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Abstract

A three-dimensional baroclinic finite element model with a coarse and fine (i.e. local refinement along the shelf edge) grid is
used to examine the influence of shelf edge grid refinement upon the internal tide generation and propagation off the west coast
of Scotland. Comparisons are made with observations in the region and with a published solution using a finite difference model.
The calculations show that provided that the finite element grid is refined in the internal tide generation area and the adjacent
region through which the internal tide propagates, then a numerically accurate solution is obtained. In the regions of strong
internal tide generation with a local grid refinement, internal wave energy can accumulate at small scales and must be removed

by a scale—selective filter.

1. INTRODUCTION

To date, the majority of intercomparisons between uni-
form grid finite difference models and unstructured grid fi-
nite element models have concentrated upon the barotropic
tide. Such a detailed intercomparison was performed by a
number of groups in connection with tides in the English
Channel, giving rise to a range of papers as part of the
tidal flow forum (e.g. Werner 1995; Lynch et al. 1995; Wal-
ters and Werner 1989; Walters 1987). In the case of the
barotropic tide, it has a long wavelength, and hence little
short—scale spatial variability, except in nearshore regions.
For this reason an increase in finite element resolution,
or map transformation (Johns et al. 1981) combined with
boundary—fitted coordinates in a finite difference model to
improve coastal resolution is a logical way to refine the grid.
Since these early applications of finite element models to
barotropic tides, the range of oceanographic problems has
increased (see the review of Walters (2005)).

In recent years with increased interest in shelf edge pro-
cesses (Huthnance 1995) and baroclinic motion, the topic of
internal tides has received increasing attention. In the shelf
edge region where stratification intersects the shelf slope

* Corresponding author.
Email address: phh@pol.ac.uk (P. Hall).

Postprint of article published in Ocean Dynamics (2005) 55: 272-293

the motion of the barotropic tide at a frequency x gives rise
to an internal tide at the same frequency with non—linear
effects giving higher harmonics (Lamb, 2004) and a tidal
residual (Xing and Davies 2001a). Internal wave beams at
a frequency w have a slope r given by

r? = (W = f)/(N? - w?),
with N a constant buoyancy frequency and f the Coriolis
frequency. Depending upon the relative steepness of topog-
raphy s=Vh,with h water depth, the topography is classed
as supercritical (s>r), critical (s=r) or subcritical (s<r).
Once generated the internal tide propagates away from its
generation region along beams. Both on—shelf and off-shelf
propagation can occur depending upon the local topogra-
phy and stratification, with the internal tide being reflected
at both sea surface and sea bed. The wavelength of the
internal tide varies significantly depending upon local to-
pography variations and stratification, but is typically the
order of kilometres rather than the hundreds of kilometres
associated with the barotropic tide. For this reason and to
resolve the shelf slope, a significantly finer grid is required
in the shelf edge region for an accurate representation of
the baroclinic tide than that used for the barotropic tide.
Early models of the internal tide were semi—analytical,
or used a cross—sectional model (e.g. Craig 1987; Sherwin
and Taylor 1990; New 1988; Xing and Davies 1997b) and
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hence grid resolution was not critical, in that high resolu-
tion could be included everywhere. However, as shown by
Xing and Davies (1997b) in a comparison of the numeri-
cal solution with the analytical solution of Craig (1987),
an across shelf resolution of 3 km with 50 sigma levels in
the vertical was required. The reason for this high resolu-
tion was that internal tides have a short wavelength. Also
their generation at the shelf edge is critically dependent
upon shelf slope and vertical stratification. The limitations
of using an across shelf ”slice” model are well known (Xing
and Davies 1998; Legg 2004a,b) in regions where there is
an appreciable along shelf forcing such as the area con-
sidered here. Consequently, it is essential in such regions
to use a full three-dimensional model that can accurately
resolve both the across and along shelf variations in to-
pography and density field in the shelf edge region. Con-
sequently, besides refining the grid in the nearshore area
in order to reproduce the barotropic tide, it is essential to
include an enhanced grid refinement in the shelf edge re-
gion. Once generated at the shelf edge the internal tide can
propagate both offshelf into the ocean, and onto the shelf.
The wavelength associated with this propagation is signif-
icantly shorter than the barotropic wavelength. As shown
by Hall and Davies (2005) (hereafter referred to as HDO05)
the short wavelength of internal waves must be taken into
account in determining the rate of grid refinement from a
fine grid in the region of internal wave generation to coarse
grid outside this region. Also, as shown by HDO5 in the case
of wind—forced internal waves, if the grid refinement is too
rapid, small-scale waves are excited and numerical insta-
bility can occur. However, by using a Smagorinsky (1963)
form of horizontal viscosity, this can be overcome (HDO05).
The scale—selective filtering associated with the Smagorin-
sky (1963) form of viscosity is now well known and has been
successfully used in Large Eddy Simulation (LES) calcula-
tions. This problem is briefly considered here for the case
of an internal tide.

