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ABSTRACT

A three-dimensional nonlinear high-resolution hydrodynamic model of the eastern Irish Sea is used to examine
the influence of near-bed viscosity and bottom friction upon the M, tide and overtides in the region.

Initially, bed stress in the model is related to the depth-mean current, the formulation used in a *‘classic’
two-dimensional model. The resulting hybrid ‘‘two-dimensional/three-dimensional model’’ enables changes in
current profile due to variations in eddy viscosity to be examined independently of those due to changes in bed
stress. Also, results from the model are compared with those from a three-dimensional model with bed stress
related to bottom current. ’

Computed tidal elevations and surface currents are found to be fairly insensitive to the parameterization of
bottom stress. However, tidal current profiles in the near-bed region and maximum bed stress are found to be
sensitive to variations in near-bed viscosity and friction coefficient. Although reducing eddy viscosity in the
near-bed region and increasing bottom frictional coefficient makes little difference to tidal elevations and near-
surface tidal currents, it is essential to accurately reproduce the bed currents and associated bed stress.

Higher harmonics of the tide (the overtides) computed with the model show significant spatial variability in
the region, with near-bed currents being influenced by frictional effects. Tidal residual flows also show significant
spatial variability with near-bed flows being influenced by friction.

1. Introduction

Over the last twenty years two-dimensional hydro-
dynamic tidal models have become well established
and are used for a number of tidal simulations, ranging
from full basin oceanic tidal models (e.g., Schwiderski
1986), to limited regions of the ocean (e.g., Flather et
al. 1994, personal communication), to shallower water
situations (Lynch and Werner 1991; Werner and Lynch
1989), and estuaries (Uncles 1991). In these two-di-
mensional models, the main emphasis has been on tidal
elevations, although in recent years interest has focused
on tidal currents; in particular near-bed currents both
at the fundamental, higher harmonics and residuals re-
sponsible for sediment movement, and tidally gener-
ated turbulence, which in shallow seas is a major source
of mixing.

Well-established finite difference methods on regu-
lar meshes have in general been used in the horizontal,
although boundary fitted coordinates (e.g., Spaulding
1984) and recently the finite element method (e.g.,
Lynch and Naimie 1993; Foreman et al. 1990, 1993)
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with its ability to grade the mesh have become more
popular.

In recent years with the rapid increase in computer
power, high-resolution three-dimensional hydrody-
namic modeling has been possible, and a number of
three-dimensional models have been developed (e.g.,
Blumberg and Mellor 1987; Davies and Jones 1990,
1992; Gordon and Spaulding 1987; Lynch and Naimie
1993; Lynch and Werner 1990, 1991; Luyten et al.
1994; Heaps and Jones 1981; Johns et al. 1992; Johns
and Xing 1993) with the prime aim of examining cur-
rent profiles.

In parallel with these developments in numerical
modeling, significant progress has been made with a
range of instruments designed to measure currents in
the vertical, (e.g., acoustic Doppler current meters)
and, in particular, near-bed currents and turbulence in-
tensities (e.g., Green et al. 1990; Lohrmann et al. 1990;
Crawford 1991), which are important in a large num-
ber of shallow sea problems. Bed stress and bed tur-
bulence are particularly large in shallow water regions
with strong tidal currents, such as the eastern Irish Sea
(Fig. 1), with water depths varying from 50 m offshore
to less than 10 m in a large nearshore region.

The high-resolution eastern Irish Sea topography and
grid of Aldridge and Davies (1993), used previously
to examine the M, tide in the region, is employed to
investigate the spatial variability and processes influ-
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F1G. 1. Schematic of various geographical locations and bottom
topography of the eastern Irish Sea.

encing higher tidal harmonics (overtides) and tidal re-
siduals in the area. In previous calculations (Aldridge
and Davies 1993), eddy viscosity, although varying
with the flow field, was maintained constant in the ver-
tical and a slip condition was used at the seabed. Al-
dridge and Davies (1993) found that, although this for-
mulation of viscosity and friction yielded accurate cur-
rents in the upper part of the water column, the current
at the bed was overestimated. In a subsequent series of
calculations, using a coarse grid model of the Irish Sea
with a no-slip condition at the seabed, Davies (1993)
was able to reproduce the near-bed M, tidal current.
However, the use of a no-slip condition excludes the
application of a time-split approach and in a fine grid
model would be computationally expensive. In the
present series of calculations we examine if comparable
current accuracy to that found with the no-slip condi-
tion (Davies 1993) can be obtained using a slip con-
dition, with the associated computational saving in time
using a time-splitting method. The influence of near-
bed viscosity and bottom friction coefficient upon cur-
rent profiles is also examined. In the series of calcula-
tions described here, we also examine the effects of
friction in the near-bed region upon fundamental and
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higher harmonics. A linear decrease in viscosity close
to the seabed, together with a range of friction coeffi-
cients, is considered in these calculations. The effect of
this upon bed-stress distributions is also examined.

The M,, M., and Mg tides in the eastern Irish Sea
are determined, using a regular finite difference grid in
the horizontal (Figs. 2a,b) with a grid resolution of the
order of 1 km [an identical grid to that used by Aldridge
and Davies (1993) to examine the M, tide]. By using
a grid having such a fine resolution, it is possible to
resolve in detail the nonlinear terms responsible for
generating the higher tidal harmonics. Comparisons of
computed and observed elevations are made at 24 off-
shore and shore-based tide gauges, and 61 current
meter analyses [a larger dataset than that used by Al-
dridge and Davies (1993)].

2. Numerical model

* The fully nonlinear three-dimensional hydrody-
namic equations used in the model have been given
previously in Aldridge and Davies (1993).

Along closed land boundaries the normal component
of current is set to zero. However, in the very shallow
water regions that can be resolved with the present
model, areas flood and dry during various stages of the
tidal cycle, and to allow for this a dynamic lateral
boundary condition is also used (Aldridge and Davies
1993; Flather and Hubbert 1990). At open boundaries
aradiation condition is applied (Davies 1986) with M,,
M,, and M, tidal elevation and current input taken from
large area coarser grid models of the region (Davies
and Jones 1992).

At the sea surface, a zero stress boundary condition
is applied, while at the seabed a slip condition is used.
In a three-dimensional model the bed-stress compo-
nents Fp and G are given by

7] 12
Fy= -p(/t 53) » Gp= —p(nb—z) (1)
h h .

and can be evaluated by a number of methods. In a
two-dimensional vertically integrated model where
only the depth mean currents ir and v are available, use
of a quadratic friction formulation yields

Fp = kpia (@ +9%)'2, Gp = kpo(@® + 75" (2)
with & a friction coefficient relating bed stress to the
depth mean current, 2 water depth, and z the vertical
coordinate.

In a three-dimensional model, the depth-mean cur-
rents are also computed, and hence equation (2) can
be used. However, since the bed currents are also de-
termined, then it is common (e.g., Davies 1986) to use

Fy=Kpuy(uk + v, Gy = Kpu,(uf +v})'2. (3)

In these equations, p denotes the density of sea water,
with p vertical eddy viscosity, 4 and v the east and north
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FIG. 2. (a) Numerical model finite difference grid showing the location of tide gauges used in the comparison.
(b) As in Fig. 2a but showing the location of current observations used in the comparisons.
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components of velocity, and u, and v, the bed currents,
with K the friction coefficient that relates the bed stress
to the current. In Aldridge and Davies (1993) K was
given by a C\y value (where Ciq is the coefficient that
relates the bed stress to the current 100 cm above the
bed), with eddy viscosity assumed constant in the ver-
tical. However, Davies (1990) showed that in the near-
bed region eddy viscosity decreases very rapidly with
the friction coefficient increasing as the near-bed layer
is approached. As we will show subsequently by using
a viscosity profile that decreases in the near-bed region
with a friction coefficient higher than the conventional
Cyo value, near-bed currents can be computed with a
significantly greater accuracy than using a constant
eddy viscosity profile. Also, the method has a substan-
tial computational advantage over the use of a no-slip
bottom boundary condition (Davies 1993) in that a
time-split integration method can also be used (see sec-
tion 3).

