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ABSTRACT

A high-resolution (0.5’ north-south by 1.0 west-east ) three-dimensional hydrodynamic model of the eastern
Irish Sea is used to examine the influence of enhanced bed friction due to wind-wave effects upon the three-
dimensional, wind-induced circulation of the eastern Irish Sea.

The model uses a mixed finite difference-modal approach, in which a standard finite-difference grid is employed
in the horizontal, with the Galerkin method, with an expansion of functions (modes) in the vertical, giving a
continuous current profile from sea surface to seabed. Vertical eddy viscosity within the model is a function of
the flow field.

The model is used to examine the wind-induced response of the area to spatially uniform and constant in
time northerly and westerly wind stresses of | N m™2. The effect upon bed stresses, and hence the three-dimensional
circulation of the region of enhanced bed turbulence due to wind wave effects, is also considered using idealized
wave fields. Changes in bed stress, particularly in shallow water regions, have a significant influence upon the
wind-induced circulation, especially the wind-induced, near-bed currents.

In addition to calculations using a uniform drag coefficient and bed type, the wind-induced circulation using
a range of bed types corresponding to the bed composition, from mud to gravel, of the eastern Irish Sea is also
considered. The intensity of near-bed turbulence, and hence drag coefficient, due to wave-current interaction
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is found to vary significantly with bed type, and this also influences the near-bed currents.

1. Introduction

With the development of new instruments (Green
et al. 1990; Lohrmann et al. 1990) capable of mea-
suring enhancements of bed stress due to wind wave
activity (Signell et al. 1990; Christoffersen and Jonsson
1985; Grant and Madsen 1979; Grant et al. 1984) and
current profiles in the near-bed region, there has been
increased interest in developing three-dimensional
models that can resolve the near-bed region and take
account of enhancements in near-bed turbulence due
to wind-wave activity.

To date the majority of this work has involved the
use of single point models, the most sophisticated of
which use a turbulence energy closure method and re-
solve the wind~wave period (A. G. Davies 1990, 1991;
A. G. Davies et al. 1988; A. M. Davies and Jones 1990).
These models clearly show enhanced levels of turbu-
lence at the bed, associated with the high shear wave
boundary layer, and the retarding force that this exerts
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on the flow field. Obviously the computational over-
head associated with resolving the wave period and the
turbulence energy scheme make it impractical to use
these techniques in full three-dimensional calculations.
A range of alternative methods based upon eddy vis-
cosity closure exist in the literature (e.g., Signell et al.
1990; Grant and Madsen 1979; Christoffersen and
Jonsson 1985), which can also reproduce the enhance-
ment of bed friction and turbulence due to wave-cur-
rent interaction over a rough bed. Since these methods
are computationally inexpensive compared to the tur-
bulence energy approach, they can be readily included
in a full three-dimensional, time-dependent hydrody-
namic model (Spaulding and Isaji 1987). Recently
Signell et al. (1990) included wave-current interaction
effects in an idealized estuarine model and showed that
it could influence the flow field.

In this paper we use a similar approach to examine
the influence of enhancements in bed stress due to
wave~current interaction upon the wind-induced cir-
culation of the eastern Irish Sea. Since this effect is
known to be important in near-coastal regions, we use
a high-resolution grid (Fig. 1) (0.5’ north-south by
1.0 west—east, approximately a 1-km grid). The model
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uses a standard, regular finite-difference grid in the
horizontal.

The model has been used previously (Aldridge and
Davies 1993) to determine the M, tidal elevation and
current in the region, and hence an accurate M, tidal
input is available to use along the model’s open

boundary. Since tidal currents are strong in the region

(of order, up to 100 cm s™'), it is important to include
tidal effects with wind stress forcing in order to obtain
the correct levels of turbulence and bed stress in the
region. The tidal currents are, however, removed in
order to study the influence of wave—current interaction
on the wind-driven residual flow.

Initial calculations use a constant bed roughness with
uniform northerly and westerly winds and a range of
significant wave heights and periods, although subse-
quently the influence of a spatially variable bed rough-
ness (reflecting the range of bed composition from mud
to gravel, Fig. 2) found in the eastern Irish Sea is used.
The importance of bed composition and wave-current
interaction in determining sediment transport mech-
anisms has recently been reviewed by Huntley and
Bowen (1990) and A. G. Davies (1990).

2. Hydrodynamic model

a. Governing equations

The three-dimensional hydrodynamic equations in
polar coordinates are given by
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F1G. 1. Finite-difference grid of the three-dimensional
eastern Irish Sea model.

In these equations we have neglected the horizontal
viscous terms, which are small and can readily be ne-
glected on a fine grid (Oey et al. 1985; James 1990).
In these equations X, ¢ are longitude and latitude with

. z the depth below the undisturbed surface, / the water

depth, and { the elevation of the sea surface; ¢ time
and R radius of earth; u, v, and w are eastward, north-
ward, and vertical components of velocity; w the speed
of earth’s rotation; g acceleration due to gravity; and
u vertical eddy viscosity.

b. Lateral boundary conditions

- Along open boundaries, the normal component of
current is set to zero for all time. The drying condition
of Flather and Heaps (1975) (see also Flather and
Hubbert 1990) is used in the model to allow for drying
in near-coastal regions in response to tidal and wind
forcing.

