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ABSTRACT

This paper presents a very brief overview of the development of a three-dimensional hydrodynamic model
involving a flow-dependent eddy viscosity and including enhancements of bottom friction due to wave-current
interaction in shallow water. The main point of the paper is to examine the physical nature of the process.
Consequently, references to published work are given for the background detail.

Calculations using both tidal and wind forcing show that tidal elevation amplitude and phase are significantly
changed in shallow near-coastal regions due to enhanced frictional effects associated with wind-driven flow and

wind wave turbulence.

An analysis of tidal current profiles, at the fundamental harmonic and higher harmonics, computed with
tidal and wind forcing, shows that significant changes in tidal current profiles can occur due to coupling between
the wind-induced current shear and a time-evolving viscosity. The importance of the nonlinearity produced by
a surface wind-induced shear and a flow-dependent viscosity in influencing tidal current profiles is confirmed

using a single point model in the vertical.

1. Introduction

The influence of various formulations of vertical
eddy viscosity in three-dimensional hydrodynamic
models upon tidal current profiles in shallow seas has
been extensively studied in a range of sea areas from
continental shelf (Davies 1986) to limited areas (e.g.,
the Celtic and Irish Sea, Davies and Jones 1992a). In
some cases high-resolution (of order 1 km) finite dif-
ference grids have been used in near-coastal regions
(Aldridge and Davies 1993) to examine in detail the
profile of tidal currents.

A similar range of models from shelf (Davies 1982;
Davies and Flather 1987), Celtic Sea (Davies and Jones
1992b), to limited area (Proctor 1981, 1987; Davies
and Lawrence 1994) have been used to examine the
wind-induced residual flow in a region.

When modeling purely tidal flow it is common to
run the model for the (dominant ) M, component alone
(Aldridge and Davies 1993) although other compo-
nents of the tide do contribute to tidal turbulence (Le
Provost and Fornerino 1985).

Corresponding author address: Dr. Alan M. Davies, Bidston Ob-
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seyside L43 7RA, England.

For wind-driven flows in shallow tidally dominated
coastal seas, the usual practice is to include the tide
within the wind-driven simulation in order to account
for changes in background turbulence over the tidal
cycle. The wind-driven residual currents are then ob-
tained by subtracting a tide only solution from that
due to tide and wind, leaving a wind-driven residual
flow (Proctor 1981, 1987; Proctor and Flather 1988;
Proctor and Wolf 1989; Davies 1982). A similar ap-
proach is used in surge forecasting where a storm surge
model is run with a limited number of tidal constituents
and meteorological forcing, and the meteorological re-
sidual is computed by subtracting a solution derived
by running the model with the tide alone. The predic-
tion of total water level at a port is then made by adding
the surge residual from the model to a tidal prediction
based on a large number of tidal constituents (of order
one hundred at a shallow water port) derived from the
harmonic analysis of a years data. Similarly the surge
at a port is determined from the difference between
the observed water level and a tidal elevation prediction
based on a summation of tidal constituents (Davies
and Flather 1977). The implicit assumption in this
linear decomposition is that the tide is not affected by
the increased turbulence; both increased bed friction
(affecting both elevation and depth-mean currents) and
vertical eddy viscosity (affecting tidal current shear)
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associated with the wind field; and, particularly in
shallow water, enhancements in bed friction due to
wave-current interaction associated with the surface
wind waves. However, the nonlinear nature of the hy-
drodynamic equations, in particular the parameteriza-
tion of the vertical eddy viscosity in terms of the flow
field, and the quadratic formulation of bottom friction,
with a friction coefficient which can be enhanced in
shallow water by wave-current interaction (A. G.
Davies et al. 1988; A. G. Davies 1986, 1990, 1991;
Grant and Madsen 1979, 1986; Christoffersen and
Jonsson 1985; Huntley and Bowen 1990; Spaudling
and Isaji 1987), suggests that in shallow water the tide,
in particular tidal currents, may be changed during
major wind events. A consequence of this is that com-
puting a surge residual by subtracting a pure tidal time
series from the total record would not be truly valid
and would leave tidal energy within the surge residual.
Indeed evidence for this has been found in surge resid-
uals computed at shallow water ports using this ap-
proach (Amin 1982; Proctor and Flather 1988).

Similarly as short term (of order 30 days) near-bed
current measurements are taken in coastal regions
(Green et al. 1990) to examine changes in bed stress
due to wave-current interaction during major wind
events, it is important to know how the near-bed tidal
current has been affected during the storm in order to
properly interpret and analyze the experimental results.

Since increased bottom friction due to wave~current
interaction (Davies and Lawrence 1994 ) and changes
in current profile arising from enhanced levels of tur-
bulence (Aldridge and Davies 1992) have their greatest
influente in the near-coastal regime, it is essential to
use a high-resolution coastal three-dimensional hydro-
dynamic model including wave—current interaction ef-
fects in order to examine changes in tidal currents.

In this paper a fully three-dimensional model of the
eastern Irish Sea (Fig. 1) having a grid resolution of
order 1 km, and including wave-current interaction,
is used to examine the influence of wind-induced tur-
bulence, and increases in bottom friction due to wave
current interaction, upon tidal current profiles in the
eastern Irish Sea. A uniform finite-difference grid is
used here, although the finite element method (Lynch
and Werner 1991; Walters and Werner 1989), with its
ability to use finer meshes in the near-coastal region,
clearly has some advantages.

The grid of the model, bottom topography, and open
boundary input are identical to those used previously
(Aldridge and Davies 1993) to compute the M, tidal
currents in the area. Consequently, any changes in tidal
current due to enhanced turbulence of meteorological
and wind wave origin can be compared directly with
these earlier calculations. Also the model including
wave-current interaction has been used to study the
wind-induced flow in the region and the influence of
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FIG. 1. Finite-difference grid of the model with location
of points where current profiles were extracted.

wave-current interaction on this flow (Davies and
Lawrence 1994).

The full three-dimensional model calculations are
complemented with a series of more idealized calcu-
lations using a single-point model in the vertical. This
model can be forced with an oscillatory pressure gra-
dient (at tidal frequency) and an imposed surface wind
stress. Calculations with the point model are used to .
examine in more detail than is possible with the full
3D model (due to the high computational cost of this
model) the influence of viscosity parameterization and
water depth upon tidal currents. These calculations are
used to complement and gain insight into the processes
controlling tidal current profiles in the full three-di-
mensional model.

2. Hydrodynamic models

a. Three-dimensional model

Although stratification effects are important in the
Irish Sea, the stratified region is mainly confined to the
deep water area (water depth of order 100 m) of low
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tidal current strength situated to the west of the Isle of
Man (Davies 1993). Also during major wind events
when large waves are present, this region becomes well
mixed due to wind-induced turbulence. In this paper
we are primarily concerned with the eastern Irish Sea
where tidal currents are much stronger and the water
much shallower (of order 30 m) giving a well-mixed
homogeneous region.

