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Abstract

The formulation of weak wind-wave/low-frequency current interaction is extended to the case of suspended sediment-stratified
flow. The influence of suspended sediment stratification on flow dynamics is described in terms of a sediment stratification parameter

defined as von Karman’s constant times a depth-independent function of the relative friction velocity and the relative settling
velocity of suspended particles that is specified by a solution for the problem on the vertical structure of the suspended sediment-
stratified near-bottom logarithmic layer. This �extended� formulation is inserted in a two-dimensional non-linear, finite-difference,

high-resolution hydrodynamic model and the modified model is applied to clarify the roles of wind-wave/tide interaction and
suspended sediment stratification—individually and in combination—in the formation of the M4 and M6 overtides in Cádiz Bay. It
is shown that the predictions for the M4 and M6 overtides have much in common and much in contrast with the M2 tide. For the M2

tide the influence of suspended sediment stratification shows up most vividly in the spatial variability of the tidal characteristics, but
is not evident in changes in the M4 and M6 overtides. On the other hand, the influence of wave-induced changes on the M2 tidal
amplitude and phase is only of minor importance, but for the M4 and M6 overtides these changes are quite significant. When taken
together, the effects of the two factors under investigation are very nearly balanced. This, however, does not mean that the

conventional assumption of ignoring these factors is valid in shallow-water dynamics. Simply, that their resulting effect vanishes.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

There are two formulations of wind-wave/low-fre-
quency current interaction. The first (Grant & Madsen,
1979) and its modifications (Christoffersen & Jonsson,
1985; Signell, Beardsley, Graber, & Capotondi, 1990) is
based upon the concept of strong wind-wave/low-
frequency current interaction. It implies that both wave
and low-frequency bottom friction velocity oscillations
are enhanced due to their non-linear interaction, so
that the bottom friction velocity in a combined (wind-
wave + low-frequency current) motion differs from the

* Corresponding author.

E-mail address: oscar.alvarez@uca.es (O. Álvarez).
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sum of the bottom friction velocities induced by pure
wave and low-frequency components of motion. The
next step in an effort to understand the phenomenon
considered was made by Signell et al. (1990) who,
following Grant and Madsen (1979), showed that the
influence of low-frequency currents on wind waves could
be neglected under most conditions. This, in essence, has
signalised that the formulation of Grant and Madsen
(1979) should be revised.

The second is the weak wind-wave/low-frequency
current interaction formulation (Kagan & Utkin, 2000;
Kagan et al., 2001). It starts from the evident belief
that the interaction between motions with widely dif-
ferent spatial and temporal scales can be weak, even
though these motions are in themselves strongly non-
linear. This suggests that the bottom friction velocity
oscillations with wave and low frequencies are
eserved.
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weakly correlated and, hence, their linear superposition
provides an adequate description of the total bottom
friction velocity in the combined motion. Clearly, the
two formulations differ conceptually from each other.

With regard to particulars, in the first formulation,
the vertical eddy viscosity in the wave bottom boundary
layer (BBL) is assumed to be dependent on the total
bottom friction velocity defined as the square root of the
sum of the individual wave and low-frequency compo-
nents of the bottom stress, but in the second formula-
tion, it is represented as the sum of the two vertical eddy
viscosities, each being determined by certain (wave or
low frequency) components of the bottom friction
velocity in the appropriate BBL in the second one.
Furthermore, in the first formulation the vertical eddy
viscosity is specified as a linear function of depth, with a
slope of von Karman’s constant times the total bottom
friction velocity in the wave BBL and the current
bottom friction velocity above the wave BBL. As a
result, the vertical eddy viscosity becomes discontinuous
at the top of the wave BBL. In the second formulation
the vertical eddy viscosity is taken to be a piecewise
linear, continuous function of depth. Another difference
lies in the means of obtaining the resistance law for the
BBL. For this purpose, Grant and Madsen (1979) and
Christoffersen and Jonsson (1985) adopt solutions to the
boundary-value problem on the vertical structure of an
oscillatory rough turbulent BBL using a priori pre-
scribed vertical eddy viscosity profiles, and Signell et al.
(1990) adopting the semiempirical expression of Jonsson
(1980) based on laboratory data and the assumption of
the logarithmic distribution of velocity throughout the
water column. In contrast, Kagan and Utkin (2000) and
Kagan et al. (2001) apply the method of matching the
asymptotic expansions for velocity in the near-bottom
layer and the outer part of the oscillatory rough tur-
bulent BBL, thus avoiding the need to specify any one
vertical eddy viscosity profile. Such are the basic distinc-
tions between the formulations.