In subsequent calculations to determine the influence
of bed friction coefficient and near-bed viscosity upon
tidal elevations and current profiles, we will initially
determine the bed stress using the parameterization ap-
plied in a two-dimensional model, namely Eq. (2), in
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the three-dimensional model. This hybrid two-dimen-
sional/three-dimensional model is interesting in that it
yields identical tidal elevations for a given friction co-
efficient k as does a two-dimensional model, although
the tidal current profile varies with changing viscosity
profile. By this means, changes in cusrent profile due
to viscous effects can be examined independently of
those due to frictional effects and the resulting changes
in tidal elevation, which occur in a full three-dimen-
sional model where the bed stress is computed from
Eq. (3).

3. Numerical solution and eddy viscosity
formulation

a. Formulation of a mixed finite difference—spectral
model

The numerical methods used to solve the three-di-
mensional hydrodynamic equations have been pre-
sented in detail elsewhere (Davies 1986, 1987) and
only the major features are outlined here.

A standard Arakawa C grid is used in the horizontal
with surface elevation {, and the u and v components
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of velocity evaluated at different grid points, namely,
on a staggered grid. The finite difference grid has a
resolution of 0.5’ north—south, giving a spacing of or-
der 0.9 km, and 1.0’ west—east, a resolution of order
1.0 km. The region covered by the model is shown in
Figs. 2a,b, which also shows the location of tide gauges
and current meters used in subsequent comparisons.
The open boundary of the model where tidal forcing is
applied extends due north and south from the Isle
of Man.

Discretization in the vertical is accomplished by first
transforming the equations to sigma coordinates (Da-
vies 1986), defined by

o= (z+I(h+0). (4)

By this means a surface and seabed boundary-fol-
lowing coordinate system is obtained, enabling the
physics of the bottom boundary layer to be accurately
resolved; a significant advantage over the use of a stan-
dard z coordinate with the associated problems of rep-
resenting the near-bed region.

The two components of velocity u and v are ex-
panded in terms of a set of basis functions f,( o) through
the vertical and coefficients A,(x, ¢, t) and B,(x, ¢, t)
varying with horizontal position and time, giving

u(x, ¢, 1) = X A(x, &, D) f,(0)

r=1

v(x, ¢, 1) = X B.(x, &, )f,(0)

r=1

(3)

with x longitude, ¢ latitude, and ¢ time.
In the calculations described subsequently eddy vis-
cosity u is expressed as

p=alx, ¢, )®(o), (6)

with a a coefficient, which determines the magnitude
of the eddy viscosity and is related to the flow field,
and ®(o) a specified function in the vertical. For the
case of a fixed ®( ) there are significant computational
advantages in taking the functions f,(o) to be the ei-
genfunction (modes) of the eddy viscosity profile, sub-
ject to a slip condition at the seabed (Davies 1986,
1987). By this means the first mode represents the
depth-mean current, and all the higher modes, which
are orthogonal to it, only contribute to the current pro-
file and are not involved in the continuity equation (Da-
vies 1987). That the higher modes do not contribute to
the continuity equation means that a time-splitting in-
tegration method can be adopted in which the first
mode is integrated with a short time step (¢*) deter-
mined by the CFL condition. The higher modes and the
advective terms (which represent the major computa-
tional effort) are then evaluated with a much longer
time step At = nt*, and in the calculation described
here, n was taken as 24, with ¢* of order 24.5 sec,
giving At = 588 sec.
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b. Eddy viscosity parameterization

In a previous series of calculations using a large area
coarse grid model of the Celtic and Irish Seas with five
tidal constituents (Davies and Jones 1992), a success-
ful parameterization of eddy viscosity was of the form,

p =Ky (@ + 7224, 1
with A the bottom boundary layer thickness given by
C
a=%e (8)
W

where U, is the instantaneous bed friction velocity, K,
= 0.0025 and C = 0.3 are specified coefficients, and
w; is a characteristic frequency taken as the M, tidal
frequency. In shallow water regions, such as the eastern
Irish Sea, the boundary layer thickness is depth-hmlted
consequently A = h, giving

w = K,(u* +7%)"?h. %)

Using a turbulence energy model Davies and Jones
(1990) found that in the eastern Irish Sea the turbulent
bottom boundary layer extends to the sea surface over
the majority of the region and that in this region eddy
viscosity could be determined from Eq. (9). This pa-
rameterization was also used by Aldridge and Davies
(1993).

Two simple idealized eddy viscosity profiles are con-
sidered in the vertical. In the first (profile A), eddy
viscosity is constant from sea surface to seabed; this is
the profile used by Aldridge and Davies (1993). In the
second (profile B), eddy viscosity is constant at a value
i1 in the upper part of the water column, decreasing
linearly to a value y, at the seabed over a bottom
boundary layer of thickness /2, = @A with # a specified
coefficient.

The reason for choosing such an idealized profile is
that it reflects the linear decrease in eddy viscosity in
the near-bed region, which is known from boundary
layer theory and also appears in tidal eddy viscosity
profiles computed with turbulence energy models (Da-
vies 1991). Obviously, a more complex profile such as
the near-parabolic profile found in turbulence models
(Davies 1991) could be used. However, as shown pre-
viously (Davies 1991, 1993), the profile of eddy vis-
cosity in the upper part of the water column does not
influence tidal currents since in this region the vertical
variation of the tide is small, and hence its product with
the eddy viscosity is not significant and a depth-inde-
pendent value is appropriate.

In the lower part of the water column, turbulence
energy models (Davies 1991) show eddy viscosity in-
creasing in a nearly linear manner with height above
the seabed. In order to clearly demonstrate the effects
of bed-friction coefficient, bed viscosity, and height
above the bed over which a linear decrease is appro-
priate, the idealized viscosity profile B is used rather
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TABLE 1. Overview of parameters used in the various calculations (the letter L following the calculation number
indicates that advection was omitted).

Calculation Friction k Friction K 4 Profile Ho B Depths
1 0.0018 — A — — Original
2 — 0.00375 A - — Original
2L — 0.00375 A — — Original
3 — 0.00375 A — — 1.10 X Original
4a - 0.01125 B 0.2 0.5 Original
4b — 0.01125 B 0.2 0.1 Original
4L — 0.01125 B 0.2 0.1 Original
Sa — 0.01125 B 0.04 0.1 Original
5b — 0.03375 B 0.04 0.1 Original

than a more complex profile in which the role of the
various parameters cannot be clearly understood. This
idealized viscosity profile is consistent with one of
those used by Davies (1993) with a no-slip condition,
enabling comparisons to be made between slip and no-
slip models.

4. Tidal calculations
a. Hybrid 2D/3D model

In an initial calculation (calc 1 in Table 1), the hy-
brid two-dimensional/three-dimensional model was
run with bottom stress determined from the depth mean
current, with k = 0.00187, and the eddy viscosity pro-
file constant in the vertical (profile A), for a magnitude
determined from Eq. (9). Since the bed stress is com-
puted from the depth mean current, then surface ele-
vations and depth mean currents are identical to those
computed with a conventional two-dimensional model,
and the parameterization of eddy viscosity only influ-
ences the current profile in the vertical.

The M, cotidal chart (Fig. 3) computed with the
model was not significantly different from that deter-
mined by Aldridge and Davies (1993) using a three-
dimensional model and shows the characteristic fea-
tures (Robinson 1979) of the tide in this region;
namely, tidal amplitudes increasing from west to east
as the tide propagates into the shallow eastern Irish Sea,
with phase increasing from south to north. Comparison
of differences between computed and observed M, tidal
amplitudes at a number of coastal and offshore tide
gauges (Table 2) shows that at the majority of loca-
tions tidal amplitude can be determined to within 10
cm. At two locations, namely Ramsey and Formby,
there are significant errors; however, similar errors at
these locations have been found in other models [e.g.,
Davies and Gerritsen (1994 ), who report that the anal-
ysis at these ports is based on very short spans of data
and may be prone to error]. At location (i), an offshore
tide gauge in Liverpool Bay, there is an appreciable
error of order 30 cm. However, at two nearby locations
(q) and (1), the model agrees to within 5 cm of the
observed, suggesting a local feature that the model can-

not resolve or an error in the observations at location
(i). A similar discrepancy occurs at position (z), al-
though at nearby locations (aa) and (y) the model is
in good agreement with the observations, suggesting
that the observed results at location (z) may be of lim-
ited use. In very shallow locations, positions (w) and
(x), local features not resolved by the model may have
an influence leading to the errors in amplitude of the
order of 20 cm.