To allow for the curvature of the earth, it is necessary
to write the three-dimensional hydrodynamic equa-
tions in polar coordinates. The full nonlinear three-
dimensional equations for a homogeneous region, ne-
glecting the horizontal viscous term, have been pre-
sented previously (Davies and Lawrence 1994) and
will not be repeated here.

In these equations the coefficient of vertical eddy
viscosity u is related to the flow field using

w=alX, ¢, 1)¥(o) (1

with « a constant varying with horizontal position and
time and ¥(¢) a fixed profile, with ¢ = (z + {)/(h
+ ¢) a normalized vertical coordinate.

Along open boundaries a radiation condition was
applied with M, tidal elevation and current input as
open boundary forcing. Along closed boundaries the
normal component of current was set equal to zero.

In the eastern Irish Sea region, depending upon the
wind direction and the state of the tide, grid boxes can
“flood and dry” over the tidal cycle. The numerical
method used to allow for this is identical to that used
previously (Aldridge and Davies 1993; Davies and
Lawrence 1994) and details will not be repeated here.

For wind-driven flow, the surface stress is set to the
externally specified orthogonal components of the wind
stress, namely, F, Gy; thus

du v
—p(#a—) =F,, —p(u—> =G;
z/) ¢ dz ¢

with #(v) the eastward (northward) components of
the current.

At the seabed, the bed stress components Fz and Gg
can be related to the near-bed currents Uy, V), using a
quadratic friction law; thus

(2)

Fy =2 fpUn(U} + V72,

Gy =3 foVi( U + V)12, (3)

In these equations f; is the current friction factor,
given in the absence of wind waves, by

fc = 2C\00, (4)

where Cg is the drag coefficient relating bed stress to
currents 100 cm above the seabed, with Cyy, depending
upon bed types and forms (Heathershaw 1981). In
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shallow water where the wind wave orbital velocity is
nonzero at the bed, increased levels of turbulence are
produced, enhancing the bed stress, and changing the
value of f and hence the wind-driven flow field (Davies
and Lawrence 1994). The inclusion of this effect within
the three-dimensional model is considered later in the
paper.

b. Single-point model

To complement the three-dimensional model, and
understand in more detail the importance of viscosity
parameterization, water depth, and nonlinear inter-
action of the wind-driven and tidally forced flow
through the viscosity term, a single-point model was
also used, of the form

du_ 6P 9( & )
ot Y ox Oz “az

and
dv oP 9 ov
—t+yu=—+—{u—}.
a dy az(ﬂaz) (6)

In these equations, v is a fixed Coriolis parameter
with pressure gradient terms dP/dx and dP/3y given
by

d

i = huw cos{wt + g),

opP

a—y_ = hyw cos(w! + g) (7)
with A, and 4, specified amplitudes and g,, g, phases
of sinusoidal forcing at a frequency w.

Equations (5) and (6) were also solved subject to
identical boundary conditions, namely, specified ex-
ternal wind components F;, G, [Eq. (2)] and quadratic
friction at the bed [Eq. (3)]. However, in order to re-
move the nonlinearity associated with the quadratic
friction term, leaving a linear system in the case of a
time invariant g, an alternative bottom boundary con-
dition, namely, a no-slip condition, u = v = 0, was
considered at the seabed in the single-point model.

3. Numerical solution and formulation of the vertical
eddy viscosity

a. Numerical solution

The hydrodynamic equations are solved using the
Galerkin/spectral method in the vertical, in terms of
an expansion of basis functions f;(s) (modes), yielding
a continuous current profile from sea surface to seabed.
Extensive details of the solution of the hydrodynamic
equations using this approach can be found in Davies
(1986, 1987, 1991) and will not be repeated here.
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The choice of basis set functions f.(¢) 1s, in theory,
arbitrary; however, there are major computational ad-
vantages (Davies and Stephens 1983) in choosing them
to be eigenfunctions of the eddy viscosity profile, sub-
ject to a slip or no-slip condition. A highly computa-
tionally efficient time-splitting algorithm (Davies 1987;
Aldridge and Davies 1993) is used to integrate the
three-dimensional hydrodynamic equations in time.

b. Eddy viscosity formulation

In the series of calculations described later a number
of eddy viscosity formulations are presented. The sim-
plest is a constant coefficient of eddy viscosity that does
not vary in the vertical (profile A, Fig. 2). An alter-
native formulation based upon observations ( Bowden
etal. 1959; Bowden 1978; Bowden and Ferguson 1980)
is a linear decrease in the near-bed layer from a value
w1 to po over a height A; = BA, with 8 a coefficient of
order 0.1 to 0.2 representing a decrease in turbulence
in the near-bed region (profile B, Fig. 2). By analogy
with the near-bed layer, a linear decrease may be ex-
pected in the near-surface layer over a distance h,
= Bh (profile C, Fig. 2). However, in the case of wind-
driven flow increased turbulence associated with wave
breaking might be expected at the surface, leading to
profile D in Fig. 2.

Based upon Irish Sea observations (Bowden et al.
1959; Bowden 1978; Wolf 1980) and also results from
a turbulence energy model (Davies 1991), an appro-
priate simple parameterization of eddy viscosity mag-
nitude « is of the form

a =ky(u* + )k

with k; of order 2.5 X 1072 and 4 water depth.
An alternative parameterization (Davies and Ald-
nidge 1993) is

(8)

a=k302/S1 (9)

with U depth-mean current magnitude, S; = 1.0
X 10™* 57! a characteristic frequency, and k; = 0.2 a
dimensionless coefficient.

Eddy viscosity is then given by Eq. (1) with

_Wo)

) "o

where ¥(o) is a normalized viscosity profile derived
from the viscosity profiles Y( ¢ ) given in Fig. 2.

¥(o) = (10)

4. Representation of wave—current interaction

The wave-current interaction model of Grant and
Madsen (1979) in the form published by Signell et al.
(1990) was used in the models to parameterize in-
creased turbulence due to wave effects by changes in
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FIG. 2. Schematic of the various eddy viscosity profiles
used in the calculations.

the wave friction coefficient f;. The effect of enhanced
bed turbulence when wind wave effects are present in-
fluences the flow field computed by the hydrodynamic
model through an increase in the current friction factor
Jcand hence the bed stress in the hydrodynamic model.
Here only the major steps in the formulation of the
wave—current interaction model for colinear flow are
described (Signell et al. 1990), although further details
can be found in Grant and Madsen (1979).