Along open boundaries a radiation condition,
namely,

C
q=qr+qm+z(§*§r—§m), (5)
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F1G. 2. Schematic showing the spatial variation of bed types.

was applied, with g the normal component of the depth
mean current, C = (gh)'/?, and

(6)

(D

In Egs. (6) and (7) wy, denotes the speed of the M,
tidal constituent with Hy, and Gy, the amplitude and
phase of tidal elevation; Om, and -yu, are the tidal cur-
rent. Identical input to that of Aldridge and Davies
(1993) was used in the model. The meteorological
terms g,, and ¢,, can take account of far-field meteo-
rological forcing upon the eastern Irish Sea due to open
boundary effects. As we are concerned here with only
the local response, these terms were set to zero.

qr = Owm, cos(wm,f — Ym;,)

$r= I‘IM2 COS(wle - GMz)'

¢. Surface and bed boundary conditions

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

du adv
—p(u E)—r = Fj, —p(# az)~r =G, (8)
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At the seabed, in the absence of wind waves, the
bed-stress components Fz and G can be related to the
near-bed currents U,, V), using a quadratic friction law;
thus,

Fp = kpUn(UR + V)2 = 3 foUn(UR + V)72

(9a)

I

Gy = koVi(UR+ V)2 =2 fupVi(U} + V)72,

(9b)

In Egs. (9a) and (9b), using oceanographic nomen-
clature, k is a coeflicient of bottom friction, relating
bed stress to the current at a reference height, usually
1 m above the seabed (then normally written as Cqo,
the drag coeflicient related to currents 100 cm above
the seabed). In general, C oo will be a spatially varying
coeflicient depending upon bed types and forms
(Heathershaw 1981). In coastal engineering, the factor
f. = 2k, termed a “current friction factor,” is normally
employed.

In the presence of wind wave effects, as we will show
later, the factor f; (and hence k) is increased to take
account of increased turbulence due to wave effects
enhancing the bed stress.

d. Numerical solution

Since extensive details of the numerical approach
have been given in the literature (Davies 1983, 1986,
1987, 1992; Davies and Aldridge 1992; Aldridge and
Davies 1993), only a very brief indication of the
method will be presented here.

To accurately resolve variations in bottom topog-
raphy, a normalized sigma coordinate is used in the
vertical; thus,

o= (z+)/(h+]). (10)

The numerical solution proceeds by first transform-
ing the hydrodynamic equations to sigma coordinates
and then discretizing using a standard finite-difference
grid in the horizontal (Fig. 1) and the Galerkin ap-
proach with a modal expansion in the vertical (for ex-
ample, Davies 1986; Furnes 1983; Gordon and
Spaulding 1987). The rate of convergence of the modal
expansion can be enhanced by using a mixed basis set
(A. M. Davies 1992) and computational efficiency im-
proved by using a time splitting approach (Davies 1987;
Aldridge and Davies 1993). The solution method of
Davies and Aldridge (1992) was used to ensure stability
in shallow water even with a long time step.

The principal advantage of the Galerkin method in
the vertical is that it yields a continuous current profile
and can accurately resolve boundary layers (A. M.
Davies 1992). Also, the method can be readily coded
to give highly parallel and vectorized code for the new
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generation of multiprocessor vector computers ( Davies
et al. 1991; 1992).

3. Wave-current interaction model

The wave~current interaction model of Grant and
Madsen. (1979), in the form applied by Signell et al.
(1990) for computational economy, was used in the
three-dimensional model to account for increases in
the wave friction coeflicient /. due to wave effects. Only
a brief description of this model will be presented here,
as a detailed discussion with appropriate references can
be found in Signell et al. (1990).

The effect of enhanced bed turbulence due to wind
wave activity influences the three-dimensional, wind-
driven flow field computed by the hydrodynamic model
by an increase in the current friction factor f; and hence
the bed stress in the three-dimensional model, when
wave effects are present.

Following Signell et al. ( 1990), we outline the major
steps in the formulation of the wave~current interaction
model for colinear flow. For simplicity, we use only
colinear waves and currents in the calculations de-
scribed later because we are only interested in the zero-
order effect of waves on the circulation, although the
method can be applied for waves and currents at an
arbitrary angle (Grant and Madsen 1979). The exten-
sion to waves and currents at an arbitrary angle is not
complicated, but since the wind-induced flow in the
model is driven by an idealized uniform constant wind
field, the equally idealized assumption of colinear waves
and currents is consistent.

For a colinear flow, the total bed shear stress 77-based
upon an instantaneous current shear stress 7, and
maximum wave bed stress 7,, is given by

(11)

Tr=7T,+ 7y

with

1
wziprU%w (12)
where U, is the maximum wave orbital velocity outside
the wave boundary layer and f,, is the wave friction
factor.

The near-bottom wave orbital velocity is given by

a,w
U = sinhk#

with g, wave amplitude, @ wave frequency, k wave-
number determined from the linear dispersion relation,
and

(13)

= (gk) tanh(kh)

with g acceleration due to gravity.

