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ABSTRACT

The possibility of reproducing the complexity of tides in shallow water areas with a classical finite difference
numerical model is examined. This hydrodynamic model is two-dimensional but incorporates topography,
nonlinear advection and quadratic bottom friction. Particular care is taken to prescribe sea surface elevations
at the open boundaries.

A one-month simulation of “real” tides is run with a simplified spectrum restricted to only 24 constituents,
corresponding to the nine main astronomical tides and their nonlinear significant interactions. The results
are analysed by spectral decomposition {elevations and vertically integrated currents) and compared with
observational data from the tide gages and current meters, and with other solutions produced in the literature.

It is found that:

1) the dominant M, constituent greatly influences the damping of the other constituents, so that it is
necessary to run them together for any correct simulation; however, the quadratic friction law introduced in
the present simulation appears to overdamp these secondary waves by about 5%, without any possible
compromise.

2) the nonlinear interaction constituents are remarkably reproduced: for the semidiurnal, quarter-diurnal
and six diurnal groups, the precision is within some few centimeters.

3) coherent vertically integrated residual current patterns can be deduced from that simulation, with
semimonthly and monthly modulations, which correspond to local nonlinear processes, and to permanent
inflow-outflow boundary forcing.

A hindcast of the tidal flow observed at a particular area shows the possibility of using that set of results
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for tidal current predictions.

1. Introduction

The English Channel is one of the world oceanic
regions where tides reach very high values, with sea
surface variations greater than 13 m during spring
tides in the Bay of Mont St Michel, and currents
stronger than 5 m s! around La Hague Cape.
Correlatively the tidal spectrum presents over large
areas a very complicated structure. Nonlinear pro-
cesses taking place within that shallow sea, with
depths often less than 50 m, distort waves coming
from the ocean, and produce quite atypical profiles,
which need a large number of tidal constituents to
be correctly parametrized. Several analytical investi-
gations have been developed in the past to understand
the basic mechanisms of these distortions. Lamb
(1932), using an analytical solution for a long wave
propagating in a channel of constant depth, explained
how advective terms of the momentum equations
and nonlinearity of the continuity equation contribute
to steepening of the wave front and lead to bore
formation. As tidal bores are unrealistic, Kreiss (1957)
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investigated the effect of bottom friction by introduc-
ing, in the classical nonlinear shallow water equations
used by Lamb, a linear friction term proportional to
the velocity, and thereby showed the importance of
damping. Gallagher and Munk (1971) generalized
this approach by using a more accurate quadratic
friction term to represent bottom stress; they consid-
ered the nonlinear interaction processes occurring
between waves propagating simultaneously in the
basin. More recently, Kabbaj and Le Provost (1980)
demonstrated that such a quadratic bottom friction
not only plays a role of damping but also generates
nonlinear harmonics that can reach significant am-
plitudes in shallow waters.

However, all these analytical investigations were
limited to schematic channels of constant depth and
width. On the other hand, numerical modeling studies
over coastal arecas have generally been restricted to
the main astronomical tidal constituents, M,, S, and
K, and have not investigated the complete phenom-
enon including higher harmonics and wave interac-
tion.

The existence of a hydraulic reduced model of the
English Channel (Chabert d’Hiéres, 1962) has made
possible an extensive study of the tides over that
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particular area (Le Provost, 1976), leading to the
production of a complete set of harmonic charts
covering the entire coastal area for 26 tidal constitu-
ents: 3 diurnal, 17 semidiurnal, 3 quarterdiurnal and
3 sexto-diurnal (Chabert d’Hiéres and Le Provost,
1979, hereafter referred to as Ch-LP). Through that
particular study, the details of the damping processes
of different waves propagating together and the gen-
eration of nonlinear constituents over that domain
have been clearly understood. The high level of
resolution of this tidal spectrum and precision of the
results have led to the development of a tidal predic-
tion model based on that collection of cotidal maps
(Le Provost, 1981). Comparisons with harbor and
offshore tidal gage observations and with satellite
altimeter measurements (Le Provost, 1983) have
shown that the precision of these predictions is O(10
cm) for tidal ranges of several meters.

That study was unique, however, given the unique-
ness of the large rotating physical model used. Thus,
a question appeared evidently: is it possible to realize
the same kind of detailed investigations with a nu-
merical model, and what will be the precision of the
numerical solutions for all significant tidal constitu-
ents? The interest of a positive response to that
question is evident. If it is so, the same approach can
be carried for any coastal area. The results of such a
numerical study are also interesting because they
must provide not only the tidal elevations but also
the tidal currents which are difficult to obtain from a
physical model (Fornerino and Chabert d’Hiéres,
1982).

The aim of this paper is to show that it is possible
to obtain a detailed description of tidal elevations
and currents within a shallow water domain using
numerical modeling. The test area is the English
Channel.

2. Brief description of the physics from the observed
data

On the northwest European shelf, tides have been
observed intensively, leading to a large collection of
data, essentially distributed along the coast. Tidal
spectra of sea surface elevations are particularly well
documented for the French and English coasts of the
English Channel. A global view of the importance of
different harmonic tidal constituents over that area
can be obtained through the diagram presented in
Fig. 1, which gives the mean amplitude of the main
constituents, computed from ten coastal tide gages.
Semidiurnal tides are dominant. The four main con-
stituents are M,, S,, N>, K5, but we must notice the
significant amplitude of L,, u,, v,, and even A,,
which are not purely astronomically induced waves
but involve nonlinear semidiurnal interaction waves
as listed in Table 1. Quarter-diurnal nonlinear con-
stituents appear also to be quite strong: My, the first
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FIG. 1. Order of magnitude of the main tidal constituents over
the English Channel; mean amplitude over ten points of observation
along the coasts.

harmonic of M;, MS,, MN, and MK,, coming from
interaction between M, and S,, N, and K,. Even
sexto-diurnal waves are very significant: Mg, 2MS,
and 2MNg. On the contrary, the diurnal constituents
do not contribute much to the signal (This is a typical
feature of tides within the Atlantic Basin). Such a
complex spectrum reflects, in fact, the complicated
shape of the tides observed along these coasts, and
shows the great interest of using that coastal basin as
a test area for the present study. With a numerical
hydrodynamic model, we want to reproduce all these
constituents over the simulated domain. Its extension
will be limited westward at the entrance of the
Channel, and eastward just north of the Strait of
Dover. Over that area, the astronomical tides can be
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TABLE 1. List of the main harmonic constituents of the tides
in the English Channel.