For a colinear flow, the total bed shear stress 7 based
upon an instantaneous current shear stress 7. and
maximum wave bed stress 7,, is given by

(11)

Tr=T1.+71,

with

1
Tw=3SupUs, (12)
where Uy is the maximum near-bed wave orbital ve-
locity, and f, is the wave friction factor.

The near-bed wave orbital velocity is given by

aw

= sinhkh

with a, wave amplitude, w wave frequency, and k
wavenumber determined from the linear dispersion
relation

(13) .

= (gk) tanh(kh),

where g is acceleration due to gravity.

The wave friction factor f,, can be readily computed
from the semiempirical expression of Jonsson (1967)
and Jonsson and Carlsen (1976) based upon laboratory
observations; namely,

A Ay
41/ij oglo( \/ﬁ)_ 0-08+10g10(kb)5 (15)

where k, = 30z, 7z, is the roughness length and A4,
= Uo / w.

Here, for computational efficiency, we assume that
the current does not influence the wave field. (A con-
sistent assumption with the method in which the hy-

(14)
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drodynamic model is run, whereby the wave field is
supplied externally and hence there is no dynamic
feedback from the current model.) The current bed
stress 7. is influenced by the wave field, and this influ-
ences the computed flow field. In calculations in which
the viscosity is determined by the total flow field, a
nonlinear interaction occurs between wind wave effects,
wind-driven flow, and tidal flow.

The calculation of an effective drag coefficient f; tak-
ing into account wave effects proceeds as in Signell et
al. (1990). Since the present model assumes that the
current does not influence the wave field, then the wave
friction velocity is given by

1/2
r

U*w B (—w)
p

with 7, given by (12) and f,, taken from (15).
At time ¢ = 0, an initial current friction factor f;
excluding wind wave turbulence was determined from

K 2
Je= 2[1n(302,/kbc)]

with k;. taken as the Nikuradse roughness k;, = 30z,
K = 0.4 von Karman’s constant, and z, the reference
height at which the slip condition is applied. In the
calculations considered here, this was taken as 100 cm
above the bed.

Having determined f;, U, can be readily computed

from
Te 1/2
()
p

with 7. the vector sum of F, G from Eq. (3).
The combined friction velocity Uy, for waves and
currents is given by

U*cw = (Uic + in)l/Z'

(16)

(17)

(13)

(19)

The apparent bottom roughness k. felt by the cur-
rent due to the presence of the waves is given by

Ueew A
kye = ky| C) =222 =2 20
b b[ 'L kb] (20)
with C, = 24.0 (Grant and Madsen 1979) and
U
=1- *C . 2
B Usen (21)

This value of k. is then used at the next time step
to determine f; and hence the bed stress in the three-
dimensional model using Eq. (3).

5. Numerical calculations
a. Eastern Irish Sea region

Water depths in the area decrease from the order of
50 m close to the model’s western boundary (Fig. 3)
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FiG. 3. Contours (in meters) of the bottom topography
of the eastern Irish Sea.

to depths less than 20 m, in a shallow near-coastal band,
with “wetting and drying” alternating at different
phases of the tide in the near-coastal region. A number
of bed types from mud through sand to gravel are found
in the region, with a muddy area located near St. Bees
Head and to the south of it. The sand region is con-
centrated in the southern part of the modeled area,
with gravel situated in the western part of the region.
A detailed distribution of bed types is given in Aldridge
and Davies (1993) and Davies and Lawrence (1994).
Also, there are a substantial number of bed forms in
the Irish Sea that cannot be resolved on a 1-km grid.
The influence of these bed forms upon turbulence en-
ergy intensity, and hence tidal dissipation, can only be
included in the present model by regarding the bed
roughness length z, as an effective roughness length
taking account of energy loss by form drag and skin
friction. Since the level of wave-current interaction
[Eq. (20)] depends upon the bed roughness length z,
and intensity of near-bed current, it is essential to use
a sufficiently fine grid (Fig. 1) to resolve the various
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TABLE 1. Summary of calculations performed with the eastern Irish Sea model.
Wind stress Wave field
Tidal Zy
Calculation forcing F, G, H, Ty Wave friction £, k= f/2
1 yes 0.0 00 0.0 0.0 0.0 0.00375
2 yes 0.0 1.0 0.0 0.0 0.0 0.00375
3 yes 0.0 1.0 1.0 10.0 0.045 0.00375
4 yes 0.0 1.0 1.0 10.0 0.045 Bed type
5 yes 0.0 1.0 3.0 10.0 Eq. (30) Bed type

bed types and spatial variability of the bed currents
and hence the bed stress.

b. M, tidal elevations, currents, and wind-driven
currents

In an initial calculation (calculation 1, Table 1) the
model was integrated forward in time from a state of
rest with M, tidal forcing identical to that used by Ald-
ridge and Davies (1993) applied along the open
boundary. Eddy viscosity was parameterized using Eq.

(8) with k, = 0.0025, and a bottom friction coefficient
k = £./2 = 0.00375, a value which yielded an accurate
tidal solution in the area (Aldridge and Davies 1993).

After four tidal cycles, a sinusoidal tidal solution
was obtained. The elevation and flow field from the
fifth tidal cycle were harmonically analyzed yielding
the cotidal chart shown in Figs. 4a,b. Profiles of the
amplitude of the # and v component of the M, tidal
current at selected points (Fig. 1) are shown in Fig. S.

Tidal elevation and current amplitude were identical
to those computed by Aldridge and Davies (1993) and

FIG. 4. (a) Computed M, coamplitude chart determined with M, only (solid), M, tide and a westerly wind stress of | N m? (dashed),
and M, tide with a wind stress and wave~current interaction (H, = 3.0 m, T, = 10 s) (dotted). (b) As in (a) but for phase.
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F1G. 5. Profiles of the amplitude of the ¥ and v components of the M, tide at locations B (left) and F (right) (see Fig. 1) computed with
tidal forcing only (solid), tidal forcing and a westerly wind stress (dashed) tidal and wind forcing with wave-current interaction (H, = 1.0
m, Ty = 10 s) (dot-dashed); and with wave—current interaction (H; = 3.0 m, T); = 10 s) (dotted).

were found to be in good agreement with observations
(see tables of statistics in Aldridge and Davies 1993).
The coamplitude chart (Fig. 4a) shows a uniform in-
crease in tidal amplitude as the tide propagates from
deep water into the shallow coastal regions. Similarly,
the phase of the tide increases uniformly from south
to north (Fig. 4b).

Profiles of the 1 and v components of the M, tidal
amplitude at a number of points (B, E, F, G, Z) in
water depths ranging from the order of 50 m (B, E) to
much shallower (4 = 10 m) near-coastal (F, G, Z)
exhibit an almost shear-free layer in the upper part of
the water column with a frictionally retarded bottom
boundary layer in which current velocities decrease
more rapidly. In deep water (position B, E) tidal current
profiles are similar to those shown at position B (Fig.
5), with shallow water profiles (position F, G, Z) char-
acterized by position F (Fig. 5).

