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1. Introduction

Although two-dimensional tidal modeling is now well established in two separate regimes, namely, shallow sea regions
(e.g., Abraham and Gerritsen 1990; Greenberg 1990) and deep ocean environments (e.g., Le Provost et al. 1995), using a
range of methods from regular finite-difference grids (e.g., Flather 1988) to boundary-fitted coordinates (e.g., Spaulding
1984) to the use of finite e ements (e.g., Lynch and Naimie 1993), not a great deal of work has been performed in shelf edge
regions, in particular to examine diurnal tides that can be enhanced by alocal resonance effect (Huthnance 1989; Huthnance
and Baines 1982).

Some initial two-dimensional modeling of diurnal tides on the Vancouver shelf was performed by Flather (1988) using a
regular finite-difference grid and subsequently extended by Foreman et al. (1993) using a finite element approach. Three-
dimensional modeling of tides has predominantly been in shallow sea regions and under homogeneous conditions. These
models have used a range of approaches in the vertical, namely, an expansion in terms of functions (Davies 1987; Owen
1980) or afinite-difference grid is sigma coordinates (e.g., the recent work of Davies and Xing 1995) using a simple flow-
related eddy viscosity or a range of turbulence models (e.g., Davies and Gerritsen 1994; Xing and Davies 1996a) to
parameterize the vertical eddy viscosity. Recently both types of models have been used to examine the diurnal tides in the
shelf edge region off the west coast of Scotland (Proctor and Davies 1996; Xing and Davies 19968). In the majority of these
calculations the water was assumed to be homogeneous [ Xing and Davies (1996a) did perform a fixed density calculation],
although stratification effects are significant in this region (Ellett et a. 1986; Sherwin 1988, 1991) and can lead to significant
M, internal tides due to the generation of internal pressure gradients as the tide propagates from the ocean to the shelf

(Baines 1982;Craig 1987; Holloway 1996; New 1988; New and Pingree 1990; Lamb 1994).

In this paper we develop a high-resolution three-dimensional model of the shelf edge region off the west coast of Scotland
where the spatial distribution of the O, diurnal tide was examined previously (Proctor and Davies 1996; Xing and Davies

1996a). The grid of the model is significantly finer than those used previously;a so the model is stratified and hence the
effect of atime-varying (prognostic) density field upon the spatia distribution of the diurnal tides in the shelf edge region off
the west coast of Scotland can be considered. Initially calculations are performed assuming the region to be homogeneous,
and the spatial distributions of the M,,, O,, and K, (not previously examined in this region) are computed and compared with

observations (both elevations and currents). Subsequently calculations are performed with typical winter and summer
stratification (see Fig. 1a ©=, for stratification profiles used in the calculations) to examine its effect upon the M o tide, in

particular the generation of internal tides, and how it affects the O, and K, tides in the region. In afinal series of calculations

the three-dimensional model, assuming a homogeneous sea region, but with bottom friction computed from the depth mean
current (in essence a two-dimensional model) is used to examine the influence of bottom friction on diurna tides. Thisisa
particularly interesting calculation in that a number of simulations (e.g., Flather 1988; Foreman et al. 1993) have been
performed using two-dimensional models in which bottom friction is computed in terms of the depth mean current, and
stratification effects have been neglected. Despite the omission of these terms, these models appear to accurately simulate
the diurnal tides at the shelf edge. The results from this final series of calculations helps to explain the reasons why these
models are successful and the influence of bottom friction on diurnal tides.

The area of the model (Fig. 1b ©=) isidentical to that used by Proctor and Davies (1996), Xing and Davies (1996a) to
study the M,, and O, tide in the region. However, since the model can now generate internal tides, a finer grid (Xing and

Davies 1996a) is required than that used previoudy (namely, a grid resolution of 1/12° x 1/12°). The finite-difference grid of
the present model has aresolution of 1/24° x 1/24° (Fig. 1c ©=) and covers a range of water depths from the order of 2000
m to shallow near-coastal regions where depths are less than 10 m (Fig. 1b ©=).

The mathematical formulation of the model and the numerical methods used to solve the hydrodynamic equations are
discussed in the next section, with subsequent sections dealing with the sensitivity of the diurnal tide to density changes and
comparison with measurements.

2. Thethree-dimensional shelf edge model
a. Governing equations

The three-dimensional equations expressed in transport form using a sigma coordinate in the vertical are given by
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where the sigma coordinate is defined by
o= (£ +2)/H.(6)

The inclusion of the total depth H in these equations is due to expressing them in transport form, which enhances the
accuracy of the solution when finite-difference grids are used in regions of rapidly changing topography.

In these equations, V = (u, v7) and (u, i, @) are the velocity components corresponding to the (X, y, o) coordinates: p is
density; T is the temperature; H is the total water depth; ¢ is the elevation of the sea surface above the undisturbed level; z is
the water depth increasing vertically upward with z = & the free surface and z = —h the seabed; f is the Coriolis parameter, g
is the gravitational acceleration; t istime; K and K, are vertical eddy viscosity and diffusivity coefficients; F , F,, and F
are horizontal diffusions for the momentum and temperature; P is the pressure field. In these equations the baroclinic
pressure force terms (BPF,, BPFy) are given by

BPF _ HOPw| _H M_Fﬂaipb_f'bn)@

) pedx | py ax H do ax
(P, — Ppp) 9¢

L ——— 7

Hoo  dx )

BFF =% _E a(Pb_PbD)_FEa(Pb_PM)@

T opdy |, o\ Oy H s

L ) g) @)

Hoo oy

where P, is areference baroclinic pressure or the initial baroclinic pressure field. The first terms on the right-hand side

of Egs. (7) and (8) are the pressure forces calculated using the z coordinate. In this way errors due to the coordinate
transformation can be reduced. The horizontal diffusion termsF , F,, and F; inEas. (1), (2), and (4) are parameterized in

terms of either a Laplacian or a biharmonic horizontal viscous term. Considering the term F | for illustrative purposes, then
the Laplacian form is given, in z coordinate, by

Fr: = Anrvzu = Anr(_ qu hoalr (9)



The biharmonic form is given by
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with A and B constant horizontal diffusion coefficients. For temperature and turbulent energy (see later), the diffusion
coefficients are denoted by A, and B, . In the calculations considered later, identical horizontal diffusion coefficients for

temperature, turbulence, and momentum were used. The different filtering properties of the Laplacian and biharmonic form
of the horizontal diffusion operator are considered in Heathershaw et al. (1994).