The computational requirement in a three-dimensional
internal tide model to have a fine grid in the shelf edge
region, yet allow for accurate propagation away from this
region, is an important consideration in designing an ir-
regular grid. In this paper we examine the problem of in-
ternal tide generation off the west coast of Scotland using
two unstructured grid resolutions and the QUODDY code.
The QUODDY code uses a finite element method in the
horizontal and a sigma coordinate approach in the verti-
cal. The vertical eddy viscosity is parameterized using a
Mellor-Yamada turbulence model (see later Discussion). As
the code and the method used are well established [e.g. see
Lynch and Naimie (1993); Ip and Lynch (1995)], details
will not be repeated here.

In order to compare results with an existing three—
dimensional internal tide finite difference model (Xing and
Davies 1998) (hereafter referred to as XD98), the region
off the west coast of Scotland was examined. This area is
ideal for a model intercomparison study in that there is a
strong barotropic tidal forcing in the region, which pro-

duces a significant internal tide. Also the shelf slope is not
constant, but the gradient changes appreciably along the
shelf edge. This change in gradient and the existence of
two off—shelf seamounts which influence the internal tide
(XD98) makes the region ideal for the use of an irregu-
lar grid. In the calculations performed here, the bottom
topography and open boundary forcing were identical to
those used by XD98 in a uniform finite difference grid
model. By using the same topography and forcing in all
calculations, the influence of grid resolution and solution
method (namely, finite difference (XD98) or finite element
(QUODDY)) upon the solution can be assessed. The main
focus of this paper is a model intercomparison study rather
than an examination of the processes influencing the gen-
eration and propagation of the internal tide, which are
covered in detail in XD98. The interested reader is referred
to XD98 for details of stratification, energy flux and the
role of seamounts and shelf slope in terms of internal tide
physics. In the next section (Sect. 2) we briefly describe
the topography of the region (with reference to XD98 for
detail) and the two irregular horizontal grids used in the
calculation. The solution using the finite element sigma
coordinate model is described in Sects. 3 and 4. In the final
section, results from the inter—comparison of the different
grid resolutions and the solution of XD98 are summarized.

2. The hydrodynamic equations, topography of
the region, and choice of grid.

The fundamental hydrodynamic equations, which are
solved with the various modelling approaches described
here, are identical to those solved by XD98. As they are
discussed in detail in Xing and Davies (2001b) they will
not be repeated here, except to give a general overview of
their basic form.

The models are based upon the three-dimensional free
surface, nonlinear primitive equations expressed in polar
coordinates. The hydrostatic approximation is used, and
density is derived from temperature using a simple equa-
tion of state (XD98). The models are prognostic in that
the temperature field evolves with time due to advection
and diffusion terms. Consequently, the on—/off—shelf prop-
agation of the barotropic tide gives rise to internal pressure
gradients at the shelf edge and hence an internal tide as de-
scribed in XD98. Vertical mixing of momentum and density
are parameterized using vertical eddy viscosity and diffu-
sivity coeflicients which are determined using a turbulence
energy closure sub-model (e.g. Blumberg and Mellor 1987;
Luyten et al. 1996, 2002; XD98). The coefficient of horizon-
tal viscosity was parameterized using a Smagorinsky (1963)
formulation with the arbitrary scaling coefficient taken as
C=0.28 (HDO05) in the majority of calculations. In a final
calculation to examine its influence this value was doubled.
The benefits of using this formulation for horizontal viscos-
ity in an internal wave problem involving an irregular grid
have been demonstrated in HDO5.



Since the calculation, as in XD98, is concerned with the
short—term dynamics of the internal tide, rather than its
seasonal variation, there is no applied surface heat flux
or wind stress. Similarly for the turbulence energy model,
there is no turbulence flux through the sea surface or sea
bed. A quadratic friction law as in XD98 was applied at
the sea bed. Along the open boundary the barotropic tide
was identical to that used by XD98. A sigma coordinate
was used in the vertical with 40 levels having enhanced res-
olution in the near bed and near surface region where the
internal tide is largest. This is consistent with the verti-
cal resolution used in XD98. In all calculations the model
started from a state of rest with zero elevation displace-
ment. In the baroclinic calculation the same temperature
profile and hence N? profile taken as the strongly strati-
fied case (XD98, see their Fig. 4) was applied everywhere.
By this means, in the initial conditions the isotherms were
horizontal. In response to open boundary barotropic tidal
forcing, in the stratified case a baroclinic tide was generated
at the shelf edge. After about six tidal cycles, the influence
of the initial conditions was removed and a sinusoidal con-
dition was reached which could be harmonically analysed.
In order to separate the internal tide from the barotropic
tide, in the baroclinic calculations a barotropic tidal solu-
tion was subtracted from the total. This is consistent with
the approach adopted in XD98.