Strange as it may seem, these apparently dissimilar
formulations are satisfactorily consistent with the same
field data, in particular the CODE-1 and CODE-2
data (Grant, Williams, & Glenn, 1984) designed specially
to verify wind-wave/low-frequency current interaction
formulations. In such a situation when the possibilities
for experimental verification of either formulation are
limited, that formulation is more preferable which is
better justified physically and has wider applications. On
leaving the choice of a formulation to the discretion of a
reader, we now turn our attention to another interesting
aspect of the problem.

An evident advantage of the first formulation is that
it has been extended to the case of sediment-bearing
turbulent flow. This was made by Glenn and Grant
(1987) who, following Smith and McLean (1977), de-
scribed the effect of suspended sediment stratification,
by analogy with the effect of stable thermal stratifica-
tion in the atmospheric surface layer, in terms of the
Monin–Obukhov length scale. A qualitative analogy be-
tween the near-bottom logarithmic layer and the atmo-
spheric surface layer does exist. If the change-over of
sediment particles into suspension is controlled by the
processes of erosion at the sea-bed and entrainment at
the top of the bed-load layer, while the vertical distribu-
tion of suspended particles is controlled by the proces-
ses of turbulent diffusion and gravitational settling, then
under non-equilibrium conditions a steady, horizontally
homogeneous, sediment-bearing flow can be only stably
stratified. In this case, other conditions being the same,
the intensity of turbulence will be smaller and the mean
velocity will be greater than their values in clear-water
flow due to the damping of turbulent kinetic energy by
the suspended sediment stratification.

The mere analogy, however, does not mean that the
basic conclusions of the Monin–Obukhov similarity
theory for the atmospheric surface layer, along with
the Monin–Obukhov length scale, can automatically
be extended to the suspended sediment-stratified near-
bottom logarithmic layer. The reason is the gravitational
settling of suspended sediment particles and the associ-
ated changes in the vertical direction of the turbulent
buoyancy flux and, hence, the Monin–Obukhov length
scale. The pronounced changes of the Monin–Obukhov
length scale in the suspended sediment-stratified near-
bottom logarithmic layer have been widely discussed in
the literature. Clearly, the use of the Monin–Obukhov
length scale as a parameter of suspended sediment
stratification or its associated suspension fluxRichardson
number can never be wholly effective.

Another way of accounting for the impact of
suspended sediment particles on flow dynamics is to
employ a sediment stratification parameter, defined
as von Karman’s constant times a depth-independent
function of the relative friction velocity (the ratio of the
bottom friction velocity to its critical value at which
sediment particles begin to go into suspension) and the
relative settling velocity of suspended particles (the ratio
of the settling velocity to the bottom friction velocity). In
the previous authors’ papers (Kagan, Schrimpf, & Utkin,
1999; Álvarez et al., 1999) this parameter was referred
to as a �variable� von Karman’s constant. It is specified
by a numerical solution to the problem of the vertical
structure of the suspended sediment-stratified near-
bottom logarithmic layer, followed by the approximation
of the vertical velocity profile at different values of the
external determining parameters by a logarithmic law.

Here, the weak wind-wave/low-frequency current
interaction formulation is extended to sediment-bearing
flow by using the sediment stratification parameter to
quantify the sediment load effect. In outline, we replace
the constant drag coefficient in the conventional
parameterisation of bottom friction through the quad-
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ratic resistance law by the proper expression following
from the �extended� formulation of weak wind-wave/
low-frequency current interaction. Subsequently, this
expression is inserted in a two-dimensional (2D) hori-
zontal plane, high-resolution tidal model. On varying
the model parameters, comparative analysis is carried
out on the roles of wind-wave/tide interaction and
suspended sediment stratification in the formation of
the M4 and M6 overtides in Cádiz Bay which, like other
relatively small higher harmonics, are most subjected to
these factors. Such are the aims of this paper.