As we will show later, in order to understand changes
in M, tidal current profile and the M, cotidal chart,
due to the influence of meteorological forcing and the
enhancement of bed stress caused by wave—current in-
teraction, it is necessary to know the spatial distribution
of the M, tidal currents, in particular the bed currents

since these are important in determining the bed stress
and hence energy dissipation.

The major and minor axes of the M, current ellipse
at the seabed at every third grid point are given in
Fig. 5 in Aldridge and Davies (1993). Referring to
their figure, it is evident that a region of low tidal
current (major axis of order 10 cm s™!) exists to the
cast of the Isle of Man, with tidal currents increasing
moving eastward toward the English coast with a
subsequent decrease in the near-coastal regime. Tidal
currents also increase in strength going northward
toward the Solway Firth, although they are signifi-
cantly lower (of order 50 cm s™!) than those in the
region to the southeast of the Isle of Man (currents
of order 100 cm s™').

In a subsequent calculation (calculation 2, Table 1)
identical tidal input was used along the model’s open
boundary, but a spatially uniform wind stress of 1.0
N m™2 corresponding to a uniform westerly wind was
also applied. Again after four tidal cycles a sinusoidal
solution was obtained, with the fifth harmonically an-
alyzed for the amplitude and phase of the surface ele-
vation and tidal current profiles and residual flows at
a selected number of points (Fig. 1).
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TABLE 2. Values of Uy (cm s7') [(a) for a wave amplitude 0.5 m, (b) for a wave amplitude 1.5 m] and wave friction factor f,, for a range
of water depths /# (m) and bed roughness lengths Z, (cm) with corresponding Cig9 = f/2 values, for a wave amplitude of 1.5 m and period

of 10 s.
Bed type
Model average Mud Gravel Rippled sand
Zp (cm)
0.146 0.02 0.3 0.6
Uy (em s7Y) Cioo
h (m) (a) (b) 0.00375 0.0022 0.0047 0.0061
10 42.8 128.4 0.0303 0.0138 0.0433 0.0660
20 25.5 76.5 0.0391 0.0166 0.0571 >0.07
30 17.0 51.0 0.0480 0.0194 >0.07 >0.07
40 11.7 35.0 0.0626 0.0225 >0.07 >0.07
50 8.0 24.0 >0.07 0.0264 >0.07 >0.07

It is evident from Figs. 4a,b that the inclusion of the
wind-driven flow has changed the distribution of
coamplitude and cophase lines, particularly in the near-
shore region (note the shift in position of the 270-cm
and 280-cm coamplitude lines), corresponding to a
reduction in tidal amplitude by the order of 5 cm. The
reason for this change in tidal amplitude in the near-
shore région is that wind-induced currents in these re-
gions are stronger (Davies and Lawrence 1994) than
in the offshore areas due to the shallower water depth.
A consequence of this is that since the bed stress is
determined through the quadratic law, it is enhanced
by the presence of the additional wind-driven flow;
hence, frictional dissipation increases, thus reducing
tidal amplitudes.

In offshore regions (excluding the shallow Solway
Estuary) (Fig. 4a), the most significant changes in the
position of the coamplitude lines occurs in the northern
rather than the southern part of the region. Since water
depths in both these areas are comparable, this cannot
be attributed to variations in bottom topography. Again
the reason for this is that tidal current strength is sig-
nificantly weaker in the northern rather than the
southern part of the eastern Irish Sea. Consequently
the addition of a wind-driven flow has a larger effect
upon tides in the north than those in the south. Besides
the influence of the wind-driven flow upon the bed
stress, changes in the flow also influence the magnitude
of the eddy viscosity, which is related to the intensity
of the depth-mean current [Eq. (8)]. Consequently,
in a region of rectilinear tidal flow in the absence of
wind-driven flow the eddy viscosity reaches a maxi-
mum twice within the tidal cycle at times of maximum
tidal velocity. At times when the eddy viscosity is a
maximum, the wind’s energy can diffuse to greater
depths than at times when the eddy viscosity is at a
minimum, when the wind’s energy can only penetrate
the surface layer, giving larger surface currents (Dyke
1977). In a region in which the tidal current ellipse is

circular, then in the absence of a wind-driven flow,
eddy viscosity is constant (Davies 1990), and higher
harmonics can only be generated by the other nonlinear
mechanisms in the model, for example, the advective
terms and quadratic bottom friction. We might there-
fore expect differences in coupling between tidal and
wind-induced currents in different regions depending
upon the nature of the tidal current ellipse. As we will
show later, a consequence of a time-varying eddy vis-
cosity related to the tidal flow and an externally applied
wind stress is that some of the wind’s energy can appear
in the tidal signal at both the fundamental and higher
harmonics, depending upon the alignment of the wind
and tidal current ellipse. A more detailed explanation
of this is given in the next section in connection with
the point model.

An increase in near-surface M, tidal current, partic-
ularly at point B (Fig. 5), occurs when the wind forcing
is included. The M, tidal current at depth, however, is
often reduced (Fig. 5) when wind effects are included
due to increases in bed frictional effects. In contrast at
points B, E, and F (see Fig. 1 for location of points),
the inclusion of the wind forcing increases the M, sur-
face tidal current by the order of 5 cm s~ (an increase
of more than 10% at site B).

In a subsequent calculation (calculation 3, Table 1),
identical tidal and wind forcing were used with the
inclusion of wave—current interaction, due to a wave
field in the wind direction having a wave amplitude a,,
= 0.5 m (significant wave height H; = 1.0 m) and wave
period T, = 10 s, with f,, fixed at 0.045. Since the wave
orbital velocity of wind waves decreases rapidly with
depth below the sea surface, then in deep water (water
depths of order 50 m) the bed orbital velocity was small
(of order 8 cm s7!) (Table 2) and the current friction
factor f. was not enhanced by wave—current interaction.
In slightly shallower water (water depths of order 30
m), f. was enhanced, leading to a slight reduction in
the u component of near-bed tidal current (Fig. 5, point
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B). At location E, a reduction in the magnitude of the
v component of tidal current throughout the whole
water column occurred, whereas at location B, the
magnitude of the v component increased slightly. In
very shallow water (water depths of order 20 m) the
near-bed wave orbital velocity is of order 26 cm s},
and the current friction factor is increased significantly
[by a factor of 2.5 (Davies and Lawrence 1993)] pro-
ducing a decrease in the near-bed # component of the
tidal current (e.g., Fig. 5, point F), although the surface
tidal current increases. Aldridge and Davies (1993)
found a similar change in the u tidal current profile
with increasing friction coefficient in a tidal model of
the eastern Irish Sea. They found that when k was in-
creased by a factor of two, the near-bed tidal velocity
decreased due to the enhanced bed stress, but the sur-
face tidal velocity increased to give the same depth-
mean current. Obviously, an identical effect occurs here
when the value of & is increased as a result of wave—
current interaction.