A time-splitting method is used to integrate the hydrodynamic equations in order to reduce the computational time, in
which the depth-mean currents (external mode) is separated from the depth-dependent velocity (internal mode). Since the
external mode represents the fast moving gravity waves, a small time step is required for the time integration of the free
surface wave in order to satisfy the CFL condition. The internal mode is, however, integrated with a much larger time step.
To avoid the errors in the mass conservation due to the use of the time-splitting method, the sea surface elevation is
recomputed before the internal mode equations are integrated by using the depth-mean velocity of the time mean in the
smaller time step. The vertical velocity w can be computed diagnostically using the continuity equation.

A staggered Arakawa C uniform finite-difference grid is used in the horizontal with a variable grid in o coordinates in the
vertical. A grid of 50 sigma levels was used in the vertical with afine resolution of 0.005 in sigma coordinates in the near-
bed region. For tidal problems where shear in the surface layer is not significant, a coarser grid resolution could be used
(Davies et a. 1997a,b), whereas it was essential to maintain high resolution in the high shear near-bed region. The vertical
diffusion terms, which are computed using a two equation turbulence energy model (see later), are computed by a fully
implicit time integration method in order to avoid the use of a short time step when afine grid is used in the vertical. Details
of the method can be found in Davies et al. (1997a,b) and Xing and Davies (1996a). The determination of the vertical eddy
viscosity and diffusivity is accomplished using the well-established approach given by Blumberg and Mellor (1987) and Oey
and Chen (1992), which involves prognostic equations for the turbulence energy and mixing length that can then be used in
the computation of viscosity and diffusivity. A similar approach has been used by Baumert and Radach (1992).

The equations for this turbulence energy model in sigma coordinates are given by
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In these equations q2 = 2E with E the turbulence kinetic energy and | the mixing length. The wall proximity function W
and the various coefficients Sq, B,, E, are as defined in Blumberg and Mellor (1987).




The diffusion coefficients for momentum K (namely, eddy viscosity) and density K, (namely, eddy diffusivity) are
computed from

Ky = 1aSy K, =105,,(13)

with the algebraic form of the stability functions §, and §, identical to those used by Galperin et al. (1988, 1989) and will
not be presented here. A limiting condition (Galperin et al. 1989) is applied to |, of the form
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with k, a specified constant (Luyten 1995; Luyten et al. 1996) and N the buoyancy frequency.

b. Boundary conditions

At the sea surface and sea bed there is no heat flux;thus

T
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Thisis the usual assumption in interna tide calculations (Craig 1987, 1988; New 1988; Holloway 1996), in which the
temperature field is either taken from the Levitus atlas (as in Holloway 1996) or, asin our case, from measurement in the
area (see later), and the longer-term effects of the surface heat flux are assumed constant over the short period (of order a
few days) used in the tidal simulations.

For tidally forced motion the surface stress is zero, thus
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At the sea bed a quadratic bottom friction condition is applied of the form
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with u, and v, components of bed current, and C a coefficient of bottom friction determined from
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with K = 0.4 von Karman's constant, Z, bed roughness, and z, the reference height above the bed at which C; and the
currents u,, and v, are computed. At the sea surface there is no flux of turbulence energy, and the length scale | tends to a
small value z,, which is the sea surface roughness length.

At the sea bed we assume a balance of production, dissipation, and diffusion of turbulence energy, details of which are
given in Xing and Davies (1996b,c) and will not be repeated here. This boundary condition is not significantly different
from, or produces results very different from, the commonly applied (e.g., Blumberg and Mellor 1987; Oey and Chen 1992)

sea bed boundary condition for turbulence energy namely, q2 = 82/31u2

- With uz the bed friction velocity from the



quadratic drag law (see later). At the surface a zero normal flux condition for turbulence energy is appropriate. The length
scale at the sea bed is given by the bed roughness length z,.

At coastal boundaries the normal component of current, temperature, and turbulence are taken as zero. A radiation-type
open boundary condition (e.g., Martinsen and Engedahl 1987) is applied at sea boundaries, although a number of open
boundary conditions was examined. [A recent review of appropriate open boundary conditions can be found in Davies et al.
(1997a,b) with details of the application of the flow relaxation zone of Martinsen and Engedahl (1987) as applied to internal
tidal problems described in Holloway (1996)]

c. Hybrid 2D/3D model

In order to compare the effects of various parameterizations of bottom friction upon diurnal elevations and currents in the
shelf edge region and make comparisons between three-dimensional and two-dimensional calculations, in some computations
the bed stress in the model was derived from the depth mean currents u and v (as in atwo-dimensional model) rather than
from the bottom currents asin Eq. (17). In this case the bottom boundary condition for velocity becomes
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with k an empirical two-dimensiona drag coefficient. When the model is used with this form of bottom friction we shall
term it a“hybrid two/three” dimensional (hybrid 2D/3D) model. Under homogeneous conditions and when the vertical
integral of the advection and diffusion termsisidentical to that used in a two-dimensional model, elevations and depth mean
currents computed with the hybrid model are identical to those determined with a conventional two-dimensional model,
which have been successful (e.g., Flather 1988; Foreman et al. 1993) in reproducing diurnal tides along the coast of British
Columbia. Hence, comparison of results from the three-dimensional and hybrid model enables us to draw conclusions about
the behavior of a two-dimensional model, while still being able to examine the vertical variation of current. However, as we
will show later, in order to obtain a good comparison between modeled and computed diurnal tidal currents it is essentia to
use a full three-dimensional model including stratification effects. The hybrid 2D/3D model should in essence be regarded as
atool to help us understand bottom frictional effects and not as a substitute for a prognostic three-dimensional model.