T T T T T T T T T

—— AMPLITUDE iN CM 4

PHASE IN DEGREES |

~4.5

-35 -3.0

Fic. 3. Computed M, cotidal chart determined with the hybrid
3D/2D model (calc 1 in Table 1).
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Phase errors ( Table 2) show a bias in the model with
the phase, on average, underpredicted by the order of
5°. The slight bias in the model to overpredict eleva-
tions, with 14 ports where elevation is overpredicted
by up to 10 cm as compared to 8 ports where it is
underpredicted, is clearly evident from the histogram
of errors (Table 3a). Similarly there are 21 locations
at which the phase is underpredicted by 5°. Root mean
square (rms) errors (Table 3a) of 10.7 cm and 5.3°
suggest that, despite the large discrepancy between ob-
served and computed results at a number of ports, the
model has a sufficiently fine grid to represent the near-
shore tidal variations. The phase error of order 5° at all
locations is directly related to the open boundary input
(Aldridge and Davies 1993) and could be removed by
a phase change in boundary input.

Besides computing the rms errors in amplitude and
phase, a measure of the overall performance of the
model can be determined by computing the error H, at
each port where H, is given by

H, = {(H\)* + (H)*}'?,
with
H, = Hy cos(go) — H. cos(g.)
H, = H, sin(ge) — H, sin(g.),

where Hy, g, is the observed amplitude and phase with
H,, g.the computed. The values of H, are then summed
over all ports giving the total H, value shown in Table
3a of 734 cm. Since H; is a single value representing
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the overall error in the computation, reducing the value
of H, represents an increase in overall accuracy of the
calculation.

The spatial distribution of M, tidal currents com-
puted with the hybrid model is also similar to that found
by Aldridge and Davies (1993), using a full three-di-
mensional model with strong rectilinear currents, hav-
ing the major axis aligned in a west—east direction
close to the open boundary of the model, with a region
of weaker tidal currents of a more circular tidal current
ellipse between the Isle of Man and the Cumbrian coast
(a more detailed discussion of tidal currents in relation
to bed stress will be presented later in connection with
the full three-dimensional model).

Although the spatial distribution of tidal current el-
lipses is, in general, in agreement with observations
(Howarth 1990) and previous models (Aldridge and
Davies 1993), the critical test of the model is its ability
to accurately reproduce tidal current magnitudes and
current shear in the region. Comparing computed and
observed tidal current ellipse parameters in detail at a
number of locations taken from those shown in Fig. 2b,
it is possible to determine any deficiencies in the mod-
el’s ability to compute tidal current profiles. Comparing
the magnitude of computed and observed tidal current
ellipses at location 2, close to the model’s open bound-
ary, it is clear that the major axis is overpredicted by
the order of 16 cm s ' at this location, although farther
east at positions 3, 4, and 5, near-surface current (o
= 0.38) is accurately determined, although the near-
bed (o = 0.92) current is overpredicted. Similarly, at

TABLE 3a. Number of points where computed elevation amplitude or phase exceeds (+) or is below (—)
the observed value: amplitude 4 (in cms), phase g (in deg).

Calculation -20 -15 ~10 -5 +5 +10 +15 +20 rms H;
M, tide

1 h 1 1 1 7 7 7 1 2 10.7 cm 734
g 0 1 7 21 0 0 0 0 5.3°

2 h 1 1 1 8 7 7 0 2 10.5 cm 636
g 0 1 4 23 1 0 0 0 4.6°

3 h 0 0 2 0 3 4 9 5 17.3 cm 1212
g 1 4 21 3 0 0 0 0 7.9°

4a h 1 0 3 6 8 6 0 2 10.3 cm 531
g 0 1 2 24 2 0 0 0 4.0°

4b h 1 0 7 9 6 1 2 1 9.8 cm 456
g \] 1 2 21 4 1 0 4] 3.6°

5a h 1 0 5 7 10 1 2 1 9.8 cm 468
g 0 1 1 22 4 1 0 0 3.7°

5b h 2 2 7 10 3 2 0 1 10.7 cm 486
g 0 1 2 14 10 1 1 0 4.0°

M4 tide

4a h 0 1 3 8 14 2 0 0 6.1 cm 261
g 3 4 0 3 2 1 0 0 30.4°

4b h 0 1 5 5 15 2 0 0 6.0 cm 253
g 4 4 1 3 2 1 0 0 29.4°

41, h 1 1 5 10 9 2 0 1 6.4 cm 254
g 4 4 1 2 3 0 0 2 31.4°
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TABLE 3b. Number of cuirent meter analysis where computed semimajor axis (A) exceeds (+) or is below (—) the observed value (in cm s")._

Calculation -20 ~15

~-10 -5 +5 +10 +15 +20 ms

M, tide
1 A 0 1 2 4 16 32 14 8 10.7 cms™!
2 A 0 1 2 5 21 25 16 6 104 cms™!
3 A 0 3 1 11 32 17 13 1 80cms™!
4a A 0 1 1 11 17 21 13 12 11.3cms™
4b A 1 3 9 13 12 19 15 5 11.1cms™!
5a A 1 0 4 12 16 25 12 6 10.5 cm s™!
5b A 1 0 6 12 17 22 14 6 103 cms™

M, tide
4a A 0 0 2 18 56 3 0 0 24cms™!
4b A 0 0 1 26 50 2 0 0 2.1cms™!
41, A 0 0 0 36 42 1 0 0 20c¢ms™!
2L A 0 0 1 34 42 2 0 0 22cms™!

locations 6 and 7 the model appears to accurately pre-
dict near-surface, although not nearbed currents. Far-
ther south at locations 33, 50, and 51 there appears to
be a bias in the model. A detailed discussion of this
will be presented later in connection with the deter-
mination of bed stress from the near-bed currents.

At locations to the east of the Isle of Man (positions
12, 13) tidal current velocity is significantly lower, and
the more circular nature of the tidal current ellipse
found in the observations is accurately reproduced in
the model, although again the model overpredicts the
near-bed currents. Similar good agreement between
model and observations is found farther eastward at
locations 16 and 17 and position 23, although the model
still has a tendency to overpredict the tidal current in
the nearbed region.

Farther south at locations 44, 45, 46 and adjacent
location 37 (where there is a near-bed measurement)
it is evident that the model slightly overpredicts (by
order 7cm s, a 10% error) the magnitude of the near-
surface tidal current ellipse, although the near-bed cur-
rent at location 37 is significantly overpredicted (65
cm s”' compared with 40 cm s™'). Similarly, at loca-
tions 50 and 51 the observed shear between the two
observations of 24 cm s~' is underestimated in the
model, which produces 11 cm s !, In general, the ori-
entation of the major axis of the current ellipse is re-
produced by the model to within 10°. From the histo-
gram of errors of the semimajor axis (Table 3b) and
the rms error, it is apparent that there is a bias in the
model that tends to overpredict tidal currents by the
order of 10 cm s ™',

b. Three-dimensional model ( eddy viscosity profile A)

In a subsequent calculation using the full three-di-
mensional model (calc 2, Table 1), the bed stress is
computed from the bed current. In this calculation a
larger value of bottom friction was used, K = 0.00375,

corresponding to a C¢ value. Open boundary input to
the model and water depths were identical to those used
in calculation 1. Errors in computed elevation and
phase (Table 2) are slightly reduced in the three-di-
mensional calculation, giving a reduction in the rms
error and the H, error (indicating a more accurate so-
lution) and a slight change in the histogram of errors
(Table 3a).