The wave friction factor f,, depends upon bed rough-
ness k, = 30 z,, where z, is the roughness length and
the near-bottom excursion amplitude 4, = U,,/ w.

(14)
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Values of f, can be readily computed from the
semiempirical expression (Jonsson 1967; Jonsson and
Carlsen 1976, based upon laboratory observations):
namely,

A
m + loglo( Vﬁ) = —0.08 + logo (k_:) . (15)

Laboratory measurements and Eq. (15) show that f,
decreases as relative roughness (A4;/k;) increases.

Following Signell et al. (1990), we assume here that
the current does not influence the wave field. (This is
a consistent assumption with the method adopted here
in which the three-dimensional model is run with the
wave field supplied externally, and hence, there is no
dynamic feedback from the current model.) The cur-
rent bed stress, 7, however, is significantly influenced
by the wave field and the time-evolving viscosity field
and, hence, depends upon the dynamics of the flow
through both the velocity field and the current friction
factor f..

The calculation of an effective drag coefficient f. tak-
ing into account wave effects was determined as follows.
Since the present model assumes that the current does
not influence the wave field, then the wave-friction ve-

locity
1/2
Tw
U*My - (——-)
P

is readily computed with 7., given by (12) and f,, taken
from (15).

At time ¢ = 0, an initial current friction factor f;,
not accounting for waves, was computed from

K 2
fe=2 [ln(30zr/kbc)]

with k. taken as the Nikuradse roughness k, = 30 z,,
K (=0.4), von Kirman’s constant, and z,, the reference
height at which the slip condition is applied, here taken
as 100 cm above the seabed; hence, f, = 2k = 2C\¢
[Eq. (9a,b)].

Having determined /., the current friction velomty
U,. can be readily computed from

1/2
T
U*C = (—C) ]
p .

with 7, the vector sum of Fg, Gy from Eqgs. (9a,b).
The combined friction velocity U,.,, for waves and
currents is given by

Ugew =

(16)

(17)

(18)

(Ui + U2 (19)

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

Eﬁﬁ&ﬁﬂqﬁ

U, & (20)

kye = kp [Cl
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Fi1G. 3. Contours of the bottom topography of the eastern
Irish Sea (all depths in meters).

with
Uy
=1 21
B U (21)
and
C, = 24.0. (22)

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 Egs. (9a,b).

4. Computed wind-induced circulation
a. Numerical model

The model uses polar coordinates on the finite-dif-
ference grid, shown in Fig. 1, which has a resolution
of 0.5’ north-south, 1.0" west—east. The bottom to-
pography of the region is characterized by water depths
of the order of 50 m (Fig. 3) in the region of the model’s
open boundary, which extends north and south from
the Isle of Man. The shallow area (water depths of
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order 30 m) to the east of the Isle of Man is separated
from the shallow near-coastal band (water depths below
20 m) by a deeper region (water depths exceeding 40
m), as shown in Fig. 3.

A range of bed types from mud to gravel occur in
the region (Fig. 2). Since the wind wave orbital ve-
locity decreases rapidly with depth below the sea sur-
face and with wave period ( Table 1), enhancements
in bed stress due to short-period wind waves (periods
below 6 sec) will occur only in the nearshore region.
For this reason, it is essential to use the fine grid
shown in Fig. 1 in order to resolve this area. { Table
1, gives the wave orbital velocity for a unit wave am-
plitude; however, since orbital velocity is propor-
tional to amplitude [Eq. (13)}, results can be easily
scaled.} Also, since the magnitude of wave-current
interaction depends upon bed roughness, it is nec-
essary to examine how the wind-driven current is
modified not only by the presence of wave-current
interaction but also by spatial variations in the bed
roughness.

In the series of calculations described later, the
model was forced by a suddenly imposed and spa-
tially uniform wind stress of 1.0 N m~2, correspond-
ing to either a uniform westerly or northerly wind.
Wind stresses of this order occur during extreme
winter storm conditions [see, for example, the storm
simulation of Davies and Jones (1992)]. Depending
upon wind direction, duration, and intensity, a range
of significant wave heights and periods can be gen-
erated during these storms (Carter 1982), although
wave amplitudes and periods of the order of 0.5-1.5
m and 6-10 sec can occur during storms (Draper
1992). Initial conditions of zero elevation and mo-
tion were taken in all cases. Meteorological input {,,
and g,, along the open boundary was set to zero.
However, to obtain the correct background level of
turbulence and bed stress, M, tidal forcing, identical
to that used by Aldridge and Davies (1993 ), was ap-
plied along the open boundary.

Based upon Irish Sea observations (Bowden et al.
1959), eddy viscosity in the model was parameterized
using

w = K(i* + 5%)'/h,

with K = 0.0025 and &, v the depth-mean current.
This parameterization of viscosity is identical to that

TABLE 1. Values of bed wave orbital velocity Uy (cm s7!) for a
wave amplitude of 1.0 m in a range of water depths (#) computed
with two wave periods: (a) Ty = 10.0 sand (b) Ty = 6.0 s.

h (m)
Period
(sec) 10 20 30 40 50
10 85 51 34 23 16
6 62 22 7 2 1
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FIG. 4a. Computed surface currents at every third grid point of
the model induced by a uniform westerly wind stress of 1 N m~2,

used by Aldridge and Davies (1993) in a three-dimen-
sional model of the M, tide in this region.