3. Computation of theM,, O, and K, tides

a. Homogeneous calculation

In order to determine the effects of stratification, an initial calculation (calc 1, Table 1 @=) was performed in which the
seawater was assumed to be homogeneous. Since the model spans a range of water depths from 2000 m to the order of 10
m in near-coastal areas where bottom friction has an influence, then the M,, tidal constituent was included in order to obtain

the correct frictional level in the model.

In al calculations the tidal distribution was computed by integrating the model forward in time from a state of rest with
open-boundary tidal input to the radiation condition. After a“spinup” period of 10 days, computed elevations and currents
were harmonically analyzed to determine the tidal congtituents in the region.

The drag coefficient C; was computed from Eq. (18) with z, the reference height, taken as the height of the bottom grid
box above the sea bed, and z, the roughness length, which was fixed at 0.005 m. Also the biharmonic form of horizontal

diffusion, Eq. (10) with By, = 1.0 x 10° m*s™, was used in all calculations rather than the Laplacian form Eq. (9) applied

previously by Proctor and Davies (1996) and Xing and Davies (1996a). The biharmonic form rather than the Laplacian was
used due to the greater scale selectivity of this form (Heathershaw et al. 1994).

Consider initially the M., component of the tide, computed assuming the water to be homogeneous (calc 1, Table 2a O=).

The computed cotidal chart (Fig. 2 ©=) shows the tidal amplitude increasing significantly from ocean to shelf with tidal
amplitudes reaching the order of 1.4 m off the west coast of Scotland (Fig. 2 ©=). An amphidromic point is situated in the
North Channel, with tidal phase increasing northward corresponding to a propagating Kelvin wave. This cotidal chart is not



significantly different from that computed with a coarser grid model (1/12° x 1/12°) by Proctor and Davies (1996) using a
model in which the vertical eddy viscosity was related to the flow field, or Xing and Davies (1996a, hereafter referred to as
XD96) using an identical grid resolution with viscosity derived from a turbulence energy model.

In order to determine any differences between the M, tide computed here and that given in XD96 arising from using a

finer horizontal grid and the biharmonic form of the horizontal diffusion term, a detailed comparison of observed and
computed amplitude and phase of the M, tide at the same coastal and offshore tide gauges used in XD96 and Proctor and

Davies (1996) was made (Table 2a ©=). In generd, the results are comparable with XD96, with root-mean-square (rms)
elevation errors dightly lower (8.3 cm cf. 12.6 cm), possibly due to the finer grid although rms phase errors are dlightly
larger (16.5° cf. 12.9°). These differences suggest that, for long-wave processes such as the M, tide, the improvement in

accuracy, except possibly in near-coastal regions when the grid is reduced by a factor of 2 and the biharmonic diffusion
operator is used, is not significant.

Considering now the spatial distribution of M., tidal current ellipses at the sea surface and seabed plotted at every fourth

model grid point (Figs. 3a.b ©=), it is evident from these figures that a near rectilinear tidal flow occurs in the region of the
North Channel and the Minch (Fig. 1d ©=) with the orientation of the major axis of the ellipse aligned with the orientation of
the channel in these regions. An area of reduced tidal current magnitude with near circular current ellipses occurs in the
shelf edge region to the west and southwest of the Shetland Islands. Comparing surface and bed current ellipses, it is clear
that frictional effects reduce the near-bed currents, although the spatial distribution of ellipses are comparable. Also there are
no significant differences in the distribution of ellipses shown here and determined by XD96.

Observed and computed major axis of the current ellipse, its orientation, and sense of rotation at the same 45 locations
considered by Proctor and Davies (1996) (see this paper for the exact positions of the data) and XD96 is given in Table 3
©=. The location of the current meters from which the tidal ellipse parameters have been derived is given in Fig. 1d @=, and
results in the table progress from the northernmost point (location U, Fig. 1d @=) to the southernmost (location B, Fig. 1d
©=). The same letter used in XD96 has been assigned to each location, for ease of comparison.

The set of current meter data collected from the 45 locations was not synoptic, nor can be readily assigned to the typical
winter or summer stratified conditions presented in Fig. 1a @=. However, as our primary aim here is to see what effect
dtratification has upon the diurna tidal currents, thisis not an important limitation. As we will show, the inclusion of
appropriate stratification has a far greater effect than differences produced by seasonal effects, which can be comparable
with errors in the observations, both due to recording and due to harmonic analysis of short period records (Pugh and
Vassie 1976).

The biasin the model at locations R, S, O, L, M, and W to overpredict the current magnitude is consistent with that found
by Proctor and Davies (1996) and in XD96. A hias to underestimate current magnitudes was found at locations |, J, and K
(Table 3 ©=), which is also consistent with the results of Proctor and Davies (1996) and XD96. These biases probably
reflect errors in the open-boundary input and the uncertainty in the knowledge of water depths in the shelf edge region.