Angular Angular
velocity velocity
Constituent (degh™) Constituent (degh™h)
Diurnal Nonlinear semidiurnal
0O, 13.943 035 6 MNS, 27.423 833 7
P, 14958 931 4 2MK, 27.886 071 2
K, 15.041 068 6 2MS, 27.968 208 4
3MSN, 28.512 583 1
Semidiurnal astronomical SNM, 29.455 625 3
2MN, 29.528 478 9
2N, 27.895 354 8 MSN, - 30.544 374 7
Mo 27.968 208 4 2SM, 31.015 895 8
N, 28.439 729 5
I 28.512 583 1 di
M, 58984 104 2 Quarter-diurnal
L, 29.528 478 9 MN, 57.423 833 7
T, 29.958 933 3 M, 57.968 208 4
S, 30.000 000 O MS, 58.984 104 2
K, 30.082 137 3
Sexto-diurnal
2MN; 86.407 938 0
Mg 86.952 312 7
2MS; 87.968 208 4

considered as waves forced by the oscillations of the
open boundaries, freely propagating inside the basin,
partly reflected by the bottom and shoreline topog-
raphy, damped by bottom friction, and distorted by
nonlinear shallow water processes, with transfers of
energy toward the harmonic and interaction constit-
uents. Thus, the numerical reproduction of that global
phenomenon must include exact open boundary con-
dition specifications and correct simulation of the
nonlinear processes.

3. The numerical model
a. The hydrodynamic equations

The model is based on the depth integrated shallow
water equations, which can be written, under some
assumptions (Nihoul, 1975; and Johns, 1983):

"
aU
s +VH'UU)+ fk XU
D

= ~yHV§ = 2 [U[U + %7?U 7 (1)
N ivu=o0
ot _/
with

; u=u+ vj
U=f udz, U=Ui+ Vj
. —h

H=h+¢
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where we denote by

i, j, k the unit orthogonal vectors of a reference
system (X, y, z), tangent to the geoid at
the center of the studied area D, with x
and y axis respectively eastward and
northward and z axis vertically upward.

the elevation of the sea surface above the
undisturbed level

the still-water depth

the eastward and northward components of
current

the corresponding depth integrated transport
components

the bottom drag coefficient

Vo the horizontal subgrid scale dissipation para-

&> o
<

SES
<

metrization

f the Coriolis parameter set equal to a con-
stant

vy the gravitational acceleration.

The coastal boundary condition is no normal flow:
U-n=0 along Ic¢ (2a)

A choice of conditions is available for open sea
boundaries:

+

1) to specify elevation as a function of position

and time
§= (2b)

2) to specify a relationship between elevation and
transport, expressing some ‘“radiation condition.”
Such a condition reduces artificial reflection from the
open boundary, when direct prescription of {, along
T’y is not possible because of lack of observed data,
or not well adapted to the modeled dynamics. (see
Flather, 1976).

In the present work, type (2b) open boundary
condition is used because a very accurate {o(I'o, ?)
distribution can be supplied by reference to the
previous studies of Ch-LP.

along T

b. The finite difference discretization

The domain of simulation is presented in Fig. 2.
It is limited westward and eastward by two open
boundary lines, AB and CD. The grid of computation
has a uniform spacing of 10 km. The variables are
staggered in space, following the grid scheme presented
in Fig. 2. Batten and Han (1981) have shown recently
that for linearized shallow water equation, that grid
introduces smaller numerical noise. Depths over the
network were deduced from bathymetric charts of
the Channel. Values lower than 5 m have been
arbitrarily set to 5 m to avoid “drying” areas and
uncontrolled divisions by zero in the model code,
connected to the bottom friction law used in (1).

The numerical scheme is a predictor—corrector and
is summarized as follows. By separating time deriva-
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FIG. 2. The English Channel. The model extension and the computational grid. Typical locations are
E: Barfleur Cape, F: Bruneval, G: La Hague Cape, H: Mont St Michel Bay, W: Isle of Wight, Br: Bréhat
Island, SM: St Malo, Gu: Guernesey Island, Che: Cherbourg, Lh: Le Havre, Fe: Fécamp, D: Dieppe, Bo:
Boulogne, Do: Dover, Nh: New Haven, Nt: Nab Tower, Chr: Christchurch, Pd: Portland Sa: Salcomb.

tives from the rest in system (1), one can write these
equations as:

U

-51— - fD(U> H’ f) (3)
a

o Jc(U)

where fp, is a function of U, H, and ¢ and their space
derivatives, and fc, of U and its derivatives. The
numerical integration proceeds in two steps:

1) Starting from time 7, an estimate of the unknown
variables at ¢ + At/2 is first computed through an
upstream space derivative scheme:

At
Upayp = U, + “2— fDUP(Uta H, {)
(4)

At
Sevary = §o + = S (Usrar2)
2

2) The new solution at ¢ + At is then computed
from the solution at ¢ with centered space derivatives
but at the intermediate ¢ + Af/2 time step:

Upar=U, + At[fDCE(UHA:/Z, H sy §t+At/2)
+ aV?Upsa2]

war = § AthCE(UHAtﬂ )- (5)

The first half time step, the predictor step, is uncon-
ditionally stable, but diffusive and of first order only,
in precision (Richmeyer and Morton, 1967), the
second, the corrector time step, is a priori unstable,

and needs some additional viscosity aV?U to be
stabilized.

It must be noticed that a purely diffusive scheme
is not adequate for our purpose, which is to reproduce,
in particular, the nonlinear advective processes. We
know (Roache, 1972) that when such a scheme is
used, uncontrolled and artificial damping of short
waves can occur which affect the transfer of energy
from the main constituents to higher harmonics.
Indeed, some preliminary tests have shown that the
M, constituent, for instance, cannot be obtained
correctly over the Channel with a diffusive scheme
(Ronday, 1977). On the contrary, as we shall see
later, this predictor—corrector scheme, which is globally
of second-order precision in space and time, can give
very satisfying solutions. As we are explicit in time,
the Courant-Friedrichs-Levy condition must be ap-
plied:

At < Ax/{[2v(H + O1'* + ¢} max

which imposes, given the grid size and the depths
and velocities over D, a maximum time step of the
order of 190 s. We have taken At = 184.009 s, which
gives us exactly 243 time steps per lunar M; period.

¢. The initial and boundary conditions

The computations start from rest ({ = 0, U = 0),
and the tidal oscillation is progressively spun up
inside the domain through the open boundary forcing,
where sea surface elevations are prescribed, following:
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N
So(M) = (M) + 2 A{(M) cos[wit + 9 — g:{(M)]

i=1
(6)

with the notations:

(M) mean sea level, referred to the geoid,
at point M

N number of tidal constituents in- i
cluded in the simulation

A{(M), gi(M) amplitude and phase of component i

. at point M
Wi frequency of constituent
¥ phase of equilibrium i constituent at

time ¢t = 0 at GMT.

It has been experimentally observed that it takes
four semidiurnal periods before friction and boundary
forcing remove the influence of initial conditions.

The use of open boundary condition of (2b) type
has been possible in the present application because
of the particular care taken to define the sea surface
elevation along I'y, by referring to the already known
solutions of Ch-LP. Since advective and horizontal
viscosity terms are included in the numerical model,
it is necessary to prescribe another boundary condition
besides the coastal condition of no normal flow.
Given the size of the grid (Ax = Ay = 10 km), we
have used a slip condition.

