of horizontal
resolution is better for the description of the small basins
with complicated geometry, like the Aegean Sea.

3.1.2 UKMO Winds. Until September 1991 UKMO ran
a global model, plus a European limited-area model
(LAM) including the Mediterranean Sea, the latter with
a resolution of 0.9375° in longitude and 0.75° in latitude,
both corresponding to about 80 km at 40° latitude.

Then in September 1991, UKMO started running
routinely the unified forecast climate model (Cullen,
1991), essentially doubling its grid resolution. The uni-
fied model code is designed to allow any distribution of
levels, with most common the use of the standard 20-
level configuration, while for the upper-atmospheric
modelling the 42-level configuration is used, extended up
to 0.25 hpa. A regular latitude-longitude grid is used in
the horizontal with D/ � 0:833� in latitude and
Dk � 1:25� in longitude.

The LAM uses spherical polar coordinates, where the
coordinate pole is not placed at the geographical pole
but at 30�N, 160�E, in order to obtain uniform resolu-
tion over the area of interest. The resolution is 0:442� in
each direction, resulting in 40-km resolution for the
Aegean Sea.

3.2 Wave models

Various wave models having different physics, hence
characterised as first-, second- and third-generation
wave models, were tested for the scope of this study.
The special features of each model are highlighted in the
following paragraphs.

3.2.1 WACCAS. A computer code based on model
WACCAS (wave-climate categorisation by storms) has
been organised and generalised in order to calculate
time-series of significant wave height Hs and peak period
Tz. This model can be characterised as enhanced
empirical method (Burrows et al., 1988), and uses the
integrated JONSWAP relations for the contributing

fetches to estimate the wave parameters provided that
the topography of the basin and the wind field are given.

3.2.2 AUT. The AUT model (Christopoulos and
Koutitas, 1991) is a second-generation wave model
simulating the wave-energy balance equation for deep
water on a grid:

@F
@t

� Cg cos h
@F
@x

� Cg sin h
@F
@y

� Sin � Snl � Sds : �1�

A simple numerical scheme is used for the advection,
while the source terms are estimated with the most
recent mathematical expressions. For the wind input the
Bight of Abaco formula is used (Snyder et al., 1981):

Sin � bF � f ; h�; �2�

b � 0:14
qa

qx
�

U10 cos�hÿ hx�

C
ÿ 1�2pf ; �3�

where qa is the air density, qx is the water density, C is
the phase speed of waves, U10 is the wind speed at 10 m
above the sea surface and hx is the wind direction. The
wave dissipation is estimated on the basis of Hassel-
mann’s theory (Komen et al., 1984)

Sds � ÿ1:6x2â2 F
�x
; �4�

where �x is the mean angular frequency and â is an
integral wave steepness parameter.

The non-linear energy transfer is treated implicitly by
adapting the wind-sea spectrum to a prescribed spec-
trum, such as that of JONSWAP (Hasselmann et al.,
1973). Special focus is given to conserve the wave energy
after its redistribution, by using prognostic relations and
analytical expressions for the estimation of peak
frequency fp, the Phillips parameter a and the peak
enhancement factor c.

3.2.3 WAM. The third-generation wave model (The
WAMDI Group, 1988) integrates the basic transport
equation describing the evolution of a two-dimensional
ocean wave spectrum without additional ad hoc
assumptions regarding the spectral shape. The wind-
input source function is adopted from Snyder et al.
(1981), while the dissipation source function is based on
the formula proposed by Komen et al. (1984). Both
functions are calculated through Eqs. 3 and 4 as in the
AUT case. The main difference compared with the AUT
model is that the non-linear source function is estimated
by the discrete interaction operator parametrisation
proposed by Hasselmann and Hasselmann (1985).

In the cycle-3 version of the model, the code was
reorganised and new features such as the refraction by
bottom topography and currents, as well as the nesting,
were incorporated. In the current version of WAM,
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cycle 4, the main goal is the inclusion of the new physics
proposed by Janssen (1989) concerning the coupling
between wind and waves and the sea-state dependent
wind input.

