CHAPTER 37

DEVELOPMENT OF A THIRD GENERATION SHALLOW-WATER
WAVE MODEL WITH UNSTRUCTURED SPATIAL MESHING

Michel BENOIT !, Frédéric MARCOS, Frangoise BECQ >

Abstract

A numerical third-generation wave model dedicated both to deep water and near-
shore applications is presented and applied to several test-cases to highlight its
capabilities. Among its main features, this model uses a finite-elements technique
for the discretization of the modelled area, which makes it suitable to represent
complex bottom topographies and irregular shorelines. Furthermore, the piece-wise
ray method used for wave propagation allows to use rather large time-steps, which
in turn allows to keep the computational time at a very moderate level. The
implementation of shallow-water physics in the model is also described, in
particular with respect to depth-induced breaking. Several applications of the model
are presented and compared to field or laboratory data for their validation. Finally,
the main research and development items are mentioned and discussed.

1. INTRODUCTION

Although originally developed for deep water applications and meteorological
purpose (e.g. WAMDI Group, 1988), spectral “phase-averaged” wave models are
presently being extended towards the near-shore and coastal domains. This
extension implies first to improve the physics of the numerical models so that they
become able to reproduce shallow-water effects. Several efforts have already been
attempted in this way by developing numerical formulations for bottom friction,
depth-induced breaking and non-linear interactions between triplets of waves (the
so-called “triad-interactions”) (e.g. Ris ez al., 1994 ; Van Vledder et al., 1994).

A second point to consider is the ability of the model to deal with the complex
bottom topography of coastal and near-shore areas. Compared to oceanic
applications, these shallow-water domains usually need a finer spatial discretization
to properly represent bathymetric gradients and irregular shorelines. This requires a
number of properties from the numerics of the wave model (discretization
techniques, integration schemes) which are usually not encountered in present third-
generation wave models. For instance, if one wishes to apply the WAM model to
local areas, the size of the finite-difference spatial grid has to be decreased over the
whole domain, which highly increases the number of computational points and
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often leads to use nested grids. Furthermore, the explicit scheme for wave
propagation in WAM will then imply a strong decrease of the time-step in order to
ensure that the Courant Number remains lower than 1. This, in turn, will cause a
significant increase of the computational time, so that the computation will likely
become unrealistic at an operational stage.

This paper deals with the development of a third generation spectral wave code
applicable to deep water oceans, but also dedicated to shallow-water domains. This
model, named TOMAWAC (which stands for “TELEMAC-based Operational
Model Addressing Wave Action Computation”), is included in the TELEMAC
modelling package developed by LNH, which contains numerous finite elements
modules covering a wide range of maritime hydrodynamics applications.

The TOMAWAC model is presented in Section 2. Speeial attention to the
implementation and validation of depth-induced breaking is paid in Section 3.
Section 4 presents the application of the model on a test-case of waves propagating
on a current whirl. In Section 5, the model is applied to the simulation of an actual
storm in the North-eastern part of the Atlantic Ocean and in the Channel. Finally,
present and future research items are presented and discussed in Section 6.

2. PRESENTATION OF TOMAWAC WAVE MODEL

2.1 Main modelling equations of TOMAWAC

TOMAWAC solves the wave action conservation equation (or wave action
balance equation) in spherical or Cartesian co-ordinates for infinite or finite water
depth. The wave action density N is defined as the ratio of directional variance
density F to relative (or intrinsic) angular frequency G : N=F/o.

The directional variance density F(f,0) corresponds to the “classical” directional
spectrum of waves and models the way the wave energy (or variance) spreads over
frequency f and direction 6.