A time splitting algorithm (Davies 1987; Aldridge
and Davies 1993) was used to integrate the equations
in time, with the gravity wave term requiring a time
step of 25 sec, although the vertical diffusion term could
be integrated with a time step 24 times longer than
this. After four tidal cycles, the effect of the initial con-
ditions had been removed, and a steady wind-driven
flow superimposed upon a periodic tidal regime had
been obtained. ]

In an initial series of calculations, the wind-driven
residual was obtained by running the model with the
tide alone for an equivalent period of time and sub-
tracting this flow from that with the tide and wind.
In subsequent calculations, however, particularly
those involving wave-current interaction, this
method failed to remove the tidal current from the
wind-driven current, particularly in shallow water
regions. The primary reason for this was that in the
calculation with tidal plus meteorological forcing and
wind wave effects included, the resulting wave-cur-

FIG. 4b. As in (a) but for bed currents.

rent interaction modified the bottom friction coef-
ficient, which influenced tidal currents, particularly
near-bed currents. Anothér reason is that even in the
absence of wind wave effects, the nonlinear frictional
terms in the model due to both bottom friction and
eddy viscosity produce enhanced levels of friction
when there is a wind-driven flow superimposed upon
a tidal flow. Since these terms are nonlinear, the tidal
current is modified in a nonlinear manner by the
presence of the wind-induced flow, and it is no longer
possible to extract the wind-driven flow by subtract-
ing a tide-only solution. For these reasons, the resid-
ual flow fields were obtained by running the model
for five tidal cycles and harmonically analyzing the
final cycle to give the residual flow. This velocity field
is primarily the meteorologically induced flow (cur-
rents of order 50 cm s™!) with a small tidal residual
[typically less than 5 cm s™!; Aldridge and Davies
(1993)] due to the nonlinearity in the hydrodynamic
equations. Since the tidal residual current could be
readily obtained from a harmonic analysis of a tide-
only run of the model, this could be removed to yield
a meteorologically induced circulation.
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FI1G. 4c. Computed residual sea surface elevation (cm) induced by
a uniform westerly wind stress of | N m™2,

b. Wind-induced circulation due to uniform westerly
and northerly winds of 1 N m™?

In an initial series of calculations a constant bottom
friction coefficient k = 3.75 X 1073 [a value found by
Aldridge and Davies (1993) to yield an optimal M,
tidal distribution in the area and to correspond to the
average k value based upon bed types (Fig. 2)] was
used. Surface and bed meteorologically induced cur-
rents computed with this k value, and uniform westerly
and northerly wind stresses of I N m™ with no wave
effects, are shown in Figs. 4a,b and Figs. 5a,b.

Surface currents plotted at every third grid point of
the model (Fig. 4a) show a direct wind-driven, essen-
tially easterly flow of the order of 20 up to 80 cm s’
in the offshore regions. In near-coastal areas, the di-
rection of flow is modified by the presence of gradient
currents set up by sea level rising against the coastline
(Fig. 4c). Also, in regions of rapidly changing bottom
topography, namely, the area between the Isle of Man
and the Cumbrian coast, changes in direction of the
surface current are evident, indicating that topographic
steering in these regions can extend to the surface cur-
rent.
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Bed currents over the majority of the region exhibit
a pressure-driven westerly flow in response to the rise
in sea level against the east coast of England. An east—
west elevation gradient of the order of 35 cm (Fig. 4¢)
between the English coast and the model’s open
boundary occurred in response to this westerly wind.

Surface currents (Fig. 5a) (also at every third grid
point of the model) induced by the uniform northerly
wind stress, away from coastal influences, show a uni-
form southerly flow of the order of 30 upto 90 cm s/,
reaching 100 cm s~ ! at a number of near-coastal points.
Again, in regions of rapidly changing bottom topog-
raphy (for example, the area between the Isle of Man
and the Cumbrian coast) some influence of topo-
graphic steering is evident. Also, coastal influence upon
currents can be seen along the coast of Wales, where
water levels have risen (Fig. 5¢) in response to the
northerly wind.

Bed currents (Fig. 5b) in deep offshore regions (water
depths exceeding 40 m) between the Isle of Man and
the coast of Anglesey show a northerly pressure-driven
flow (of the order of 20 cm s™!) driven by the north-
south pressure gradient of order 50 cm (Fig. Sc¢), which
exists between the coasts of Scotland and Wales. How-
ever, in shallow near-coastal regions the direct wind-
driven forcing dominates, giving rise to a southerly
near-coastal flow along the Cumbrian coast and in
Liverpool Bay (Fig. 5b). A bottom wind-driven eddy
is evident in Liverpool Bay at the junction between
the deep water pressure-driven northerly flow and the
shallow directly wind-driven southerly flow (Fig. 5b).

Contours of residual wind-induced elevation show
a zero contour extending from the open boundary to
the south of the Isle of Man then across to the English
coast (Fig. 5c). Sea level along the Welsh coast increases
by the order of 25 cm, with a similar decrease along
the Scottish coast, although in the Solway Firth sea
level decreases by over 40 cm (Fig. 5¢).