The O, and K, cotidal charts (Figs. 4a.b =) show aregion of maximum tidal amplitude (amplitudes exceeding 10 cm) in

the shelf edge region to the northwest of the Hebrides, with local maxima occurring along the shelf edge to the south of this.
The distribution of O, co-amplitude and co-phase lines shown in Fig. 4a ©= is not significantly different from that found in

the coarser grid models of Proctor and Davies (1996) and XD96. The spatial distribution of the K, co-amplitude and co-

phase lines shown in Fig. 4b ©= is similar to the O, tide, although amplitudes are larger with a significant difference in
phase.

From a comparison of observed and computed O, elevation amplitudes and phases (Table 2b ©O=) at the locations shown

in Fig. 1b ©=, it is clear that the model has a bias to underestimate elevations by the order of 2 cm. A similar bias was found
in the models of Proctor and Davies (1996) and in XD96, and is related to the open-boundary input. Phase errors are quite
large (exceeding 30°) at some coastal locations, reflecting the inability of the model, despite the finer grid compared with
earlier models, to resolve these near-coastal regions. However, as the main point of the calculations is to investigate the
change in the tidal regime in the shelf edge region, which is well resolved in the model, the lack of near-coastal resolution is
not a major concern. The enhanced resolution of the present model does, in fact, make a minor improvement in the rms
errors, namely (1.88 cm and 17.20°) compared with earlier calculations (2.13 cm and 22.31°).

A comparison between computed and observed K, tidal elevations and phases is given in Table 2c = From thistableit is
evident that the model does not have a distinct bias to overpredict or underpredict the K, tidal elevation or phase, with rms
errors of 1.91 cm and 13.5° comparable (with phase slightly better) to that obtained previously for the O, tide.



Plots of the major and minor axes of the O, current ellipse at the sea surface and seabed (Fig. 5a.b 2= O=) show aregion

of strong (exceeding 20 cm s_l) O, currents in the shelf edge region to the northwest of the Hebrides, in the area where the
surface tidal elevation gradients change most rapidly, with the strongest currents on the shelf. This intensification of the O;
tide along the shelf edge is due to the fact that the O, period (25.82 h) is close to the resonance period of the first-mode

shelf wave in this area. The period of this shelf wave in homogeneous conditions is determined by the cross-shelf slope
(Huthnance 1986; Huthnance and Baines 1982), which in the region to the west of the Hebrides is such as to produce a shelf
wave with a period close to the O, tide, and resonance occurs. A more detailed discussion is given in Proctor and Davies

(1996) and will not be repeated here.

It is interesting to note, and this will be discussed further in connection with the influence of stratification, that besides the
intensification of the O, tide at the shelf edge to the northwest of the Hebrides (at approximately 58.5°N) there is another

local intensification to the south of this on the shelf edge at about 57.8°N, with a further intensification at about 56.6°N
corresponding to the local elevation maxima shown in Fig. 4 @=. Away from these regions over the mgjority of the shelf and
over the oceanic region, O, tidal currents are weak (i.e., below 3 cm s_l).

A region of strong (exceeding 25 cm s_l) K, tidal currentsis evident at the shelf edge to the northwest of the Hebrides
(Fig. 4c '©=) in the area of maximum tidal elevation. The magnitude of the K, tidal currents reaches a maximum in the area

about midway between the shelf edge and the west coast of the northern island of the Hebrides, with tidal current strength
decreasing in the deep water regions to the west of the shelf edge.

A second region of enhanced shelf-edge tidal currents is evident at about 57.5°N. In this area the tidal currents are near
circular, although their magnitude decreases and they become more rectilinear in the shallow water to the east of this. A
third shelf edge region of enhanced near-circular tidal current ellipsesis evident at 56.8°N. Although the spatial distribution
of these features is similar to that found for the O, tide, the exact location is slightly different. This s because the period of

the K, tide (23.94 h) is dlightly different from the O, tide (25.82 h), and hence resonance with the first mode shelf wave
changes to a location where the topography can support a shelf wave with the K, period.

A comparison of the semimajor axis, orientation of the ellipse, and sense of rotation of observed and computed O, tidal
currents is given in Table 4 ©=. Differences between observed and computed O1 currents at locationsU, V, T, Q, P, and R
are comparable with those reported in XD96 and are due to open-boundary input and errors in bottom topography.

At locations W, 1, J, and K the model overpredicts the O1 tidal current by a factor of about 2, which is significantly better

than the factor of 4 reported in XD96, suggesting that the enhanced resolution and use of the biharmonic viscosity has
improved the accuracy of the model in this region. By using a finer horizontal grid, the local gradient of bottom topography,
particularly in the shelf edge region where currents show significant spatial variability can be more accurately computed by
the finite-difference method. Similarly the biharmonic form of the horizontal diffusion is more scale selective than the
Laplace form and hence damps the very short physicaly unrealistic waves without affecting the physically realistic spatial
variations that are found in the diurnal tides at the shelf edge and are artificially smoothed by the Laplacian form of horizontal
viscosity.

At shallow water locations G to A, the model reproduces the semimajor axis to a higher level of accuracy than that at
locations W to H, although again there are errors in the orientation of the elipse. One reason for these large errorsin
orientation (of order 90°), isthat at locations P, Q, R, S, J, and K the current ellipse is near circular and hence it is difficult
to distinguish between the magjor and minor axis, which readily change, with a corresponding 90° change in ellipse
orientation in response to small model variations. Consequently, in a region of near-circular current ellipses the orientation of
the mgjor axis is not a meaningful parameter to use in assessing model accuracy.