4 Organisation of the runs

4.1 Selected cases

The selected storms are representative examples of
typical meteorological situations. Criteria such as
frequency, the intensity of the associated winds, the
spatial extension and the duration of the storm were
considered for the selection of the test cases.

The chosen cases represent mainly wind events from
northerly winds during summer (Etesian) and winter
which occurred within the last five years. The chosen
cases are shown chronologically: 1) February–March
1990; 2) August 1990; 3) September–October 1990; 4)
December 1990; 5) January 1991; 6) December 1991.

The Etesian winds are represented by the cases 2 and
3, where north to north-easterly winds start blowing in
upper part of the Aegean Sea, passing to its southern
parts, and then moving through the Carpathos strait to
the basin of the eastern Mediterranean. Case 2 is more
intense (wind peaks over 16 msÿ1) than case 3 (wind
peaks 12–16 msÿ1).

The winter northerly winds are represented by case 5.
NE winds were blowing in the northern part with
maximum wind values in the range 20–24 msÿ1 (16
January 1991), passing from the central part and moving
north-eastwards towards the eastern Mediterranean. A
special characteristic of this case is the persistence of
strong winds (12–16 msÿ1 and higher) for about nine
days (15–23 January).

The case of south winds in winter is represented by case
4. South-easterly winds from Carpathos straits and south-
westerly winds from Kithira straits enter in the South
Aegean Sea, passing as south winds through the central
region and prevailing as south-westerly in the northern
part. Peak wind values are in the range of 16–20 msÿ1.

In cases 1 and 6 storm events with both south and
north winds exist. In case 1 two peaks occur, one on 23
February, maximum wind values 12–16 msÿ1, and the
other on 28 February, with peak wind values in the
range 16–20 msÿ1 from north-westerly winds covering
the whole basin. In between, south winds developed
entering from the Kithira Strait (maximum values 27
February). In case 6 the southern-wind event developed
greatly on 21 December (peak wind values 12–16 msÿ1),
while the northern-wind event occurred on 26 December
(maximum wind values in the range 20–24 msÿ1). Case 6
covers the applicability of the new wind products from
both ECMWF and UKMO services.

4.2 Tests to carry out

Aiming to cover completely all the test categories
concerning the comparison of the wind input using the

same wind, the comparison of the wave models using the
same wind, as well as the implementation of the models
with different grid resolutions, all possible combinations
between available wind and wave models for the selected
cases have been made. According to the focusing point
the situation is as follows:

Wind input: The available wind information comes
from the meteorological models of ECMWF and
UKMO. In particular, for the test case of December
1991 the new ECMWF model, the new global (UKMO-
GLO) and limited-are a (UKMO-LAM) versions of the
UKMO are used. Additionally, for one case (August
1990), wind measurements from the station network of
the HMS are used, with wind values from ten stations
located mainly in the South Aegean.

Wave models: The used wave models for the Aegean
Sea are mainly the second-generation wave model AUT
and the third-generation wave model WAM, plus the
confined use of the enhanced empirical model WAC-
CAS. For case 6 (December 1991), both versions, cycle 3
and cycle 4, of the WAM model have been implemented.

Grid: Two different grids have been considered, with
1=12� (3583 gridpoints) and 1=6� (894 gridpoints)
resolutions, taking into account the conflicting factors
of the correct representation of the basin and the
economy in computing time.

The 26 runs concerning the six test cases appear
analytically in Table 2.

4.3 Output points

Because of the lack of measured data, the intercompar-
ison study in the Aegean Sea is focused on certain
characteristic gridpoints representing the wave evolution
in the three sub-basins. The selected output points can
be seen in Fig. 1 and have the following geographical
coordinates: Limnos (North Aegean) 39:5� N, 24:5� E,
Chios (Central Aegean) 38:33� N, 25:5� E, Thira (South
Aegean) 36� N, 25� E.

