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Abstract

The wave—current interaction process in the Southern North Sea is studied using a coupling scheme which allows the
synchronous data transfer between a wave and a tide/surge model. The procedure is carried out up to coastal waters by means of
a grid nesting procedure. During the analysis period, an underestimation of wave parameters and surge effect was observed,
mainly as a result of the misrepresentation of the wind field. The effect of coupling on wave height (Hs) and wave period
(Tmy,) is about 3% and more than 20%, respectively. The nesting procedure (which is equivalent to increasing the spatial
resolution of the simulation) tends to improve the qualitative agreement between computed wave parameters and measurements.
The same trend is observed for the computed surge effect. Spectral characteristics, like directional spreading and energy
distribution, are also improved when nesting is included. In the fine grid, which covers the Belgian coastal area, the radiation
stress effect was quantified and was found to be as important as considering the effect of a wave-dependent surface stress in the
fully coupled system. The order of magnitude of the excess current (with respect the uncoupled version) produced by this latter

effect is about 10 cm/s.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The North Sea is one of the most extensively
studied semi-enclosed seas in the world. It possesses
an extensive network of tide gauges (about 270
between pelagic and coastal gauges), more than 70
wind-wave measurement locations, as well as an
acceptable spatial coverage of TOPEX/POSEIDON
altimetry data (see Andersen, 1999). Besides, a
number of European institutions use regularly nu-
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merical systems to provide tidal and weather infor-
mation, as well as opportune warning to navigation
and to coastal settlements. A review on existing
operational systems for tides, surge and waves
prediction in northwestern Europe, as well as its
level of development, and requirements for future
improvement, is given in Flather (2000). Recently,
Ozer et al. (2000) applied a coupled tide/surge/
waves system to the North Sea. The system, which
was implemented with a relatively coarse resolution,
proved to be useful in the quantification of the
different processes involved in the coupling. They
also indicated the necessity of using the system with
an improved resolution, in virtue of the complexity
of the bathymetry and geometry of the Southern
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Bight. This last issue is taken as the main task of
this study.

The characteristics of semi-enclosed, relatively
shallow shelves, support a series of hydrodynamic
processes that, eventually, give rise to the interaction
between them. The intensity of the interaction
depends on the characteristics of the processes in-
volved (Bode and Hardy, 1997). The proper descrip-
tion of the different factors involved in the interaction
between the hydrodynamic processes is of main
importance to forecast strong events, which may have
an impact on human settlement and activities near the
coast.

In this study, the impact of the interaction be-
tween waves, tides and surges is analyzed. To this
end, a fully coupled system is implemented with
high spatial resolution in order to take into account
the effect of bathymetric features observed in the
southern North Sea. In the next sections, a brief
description of the different mechanisms involved in
the interaction process will be given. Afterwards, the
set-up of the numerical models, as well as a descrip-
tion of the data used to force and compare the
numerical results will we presented. Model results
and measurement comparisons will be presented and
discussed in the next section, followed by the con-
clusions about the findings in this study.

2. Model system description and analysis tools

A module that controls the synchronous transfer
of information between a hydrodynamic tide—surge
model and a third-generation spectral wave model
was developed and disseminated in the framework
of the MAST III PROMISE project. The wave
model is based on the WAM Cycle_4 (Glinther et
al., 1992; Komen et al., 1994), modified in order to
allow its use in coastal waters (Monbaliu et al.,
1998, 2000, henceforth ProWAM). The hydrody-
namic model is a conventional 2D vertically inte-
grated shallow water equations model developed by
the Management Unit of the Mathematical Models
of the North Sea [MUMM] (Van den Eynde et al.,
1995). The coupled system has been implemented
and tested by Ozer et al. (2000) in the North Sea
region on a relatively coarse spatial resolution
(about 30 km longitude by 35 km latitude).

2.1. The WAM spectral wave model

The WAM Cycle_4 solves an action balance equa-
tion in terms of the discrete energy density, F(z,x,0,0),
where ¢ represents time, x the geographical space, and
(0,0) the spectral space (direction and relative fre-
quency, respectively). The WAM model was initially
developed to forecast wave conditions on global or
regional scales, so it allows the use of spherical or
Cartesian coordinates. The governing equation in
Cartesian coordinates reads,
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where the propagation speed in the different spaces,
Cy, €y, Cp, and c,; are given as (LeBlond and Mysak,
1978; Tolman, 1990),
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where ¢, = d0/0k is the group velocity, u=(u,v) repre-
sents the tide/surge current vector, 4 the total water
depth, k=(k,,k,) the wavenumber vector, and s and m
the space coordinates in the wave propagation direc-
tion 6 and perpendicular to it, respectively. On the
right-hand side of Eq. (1), Sy is the function repre-
senting energy source and sink, and the conservative
nonlinear transfer of energy among wave components.
For the present application, the standard WAM for-
mulations for the S, terms are included; wind input
Sin, nonlinear quadruplet wave—wave interactions Sy,
whitecapping dissipation Sy, and bottom friction
dissipation Sy¢ (Jonswap formulation).

The effect of currents on waves is explicitly
introduced in the formulation through the energy
propagation in geographical and spectral space. The
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interaction between waves and the mean flow is also
implicitly included through the term

oL (o) = L)L, ©

oo ol

The first term on the right-hand side is the flux of
energy in g-space, and the second one represents the
interaction of the wave energy with the mean flow
(Phillips, 1977). It is also possible to show (Bretherton
and Garret, 1968) that the last term of the right-hand
side of Eq. (6) can be represented as,

F Sy Ou;
—Co = &+~ 9
o 2 0x;

(7)

where Sj(i,j=x,y) is the radiation stress tensor (Lon-
guet-Higgins and Stewart, 1964). It is possible to
express the radiation stress in terms of the two-
dimensional energy spectrum of the wave elevation
(Battjes, 1972), in such a way that S;; may be defined
as (Mastenbroek et al., 1993),
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where ¢=a/k is the phase speed of the waves.
2.2. The hydrodynamic model

The hydrodynamic (Tide—Surge) model (hence-
forth TS) is a conventional 2D vertically integrated
shallow water equations model developed by the
Management Unit of the Mathematical Models of
the North Sea [MUMM] (Van den Eynde et al.,
1995). The model solves the governing equations on
Spherical or Cartesian coordinates, which allows its
implementation on large areas. The set of equations
solved by the hydrodynamic model, in Cartesian
coordinates, reads
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where (u,v) are the components of the vertically
integrated current velocity, f'is the Coriolis parameter,
n the elevation of the free surface, p the density of the
water, h=H+n the total water depth, H the mean
water depth, P, the atmospheric pressure, (t3,72) the
components of the surface stress, (t},7,) the compo-
nents of the bottom stress, 4, (=20H) the horizontal
diffusion coefficient, and Sj; (i,/=x,y) is the radiation
stress tensor.