In the presence of a current field U the action density is conserved (Bretherton
and Garret, 1968). This leads to the following equation for the variance density
F(x,y, fr, 6, 1), expressed in TOMAWAC as a function of time t, spatial Cartesian
co-ordinates x and Ys direction of propagat1on 0 and relative frequeney f; :

3B. F) a(B F) a(B F) (8. F) +Cg 3B.F) _ =B.Q )
ot 9x dy < 20 oft
C ~
with:  F(f8) = ——B—— F(£.,0)
Cg+Uk/k

The absolute angular frequency ® = 2n.f (as observed in a fixed frame of
reference) is related to the relative angular frequency ¢ = 2 f; (as observed in a
frame moving with the speed U) by the Doppler equation: ®= ¢+ k.U.
where k is the wave-number vector, as given by the dispersion relation for linear
waves as a function of water depthd : 62 = g k tanh(k.d)

The transfer rates in space, direction and relative frequency are computed
according to the linear wave theory :

— 1 =—_1_a_6_2&_1_ _KaU
Cy =Cg.sin 6 + Uy Ce Kod 32 K on
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n is the direction perpendicular to wave propagation direction and s
corresponds to the direction of propagation (given by 6). The coefficient B results
from the fact that the conservation equation must be basically written for the action
density expressed as a function of wave number : B =C.Cg/ (21 62).

C=0/k and Cg=do/ dk are the phase and group speeds respectively.

The TOMAWAC model is unsteady (variable wind forcing conditions usuglly
given by the wind-speed 10 m above the sea surface), but the current field U is
assumed to be steady in version 1.2 of the code, as well as the water depth.

2.2 Modelisation of source and sink terms in TOMAWAC

In the Q term at the right-hand side of the balance equation (1), TOMAWAC 1.2
operationally includes the following physical processes : generation by wind (Qip),
dissipation by white-capping (Qwc), bottom friction (Qpf) and depth-induced
breaking (Qpyr), non-linear interactions between quadruplets of frequencies (Qni4).
For each of these processes, several state-of-the-art formulations, calibrated against
data from experimental campaigns in the field, are available in TOMAWAC and
summarized in Table 1. The presentation of all the formulations is clearly out of the
scope of this paper and can be found in the mentioned references. However, a more
detailed presentation of depth-induced breaking is given in Section 3. In addition to
these processes, a term modelling the non-linear transfers between triads of waves
in shallow water (Eldeberky and Battjes, 1995) is presently under development and
will be soon operational for use.

Formulation 1 Formulation 2 Formulation 3
Qin Janssen (1991) Snyder et al. (1981) | Snyder etal. (1981)
wind input + u* from drag law | + u* from Charnock
Qwe Komen ef al. (1984) | Janssen (1991)
white-cappin
Qnl4 Hasselmann et al. Webb (1978)
quadruplets | (1985) (under development)
Qof Bouws and Komen Madsen et al (1988) | Christoffersen and
bot. friction | (1983) + JONSWAP Jonsson (1985)
Qbr Battjes and Janssen | Thornton and Guza | Roelvink (1993)
surf-breaking | (1978) (1983)

Table 1 : Review of source and sink terms available in TOMAWAC 1.2.

2.3 Numerical aspects of TOMAWAC
2.3.1 Spatial and spectral discretizations

Finite elements gpatial discretization

Spectral wave models usually use finite differences grids for spatial meshing.
This may however become a limitation for nearshore applications, where complex
bathymetry and irregular shoreline often require a refined resolution. As already
mentioned in the introduction, the first solution to this problem is to use nested
grids, but this implies an heavy management of input/output files, complicates
programming and significantly increases the computational effort.
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The finite elements technique used in TOMAWAC (and in all the models of the
TELEMAC system as well) overcomes this problem quite elegantly because the
user can determine locally the size of the mesh and then optimize the number of
nodes according to the accuracy expected in the various parts of the computational
domain. The maritime area to be modelled is then discretized in a number of
triangular elements whose size may be varied according to the desired resolution.
This unique feature allows for instance to have on a same grid large oceanic areas
(with mesh size in the order of several hundreds of kilometres) and nearshore areas
(with mesh size in the order of one kilometre or less). Examples of spatial grids
used by TOMAWAC are given in the following sections of this paper dealing with
applications and validation test-cases.