4. Initial tests of the model

Some preliminary tests have been done, which are
interesting to present briefly because they give some
insights in the physics of the phenomenon. In order
to save computer time, and also for simplicity, these
tests have been conducted with the M, tide, and its
nonlinear constituents M, and Mg. The main sensi-
tivity studies were concerned with bottom damping,
horizontal eddy viscosity, and open boundary con-
ditions.

a. The boundary conditions

With the present limitations, formula (6) reduces
to three constituents, so that we have to prescribe ¢,
$M2> $Mas $Ms and gm,, &ma, &Mm¢ along the open
boundaries AB and CD. Observed data are available
at points A (Roscoff), B (Devonport), C (Ramsgate)
and D (Ostende), and the distributions between these
points are already known from previous studies of
Ch-LP (1979), who gave the spatial distribution of
these parameters over the Channel. In order to illus-
trate the importance of the correct choice of open
boundary conditions, we have compared the response
of the model to three typical situations:

Run E1: most realistic distribution, deduced from
Ch-LP.

C. LE PROVOST AND M. FORNERINO
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Run Al: linear distribution along AB and CD
computed at each time step from {4(¢) and x(18), $(f)
and {p(?)

Run A2: The same as E1, but without any M, and
Mg contribution.

The main results are the following:

1) The two hypothesis E1 and Al introduce only
a small deviation between the prescribed elevations
¢m, along the Atlantic open boundary (maximum
difference 4 cm, i.e., 2%). Consequently little differ-
ences are observed inside the domain for the M,
constituent. (maximum deviation 3 cm).

2) On the contrary, the differences are significant
for the first harmonic. The A1l hypothesis introduce
a discrepancy of 20% on M, along AB, which gives
a deviation of 13% in the Bay of Mont St Michel:
this is due to the particular distribution of that
constituent through the entrance of the Channel.
Experiment A2 illustrate even more clearly the im-
portance of a good prescription of that constituent
along the open boundary. The corange lines of that
solution are presented in Fig. 3 which is to compare
with E1 (Fig. 6). We will comment further on the
quality of the El solution with the two amphidromic
points in the western and the eastern basins. But it is
surprising to discover that in the A2 experiment, the
western amphidromic point completely disappears.
In fact, a zero value of M, along the open boundaries
of the model is physically wrong. The {y, needs to
be prescribed very correctly along the open boundaries.

3) Nothing significant is observed for the Mg con-
stituent, principally because that wave presents very
small amplitudes along the open boundaries.

It appears through the present test that the precision
of the solution inside the domain can be dramatically
dependent of the correctness of the boundary condi-
tions. In the following, we will use the best possible
set of data, which will be deduced from Ch-LP.

Ma
AMPLITUDE

{cm)

F1G. 3. M, corange solution with zero M, amplitude prescribed
along the open boundaries AB and CD.
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b. The bottom damping

Several values of the bottom friction coefficient D
have been tested, ranging from 2.0 to 2.8 (X1073). In
all the cases, we have restricted ourselves to some
unique value, although better improvements could
be achieved by using spatially varying optimized
coefficients. It appears that a decrease of bottom
friction of the order of 13% improves the solution in
the eastern basin of the order of 4% for M, and 13%
for M. Surprisingly, it does not modify M, in the
Bay of Mont Saint Michel (near St. Malo), although
the depths are very shallow in that area. On the
contrary, the M, solution is reduced over that area.
(These features are difficult to interpret physically, as
far as the boundary conditions are kept constant for
the different simulations.) A detailed check of the
numerical results with available coastal data leads to
the conclusion that D = 0.0023 give the best results.

¢. The horizontal diffusion coefficient

Very often, classical tidal models over coastal areas
do not use any horizontal diffusion term. We have
noticed previously that, with the predictor—corrector
scheme, some numerical viscosity is at least necessary
for stability of the computations. However, the value
needed is quite small. Given the maximum velocity
expected over the modeled area and the time step,
the numerical viscosity coeflicient a can be estimated
of the order of 100 m? s™!.

The English Channel is an area where important
velocities and velocity gradients can be observed
around capes. The horizontal viscosity can play a
significant role there. In context of the present nu-
merical model, we have an opportunity to investigate
some physically significant contributions of the hori-
zontal eddy diffusion term »,V?U, by checking our
solution with in situ observations in the vicinity of
Barfleur Cape. Along a section EF (see Fig. 2), we
have four observed data points, E (Barfleur harbour),
F (Bruneval harbour), and two bottom sea tide gages
(Bertherat ef al.,, 1981). We have thus tested different
values of v = yy + a. It is possible to find several
combinations for (D, v) giving the same overall
quality for the M, solution, but we can improve that

“solution around capes by increasing the horizontal
eddy viscosity ». As an illustration, we present the
results from two sets of coefficients (see Fig. 4).

Run El: D = 0.0023 and » = 5000 m? s™!
Run E3: D = 0.0028 and v = 1000 m? s™*.

Around Barfleur, better results are obtained by
increasing »; horizontal diffusion must play an im-
portant role locally. In the framework of the present
numerical formulation, with a constant grid size of
10 km and slip boundary conditions along the coast
line, the ideal solution would be to adopt a variable
v coefficient taking larger values over particular areas
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where important velocity gradients occur. Even better
improvements could be obtained, of course, by using
variable grid sizes refining the meshes around the
capes, and allowing a no-slip condition at the coast
line. But for the present work, we have retained for
future investigations the E1 set of coefficients.

As we shall explain later, the Mg solutions is not
good, in any case, for that class of simulation with
M, alone. However, it must be noticed that the
solution is somewhat improved by increasing v. We
do not comment on the results for the M, constituent,
because no significant difference appears between
these different tests.

d. Global checking of the best fit to observations.

The cotidal and corange maps for M, and M, are
presented in Figs. 5 and 6.

The M, solution is very classical, w1th a virtual
amphidromic point inland, south of England, at the
midlongitude of the basin, and a local increase of
amplitude up to 4 m in the Bay of Mont Saint Michel
due to reflection of the eastward incoming tidal wave
along the north-south coast of Cotentin peninsula.
The cotidal lines are also typical of a Kelvin amphi-
drome, rotating counterclockwise around the virtual
amphidromic point. It can be seen in Fig. 7 that the
solution fits quite well to the observations even for a
10 km mesh model. The mean deviation over the
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AMPLITUDE

{cm)

b

MAXIMUM VELOCITY
(em /s )

FI1G. 5. Semidiurnal M, solution of (a) amplitude (cm), (b) phase g (deg) of the
sea surface elevation and (c) amplitude (cm s™') of the velocity field.

nine points of comparison used along the French
coast is 6.6 cm in amplitude and 4° in phase. Along
the English coast, the solution is a little less perfect,
with a mean deviation of 9.9 cm in amplitude and
10° in phase over 15 points of comparison. The
solution is too strong, especially between Portland
and Nab Tower, i.e., in the vicinity of the amphi-
dromic point which is effectively a difficult area to
reproduce correctly, as a small discrepancy between
the incoming eastward and the reflected westward
waves introduce a significant shift of the amphidromic
point, and thus systematic errors in amplitudes and
phases. However, this solution can be considered
satisfactory. As seen in Sections 4b and 4c it could
be refined by adjusting locally the D and v parameters,
but our aim is not to go further here in that way of
refinement. We are more interested in the nonlinear

interactions, particularly reflected through the higher
harmonics.