For the sea surface stress, a quadratic dependency
of the wind speed is used,

7s = p,CoUjo | Uy |, (12)

where p,=1.23 kg m~ > is the density of the air and
U;o=(U,V) is the wind velocity vector referred to 10
m above the sea surface. In the model, the dimen-
sionless surface drag coefficient, Cp, is given
according to the piecewise linear relationship pro-
posed by Heaps (1965)

0.566 x 1073 for Uj<5 m/s

Cp={ (—0.1240.130U}p) x 1073 for Sm/s < Uy < 19.22 m/s

2513 x 1073 for U;0=>19.22 m/s

(13)

In a similar way, the bottom stress, 1, is parame-
terized as,

T, = pyrulul, (14)

where py,=1026 kg m~ > is the density of the water
and #=2.32x 10" * is a dimensionless bottom drag
coefficient.
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At the open boundaries of the coarse grid covering
the continental shelf, the tidal elevation is prescribed
by eight tidal harmonics (Q,, O, Py, Ky, N», My, S,,
and K,) whose amplitudes and phases were taken
from the Northeast Atlantic model developed by
Flather (1981). Inverse barometer effect is included
at the open boundary during the coarse grid imple-
mentation. This effect is not taken into account for the
nested grids.

2.3. Models set-up

2.3.1. Bathymetric information

The coarse grid covers the region from 47°50" N to
71°10' Nand 12°15 W to 12°15" E, with a horizontal
resolution equal to 1/2° longitude and 1/3° latitude.
The bottom topography is taken from the Northeast
Atlantic model developed by Flather (1981), the same
used by Ozer et al. (2000) during the assessment of
the coupling framework. The bathymetry for the
intermediate grids (Locall and Local2) was extracted
from sea-charts and corrected by Yu et al. (1990) for
the European Continental Shelf Model (CSM). The
CSM bathymetry covers the whole continental shelf,
from 12°W to 13°E and 48°N to 63°N, with a spatial
resolution of 1/12° longitude and 1/24° latitude. The
geographical areas covered by these grids are indica-
ted in Fig. 1.

The bathymetry for the fine grid covers completely
the Belgian coast. It was obtained from a nautical
chart and transformed to MSL values. The resulting
bathymetry (Fig. 2) shows the complexity of the
bottom topography observed in the Belgian coastal
area. Sand banks, which are of the order 10 km in
length, + 5 km in width and extended to within a few
meters of the sea surface (Williams et al., 2000), are
clearly visible.

2.3.2. Atmospheric forcing

The atmospheric forcing is taken from MUMM’s
database of the United Kingdom Meteorological Of-
fice (UKMO) predictions. The available six-hourly
wind and pressure data are spatially distributed on a
regular grid of 1.25° by 1.25°. At 00:00GMT and
12:00GMT, the information corresponds to a model
forecast including data assimilation (analysis), where-
as at 06:00GMT and 18:00GMT, the information
corresponds to a model forecast only. The atmospheric

Fig. 1. Area covered by the coarse-resolution grid implemented for
the coupled model. The position of output stations and the first and
second local grid domains are shown. Contour levels are given in
meters.

information is transferred to the grids used by the TS
and ProWAM models through bilinear interpolation.
The corresponding information is linearly interpolated
in time at each time-step in the TS model while it is
kept constant, and centered in time (e.g., the data
corresponding to 12:00GMT is taken constant from
09:00GMT to 15:00GMT) in the WAM model. The
time interpolation of winds in the TS model is
necessary to avoid transient waves, whereas the same
procedure in WAM produces less accurate model
results (see Monbaliu et al., 1999).

2.3.3. Nesting

The standard version of WAM includes a nesting
procedure, where wave information at the borders of a
selected area is stored to be used during a subsequent
fine-grid application. For such cases, a number of
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Fig. 2. Bathymetry of the fine grid (isobath labels are given in meters). In the figure, the position of three wave output stations (WHI, BVH, and
0O0S) are indicated, as well as the locations (al, a2, bl, b2) where excess current were obtained.

subroutines were implemented in order to allow the
ProWAM model to interpolate in time, space, and
direction the boundary information provided by a
coarser implementation.

The original TS code was adapted in order to include
a simple nesting procedure. In this one, # values
computed from a coarser grid implementation are
stored at points matching n nodes of the nested grid
open boundary. These values were interpolated inter-
nally using a polynomial interpolation method (Akima,
1991). For the present application, the data were stored
at every time-step of the coarser model implementation
and were used for the nested grid without time inter-
polation. During the refinement procedure, open
boundary values for the fine grid implementation at
points between the solid boundary and the first coarser
wet grid point must be imposed. Friction, nonlinearity,
and inhomogeneous bathymetry reduce the validity of
any theoretical approximation (e.g., a Kelvin wave
structure) at these points. Therefore, these intermediate
n values were extrapolated by using a fourth-degree
polynomial computed from internal points. The meth-
od allows any factor of refinement, however the use of
large values (greater than 5) is not recommended as it
may introduce significant errors close to the open
boundary. In order to keep as much as possible the

original numerical scheme, the velocity values at open
boundary points are computed by assuming the stan-
dard zero gradient condition.

During stormy conditions, the dynamics in the
Southern Bight are very dependent on remote forcing
different to the common tidal signal, so an estimation of
this external forcing has to be provided at the open
boundaries. However, this remote signal is sometimes
generated outside the North Sea shelf (Flather, 2000).
In order to include the effect of remote forcing, the first
grid is defined to cover the whole European Continen-
tal Shelf. Higher resolution in coastal areas is achieved
through a series of nested grids. For the set up used in
this study, the spatial refinements are constrained to be
smaller than a factor 5 (see Table 1).