Directional-spectral discretization

The range [0 ; 27t] of wave directions is discretized in a number of equally
spaced directions. This number of directions usually lies between 12 (A8 = 30°) and
72 (A® = 5°). The discretized frequencies follow a logarithmic distribution
;11 = (1+€).f;). The number of frequencies usually lies between 15 and 30. This
results in a directional-spectral grid for the directional wave spectrum which is
regular over directions and logarithmic over frequencies.

2.3.2 Numerical schemes

The wave action balance equation is solved in TOMAWAC by a fractional step
method, including :
*a convection step (left-hand side of the balance equation (1)) :

JB. F . -
(at ) +V. grad(B F) with: V =(Cy; Cy; CqiCrr)
. and a source terms integration step (right-hand side of the equation (1)) :
a(z F) =B.Q which reduces to : a— =Q as B is independent of time.
t t

Propagation step :

The convection step is treated by a piece-wise ray method or method of
characteristics. Due to the fact that the convector field is stationary, the
characteristics curve have to be computed only once, at the beginning of
computation. The results are stored in computer memory. At each time step, the
convection step is thus reduced to an interpolation, which allows to save a good
amount of computing time.

Source terms step
The source terms integration is carried out through a weighted implicit scheme :

=+l =
E7 -F* & 0.Q*+ (1-a0). Q1
Aty

where F* is the value of the variance spectrum after the propagation step and Q*
represent the value of source-terms based on F*.

Choosing a = 0 (o = 1) makes the scheme fully implicit (explicit). In one selects
o = 0.5, this scheme reduces to the semi-implicit scheme used in the WAM model
(WAMDI Group, 1988).

2.3.3 Vectorization

TOMAWAC is fully vectorized and may be run either on super-computers or on
workstations, depending on the size of the computational domain.
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~ distribution are more likely to break, another formulation W, (leading to pb,(H)) is
formulated. The average dissipation rates are obtained by combining p,(H) with a
dissipation rate per breaking wave (based on bore theory) :
2
- 3 7 - 3 H’ H
D1=-—1't-B3p Hlms and D2=£B3pgf——£n—s~ 1-|1+ —I_—Iﬂni
h

-5/2

16 PH!h 16 "H N

* Roelvink (1993) model : The originality of this model lies in the use of two
different functions for the distribution of wave heights, namely a Rayleigh and a
Weibull distributions. The breaking probability is close to the second formulation of
the TG83 model where the H_ dependence is suppressed. The average dissipation
terms D then read (m and A depend on local wave parameters) :

2m+1 2m n
— o ff H H H
Dyiar = P&t mAH (—J exp| —A(—J - exp({——)) .dH
w b " 2 ’ .!; H s H ms ’Yll
IR H Y HY)Y
=~ o
DRayleigh - 5 pgpr "“5-([ [ H ms ] exp _( H ms J |:1 ) exp(—(%]) } dH

* Izumiya and Horikawa (1984) model (IH84) : this model is based on the
Reynolds equations and was developed for monochromatic waves propagating over
a bathymetry profile. The breaking dissipation term is expressed as a function of
wave energy E :

D=_p (C_g E ]__E____(z_Cgl)
- 0 . 2 *s 1/2d3/2 C
C pegh P

where ML, is a stable wave criterion (about 0.9.107) and B, =1.8.

(i1) Distribution of total dissipation over both frequencies and directions :

No directional dependence has been demonstrated until now, so the discussion
will be restricted to the frequency dependence. Vincent et al. (1994) have analyzed
laboratory data for the evolution of single-peaked spectra along a monotonic
bathymetry profile. The normalised energy loss was found to be quite independent
of frequency allowing the assumption that the spectral distribution of energy
dissipation is directly proportional to the energy density, so that :

—_— F f w0 27
Q, (f,0) = —D(mo,fp,d)ﬂ with m, =" [ "F(f,0)dfde
mo 0 Jo
Experiments from Beji and Battjes (1993) for waves propagating over a bar also
indicate the same trend, leading to the above state-of-the-art method currently used
in other wave models (Ris et al., 1994 ; Van Vledder et al., 1994).