¢. Wind-induced circulation due to uniform westerly
and northerly winds with the inclusion of wave-
current interaction

In this section, we examine how the wind-induced
circulation, sea surface elevation, and bed friction factor
f; are modified by the inclusion of wave-current inter-
action. Initially we consider the influence of a wind
wave with period of 10 sec and amplitude of 0.5 m,
assumed to be in the same direction as the wind stress.
Since the level of wave-current interaction depends
upon bed roughness z, and the value of /. depends upon
the reference height z, [Eq. (17)], then to be consistent
with the previous series of calculations, we take z,
= 100 cm; hence k = Cy90 = 0.375 X 1072, giving f.
=2k =075 X 10"2and z, = 0.146 X 107> m. A
constant wave friction factor f,, = 0.045 was used in
the calculations.

Since the finite-difference grid in the model is suf-
ficiently fine to resolve the nearshore regions where
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Fi1G. 5b. As in (a) but for bed currents.
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FIG. Sa. Computed surface currents at every third grid point of
the model induced by a uniform northerly wind stress of I N m™.
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region and did have an effect in other shallow water

“wetting and drying” occurs at different states of the

tide

but not the surf zone, it is necessary to consider

il

how to deal with wave—current interaction in these re-

areas. A detailed plot of the Liverpool Bay area is cho-

ons. In shallow water (water depths less than twice

gi

sen purely to illustrate the effect.) The change in surface

11 have broken:

the wave amplitude) the wind wave wi

high
raction

and bed currents can be clearly seen in Figs. 6a,b w
is a plot of wind residual with wave—current inte

it is physically realistic to assume that

the wind wave cannot exist in these regions and, hence,
wave~current interaction is not included in these areas.

Consequently

minus wind residual with no waves. From these

figures,

it is evident that the strong wind-driven flow from west
to east along the Welsh coast is decreased by wave ef-
fects. Consequently, taking the difference between wind

with waves and wind only produces the flow from east
to west shown in Fig. 6a. Similar effects are found in

other shallow regions

Surface and bed residual currents computed with
wave—current interaction included, induced by the

westerly wind stress, show similar circulation patterns

to those shown in Figs. 4a

,b, although changes in mag-

nitude are evident in shallow water regions. To examine

with changes in current mag-

>

, It is instructive
induced residual
with and without wave

these changes in magnitude in detail

but up to

E

nitude of order (5-10 cm s~! at the surface

to plot the differences between wind-
circulation at surface and bed,

effects (Fig. 6a

20 cm s~ in the near bed currents). In deep water

regions ( water depths exceeding 40 m)

, wave-current

b).

>

areas the
~!(Table

and hence the wave bed stress is small and wave-

interaction has only a minor effect. In these
current interaction is negligible. As state

1

Adding in the effects of waves was found in genera
to decrease the magnitude of surface and bed currents,

particularly in shall

wave orbital velocity is small of order 10 cm s

D),

ow water regions. To examine this

d previously,

b show a limited area of the model in

effect Figs. 6a,

in very shallow regions the wind wave will have broken

the region of Liverpool Bay and

more detail, namely,



JANUARY 1995

FI1G. 5c. Computed residual surface elevation (cm) induced by a
uniform northerly wind stress of 1 N m™

and wave—current interaction was not included; hence,
the near-coastal region with no current vectors in Figs.
6a,b. Although Figs. 6a,b show similar patterns, par-
ticularly in shallow water (for example, along the Welsh
coast), in deeper water (for example, to the east of the
Isle of Man) there are distinct differences.

To understand the decrease in the magnitude of
wind-induced flow when wave effects are added and
the differences between surface and bed, it is necessary
to examine changes in sea surface slope and in the
current friction factor £, when wave—current interaction
is included. Changes in sea surface elevation due to
enhanced turbulence influencing the bed stress are
shown in Fig. 6¢. In deep water regions there is a neg-
ligible change in sea surface elevation, with changes
exceeding 0.5 cm occurring only in the near-coastal
area (Fig. 6¢).

Contours of the Cygo = £./2 (scaled by 10?), time
averaged over a tidal cycle, determined with wave-cur-
rent interaction included, are shown in Fig. 6d(i).
Without wave—current interaction a value of Cigyg
= 0.375 X 1072 would occur over the whole area.
Clearly, in the shallow region to the east of the Isle of
Man there is a small area [Fig. 6d(i)] where C,q ex-
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ceeds 0.6 X 1072 (namely, a near doubling of the cur-
rent friction factor due to wave—current interaction).
Similarly, in the near-coastal region, within a narrow
area close to the Cumbrian coast, Cioy exceeds 0.8
X 1072 associated with the limited shallow water region
found here (Fig. 3). A much larger region of enhanced
Cio0 [Fig. 6d(i)] occurs in Liverpool Bay, again as-
sociated with shallow water (Fig. 3). A significant in-
crease in wave-current friction factor occurs at the
entrance to the various estuaries (for example, Solway
Firth), although in very shallow water (as explained
previously), wave-current interaction was not in-
cluded. ‘

Contours of the maximum C)g value occurring over
a tidal cycle are shown in Fig. 6d(ii). Again, the highest
Coo values occur in shallow near-coastal regions with
a large area where Cjq values exceed 1.0 X 1072, oc-
curring to the southwest of Morecambe Bay where wa-
ter depths are below 20 m. Since the value of £, and
hence Cyy = f./2, depends upon the current bed stress
[Eq. (20)], which varies significantly over the tidal cy-
cle in regions such as the eastern Irish Sea, where the
flow is rectilinear (Aldridge and Davies 1993), a sig-
nificant difference between the maximum Cq and a
time-averaged value [compare Figs. 6d(i) and 6d(ii)]
is to be expected.