The shelf and shelf edge region (Fig. 1) covered by the
various models is identical to that used by XD98. The re-
gion is characterized by a range of water depths from 2000
m in the deep ocean to the order of 10 m in the near coastal
region. At the shelf edge taken as the 200 m contour (Fig.
1), water depths increase rapidly from typically 100 m (on
shelf) to 1000 m (oceanic). The movement of the density
surfaces over this steep topography, as the tide flows on—
and off-shelf, generates the internal tide in this region.
To properly account for this generation process and sub-
sequent internal tide propagation, it is essential to resolve
topography in this area. To examine the extent to which
the internal tide is influenced by grid resolution, calcula-
tions were performed with both coarse (2894 nodes) (Fig.
2) and fine (3981 nodes) (Fig. 3) unstructured grids. In the
fine grid calculations the grid in the shelf edge region (Fig.
3) was refined in the regions of steeper topography (Fig.
1) in order to accurately resolve the shelf edge slope. This
is particularly important, since this together with vertical
stratification determines the generation of the internal tide
(XD98). Also, as shown by XD98, internal tides are gener-
ated in the region of the Anton Dohrn Seamount and He-
brides Terrace Seamount (Fig. 1), and for this reason the
grid is refined in these regions (Fig. 3). Ideally, a more grad-
ual change in the mesh size, as the shelf edge is approached
than that shown in Fig. 3, would have been preferred. How-
ever, this would have increased the computational effort,
and as we will show, provided a Smagorinsky form of hori-
zontal diffusion is used, there is no build—up of small-scale
waves in the shelf edge region. As the main focus is the baro-
clinic tide which is dissipated before it reaches the coast, it

is tempting to under-resolve the near shore region. How-
ever, as the baroclinic tide is forced by the barotropic tide
which is significantly influenced by coastal effects, it is nec-
essary to ensure adequate coastal resolution to enable an
accurate distribution of the barotropic tidal forcing to be
obtained.

3. Tidal distributions computed with QUODDY.

In all calculations the model was started from a state
of rest with a constant density in the barotropic case, and
horizontal temperature surfaces in the baroclinic calcula-
tion. The vertical temperature profile and buoyancy fre-
quency correspond to the strongly stratified case in XD98
(see Fig. 4 in XD98 for details). Motion was induced by
tidal forcing across the open boundary, and a periodic state
was obtained after 6 tidal cycles, which was harmonically
analyzed to give tidal amplitude and phase.

3.1. Barotropic calculation

In an initial calculation using the coarser mesh (Calc 1,
Table 1) the sea was taken as homogeneous and the three—
dimensional barotropic tide was computed. To enable a
”like with like” comparison to be performed with XD98,
this mesh was generated from the finite difference depth
values used in XD98. The cotidal chart (not shown) was
not significantly different to that determined by XD98, and
showed a northward propagation of the barotropic tide,
with tidal amplitude increasing in the coastal region. The
observed amphidromic point in the North Channel was re-
produced in the model.

A detailed comparison with observations at 41 positions
(Table 2, since the location of these gauges is given in XD98
(see Fig. la in XD98 for details) it will not be repeated
here), showed a similar good agreement with that found by
XD98 at offshore locations. However, at coastal positions
the accuracy was slightly reduced due to the coarser nature
of the unstructured grid in the coastal region than the fi-
nite difference grid of XD98 (although the coastline itself is
more highly resolved). This is reflected in the slightly higher
RMS amplitude error compared to XD98. Obviously, the
unstructured grid used here could be refined in the coastal
region, but since the main emphasis is on internal tides this
was not done.

The computed My surface tidal current ellipse distribu-
tion (Fig. 4a) exhibits the same large—scale features found
in XD98; in particular, the strong tidal currents in the
North Channel and off the west coast of Scotland. The
change in alignment of the tidal current ellipses in the shelf
edge region from essentially west-east at about 56°N to
north-south at about 58°N (where the orientation of the
shelf edge changes) found in XD98 is also reproduced here
(Fig. 4a). The significant reduction in tidal currents be-
tween ocean and shelf and the local intensification of cur-
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rents over the Anton Dohrn Seamount are shown in Fig.
4a, which was also found by XD98.

A detailed comparison of u and v tidal current amplitudes
and phases at a number of offshore observational points
(Table 3, since the exact location of these current meters
is given in XD98 (see Fig. 1b in XD98 for details) it will
not be repeated here) showed similar results to those found
in XD98. The water depth h given in Table 3 refers to the
total water depth, with sigma (o) determining the location
of the measurement in the water column (namely o = 0.0,
surface; 0 = —1.0, sea bed). As the main emphasis of the
paper is the application of the model to the internal tide, it
is useful to examine shelf edge locations (namely T to E, see
XD 98, Fig.1b for positions) in more detail in connection
with the stratified calculation (see later).