On the other hand, Mase and Kirby (1992) observed in their laboratory
experiments a frequency dependence of the breaking dissipation. They proposed to
add a quadratic dependence on frequency, so that :

Q,, (£,8) =—(a, +a,). F(£,0) with D(m,, {,,d) = | jj“ (a, + *a,).F(f, )dfde

As, from the observations, a linear dependence on frequency could not be
excluded, both the quadratic and linear dependences have been implemented in
TOMAWAC (in addition to the above classical approach neglecting any frequency
dependence). The inclusion of the frequency dependence for the breaking sink term
does not significantly modify the evolution of the significant wave height along the
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profile. As expected however, the mean frequency is found to decrease when a
quadractic dependence of frequency is activated. Indeed the higher frequencies of
the spectrum are more concerned by breaking dissipation, shifting the spectral
shape towards the lower frequencies. However, such a behaviour can not be
validated solely, but must be analysed in conjunction with (in particular) triad
interactions, which play a central role in the energy flux between the spectral
components in shallow water.

(iii)_Example of validation of depth-induced breaking in TOMAWAC model

A field experiment was conducted on September 4-6, 1985, at the Field
Research Facility of the U.S. Army Coastal Engineering Research Center (CERC)
in Duck, North California (Ebersole and Hughes, 1987). The case presented below
was recorded on September 4, 15:10 hrs (41510). The wave conditions imposed at
the seaward boundary for the application of TOMAWAC are summarized on figure
2.a. The numerical simulations were carried out for the bathymetry profile shown
on figure 2.a with a computational grid of approximately constant mesh (figure 2.b).
The surf-breaking dissipative term was assumed to be frequency independent.

The TOMAWAC results (figures 2-c to 2-f) show that all breaking models are
able to correctly reproduce the significant wave height variations along the
bathymetry profile. BJ78 model was used in a first run with a value of y detetmined
from the Battjes and Stive (1984) formulation (y=0.53) and with the Miche criterion
for the computation of H, (Figure 2.c). This results in an overestimation of the
dissipation. In fact, Battjes and Stive formulation is not efficient for low values of
steepness s,. This test-case requires to increase y up to 0.75, which gives quite good
results. The use of the weighting function W, in TG83 model gives better results on
this experiment than W, (figure 2.d), even if it does not well reproduee the wave
height enhancement observed before breaking. RO93 model gives too much
dissipation with the Rayleigh distribution (figure2.e), but the use of the Weibull
distribution improves the results. The IH84 model is also too much dissipative
(figure 2.1), but partly reproduces the wave height enhancement before breaking.

4. WAVES PROPAGATING OVER A CURRENT WHIRL

This computation has to show the capability of TOMAWAC to represent wave-
current interactions on a realistic (although schematic) case of a current eddy. This
case was proposed by Mathiesen (1987) as fairly representative of the whirls
sometimes occurring in the nearshore zone.

(km)
inti 40
4.1 Descr{ptlon of tt.1e tc.:st case Current (m/s)
The spatial domain is a square of 3094 . 9 R =25 km

80 km (figure 3). We consider an idealised
circular whirl, centered on the origin :

- The tangential current velocity increases 10
linearly from zero at the center of the

20 A

. 0
whirl . u(r) =w r—r{ for r<ry<rp
. -10
- Further away from the whirl center, the
current follows a gaussian profile : -20 A
_ (r - ro) 2 ~30
u(r) = Umax eXp {_ ( bro for r>n ‘0 Incident waves

Eo_r (t)h?is rl;ll?’ ;llrlnax d= tl m/SL r90 5=2%(7) llim and Figure 3 : Definition sketch and current
=42, which feads to 1y =>. m. field for the whirl test-case.
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Mathiesen (1987) developed a semi-analytical model for this refraction problem
using a ray tracing technique. This technique can be carried out upward or
backward. Mathiesen used the backward ray method to determine the point (x,y.f,0)
where the energy originates to reach the point of interest. Such computations were
performed for different wave frequencies and directions in order to build a complete
wave spectrum. Therefore, his results can be compared with those of TOMAWAC.