The M, solution can be also compared favorably
to the observations. This wave presents two real
amphidromic points, at 3°W and 0°, and areas of
maxima up to 35 cm in the Bay of Mount St Michel
and near Boulogne, which corresponds to 10% of the
M, amplitude over these areas. Similar solutions have
already been produced by Ch-LP (1979) using their
physical reduced model of the channel, and Pingree
and Maddock (1978) with a numerical model. It
must be noticed that the phase propagations of that
component indicate that an important part of the M,
energy is radiating from the central part of the
domain between 0° and 2°W, which proves that a
transfer of energy from the M, frequency to the M,
frequency is occuring in that area, through nonlinear
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FIG. 6. As in Fig. 5 but for quarter-diurnal M, solution.

processes. As we shall see later, in this central part of
the Channel, the currents reach large values, with
important gradients around the different capes (La
Hague, Barfleur, St. Catherine).

We do not present here the Mg constituent because
of lack of space. The results are qualitatively the same
as produced by Ch-LP (1979) for that component,
with complicated cotidal and corange maps because
of the smallness of the corresponding wave length
(typically about 300 km). The main features are a
nodal line joining Dieppe, New Haven, Barfleur,
Guernesey and Salcombe, and areas of maxima
around Christchurch, Le Havre, and the strait of
Dover. However, the important thing to notice here
is that this E1 run gives too large amplitudes for the
Mg constituent, by about 35%. We shall see later how
to correct that systematic discrepancy and explain it.

5. Design of a monthly simulation

As noticed in Sections 1 and 2, tidal waves are
very energetic in the English Channel so that strong
nonlinear interactions occur between these compo-
nents through hydrodynamic and damping processes.
In order to reproduce and analyse these interactions,
we designed a simulation involving a large number
of constituents. Given the complexity of the real
spectrum, and the importance of the prescription of
the boundary conditions (cf. Section 4a), particular
care must be taken for the choice of the constituents
to be introduced at the open limits of the model. On
the other hand, we have seen that the main parameters
to be adjusted in the model are the damping coeffi-
cients; new.coefficients must be chosen for the present
simulation, and we shall see how to deduce them
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FiG. 7. Comparison of the E1 numerical solution (solid line) with observations {dotted line)
along the coasts of the English Channel.

from the previous runs without any trial and error
procedure (which would be very expensive for long
simulations).

a. The constituents introduced in the simulation

Figure 1 illustrates the complexity of the tidal
spectrum over the studied area. More than 24 con-
stituents are significant and interact between each
other. To be fully satisfying, our simulation would
involve all these waves. However, we must take care
of the well known difficulty of tidal signal analysis
(long time series of observations are needed to clearly
separate the neighboring frequencies). It will be the
same for the harmonic analysis of our numerical
results. Thus, a reproduction of the complete spectrum
implies a very long simulation, of the order of six
months or one year, to be able to separate secondary
waves like K; and T, from S,, and this becomes
computationaily time consuming,

In order to limit computer costs, we have designed
a simplified simulation giving the possibility to analyse
and separate all the contributive frequencies intro-
duced in the simulation. The typical modulations of
the tidal signals are semimonthly, monthly, semian-
nual and annual. One month appears as a reasonable

time scale for our purpose. All the main astronomical
constituents can be taken into account in such a
simulation, except the declinational K,. We have
thus decided to do so, and investigate a simplified
spectrum selected as follows.

For astronomical waves, in each species the major
constituents of each separable band are retained:

€2, M2, NZ, M25 L2, SZ
le Ola Kl

We eliminate from the real spectrum the secondary
waves 2N,, v, Ay, T> and K,, in the semidiurnal,
and P, in the diurnal species, which cannot be
separated over one month from respectively u;, N,
L2, Sz and K.

Given that simplified astronomical spectrum, and
by reference to what can be qualitatively assumed
from our knowledge of nonlinear interaction processes
(cf. Le Provost, 1976), the following list of nonlinear
constituents must be taken into account,

Semidiurnal:

Diurnal:

long period: Msf, Mf corresponding to interac-
tions Mz*Sz and Mz—Nz
diurnal: no significant contribution
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2MS; (mixed with u,), and 2SM,
for M,-S, interactions

2MN; (over L) for M,-N, inter-
actions

MNS; (over ¢,) and MSN, for
M,-S,-N, interactions

3MSN, and SNM, (which will in-
troduce some difficulties in the
analysis, because of their prox-
imity to N, and L,)

M4, MS4 and MN4

MG, 2MN6, and MSNG

This selection gives 24 constituents which must be
prescribed along the open boundaries following (6).
For the Atlantic limit AB, an empirical distribution
of the amplitudes and phases have been established
from the atlas of Ch-LP (1979). As noticed in Section
4a, a similar set of data could have been established
by a linear interpolation from observed data in Roscoff
.and Devonport, except for the quarter-diurnals. For
the CD North Sea limit, a linear interpolation between
Ostend and' Ramsgate has been used, given the lack
of knowledge along that boundary. Some tests have
been done to verify that solutions inside the English
Channel are not too sensitive to that approximation.

With this simplified spectrum, numerical compu-
tations were performed over one month. An example
of sea surface variations is presented in Fig. 8. It can
be noticed that semimonthly and monthly modula-
tions are clearly produced and that the simulation
starts from mean spring tides. Similar time series
were obtained for sea surface elevations and current
components at all ¥ or v points of computation.

semidiurnal:

quarter diurnal:
sextor-diurnal:

b. The bottom friction coefficient used

The simplified simulation used for preliminary
tests of Section 4, reproducing M, alone, was per-
formed with D = 0.0023, which is a classical value.
As we have noticed when comparing this solution
with the observations, the results of that approxima-
tion are surprisingly good, given the fact that tidal
damping is not only a function of the M, energy
level, but also of all significant constituents in the
spectrum. The explanation can be found through the
spectral analysis of the bottom friction terms |U|U
established analytically by Le Provost (1973). Studying
the damping bottom friction terms,

m 5 LE HAVRE

! ||HHHHHHHnx|||HHlllllH\HHHHHHHIHHIHHHIH
-1 ‘HHIHH![HH“”'IHHHHIIHHHHHH H'HHlH]lH]H

-5

0 5 10 15 20 25
F1G. 8. Sea surface elevation at Le Havre during
the one-month simulation.