In a subsequent calculation (Calc 2, Table 1) the finer
mesh (Fig. 3) was used to compute the barotropic tide. As
stated previously to enable a ”like with like” comparison to
be performed with XD98, this mesh was generated from the
finite difference depth values used in XD98. The computed
cotidal chart (not shown) was not significantly different to
that found using the coarser grid or by XD98. A detailed
comparison (not presented) at the locations given in Table
2 where observations are available did not show an appre-
ciable difference between fine grid and coarse grid calcula-
tions. This can be readily appreciated, since the finer grid
(Fig. 3) is based upon the depths used by XD98, which are

Calc Resolution Density
(number nodes)
1 2894 Homogeneous
2 3981 Homogeneous
3 2894 Stratified
4 3981 Stratified
5 3981 Stratified (C'=0.56)

Table 1
Summary of various calculations.

also used in the coarse resolution grid (Fig. 2). The only
difference between the two is a refinement in the mesh in
the shelf edge region, and around the offshore seamounts.
In practice, if a more detailed bathymetry was available
than in XD98, this could be used to enhance the accuracy
of the bottom topography as the mesh was refined.

The computed My surface tidal current distribution (Fig.
4b) on the shelf shows a similar pattern to that found with
the coarse grid (Fig. 4a). However, in the shelf edge re-
gion, the Anton Dohrn Seamount area and Hebrides Ter-
race seamount, it is clear that with the enhanced resolution
in these regions, smaller scale variability than that shown
in Fig. 4a can be seen. A detailed comparison of u and v
tidal current amplitude and phase at the current observa-
tion points (Table 3, Calc 2) showed similar differences to
those found with the coarse grid model (Cale 1). At shelf
edge locations, H, I, J, KW and M, N located at about
57°N, both the u and v components of the barotropic veloc-
ity are appreciable (of order 15 cm s~!) and are reproduced
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to a similar level of accuracy on both grids. On average,
the tidal current amplitude computed with the finer mesh
was larger than the coarse mesh, reflecting its improved
ability to resolve the topography. Similarly, further north
at locations P, Q, R, S and T, both solutions have similar
accuracy and a close correspondence in the distribution of
errors with location was found. Since both grids are based
on the same distribution of water depths used by XD98 and
are adequate for resolving the barotropic tide, then without
additional water depth information, there does not appear
to be any improvement in accuracy of the finer grid solu-
tion compared to the coarser, or the solution of XD98. This
is borne out by the RMS errors given in the tables. This
result is to a certain extent artificial in that the basic water
depths were fixed at those used by XD98 in order to yield
a "like with like” comparison. If gridding was performed
based on high-resolution depths from a detailed survey of
the region (unfortunately not available), then a finer mesh
in the shelf edge region with associated improved topog-
raphy would be expected to improve the results. Improve-
ment of the barotropic tide in coastal regions as the finite
element resolution is improved has been found by a number
of authors (e.g. Luettich Jr. and Westerink 1995).

3.2. Baroclinic tidal current distribution

In these calculations the stratification corresponded to
the strongly stratified case described in XD98 (see Fig. 4 in
XD98 for details), and the on—/off-shelf motion of the tide
gave rise to an internal tide in addition to the barotropic
tide computed previously. The baroclinic tide was sepa-
rated from the barotropic tide by subtracting the appro-
priate barotropic tide—only solution.

The computed cotidal chart (not shown) derived with
baroclinic effects included using the coarse mesh (Calc 3,
Table 1) was not appreciably different to that found under
homogeneous conditions. A detailed comparison at obser-
vation points showed differences of less than 1 cm and 1
degree, confirming as found by XD98, and in other papers,
that tidal elevation was dominated by the barotropic tide.

The surface baroclinic tidal current ellipse distribution
(Fig. 5a) shows that the region of strongest generation is at
the shelf edge and in the region of the offshore sea-mounts.
The internal tide generated at the shelf edge propagates
both onshelf and offshelf as described in XD98. The on—
shelf propagation of the internal tide is responsible for the
appreciable signal to the east of the Hebrides. The pres-
ence of stratification influences the vertical eddy viscosity
profile and hence in shallower coastal regions it reduces the
thickness of the turbulent bottom boundary layer. This in
turn influences the barotropic tidal current profile which in
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shallow water is determined by bottom stress and viscous
effects. A consequence of this is that the barotropic tidal
current computed with the present model is different from
that computed without stratification effects. Hence when
the two solutions are subtracted a barotropic tidal current
remains in nearshore regions. These currents are not due to
propagating internal tides but are just due to the difference
in bottom stress and internal friction.

A detailed comparison of tidal currents at observational
points (Table 3, Calc 3) shows that on the shelf, in the
southern part of the region, namely locations A to G, the
u and v currents are not substantially influenced by baro-
clinic effects. However, away from the open boundaries in
the shelf edge region, namely locations M, N, W, J, K, H, I
(see Fig. 1b in XD98 for locations), the internal tide would
be expected to have an effect. Comparison of the u cur-
rent amplitude on the coarse grid including stratification
(Table 3, Calc 3) and the homogeneous solution (Calc 1)
shows that the internal tide enhances the vertical variation
of current amplitude. A similar effect occurred for the v
component of velocity, with its magnitude increasing at a
number of locations, see in particular position N, due to the
generation of an along slope internal tide. The existence of
an along slope internal tide clearly demonstrates the need
to use a three—dimensional model, and the limitations of
cross slope ”slice” models.