Considering the K, tide (Table 5 ©=) at locations shown in Fig. 1c ©= (excluding location L for which aK; analysis was
not available). At locations S and R and on shelf location O, the model accurately (to on average 1.5 cm sfl) reproduces the
current. Similarly, at positions N and M to the south of this, the model reproduces the current magnitude. However, farther

south at locations W, 1, J, K, and H the model significantly (on average by the order of 4 cm sfl) overpredicts the
magnitude of the semimajor axis. This result is consistent with that found for the O, component of the tide and suggests

that this local intensification may be spurious. At shallow locations G to B the model appears to reproduce the semimajor
axis, although in this region the current strength is about half that observed at locations W to H. As with the O, tide at many



positions there are significant (of order over 90°) errors in the orientation of the current ellipse, although as discussed
previously thisis difficult to use as a measure of the model’ s accuracy in regions of near-circular tidal current.

1) WINTER STRATIFICATION

In a subsequent calculation (calc 2, Table 1 @=), input to the model was identical to that used previoudly, but the
temperature varied in the vertical in a manner corresponding to winter stratification (Ellett et al. 1986). The essential features
of the temperature profile in winter (Fig. 1a@=) is alinear decrease of 1°C over the top 80 m with a subsequent decrease in
temperature of a similar amount between 80 and 900 m. In the absence of a detailed synoptic density field, with a
corresponding accurate current measurement dataset, and since we are primarily concerned with the influence of typical
density fields upon the diurnal currents (see earlier discussion), an identical density profile was used at each horizonta grid
point.

Although the M, cotidal chart and current ellipses at the sea surface and seabed (not shown) exhibited similar spatial

distributions to those found previously under homogeneous conditions, there were differences in the shelf edge region and in
the oceanic regions where the water depths changed (e.g., the Anton Dohrn Seamount and Rockall Bank). The reason for
these differences is that the model can now generate internal tides (Baines 1982; Craig 1987, 1988; Holloway 1984) as the
internal density surfaces move up and down over the shelf slope in response to the tidal propagation onto and off the shelf.
(Similar internal tide generation mechanisms exist associated with topographic features such as Anton Dohrn Seamount and
Rockall Bank, which produce internal tides to the west of the shelf edge). Associated with these interna tides are regions of
increased surface and bed currents, with the latter producing regions of increased bed friction. A detailed discussion of
internal tides is beyond the scope of this paper, athough as shown by Xing and Davies (1998a) in a comparison of a
numerical solution with an inviscid analytical solution due to Craig (1987), if the numerical solution is going to precisely
reproduce al the features of the analytic solution, then the finite-difference grid must be the order of 0.6 km. Also to
reproduce this analytical solution where a constant shelf-edge slope and linear density variation were precisely known, these
had to be specified exactly in the calculation. In the simulations considered here neither an accurate three-dimensional
density field nor a bottom topography dataset was available on a 0.6-km grid. However, thisis not a critical limitation in that,
as discussed previously, the observational dataset is not synoptic or available to a high level of accuracy. Consequently for
the primary aim of this paper, namely, an investigation of the effects of stratification on diurnal tides, the finite-difference
grid of the model and the corresponding bottom topography and stratification should be accurate enough to enable the model
to reproduce the main features of the internal tide and, hence, the influence of this and stratification effects upon the diurnal
tides.

Comparing M., tidal current ellipses (Teble 3 =), it is evident that at locations U to P winter stratification does not

significantly influence the magnitude of the semimajor axis, although at locations R and S near the shelf edge the magnitude
of the near-bottom current is reduced. However, at location L in deep water the current magnitude at all depths is increased.

At shelf edge locations N and W, stratification effects lead to a significant (of order 4 cm s_l) reduction in the current,
although farther south at location K a small increase is evident. At shelf locations H to F stratification has only a small
influence, although at location C situated to the north of the North Channel where tidal currents are strong and water depths

change rapidly a significant (of order 10 cm s_l) reduction in near-surface current—although with a corresponding increase
in near-bed current—is evident presumably due to internal tide generation in this area.

Both the O, and K, cotidal charts (Figs. 6a.b =) show aregion of maximum tidal amplitude on the shelf edge to the

northwest of the Hebrides, although the magnitude is reduced in this region compared with previously (cf. Figs. 6a.b ©= and
4a,b '©=). Also the local maxima previously found in the shelf edge region to the south of this are significantly reduced for
both constituents.

Comparing the spatial distribution of O, and K, current ellipses (Figs. 7a.b = O=) with those found previously (Figs.

5a,b @=0=), it is evident that the spatial extent of the region of enhanced current magnitude at 58.5°N has been reduced.
Also there is no evidence of aregion of enhanced currents at the shelf edge at 57.8°N. Although current magnitudes increase
to the south of this, the maximum found previously at 56.6°N is no longer present. Although there are significant changesin
the shelf edge region when stratification is included, away from this area stratification has no major influence.

To quantify the effects of stratification on O, and K, tidal currents, it is interesting to examine the changes in the

semimagjor axis of the current ellipse at the locations given in Tables 4 ©= and 5 ©=. Although at sitesU, V, and T thereis
only a small change in magnitude of the semimgjor axis, at shelf edge location Q, P, S, and R there is a significant reduction
in the semimajor axis when stratification effects are included (compare calcs 1 and 2), leading to an improvement between
model and observations at locations Q, P, and S. A significant reduction at shelf edge locations W to H also takes place in
the semimajor axis of the current ellipse (Table 4 ©= and 5 ©=, calc 2) when stratification effects are included due to the



removal of the region of local intensification found previoudly at 57°N. Again this leads to an improvement in the accuracy
of the model.

At the shelf locations G to B, the effect of winter stratification is small.
2) SUMMER STRATIFICATION

The summer temperature profile used in the model (Fig. 1a©=) is characterized by surface temperatures decreasing by
the order of 4°C over a surface layer of depth 100 m with a linear decrease by 1°C down to a water depth of 900 m.