2.4. Information transfer

The numerical models implemented in the coupled
system are solved in different grid types. While the
wave model uses an A-type grid, the hydrodynamic
model uses a staggered C-type grid. Both models are
linked through grid nodes, where 7 and F variables are
evaluated. For the present application, the coupling is
done synchronously in a two-way mode. The varia-
bles exchanged by the model are described next.
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Table 1

Types, geographical coverage, resolution, and time step (advection and source terms) for the grids used in this work

Grid Area Res. (lat X lon) Advection Source
Coarse 47°50 N=71°10' N, 12°15 W—12°15 E 1/3° % 1/2° WAM: 10 min, TS: 1 min 10 min
Locall 48°30/ N-55°30' N, 02°45 W-09°15 E 1/15° x 1/10° WAM: 2 min, TS: 1 min 10 min
Local2 49°14 N-52°38 N, 00°03' E-04°45' E 1/45° X 1/30° WAM: 1 min, TS: 1 min 10 min
Fine 50°59 N-51°30' N, 02°27 E-03°53 E 1/135° x 1/90° WAM: 30 s, TS: 15 §2 5 min

2.4.1. Hydrodynamic terms

Elevation fields, 5, are transferred to the cor-
responding position in the wave grid. The elevation
field is then transformed to the block structure of
ProWAM. Once these values are read, the total depth
and the tables used to compute shallow-water kine-
matic wave parameters (e.g., group velocity and
wave number) are updated. The new depth values
are also used to update the space derivatives that
involve 4 values [e.g., Egs. (4) and (5)]. The field of
0n/0t term is evaluated in the hydrodynamic model
and then transferred to the wave model in a similar
way as elevation values. The new time derivative
values are taken into account in the computation of
Eq. (5). Interpolated (u,v) values at the elevation
nodes are also transferred to the wave model at every
coupling time step. These values are used in the
computation of Egs. (1) to (5).

When output from the wave model is required, the
current velocity values are used in the transformation
of the spectral domain, from relative (o) to absolute
frequency (w) according to

w=o0ck)+k-u (15)

2.4.2. Wave-related terms

In ProWAM formulation, the total stress close to
the sea surface is assumed to be the sum of a turbulent
part and a wave-induced part, T=T,+ Ty. The turbu-
lent stress, T, is parameterized with a mixing-length
hypothesis

AU >

= pt |52 (16)

with x as the von Karman parameter and U(z) the
vertical profile of the wind speed. The wind profile is
dependent on the sea-state development, in such a
way that the surface roughness obeys a Charnock-like

relation when the effect of the waves is small. The
wave-induced stress, Ty(z¢), is computed as

00 2n
TW(ZO)ZpW/O /0 wSin(f,G)%dfdé) (17)

where S;, = yF(£,0) is the source term representing the
growth of spectral energy by wind effect. In Pro-
WAM, 7y represents the Miles’ wave growth mecha-
nism and is computed as a function of sea-state
parameters obtained at the previous time step (see
details in Janssen, 1991; Mastenbroek et al., 1993).

In ProWAM, the total stress is computed by means
of a table. Such a table is constructed as a function of
the wind speed referred to 10 m above the sea surface
(Uyp) and T For a given Uj, and the computed
T value from Eq. (17), the new T is obtained and
gridded in order to be transferred to the hydrodynamic
model.

The radiation stress S;(i, j=x,y), whose expression
is given by Eq. (8), is evaluated by the wave model in
terms of the wave spectrum. The computed values are
transferred directly to the #-nodes in the hydrodynam-
ic model grid. The space derivatives of S;; in Egs. (9)
and (10) are evaluated using a centered scheme (see
details in Osuna, 2002).

2.4.3. Additional remarks

The bottom friction formulation used in the wave
and in the TS model do not account for the effect of
wave—current interaction. This effect is the subject of a
separate study and is not considered further for this
work.

Throughout this study, the coupled system that
includes the transfer of terms described in Sections
2.4.1 and 2.4.2, except for the radiation stress term
which is only included in a fine-grid experiment, will
be considered the standard two-way coupled system.
This implementation will be usually referred as 2wc. In
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Fig. 3. UKMO winds during October 1997 at the stations shown in Fig. 1. The upper panels indicate wind direction (going to). The lower panel
indicates the magnitude of the wind velocity (in m/s) at corresponding locations.

some cases, 2wc, unc, and TS are used as superscript to
distinguish between variable computed by the standard
coupled system, the uncoupled ProWAM, and the
uncoupled tide/surge model, respectively.

3. Analysis
3.1. Wind conditions for the analysis period

The analysis of results is carried out for the whole
month of October 1997 when the coarse grid is used,
and for a selected stormy period during the same
month for the nested grids. Wind characteristics at two
stations in the North Sea during October 1997 are
presented in Fig. 3.

A more detailed account concerning the meteoro-
logical conditions during some periods of interest is
provided when results are presented.

3.2. Measurements and statistical parameters for the
comparison

A number of measurement stations were available
for the period covered by this study. Their location is
indicated in Figs. 1 and 2. Some of the stations are
wave-measurement points, while others are sea-level
stations. No current data were available at any of the

stations. The effect of currents on waves, and vice
versa, is assessed using non-coupled model results
from the suitable station as reference. Geographical
position, depth, tidal range and maximum vertically
integrated current speed computed by the TS model
during the analysis period are shown in Table 2.

In order to get an objective comparison between
observations and model results, a number of statistical
parameters are computed (see Appendix A). The sca-
lar-based parameters are based on those defined in
Willmot et al. (1985) and Schneggenburger et al.

Table 2
Location, mean depth, tidal range, and maximum current intensity
computed at the six stations shown in Figs. 1 and 2

Station Position (lat X lon) Depth n-range Current

D (m) (m) (m/s)
AUK®"Y  56.399°N,2.065°E  80.0 1.2 0.30
SON® 53.595°N,6.166°E 16.0 23 0.68
YM6®  52.550°N,4.058°E  20.0 1.5 0.60
MPN®  51.273°N,4.296°E 14.5 2.0 0.88
wHI" 51.384°N,2.444°E  31.0 3.8 1.02
BVH"  51.379°N,3.208°E 11.9 4.0 1.23
oost 51.238°N,2.933°E 73 45 0.77

Superscripts at Station ID indicate whether wave (1) or elevation (2)
measurements were available. Depth, tidal ranges and current
magnitudes are taken from the nearest grid node of the coarse
(AUK, SON, YM6, and WHI), intermediate (MPN) and fine (BVH
and OOS) implementations.
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(2000). It should be noted right away that although both
models give realistic results by themselves, there has
been no attempt to do a detailed calibration. Compar-
ison between model results and measurements should
be treated with caution. Attention is focused on the
relative differences between different model imple-
mentations in order to assess the effect of the interac-
tion between waves and hydrodynamic fields in coastal
areas. These differences will be associated to the
physical processes included in the models.