4.4 Implementation of the models

The wave models are implemented on the Aegean sea
grid, which is extended from 22� E to 28:5� E and from
34:5� N to 41� E. The WAM model uses the directional
spectrum with 25 frequencies in geometric progression
� f1 � 0:05 Hz, fn�1 � 1:1 � f1� and 12 directional
bands with 30� resolution. In the AUT model the
discretised spectrum consists of 24 frequencies
� f1 � 0:04 Hz, fn�1 � 1:14 � f1� and 12 directional
bands also with 30� resolution.

5 Analysis of the results

The results of the wave runs are compared in terms of
specific wave parameters, such as the significant wave
height Hs, the mean period Tz and the mean wave
direction hm, calculated at the three representative grid
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points. The comparison is focused on the most
important parameter, Hs, which reflects the intensity of
the storm event and the amount of grown wave energy.
Tables with statistics are provided to show the overall
behaviour of the runs in terms of statistical parameters
like the mean value, the bias and the normalised bias,
the root mean square difference and the normalised rms
difference or normalised scatter index. Definitions of the
wave parameters and the statistical parameters are given
in the Appendix.

5.1 Comparison of wind inputs (19 runs – 6 test cases)

This category concerns the main comparison between
the UKMO and ECMWF wind products implemented
with the WAM model for all the test cases. Additionally,
there is a comparison between the AUT-wave-model
implementations with the wind products UKMO,
ECMWF and HMS, respectively.

In general, the UKMO winds produce higher wave
heights than the ECMWF winds (Figs. 4 and 5).
Although there is good agreement between the two
time-series in most of the storm event, the difference
comes from the peaks of the episodes, where the
calculated values with UKMO winds are higher than
the values with ECMWF winds, even sometimes of the
order of two. This fact is more evident in North and

Table 2. The 26 implemented runs for the intercomparison study in Aegean Sea

No. Date Model Wind Grid

February 1990 WAM-CY3 UKMO 1/6
1 (23/2–5/3) WAM-CY3 ECMWF 1/6

AUT UKMO 1/6
WACCAS UKMO 1/6

August 1990 WAM-CY3 UKMO 1/6
2 (23–28/8) WAM-CY3 UKMO 1/12

WAMCY-3 ECMWF 1/6
AUT UKMO 1/6
AUT UKMO 1/12
WACCAS UKMO 1/6
AUT ECMWF 1/6
AUT HMS 1/6

September 1990 WAM-CY3 UKMO 1/6
3 (27/9–3/10) WAM-CY3 ECMWF 1/6

December 1990 WAM-CY3 UKMO 1/6
4 (10–16/12) WAM-CY3 ECMWF 1/6

January 1991 WAM-CY3 UKMO 1/6
5 (14–31/1) WAM-CY3 ECMWF 1/6

AUT UKMO 1/6

December 1991 WAM-CY3 UKMO GLO (new) 1/6
6 (15–31/12) WAM-CY3 UKMO LAM (new) 1/6

WAM-CY3 ECMWF (new) 1/6
WAM-CY4 UKMO GLO (new) 1/6
WAM-CY4 UKMO LAM (new) 1/6
WAM-CY4 ECMWF (new) 1/6
AUT UKMO LAM (new) 1/6

Fig. 4. Wave heights at specific grid points, February 1990 (UKMO
v. ECMWF)
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Central Aegean, where the effect of orography is crucial
for the accurate representation of the wind fields.

The situation is similar for case 2 with the AUT
model and the three wind-input sources (Fig. 6). The
model results with HMS wind data are closer to the
ECMWF results and lower than the UKMO results.
This situation is also reflected in the wind evolution of
the three sources at the three sub-basins (Fig. 7). At the
Limnos gridpoint the UKMO wind is much higher, at
least half through 25 August, when wind values are
closer, thus reflecting the similar wave results. At the
Chios gridpoint UKMO winds are still much higher
(about 50%), while ECMWF winds are close to HMS
wind values. At the Thira gridpoint, due to enough
neighbouring wind stations, the produced wind is more
representative and there is better agreement between
UKMO and HMS results.