Further north at locations, P, Q, R, S and T (see Fig. 1b

in XD98 for locations), the u current amplitude is smaller,
with the internal tide leading to an increase at some loca-
tions (e.g. posn. S). A similar increase occurs in the am-
plitude of the v current which is the dominant component
(e.g. posn. S).

In a subsequent calculation (Calc 4, Table 1), the finer
mesh (Fig. 3) was used to determine the baroclinic tide. As
previously, the tidal elevation was not significantly affected
by the inclusion of stratification. As in Calc (3), the surface
tidal current ellipse distribution (Fig. 5b) shows that the
internal tide is generated at the shelf edge and in regions
of offshelf seamounts. The effect of the enhanced resolu-
tion in regions of steep topography is to improve the accu-
racy of the mesh resolution of bottom topography. Conse-
quently the representation of topographic gradients is en-
hanced with an associated increase in the detail of the in-
ternal tide in these areas (compare Figs. 5a, b). In addi-
tion, a more accurate description of bottom topographic
gradient influences the degree to which the tide is sub— or
super—critical and hence the extent of on—shelf or off-shelf
propagation. In particular it is evident from the compari-
son of Figs. ba and b that the off-shelf propagation of the
internal tide (to the west of the 1000 m contour) that is
shown in Fig. 5b was not evident in Fig. 5a due to the
lack of resolution in the region. The on—shelf propagation
is however evident in both figures. Similarly the enhanced
resolution around oceanic topographic features that occurs
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Posn Obs Calc 1

h g h g

104 191 96 192
140 208 143 209
119 190 119 191
139 197 131 198
96 175 92 174
106 178 103 178
140 193 133 195
107 176 106 176
129 185 131 185
149 199 148 199
120 177 123 177
153 195 152 195
119 180 129 178
102 169 99 168
101 168 99 167
105 169 102 169
118 171 118 170
156 195 153 195
109 168 108 167
113 232 119 170
118 166 123 162
114 165 123 156
113 163 107 150
65 135 104 150
106 163 104 156
112 163 109 163
101 163 110 153
104 159 102 158
107 157 104 157
57 198 65 187
108 178 112 174
97 175 96 175
16 92 33 126
19 81 40 121
107 342 92 355
116 342 93 354
109 340 92 352
7 125 27 141

43 309 25 281

66 337 63 6
41. 105 340 89 349
RMS error 11.06 15.6
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Table 2

Comparison of observed and computed M» tidal elevation amplitude
h (cm) and phase g (degrees) at a number of coastal and offshore
locations, together with RMS errors for Calc 1

in the fine mesh model (Fig. 3) compared with the coarse
mesh (Fig. 2) means that finer scale features of the inter-
nal tide can be generated in these regions (compare Figs.
5a, b). A detailed comparison of currents at observational
points (Calc 4, Table 3) shows that stratification effects ap-
preciably influence both tidal current amplitude and pro-
file, besides its phase in shelf edge regions (compare Calcs
2 and 4 in Table 3). Owing to the absence of a detailed
knowledge of the stratification at the time when measure-
ments were made, a rigorous comparison is not possible. In
this paper, following XD98, an idealized profile of vertical
stratification was used everywhere. As shown by XD98, us-
ing a range of density profiles, the spatial distribution of the
internal tide and its intensity and energy flux are sensitive
to the stratification profile and without a detailed knowl-
edge of this over the whole region, a rigorous comparison
with measurements such as those made by Sherwin (1988)
is not possible. However, it is evident from a comparison
of values in Table 3 (Calcs 3 and 4) that at locations M,
N, W, J, K, H, I, the u current amplitude computed on
the finer grid is on average larger than on the coarse, with

a slight enhancement in vertical shear. This suggests that
the improved cross—shelf resolution in the finer grid has in-
tensified the across—shelf internal tide due to an increased
resolution in both its generation and propagation region. In
the latter case, an enhanced resolution would be expected
to reduce artificial diffusion associated with internal tide
propagation (see later Discussion). For the v component
which is dominant at locations P, Q, R, S and T, enhanced
resolution does not have a major effect. This is to be ex-
pected since this component is dominated by along—shelf
propagation which, due to its smaller lateral variation, is
less sensitive to enhancement in grid resolution.

3.3. Temporal and spatial variability of the baroclinic
internal tide

In the previous section the influence of grid resolution
upon the spatial variability of the surface baroclinic tidal
currents was examined in detail. Here we consider how it
influences the temporal variability and profile of tidal cur-
rents. To this end time series over two tidal cycles of the u
and v components of the baroclinic tide both from west to
east across the shelf edge, and from south to north along
the shelf edge at nodal locations along the lines shown in
Figs. 2 and 3 are examined. Time series profiles from both
the coarse grid (Fig. 6a, b) and fine grid (Fig. 7a, b) are
considered. They are presented in order from west to east,
and then from south to north along the lines shown in Figs.
2 and 3.