4. Analysis of the coarse grid simulation
4.1. Overview

In shelf seas like the North Sea, the generation and
evolution of wind waves, as well as the tide/surge
propagation, are processes closely interrelated (Tol-
man, 1990; Bode and Hardy, 1997). According to
Mastenbroek et al. (1993), there is a relationship
between the storm characteristics and the impact of
considering a wave-dependent drag on their tide/surge
model. In their feasibility study, Wolf et al. (1988)
indicate that the transfer of momentum by radiation
stress would play a role only in regions very near to
the shore. The numerical study carried out by Mas-
tenbroek et al. (1993) also indicates that, most of the
times, the radiation stress has a small influence on the
calculated surge levels.

In Ozer et al. (2000), the analysis about the effect
of wave—current interaction in the North Sea is
extended by considering a two-way interaction sys-
tem. Their main objective was to describe the cou-
pling module and to present a series of numerical
experiments in order to quantify the effect of the
coupling under specific time/space varying wind con-
ditions. They found that the effect of tides—surge on
waves is restricted to the Southern Bight region, while
the effect of waves on surges is uniformly distributed
in the whole North Sea. As in Mastenbroek et al.
(1993), and corresponding with their work, the appli-
cation is carried out on a relatively coarse spatial and
spectral resolution.

In this section, the study of Ozer et al. (2000) is
repeated but for a different period, i.e. using different
atmospheric forcing conditions. In addition, measure-
ments are used in order to determine to what extent

the effects of coupling simulated by the models agree
with the observations. Following the suggestion from
Mastenbroek et al. (1993), we consider that is worth-
while to assess the two-way coupling system under
the specific atmospheric conditions found during our
analysis period. The analysis of results from this
coarse implementation is also helpful and necessary
in the context of the analysis about the effect of the
spatial resolution in the simulation of wave in coastal
waters.

The transfer of momentum by radiation stress is in
relative terms only important for the finest grid
implementation (see Section 5). It will therefore not
be discussed for this coarse grid implementation.

4.2. Influence of hydrodynamics on waves

During the computed period, it is possible to
recognize five or six wave events where the signifi-
cant wave height reaches more than 3 m in the central
part of the North Sea (AUK station), while only a
couple of those events reached the Southern Bight
(WHI station). Invariably, the wave model, both the
coupled and the uncoupled versions, have the tenden-
cy to under-predict the significant wave height com-
puted from measurements at these two output stations.
In accordance with the results shown in Ozer et al.
(2000), this tendency is more evident during stormy
periods and decreases towards the coast; at AUK, the
bias is of the order of 0.4 m, while at WHI it is of the
order of 0.2 m. Results at several stations (not shown
here) indicate that Tmg, values computed by the
models show the same trend as the one observed for
Hs values.

A number of studies suggested that the WAM
model tends to underestimate Hs and Tmg, values
(Monbaliu et al., 1997; Cardone and Resio, 1998;
Ozer et al., 2000). The underestimation seems to be
the regular trend during stormy periods. Cardone and
Resio (1998) pointed out that the first-order propaga-
tion scheme implemented in the WAM model would
produce an under-prediction of swell. For the specific
conditions of the North Sea, this would lead to under-
prediction of significant wave height and mean period
during northerly winds. According to Ris (1997), the
wind input formulation (Janssen, 1991) included in
ProWAM overestimates the total energy of the spec-
trum for short fetches and underestimates it for large
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fetches. Correspondingly, the peak frequency is under-
estimated at short fetches. The findings of Cardone
and Resio (1998) and Ris (1997) would both explain
the better agreement of Hs during southerly wind
events, where the propagation scheme does not play
such an important role, as well as the underestimation
during northerly wind events. However, direct com-
parison with measurements show that UKMO winds
are systematically underestimated at WHI during
October 1997. Assuming that the differences between
model and observations at WHI give an idea about the
accuracy of the UKMO winds over the whole North
Sea area during this period of time, low model winds
are therefore seen as the main reason for the under-
estimation of the wave height. This underestimation of
the wind speed was confirmed in a recent calibration/
validation exercise for the period October—December
1997/January—March 1998 (Anonymous, 2002).

The impact of the wave—current interaction on the
computation of Hs is small in deep-water regions
(most northern measurement station AUK) and
increases towards the Southern Bight (WHI station).
The amplitude of the oscillations increases during
stormy periods. The computed relative difference
(rdf) of Hs exceeds 5% in the Southern Bight, mostly
during low-energy time periods (wave heights smaller
than 1.0 m). Usually, these values are about 3% of the
local wave height computed by the uncoupled system.
In the station WHI, the depth variation leads the
current by 90°. During strong northerly wind con-
ditions, a time lag of about 3 h of the Hs modulations
with respect to the oscillations of relative current
[U;=|u|cos(0. — 0), where 0. and 0,, represent
current and wave direction, respectively] was ob-
served. The observed waves are relatively long and
interact with the bottom. This process is therefore
controlled by the combined effect of the time variation
of current and water depth. During southerly wind
conditions, the generated waves are relatively short
and consequently do not interact with the bottom. The
Hs modulations at WHI are in phase with the relative
current and are therefore mainly controlled by current
effect.

The relative amplitude of the Tmg, oscillations
are of the order of 10% during stormy periods.
Oscillations increase during low-energy events
(sometimes to more than 20%), which usually occur
during southerly winds, when young and/or fetch

limited sea conditions are being generated in the
southern North Sea.

4.3. Influence of waves on surge

The numerical experiments carried out by Mas-
tenbroek et al. (1993) and Ozer et al. (2000) indicate
that a wave-dependent drag coefficient may produce
higher surface stresses than those computed with
other parametric expressions (e.g., Heaps, 1965;
Smith and Banke, 1975). Mastenbroek et al. (1993)
also reported a better agreement between their cou-
pled version and surge elevation measurements,
especially during a fast moving depression, where
sea state is dominated by young waves. A similar
trend was reported by Zhang and Li (1996) after
applying a two-way coupled system under extreme
stormy conditions. Both, Mastenbroek et al. (1993)
and Zhang and Li (1996), used Janssen’s formulation
to compute sea-surface stresses.

The comparison between simulated and measured
surge elevations,

Ns = Mtide+surge — MNiide>

as well as the differences between coupled and
uncoupled system results (An) at SON and YM6
stations (see locations in Fig. 1) are presented in Fig.
4. The computed surge values are obtained after sub-
tracting the computed pure-tide elevation signal from
the one obtained from the tide—surge (2wc or TS) set-
up. The measured is obtained after subtracting the tide
estimation based on long-term harmonic analysis from
the measured elevation at the corresponding station.
The coupling system tends to under-predict the
amplitude of the surge events observed at the South-
ern Bight during the period 8th—11th October. As
both, coupled (2wc) and uncoupled (TS) systems,
show basically the same trend, most probably the
under-prediction of the surge has to do with an
underestimation of the analyzed winds (see above).
Besides, part of the disagreements between measure-
ment and model results may be associated to the
relatively low-spatial resolution used in the coarse
grid implementation (about 30 x 35 km?). However,
some of the short-term variations, which Mastenbroek
et al. (1993) associate to small-scale processes, are
qualitatively reproduced by the models. In addition, it
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Fig. 4. Time series of observed (black line) and simulated surge elevation (15" -, grey line) at stations SON and YM6 during October 1997. The
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differences of surge elevation (Ang=y2"° —nS) are also shown.

is possible to observe that the sign of the differences
An; corresponds to the sign of 5, values observed at
SON and YM6, which indicates larger amplitudes
(positive and negative) of surge computed by the
coupled system.