In case 6, using the new wind products (UKMO-
GLO, UKMO-LAM, ECMWF) with finer resolutions,
the overall picture is altered (Fig. 8). The difference
between the wave results using UKMO-LAM wind and
ECMWF wind correspondingly, is much smaller, of the
order of 20–40 cm for the peak values (Tables 10, 11).
The UKMO-LAM values are higher in North and
Central Aegean and the ECMWF higher in the South
Aegean. These two models give higher values in

comparison to the UKMO-GLO results. This is a fact
that verifies the significant role of the wind-model
resolution in wave-modelling results (finer resolution
of UKMO-LAM and ECMWF compared with UKMO-
GLO). The orography effect, neighbouring mountains
with heights over 2000 m, is crucial for the analysis of
the wind field. There is a need of a very fine resolution in
the atmospheric model in order that the wind profile is
simulated correctly. This has been discussed in detail by
Luigi Cavaleri (Komen et al., 1994) especially for the
Mediterranean Sea. The tests carried out for the Aegean
Sea verify the strong impact of this factor for the wave
hindcast and forecast purposes in such a complicated
basin.

The characteristics of this category of comparison
can be also revealed by the statistical results (Tables 3–
11). Focusing on the parameter of bias, which gives the
quantification of the difference for the overall time
evolution of its test case, the situation is summarised in
Fig. 9, showing the evolution of the bias through the test
cases. In the North Aegean, bias is systematically
negative, i.e. UKMO winds give higher waves, while
the situation alters in the South Aegean, especially in
test case 6, where ECMWF winds give higher waves.

Fig. 5. Wave heights at specific grid points, August 1990 (UKMO v.
ECMWF)

Fig. 6. Wave heights at specific grid points – AUT, August 1990
(UKMO v. ECMWF v. HMS)
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5.2 Comparison of wave models (17 runs – 4 test cases)

This category concerns mainly the comparison of the
second-generation wave model AUT and the third-
generation wave model WAM implemented for the same
wind input. For test cases 1 and 2, the results of the
enhanced empirical model WACCAS are also presented.
Main focus is given on testing models with different
physics to various wind events. Two main wind
situations can be recognised to highlight the differences
of the models. In the first, the persistence of the wind
blowing over the area is the main characteristic, in cases
2, 3 and 5, where north winds are blowing over the

Aegean Sea for a long time; in the second situation the
wind direction is alternated, as in cases 1 and 6.

In the case of February 1990 the two models give
similar results (Fig. 10). The same happens for the
episode of August 1990. In these cases the disadvantages
of the empirical model WACCAS are revealed for the
Thira gridpoint, where the variability of winds in the
broader region results in an undulatory evolution of
wave height. In the case of January 1991 the agreement
between the two models is very good (of the order of 10–
20 cm) throughout the whole episode. These features are
presented also in Tables 12–14.

In the case of December 1991 the two versions of the
WAM model, cycle 3 and cycle 4, and the AUT model, are
compared (Fig. 11). In general, WAM cycle 4 compared
with cycle 3 gives slightly higher values of significant wave
height (of the order of 10 cm) and much higher mean

Fig. 7. Wind speed at specific grid points, August 1990 (UKMO v.
ECMWF v. HMS)

Fig. 8. Wave heights at specific grid points – WAM-cy3, December
1991 (UKMO GLO v. UKMO LAM v. ECMWF)

Table 3. Statistics for the storm
February 1990, -80 points.
Comparison of results from
WAM model using UKMO and
ECMWF winds

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 0.78 0.55 )0.23 )0.13 0.43 0.34
Tz 3.29 2.92 )0.37 )0.09 0.69 0.17
Chios
Hs 1.12 0.99 )0.13 )0.03 0.37 0.28
Tz 3.74 3.58 )0.16 )0.02 0.54 0.13
Thira
Hs 1.39 1.49 0.10 0.08 0.30 0.20
Tz 4.31 4.52 0.21 0.05 0.43 0.11
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Table 4. Statistics for the storm September 1990, -48 points.
Comparison of results from WAM model using UKMO and
ECMWF winds