Comparing tidal current ellipse parameters (Table
3b), there has been a small reduction in the rms error
in the major axis of the current ellipse with a slight
change in the histogram of errors (Table 3b), giving
26 points where the computed major axis is to within
5 cm s of observed, compared with 20 in the case of
the hybrid model. A detailed comparison of current el-
lipse parameters (Table 4) shows that although near-
surface currents in the three-dimensional model are
only slightly different (of order 1 cm s~' larger) than
in the hybrid model, near-bed currents are reduced by
the order of 3 cm s™!, giving rise to better agreement
with the observations. This result is particularly inter-
esting in that the same eddy viscosity formulation was
used in both models, and suggests that the improvement
in near-bed currents is due to using a bed stress related
to the bottom current and not the depth mean. In es-
sence, this improvement in current structure is due to
a better representation of the bed stress rather than in-
ternal friction effects, namely, eddy viscosity which
was not changed.

In a third calculation, aimed at examining the sen-
sitivity to water depths, the previous calculation was
repeated but with all water depths increased by 10%.
Increasing the water depths effectively reduces the ef-
fects of bottom friction in that the retarding force is the
bed stress divided by water depth, giving rise to an
increase in surface elevation amplitudes (Table 2),
with a resulting increase in the error in the model (Ta-
ble 3a). This change in water depth does, however,
lead to a reduction in currents at all depths (Table 4)
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with an improvement in the accuracy of the computed
currents (Table 3b). The significant increase in error
in the elevations does, however, suggest that this im-
provement in currents is artificial. Also increasing the
water depth does not improve the accuracy of the com-
puted shear in the vertical; the model still does not re-
produce the observed decrease in current in the near-
bed region.

c¢. Three-dimensional model (eddy viscosity profile B)

Calculations using both no-slip models and turbu-
lence energy models (Davies 1991, 1993) have shown
that eddy viscosity decreases in the near-bed region,
with a corresponding increase in the friction coefficient
to maintain the same bed stress. To reproduce this ef-
fect, viscosity profile B was used in the vertical with
viscosity decreasing at the seabed to a value y,.

In an initial calculation (calc 4a, Table 1), a value
of po was taken as 0.2 times the value y,; applied in the
upper part of the water column, (i.e., a y, g ratio of
1:0.2) with the mean value of p computed from Eq.
(9). This reduction in y means that the reference height
at which the drag coefficient is being computed has
been reduced, and to allow for this and to be consistent
with previous models (Davies 1991, 1993) K was in-
creased by a factor of 3 to K = 0.01125 (calc 4a, Table
1). [A detailed discussion of this is presented in Davies
(1991, 1990).] The height above the seabed over
which the linear decrease in eddy viscosity was as-
sumed to apply was initially set at that used in Davies
(1993), namely, h, = 0.5 h; thus 8 = 0.5 (calc 4a,
Table 1).

Considering initially M, tidal elevation errors, it is
evident from Tables 2 and 3a that the error is slightly
less than that determined with the 3D model and vis-
cosity profile A (compare calcs 2 and 4a) with H, being
reduced from 636 cm (3D viscosity profile A) to 531
cm (Table 3a).

From a comparison of tidal current ellipse parame-
ters (Table 4), at locations 3, 4, and 5 the semimajor
axis near the surface (o = 0.38) has slightly increased
compared to calculation 2, although close to the bed (o
= 0.92) it has decreased significantly to a value slightly
below the observed value. The orientation of the sem-
imajor axis is also in good agreement with observations
(compare calc 4a with observations in Table 4). A sim-
ilar change (compare calc 4a and calc 2 in Table 4) is
evident in the near-bed (o = 0.88) semimajor axis at
positions 6 and 7, although there is no significant
change at positions 16 and 17.

At location 37 the near-bed (o = 0.98) current de-
creases from 61 cm s ™! (calc 2) to 40 cm s~ (in per-
fect agreement with observations ), although at location
46 the near-bed (¢ = 0.8) is only reduced by 1 cm s ™',

Considering the histogram of currents (Table 3b), the
bias found in calculation 2 is reduced, although the cur-
rents are still overpredicted. In a subsequent series of
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calculations designed to examine the influence of the
height over which eddy viscosity decreases in the near-
bed region upon tidal elevations and current profiles, S
was reduced from 0.5 (calc 4a) to a value of 0.1 (calc
4b) with k and y, constant (Table 1). Results from this
series of calculations showed that even with a factor of
5 change in this parameter, computed M, tidal elevation
amplitudes only decreased by, on average, the order of
2 to 3 cm with phases changing by the order of a degree
(Table 2). Although with a value of § = 0.1, the rms
error and H, error in the M, tide were reduced with H,
changing for M, from H; = 531 (calc 4a) to H; = 456
cm (calc 4b) and for M, from H, = 261 to H, = 253 cm.

Comparing observed and computed ellipse parame-
ters (calc 4b, Table 4), it is evident that at positions 3,
4, and 5 the near-surface (o = 0.38) semimajor axis
has increased slightly compared to calculation 2, al-
though close to the bed (o = 0.92) it has decreased,
giving near-perfect agreement with observations. This
change is comparable to that found with calculation 4a.
Also, the semimajor axis orientations are in good agree-
ment with the observations. Similarly at positions 6 and
7, the near-bed (o = 0.88) semimajor axis is signifi-
cantly reduced below that given in calculation 2 with
a slight reduction below that given in calculation 4a.
At positions 16, 17 the near-bed semimajor axis is 2
cm s~ lower than in calculation 2, in good agreement
with observations. Again the near-bed current, al-
though not that in the upper part of the water column,
is reduced from that found in calculation 4a.

At locations 44, 45, and 46 the near-bed currents are
significantly reduced below those found in calculation
2 and are in general below those found in calculation
4a. A similar reduction in near-bed currents is evident
at locations 50 to 61. Besides improving the agreement
in near-bed currents by reducing 8 from 0.5 to 0.1, the
average deviation in the semimajor axis of the tidal
current ellipse decreases from 14% (calc 2) to 10%
(calc 4b), with the bias in the histogram of currents
(Table 3b) being slightly reduced although currents are
still overpredicted.

The improvement in the semimajor axis of the near-
bed tidal current ellipse is reflected in the # and v com-
ponents of current, compare calculations 2 and 4b in
Table 5, which clearly shows a reduction in near-bed
currents and increase in near-bed shear as viscosity is
reduced and bottom friction is increased.

The comparison of results from calculations 2, 4a,
and 4b shows that reducing eddy viscosity in the near-
bed region with an increase in k leads to a significant
improvement in the computed bed currents compared
to those found with a constant value of eddy viscosity.
Currents in the near-bed layer although not in the upper
part of the water column, in general, decrease as 3 is
reduced from Q.5 to 0.1, reflecting an increase in eddy
viscosity in the lower part of the water column, with
values computed with 8 = 0.1, in general, in slightly
better agreement with observations.
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TABLE 5a. Comparison of observed and computed amplitude U, (cm s™") and phase U, (degrees) of the U component
of the M, tidal current, at a number of depths and locations.

Obs Calc 2 Calc 4b Calc 5b
—_ - A
ng Uoh U, og Uch ch Uch ch Uch ch (m) g
2 109 228 123 223 123 225 124 226 52 0.30
3 96 222 99 231 102 233 105 234 48 0.38
4 90 222 98 231 99 233 101 234 0.44
5 60 217 73 225 60 225 51 225 0.92
6 85 256 90 231 92 234 95 235 53 0.42
7 66 253 70 226 61 226 55 226 0.88
12 24 267 29 229 28 230 28 231 30 0.56
13 20 264 25 224 23 222 22 221 0.82
15 30 232 31 238 29 237 28 236 23 0.78
16 35 240 37 232 38 236 40 238 22 0.40
17 29 236 32 227 30 228 29 229 0.78
23 42 220 45 221 43 225 42 228 20 0.60
33 75 247 87 240 90 242 93 242 60 0.36
37 40 234 60 227 45 227 32 227 47 0.98
44 74 237 83 232 83 233 84 233 46 0.48
45 72 237 78 230 76 231 75 231 0.62
46 66 236 70 228 65 227 62 227 0.80°
50 89 235 98 232 101 233 103 233 57 0.40
51 64 233 77 227 68 225 62 225 0.86
56 78 235 86 229 86 230 87 230 46 0.50
60 57 226 62 224 61 224 60 224 28 0.50
61 46 218 49 218 45 217 42 216 20 0.76
To examine in more detail the effect of changing vis- It is evident from Tables 2 and 3a (compare calcs 5a

cosity in the near-bed region while maintaining k and # and 4b) that this change in viscosity, on average,
fixed, a calculation was performed with near-bed eddy changes M, tidal elevations and phases by less than 1
viscosity reduced to g, :uo is 1:0.04 (calc 5a, Table 1). cm or 1 deg, with the error histogram showing an in-

TABLE 5b. Comparison of observed and computed amplitude V,, (cm s™*) and phase V, (degrees)
of the V components of the M, tidal current, at a number of depths and locations.