During 10th—11th October, the storm crossed the
North Sea at about 56°N in a west—east trajectory
producing southwesterly/northwesterly winds of
about 15 m/s in the southern North Sea. On 10
October at 00GMT, the low-pressure center is locat-
ed at the northeastern coast of the British Isles
producing southwesterly winds in the Southern Bight
and the English Channel. During this time, the
coupled system predict surge elevation up to 40
cm at the Dutch coast, about 10 cm more than the
uncoupled version. Six hours later, the depression is
located in the middle of the North Sea, changing the
wind direction by about 40° (clockwise), and mov-
ing the region of higher surge elevations north of the
Dutch coast. Now both, coupled and uncoupled
systems, predict a similar surge distribution. By

midday of 10th October, the depression approaches
to the Danish coast, and 6 h later its center is located
in the middle of Denmark. According to the TS
model, northwesterly winds produced by the atmo-
spheric conditions by this time, whose magnitudes
range between 15 and 20 m/s, generate surge ele-
vations higher than 1.0 m at the Dutch/Danish coast.
Model results under-predict the measurements, at
least at SON station, by around 50 cm (see Fig.
4). At this time, the spatial structure of computed
surge elevations by both, the coupled and the
uncoupled system, are almost identical.

During the above period, the propagation of surge
elevation, as well as the differences between the
coupled and uncoupled prediction, are closely related
to the local effect of the wind. The spatial structure of
the sea surface stress computed with Heaps’ and
Janssen’s formulations during this period are pre-
sented in Fig. 5. The higher surge elevation predicted
by the coupled system can be related to higher wind
stresses computed by the coupled model near the
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Fig. 5. Atmospheric conditions (left panels), sea surface stress (N/m?) fields computed by the standard formulation of the hydrodynamic model
(central panels) and the sea-state-dependent stresses transferred from the WAM to the TS model (right panels). Corresponding dates are
indicated on top of the left panels.

North Sea coast of the European mainland. Still depression produces northwesterly winds, which
higher values of wind stress are computed on midday brings longer more mature waves from the north. This
of October 10. However, now the position of the explains the resemblance between the wind stress
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computed for the coupled and uncoupled systems on
10th October at 18GMT.

5. Analysis of the local and fine grid simulations
5.1. Overview

In this section, the analysis of results in the nesting
experiments will be shown for the period 5th—20th
October 1997, when strong atmospheric events can be
observed (see Fig. 3).

For the wave parameters, the analysis will be
carried out both in the time (through statistical
parameters, linear regression, and time series differ-
ences) and spectral (w,0) domain (i.e., 1D-frequency
spectra, directional spreading, and mean propagation
direction). Wave model results from the four grids
are compared against measurements at the station
WHI.

The effect of the nesting/coupling on surge is
evaluated using model results from the coarse and
the second nested (Local2) implementations at station
MPN, and from the Coarse, Local2, and Fine imple-
mentations at OOS. Results from the first local
(Locall) grid are very similar to those obtained from
Local2 and are not presented here. For the fine grid
implementation, the effect of waves on TS (i.e.,
radiation stress and wave dependent air—sea drag
effects) is evaluated at four relatively shallow stations.
The position of these stations was arbitrarily chosen,
trying only to place them far enough from the open
boundary and close enough to the coast, where the
radiation stress effect was expected to be evident (see
positions in Fig. 2).

5.2. Effect on waves

5.2.1. Time series

In order to quantify the impact of the coupling/
nesting processes on waves, a series of statistical
parameters were computed for Hs and Tm,, at WHI
station for the period S5th—20th October 1997. The
results are presented in Tables 3 and 4. Before
describing the results, it is worthwhile to mention
that the output position for wave parameters at the
measurement station WHI in the different grids
implemented in the model is not the same, since

Table 3
Statistical parameters computed for Hs at the station WHI during the
period 5th—20th October

Grid Bias (m) rmse (m) std (m) € (%) Skill
Coarse —0.19 0.34 0.28 20 0.86
[—0.19] [0.34] [0.28] [20] [0.86]
Locall —0.24 0.37 0.29 21 0.83
[—0.23] [0.37] [0.29] [21] [0.83]
Local2 —0.25 0.38 0.29 21 0.82
[—0.24] [0.39] [0.29] [21] [0.83]
Fine —0.23 0.37 0.29 21 0.83
[—0.23] [0.37] [0.29] [21] [0.84]

A set of 360 hourly data were used for the analysis. Computed
values from the coupled and uncoupled (in square brackets) systems
are shown.

WAM only provides output at the nearest grid point.
As a matter of fact, the WHI output location
corresponding to the Coarse, Locall, Local2 and
Fine grids are 18.5, 2, 0.6 and 0.5 km away,
respectively, from the measurement point. In addi-
tion, the depth at the WHI station output point
differs from grid to grid. For the Coarse grid it is
31 m, for the Locall and Local2 it is 30 m and for
the Fine grid it is about 13 m. The rather large
difference between the depth of WHI in the fine grid
and the other grids has to do with the details of the
bathymetric features (i.e., sand banks), which are
better represented in the fine grid. Unfortunately, it
does not make the interpretation of the different
model results any easier.

The Hs values computed by the models were,
independent of the coupling, systematically lower
than the measured values. This is indicated by the
negative bias (see Appendix A for the definition of
this parameter, as well as of the other parameters
shown in Tables 3 and 4) computed for all the cases
(about — 24 cm). According to the values presented in
Table 3, the nesting process increases the hindcast
bias by approximately 5 cm in both the coupled and
uncoupled models, which represents less than 5% of
the mean Hs and about 1.5% of the maximum
computed at the station. The increment of the bias
can be associated to the use of a higher spatial
resolution and the consequent use of a more detailed
bathymetry in the nested implementations, increasing
the energy dissipation by bottom friction. The statis-
tical values computed by the coupled system for Hs at
the different grids are quite homogeneous and show
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practically no differences with the values computed
from the uncoupled version results. The computed
bias, root mean square error (rmse) and scatter index
(e) from both model system results are in good
agreement with the values reported by other authors
(Zambresky, 1986; Monbaliu et al., 1997; Cardone
and Resio, 1998) during stormy conditions. The
computed skill parameters for the analysis period are
quite high (between 0.82 and 0.86). This shows up in
the high correlation between Hs computed by both the
coupled and uncoupled systems, and measurements.
The computed linear correlation coefficients, for the
four grids, were always higher than 0.94.