The near-bed wind-driven residual flow in deep re-
gions is reduced slightly by wave-current interaction
(waves with H, = 1.0 m, T), = 10.0 s) in areas where
the tidal current is weak (Fig. 6, position B); however,
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in comparable water depths (position E) where the tidal
current is stronger it is not changed significantly. In
shallow water regions where the near-bed wave orbital
velocity is significant, but tidal currents are strong (Fig.
6, position F), the # component of the residual flow
(the component in the wind direction ) is not changed,
with the v component reduced at all water depths. The
differences in response of the # and v component of
current, at position F, close to the coast (Fig. 1) can
be readily explained. In the case of the ¥ component,
the flow is directly wind forced and is not significantly
influenced by wave-current interaction. The northerly
v component of current, however, is essentially pressure
driven (though modified by frictional and rotational
effects) by the build up of surface elevation against the
coast (Fig. 7). Including wave~current interaction in-
creased bottom friction, thus reducing this pressure
gradient (Davies and Lawrence 1994) and hence re-
ducing the northerly flow at all depths.

In this series of calculations a constant bed roughness
(zo = 0.146 X 10™2 m) compatible with a k value of
0.00375 was used throughout. In practice there are a
number of bed types over the region, and to account
for this the above calculation was repeated (calculation
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FIG. 6. Profiles of the ¥ and v components of the wind-induced currents at points B (left) and F (right) computed with a westerly wind
stress (dashed) and a westerly wind stress with wave effects (H; = 1.0 m, T, = 10.0 s) (dot-dashed).
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F1G. 7. Residual sea surface elevation contours (m)
due to a westerly wind stress of | N m™2.

4) with a varying z,, including these bed types. Con-
sequently, a spatially varying wave—current interaction
effect, reflecting both the variations in water depth and
bed types, now influenced the flow field. However,
computed M, tidal and residual current profiles at the
various locations were only slightly different (of order
a few centimeters per second) from those computed
previously. The reason for this is that the major dif-
ferences from one location to another arise primarily
from variations in water depth and its influence upon
wave orbital velocity and hence wave-current inter-
action rather than z,. Also in this calculation f,, was
held constant (Table 1).

In practice, variations in water depth and roughness
length z, will lead to a spatial variation in the wave
friction factor f,, ( Table 2), which will significantly in-
fluence the wave bed stress and hence wave-current
interaction. In a final calculation (calculation §, Table
1) both a varying bottom roughness z, and a value of
£, determined from Eq. (30) were used in the model.
Since including these effects improves the physical re-
alism of the model, the wave amplitude (a,) was in-
creased to 1.5 m (H, = 3.0 m), a physically more re-
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alistic value for the wind stress conditions considered
here; namely, those occurring during major storm
events ( Davies and Jones 1992b; Carter 1982; Draper
1992). Also during these major storm events, swell
produced in the Atlantic Ocean can propagate into the
Irish Sea. Since swell waves have a long period, they
will enhance the bed stress in much deeper water depths
than wind waves generated locally in the area.

Changes in the position of the M, coamplitude lines
(Fig. 4a) due to increased turbulence associated with
the wind-driven flow and enhanced wave—current in-
teraction are clearly evident, reducing the M, tidal ele-
vation amplitude by the order of 10 cm in shallow
near-coastal regions. Part of this reduction in amplitude
comes from increased frictional effects produced by
the wind-driven currents, and partly from increases in
the drag coefficient due to the wind wave turbulent
boundary layer at the seabed.

The significantly larger change in the position of the

coamplitude and cophase lines in shallow water (Figs.
4a,b), which occurs in calculation 5, is due to the en-
hanced level of friction in shallow water arising from
the larger wave amplitude. Similarly the M, tidal cur-
rent profile computed with this enhanced level of wave~
current interaction exhibits a reduction in near-bed
tidal currents (Fig. 5, points B and F) due to the in-
crease in bed friction, although a slight increase in the
surface M, tidal current occurs in these positions.
However, in very shallow water (point G, Fig. 1) the
computed M, tidal current profile showed a marked
decrease at all depths. In this very shallow water region,
Davies and Lawrence (1994) found that the value of
C\0 was increased by a factor of over five due to wave-
current interaction when a,, = 1.5 m, T,, = 10 s; this
is the reason for the marked reduction in M, tidal cur-
rents at all depths. Although this effect will occur in
nature, it is unusual to have such large waves in these
shallow water regions. [ Draper (1992) does, however,
report waves of this order in Morecambe Bay.]
" In-very near coastal locations (e.g., point Z, Fig. 1),
the profile of the amplitude of the ¥ and v components
of the M, tidal current changed very significantly,
showing a reduction in magnitude of the surface tidal
current. The reason for this will be discussgd in more
detail in the section concerned with the point model
(see later). -

¢. Higher tidal harmonics

In the previous section we have examined the influ-
ence of enhanced levels of friction and turbulence of
meteorological and wind wave origin upon the wind-
driven residual flow, and M, tidal elevation and cur-
rent.

The nonlinear terms, namely, the advective terms
and quadratic bottom friction term in the hydrody-
namic equations, can transfer energy at the M, fre-
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FI1G. 8a. Profiles of the amplitude of the # and v components of the M, tide at locations B (left) and F (right) in the Irish Sea (see Fig.
1) computed with M, tidal forcing only (solid), tidal forcing and a westerly wind stress (dashed), and tidal forcing, westerly wind stress,
and wave-current interaction (H; = 1.5 m, T); = 10.0 5) (dot-dashed).

quency to the higher harmonics, that is, M (principally
through the advective terms) and Mg (principally
through the bottom friction term) and also to a smali
residual flow [current magnitude of order 5 cm s™! in
the eastern Irish Sea, Aldridge and Davies (1992)],
which is the tidal residual. The generation of the higher
harmonics by these mechanisms is well known and the
M, tidal production on the shelf using a full nonlinear
three-dimensional hydrodynamic model was simulated
some time ago (Davies 1986).

However, as we shall demonstrate, other important
nonlinear mechanisms exist, when the eddy viscosity
depends upon the total flow field (tidal plus wind),
which can transfer energy from the wind-driven flow
into the tidal flow, both at the fundamental and its
higher harmonics. To examine the importance of the
flow dependence of the eddy viscosity in generating
higher harmonics, it is advantageous to omit the non-
linear advective terms in the hydrodynamic equations,
thereby removing an M, generation mechanism. As
shown by Aldridge and Davies (1993) omission of these
terms has a negligible influence on the M, tidal cur-

rents, and hence upon the background level of tur-
bulence.