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 0.71 0.37 –0.34 –0.50 0.58 0.59
Tz 2.71 2.09 –0.62 –0.18 1.11 0.39
Chios
Hs 1.03 0.72 –0.31 –0.33 0.49 0.39
Tz 3.46 3.12 –0.34 –0.04 0.68 0.26
Thira
Hs 0.94 0.8 –0.14 –0.15 0.28 0.32
Tz 3.57 3.23 –0.34 –0.11 0.54 0.18

Table 7. Statistics for the storm January 1991, -136 points.
Comparison of results from WAM model using UKMO and
ECMWF winds

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 1.61 0.95 )0.66 )0.35 0.84 0.41
Tz 4.31 3.48 )0.83 )0.17 1.06 0.22
Chios
Hs 1.79 1.49 )0.30 )0.16 0.47 0.23
Tz 4.66 4.29 )0.37 )0.08 0.56 0.12
Thira
Hs 1.25 1.42 0.17 0.14 0.43 0.40
Tz 4.15 4.40 0.25 0.07 0.59 0.16

Table 5. Statistics for the storm August 1990, -40 points.
Comparison of results from WAM model using UKMO and
ECMWF winds

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 1.12 0.77 –0.35 –0.28 0.59 0.39
Tz 3.35 2.71 –0.64 –0.18 0.89 0.23
Chios
Hs 1.64 1.22 –0.42 –0.25 0.56 0.31
Tz 4.42 3.98 –0.44 –0.09 0.64 0.14
Thira
Hs 1.27 0.90 –0.37 –0.26 0.55 0.35
Tz 4.20 3.63 –0.57 –0.14 0.79 0.20

Table 8. Statistics for the storm December 1991, -128 points.
Comparison of results from WAM-cy3 model using UKMO GLO
and ECMWF winds

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 0.76 0.74 )0.02 )0.02 0.22 0.25
Tz 3.40 3.48 0.08 0.03 0.42 0.14
Chios
Hs 0.95 1.04 0.09 0.08 0.24 0.20
Tz 3.69 3.81 0.12 0.03 0.34 0.10
Thira
Hs 0.85 1.05 0.20 0.21 0.38 0.38
Tz 3.58 3.98 0.40 0.11 0.64 0.18

Table 6. Statistics for the storm December 1990, -48 points.
Comparison of results from WAM model using UKMO and
ECMWF winds

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 0.88 0.58 –0.30 –0.31 0.44 0.44
Tz 3.79 3.40 –0.39 –0.09 0.79 0.20
Chios
Hs 1.18 0.90 –0.28 –0.13 0.60 0.48
Tz 3.96 3.61 –0.35 –0.06 0.85 0.21
Thira
Hs 1.20 1.13 –0.07 –0.01 0.57 0.46
Tz 4.07 3.81 –0.26 –0.05 0.98 0.22

Table 9. Statistics for the storm December 1991, -128 points.
Comparison of results from WAM-cy4 model using UKMO GLO
and ECMWF winds

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 0.88 0.83 )0.05 )0.02 0.25 0.32
Tz 4.28 4.35 0.07 0.02 0.45 0.12
Chios
Hs 1.07 1.14 0.07 0.06 0.22 0.20
Tz 4.61 4.69 0.08 0.02 0.36 0.09
Thira
Hs 0.96 1.12 0.16 0.15 0.35 0.35
Tz 4.39 4.67 0.28 0.06 0.52 0.12

Table 10. Statistics for the storm December 1991, -128 points.
Comparison of results from WAM-cy3 model using UKMO LAM
and ECMWF winds

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 0.99 0.74 )0.25 )0.18 0.39 0.29
Tz 3.67 3.48 )0.19 )0.04 0.52 0.14
Chios
Hs 1.07 1.03 )0.04 )0.02 0.21 0.15
Tz 3.82 3.80 )0.02 )0.01 0.32 0.09
Thira
Hs 0.93 1.06 0.13 0.12 0.33 0.28
Tz 3.75 3.98 0.23 0.06 0.48 0.13