The input offshore directional wave spectrum, chosen by Mathiesen (1987), is
written in the form :  F(f,8) = S(f).D(f,8) where S(f) is the frequency spectrum
and D(f,8) is the directional spreading function. The frequency spectrum is a
classical JONSWAP spectrum with a peak frequency fj, equal to 0.1 Hz. D(f,0) is
based a Gaussian-shaped directional distribution :

2

0 - Bm)

D(f,0) = —L _0-Om
)= oo P 2l

05, is the mean incident wave direction (here 6,,= 0) and Gy is the circular
standard deviation given by the following expression :
£12.03 .
60 = S0p (W) iff<f,
fp
60 = Sop (i)l""‘ if £>1,
fp
The water depth is supposed to be constant at 200 m. The computation is
achieved with Cartesian co-ordinates, without any source term (Q=0). The mesh
used consists of 1876 points and 3590 elements of about 2 km on one side.

where G, = Op(f,) = 25°

4.2 Results and discussion

Several computations were performed
with TOMAWAC, using different time-
steps and different directional resolutions.
Only the results obtained with a time-step
of 1200 s and a directional resolution of
7.5° will be presented below. The 25
discretized frequencies range from 0.04
Hz to 0.4 Hz (geometrical factor 1.1).

The computed normalised significant R=15km.
wave height is given on figure 4. We can
clearly see two zones where wave heights R=25km
are enhanced separated by a zone where
they are decreased. The greatest increase
in wave height is obtained when waves
propagate against the current while the greatest decrease is observed when they go
the same way. The variations of significant wave height remain in the range + 30%.

Figure 4 : Map of normalised significant
wave height

%%
s
LT R558

Figure 5: Computed directional wave spectra at various locations
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Figure 5 shows the wave spectra computed at various locations. We can see the
presence of crossing seas, with several directional peaks in the spectrum, especially
at points n°l and 3. The directional distribution of wave energy is very
inhomogeneous on this test-case. On figure 6, the directional spectra at f = 0.1 Hz
are plotted for the eight points presented in figure 4. Mathiesen (1987) gives similar
results with his model whose directional discretization (2.5°) was finer than ours.
The TOMAWAC results compare very satisfactorily with the semi-analytical
solution. The model thus appears to be able to reproduce the main features of the
directional spectra, although they have a quite complex shape at several locations.

0.25
o 2| Point1

0.15

0.25 -
0.2 Point5s

0.15
0.1+

0.054

Or‘r] T T 1 L

0.25 g

Point 7

o——e TOMAWAC

~180 -90 0 90 180
(deg.)

B —

0.2 Point2

0.15 4

0.1

0.25 [~

o 2 Point6

0.15
0.1

0.05

0 o 1 T T

0.25 7— —
o 2 Point8

0.15

0.1

0.051

0 " " T

T !
-180 -90 0 90

Mathiesen (1987)

180
(deg.)

Figure 6 : Directional spectra at f = fp = 0.1 Hz - Comparison with Mathiesen (1987) model
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Figure 9 : Comparison of TOMAWAC results with buoy data at two locations.

6. CONCLUSIONS — FUTURE WORK

The applications presented in the previous sections show some of the
capabilities of the TOMAWAC wave model, in particular for the simulation of
storm waves for both offshore and nearshore areas. These cases are however only
samples from the numerous test-cases performed during the validation step of the
model. As a part of the TELEMAC modelling system, TOMAWAC indeed follows
the Insurance Quality Procedure of EDF-LNH, with precise development rules and
a complete documentation.

The inclusion of shallow-water effects such as bottom friction and depth-
induced breaking has allowed to further extend the range of validity of the model
towards the nearshore zone. In addition, the numerical background for spatial
discretization (unstructured “finite elements” grid) and propagation scheme (piece-
wise ray method) make the model very attractive for the modelling of shelf seas and
shallow-water domains.

Present development efforts are dedicated to the extension of the TOMAWAC
model towards the very shallow water depth, in particular by considering the non-
linear interactions between triads of waves. The possibility to deal with unsteady
currents and water levels is also a field of present research, in order to study the
interactions between waves, storm-surges and tides.
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