In deep water (h=1887 m and 1934 m) at the western
edge of the model, the u and v profiles of the internal tide
computed with either the coarse (Fig. 6a, b) or fine (Fig.
Ta, b) grid show similar time variations and profiles, with a
slight enhancement in the nearbed region in the coarse com-
pared with fine grid model. In the region of the seamount
(h=757 m and 1540 m), particularly at h=1540 m, both
the u and v current profile time series computed with the
fine mesh model show (Fig. 7a, b) significant variations in
the vertical and with time. This appears to be associated
with the local production of internal tides in the region of
the seamount as discussed in XD98, and will be examined
later in connection with cross sections in this region. In the
coarse grid model the variation is significantly less (Fig. 6a,
b), suggesting that this grid cannot adequately represent
internal tide production at the seamount.

At the two deep water positions (h=2171 m and 1912 m)
between the seamount and the shelf edge, both grids give
weak u baroclinic velocities (Figs. 6a and 7a), although the
v component is much stronger and shows a surface intensi-
fication and near—surface phase shift. This suggests that in
this region the across—shelf component of the internal tide
(taken here as the u component) is weaker than the along—
shelf component. However, it is evident from the alignment
of the topographic contours in the shelf break region (Fig.
5b) that the shelf break changes its orientation in this re-
gion giving rise to a significant v component of internal
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tidal velocity.

On the shelf slope (h=1476 m and 213 m) the u com-
ponent computed with the coarse grid model rapidly in-
creases from near zero (h=1476 m) to a maximum of >15
cm s~ ! (h=213 m) as the water shallows (Fig. 6a). For the
v component there is an appreciable velocity (of order 15
cm s~ 1) at both locations, although in the shallower region,
current velocities are slightly larger. Both the components
of current computed with the finer mesh (Fig. 7a, b) are
larger than those determined with the coarse, and show sig-
nificantly more vertical structure and phase change in the
vertical. This suggests that in the shelf slope region there
are multiple points at which the internal tide is being gen-
erated that can be resolved on the finer mesh but not the
coarse. This will be considered later in connection with a
detailed examination of the cross shelf variation of the in-
ternal tide. On the shelf, at h=140 m and farther to the east
(h=148 m), the u and v components computed with both
grids show similar current magnitudes and vertical profiles,
suggesting that the coarse grid model is sufficiently fine to
resolve the on—shelf propagation of the internal tide.

In the case of the along—shelf variation of the internal
tide, time series (namely the four locations along the 500 m
contour) show a significant change in both the u and v pro-
files while on going from south to north, reflecting changes
in the orientation of the shelf slope and its gradient. The
differences between the two solutions appear slightly less
at the northern than southern point, reflecting the broader
shelf slope and hence smaller gradient. Obviously as the
change in topography is reduced, the ability of the coarse
grid model to resolve it and hence accuracy of the solution
improves.

This comparison of computed time series of the baroclinic
tide from ocean to shelf in the region of a seamount and shelf
slope shows that a fine grid is required both in the region
of internal tide production (shelf slope) and propagation
(both onshelf and offshelf) in order to adequately represent
the internal tide. In addition in areas of topographic change,
namely the seamount and orientation of the shelf slope, the
baroclinic tidal velocity is not always dominated by the u
component of current.

4. Shelf edge cross—section comparisons
4.1. Influence of mesh resolution

To compare results in more detail with those derived us-
ing a uniform grid (XD98), and examine the influence upon
the internal tide of using two different mesh resolutions in
the shelf edge region, contours of the amplitude of the u
component of the baroclinic tide along cross sections C1,
C2, C3 and D1, D2 (see Fig. 1 for latitude of these lines)
were examined. Distributions of u current amplitude across
these cross sections were examined in detail in XD98. To be
consistent with XD98, we will concentrate upon the upper
part of the shelf slope and the adjacent shelf region along
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sections C1, C2 and C3. Along D1 and D2 we will exam-
ine the seamount and slope. Initially results are presented
from the coarse grid solution (Fig. 2).

Contours of u current amplitude at cross section C1 (Fig.
8a), show a minimum at about 11°W at a depth of 1100
m, with amplitude increasing towards the sea surface. This
is consistent with XD98, although in this case, there was a
local minimum at this depth at about 10.5°W (see XD98,
Fig.13a). The rapid increase in amplitude close to the shelf
edge, with a local maxima at about 700 m was also found in
XD98. A reduction at midwater of tidal current on the shelf,
and associated surface regions of enhanced tidal current
amplitude is also consistent with XD98. As shown in XD98
(see their Fig. 3c) and in Davies and Kwong (2000), there
is an appreciable along— and across—shelf barotropic energy
flux in this region, with the potential to generate an internal
tide. Besides this, the vertical variation of stratification and
gradient of topography is such that the components of the
across— and along—shelf internal tidal forcing functions (F,,
F,) are large in the shelf edge region at cross section C1.
A detailed discussion of this together with contours of F,
F, are given in XD98 (see their Figs. 3d, e). The large
values of F;, F, along the shelf slope at cross section C1
explains the strong baroclinic currents along the shelf slope.
Internal tidal energy propagates vertically both onshore
and offshore from its generation point, being reflected at
the sea surface and seabed, leading to regions of intensified
current magnitude (Fig. 8a). This is discussed in detail
in XD98 where internal tide energy density contours are
presented (see Fig. 13b in XD98).