The paper is organised as follows. Section 2 provides
the formulation of weak wind-wave/low-frequency cur-
rent interaction in suspended sediment-stratified flow.
Brief information on Cádiz Bay, the investigation site,
and the 2D non-linear, finite-difference, high-resolution
tidal model incorporating the above formulation is given
in Section 3. Section 4 presents the results of the numerical
experiments illustrating the role of wind-wave/tide
interaction and suspended sediment stratification—indi-
vidually and in combination—in the dynamics of the M4

and M6 overtides in Cádiz Bay. The conclusions are
drawn in Section 5.

2. The formulation

As before (see Kagan and Utkin, 2000; Kagan et al.,
2001), we assume that: (1) since the characteristic time
scale of wind waves is much less than that of any one of
tidal constituents, the thickness of the wave BBL is
much less than the thickness of the tidal BBL; (2) wind
waves are described by linear wave theory, and their
influence upon tidal dynamics can be presented in terms
of an effective vertical eddy viscosity defined as the sum
of the two vertical eddy viscosities each being deter-
mined by certain (wind-wave or tidal) components of
the motion and considered to be dependent on the
bottom friction velocity amplitude in the appropriate
BBL; and (3) the effective vertical eddy viscosity is a
piecewise, continuous function of the vertical coordinate
increasing linearly with distance from bottom within the
near-bottom logarithmic layer of wave or tidal origin. In
addition, following Kagan et al. (1999) and Álvarez et al.
(1999), we now assume that the influence of sediment
load on flow dynamics may be accounted for by means
of the sediment stratification parameter. Then, on
defining the drag coefficient with and without allowance
for wind-wave/tide interaction as c
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D ¼ UT1=U�T and
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0 lnðz1=z0Þ, respectively, where U*T is the tidal
bottom friction velocity amplitude, z1 is a reference
height within the near-bottom logarithmic layer but
above the wave BBL, UT1 is the tidal velocity amplitude
at this height and j0 is von Karman’s constant in clear-
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is the normalised (by the bottom roughness length, z0)
thickness of the wave BBL, Row ¼ Uw1=rwz0 is the
wave surface Rossby number, Uw1 is the near-bottom
wave orbital velocity amplitude, rw is wave frequency, j
is the sediment stratification parameter.

The wave and tidal bottom friction velocity ampli-
tudes appearing in Eq. (1) are found from the resistance
law for an oscillatory turbulent BBL over a hydro-
dynamically rough surface. It reads (Kagan et al., 2001)
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for the tidal BBL, in which except for known
designations, RoT ¼ UT1=rTz0 is the tidal surface
Rossby number, UT1 is the friction-free tidal velocity
amplitude, rT is the tidal frequency,

dT

z0
¼ j

U�T

UT1
RoT ð6Þ

is the normalised (by z0) tidal BBL thickness, h is the
local water depth and A and B are numerical constants
equal to 0.92 and 1.38, respectively.

Finally, the sediment stratification parameter, speci-
fied following Álvarez et al. (1999), is

j ¼ j0 þ 0:0755 ln
ws=u�

tan h 0:6 u�=u�c � 1ð Þð Þ

� �
� 0:0004 u�=u�c � 1ð Þ ð7Þ

if j � j0; otherwise, j ¼ j0:
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This is solely an heuristic relation, which is obtained
by approximating a numerical solution to the equations
describing the vertical structure of the suspended sedi-
ment-stratified near-bottom logarithmic layer, the range
of the external parameters in which this approximation
holds good being from 2.0 to 10.0 for u�=u�c and from
0.1 to 1.0 for ws=u�: Here, unlike the definition adopted
in Álvarez et al. (1999), u� ¼ U�Tð1þ cÞ is the total
bottom friction velocity amplitude; the remaining
designations are the same, namely u*c is the critical
bottom friction velocity and ws is the settling velocity of
sediment particles.