Vertical profiles of the amplitude of the u and v
components of the M, tidal current at positions B, E,
F, G, and Z (Fig. 1), computed with the tide alone,
show a small M, signal (as expected in the absence of
the .advective terms), with magnitude decreasing
slightly from sea surface to seabed (see profiles at po-
sitions B and F in Fig. 8a). However, M, tidal current
profiles extracted by harmonic analysis of model output
determined with both meteorological and tidal forcing
(calculation 2 ) are much higher in the near surface (u-
current amplitude of order 15 cm s~!, v-current am-
plitude of order 7 cm s™!, points B, E), although am-
plitude decreases with depth (Fig. 8a).

Profiles of M, tidal currents computed with mete-
orological forcing and wave-current interaction in-
cluded in deep water (positions B and E) are not sig-
nificantly different from those computed without
wave-current interaction (in fact no difference was
found at E) (see the profile at position B in Fig. 8a).
However, in shallow water, position F, the components
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FIG. 8b. As in Fig. 8a but for the Mg component of current at points B and F.

of the M, tidal current increase slightly at the surface
when wave—current interaction is included (Fig. 8a),
with a reduction at the bed due to increased friction.

This source of M, tidal energy is obviously associated
with the wind field and time variations of the eddy
viscosity, which determine the rate at which the wind’s
energy can diffuse to depth. To examine this further,
M, tidal current profiles in very shallow water (posi-
tions G and Z) were determined from calculation 5,
H,=3.0m, T, = 10.0 s. These current profiles showed
that in these very shallow regions the ¥ component
(the component in the wind direction) of the M, tide
is significantly increased. A detailed discussion of these
processes will be presented later in connection with a
point model.

Besides enhancing the magnitude of the M, tidal
current, a time-varying eddy viscosity related to the
tidal flow should also increase the magnitude of the
other higher harmonics, in particular Ms. A slight in-
crease, again primarily in the near-surface region when
wind forcing is included, is clearly evident (Fig. 8b).
Again, the inclusion of wave-current interaction effects
has a negligible influence in deep regions (at location
E there was no effect), although in shallow water (po-
sition F) it increases the surface ¥ component of the

M; current and decreases its value at the bed (Fig. 8b).
For the v component the change appears to be more
complex with an increase at both surface and bed. A
more detailed discussion of the mechanisms producing
these results will be considered in connection with the
point model.

6. Idealized single-point model calculations

To complement, and gain a better understanding of
the mechanisms influencing the coupling of tidal and
wind-driven flows, it is necessary to perform a series
of calculations using the single-point model in the ver-
tical [Egs. (5) and (6)]. To examine in detail the in-
fluence of the nonlinear term produced by a time-
varying eddy viscosity, it is necessary to remove the
other nonlinear term (i.e., quadratic bottom friction)
when solving Eqs..(5) and (6). To this end, the equa-
tions were solved subject to the no-slip bottom bound-
ary condition.

Since a no-slip bottom boundary condition was used,
a linear decrease in viscosity in the near-bed region (pro-
file B, Fig. 2) was applied with a uy:u, ratio of 0.0001 to
0.1 and 8 set at 0.2; physically realistic values (Davies
1993) in a model using a no-slip bottom boundary con- -
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TABLE 3. Summary of calculations performed with the single-point model, of tidal and wind-driven flow.

Viscosity
Calculation hy hy, 2 & Type F, G, Profile h (m)
1 1.0 1.0 0.0 90.0 Circular 1.0 0.0 B 10
2 1.0 1.0 0.0 90.0 Circular 1.0 0.0 C 10
3 1.0 1.0 0.0 90.0 Circular 1.0 0.0 D 10
4 1.0 1.0 0.0 90.0 Circular 0.5 0.0 B 10
5 1.0 0.0 0.0 0.0 Rectilinear 0.0 0.0 B 10
6 1.0 0.0 0.0 0.0 Rectilinear 1.0 0.0 B 10
7 1.0 0.0 0.0 0.0 Rectilinear 0.5 0.0 B 10
8 1.0 0.0 0.0 0.0 Rectilinear 0.0 —0.5 B 10
9 1.0 0.0 0.0 0.0 Rectilinear 1.0 0.0 B 30

dition. Also, in order to understand the coupling of the
u and v components of current produced by a flow-de-
pendent time-varying viscosity [Eq. (8), with k, = 2.5
X 1073], the influence of coupling due to rotation was
also removed (i.e., v = 0.0 in all calculations).

In an initial series of calculations, coupling between
a wind-driven flow and a tidal flow with @ = 30° h™},
a semidiurnal tide denoted D,, characterized by a cir-
cular tidal current ellipse in shallow water # = 10 m,
was examined (Table 3). This problem is considered
first because with a circular tidal ellipse, the orientation
of the wind direction with respect to the major axis of
the ellipse is not relevant. Also, as shown previously
(Davies 1990), a flow-dependent eddy viscosity pro-
duced by a circular tidal current ellipse is constant in

time; hence, any time variation is produced by the
wind-driven flow. By setting A, = &, = 1.0 ms™', g,
= 0.0, and g, = 90.0° (calculation 1, Table 3) in Eq.
(7) a circular tidal ellipse was produced with eddy vis-
cosity magnitude depending upon the flow field [Eq.
(8)}], but remaining constant in time.

The effect of imposing wind forcing in the x direc-
tion, produced by imposing a wind stress F; = 1.0
N m™, G, = 0.0 at time ¢ = 0, is to produce an addi-
tional wind-driven flow in the x direction, a conse-
quence of which is that the total flow, tidal plus wind,
is no longer constant in time and hence produces a
time-varying eddy viscosity (Figs. 9a—c). The magni-
tude of the wind-induced flow in this case (F; = 1.0
N m™2, G, = 0.0) is such that the total flow (wind plus

100
0
=2
-100-l
T |
0 T 27

FIG. 9a. Time series over one tidal cycle of the depth-mean 1 component of current in a water depth A
= 10 m, computed for (i) circular tidal current ellipse with F; = 1.0 N m™2, G, = 0.0 (calculation 1) (solid);
(ii) circular tidal current ellipse with F; = 0.5 N m™2, G; = 0.0 (calculation 2) (dashed); (iii) rectilinear
tide (calculation 5) (dotted ); (iv) rectilinear tide with F; = 1.0 N m™2, G, = 0.0 (calculation 6 ) (dot-dashed);
(v) rectilinear tide with F; = 0.5 N m~2, G, = 0.0 (calculation 7) (diamonds); and (vi) rectilinear tide with

F,=00,G,=

—0.5 N m~? (calculation 8) (triangles).
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FIG. 9b. As in Fig. 9a but for @y = (" + D°)'/2.

tide) is always positive (Fig. 9a), giving rise to the time
variation of eddy viscosity shown in Fig. 9c.

Profiles of the amplitude of the # and v components
of the residual current denoted (D,); at the forcing
period denoted (D,), at the first harmonic (D,), and
second harmonic (Dg) obtained from a harmonic
analysis after a periodic steady state had been reached
are shown in Fig. 10a.