Table 11. Statistics for the storm December 1991, -128 points.
Comparison of results from WAM-cy4 model using UKMO LAM
and ECMWF new winds

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 1.09 0.83 )0.26 )0.16 0.40 0.33
Tz 4.54 4.35 )0.19 )0.03 0.53 0.12
Chios
Hs 1.18 1.14 )0.04 )0.02 0.21 0.16
Tz 4.73 4.68 )0.05 )0.01 0.33 0.07
Thira
Hs 1.02 1.12 0.10 0.10 0.30 0.28
Tz 4.50 4.68 0.18 0.04 0.40 0.09
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periods (of the order of 1 s), which is consistent with the
new physics incorporated in cycle 4 and the treatment of
the high-frequency region (Tables 15–17).

In general the two models’ results are in good
agreement. At some high peaks of wave energy, WAM

gives higher values, while at regions of low wave energy
it seems that AUT retains some significant amount of
energy, thus giving higher values. This is valid for both
cases of persistent wind directions and alternate wind
directions. It seems that in the case of August 1990, for
the North Aegean, even the empirical model can give
comparable results. In case 1, where the wind direction
is alternated (north and south), the empirical models,
due to their poor physics and the lack of spectral
representation, cannot perform well, thus giving highly-
biased values for the significant wave-height parameter.
This is shown in Fig. 12, where the evolution of bias
between the WAM and AUT models is more steady in

Table 12. Statistics for the storm February)March 1990, -80
points. Comparison of results from WAM and AUT wave model
using UKMO wind

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 0.55 0.91 0.36 0.55 0.62 1.01
Tz 2.93 3.51 0.58 0.20 1.11 0.38
Chios
Hs 1.00 1.25 0.25 0.15 0.50 0.42
Tz 3.58 3.88 0.30 0.07 0.84 0.23
Thira
Hs 1.48 1.54 0.06 0.11 0.30 0.25
Tz 4.52 4.37 )0.15 )0.04 0.72 0.19

Table 13. Statistics for the storm August 1990, -40 points.
Comparison of results from WAM and AUT wave model using
UKMO wind

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 1.12 1.42 0.30 1.91 0.45 3.74
Tz 3.37 4.24 0.87 0.74 1.33 1.40
Chios
Hs 1.74 1.81 0.07 0.17 0.38 0.38
Tz 4.58 4.88 0.30 0.10 0.70 0.21
Thira
Hs 1.35 1.17 )0.18 )0.20 0.38 0.48
Tz 4.40 3.84 )0.56 )0.13 1.18 0.28

Table 14. Statistics for the storm January 1991, -136 points.
Comparison of results from WAM and AUT wave model using
UKMO wind

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 1.61 1.75 0.14 0.12 0.29 0.33
Tz 4.31 4.67 0.36 0.09 0.73 0.19
Chios
Hs 1.79 1.70 )0.09 )0.02 0.37 0.30
Tz 4.66 4.58 )0.08 )0.01 0.75 0.19
Thira
Hs 1.25 1.39 0.14 0.15 0.30 0.39
Tz 4.15 4.25 0.10 0.04 0.89 0.23

Fig. 9a,b. Bias of compared wave-height results with different wind
source (UKMO v. ECMWF). a North Aegean; b South Aegean

Fig. 10. Wave heights at specific grid points, February–March 1990
(WAM-cy3 v. AUT v. WACCAS)
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cases of low wave energy events (case 1 – North
Aegean), while in high-energy events the bias is very
small (case 1 – South Aegean).