Some expressions for cD in the special cases when the
effects of suspended sediment particles or wind waves
are disregarded may be found in Álvarez et al. (1999),
Kagan and Utkin (2000) and Kagan et al. (2001).

The set of Eqs. (1)–(7) determines uniquely the drag
coefficient, cD, in a wave-affected, suspended sediment-
stratified tidal flow, provided that the following five (not
three as in the no-suspended sediment case) dimension-
less parameters are specified: the ratio of the near-bot-
tom wave orbital velocity amplitude to the friction-free
tidal velocity amplitude, Uw1=UT1; the wave and tidal
surface Rossby numbers, Row and RoT; and the nor-
malised (by the friction-free tidal velocity amplitude)
critical bottom friction velocity, u�c=UT1; and settling
velocity, ws=UT1; of the sediment particles.

A solution to Eqs. (1)–(7) can be readily obtained
using an iteration procedure in U�w=Uw1 and U�T=UT1:

3. The investigation site and the numerical model

The above formulation has been tested in Cádiz Bay
where detailed tide-gauge and bottom pressure measure-
ments along the coast and in the interior of the bay have
been made during the last few years.

Cádiz Bay is near 36.5�N latitude on the south-west
coast of Spain. It faces west toward the Gulf of Cádiz
and is landlocked around its south-western, southern
and eastern margins by the mainland. The bay is
subdivided into two parts, the shallower Inner Bay
and the deeper Outer Bay, connected by narrow
Puntales Channel (Fig. 1). The bay is relatively shallow,
with a maximum depth of 20m at its seaward edge,
and is characterised by predominantly semidiurnal co-
oscillating tides with an amplitude of �1m for the M2

constituent. The typical wind waves in Cádiz Bay are
short-period waves with periods below 7 s and ampli-
tudes of �0.5m in summer and �1m in winter. Sea-bed
sediments consist mainly of coarse silt with the median
grain size of 40 lm and medium sand with the median
grain size of 190 lm. Quartz grains comprise 85% of all
sediments (Gutiérrez, Achab, & Parrado, 1996).

The 2D vertically integrated, non-linear, finite-differ-
ence, high-resolution tidal model developed by Álvarez,
Tejedor and Tejedor (1997) was applied to simulate the
fields of tidal elevation and tidal ellipse parameters for
the M4 and M6 overtides, being defined as higher
harmonics generated within a continental shelf in the
process of non-linear evolution of the M2 constituent.
A condition of no-flow normal to the coast was set at
the land boundaries. At the open boundary, a radiation
condition written in terms of deviations of tidal elevation
and velocity from their observed values was employed to
ensure that, when disturbances were generated, they all
propagated away from the model domain. The observed
values of tidal elevation along the open boundary were
obtained using a linear interpolation/extrapolation of
those derived from the bottom pressure measurements at
stations Cochinos and Bajo de Cabezuelas, while the
observed values of tidal velocity were taken as being
equal to theM2 tidal velocity derived from the data at the
current-meter mooring location at the open boundary.
Since the simulation of high-precision fields of tidal
characteristics is not the prime focus of this paper, the
effects of flooding and drying of mud flats have not been
considered. Instead, the coastal boundaries are vertical
walls at the local water depth of 1m. The bathymetry
was taken out of the IHM chart number 443.

Fig. 1. Map of Cadiz Bay superimposed on the bathymetry (in

metres). The location of a tide gauge is denoted by the square; the

locations of the bottom pressure sensors, by open and closed circles;

and the location of a current meter mooring, by the triangle. A general

location map is shown in the inset.
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For the solution to be smooth the equations of motion
were supplemented by a Laplacian horizontal eddy
diffusion operator acting on the tidal velocity throughout
the model domain except for its boundaries. The
horizontal eddy viscosity was kept, from pure computa-
tional considerations, to a minimum of 1m2 s�1 to sup-
press short-wavelength numerical disturbances but, at
the same time, to avoid excessively strong smoothing of
the derived solution. Additional details of the numerical
scheme used may be found in Álvarez et al. (1997, 1999).