30 days
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F, = D(U* + VA)'2U
F, = D(U? + Y32y, (N

and considering that the solution can be developed
in the form

U= 2 AU cos(wit + ¢y,)

V=2 4iVicos(wt + ¢v,), ®

with A; characterizing the amplitude of the ith wave,
an approximate Fourier development of (7) can be
obtained, when one tidal constituent (i.e., M, taken
as index 1) is of much greater amplitude than the
others in the spectrum. The result is

Fy/D = A2 3 FX\? cos[(2n + Dyt + 6X

n

+ 4,4; 3 FXTP cos[(2nw, + ewp)t + ¢ X0

n,e

+ A7 > 'FX}}"“) cos{[(2n + Dw, + 2edw;}t

n,e,8

+ XN + AAs 3 FXT cos{[(2n + 1)w,

n,ee’

®

with a similar development for F,. Here n = 0, 1, 2,

.,eand ¢ = x1, 6 = Q0 or 1 and FX, FY, ¢X, ¢Y
are functions of U;, V;, ¢y, and ¢y,. These functions
have been determined analytically for the orders 4,2,
Ay A; and A2

When applied to the dynamics of tides over the
European continental shelf, the different terms of (9)
contribute to the following frequencies,

M2 (n = 0)9 M6 (n = 1), *

SZaN2a K23---9(n=0)

2MS;, 2MN,;, 2MK,, ...
e=—1)

2MSg, 2MNg, 2MK6, e
e=+1)

M,(n=0,48

2SM;, 2NM,, ...
€= +1)

2SMg, 2NMg, ...,
e=—1)

MSN,, MNS,, MSK,, ...,
e=+1,¢ =-1)

MSNg, MNS¢, MSK, . ..,
e=+1,¢ = +1).

+ ew; + €'w,lt + ¢X;;"‘"')} I

terms A4,%
terms 4, A4;:

=0),Mg(n=1,6=0)
,(n=0,6=1

n=0,6 =1,

terms 4%

terms A;A;: (n=0,

(n=20

Some comments can be given when looking at
these results. For n = 0, (9) gives the basic frequencies
w; and wy, and the corresponding terms represent the
damping role of the bottom friction. In this case, (9)
suggest new frequencies (2w, — wj, 2w; + w;, 3w,
Swy, -+ +), which corresponds to the generation by
bottom friction of new nonlinear constituents such
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as 2MS,, 2MS¢, Mg, Mo+ - -. We shall see later the
importance and the aspect of these waves over the
English Channel.

It is important to notice in the context of the
present multiperiodic simulation, that the M, fre-
quency (w;) appears in (9) at the orders 4,? and A7
only (for n = 0 and 6 = 0). Consequently, Fy and F,
can be written for the M, damping as follows:

F(w) = DIA2FXY) cos(wt + X )
+ 2 APFXP cos(w it + ¢XPM]

J
10
Fy(@;) = D[4 FY) cos(wit + ¢ YY) (10

+ T APFYS cos(wt + ¢ YY) |

J

Development (10) shows that the M, damping is
produced not only by the M, bottom friction but
also by a contribution from all other main components
in the spectrum.

Although the general analytical formulations of the
functions FX, FY, ¢X and ¢Y are complex (see Le
Provost, 1974; Kabbaj and Le Provost, 1980), they
can be considerably simplified when the spectrum is
reduced to the main semidiurnal constituents (M,,
S,;, N3, L, uy), because of the similarities between
these different waves, in amplitude and phase. With
the hypothesis that the amplitudes of the different
constituents are in the same ratio from wave to wave,
everywhere over the studied area, and that their
phases are linearly related [for example, see the
relations (15) and (16) in the following], (10) can be
simplified to the form

F(w) = D cos(wyt + $)4,2FX

4\ Fx0
x {1 +3 (Z) FX(P,’} en
with FX$O/FX) ~ 0.75, ie.
Fi(w)) = D cos(wt + ¢)4,2FX)
AP
X {1 +0.75 2;’5} . (12)
1

Approximation (12) explains why the simplified sim-
ulation of M, alone has been able to give a correct
solution, by taking a Dy, damping coeflicient equal
to the real D multiplied by the coeflicient

1+0.75 3 (4;/4,)

which artificially compensates for the absence of
damping introduced in the real phenomenon by the
presence of the other semidiurnal waves in the spec-
trum (S, N3, K, Lz, u). If we take the main
numerical values of the characteristic 4; from Fig. 1,
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we obtain for the present simulation a practical value
of

0.75

2
2

1+ {A822 + AN22 + AL22 + Auzz + Agzz} = 1128

(13)
The damping coefficient D used for the monthly
simulation has been taken consequently as 0.0023/

1.128 = 0.00204, and we shall see in the following
that this is effectively a good value.

M

¢. Methodology for the analysis of the results

At every point of computation over the domain, a
time series is obtained for {, u or v. As we want to
identify the ability of the model to correctly reproduce
the details of the different nonlinear transfers of
energy from the incoming oceanic waves to the
harmonic and interaction constituents observed in
nature, we have to express these time series in the
form of harmonic developments,

N
SO =S,+ 2 [Sicos(wit — g)] + «(£). (14)

i=1

This can be done following a classical harmonic
analysis mean square method (cf. Shureman, 1958;
Godin, 1972). It must be noticed that the selection
of waves introduced a priori in the simulation has
been established so as to have no problems of har-
monic analysis (see Section 5a). However, some par-
ticular comments are necessary concerning the exis-
tence in the simulated spectrum of three mixed waves
and of two nonlinear waves very close to other waves
already induced by the boundaries.

1) THE MIXED WAVES

Three pairs of constituents need to be considered
carefully:

o and 2MS,, L, and 2MN;, ¢ and MNS,.

Each constituent in the pair has the same frequency
but they are of different origin (astronomical or
nonlinear). Consequently they must present significant
hydrodynamic differences. The former are induced
inside the domain by the boundaries only, and the
latter are partly generated inside the modeled area by
nonlinear distorsions and interactions of the main
constituents during their propagation over shallow
water. As these pairs have exactly the same frequency,
the harmonic analysis gives only the sum of the two,
which is then physically difficult to interpret. We
have thus decided to separate them by stating a priori
that the astronomical components u,, ¢; and L, are
very similar to the neighboring N, and M, and that
they can be deduced from them by linear interpola-
tions. For p,, as example, the amplitudes and the
phases are taken as:
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C
AMZ = AN2 >< —£2 (15)
CNz
Wy
2 = 8t —2——2 (ew, — &ny)  (16)
M2 N2

‘with C,,, (Cx,) tidal potential coefficient for u,, (N,).

This can be approximately verified for most of the
semidiurnal constituents over limited areas such as
the English Channel. (Le Provost, 1974). Conse-
quently, by difference, the amplitude and the phases
of the nonlinear corresponding constituents can be
computed:

Zoms, = arctan(4,, sing,, — A, sing,,)/

A (A\,‘,, €08g,, — A,, c08g,,)

Aams, = (A €OSgy — A, €OSE,,)/COSEMs,
where A,, and g,, are the amplitude and the phases
obtained by harmonic analysis at frequency w,,, ie

WrMs; -

2) THE 3MSN; AND SNM, WAVES

These constituents, due to nonlinear interactions
between M;, S, and N, (and thus impossible to avoid
in the simulation) appear at frequencies close to the
N, constituent, and the L, + 2MN, group, respec-
tively, introducing a modulation of these main con-
stituents with a period of approximately 200 days.
Over one month of simulation, it is impossible to
separate them by the harmonic analysis method.