The statistical parameters computed for the second
moment wave period, Tmy,, are displayed in Table 4.
It has been shown that Tmy, is more sensitive to the
tide/surge interaction than Hs (see Section 4), specif-
ically to current speed and direction. Therefore,
higher differences between the statistical parameters
computed with the coupled and uncoupled systems
may be expected. The computed values for the bias
and rmse (see Table 4) tend (both for the coupled and
uncoupled systems) to increase from the coarse to the
two local grids, and then decrease again from the
second local to the fine grid. Accordingly, the oppo-
site effect is observed for the computed skill param-
eters. The bias, rmse, std and € computed with the
uncoupled system tend to be smaller than the respec-
tive values computed for the coupled system results.

Negative hindcast bias were computed with both,
coupled and uncoupled models, for the three grids at
WHI, possibly indicating an under-prediction of en-
ergy at low frequencies. Results (not shown here)
indicate that the Tmg, under-estimation is more evi-
dent during northerly wind events. For the coupled
system, the hindcast bias is in a range from 0.37 to

Table 4

Idem as in Table 3 but for Tmg, values

Grid Bias (s) rmse (s) std (s) € (%) Skill

Coarse —043 0.72 0.58 13 0.42
[—0.36] [0.65] [0.54] [12] [0.52]

Locall —0.53 0.78 0.57 13 0.32
[—0.48] [0.74] [0.56] [12] [0.39]

Local2 —0.49 0.76 0.59 13 0.35
[—0.36] [0.74] [0.65] [14] [0.38]

Fine —0.37 0.71 0.61 14 0.43
[—0.19] [0.74] [0.72] [16] [0.38]

0.53 s, which represents about 10% and 5% of the
mean and maximum, respectively, of the computed
Tmg,. The bias computed for the uncoupled system
tends to be between 10% and 20% smaller than the
values computed from the coupled system, except in
the fine grid where it is about 50% smaller. The
computed rmse’s are similar for the coupled and
uncoupled systems (difference less than 10%). The
std computed with the uncoupled system increases
from Coarse to Fine, while the coupled version only
increases marginally. The scatter indices computed for
Tmy, are, in all cases, smaller than those computed for
Hs. This mainly comes from the differences between
the mean Hs and Tmy, values, the latter being much
larger than the former. From Tables 3 and 4, it is
possible to observe that the skill values for computing
Tmg, are considerably smaller than the values com-
puted for Hs.

The misrepresentation of Tmy, can also clearly be
observed in Figs. 6 and 7. For the coupled system, the
correlation coefficient range values from 0.77 to 0.80,
while for the uncoupled system the computed values
are between 0.66 and 0.82. The direct comparison
between Figs. 6d and 7d and the statistical parameters
computed there show the limitation of using a single
parameter (e.g., bias) to evaluate the performance of a
model. For instance, as shown in Table 4, the bias
parameters computed with the uncoupled system at
the fine grid implementation is better than the one
computed from the coupled system. It is clear from
Figs. 6d and 7d that Tmy, computed by the coupled
version shows a better agreement with measurements.
Further fine-tuning of the coupled system is outside
the scope of this study. However, the results obtained
so far are encouraging.

In Fig. 8, time series of differences of Hs (AHs)
and Tmg, (ATmgy,) between fully coupled and
uncoupled systems results for the different grids at
WHI are displayed. The semi-diurnal tidal effect is
clearly observed in the time series of both parame-
ters. The amplitude of the AHs oscillations is about
10 cm, more or less 5% of the local values. These
oscillations occur during strong wind conditions and
are in phase with the depth variation of the water
column. Positive differences (i.e., higher values
computed by the coupled system) in phase with the
tidal signal sustain the assumption of bottom friction
effect as the main cause for the observed oscillations
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Fig. 8. Time series of differences for Hs and Tmg, (2wc-unc) at station WHI computed from results at Coarse (coa), Local2 (n2), and Fine

(n3) grids.

in the Hs time series. The negative trend of AHs
values observed mainly in the nested grids during the
period 14th—17th October can be explained by the
cumulative effect of the wave-tide/surge interaction,
as suggested by Tolman (1990). This trend is ob-
served after a strong northerly wind condition. The
mean wave direction (figure not shown here) indi-
cates that waves are still coming from north.

The oscillations induced by the tide/surge effect on
Tmg, are about 1.0 s, representing up to 20% of the
local values. Stronger modulations are observed dur-
ing southerly winds, when the wave field is younger
and the Doppler effect is more visible.

5.2.2. Spectral characteristics

In this section, the wave evolution is assessed
through the comparison between parameters that
characterize the spectrum in frequency space [e.g.,
energy, directional spreading (Dspr), and mean prop-
agation direction (Mpd); parameters defined in Ap-
pendix B] computed from measurements and model
outputs. The comparisons are carried out for the
station WHI.

On October 7, the southwesterly wind regime in
the Southern Bight strengthens, producing high-
frequency waves (measured peak frequency about
0.15 Hz) by virtue of the relatively short fetch.
Wind speeds of more than 12 m/s are reached by
midday. For these wind conditions, the spectral
parameters computed from measurements and from
the different model outputs are displayed in Fig. 9.
One can observe that the energy of the spectral
peak is underestimated, as well as the position of
the peak frequency. In this particular situation, the
consequences of the relative large diffusion of the
first order propagation scheme used in ProWAM
can be considered negligible. During this period, the
predicted wind speed at WHI is underestimated by
30%, while the direction is correctly predicted.
Therefore, the largest part of the model error during
this period has to do with the underestimation of
the wind magnitude.