The bottom stress related to depth-averaged tidal
velocity was parameterised by a quadratic resistance law
with the drag coefficient taken as previously described
in order to account for the influence of wind-wave/tide
interaction and suspended sediment stratification. The
reference drag coefficient, vonKármán’s constant and the
bottom roughness length were set to be cD0 ¼ 0:003,
j0 ¼ 0:4 and z0 ¼ 0:1 cm, respectively. This value of cD0

is in approximate agreement with the prescribed value of
z0 and is based upon the reference height 1m above the
bottom. As noted by Heathershaw (1981), z0 and cD0 do
not remain constant if there are changes in bed type and
bottom sediment grain size. The assumption of constancy
of these quantities, however, is likely to be an acceptable
approximation for Cádiz Bay where no significant spatial
variations in bed types and forms occur. For a detailed
discussion of this subject see Aldridge and Davies (1993)
and Davies and Lawrence (1995).

Throughout this paper the friction-free tidal velocity
amplitude is identified (as is customary for 2D tidal
models) with the depth-averaged tidal velocity ampli-
tude. This gives rise to inevitable errors in the bottom
stress that depend on local water depth in such a manner
that they are larger, the smaller are the depths. The
sensitivity of the bottom friction velocity to replacing
the tidal velocity at a fixed height above the bottom by
the depth-averaged tidal velocity is clarified for the no-
wave case in Álvarez et al. (1999).

As an approximate estimate (which falls in the range of
the observed values), the mean grain size was prescribed
to be 50 lm. Sensitivity results of varying the mean grain
size in the no-wave case have been obtained by Álvarez
et al. (1999). The settling velocity and the critical bottom
friction velocity of sediment particles were determined as
functions of mean grain size from the empirical curves
depicted by Soulsby and Wainwright (1987).

The near-bottom wave orbital velocity amplitude was
calculated from the linear wave theory using known
values of wave amplitude, wave frequency and local
water depth. Throughout the bay, except for the near-
shore shallows, the wave amplitude and frequency were
taken to be fixed and equal to their typical summer
values of 0.5m and 7 s. In shallow regions where depths
are less than twice the wave amplitude, the latter was
assumed to be depth-limited due to wave breaking and
equal to the local water depth. This condition is
equivalent to the empirical wave breaking criterion
employed by Tang and Grimshaw (1996). The appli-
cability of linear wave theory to shallow water was
verified by Dean (1986) who, based on a comparison of
measured and predicted values of near-bottom wave
orbital velocity, showed that this theory provided good
results for a wide range of wave amplitude and
steepness. The sensitivity of the solution to the problem
of interest for the case of clear-water flow to variations
in wave parameters was discussed in Kagan et al. (2001).

4. Model results

The modified tidal model was applied in two series
of numerical experiments. One of them is intended for
performance evaluation of the model; the other, for
studies of both factors (wind-wave/tide interaction and
suspended sediment stratification) initially isolated and
then in combination. Accordingly, the model was first
run for the total (M2+M4+M6) tide assuming that
the appropriate values of tidal velocity and eleva-
tion appearing in the radiation condition at the open
boundary of the bay are known from measurement data.
This takes account of the fact that the M4 and M6

overtides are generated not only within the bay but also
outside it and, hence, are free to be advected from the
outer Iberian continental shelf to the bay and back. The
neglect of this process causes worse predictions to be
obtained than otherwise. This inference is supported by
comparison with the observed tidal constants at selected
tide-gauge and bottom pressure measurement locations
within the bay (see Table 1).

By contrast, when evaluating the influence of the above-
mentioned factors upon the M4 and M6 tidal dynamics in
the bay, the use of any observational data, specifically at
the open boundary, is undesirable because these data
contain information about the factors under study. In such
an event, a standard way is to disregard the observational
data at the open boundary, thereby eliminating the
contribution of the outer Iberian continental shelf to the
formation of overtides in the bay. This technique is applied
to perform the following four numerical experiments: a
control experiment with none of the factors considered,
and three subsequent experiments in which allowances are
made sequentially for suspended sediment stratification,
wind–wave tide interaction and their combined effect.
These numerical experiments are referred to as Experi-
ments 1–4, respectively.