At cross section C2, the region of minimum tidal current
that extends from sea surface to a depth of 1500 m at about
10°W is consistent with that found in XD98. Also, the in-
crease in the magnitude to the west and east of this region as
the surface is approached was found in XD98. However, an
oceanic region (to west of 9°W) of surface—enhanced tidal
current amplitude (exceeding 9 cm s™1) shown in XD98 is
not present. On the shelf regions of enhanced surface and
near bed velocity separated by a minimum are clearly evi-
dent, although the intensity and lateral extent of these re-
gions is less than that given in XD98. The reason for this
is that the magnitude of the forcing functions F,, F, and
the intensity of the energy flux beams depends upon the
gradients of topography which are not as well resolved in
the coarse grid model as in XD98.

An oceanic surface layer of enhanced current amplitude
was not present at cross section C3 (Fig. 8c), although
such a region was found by XD98. Although an area of en-
hanced u surface current amplitude was found above the
shelf break, the magnitude of currents in this region and
along the shelf edge (Fig. 8c) were below those found by
XD98. Again this was related to lack of resolution in the
coarse mesh model.

These results suggest that the magnitude of the internal
tidal currents particularly in the oceanic region, computed
with the coarse grid model, are below those found by XD98.
To see to what extent this conclusion is valid in the region
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of the seamounts a similar comparison was performed along
sections D1 and D2 (Fig. 1).

The computed values of the u—current amplitude along
a cross section in the region of the Anton Dohrn Seamount
showed significant spatial variability, with current ampli-
tude varying from the northern edge of the seamount (cross
section D1n), (Fig. 8d) to the centre of the seamount (cross
section D1c) (Fig. 8e) and to its southern edge (cross sec-
tion D1s) (Fig. 8f). At cross section D1n (Fig. 8d) in the re-
gion above the seamount, the internal tide was a minimum
at about 500 m below the surface. However, its value at this
location rapidly increased as the surface was approached,
reaching a surface maximum above the seamount in excess
of 14 cm s~ . Similarly going from a depth of 500 m down
to the top of the seamount, the magnitude of the u velocity
amplitude increased (Fig. 8d). The regions of maximum u-—
amplitude were also evident at depth and along the shelf
slope. Small regions of local surface enhancement of u—
amplitude are also evident above the shelf break. This sug-
gests that local generation is occurring along the shelf slope
and the slope associated with the seamount, with propaga-
tion giving rise to regions of surface maximum. This spa-
tial distribution of the internal tide, in particular the min-
imum at 500 m in the region above the seamount, and the
rapid increase above this point as the surface is approached
is consistent with the results presented in XD98. However,
XD98 found a more rapid increase in u—amplitude on going
from z=500 m down to the top of the seamount than that
found here. In addition an extensive region of enhanced sur-
face u—current amplitude occurred rather than the limited
region shown in Fig. 8d.

To examine to what extent the solution was sensitive to
the exact position of the cross—section, Fig. 8e shows con-
tours along a cross section (Dlc) slightly to the south of
D1n. It is evident from Fig. 8d and e that although moving
farther south has only a slight influence upon the distribu-
tion of topography, in particular a slight broadening of the
top of the seamount, it has an appreciable effect upon the
amplitude of the internal tidal current above the seamount.
Although just above the seamount there is still a minimum
at z=500 m, the amplitude increases rapidly with distance
above and below this location. A local maximum at z=700
m occurs just above the seamount as found in XD98. In ad-
dition, the region of surface u current amplitude maximum
increases compared to Fig. 6d, although its lateral extent
is still below that found in XD98.

At cross section D1s, situated at the southern edge of
the seamount, its height is appreciably less than at Dlc,
and there is only a slight increase in u—amplitude above
the seamount. However, a local increase along the eastern
edge of the seamount and along the continental slope par-
ticularly at depth as found at cross section Dlc, is evident
(Fig. 8f). These changes in internal tidal current magnitude
in the region of the seamount can be related to the spatial
variations in the forcing functions F, F, in the seamount
region (see XD98).