Repeating the previous calculation, but with a temperature profile typical of summer stratification (calc 3, Table 1 ©=),
gave an M, cotidal chart in near-coastal regions similar to that found previously assuming the water to be homogeneous or

with winter stratification. However, in the shelf edge region and in deeper water the smooth variation in co-amplitude and
co-phase lines found under homogeneous or winter conditions does not occur (cf. Fig. 8 ©= with Fig. 2 ©=), with the co-
tidal chart showing local small-scale variations, associated with internal tide generation over local topography, with
enhancements of the bottom currents and hence bottom friction affecting the propagation of the surface tide.

Comparing M., surface current ellipses computed with summer stratification (Fig. 9a O=) with those obtained previously

(Fig. 3a©=), shows that tidal current ellipses in the shalower regions on the shelf exhibit similar spatial distributions to those
computed previously. However, it is clear that in the shelf edge region and to the west of it, particularly in the regions of
topographic change (e.g., Anton Dohrn Seamount and Rockall Bank), the surface tidal current with summer stratification is
on average significantly stronger than that determined under homogeneous or winter stratified conditions. Also the spatial
variability is larger since the intensity of surface currents depends upon the generation point for the internal tide and where
the characteristics associated with the internal tide reach the surface.

Bed currents computed with summer stratification (Fig. 9b ©=), although not very different from those computed
previously (Fig. 3b ©=), show regions of enhanced current with a different orientation of the major axis of the current
ellipse in areas such as the shelf edge and oceanic regions of sloping seabed. In these areas internal tides can be generated
with an associated increase in bottom currents. Comparing tidal current ellipses computed with winter and summer

stratification (Table 3 ©=) shows that at locations U to S there are small differences (of the order of 1 cm s_l) between the
semimajor axis under summer and winter conditions. At locations R, L, and N the near-bed current decreases with near-
surface current increasing, giving rise to increased shear in the vertical, in better agreement with observations. At location W
currents increase at all water depths, reducing the agreement with observations. An opposite effect to that found at locations
R, L, and N is evident at locations | and J where the near-bed currents increase and surface currents decrease in changing
from winter to summer stratification. At positions G to A, differences between summer and winter stratification are small,
although at location B, the near-bed current decreases with an increase in surface current, producing an improved agreement
with observations.

The variation in current [namely, decrease (increase) in near surface (bed) current] at different locations when
stratification changes from winter to summer can be explained in terms of changes in the distribution of the internal tide.
Cross-sectional models (Baines 1982; Craig 1987, 1988; Holloway 1994; Xing and Davies 1998a,b) show that, as the
dtratification changes, the internal ray paths along which internal tidal energy propagates also change, and this can lead to
enhancements or reductions in near-surface/bed currents at specific locations. At the time tidal currents were measured (the
observations in Table 3 ©= were not synoptic but represent a composite from a number of observational periods) no detailed
salinity and temperature survey was made that could be used in the present model. However, from previous measurements
in the area (McKay et al. 1986) it is well known that there is significant horizontal spatial variability, which will influence the
distribution of the interna tide. The assumption made here of applying atypical winter and summer temperature profile at
each location, athough useful in determining the major differences in internal tides between summer and winter, is not
sufficiently accurate to enable a precise comparison with observations to be made.

The O, and K, cotidal charts (Figs. 10a.b ©=), athough showing similar features in shallow water to those computed

assuming a homogeneous sea region (Figs. 4a.b ©=), are significantly different in the shelfbreak region. In particular, the
region of increased tidal elevation to the northwest of the Hebrides is reduced and the two areas of loca intensification along
the shelf slope at approximately 57.8° and 56.8°N no longer occur, with a corresponding change in the tidal phase in these
regions.

The spatia distribution of surface and bed tidal current ellipses (Figs. 11a-d ©=©=) is not significantly different from that
found with winter stratification. A region of enhanced current magnitude exists at about 58.5°N with a similar spatial extent
to that found with winter stratification. Also, there is no evidence of the regions of enhanced current magnitude to the south
of this that occurred under homogeneous conditions. Current ellipses at the seabed with both summer and winter
stratification showed a reduction compared with surface currents on the shelf due to frictional effects.



Comparison of observed and computed O, ellipses (Table 4 ©O=) shows that there are only minor differences (less than

0.5cm sfl) in the magnitude of the semimajor axis computed with summer and winter stratification, although at some
locations the orientation of the current ellipse changes by more than 10°. However, comparing the summer stratified results
with those obtained under homogeneous conditions, the significant reduction in the semimgjor axis at locations W, 1, J, K,
and H found previously with winter stratification is clearly evident. Similarly for the K; ellipse parameters (Table 5 ©=) there

are no significant differences at locations U to M. At positions W to H the reduction in the semimajor axis between assuming
a homogeneous water column and that computed with summer stratification is comparable to that found previously with
winter stratification, with stratification making no significant difference to current ellipses in shallow water locations (e.g.,
positions G to B).

This series of calculations suggests that although the seasonal stratification influences, in particular the magnitude of the
surface M,, tidal current ellipse by producing a surface-enhanced internal tide in summer, it is the stratification at depth that

has an influence upon the O, and K tidal currents in the shelf edge region. These tidal constituents have a number of

regions along the shelf edge of enhanced current magnitude under homogeneous conditions that are reduced to one region
when stratification is included. By considering two diurnal tidal constituents, namely O, with a period of 25.82 h (13.94°/h)

and K, with a period of 23.94 h (15.04°/h), we have shown that the grid resolution of the model is sufficiently fine to

represent local changes in shelf edge topography with the necessary accuracy to represent the observed dlight differencesin
location of regions of local intensification of these constituents. Also that including stratification improves the agreement
between observed and computed tidal currents for both tidal constituents is more conclusive than if comparisons were made
for a single constituent.

Comparing surface and bottom current ellipse distributions (Figs. 13a.b ©=), it is clear that although the spatial
distributions are comparable, bottom friction has reduced the magnitude of the currents to a similar extent to that found
previously for the O, tide.