The model predictions results are displayed in Figs. 2–
5. The drag coefficient in Experiment 1 is not illustrated
because it has a uniform value of 3�10�3 throughout the
domain. Figs. 2a–5a testify that the M4 andM6 overtides
(the latter is not shown) are generated in the shallower
Inner Bay and Puntales Channel where the non-linear
effects responsible for the production of all overtides are
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Table 1

Comparison between observed and predicted tidal elevation amplitudes A and phases u

Predicted

Observed Experiment 1 Experiment 2 Experiment 3 Experiment 4

N� Station A (cm) u (deg) A (cm) u (deg) A (cm) u (deg) A (cm) u (deg) A (cm) u (deg)

M4 tidal constituent

1 Carraca 2.7 180.0 1.4 356.2 1.3 353.1 3.3 23.2 1.3/1.5 353.3/177.4

2 Pto Real 2.7 167.2 1.3 355.1 1.1 352.2 3.2 22.5 1.2/1.4 352.4/178.1

3 Carranza 2.6 167.1 0.8 18.0 0.8 17.2 1.5 33.1 0.8/1.9 17.2/162.8

4 Cádiz 2.1 154.3 0.5 36.2 0.5 35.5 0.6 47.0 0.5/2.1 35.6/158.8

5 P. Sherry 2.0 157.5 0.5 26.5 0.5 25.6 0.5 37.8 0.5/1.9 25.3/159.9

6 Rota 1.7 160.0 0.3 32.7 0.3 31.5 0.3 43.1 0.3/1.9 31.5/158.3

M6 tidal constituent

1 Carraca 1.4 85.0 0.5 110.0 0.4 109.5 1.6 118.5 0.4/0.8 109.5/87.5

2 Pto Real 1.1 78.3 0.5 108.5 0.4 108.0 1.6 116.4 0.4/0.8 108.0/89.6

3 Carranza 0.9 83.5 0.4 110.0 0.3 108.0 1.2 128.5 0.3/0.6 109.0/80.8

4 Cádiz 0.2 66.4 0.1 148.5 0.1 138.5 0.1 146.0 0.1/0.2 143.0/65.4

5 P. Sherry 0.2 68.5 0.1 163.0 0.1 158.4 0.1 158.5 0.1/0.2 158.0/67.2

6 Rota 0.3 63.8 0.1 212.2 0.1 210.5 0.1 218.3 0.1/0.1 210.1/62.4

The predicted values of tidal elevation amplitudes and phases, except for those presented to the right of inclined lines, are obtained without

allowance for observed tidal characteristics at the open boundary; the remaining predicted values are obtained with allowance.
maximal due to strong spatial changes in the M2 tidal
velocity amplitude andphase.Here, the amplitude of tidal
elevation andmaximum depth-averaged tidal velocity are
predicted to be, respectively, up to 1.5 and 2.5 cm s�1 for
the M4 harmonic and 0.5 and 1.5 cm s�1 for the M6

harmonic, being reduced to zero values in Outer Bay as
the distance to the open boundary decreases.

As can be seen, the inclusion of the suspended
sediment stratification effect (Experiment 2) is followed
by a marked decrease in the drag coefficient within
Puntales Channel and its vicinities. Here the drag coef-
ficient may be two times smaller than that in clear-water
flow (Fig. 2a). This produces a fall in bottom stress
and, as a consequence, an increase in maximum depth-
averaged tidal velocity (Fig. 3b) and a decrease in tidal
elevation amplitude (Fig. 4b) and tidal elevation phase
(Fig. 5b). The suspended sediment-induced changes in
the M4 and M6 maximum depth-averaged tidal veloc-
ities are of the same order of magnitude as their typical
values in clear-water flow, while the changes in the M4

and M6 tidal elevation amplitudes and phases are indeed
small. The changes in tidal elevation amplitudes do
not exceed 0.1 cm for the M4 harmonic and 0.2 cm for
the M6 harmonic, which are an order of magnitude
smaller than their typical values in Inner Bay. Similarly,
the changes in tidal elevation phases do not exceed
a few degrees, and are several times smaller than their
spatial variations within the domain. This behaviour
is in clear contrast to the predictions for the M2 con-
stituent.