The reason for the increase of Cq in shallow water
regions but not deep water due to wave-current inter-
action can be readily understood from the wave orbital
velocity rapid decrease below the surface. Conse-
quently, in deep water (4 exceeding 40 m) the wave
orbital velocity is small and the influence of wave-
current interaction is negligible [ Fig. 6d(i) and 6d(ii)].
However, in shallow regions near-bed wave orbital ve-
locity is large (of order 40 cm s™!) and wave-current
interaction is large.

The decrease in near-bed current when wave-current
interaction is included can also be explained from Fig.
6d(i) in terms of a simple model derived from Eq. (2).

If the influence of the nonlinear terms and rotation
are neglected in Eq. (2) and if we integrate from sea
surface to seabed, in the steady state du/d¢ = 0 and,
substituting for Fp, the bed stress (9a) gives

g % _|p_L
R cos¢ dx )

pUNU + Vw] / oCh + ©).

(23)

If we assume that the change in 3{/dX due to the
addition of wave effects is small (an assumption sup-
ported by Fig. 6¢), then because the surface stress F
is specified, any increase in f, must be accompanied by
a decrease in bed currents u;, vy, if the principal balance
in the steady state is between surface and bed stresses.

Changes in the surface current due to enhancements
in f; cannot be so readily explained. From Ekman the-
ory, in the steady state for a constant eddy viscosity
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FIG. 6a. Differences between wind-induced surface currents with
and without wave-current interaction, computed with a westerly wind
stress of | N m™2, a wind-wave of amplitude 0.5 m, and period
10s.

value in an infinitely deep unbounded region, the sur-
face current should be at 45° to the right of the wind
[although if the eddy viscosity varies in the vertical
(Dyke 1977), a smaller angle occurs]. This is clearly
not so in many regions of the eastern Irish Sea (Fig.
4a). In a semienclosed shallow region, however, there
are two other important effects, namely, the gradient
current due to setup along coastlines (this has clearly
occurred here, see Fig. 4c) and the effect of a bottom
Ekman layer due to bed stress; both of which cause the
surface current to align in a direction other than 45°.
Davies (1985) considered the variation in surface cur-
rent due to changes in bed friction coefficient and found
that as the bottom friction coefficient increased, both
the surface and bottom currents in shallow water de-
creased, with the angle between the surface current and
the wind falling below 45°,

We now consider the influence of a similar wave
field (namely, wave amplitude 0.5 m and period 10
sec, again with f,, fixed at 0.045) upon the wind-induced
circulation due to a northerly wind stress. As in the
case of the westerly wind, the addition of wave~current
interaction does not significantly influence the circu-
lation pattern (Fig. 5a) computed with the northerly
wind, although its magnitude changes. In the case of
a northerly wind the majority of the wave—current in-
teraction takes place in the shallow water region off
the west coast of England. To examine this effect, Figs.
7a,b show a detailed plot of currents in the region to
the south of St. Bees Head. (The wave-current inter-
action did have a significant effect in other shallow
water regions, for example, Solway Firth, not shown
here.) Differences between the computed flow fields
with wave-current interaction and with wind only, at
sea surface and seabed, are shown in Figs. 7a,b. In shal-

FIG. 6b. As in (a) but for bed currents.

low water the flow is driven in the wind’s direction and
the magnitude of the southward flow that occurs at all
depths along the west coast of England is reduced by

FIG. 6¢. Differences between residual sea surface elevation
(in cm) with and without wave effects.
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FIG. 6d. Contours of Cye X 10% (i:left) averaged over a tidal cycle, (ii:right) maximum during a tidal cycle, with wave-current interaction
arising from a 10-sec wave period with wave amplitude 0.5 m and a westerly wind stress of | N m™2

the order of up to 5 cm s~ at the surface, with a sig-
nificantly larger reduction up to 15 cm s™! at the bed
(Figs. 7a and 7b). In deeper water the change in current
magnitude is much smaller (Fig. 7b), with wind wave
effects again producing a decrease in bed currents.

It is interesting to note that the current directions
in Figs. 7a,b at the sea surface and sea bed are very
similar. At the seabed this corresponds to a decrease
in current with the addition of wave effects; similarly,
at the sea surface in shallow water the surface current
decreases. However, in deep water where the surface
current is often in the opposite direction to the bed
current, this leads to an increase in surface current.
The reason for the decrease in bed currents, with an
increase of the surface current in deep water is analo-
gous to that given for westerly winds. As in the case of
westerly winds, the change in sea surface elevation is
small, only exceeding 1 cm in near-coastal regions.