4. Frictional influence (a hybrid 2D/3D model calculation)

In the previous series of calculations the spatial distribution of the O, and K, tidal currents under both homogeneous and

stratified conditions was examined in detail using the three-dimensional model. Under homogeneous conditions the diurna
tidal currents exhibited spurious intensification in certain shelf edge regions, which was not found when stratification effects
were included. This result suggests that it is crucial to include stratification effects, a finding that is at variance with
calculations performed using vertically integrated two-dimensional models (Flather 1988; Foreman et al. 1993), which
cannot include stratification effects yet appear (Foreman et al. 1993) to reproduce the diurnal tidal currents.

In this section we consider if the hybrid 2D/3D model in which the water is assumed to be homogeneous and bottom
friction is computed from the depth-mean current (in essence, a two-dimensional modd that also predicts current profiles)
can produce the main features of the diurnal tides at the shelf edge.

In this two-dimensional calculation (calc 4, Table 1 ©=) the tidal input to the model was identica to that used previously
(calc 1, Table 1 ©=), although the bed stress was computed from the depth-mean current with an appropriate 2D friction
coefficient k = 0.003.

The computed M., co-tidal chart was indistinguishable from that found previously, and a comparison of observed and
computed amplitude and phase of the M,, tide at a number of coastal and offshore tide gauge (calc 4, Table 2a O=) did not

reveal any significant differences between calcs 4 and 1, although the rms errors were slightly worse (calc 4 gave rms
errors of 12.4 cm and 18.0°, with calc 1 giving 8.4 cm and 16.5°). Also no significant differences were found in the M,

tidal current ellipses.

However, there were significant differences in the diurnal tides, which we will illustrate here with reference to the O1 tide
since this has been examined previously (Proctor and Davies 1996; XD 96) in detail with lower-resolution models.

The O, cotidal chart (Fig. 12 =) however showed a reduction in the magnitude of the O, tide to the northwest of the

Hebrides, with a reduction at the other shelf edge locations to the south of this (cf. Fig. 12 ©= and Fig. 4a ©=). Also some
changes to the co-phase lines are evident in the region to the northwest of the Hebrides (cf. Fig. 12 ©= and Fig. 4a ©=).
Comparing O, tidal elevations and phases computed with the two-dimensional mode! with those obtained previously and

from measurements (Table 2b ©=, calc 4) it is evident that the differences between the “hybrid” model and three-



dimensional model are small, with a slight change to the rms error (calc 4 gave rms errors of 1.8 cm and 14.5°, compared
tocalc 1, rmserrors of 1.9 cm and 17.2°).

Although the changes in tidal elevation, amplitude, and phase are small, it is evident from a comparison of surface and bed
current ellipses (Figs. 13a.b ©=) computed with the hybrid 2D/3D model to those obtained previously under homogeneous
conditions (Figs. 5a.b ©=@=) that the magnitude of the O, currents to the northwest of the Hebrides has been reduced,

with a decrease of O, tidal currents at the shelf edge at 57.5° and 56.6°N. Although using a two-dimensional formulation of
bottom friction in the three-dimensional mode! (the hybrid 2D/3D model) has reduced the magnitudes of the O, currents

compared to those computed with the three-dimensiona model, due to enhanced friction, it is clear that the areas of local
enhancement—although with reduced current magnitude—still occur at 57.5° and 56.6°N and that the spatial distribution of
currents resembles those found in the full three-dimensional homogeneous model (all be it with reduced amplitude) rather
than those found with stratification effects included (Figs. 7a.b ©=©=; Figs. 11ab = O=).

The reduction in the semimajor axis of the O, tidal current ellipse due to the additional friction produced by relating the
bed stress to the depth-mean current is clearly evident from Table 4 ©= (cf. calc 4 with calc 1), particularly at locations W,

I, J, K, and H where the semimajor axis has decreased from about 7 cm st (calc 1) to approximately 4 cm st (cac 4), a
change comparable to that due to stratification effects.

Based purely upon the limited set of observations shown in Table 4 ©=, it would appear that enhancing bottom friction or
including stratification effects has similar results, namely, improving the accuracy of modeled and observed currents, in
particular by reducing the magnitude of the semimgjor axis of the current ellipse at locations W to H. However, it is clear
from the spatial distribution of the O, current ellipses that stratification effects change their spatial distribution, whereas

increasing friction reduces their magnitude. In terms of the O, cotidal chart, although tidal elevation amplitudes and phases

are influenced by stratification and frictional effects, the dominant influence is the shelf wave resonance. Consequently
cotidal charts can be determined using a conventional two-dimensional model, or a three-dimensional model assuming a
homogeneous sea region. However, the spatial distribution of currents is more sensitive and requires the influence of
stratification effects.

5. Concluding remarks

In this paper we have briefly outlined the major steps in developing a three-dimensional hydrodynamic model of the shelf
edge region to the west of Scotland. The model uses a staggered finite-difference grid in the horizontal, with a one time level
integration scheme and the total variation diminishing scheme for density advection to solve the equations. The finite-
difference grid is significantly finer than that used in previous models of the region (Proctor and Davies 1996; XD96).

A turbulence energy scheme has been used in the vertical to parameterize the subgrid-scale mixing, with biharmonic
friction in the horizontal. Calculations are performed to examine the spatial variability of M,, O,, and K, tidal elevations and

currents in the area and the influence of idealized stratification (both winter and summer) upon the tides in the region. Unlike
previous calculations where stratification effects were included in a diagnostic manner (XD96), stratification was included in
a prognostic manner and hence internal tides were generated as the internal pressure gradients evolved with time.