By contrast, in the results of Experiment 3, as might
be expected, the drag coefficient in the wave-affected
tidal flow increases throughout Cádiz Bay, the most
significant changes, up to eightfold over the no-wave
case, occurring in Inner Bay. These changes entail a
marked enhancement of bottom stress, which is most
conspicuous in the regions of strong tidal currents,
especially Puntales Channel and the shallows. This, in
turn, tends to decrease tidal velocities (Fig. 3c) and to
increase tidal elevation amplitudes (Fig. 4c) and phases
(Fig. 5c). The decrease in maximum depth-averaged
tidal velocity for both the harmonics may be as much as
1.5–3.0 cm s�1, being commensurable with the M4 and
M6 typical tidal velocities in clear water-flow. Accord-
ingly, the wave-induced changes in the M4 and M6 tidal
elevation amplitudes and phases may range up to 2.0 cm
and 30�, and, as for the M2 constituent, such changes are
mainly detected in Inner Bay. This, however, does not
exclude the possibility that, due to the complete
dissimilarity between the M2 tide and the M4 and M6

overtides, the role of the wave-induced changes in the
formation of the tidal harmonics can be quite different.

In this connection it should be remembered that,
according to Davies and Lawrence (1994a,b), the M2

tide and its M4 and M6 harmonics are influenced by
wind waves in a different way because of the different
contributions from advection and bottom friction. The
results of Experiment 3 are qualitatively in agreement
with those obtained for the vertical structure of the M2

tidal flow in the eastern Irish Sea (Davies and Lawrence,
1994a) and for the horizontal structure of the M2 tidal
flow in Cádiz Bay (Kagan et al., 2001).

We now discuss the results of Experiment 4 and
emphasise in particular: (i) wind wave/tide interaction
and suspended sediment stratification tend to cancel one
another out. Hence, depending on which of the two
factors prevails (which is determined by the sediment
grain size- or u*c and ws- and wave parameters), the
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Fig. 2. Drag coefficient predicted with allowance for (a) suspended sediment stratification, (b) wind-wave/tide interaction, and (c) and their combined

effect.
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Fig. 3. (a) Predicted major and minor axes of the M4 tidal ellipses and the changes in maximum depth-averaged tidal velocity due to (b) suspended

sediment stratification, (c) wind-wave/tide interaction and (d) their combined effect.
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Fig. 4. Predicted amplitudes, in centimetres, of (a) the M4 tidal elevation and the changes in amplitude due to (b) suspended sediment stratification,

(c) wind-wave/tide interaction, and (d) their combined effect.
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Fig. 5. Predicted phases, in degrees, of (a) the M4 tidal elevation and the changes in phase due to (b) suspended sediment stratification, (c) wind-

wave/tide interaction, and (d) their combined effect.
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changes in cD relative to cD0 can be of either sign; (ii) the
drag coefficient is a non-linear function of the external
parameters determining the vertical structure of the wave
and tidal BBLs, so that the dominant influence of a
specific factor, corresponding to the limiting cases of no-
wave and clear-water flow, varies interactively; (iii) this
interaction is difficult, if not impossible, to predict in the
general case using elementary physical reasoning or the
findings obtained in the limiting cases. The simulation
results presented in Figs. 2c and 3d–5d provide support
for these considerations; (iv) the model predictions in the
general case, especially using the observed tidal eleva-
tions and velocities at the open boundary, are in better
agreement with observational evidence than those of the
specific cases under study (see Table 1).

From Fig. 2c it is apparent that a region with values
of cD less than cD0, where the dominant factor is
suspended sediment stratification, occurs only in the
Puntales Channel. The remainder of the bay, based on
the values of cD, is within the zone of the dominant
influence of wind-wave/tide interaction. This pattern
produces an increase in maximum depth-averaged tidal
velocity in Puntales Channel and a decrease elsewhere.
Accordingly, the tidal elevation amplitudes and phases
increase everywhere, except in the Puntales Channel.
Nevertheless, these changes in tidal elevation amplitude
and phase are very small, being within the accuracy of
the model predictions. In other words, the effect of these
two factors (wave/tide interaction and suspended sedi-
ment stratification) may be thought of as being very
nearly balanced. This does not mean, of course, that the
conventional assumption employed in tidal dynamics of
ignoring wind-wave/tide interaction and suspended
sediment stratification is valid. Simply, that in Cádiz
Bay at least, their resulting effect vanishes.