5.3 Comparison of grid resolution (4 runs – 1 test case)

The grid resolution is examined for the case of August
1990 for both the AUT and WAM wave models. In both
comparisons the wave results agree very well, with

Fig. 11. Wave heights at specific grid points, December 1991 (WAM-
cy3 v. WAM-cy4 v. AUT)

Table 15. Statistics for the storm December 1991, )128 points.
Comparison of results from WAM-cy3 and AUT model using
UKMO LAM new wind

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm. rms
difference

Limnos
Hs 0.99 1.08 0.09 )0.01 0.26 0.44
Tz 3.67 3.68 0.01 0.00 0.85 0.24
Chios
Hs 1.07 1.08 0.01 )0.02 0.26 0.39
Tz 3.82 3.78 )0.04 )0.01 0.70 0.20
Thira
Hs 0.93 0.98 0.05 0.02 0.27 0.42
Tz 3.75 3.58 )0.17 )0.04 0.84 0.22

Table 16. Statistics for the storm December 1991, –128 points.
Comparison of results from WAM model (cy3–cy4)using UKMO
LAM new wind

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm.rms
difference

Limnos
Hs 0.99 1.10 0.11 0.14 0.14 0.20
Tz 3.67 4.54 0.87 0.26 0.89 0.28
Chios
Hs 1.07 1.17 0.10 0.14 0.14 0.21
Tz 3.82 4.73 0.91 0.27 0.93 0.29
Thira
Hs 0.93 1.02 0.09 0.13 0.14 0.23
Tz 3.75 4.49 0.74 0.22 0.85 0.26

Table 17. Statistics for the storm December 1991, )128 points.
Comparison of results from WAM model (cy3–cy4) using
ECMWF new wind

Mean
(1)

Mean
(2)

Bias Normalised
bias

Root-mean-
square
difference

Norm.
rms
difference

Limnos
Hs 0.74 0.83 0.09 )0.15 0.12 0.21
Tz 3.48 4.35 0.87 0.27 0.90 0.29
Chios
Hs 1.04 1.14 0.10 0.13 0.13 0.20
Tz 3.80 4.68 0.88 0.25 0.90 0.27
Thira
Hs 1.06 1.12 0.06 0.10 0.13 0.20
Tz 3.98 4.68 0.70 0.20 0.83 0.25

Fig. 12a,b. Bias of compared wave-height results with different wave
models (WAM-cy3 v. AUT) a North Aegean; b South Aegean
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occasional small differences of up to 25 cm. The larger
differences appear at the Thira gridpoint representing
the shadowing of Cyclades Islands just in front of it
(Fig. 13).

6 Comparison with satellite data

The wave results for test case 6 are compared for two
tracks of ERS-1 satellite passages over the Aegean Sea,
the passage on 21 December at 09 00 and five days later
on 26 December at 09 00. The intercomparison study is
again referred to the different wind input and to the
different wave models used for the wave hindcast in the
Aegean Sea.

The wind values given by the wind models UKMO
and ECMWF are compared with the measured values
from ERS-1 for both tracks. In the first track (Fig. 14),
UKMO values are systematically greater than ECMWF
values by an order of two, while ERS-1 values are greater
than ECMWF values and comparable with UKMO ones
through the track. In the second track (Fig. 15), the
above characteristics of the three different wind sources
are clearer. In the northern part of the track, it seems
that the existence of the island of Thasos affects the
satellite measurements, having as a result the ERS-1
values being close to the lower values of the ECMWF
wind model. Also in the southern part of the track, it is

noticed that all three sets have similar values, with the
ECMWF values being greater than the other two.

The wave-height values produced from the wave
models AUT and WAM cycle 3 with the same UKMO
wind input are compared with those of the altimeter
ERS-1. Along the first track (Fig. 16) ERS-1 values are
greater than both wave values, while AUT values are
greater than WAM values. This is consistent with the
analysis of the statistical results through the episodes,
where in regions of low wave energy (Hs values of the
order of 1 m), the AUT model gives higher wave heights
than the WAM model. At the second track (wave-height
values of the order of 3 m) all three sources have
comparable values. In particular, the wave models’
results are similar along the whole track (Fig. 17).

7 Conclusions

Available wind products and wave models were tested
on a semi-enclosed basin with special geomorphology:
the Aegean basin.