The 3MSN, constituent, however, must be of small
amplitude. By reference to harmonic analysis results
of in situ observations in the Channel over one year
we can estimate the amplitude of that nonlinear
constituent of the order of 5% of N,. Thus, the
solution of the present numerical simulation may
.involve for N, a possible error of that order.

The amplitude of the SNM, constituent can be
estimated of the same order as the nonlinear 2MN,
wave. As we can define the characteristics of the

astronomical constituent L, in the same way as.

presented just before (cf. u,), the nonlinear contri-
bution of 2MN, and SNM, to that frequency can be
derived as before, and we state that it must be
approximately the sum of the two

Anp cos(wp,f — gnL) = Aomn, cos(wy,f — S2MN;,)

+ ASNM: COS((J)Lzl ~ ZSNM3 ).

Taking, by reference to in situ observation, the extra
relations -

1.34snm,»

it is possible to deduce the approximate amplitudes
and phases of these nonlinear constituents.

Aomn, = &2MN; = ZsNM;
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3) ANALYSIS OF THE RESIDUALS

The harmonic analysis of the computed signals are
thus based on the 24 constituents selected in Section
Sa and introduced at the marine boundaries of the
model. It is then possible to deduce the residual (¢)
of formula (14), which include the numerical noise,
and the nonlinear components generated inside the
domain but ignored in the analysis. Three typical
spectra of €(f) are presented in Fig. 9. Most of the
spectra are similar to Fig. 9a, with very low noise
(less than 5 mm), having weak peaks at typical
frequencies which are linear combinations of the
main generating frequencies.

In Le Havre, where it is a priori known that the
tide is very nonlinear, the spectrum of the residual
appears to have very significant extra constituents,
such as the height diurnal Mg with a period of 3 h
06 min and an amplitude of 5 cm.

In the Bay of Mont St Michel (St Malo), an
increase of the numerical noise is observed in the
spectra between periods of 4 h to 10 h, which perhaps
can be related to the very shallow depths in that area.
A significant peak also can be noticed at 8 h 12 min,
with an amplitude of 3 cm, which can be interpreted
as the first harmonic interaction between M, and K.

Globally, the very low noise and the few number
of extra waves observed in these residual spectra
produce confidence in the results of the simulation.
We critically analyze them in the following paragraphs.

6. Analysis of the results for the sea surface elevation

From the harmonic analysis of the { data, cotidal
and corange maps for the 24 constituents have been
obtained for the English Channel. Since it is impossible
to present all of these results, we shall limit the
presentation to some typical constituents.

a. The semidiurnal astronomical constituents

The M, solution obtained through the present
simulation is exactly the same as the one presented
in Fig. 5, and commented on Section 4d. This
confirms the accuracy of the damping value estab-
lished on Section 5b.

Results for the other semidiurnal astronomlcal
constituents S,, Nj, u, and L, are qualitatively similar
to the M, solution. As an illustration, the S, wave is
presented in Fig. 10a. If compared to in situ data (see
Table 2) or to the Ch-LP solutions, the present
semidiurnal astronomical constituents appear to be
quite good in phase, but overdamped by about 7%
in amplitude. These results are somewhat disappoint-
ing. Complementary simulations, however, have led
to the conclusion that there is no other possible
compromise with the present model if we want to
keep M, correct. It is difficult to clearly understand
the reason why too strong differential damping affects
the secondary waves.
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noise and significant constituents not included in the analysis.

Part of it can be explained by the absence in the
present simulation of semidiurnal constituents K,,
T,, A2, v, and 2N,. From relation (13), their contri-
bution to the damping can be estimated as

0.75
Am,?

However, an excess of 5% remains, which cannot be
a numerical bias because other authors (Pingree and
Griffiths, 1981) have noticed the same problem with
a model based on the same equations but using a
different numerical algorithm and covering the whole
North West European shelf. The quadratic bottom
law used in (1) is probably nonsatisfying and needs
to be modified for better results, as suggested by
Pingree (1983).

{Ax? + A1, + A7 + A, + A} ~ 0.015.
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b. The diurnal astronomical constituents

As an example of diurnal solutions, the K; tide is
presented in Fig. 11. Because of its period, 23 h 56
min, its wave length is twice that of the semidiurnals,
and thus its amphidromic point is located in the
Strait of Dover. This feature is valid also for the other
diurnal constituents O; and Q.

Qualitatively, these results are comparable to the
solutions of Ch-LP and those of Pingree and Griffiths
(1982). However, the amplitudes appear to be a little
too high (by about 10%). That discrepancy seems to
be due to the boundary value used at Roscoff [the
BHI data (9.1 cm) is quite different from that used
by Ch-LP (7 cm) and by Pingree and Griffiths (8
cm)]. The cotidal maps, on the other hand, are very
close to the observed in situ values, with a standard
deviation of only 6°.

¢. The semidiurnal nonlinear constituents

As expected from the theory, significant semidiurnal
nonlinear constituents are found in the simulated
signal. In order to examine the intensity of these
constituents, we note their maximum amplitude in
the Bay of Mt St Michel:

2MS; = 25cm, 2SM,; =9c¢cm, 2MN, =12cm
SNM, =9cm, MSN, =8cm, MNS, =8 cm.

We already know from Ch-LP results that these waves
are typically different from the semidiurnal astron-
omical constituents. They have a real amphidromic
point in the middle of the English Channel. The
MSN; solution is presented in Fig. 10b to illustrate
this class of waves. This particular component has
been chosen to show the coherence of the results for
even very complex triad wave-wave interactions. The
present results can be compared favorably with in
situ observations (Table 2) and with the atlas of Ch-
LP. The only important discrepancies are relative to
the 2MS, constituent, whose amphidromic point
probably must be near the center of the domain, at
the latitude of SO°N rather than at 50°30'N as here.
The incorrect location of that amphidromic point
introduces in our numerical 2MS, solution a system-
atic bias over all the eastern part of the basin.
However, globally, we can consider that these results
are significantly realistic. If we also recall that the
main source of these components is the bottom
friction (Le Provost, 1976), it must be expected that
a better parametrization of the quadratic law used in
(1), already suggested from the unsatisfactory results
of the semidiurnal astronomical constituents, will
improve these nonlinear semidiurnal solutions.

d. The quarter-diurnal constituents

The M, solution obtained by the present simulation
is exactly the same as the one presented in Fig. 6.
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This is not surprising, when we remember that its
production involves only the M, constituent, at least
at the second order of approximation.

But we obtain now, through the interactions be-
tween M, and S,, M, and N,, nonlinear waves such
as MS, (presented in Fig. 10c) and MN,, which look
very similar to My. It can be notice that, in good
agreement with theory (Le Provost, 1974), their am-
plitudes are in the ratio of the intensity of the
generating constituents, and their phases in relation:

M4/MS4 = 1.5 @AMZZ/ZAMZASZ = 1.45
&My — 8Msy = —55° & gm; — 85, = —50°
M4/MN4 =29« AM22/2AM2AN2 =275

gM4 - gMN4 = +15° <=.g‘Mz - gN2 = 160.