A strong, direct wind-driven flow is clearly evident
in the ¥ component of the residual current, character-

0.05

0.04

0.03

WL (m?%/s)

0.02

0.01-

ized by a surface wind-driven layer, with a high shear,
frictionally retarded bottom boundary layer in which
the current falls to zero. Since the eddy viscosity varies
with time (Fig. 9¢), and current shear du/dz is nonzero
in this problem, then the nonlinearity arising from the
product of these two terms can give rise to an additional
nondirect wind-driven residual D, (a nonlinear tidal
residual due to the nonlinear viscosity term), besides
the higher harmonics D, and D4. The ¥ component of
this tidal residual will be “masked” by the wind-driven

FIG. 9¢c. As in Fig. 9a but for eddy viscosity u.
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FIG. 10a. Profiles of the amplitude (cm s™') of the ¥ component (solid) and v component (dashed) of current at the Dy, D,, D4, and D
frequencies, computed with a circular tidal current ellipse and wind stress F; = 1.0 N m™2, G, = 0.0 (calculation 1).

flow but does appear as a small residual in the v com-
ponent of flow (Fig. 10a).

The profile of the v component of the flow at the
forcing frequency D, is characteristic of a tidal current,
exhibiting an almost shear-free profile in the upper half
of the water column, with a decrease close to the seabed.
The profile of the # component of the flow (Fig. 10a)
at the D, frequency (the component aligned with the
wind) shows a significant reduction in the surface re-
gion, with a midwater maximum, although below
midwater the profile is similar to that found for the v
component of the tide. Higher harmonics at both the
D, and Ds frequency are generated as products of the
time-varying viscosity and vertical shear. The presence
of wind forcing in the u direction increases shear in
the surface and bed boundary layers, giving rise to an
increase in the ¥ component of the M, tidal current in
these boundary layers, above that found for the v com-
ponent (Fig. 10a).

To examine the sensitivity of the nonlinear term
that produces an enhancement in the D4 and Dy con-
stituents close to the sea surface, the calculation was
repeated using viscosity profiles C and D (calculations
2 and 3, Table 3) with u, = 0.05 (a reduction in near-

surface viscosity) and u, = 0.2 (an increase in near-
surface viscosity), with u, and pg as before. Reducing
the near-surface eddy viscosity increased the near sur-
face shear in the ¥ component of the wind residual and
reduced the magnitude of this component of the tide
at the D, frequency close to the surface with a signifi-
cant increase in the magnitude of the surface D, and
D¢ components of the tide (Fig. 10b). An increase in
surface eddy viscosity (profile D) lead to a decrease in
u components of the Dy and Dy tides (Fig. 10b) but
an increase in the D, component. The v component
of the currents at the Dy, D,, D4, and Dg frequencies
was not significantly affected by changes in surface eddy
viscosity. The decrease in the surface ¥ component of
the D, tide and the increase in the D, and D¢ com-
ponents with reduced surface viscosity, with little
change in the surface wind-driven current, suggests that
energy from both the D, component of the tide and
from the wind-driven flow is transferred into the D,
and D tidal frequencies as a result of the nonlinearity
produced by the time-varying eddy viscosity and sur-
face shear.

To examine the influence of wind strength upon the
magnitude of the Dy and Dg components of the tide,
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FIG. 10b. Profiles of the amplitude (cm s~!) of the # component of current at the Dy, D5, Dy, and Ds frequencies computed with identical
tidal and wind forcing as in Fig. 10a but with viscosity profile C (solid) calculation 2 and profile D (dashed) calculation 3.

the previous calculation with viscosity profile B was
repeated with F, = 0.5, G, = 0.0 N m2 (calculation
4, Table 3). The time series of depth-mean u current
( the component in the wind direction), and (u
+ 5°)"2 together with the eddy viscosity (Figs. 9a—c)
shows significantly less time variability, with a reduc-
tion in the magnitude of the D, and D¢ components
of the tide from the order of 11 cm s™! (Fig. 10a) to 4
cm s~ ! for Dy and below 1.0 cm s ™! for Dg. Obviously,
the magnitude of surface eddy viscosity and its time
variability are important in determining the near-sur-
face shear production of the D, and Dg harmonics.
In a second series of calculations [ calculations 5-9,

Table 3] the sensitivity to time variations in eddy vis-

cosity was examined using a rectilinear flow in the u
direction forced with A, = 1.0 ms™', 4, = 0.0 and g,
= 0.0, g, = 0.0. In the case of a pure tidal flow, the
depth-mean current in the u direction changes from
the order of —80 to +80 cm s ' (with the v component
zero) over a tidal cycle (Fig. 9a). The corresponding
eddy viscosity time series ( Fig. 9¢) shows two maxima
and two zero values in a tidal cycle corresponding to
the maximum tidal current and the times when the
current magnitude (i + 5°)'/2 is zero (Fig. 9b).
The addition, of a wind stress aligned with the major
axis in the u direction, namely, F;, = 1.0 Nm™2, G,

= 0.0, gives a total depth-mean current i that remains
positive (Fig. 9a) and an associated (- + 7°)!/2 and
eddy viscosity having a single maximum and minimum
per tidal cycle (Figs. 9b,c). As in the previous case of
a circular tidal current ellipse, the direct wind-driven
residual (Dy: Fig. 10c) shows a surface shear layer, with
the D, tidal harmonic indicating a reduced surface cur-
rent (Fig. 10c) with increases in the D, and D¢ har-
monics in the near-surface and near-bed layers.
However, in contrast to the calculation using a cir-
cular current ellipse, the addition of a reduced wind
stress F; = (.5 in the u direction (calculation 7, Table
3) leads to an enhancement in the magnitude of the
D, and Dy harmonics at the sea surface (Fig. 10c¢). The
reason for this is that when a reduced wind stress is
added, the depth-mean # component of current is no
longer always positive but changes sign over a tidal
cycle (Fig. 9a), giving rise to a (#° + 7°)!/? and an
associated eddy viscosity that has two maxima and two
zero values within a tidal cycle (Fig. 9c). A Fourier
analysis of this viscosity time series revealed much
larger magnitudes at the D4 and D period than in the
earlier time series. However, when the same wind stress
is added at right angles to the major axis, namely, F;
= 0.0, G, = —0.5 N m™2, corresponding to a northerly
wind stress (calculation 8), then although the ¥ com-
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F1G. 10c. Profiles of the amplitude (cm s™') of the ¥ component of current at the Dy, D, Dy, and Ds frequencies computed using a
rectilinear tide and a wind stress: (i) F; = 1.0 N m™2, G, = 0.0, # = 10 m (solid) calculation 6; (ii) F; = 0.5 Nm™2, G;= 0.0, h= 10 m
(dashed) calculation 7; and (iii) F, = 1.0 N m™2, G, = 0.0, # = 30 m (dotted) calculation 9.

ponent of current changes sign (Fig. 9a), the additional
v component due to the wind gives a total current
magnitude (12 + v2)'/? with little time variation (Fig.
9b), and the eddy viscosity only shows a slight time
variability (Fig. 9¢) and the resulting D4 and D current
magnitudes are reduced to the order of 2 cm s},

In deeper water 2 = 30 m (approximately the average
of the depths at points B, E, F); with a circular tidal
current ellipse the generation of the D, and D¢ har-
monics is not as large as in shallow water. Since the
eddy viscosity in the model is proportional to Au, then
for a given tidally forced velocity u, the eddy viscosity
increases with %, reducing vertical shear. In the case
of the three-dimensional Irish Sea model, in general as
h increases, tidal current strength decreases, hence eddy
viscosity is much lower than in the single-point model
and wind-induced shear would be larger.