Obs Calc 2 Calc 4b Calc 5b
i - h

Rig Vou Vog Vor ch Ven ch Ve ch (m) a

2 17 228 27 229 25 232 25 235 52 0.30

3 13 235 21 252 22 254 23 255 48 0.38

4 17 237 22 252 22 255 23 256 0.44

5 19 255 20 257 18 258 16 259 0.92

6 13 50 12 291 12 292 12 293 53 0.42

7 8 25 14 288 14 287 13 286 0.88
12 25 320 21 264 19 268 18 269 30 0.56
13 26 322 19 263 17 265 15 266 0.82
15 25 269 25 279 22 281 20 281 23 0.78
16 23 340 23 316 21 319 20 321 22 0.40
17 19 334 21 310 18 310 17 310 0.78
23 29 1 21 357 18 5 17 10 20 0.60
33 25 247 35 247 35 247 35 248 60 0.36
37 4 248 10 247 8 251 6 253 47 0.98
44 6 221 8 219 7 215 6 215 46 0.48
45 4 218 8 230 7 232 6 234 0.62
46 7 230 8 241 8 247 7 250 0.80
50 12 207 10 201 10 204 10 206 57 0.40
51 10 215 9 234 10 243 10 245 0.86
56 5 68 7 79 8 77 9 75 46 0.50
60 10 50 12 36 12 37 13 37 28 0.50

61 12 21 12 18 11 19 10 18 20 0..76
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FiG. 4. Computed M, cotidal chart determined with the full
three-dimensional model (calc 4b in Table 1).

creased bias to overestimate elevations. The number of
points at which computed exceeds observed by 5 cm
increases from 6 to 10, with an increase in H, from 456
to 468 cm. This reduction in elevation damping is to
be expected as bottom viscosity is decreased with k
fixed.

Comparing tidal current ellipse parameters (calcs 5a
and 4b in Table 4) it is evident that the change in bed
viscosity has no influence upon currents in the upper
part of the water column, although at location 5 (o
= (0.92) the near-bed current increases from 61 to 64
cms~' as bed viscosity is reduced with a similar
change at locations 7 (¢ = 0.88) and 51 (¢ = 0.86)
between calculations 4b and 5a. No significant changes
in orientation with this reduction in viscosity were ev-
ident.

From the histogram of current ellipse parameters
(Table 3b) it is evident that in calculation 5a the bias
to overestimate currents has increased compared to that
found in calculation 4b. This increase is to be expected
since, as shown in Table 4, reducing the near-bed vis-
cosity leads to an increase in currents in the lower part
of the water column.
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To examine the influence of the bottom friction co-
efficient the p;:uo ratio was fixed at 1:0.04, with 8
= 0.1 and k increased from k = 0.01125 (calc 5a) to k
= 0.03375 (calc 5b, Table 1). This increase in bottom
friction coefficient reduced M, tidal elevation ampli-
tudes in shallow water by the order of 2 cm with phase
changes of the order of 2 deg (Table 2, compare calcs
S5a and Sb). From the histogram of M, tidal elevation
errors, there is a bias in the model to underpredict el-
evations (compare 5a and 5b in Table 3a) with H; in-
creasing from 468 to 486 cm. As expected, increasing
k increases the damping in the solution.

Comparing tidal ellipse parameters (calc 5b, Table
4) it is evident that shear in the near-bed region has
been increased due to a small increase in surface cur-
rents, with near-bed currents having decreased signifi-
cantly below those found in calculation 4b and, in gen-
eral, below observed values. .

The rms error in the computed semimajor axis has
been reduced to 10.3 cm s~ together with a reduction
in the bias in the histogram of errors. However, that the
model with these parameter settings underestimates
computed elevations (Table 3a) and near-bed currents
does suggest that there is excessive damping in the
model.

d. Comparison of spatial distributions

To understand the influence of bed viscosity and bot-
tom friction upon tidal currents, it is interesting to. ex-
amine the spatial distribution of tidal current ellipses
and bed stress distributions computed in calculations
(4b) and (2), where different viscosity profiles were
used.

The computed M, cotidal chart (Fig. 4) determined
in calculation 4b with reduced viscosity in the near-bed
region, but K = 0.01125 is not significantly different
from that determined with the hybrid three-dimensional
model (calc 1) or constant viscosity model with K
= 0.00375 (calc 2). Spatial distributions of the major
and minor axes of the M, tidal current ellipse at the sea
surface and seabed (Figs. 5a,b) show strong rectilinear
tidal currents near the open boundary of the model with
tidal current magnitude decreasing rapidly with dis-
tance from this boundary. A region of more circular
tidal current ellipses with significantly reduced mag-
nitude is clearly evident to the east of the Isle of Man.
The M, tidal current ellipse distribution at the seabed
(Fig. 5b) shows a similar spatial distribution to that
found for the surface currents, although current mag-
nitude is much smaller.

Contours of the time-averaged eddy viscosity over a
tidal cycle (Fig. 6a), and maximum viscosity (Fig. 6b)
computed using Eq. (9), clearly show that viscosity is
a maximum in the region of open boundaries where
water depths and tidal currents (Figs. 5a,b) are a max-
imum. In the region of the open boundary the time-
averaged viscosity exceeds 0.08 m* s ™' (800 cm*s ™)
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FiG. 5. Computed M, tidal current ellipses (a) sea surface and (b) sea bed determined with the full three-dimensional model (calc 4b in Table 1).

with maximum values exceeding 0.12 m* s*. In shal-
low nearshore regions where tidal velocities are lower,
the time-averaged viscosity is below 0.01 m? s~ with
a similar reduction in the maximum eddy viscosity.
Contours of the maximum bed stress determined in
calculation 4b (Fig. 7a) show a region of high stress
(exceeding 2 N m™2) close to the open boundaries
where tidal current velocities are large with smaller bed
stresses in the interior, particularly in the region off the
west coast of Cumbria. The reduced bed stress off the
Cumbrian coast partially explains the existence of the
mud patch in this region [see Aldridge and Davies
(1993) for details of regional bed types in the area].
Tidal current ellipse distributions computed in cal-
culation 2 (eddy viscosity profile A and K = 0.00375)
at the sea surface were not significantly different from
those determined in calculation 4b, although maximum
bed currents were larger. Also maximum and time-av-
eraged eddy viscosity distributions and magnitudes
were not significantly different from those determined
in calculation 4b, suggesting that above the bottom
boundary layer viscous effects were similar and that
the differences in the computed current profiles in cal-
culations 2 and 4b arise from the reduction in near-bed
viscosity in run 4b and changes in bed stress.
Although the M, cotidal charts and current ellipses
in the upper parts of the water column computed in

calculation 2 (viscosity profile A, K = 0.00375) and
calculation 4b (viscosity profile B, K = 0.01125) and
bed stress distribution show similar patterns (compare
Figs. 7a and 7b), it is evident that the magnitude of the
bed stress in calculation 2 is of order 0.25 N m~? lower
than in calculation 4 (in some areas a difference of the
order of 25%) compared with differences of the order
of only 2% in surface elevations or tidal current mag-
nitudes in the upper part of the water column.