These quarter-diurnal solutions are very close to
the observations. When compared with in situ data,
the standard deviation in amplitude and phase of
these solutions are

1.3 ¢cm and 13° for M, (maximum amplitude 43 cm)
1.6 cm and 5° for MS, (maximum amplitude 39 cm)

1 cm and 5° for MN, (maximum amplitude 20 cm)

e. The sexto-diurnal constituents

Remember that the Mg constituent obtained from
the M, simulation alone was non-satisfying (by about
35%). The Mg solution issuing from the present
simulation appears very satisfactory (cf. Fig. 12 and
Table 2). This confirms the idea developed by Le
Provost (1974) concluding from developments (9)
that the secondary waves contribute at the order 47
to the generation of that Mg component.

The 2MS; solution is presented in Fig. 10d as an
illustration of that class of waves. The maximum
amplitude of these components are located in the
Bay of Seine, as described in Section 4d. The maxi-
mum values for the main constituents are Mg = 17
cm, 2MS, = 17 cm, 2MNg = 9 cm and MSNg = 2.5
cm. These cotidal maps are in good agreement with
the Ch-LP solutions, and in situ observations (standard
deviation of 0.8 cm and 26° for Mg; 0.9 cm and 16°
for 2MS¢ and 2MNg).

7. Analysis of the results for tidal currents

The harmonic analysis of the west—east (x) and
south—north (v) components of the computed velocity
field leads to characteristic maps of the main velocity
constituents. Some of these results are already known
(for the major constituents M;, S,, ...) but not for
the harmonic and interaction constituents. It is thus
interesting to carefully analyze and compare the

present solutions with in situ observations.
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Four parameters are necessary to describe the
velocity field: maximum velocity amplitude, direction,
phase and ellipticity.

a. The semidiurnal astronomical constituents

As for the sea surface elevations, the characteristics
of the different astronomical velocity components
look very similar. The M, maximum amplitude map
is presented in Fig. 5 as an illustration. The maximum
velocity occurs near La Hague Cape; 208 cm s™!
(M), 63 cm s7! (Sy), 33 ecm s (Ny), 5 ecm s7! (L,
and u,); where very important gradients and rapid
changes in direction are observed. In the central part
of the domain, which corresponds to a nodal zone
for the elevations, the velocities are large, in agreement
with the Kelvin amphidrome scheme. Local maxima
are also noticed between Brehat Island and Guernesey,

(which is also a nodal line coupled with amplification
of the tidal wave in the Bay of Mont St Michel) and
in the Strait of Dover (because of the narrowness of
the connection between the English Channel and the
North Sea).

It is not easy to quantitatively check these results
because very few harmonic datasets from in situ
observations are available. We have used four collec-
tions of data from long-time current meter records
at points P,;, P,, P; and P, located in Fig. 2. The
comparisons of the numerical results with these data
are presented in Table 3. They are in very good
agreement (mean deviation of 4 cm s~ (M), 2.5 cm
s7! (S,), and 3.5 cm s! (N,) for the maximum of
velocity; 4° (M, and S,), and 5° (N,) for the phases
and 6° (M,), 8° (S;) and 3° (N,) for the direction of
the maximum velocity). The only noticeable discrep-
ancy is on the ellipticity at points P, and P, where
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FIG. 12. As in Fig. 5 but for sexto-diurnal Mg solution.

the sense of rotation of the velocity vector seems to
be inverted. Globally, these results appear surprisingly
good, given the size of the computational mesh and
the complexity of the tidal current fields.

b. The semidiurnal nonlinear constituents

The networks relative to these waves do not differ
much from the semidiurnal astronomical, except in
the very shallow water area of the Bay of Mont St
Michel, where phases are quite constant. These sim-
ilarities are not surprising because of their closeness
in frequency and the already observed similarities of
their elevation networks. The differences observed in
the shallow areas are related to the local transfer of
energy towards these frequencies through friction
processes. :

The maximum amplitudes for these constituents
are situated in the Strait of Dover and around La

Hague Cape: 2MS; = 15 cm s™!, 2MN, = 9 cm s7',
MSN, = 5 cm 57!, MSN, = 4 cm s™! and 2SM,
=35cms .

¢. The diurnal constituents

Maps of maximum amplitude, direction, phase
and ellipticity for the K, tidal currents are presented
in Fig. 12 as an illustration of the diurnal constituents.
Their maxima are located in the Strait of Dover, in
the area of their diurnal amphidromic point for sea
surface elevation: K; = 13 cm s™!, O; = 12 cm s}
and Q, = 3.4 cm s™'. It is interesting to recall that,
over the same area, the semidiurnal M, velocities are
typically 120 cm s™!, i.e., only ten times the diurnal
K,. Some diurnal anomaly is probably noticable in
the velocity field in the Strait of Dover. Unfortunately,
we have no in situ observation for comparison.



AUGUST 1985

d. The quarter-diurnal constituents

We know from Section 6d that the quarter-diurnal
waves have two real amphidromic points in the
Channel. By reference to the classical Kelvin amphi-
dromic solution, two areas of maximum velocity
amplitude must be observed at the longitude of these
sea surface amphidromes, with a minimum in be-
tween. The maximum values for the main constituents
of that species are effectively obtained:

between Brehat and Guernesey (M4 = 18 ¢cm s,
MS, =14cms !, MN, =7 cm s7})
1

between New-Haven and Fecamp (M4 = 15 cm s7°,
MS,=9cms™!, MN, = 5cm s7!).

As an illustration of the quarter-diurnal networks, we
present the M, solution in Fig. 6. It is also interesting
to point out in Table 3 an increase of ellipticity of
the velocity in the areas of minimum amplitude, in
the central part of the Channel, and near the eastern
coast of the basin. This seems to be confirmed by in
situ data, at least at point P,, where the quarter-
diurnal amplitudes, although small, are however sig-
nificantly out of the noise.

The comparisons with the in situ data of Table 3
are surprisingly good for points P, and P,.

e. The sexto-diurnal constituents

Significant amplitudes are obtained for these waves
between the Bay of Seine and The Isle of Wight, in
agreement with the transverse oscillation observed on
the cotidal networks (Mg = 8 cm s™!, 2MS¢ = 7 cm
s7!, 2MNg = 3 cm s7Y).

The Mg solution is presented in Fig. 12; the com-
parison with observations at points P, and P4 brings
some confidence to these results in the area of signif-
icant amplitude. Of course, outside that central zone
of the Channel, all the details presented are unrealistic.

| The long-period constituents

It is now well known that nonlinear tidal distorsions
produce transfers of energy not only toward the
higher but also toward the lower frequencies, inducing
tidal residuals. From the present monthly simulation,
residual currents have been identified, with semi-
monthly and monthly modulations corresponding, in
the tidal spectrum, to the mean value, and the
components MS; and MN; (coming from the nonlin-
ear transfer of energy between M, and S,, and M,
and N,).