Fig. 13. Wave heights at specific grid points, August 1990 (grid
1=6� v. grid 1=12�) WAM model

Fig. 14. Comparison of U10 values between UKMO, ECMWF wind
models and ERS-1 wind data (track at 91122009)

Fig. 15. Comparison of U10 values between UKMO, ECMWF wind
models and ERS-1 wind data (track at 91122609)
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The intercomparison study was based on checking
the reliability of the wind input and the applicability of
the various wave models. The selected cases covered
different typical wind situations and the study was a
synthetic analysis of wave-parameter time-series, statis-
tical parameters for each storm case and a short-term
comparison with satellite data. From the overall analysis
the following points can be highlighted.

– The wind input is crucial for a basin with such a
complicated topography and orography. Wind input
must be provided on as fine a resolution grid as
possible. Thus, till 1991, UKMO gave better results
compared with the ECMWF wind source. After the
doubling of both models in 1991 the wave results are
improved, but still there is need to increase the wind-
input resolution to values lower then 40 km, for the
northern part of the basin. For the southern part it
seems that the new resolution is adequate for both
models.

– The various available wave models have different level
of physics and applicability. Unidirectional wave
storms from permanent winds, such as the Etesians

during summer, can be hindcasted even with the
simplest empirical models like the WACCAS (case 2).
The second-generation wave model AUT gives
similar results to the third-generation wave model
WAM, although the latter is better in terms of physics
and dynamics. This may be due to the small size and
the geomorphology of the basin, factors that can
balance the superiority of the WAM model itself, plus
the fact that wind blows along the N-S axis of the
basin for the majority of the cases (about 80% of the
measured winds). This reflects the overall behaviour
of the two models in the basin and not perhaps the
characteristics of the waves in other special locations,
such as the Saronicos Gulf (Athens) or some location
within the area of Cyclades Islands, where the wave-
scatter across the numerous islands may affect
significantly the wave estimation. Finally the comput-
ing time, which is much greater for WAM, has to be
taken into account for the choice of model fulfilling
the criteria for a specific application.

– The coarser resolution �1=6�) reproduces very well
most of the islands: Sporades islands in the North
Aegean, Cyclades islands in the South Aegean. The
results are almost consistent with the �1=12�� grid
test. Considering that the number of gridpoints
adopted in the mesh of Dx � �1=6�� is 1/4 of the grid
points within the mesh of Dx � �1=12�� �894 : 3583�,
we have chosen the �1=6�� as representative of the
Aegean basin.

Appendix

Throughout the paper specific wave and statistical parameters were
used that are defined here.

Wave parameters
Significant wave height:

Hs � 4
������

m0
p

where m0 is the total energy m0 �
R R

F �f ; h�dfdh:
Zero – crossing wave period:

Tz �

��������������������

R

1

0
S�f �df

R

1

0
f 2S�f �df

s

:

Mean wave direction

hm � arctan
R 2p

0

R

1

0
sin�h�F �f ;h�dfdh

R 2p

0

R

1

0
cos�h�F �f ;h�dfdh

" #

:

Statistical parameters
In the following formulas, xi stands for the reference (or first) time-
series of a model at the selected location, while yi stands for the
corresponding values of the second model’s time-series results.
Mean value:

�x �
1
N

X

N

i�1

xi :

Bias:

Bias �
1
N

X

N

i�1

�yi ÿ xi� � �y ÿ �x :

Fig. 16. Comparison of Hs values between WAM, AUT models and
ERS-1 wave data (track at 91122009)

Fig. 17. Comparison of Hs values between WAM, AUT models and
ERS-1 wave data (track at 91122609)
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Normalised bias:

2bias�
1
N

X

N

i�1

�

yi ÿ xi

xi
� :

Root mean square difference:

rms �
1
N

X

N

i�1

�yi ÿ xi�
2

" #1=2

:

Normalised rms difference or scatter index:

2rms�
1
N

X

N

i�1

�

yi ÿ xi

xi
�

2

" #1=2

:
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