Although M., tidal elevations were not significantly influenced by stratification effects, tidal currents were, particularly

when summer stratification was included that produced major changes in the intensity of surface tidal currents due to the
generation of internal tides.

The spatial distribution of the O, tidal elevations and currents under homogeneous conditions was not significantly

different from that computed previously (XD96) with a coarser-grid model of the region and showed a number of regions
along the shelf edge where the O, tidal current was significantly larger than the observed. Local intensification of the diurnal

tides at the shelf edge can be expected from theory, as a resonance with the shelf wave in the area, and the homogeneous
model appears to correctly reproduce this in the region to the northwest of the Hebrides, although the local intensifications to
the south of this were not supported by the observations, suggesting that they were spurious. However, when stratification
effects (either winter or summer) were included, these spurious local intensifications were removed.

The model was also used to examine the influence of stratification on the K, tide in the region. As for the O, tide, local
intensification due to a shelf wave resonance occurs with the K, tide in the shelf edge region although under homogeneous
conditions some spurious enhancements are found, which are removed when stratification effects are included.

Therole of stratification in determining the spatia distribution of the diurnal tides in the shelf edge reqion off the west



coast of Scotland appears rather complex. Without stratification effects or when it is included diagnostically (XD96),
regions of local enhancement appear that are not supported by observations. With stratification these areas are removed,
possibly because the form and period of the shelf wave changes when stratification is included, which affects the resonance
with the diurnal tidal in such a manner as to remove the regions of spurious enhancement due to resonance. An dternative is
that changes in friction due to the effect of stratification also affect the resonance in such a manner as to remove the regions
of spurious enhancement. The calculations with the hybrid model clearly show that frictional effects, both bottom and
internal, influence the local enhancement of the diurnal tide, although the spatial distributions of the currents are different.
This helps to explain why two-dimensional models, which cannot include vertical stratification effects, can still reproduce
the observed spatial distributions of tidal elevations. However, when stratification effects are neglected in three-dimensional
models, they fail to reproduce the detailed distribution of diurnal tidal currents that are only reproduced when stratification
effects are included.
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Tables

Table 1. Summary of parameters used in the calculations.

Caleulation Stratification
1 Homogeneous
2 Winter
3 Summer
4 Homogeneous
2D/3D model
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Table 2a. Comparison of computed and observed M, elevation tidal amplitude h (cm) and phase g (deg) at a number of coastal
and offshore locations.
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Table 2b. Comparison of computed and observed 0, elevation tidal amplitude h (cm) and phase g (deg) at a number of coastal
and offshore locations.
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Table 2c. Comparison of computed and observed K1 elevation tidal amplitude h (cm) and phase g (deg) at anumber of coastal
and offshore locations.
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Table 3. Comparison of observed and computed semimajor axis A (cm sfl), orientation 6 (deg), and rotation R of the M., current
ellipse at anumber of depths and locations.
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Table 4. Comparison of observed and computed semimajor axis A (cm s_l),

current ellipse at a number of depths and locations.
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Table 5. Comparison of observed and computed semimajor axis A (cm sfl), orientation 6 (deg), and rotation R of the Ky tidal
current ellipse at a number of depths and locations.
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Figures

Click on thurﬁbnail .fof fui I—si zed image.

Fig. 1a. Typical winter (solid) and summer (dotted) temperature and buoyancy frequency profiles used in the calculations.

Click on thumbnail for full-sized image.

Fig. 1b. Bottom topography used in the model (all depthsin units of 10 m, e.g., the 100 contour corresponds to a depth of 1000
m).

Click on thumt;na'l f"or fuﬁ-si zéd image.

Fig. 1c. Thefinite-difference grid of the Malin—Hebrides model, showing the |ocation of tide gauges used in the comparison.

Click on thumb"na'l f“or fuﬁ-si zéa image.

Fig. 1d. Asin Fig. 1c ©@= but showing location of current meters used in the comparison.
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Fig. 1e. Geographical location of various regions.
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Fig. 2. Computed M, cotidal chart, assuming a homogeneous searegion.
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Fig. 3. Mgjor and minor axis of the M2 tidal current ellipses at every third grid point computed using the q2 - q2I mode at (a)
sea surface and (b) close to the seabed ¢ = —1.0, assuming a homogeneous sea region.
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Fig. 4. Computed (a) O1 cotidal chart, (b) Ky cotidal chart, assuming a homogeneous searegion.
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Fig. 5. Major and minor axis of thetidal current ellipses at every fourth grid point for (a) the Ol tide at the sea surface, (b) the
O1 tide closeto the seabed, (c) the Kl at the sea surface, and (d) the K1 tide close to the seabed, assuming a homogeneous sea

region.

Click on thumbn“ajl for ?ull.-'si zed image.

Fig. 5. (Continued)
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Fig. 6. Computed (a) O1 cotidal chart, (b) K1 cotidal chart, assuming atypical winter stratification.
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Fig. 7. Asin Fig. 5'©= but assuming atypical winter stratification.

Fig. 7. (Continued)
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Fig. 8. Computed M, cotidal chart, assuming atypical summer stratification.
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Fig. 9. Mgjor and minor axis of the M, tidal current ellipses at every fourth grid point at (a) sea surface and (b) closeto the
seabed, assuming typical summer stratification.
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Fig. 10. Computed (a) 0, cotidal chart and (b) Ky cotidal chart, assuming atypical summer stratification.
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Fig. 11. Asin Fig. 5@= but assuming atypical summer stratification.

Fig. 11. (Continued)
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Fig. 12. Computed O1 cotidal chart, determined with the hybrid model, assuming a homogeneous sea region.
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Fig. 13. Mgor and minor axis of the Ol tidal current ellipses at every fourth grid point at (a) sea surface and (b) seabed,
determined with the hybrid model, assuming a homogeneous sea region.
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