These differences in maximum bed stress (although
surface elevations and currents between the two for-
mulations of the bottom boundary layer are similar)
clearly show how important it is to ensure the correct
frictional level in the bottom boundary layer and com-
pare near-bed currents with observations if a tidal
model is to be used to determine bed stress values. Ob-
viously a comparison with surface elevations or cur-
rents in the upper part of the water column is not suf-
ficient to ensure that the model is correctly determining
quantities such as the bed stress, which are important
in sediment transport problems.

e. Comparison of overtides

Since the model contains all the nonlinear terms
(namely, advection, wave drift, quadratic friction, and
time-dependent viscosity) necessary to determine the
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FiG. 6. Contours of (a) time-averaged and (b) maximum viscosity (m* s™') over a tidal cycle computed
using the three-dimensional model (calc 4b in Table 1).

higher harmonics and has a sufficiently fine grid to re-
solve these harmonics, it is interesting to consider any
differences in these harmonics between calculations 2
and 4b due to frictional effects.

The M, cotidal chart determined in calculation 4b
(Fig. 8) shows the M, tidal amplitude increasing sig-
nificantly in shallow water regions, in particular in the
Solway, with tidal phase increasing from west to east
and south to north. A comparison at offshore and shore-
based gauges (Table 6) shows that at certain gauges in
the Liverpool Bay region, namely, locations (b), (e),
(0), (1), and (u), the model can accurately reproduce
the amplitude of the M, tide although in other shallow
water regions, for example, Morecambe, the model
overestimates the M, tide probably because drying oc-
curs in this area giving rise to a discontinuous time
series that when analyzed gives a spuriously larger
higher harmonic.

Repeating the calculation, (calc 4L) but omitting the
advective terms, leads to a slight reduction of the M,
tidal amplitude in the nearshore region, although the
change is small. The reason for this is that the rapid
increase in the M, tidal amplitude in the shallow
regions of the eastern Irish Sea has been shown, using

a coarse grid model of the whole Irish Sea (Davies and
Lawrence 1994), to be due to the wave drift term;
namely, the retention of the (k& + {) term in the equa-
tions, rather than the nonlinear advective terms. (De-
tails of the relative importance of the various terms is
given in Davies and Lawrence 1994.)

Spatial distributions of surface and bed M, tidal cur-
rent ellipses (Figs. 9a,b) show strong M, currents in
shallow water regions such as the Solway and More-
cambe Bay. However, off the coast of Cumbria the M,
tidal currents are much weaker with slightly stronger
tidal currents in the southern part of the region. In gen-
eral, M, tidal currents are an order of magnitude smaller
than the M, currents, with bed currents significantly
smaller than surface currents due to the influence of
bottom friction.

Initially considering calculation 4b in Table 7, at lo-
cations 3, 4, and 5, the semimajor axis is in good agree-
ment with observations, with frictional effects decreas-
ing the M, currents in the near-bed region. Similar good
agreement is evident at positions 6 and 7. At positions
12 and 13 to the east of the Isle of Man the computed
semimajor axis is less than the observed, the reason for
which is not clear.
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At shallow water locations in Morecambe Bay, for
example, position 18, the strong (of order 20 cm s ')
M, tidal current is reproduced by the model, which also
reproduces the significant reduction just south of this
location at position 32 and to the east at location 23.
The ability of the model to resolve the rapid change in
M, tidal current between locations 18 and 32 is, of
course, only possible because of the high-resolution
grid used in the model.

At deeper water positions, namely, 37, 44, 45, and
46, the intensity of the M, tide together with its reduc-
tion in the near-bed layer at location 37 is reproduced
with the model together with the orientation of the tidal
current ellipse; similar good agreement is evident at
positions 50 and 51. At nearshore locations in Liver-
pool Bay and along the Welsh coast, namely, positions
58, 59, 60, and 61, the model can accurately reproduce
current magnitude although, on average, the direction
of the ellipse is in error by the order of 10°.

The histogram of errors shows that there is a slight
bias in the model to overpredict M, tidal currents with
the major axis being reproduced with an rms etror of
2.1 cms™! and the orientation to within 4.7°. These
results are particularly good considering that there can

be a significant error in the M, tidal currents derived
from a month of observations (Pugh and Vassie 1976).

The tidal current ellipse parameters computed
without the advective terms but for viscosity varying
in the vertical (run 4L) and constant eddy viscosity
through the vertical (run 2L) show that, on average,
the computed M, tidal currents are lower than those
found in run 4b (compare results in Table 7). Also,
shear in the vertical in calculation 2L is less than in
calculation 4L.

The computed Mg cotidal chart revealed a high de-
gree of spatial variability in the Ms tidal amplitudes,
which increase rapidly in very shallow regions from
the order of 1 cm to 7 cm. The phase of the Mg also
changes rapidly over quite short distances, with an am-
phidromic point to the west of Morecambe Bay con-
nected to a second point to the northeast of this loca-
tion.

Surface and bed M tidal current ellipse distributions
showed very small currents of order 2 cm s™! in off-
shore regions with a rapid increase in nearshore shal-
low water areas of up to 20 cm s~'. A reduction in
current magnitude due to frictional effects was evident
close to the seabed.
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Comparing observed and computed Mg tidal eleva-
tions (Table 8), and current ellipses (Table 9) with
and without the advective terms, it is evident that these
terms do not have a significant effect upon the M tide.
Also, despite the fine resolution of the model’s grid,
there are some significant errors, with the model tend-
ing to overpredict the M tidal elevation and currents.
Since the Mg tide has a very small magnitude, there
may be some significant errors in the observed values
(Pugh and Vassie 1976). However, despite possible
errors in the observations, there does appear to be a
bias in the computed results. Frictional effects are
known to have an influence upon the Mg tide and that
the present model, unlike the earlier model of Davies
and Jones (1992), does not contain the S,, N,, O,, K|
tidal constituents may have some influence. (The re-
sults of the M¢ comparison are inconclusive since these
additional constituents are omitted and calculations us-
ing a larger number of constituents would be required
to determine the correct frictional level.).

f- Tidal residuals

The nonlinear terms in the three-dimensional hydro-
dynamic equations, besides generating the higher har-
monics, are also responsible for producing a tidal re-
sidual. In an initial series of calculations, the advective
terms were omitted although the other nonlinear terms
were retained, and eddy viscosity was held constant in
the vertical with K = 0.00375 (in essence, calc 2 with-
out advection, which we will denote as calc 2L, in Ta-
ble 1).

Surface tidal residuals (Fig. 10a) show a strong
northward flow along the Cumbrian coast, of order 10
cm s~', with a residual flow out of the Solway. The
residual flow in Morecambe Bay is, in essence, a re-
sidual outflow along the northern and southern edges
of the basin with an inflow in the center of the region.
In offshore regions the residual flow is much weaker,
with a fairly uniform eastward flow in the southern part
of the region and a more spatially varying residual in
the northern part of the area, reflecting the decrease in
tidal current between the area to the north and east of
the Isle of Man.

Tidal residuals at the seabed (Fig. 10b) in shallow
water regions exhibit similar spatial distribution com-
pared to those at the sea surface, although in offshore
regions, particularly in the southern part of the model,
the tidal residual exhibits more spatial variability.

Surface tidal residuals computed using the varying
viscosity profile with K = 0.01125, again with the
omission of advection ( calc 4L.), were not significantly
different from those determined previously, although at
the seabed (Fig. 10c) a more uniform residual flow is
evident. In both these calculations the tidal residual el-
evation in offshore regions was negligible, although
within the Solway residual elevations increased from
below 1 cm to over 10 cm in the very shallow water.
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FiG. 8. Computed M, cotidal chart determined with the full
three-dimensional model (calc 4b in Table 1).