At high frequencies (f>0.2 Hz), the models repro-
duce adequately the directional spreading (Dspr). The
mean propagation direction (Mpd) is also well repro-
duced (the energy is mostly travelling along the wind
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Fig. 9. Energy density (left panels), directional spreading (central panels) and mean propagation direction (right panels) as a function of
frequency at WHI station. From top to bottom, the rows correspond to results at the Coarse, Locall, Local2, and Fine grids. The different lines
correspond to measurements (msm), and the uncoupled (unc) and the coupled (2wc) versions of the model. The arrows at the Mpd panels
indicate current direction and the dashed lines indicate wind direction. The same convention for the direction is used for all the parameters
(going to). The current speed (u), wind speed (Uj), and the tide/surge phase (central panels) are also specified. Tide/surge data correspond to

the coupled version.

direction). At this time, the shifting of the energy to
higher frequencies is evident as the waves are travel-
ling along the current direction. It is worthwhile to
note the difference between current speed computed
by the Coarse implementation and the values comput-
ed for the rest of the implementations. The current
speed computed in the Coarse implementation is
about 20 cm/s stronger than the value computed by
the Fine implementation, which is reflected as a larger
energy shifting.

During the analysis period, the maxima for Hs
and Tmg, occurred on the 14th of October. At that
time, the whole wave field was generated by a
strong northerly wind condition. According to the
measurements, the spectral peak is located at
f= 0.1 Hz. Wind measurements at WHI indicate
again that, for these specific atmospheric conditions,

UKMO analysis underestimated the wind magnitude
by about 20%. However, as shown in Fig. 10, the
frequency spectra computed from measurements and
the ones predicted by the model show a remarkable
agreement, especially the energy level around the
spectral peak predicted by the coarse-grid imple-
mentations. For the nested grids, some energy at the
peak frequency is missed, probably due to a differ-
ent refraction pattern attained from grid to grid and
due to wave energy dissipation. In the coupled
system, the refraction pattern is defined by the
bathymetric resolution, as well as the current shear.
Indeed, for the uncoupled model only the bathy-
metric resolution would change the refraction pat-
tern. In addition, part of the energy at low
frequencies (lower than the peak frequency) is lost
in the spectra predicted by the nested-grid models
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Fig. 10. Idem as in Fig. 9 but for date 14th October 1997 at 00GMT.

due to a stronger bottom friction effect in the higher
resolution implementations.

One can see in Figs. 9 and 10 that the directional
spreading at higher frequencies of the spectra com-
puted from the measurements change from date to
date. Conversely, the directional spreading at higher
frequencies of the spectra computed from the models
is constant (about 40°). Nevertheless, the directional
spreading is generally better reproduced by the fine-
grid implementation. Note that the directional resolu-
tion in the wave model (all grid implementations) was
set to 30°. For such a rather coarse directional
resolution, one should not expect a large sensitivity
for directional spreading in the model results. Never-
theless, the use of a higher directional resolution in the
wave model (results not shown here) does not im-
prove the behavior of the energy distribution at high
frequencies.

The large differences in Dspr and Mpd at high
frequencies observed in Fig. 10 are produced by
the shifting mechanism. Note that, at this time, the

wave components in the quadrant South—West
travel against current, which produce an energy
shifting toward lower frequencies. As the energy
decreases rapidly to zero at high frequencies, less
energy is shifted from the high-frequency region,
which produces the observed asymmetry of Mpd
(with respect to wind direction) towards the current
direction (Wolf and Prandle, 1999, their Fig. 4).
This also produce a discontinuous directional ener-
gy distribution at high frequencies of the directional
spectrum (Schneggenburger et al., 2000, their Fig.
12) and the spectral narrowing at high frequencies.
This last effect is magnified by the lack of energy
beyond the highest frequency in WAM’s spectral
domain.

5.3. Effect on tides and surges
5.3.1. Differences in surge elevation

As mentioned in Section 2.4.3, for the present
study a bottom friction formulation taking into
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account explicitly the coupling of waves and currents
was not included in the coupled/nested system. In
these circumstances, the only kind of modification
experienced by the tides is that corresponding to
surge. A qualitative improvement in the description
of the cotidal pattern at the Southern Bight (partic-
ularly for the M, constituent) can be achieved by
using only the refinement (or nesting) procedure
implemented in the TS model (Osuna, 2002). Ac-
cordingly, the only process analyzed in this section is
the effect of waves on the surge at stations MPN and
OOS, where long time series of surge measurement
were available for October 1997.

In Fig. 11 (upper panel), it is possible to observe
that the use of a more detailed bathymetry tends to
increase the computed surge at the coastal station
MPN. This behavior is more evident during south—
southwesterly wind conditions (8th—10th October).
During the period of time shown in Fig. 11, the
computed rmse tend to decrease from 0.15 to 0.14 m
when the resolution is increased, while the skill
improves from 0.74 to 0.78. The correlation coeffi-
cient, Cc, between measurements and 2wc also

improves, from 0.87 to 0.89. Note that only results
from the coupled system, 2wc, are used in the
comparison. The surge values computed at MPN
with the uncoupled system, TS, show more or less
the same trend as those computed with the coupled
system. However, the surge values computed with
the uncoupled version tend to be about 10% smaller,
as shown in the lower panel of Fig. 11.

The influence of using a higher resolution is
larger at station OOS. Differences in surge elevation
between results from the Coarse and Fine grid
implementations are mainly in the order of 20 cm,
about three times larger than the differences between
Local2 and Fine grid results, during stormy events.
Even though the best estimates of rmse, skill, and Cc
(about 0.17, 0.56, and 0.79 m, respectively) are
smaller than those computed at MPN, the values
also tend to improve from coarser to finer imple-
mentations. At this station, the effect of coupling on
surge elevation is similar to that observed at MPN,
while its effect on currents can be assessed from the
results shown in Fig. 12 at station bl (see positions
in Fig. 2).

N [M]

— msm

Amng [cm]

|
6 7 8 9 10

|
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Fig. 11. Comparison between surge elevation measured at station MPN (msm) and the values computed with the coupled system at the same

2we

station with the Coarse (coa) and Local2 (n2) implementations (upper panel). The differences (52" — #5) are shown in the lower panel.
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Fig. 12. Magnitude (full line) and direction (open circles) of the excess current (u.) velocity produced by the two—way coupled system at
stations al (7.7 m), a2 (10.3 m), bl (9.6 m), and b2 (11.6 m). The station locations are shown in Fig. 2. Direction is reported for velocity

magnitudes larger than 1.0 cm/s.

5.3.2. Excess currents due to wave dependent air—sea
drag effect

Excess current values related to the effect of con-
sidering a wave dependent drag coefficient in the
computation of surface stress (u=u’"°—u'>) are
shown in Fig. 12. One can observe that, during main
events, the magnitude of this effect is in the order of 10
cm/s. This represents about 10% of the typical current
speed in the Belgian coastal area.