5. Conclusions

The formulation of weak-wave/low-frequency cur-
rent interaction has been extended to the case of
suspended sediment-stratified flow. The influence of
suspended sediment stratification on flow dynamics is
described in terms of a sediment stratification parameter
defined as von Karman’s constant times the depth-
independent function of the relative friction velocity and
the relative settling velocity of suspended particles,
which is specified by a solution to the problem on the
vertical structure of the suspended sediment-stratified
near-bottom logarithmic layer.

The formulation of weak wind-wave/tide interaction
in suspended sediment-stratified flow is inserted in a 2D
non-linear, finite-difference, high-resolution hydrody-
namic model and the modified model has been applied
to clarify the roles of wind-wave/tide interaction and
suspended sediment stratification—individually and in
combination—in the formation of the M4 and M6

overtides in Cádiz Bay. These factors compete in the
sense of their impact on tidal characteristics. Namely,
the former is responsible for an increase in the drag
coefficient compared to its reference value in the no-
wave case and, as a consequence, for a decrease in
maximum depth-averaged tidal velocity and an increase
in tidal elevation amplitude and phase. The latter factor
produces the opposite changes in these characteristics. It
has also been shown that due to the dissimilarity of the
M2 tide and the M4 and M6 overtides, the conclusions as
to the role of the above factors in the formation of the
M2 tide and its M4 and M6 harmonics can be quite
different. As an example, for the M2 tide the wave-
induced changes in tidal elevation amplitude and phase
are of only minor importance, while they are crucial
importance for the M4 and M6 overtides.

The effects of both the factors taken together have
been shown to be very nearly balanced. A comparison of
the tidal constants at some sites within the bay, predicted
in the wave-affected, suspended sediment-stratified tidal
flow and the clear-water tidal flow with no waves, offers
an indirect argument in favour of this finding. This
does not mean that the conventional assumption of
ignoring suspended sediment stratification and wind-
wave/tide interaction is valid in shallow-water tidal
dynamics, rather that in Cádiz Bay their resulting effects
vanishes.

As with other hydrodynamic models, our model is
not free of shortcomings. We point out three factors
that not only make an accurate prediction of the M4 and
M6 tidal characteristics difficult but also force us to
qualify the present work as at most a case study. These
shortcomings are as follows: firstly, in the adopted
formulation of weak wind-wave/low-frequency current
interaction the real random wave field is represented by
a single wave. In addition, parameters of this wave are
taken to be invariant throughout the bay except for its
very shallow near-coastal regions where the wave
amplitude is specified by an empirical wave-breaking
criterion. This assumption is reasonable for Cádiz Bay
where, because of the absence of significant variations
in depth, the waves propagate from the open boundary
to the surf-zone without appreciable reflection and
backscattering (Kagan et al., 2001). It is hardly valid,
however, in other shallow basins.

Secondly, the model for the vertical structure of the
suspended sediment-stratified near-bottom logarithmic
layer, which provides the basis for the determination of
the sediment stratification parameter, uses a one-phase
notion of suspension composition to characterise sea-bed
sediments, even though observations attest that the sea-
bed material in Cádiz Bay consists of two fractions.
According to Li and Davies (2001), this assumption
tends to be an underestimate of the suspended sediments
concentrations at least in the outer part of the suspension
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layer in comparison with those predicted using a multi-
phase notion. This may introduce certain errors into the
sediment stratification parameter and then into the drag
coefficient and the other sought-for variables.

Thirdly, any one 2D model is incapable in principle
of describing the vertical structure of mean velocity. The
only option, unless the vertical profile of mean velocity
is specified a priori, is to invoke a 3D model com-
plimented by a proper turbulence kinetic energy closure
scheme.

A detailed discussion of these aspects of the problem
will be presented later.
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