In the case of a rectilinear tidal current ellipse (cal-
culation 9, Table 3), in deep water a larger wind stress
(F; = 1.0 Nm™2, G, = 0.0) is required to produce
comparable depth-mean currents to those found pre-
viously in shallow water (i.e., # = 10 m, with F; = 0.5
N m™2, G, = 0.0). Also, in deeper water the model
takes longer to reach a periodic condition, and as a

check on this, time series of the depth-mean u com:
ponent of current #, current magnitude (i
+9°)/2_ and viscosity over two tidal cycles are shown
in Fig. 11. Referring to this figure, it is clear that a
sinusoidal solution repeated from one tidal cycle to
another has been obtained in the model, with current
velocity and magnitude comparable to those found
previously, in shallow water with the reduced wind
stress of 0.5 N m~2. The depth-mean # current reaches
a maximum value of order 140 cm s~! due to the ad-
ditional wind-induced velocity with a minimum of —40
cm s~} giving rise to the time series of current mag-
nitude and viscosity shown in Fig. 11. The maximum
eddy viscosity is, however, much larger than those
found in the previous calculations with 4 = 10 m due
to the viscosity dependence upon Au. Despite the in-
creased eddy viscosity in deeper water, profiles of Dy,
D,, D4, and Dy are similar (Fig. 10c) to those found
in shallow regions, with the Dy surface current in this
particular example larger than the D, component.

Calculations using a #?-dependent viscosity [Eq. (9)]
show similar profiles of the D, and D¢ harmonics gen-
erated by identical mechanisms, namely, a time-vary-
ing eddy viscosity and a surface shear layer, to those
described here.
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The addition of rotational effects (i.e., ¥ # 0), which
are important in tidal flow, and quadratic bottom fric-
tion, significant in the tidal model, although providing
additional coupling between the # and v components
of velocity and additional mechanisms for generating
the D, and Dg harmonics, do not significantly influence
the main findings of the simple-point model. The prin-
cipal results from the simple-point model suggest that
it is the product of the time-varying eddy viscosity and
wind-produced shear that are the important mecha-
nisms producing the higher harmonics D, and Ds.
Since the time variation of the eddy viscosity is pro-
duced by the time-varying wind and tidal flows, then
the magnitude of these two components of the flow
and the alignment of tidal and wind-driven currents
are particularly important. The calculations also show
that wind-induced shear in the surface layer, which
depends upon the magnitude of the near-surface vis-
cosity, is also important.

Recent calculations (Davies and Lawrence 1993)
using both a functional approach and finite-difference
grids in the vertical, have clearly shown the importance
of accurately resolving the vertical shear in determining
the extent of the nonlinear coupling. Also, calculations
presently being performed with a two-equation tur-
bulence closure model of a form similar to that de-
scribed in Blumberg and Mellor (1987) also show the
nonlinear coupling; results from this type of model will
be reported subsequently.

7. Concluding remarks

In this paper we have presented very briefly the major
steps in the formulation of a three-dimensional shallow

sea model using a finite-difference approach in the
horizontal and a spectral method in the vertical; with
references to the literature for a more complete de-
scription of the formulation. The model includes a
flow-dependent eddy viscosity with a quadratic bottom
friction formulation that can account for enhancement
in the drag coefficient due to wave—current interaction.

Calculations of tidal and wind-induced currents in
combination, in a shallow near-coastal region (the
eastern Irish Sea where water depths are below 50 m)
clearly illustrate that M, tidal elevation amplitudes and
phases in the near-coastal region are significantly in-
fluenced by enhanced levels of turbulence and bed
friction associated with the wind-driven circulation.
Additional bottom friction due to wind wave turbu-
lence at the seabed also affects tidal elevations.

An examination of the M,, M4, and Mg tidal current
profiles in deep and shallow regions reveals that in deep
water some slight changes in the profile of the M, tidal
current amplitude occur when wind forcing is included
with significant changes, namely, a reduction of the
near-surface tidal current in shallow near-coastal re-
gions. Enhancements in the near-surface My and Mg
components of the tide are found to occur when wind
forcing is present. By using a single-point model in the
vertical, with a no-slip bottom boundary condition and
all nonlinear terms removed, other than those arising
with a time-varying eddy viscosity, similar changes in
the M,, My, and M tidal currents to those found in
the full three-dimensional model were obtained.

Calculations using the single-point model revealed
that enhancements in the My and Mg near-surface tidal
currents were produced as a product of the time-varying
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eddy viscosity and wind-induced shear, with the great-
est changes occurring in shallow water regions.

In this paper we have considered a large wind stress,
typical of a major storm event. Under more moderate
wind conditions the wind-driven flow will be reduced
and hence the contribution of the wind-forced turbu-
lence will be less, although the nonlinear nature of the
processes concerned suggests that a simple linear re-
duction is unlikely to occur. Also the wave-current
interaction effects depend very much upon the nature
of the wind waves, with swell enhancing the level of
wave—current interaction significantly in deep water.
Since the wind wave spectrum depends very much
upon wind duration and fetch and not simply wind
magnitude, then the level of wave-current interaction
will not depend in a simple manner upon wind stress.

The calculations presented in this paper suggest that
during a major wind event, significant changes in M,
tidal elevation, and M,, My, and My tidal current pro-
files will occur in shallow near-coastal regions using
the flow-dependent eddy viscosity formulation de-
scribed here. A series of accurate measurements of near-
surface currents at the M,, M,, and Mg period during
major wind events, with corresponding measurements
of bed stress, to determine enhancement due to wave
current activity in a nearshore region with significant
tidal currents would be very useful in validating the
various mechanisms proposed in this paper and ap-
propriate formulations of eddy viscosity. To date no
such datasets exist; however, instruments capable of
making such measurements have now been developed,
and hopefully the ideas proposed in this paper will act
as a focus for a near-shore current profile and wind
wave measurement program.
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