Although these results are impossible to validate
because it is quite impossible to identify these long-
term variabilities in the current meter observations,
we present in Fig. 13 the residual velocity field
produced by our simulation since it shows several
very coherent patterns. The existence of several eddies
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related to the topography of the coastline can be
observed, with local intense residual velocities up to
10-20 cm s~'. Similar results have been produced
and intensively analysed by Pingree and Maddock
(1977), who showed several recent observations on
sediment transports, and satellite pictures on turbidity
which seem to confirm these coherent structures.
The present monthly simulation has the ability to
generate the long-period MS, and MN, constituents,
which modulate the intensity and the direction of
these residual currents over 15 and 29 days. The
intensity of these constituents are significant in the
areas where the residual current is itself important;

Barfleur Cape R.C.:
2dcms !, MSo=1lcms !, MN;=5cms™!

La Hague Cape R.C.:
13cms !, MSo=6cms!, MNy =3 cms™!
Brehat Island R.C.:

These results indicate that, at some periods, the
residual currents must be reduced to a very low
value, or enhanced to nearly double their mean.

The main origin of these long-period phenomena
is the effect of nonlinear advection, important in
areas of large velocity gradients and curvatures of the
velocity field. This occurs particularly around capes.
It is difficult to insure that these results are quanti-
tatively correct, because of the lack of in situ bench
marks. However, we have noticed previously the good
agreement of our results with observations, for the
quarter-diurnal components, which are produced by
the same nonlinear processes as these residuals. We
think consequently that some confidence can be given
to the present results.

5cms', MS;=3cms L

8. Conclusions

The main goals of this paper were to present a
long-time numerical simulation of the tides within
the English Channel and to investigate the ability of
such a simulation to correctly reproduce the nonlinear
processes distorting the tidal waves when propagating
in shallow water areas. In order to be able to correctiy
analyze the results through a classical harmonic anal-
ysis approach, a monthly simulation involving 24
constituents has been realized. Particular care has
been devoted to open boundary condition specifica-
tions, in order to fit them as closely as possible to
reality and to enable comparison of the different
numerical harmonic solutions with available in situ
data. The English Channel was selected as a test area
because the tides are well documented there, from
extended analysis of numerous in situ observations,
and from several investigations published in the lit-
erature.
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TABLE 3. Amplitude, phase, ellipticity and direction of the main tidal velocity constituents, at points P, P,, P;
and P, (for location see Fig. 2). Comparison with in situ data.

P, P, P; P,
Observed Model Observed Model Observed Model Observed Model
Semidiurnal astronomical constituents
M, .
Amplitudes .

(cm s7Y) 96.2 92 81.6 83 155.2 157.5 150.4 142.0
Phases (deg) 33 33 59 58 226 216 218 201
Ellipticity

(% X 100) 4 —6 . 3 2 3 -7
Direction )

(deg/North) ~ 312 300 79 84 89 91

S
Amplitudes )

(cms™) 28.9 29 234 259 475 50.0 39.0 44.0
Phases (deg) 78 82 285 288 271 264 253 249
Ellipticity

(% X 100) -8 -8 3 2 9 -7
Direction

(deg/North) 310 301 : 77 84 84 91

N,
Amplitudes

(cm s™!) 16.9 14.8 133 13.6 18.5 25.8 27.5 22.6
Phases (deg) 14 15 218 216 187 198 177 183
Ellipticity

(% X 100) 4 -6 2 2 13 -7
Direction

(deg/North) 298 299 77 : 84 79 91

Quarter-diurnal constituents
My
Amplitudes

(cm s7!) 6.2 5.0 11.4 12.1 2.8 1.9 10.2 3.5
Phases (deg) 168 170 114 98 280 329 349 323
Ellipticity

(% X 100) -57 -52 . 4 -2
Direction

(deg/North) 340 326 . 43 85

4
Amplitudes . .

(cms™) 4.0 35 7.4 7.6 © 2.6 2.6
Phases (deg) 32 36 171 155 3 12
Ellipticity ’ .

(% X 100) -20 —38 19 -20
Direction

(deg/North) 171 150 49 85

4
Amplitudes

(cms™) 2.1 1.7 3.8 42 2.2 1.3
Phases (deg) 34 ' 329 75 79 275 123
Ellipticity :

(% X 100) 28 48 18
Direction

(deg/North) 112 148 25 85

Sexto-diurnal constituents
M;
Amplitudes

(cms™) 5.6 5.7 4.1 35
Phases (deg) 173 161 172 129
Ellipticity

(% X 100) 14 12 46 -8
Direction

(deg/North) 135 139 93 91
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TABLE 3. (Continued)

P, P, P; Py
Observed Model Observed Model Observed Model Observed Model
2MS;
Amplitudes
(cm s7!) 72 50 2.1 2.9
Phases (deg) 39 24 88 173
Ellipticity
(% X 100) 5 9 52 —-10
Direction
(deg/North) 326 316 98 90
2MNg )
Amplitudes
(em s7Y) 2.2 2.6 2.3 1.7
Phases (deg) 6 323 136 117
Ellipticity -
(% X 100) 14 16 48 -7
Direction
{deg/North) 296 315 96 90

From the present results, it appears that, with the
class of simplified numerical model used (two-dimen-
sional, vertically integrated, with coarse meshes), it is
possible to correctly simulate quite complex tidal
wave distortions. Nonlinear semidiurnal, quarter-
diurnal, sexto-diurnal, and even low-frequency sem-
imonthly and monthly constituents are surprisingly
well reproduced, involving double and triple wave-
wave interactions. However, the results on the main
semidiurnal astronomical waves except M, are some-
what disappointing: they reveal real problems of
damping; the classical quadratic bottom friction law

seems to overdamp the secondary wave in the presence
of the dominant M, wave. This suggest the need of
better modeling of the near bottom dissipation pro-
cesses. Given these imprecisions of secondary astron-
omical waves, one may be surprised by the quality
of the nonlinear tidal solutions. This apparent paradox
results from the fact that all of these nonlinear waves
are issued from nonlinear processes dominated by
the M, tide which is correctly reproduced (within 2%
for the amplitudes and 5% for the currents).

With the set of harmonic parameters thus obtained,
it is possible to realize predictions of water levels and
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FIG. 13. Residual currents.
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FIG. 14. Hindcast of tidal currents at point P,. Numerical solution (dotted line) compared
to observations (solid line) over 12 days, since 2200 GMT 10 December 1976.

currents, everywhere over the English Channel, in
the way of the tidal predictions for harbors. An
example of such a computation is presented in Fig.
14 for point P,. It can be seen how good the
prediction can be, when compared to observations.
For the present case, the differences between ebb and
flow are particularly well reproduced, due to the
relative importance of the quarter-diurnal constituents
there. Over 40 days of comparison between harmonic
recomputation and observation, the standard devia-
tion is only of 8.9 cm s™! for currents approaching
1.5 m s7!, with standard errors of 9° for the instan-
taneous direction of the velocity.

The present study demonstrates the feasibility of
using classical two-dimensional numerical models to
compute tides within large coastal areas, even if
nonlinear effects are important, provided that 1)
second order scheme is implemented, 2) a detailed
tidal spectrum is considered and 3) correct boundary
conditions are used. However, one important problem
remains unsolved, related to the damping of the
secondary waves of the spectrum, which limits the
over all satisfying precision of the simulations.
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