The general u. pattern follows the bathymetric
features, with excess currents flowing toward the
northeast during southwesterly wave conditions and
toward southwest during northerly wave conditions.
This pattern is disrupted during the strongest south-
westerly surge event (between October 9 and 10); at
stations closer to the coast (al and bl, in Fig. 2), u,
flows in the opposite direction to the general pattern.
Maxima of u, are observed during this period, which
are well correlated with maxima of surge differences
at the nearby MPN station (see Fig. 11). In this case,
the disruption of the general pattern is not associated

to the local sign of the residual elevation (Axy)
produced by considering a sea-state-dependent sur-
face stress.

5.3.3. Radiation stress effects

The excess momentum flux (or radiation stress)
associated with the presence of waves on the hydro-
dynamics, is also evaluated. The excess current for the
evaluation of the radiation stress effect is computed by
subtracting the standard fully coupled implementa-
tion, 2wc, from a fully coupled version including
radiation stress (rs) terms (u,=u""°""™ — u>"°).

The inclusion of radiation stress in the momentum
equation produces an excess flow in the same order
of magnitude as the one produce by considering a
sea-state dependent surface stress formulation (see
Fig. 13). The u, pattern is similar as the one that
considers the effect of coupling. However, in this
case the magnitude of u, during the southwesterly
and northerly wave conditions are comparable. One
can also observe a semidiurnal modulation in the
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magnitudes larger than 0.4 cm/s.

direction of u,, which indicates an effect of tides for
this process. Maxima u,; are well correlated with low
tides. The direction of the flow at the different
stations is related to the set-down (set-up) induced
by waves on the crest (swales) of the bathymetric
features.

6. Conclusions

The performance of a coupled wave—current mod-
el system implemented in a series of nested grids has
been assessed. Even though the predicted values were
validated against measurements at several stations
located in the Southern Bight, the main task here
was to quantify the relative importance of the different
processes associated to the wave, tide, and surge
interaction. Under this premise, the tuning of free
parameters in the simulation was avoided. Neverthe-
less, the results from the comparisons between mea-
surement and predicted values prove to be useful to

draw some conclusions about the performance of the
model implementations.

It was observed that, for the coarse grid implemen-
tation, the magnitude of the coupling effect on signif-
icant wave height (Hs) increases from deep to shallow
waters. It is more important during low wind con-
ditions, however its relative effect barely exceeds 5%.
The results obtained from the coarse grid implemen-
tation of the coupled system indicate that the wave
models under-predict Hs and Tmg, values. The un-
derestimation is more evident during stormy periods
and decreases toward the coast. This result, together
with the under-prediction of surge computed with
both the coupled and uncoupled systems, points at
an underestimation in the magnitude of the UKMO
winds during the period considered in this study as the
main cause for the negative bias of Hs and Tmy,
computed at the different stations. This underestima-
tion of the wind field was confirmed by wind meas-
urements at the WHI location, some 30 km off the
Belgian coast.
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The differences in coastal regions in the wave
parameters Hs and Tmg, between the coupled and
uncoupled systems, are equally associated to time
variations of the water column (tide+surge), which
modulate the strength of the bottom friction effect, and
the magnitude of the current during following or
opposing wave cases. For the wave period (Tmg,),
the coupled system clearly improves the qualitative
agreement of the predicted values and the measure-
ments. The coupling effect on Tmy, is one order of
magnitude stronger than in the case of Hs.

The largest wave-tide/surge interaction effects in the
North Sea can be found along the British coast, the
southwestern North Sea and the German/Danish coast,
where the amplitude of the tides and the magnitude of
the current are considerable.

Taking into account the sea state in the computation
of'the sea surface stress (coupled system) leads to larger
computed surge amplitudes compared to the standard
parametric formulations. The spectral characteristics
(e.g., the spectral shape and directional spreading of
energy in frequency space) are better reproduced by the
use of a higher spatial resolution. Nesting and coupling
up to the finest grid implementation also helped to
improve the agreement between measurement and
predicted values of Tmy, at the Belgian coast off-shore
station.

It was observed along the Belgian coast that the
current induced by including the radiation stress is of
the same order of magnitude as the excess current
obtained by a wave-dependent sea surface stress. The
direction of the excess flow produced by the radiation
stress is highly controlled by bathymetric features.
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Appendix A. Scalar-based parameters

Given a set of N predicted (m) and observed (o)
scalar values, and assuming that o data is error free
(that is, considering o as a reference data base), the
following statistical parameters can be computed:

(i) Relative difference

rdf =1 —°

(A.1)

where o and m represent the observations (or refer-
ence values) and the predictions, respectively.
(i) Mean absolute error (bias)

mae = [Z(m_o)]/zvzm_a (A2)

where 0 and m represent the mean value of the
observations and the predictions, respectively. ¥ indi-
cates summation over the elements of the vector in
question.

(iii) Root mean square error

rmse:{{Z(m—o)z}/N}l/z. (A3)

(iv) Standard deviation of the absolute error

stde = {[Z(m—o—mae)z}/(N— 1)}]/2.

(A4)
(v) Scatter index
€ = std/o. (A.5)
(vi) Skill index
. S (m — o0)?
skill =1 -—-=———-. (A.6)

>(6-0)

For most of the parameters, the smaller value the
better agreement between observation and prediction
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is attained, except for the skill index parameter which
would tend to one.

Appendix B. Parameters related with the spectra

The sea surface at a given time can be described
by a variety of parameters computed from the
spectra. The discrete form of the spectral moments
are given by,

360 (o _
m= | [ R 0P (B.1)

Some of the parameters that depend on the spec-
trum are:
(?) Variance of the spectrum (total energy)

Etot = my. (BZ)

(it) Significant wave height (Hs)

Hs = 4,/mq. (B.3)

(iii) Second-moment wave period (Tmy,), also
associated to the zero upcrossing wave period

Tmg = | /22, (B.4)
my

(iv) Mean wave direction (0,,)

[[sin(0)F(f,0)dfdo
[[eos(O)F(f,0)dfdo|

Following Kuik et al. (1988), a mean propagation
direction (Mpd) and a root-mean-square measure of
the directional spreading of the wave energy (Dspr) is
defined in terms of the first-order Fourier moments of
the 2D spectrum F(f,0). The expressions read,

(v) Mean propagation direction

Om = arctan[ (B.5)

Mpd = arctan(b; /ay). (B.6)
(vi) Directional spreading

Dspr = {2(1 — iny)}'/? (B.7)

where
i = {ai + b7} (B.3)
and
2n
@ = / cos(0)Ds (0)d0 (B.9)
0

Di(0) = F(f.0)/F(0): F0) = | " E ()0
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