A similar though not identical spatial distribution
in the magnitude (averaged over a tidal cycle) of the
drag coefficient C)q is found [Fig. 7c(i)] to that arising
with the westerly wind (Fig. 6d), with C)o increasing
significantly in shallow regions. Differences in mag-
nitude of the drag coeflicient (Figs. 6d and 7c¢) arise

from differences in the intensity of bed currents (Figs.
4b and 5b) and water depth. As in the previous cal-
culation, the maximum C,o value over the tidal cycle
(Fig. 7c(ii}] shows a region of Cig values exceeding
1.0 X 1072 in the shallow near-coastal region.

In the previous series of calculations, a wave period
of 10 sec was used, initially with a westerly wind and
subsequently a northerly wind. To examine the influ-
ence of wave period upon the current friction factor
and flow field, the calculation was repeated with an
identical westerly wind stress and wave amplitude but
with a wave period of 6 sec.

As in the previous series of calculations, the influence
of wave-current interaction does not significantly affect
the general pattern of flow, although bed currents are
reduced. Differences between bed currents computed
with wave—-current interaction and without are shown
in Fig. 8a. A similar distribution occurred at the sea
surface. (As in the earlier series of calculations, with
westerly winds, current vectors are only shown in the
Liverpool Bay region for illustrative purposes.)

The spatial variations shown in Fig. 8a are compa-
rable to those in Fig. 6b. The reduction in bed current
is, however, significantly less with the 6-sec period wave
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FIG. 7a. As for Fig. 6a but for a northerly wind stress of 1 N m

F1G. 7c. As for Fig. 6d but for a northerly wind stress of 1 N m™2.
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FiG. 8a. Differences between wind-induced bed currents with and
without wave-current interaction, computed with a westerly wind
stress of 1 N m™2, a wind wave amplitude of 0.5 m, and period of 6
sec.

FIG. 8b. Contours of Cypy X 107, averaged over a tidal cycle, with
wave-current interaction arising from a 6-sec wave period with am-
plitude a,, = 0.5 m.
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FIG. 9. Contours of Cyoy X 10?, averaged over a tidal cycle, with
wave-current interaction arising from a 10-sec wave period, wave
amplitude a,, = 0.5 m with a variable bed z,.

(Fig. 8a) than that found previously with the 10-sec
period wave. Also, changes in current are confined to
the near-coastal rather than the offshore region. The
reason for this can be readily understood in terms of
the rate of decay of wave orbital velocity with water
depth. A larger rate of decay occurs with a 6-sec period
wave than for one of 10-sec period. The reduction in
magnitude of the current friction factor (Fig. 8b) com-
pared with that obtained using the 10-sec period wave
(Fig. 6d) again is due to the fact that for a given water
depth, the near-bed wave orbital velocity of the 6-sec
period wave is significantly less than that of the 10-sec
period wave.

Similar spatial reductions, although with a smaller
magnitude to those found previously, occur with the
northerly wind stress with a wave period of 6 sec rather
than 10 sec. Also, the spatial distribution and magni-
tude of the current friction factor computed with a
northerly wind and a 6-sec period wave is comparable
to that shown in Fig. 8b.

In this series of calculations, a uniform bed roughness
2o = 0.146 X 1072 m was used over the whole region.
Such an assumption is a significant approximation in
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FiG. 10a. Differences between wind-induced surface current with
and without wave-current interaction, computed with a westerly wind
of 1 N m™2, a wind-wave amplitude of 1.5 m, and a 10-sec period,

with a varying 2, and f,, value.

F1G. 10b. As in (a) but for bed currents.

FIG. 10c. Contours of C g X 102. (i: left) averaged over a tidal cycle, (ii: right) maximum over a tidal cycle, including wave-current
interaction with a wave amplitude a,, = 1.5 m and period T,, = 10 sec, including a varying z, and f,, value.
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FI1G. 11a. Contours of the maximum value of the ¥ component of
bed stress (N m~2) computed from the current field.

FIG. 11b. Major and minor axis of the M,
current ellipse at the seabed.

FiG. llc. Contours of the maximum bed current amplitude FIG. 11d. Contours of the maximum value of the ¥ component of
(cm s7') due to tidal and wind-driven flows (westerly wind of 1.0  bed stress (N m™) due to currents and wind wave orbital velocity (westerly
Nm™). wind stress of 1.0 N m™2, wind waves with g, = 1.5 m, T,, = 10 s).
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that there are major changes in bed types (Fig. 2) and
hence values of z; over the area. To examine the influ-
ence of bed type upon changes in flow field and current
friction factor, the series of calculations involving the
westerly wind with a 10-sec period wave was repeated,
with a spatially varying z, reflecting the bed types shown
in Fig. 2.

No significant differences (that is, differences below
1 cm s™!) between flow fields determined with a spa-
tially varying z; and those shown in Figs. 6a,b were
found. Some minor differences in the position of the
Ci0o contours [compare Fig. 9, with Fig. 6d(i)] could
be detected, thus showing that variations in the bed
forms lead to a slightly different distribution of the Cq
value when taking wave-current interaction into ac-
count.