Repeating calculation 4L, but with the advective
terms included (calc 4b), produced a significant in-
crease in tidal residual elevations (Fig. 11a) and flows
(Figs. 11b,c) in offshore regions, with residual eleva-
tions in some deep water areas of the order of 2 ¢
(Fig. 11a). :

Surface residual currents (Fig. 11b) with the inclu-
sion of the advective terms show significantly more
spatial variability than the solution without advection
(Fig. 10a). However, in the shallow coastal regions

.where the residual flow is strongest both solutions are

similar, although the advective terms do introduce
some finer-scale features. One significant difference
between the two solutions is the region of strong resid-
val flow that occurs northeast of the Isle of Man when
the advective terms are included (Fig. 11b) but is not
found when these terms are omitted (Fig: 10a). In this
region tidal currents are strong and change direction
quite rapidly (Fig. 5); hence the nonlinear terms are
large and make a significant contribution to the tidal
residual.

The tidal residual surface currents computed with the
model, using viscosity varying in the vertical, show
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TABLE 6. Comparison of errors A{ (¢m) in amplitude and Ag (deg) in phase for M, tidal amplitude { (cm) and phase g (deg).

Obs Calc 4b Calc 4L
Point Port & g Al Ag AL Ag
a Barrow 19 252 6 -13 3 -17
b Birkenhead 23 217 -2 —46 -0 —42
c Douglas 5 233 -0 -2 -1 -2
d Heysham 19 243 -5 7 -6 17
e Hilbre 19 203 1 —-19 -0 -19
f Liverpool 23 213 -1 —45 -2 —41
g Formby 25 235 -6 —48 -9 —44
h Hestan 11 280 4 -22 5 =22
i Liverpool Bay 21 196 -4 ~11 -6 —11
j Ramsay 7 237 3 1 3 4
k Workington 13 253 3 -3 5 -5
1 Wylfa Head 4 182 1 -73 3 —82
m Liverpool 21 201 3 =25 0 -24
n Llandudno 12 181 -0 -15 -1 -20
o New Brighton 23 198 3 ~21 -1 —-19
p Amlwch 6 185 -0 -40 1 —61
q Ost G 17 196 0 -11 -1 -10
r Queens channel 16 197 0 -12 -0 -11
s STD Irish Sea 6 200 -0 -22 -0 -31
t Stn10 16 199 -5 -9 -6 -9
u Stn34 11 216 0 -2 ) 0 3
v Stn35 11 247 3 -1 4 0
w Creetown 30 274 1 -17 1 -16
X Conwy 26 216 —14 -55 -15 -56
y Barrow RI 30 274 -9 -39 ~11 -39
z Barrow HP 26 216 -5 22 -7 18
aa Barrow HS 16 199 0 23 -2 20
bb Morecambe 11 216 20 42 19 47
cc Fleetwood 11 247 5 -17 4 ~14
TasLE 7. Comparison of observed and computed semimajor axis A (cm s™'), orientation T (deg), and rotation R
of the M, tidal current ellipse at a number of depths and locations.
Obs Calc 4b Calc 4L Calc 2L
h
Rig Ay To R, A T. R, A, T, R. A, T, R, (m) o
3 4.9 34 - 4.7 18 + 44 27 - 3.0 36 + 48 0.38
4 4.5 18 + 4.6 18 + 43 26 - 3.0 35 + 0.44
5 3.8 139 + 3.0 20 + 2.8 24 + 24 32 + 0.92
6 4.2 20 - 42 47 - 3.6 23 + 2.5 36 + 53 0.42
7 2.9 163 + 29 45 - 2.6 201 + 2.1 211 + 0.88
12 10.7 41 - 6.4 61 + 7.3 65 + 7.1 69 + 30 0.56
13 10.9 40 - 55 60 + 6.1 63 + 6.3 67 + 0.82
18 21.8 64 + 25.6 71 + 223 74 + 21.5 71 + 3 0.24
23 4.5 7 + 4.0 20 + 35 28 + 3.6 37 + 20 0.60
24 9.7 52 + 18.0 46 + 18.4 42 + 18.0 43 + 7 0.20
32 11.9 54 - 13.8 30 + 12.2 29 + 12.8 30 + 11 0.40
33 6.3 29 - 72 10 + 7.5 29 + 6.4 30 + 60 0.36
37 2.5 10 + 3.9 10 + 37 13 + 44 11 + 47 0.98
44 5.8 10 - 6.5 10 + 6.2 13 + 5.5 11 + 46 0.48
45 5.7 15 - 6.2 10 + 5.9 12 + 53 10 + 0.62
46 54 i1 - 55 9 + 5.2 12 + 5.0 10 + 0.80
50 6.9 19 - 6.7 6 + 6.6 12 + 5.6 11 + 57 0.40
51 53 5 - 5.0 4 + 49 1 + 4.9 8 + 0.86
56 5.9 189 - 7.2 1 + 6.3 179 + 5.7 178 + 46 0.50
57 5.1 165 + 5.7 178 + 5.0 181 + 43 181 + 33 0.22
58 34 172 + 6.2 157 + 4.3 150 + 4.0 148 + 16 0.52
59 4.5 180 + 5.0 166 + 43 164 + 43 160 + 20 0.62
60 54 171 + 52 175 + 4.6 173 + 4.3 172 + 28 0.50
61 4.7 186 + 3.8 165 + 37 170 + 37 167 + 20 0.76




2570 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 26

a s50

> CM/SEC
X
t+ ]
72 - 10
A J
; ; = 20
4
: ; = 3 4
[
= 40 _
Dover 40

R S O O e e LR SR R
P e D R R L
R D D L R
R e e e D b bbb S

R S S O e LR L R LR
FAXNRAN NN N NN NN NN e e e o o e
FAEEN N XY XXX NNNNNNSN SR v v o e

B

P T TS SN ¥ |
PP NS N Y
PPN L\

FFFFFEEEAXNARRNXNNNNNN NN o

R A ] ARX A4+ ERNNNRXXRAN NV

V74
yﬂﬁx\lllxb

FAEAE R R A X XRNNNNNNNNN NSNS,

FHEE AR X RN RXXRNANNNNN S s mme o
FAEPEE A E Y RNANNRNN N NNNNN S e

(XX

SRR

f#E
t1h¢
A

b [ AR OO F A

b ss0

P
R 2 1

54.5

R e

54.0

AAAAAAANAN YN NN N N e
AAAALANAN SN NN NS
LAAVAAAA A NSNS NN e sy
R R R R L
NAriadANtASNSmemmr e me s s
P S R I

AAAAAAAARNRSSS SN e e s AN N AN e e s e
R R e RS WL LI I IE I s

LALALAAAANN NS SN s N

.
1
’
.
‘
’
’
’
’
’
’
’
’
’
’
-
-
-
-
-
-
-

LLALAAAAAN N NN NN a NS e e

TAUVANAVAVANS

-3.0

Fic. 9. Computed M, tidal current ellipses (a) sea surface and (b) seabed determined with the three-dimensional model (calc 4b in Table 1).

similar spatial distributions to the depth-mean residuals
shown in Aldridge and Davies (1993), _determined
with a two-dimensional model. This similarity suggests
that a tidal residual computed from a two-dimensional
model may be a reasonable representation of residual
flow in the upper part of the water column. However,
tidal residual currents at the seabed (Fig. 11c) in off-
shore areas show significantly less spatial variability
than those in the upper part of the water column. Also,
due to frictional effects the magnitude of the near-bed
residual currents is smaller than those in the upper part
of the water column. Also, near-bed residual currents,
like tidal currents, are influenced by the near-bed fric-
tional effects, with smaller computed currents in cal-
culation 4b than in 2.

The differences between depth-mean and near-bed
tidal residuals and the influence of bottom friction upon
them is important in determining the long-term residual
transport of material such as sediments, which is influ-
enced more by the near-bed than near-surface residual
flows.

5. Concluding remarks

The three-dimensional high-resolution eastern Irish
Sea model, applied previously by Aldridge and Davies
(1993) to examine the M, tide in the region, has been

used here to investigate the spatial distribution of
higher harmonics.

Initially, the model was formulated in such a fashion
that the bed stress was computed from the depth mean
current, giving a hybrid two-dimensional/ three-dimen-
sional model. By this means the model computes iden-
tical surface elevations and depth-mean currents as a
conventional two-dimensional model but with the ad-
ditional feature of determining the tidal current profile.
Although not rigorously physically correct, in that the
bed stress should be computed from the near-bed cur-
rent, this approach is useful in that changes in current
profile due to viscous effects can be separated from
those due to changes in bottom stress. (When bottom
stress is determined from bottom currents, then changes
in viscosity influence both the current profile and the
bed stress, which in turn affects the current.)