In a final calculation, a spatially varying z, was al-
lowed for and the wave friction factor f,, was computed
from Eq. (15), giving a physically more realistic set of
parameters. To further improve the physical realism
of the calculation a wave amplitude of ¢, = 1.5 m, a
physically realistic value during a major wind event,
corresponding to a westerly wind stress of 1.0 N m™2
was used (Davies and Jones 1992; Carter 1982; Draper
1992).

Differences between the surface and bed wind-in-
duced flow with and without waves are shown in Figs.
10a,b. (As in earlier calculations, only current vectors
in the Liverpool Bay region are shown to illustrate the
results.) Comparing these with Figs. 6a,b, it is clear
that there are slight differences of order 2 cm s™!in the
surface flow, although larger differences of order 5
cm s~ ! are evident in the bed currents, corresponding
to a larger reduction in bed current due to the increased
wave—current interaction in the present calculation.

Contours of the C,g value, both averaged over a
tidal cycle [Fig. 10c(i)] and its maximum value [Fig.
10c(ii)], show significantly larger values, both offshore
and particularly in the near-coastal region, than those
found previously [Fig. 6d(i) and 6d(ii)]. These dif-
ferences arising primarily. due to the larger wave am-
plitude in the present calculation and that f,, changes
over the region.

. Since the onset of sediment movement is critically

dependent upon whether the bed stress exceeds a
threshold value, it is interesting to examine the maxi-
mum bed stresses occurring during a tidal cycle. Here
we consider the maximum bed stress due to the currents
alone (Fig. 11a) and that due to the addition of the
current and wave bed stress (Fig. 11d). Since the waves
are assumed to be in the current direction, we will con-
sider only the u component of bed stress.

Contours of the maximum u current component of
bed stress (Fig. 11a) show regions where the bed stress
exceeds 0.5 N m?, to the north and south of the Isle
of Man, corresponding to regions where the tidal cui-
rents and tidal plus wind-induced currents are a max-
imum (Figs. 11b,c), with bed stress increasing rapidly
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in the Solway Firth. Contours of maximum bed stresses
[7, Eq. (11)] due to a combination of the bed stresses
due to the current and that based upon the wave orbital
velocity [Eq. (11)] are given in Fig. 11d. It is apparent
from this figure that in shallow near-coast regions the
maximum bed stress exceeds 5.0 N m~2 (an order of
magnitude larger than that due to the currents alone).
Also, in offshore regions the maximum bed stress is
increased by a factor of 4.

5. Concluding remarks

We have developed a three-dimensional hydrody-
namic model that can compute tidal and wind-driven
currents, including the effect upon them of changes in
bed stress due to wave-current interaction. Initial cal-
culations without the influence of wave—current inter-
action clearly show a significant spatial variation in
wind-induced currents in the eastern Irish Sea, even
with a uniform wind stress. To first order, surface cur-
rents exhibit a fairly uniform flow field, essentially in
the wind direction in deep water, although coastal in-
fluence and variations in bottom topography do affect
the surface currents. Setup along coastlines induces bed
currents in the opposite- direction to the wind stress.
Also, the influence of bottom topography is larger on
bed currents than surface currents, producing signifi-
cantly larger spatial variations in bed currents com-
pared with surface currents.

Enhancements in bed friction coefficient due to
wave—current interaction are significant in shallow wa-
ter with a wave period of 10 sec, diminishing as the
wave period is reduced to 6 sec. Increases of the current
friction coefficient of the order of factors of 3 are found
in the model, and these lead to a reduction in bed cur-
rents and changes in surface currents.

Due to the nonlinear nature of the hydrodynamic
equations, changes in bed friction coefficient influence
both tidal elevations and currents, in particular near-
bed currents in the shallow regions resolved with the
model. A consequence of this is that the classical ap-
proach of computing the wind-induced residual by
subtracting a tide-only solution from that involving
tide and wind can no longer be applied, and the wind-
induced residual had to be computed by performing a
harmonic analysis on the total solution. This suggests
that it may be difficult to accurately “detide” near-bed
current measurements collected during major wind
events (with the purpose of studying wave~current in-
teraction) unless a long time series is obtained.

We have only considered a single wind wave am-
plitude and period, whereas in reality it would be es-
sential to consider a wind wave spectrum and transform
this to a characteristic near-bed orbital velocity. Also,
in any realistic simulation a wind-wave model would
be required to provide the temporal and spatial vari-
ation in the wave spectrum. Wave dissipation by bot-
tom friction is particularly important in the near-shore
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region, as is the advection and refraction of the wind
wave by the near-surface current. These factors suggest
that in the future it will be essential to couple three-
dimensional circulation and wave models.

The present calculations clearly show that for many
sediment transport problems it is essential to consider
the influence of wave—current interaction. This is par-
ticularly important since during major wind events
(when wave heights are large and swell is significant)
the total bed stress will exceed its critical value. At this
time suspended sediment concentration will increase,
and the near-bed currents, the magnitude of which is
influenced by wave-current interaction, will be the
primary mechanism moving the suspended sediment.
Work aimed at addressing these problems is currently
in progress, and results will be reported in due course.
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