Initial calculations using this model with eddy vis-
cosity constant in the vertical, although varying in time,
showed that it could reproduce tidal elevations al-
though tidal currents in the bottom boundary layer were
overestimated. Retaining this eddy viscosity formula-

_tion but determining the bed stress in terms of the bed
current with a friction coefficient twice as large as that
used in the hybrid model yielded similar (although
slightly improved) elevation distributions, although
near-bed currents were overestimated. This overesti-
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TaABLE 8. Comparison of errors A{ (cm) in amplitude and Ag (deg) in phase for M, tidal amplitude { (cm) and phase g (deg).

Obs Calc 4b : Calc 4L

Point Port & g Al Ag AL Ag
a Barrow (Furness) 3 49 5 —109 5 -112
b Birkenhead 5 320 3 —68 4 —64
c Douglas 1 354 1 65 1 59
d Heysham 2 10 8 -93 7 -96
e Hilbre Island 2 32 1 —173 1 -172
f Liverpool 5 322 3 -62 5 -57
g Formby 5 11 -2 -149 -2 ~147
h Workington 2 324 1 176 1 176
i Liverpool (GD) 5 349 3 —87 3 -93
j Llandudno 2 355 -1 —160 -1 —153
k New Brighton 5 329 2 -64 2 —67
1 Ost G 4 13 -1 -151 -0 —147
m Queens Channel 3 17 0 —154 0 -149
n STD Irish Sea 1 354 0 11 1 10
o Stnl0 3 335 -2 -79 -2 =77
P Stn34 1 6 -1 167 -1 —-162
q Stn35 1 234 2 —-107 2 -106
r Creetown 5 117 7 25 7 24
s Conwy 6 21 —4 53 -5 66
t Barrow RI 5 117 1 —-172 1 -178
u Barrow HP 6 21 1 -79 1 ~77
v Barrow HS 3 335 2 —66 1 -61
w Morecambe 1 6 5 16 4 7
X Fleetwood 1 234 5 38 5 37

TaBLE 9. Comparison of observed and computed semimajor axis A (cm s™'), orientation T (deg), and rotation R
of the M tidal current ellipse at a number of depths and locations.
Obs Calc 4b Calc 4L Calc 2L
h

Rig Ay T Ry A, T. R, A, T, R, A, T, R, (m) e
2 31 2 + 6.1 117 + 6.2 117 - 6.3 135 + 52 0.30
8 24 110 + 3.8 138 + 33 152 - 3.5 177 - 54 0.86
9 0.7 146 + 1.2 107 + 1.1 112 + 1.0 130 + 15 0.86
15 1.0 139 + 1.7 127 - 1.5 131 ~ 1.5 97 - 23 0.78
23 1.1 159 + 4.1 159 + 4.1 156 + 2.7 156 - 22 0.60
24 2.3 64 + 9.5 58 + 9.5 56 + 7.8 58 + 5 0.20
32 1.9 2 - 9.5 47 + 8.6 55 + 6.9 60 + 5 0.40
33 1.3 4 + 1.1 90 + 0.5 100 + 1.5 30 + 56 0.36
34 2.5 161 + 2.5 175 + 2.5 174 + 1.3 170 + 21 0.62
35 1.6 6 + 2.4 0 + 24 176 + 1.3 159 - 21 0.40
37 0.8 200 - 2.5 159 + 2.5 158 + 1.8 147 ~ 42 0.98
38 1.5 173 - 1.2 163 - 1.3 163 - 0.6 102 + 40 0.38
39 1.6 155 + 1.8 155 + 1.9 156 + 0.7 97 - 40 0.60
44 1.2 167 - 1.2 158 + 1.3 159 + 0.9 52 + 42 0.48
45 1.2 166 + 1.9 151 + 1.9 153 + 0.9 83 - 42 0.62
46 0.8 155 - 3.0 151 + 3.0 152 + 1.5 132 - 42 0.80
50 1.6 184 - 1.2 139 + 14 124 + 1.9 43 + 59 0.40
51 0.8 23 + 3.1 140 + 3.5 140 + 22 114 - 59 0.86
56 1.3 167 + 1.1 160 + 1.2 163 + 0.9 199 + 44 0.50
57 1.8 162 - 0.9 175 - 1.0 176 - 0.7 131 - 27 0.22
58 2.1 152 - 2.5 187 + 2.5 188 + 1.1 200 + 21 0.52
59 1.6 186 + 2.1 175 + 23 175 + 0.7 164 + 21 0.62
60 2.0 165 - 1.7 177 + 1.7 180 + 0.3 112 + 22 0.50
61 1.0 174 + 23 160 + 24 161 + 1.0 144 + 21 0.76
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Fig. 11, Computed (calc 4b) tidal residual with the advec-
tive terms included. (a) Residual surface elevation, (b) surface

residual currents, and (c) bed residual currents.
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mation of M, bed currents with a constant eddy vis-
cosity in the vertical is similar to that found by Aldridge
and Davies (1993 ) with an identical viscosity profile.
Results of the series of calculations aimed at determin-
ing the sensitivity of elevations and currents to changes
in the thickness of the near-bed region over which eddy
viscosity decreases in a linear manner, and the value of
bottom viscosity, showed that elevations and currents
in the upper part of the water column were insensitive
to variations in these parameters. However, a reduction
in eddy viscosity in the near-bed region and an increase
in bottom friction coefficient by a factor of 3 above that
used with a constant viscosity profile yielded a signif-
icant improvement in the near-bed currents, which
were found to be in good agreement with observations,
with little change in tidal elevations.

The current comparisons presented here show that,
by using a slip condition with an enhanced bottom drag
coefficient and near-bed reduction in viscosity, bed cur-
rents of comparable accuracy to those obtained by Da-
vies (1993) using a no-slip condition are obtained. The
advantage of the present approach over that of Davies
(1993) is that a time-split integration method can be
used with an associated significant saving in computer
time, especially with a fine horizontal grid in deep wa-
ter regions.

A comparison of maximum bed stress over a tidal
cycle between the two viscosity profiles shows that al-
though elevations and near-surface currents are not par-
ticularly sensitive to the near-bed form of the eddy vis-
cosity, the bed stress is particularly sensitive. In prob-
lems such as sediment transport where a detailed
knowledge of the bed stress is important, it is essential
to check that the model can accurately reproduce bed
currents. Relying upon reproducing elevations and sur-
face tidal currents is insufficient to ensure an accurate
bed stress determination.

The spatial distribution of the M, tide computed with
the model is in reasonable agreement with observa-
tions; an accurate reproduction of this component, par-
ticularly the M, tidal currents in nearshore regions, is
enhanced by the finer grid resolution. The M, tidal cur-
rents in the near-bed region are influenced by viscous
and bottom friction effects and the inclusion of the ad-
vective terms.

The Mg component of the tide shows significantly
larger spatial variability than that found for the M,
components, although with the high grid resolution of
the present model it should be possible to resolve this
component. A detailed comparison with observations
was, however, rather inconclusive; this may in part be
due to possible errors in the observations. Another rea-
son may be that, because the My tide is produced by
the nonlinear friction term, which is influenced by other
tidal constituents, such as S,, N,, K,, and O, that are
significant in the area (Davies and Jones 1992) and
were not included, bottom frictional effects may have
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been underestimated (detailed calculations to examine
this possibility are presently in progress.)

Tidal residuals computed with the omission of the
advective terms show small tidal residual flows in off-
shore regions, with strong flows in the shallow near-
shore areas. Including the advective terms increases the
magnitude of the tidal residuals in offshore areas, par-
ticularly in the region to the east of the Isle of Man,
where tidal currents are strong and change direction
quite rapidly. The significant differences between depth
mean and near-bed tidal residuals suggests that for
problems such as sediment transport where the near-
bed residual flow is important, it is necessary to con-
sider the bed residual.
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