These calculations clearly show that in the region of the
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Anton Dohrn Seamount, the cross—shelf variation of the in-
ternal tide is particularly sensitive to location relative to
the peak of the seamount. Although XD98 never examined
this sensitivity, they performed calculations with and with-
out the seamount (see Fig. 17 in XD98) and showed the
importance of the seamount in determining the distribu-
tion of the internal tide in this region. The calculations of
forcing functions F, F, (see Fig. 3d, e in XD98 for detail)
and energy flux vectors (see Fig. 3c in XD98) showed that
both across— and along—shelf components of the internal
tide were generated in this region. Since the distribution
and magnitude of F,, F, depends on topographic slope,
the variations in this slope in the seamount region will in-
fluence the internal tide distribution. The differences in the
ability of the finite element mesh or finite difference grid to
reproduce this slope will influence the distribution of the
internal tide in this region. This explains in part the differ-
ences in u—amplitude between the present model and those
presented in XD98 in the region of this seamount.

Further south at cross section D2 (Fig. 1) corresponding
to the Hebrides Terrace Seamount, u—amplitude contours
show (Fig. 8g) a surface and sea bed maximum in the re-
gion of the seamount. A local maximum along the conti-
nental slope also occurs at a depth of 1000 m (Fig. 8g). The
location of these maxima is consistent with that given in
XD98. As at other cross sections and as found by XD98,
surface and bed current maxima occur in the region of the
shelf slope.

To examine in detail to what extent the internal tide is
influenced by resolution, comparable cross—section plots to
those shown in Fig. 8 computed with the finer grid (Fig. 3)
are presented in Fig. 9. Considering initially cross section
C1. Although refining the grid does not substantially af-
fect the large—scale features of the internal tide distribution
(compare Figs. 8a and 9a), it does increase the u—amplitude
particularly in the surface layer and along the shelf slope.
Considering initially the oceanic (west of 10°W) distribu-
tion in Fig. 9a. Although the minimum that occurs at 1000
m is consistent with that found in Fig. 8a, it is evident that
amplitude increases more rapidly in Fig. 9a, than Fig. 8a,
as the surface is approached. This gives rise to a significant
increase in the surface layer over which the amplitude ex-
ceeds 5 cm s~! (Fig. 9a) compared to Fig. 8a, and is con-
sistent with XD98. Similarly local surface and bed maxima
occur at about 9.5°W, associated with the shelf break re-
gion (Fig. 9a), that were not present previously (Fig. 8a).
Some indication of these can be found in XD98, although
the grid resolution of that model was insufficient to repre-
sent them in detail. Regions of local maxima in the near
bed region both on the shelf and along the shelf slope that
could not be adequately resolved previously (Fig. 8a) are
evident in Fig. 9a, with amplitude increased above that
found in XD98 due to improved resolution.

A significant increase in amplitude and lateral extent of
the region of u surface current in proximity of the shelf
break is clearly evident in Fig. 9b compared to Fig. 8b, due
to enhanced resolution in the shelf slope and offshelf region
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in the fine (Fig. 3) compared to the coarse (Fig. 2) grids.
In addition on the shelf in the region adjacent to the shelf
break, the magnitude of surface and near bed maxima (Fig.
7b) are increased beyond those found with the coarser grid
(Fig. 8b) and given in XD98. Similarly at depth (z=1200
m) along the shelf slope there is a region of local intensifi-
cation (Fig. 9b) that did not occur previously (Fig. 8b) and
although present in XD98, was under-resolved and spread
in the horizontal.

A similar increase in the shelf edge and offshelf surface
current maxima occurs along cross section C3 in the fine
compared with coarse grid calculation (compare Figs. 9¢
and 8c). However, these values are still below those ob-
served by Sherwin (1988) in this region. This may be due in
part to the fact that Sherwins observations were at slightly
different locations (of order 50 km away) and this will in-
fluence comparisons in regions of high spatial variability.
The existence of multiple surface maxima in the shelf edge
region is shown in XD98, although their magnitude is less,
and their lateral extent larger, suggesting that the internal
wave energy that propagates into the ocean in the XD98
calculations may have spread in the horizontal. In theory
the internal tide propagates offshore along ray paths which
must be resolved on the grid. If lateral resolution in the
ocean is coarse (Fig. 2), then these ray paths are not re-
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solved and energy is not focused along well-defined beams.
With improved resolution (XD98) compared to the coarse
grid model (Fig. 2), the ray paths are better represented and
regions of surface maxima are resolved, although there can
be some lateral spreading. With enhanced resolution (be-
yond that in XD98) (Fig. 3), ray paths and regions of sur-
face intensification are resolved. In addition, with enhanced
horizontal resolution, the shelf slope can be more accurately
resolved provided a detailed depth survey is available to
match the grid resolution. As shown by Xing and Davies
(1999), as smaller scale cross—shelf variations of topography
are resolved along the shelf edge, the number of internal
tide generation points increases leading to a significantly
more complex cross—shelf distribution of the internal tide.
In the case of the along—shelf variation of the internal tide,
Legg (2004a) showed a local intensification of the nearbed
internal tide on the same length scale as the along—shelf
corrugations in topography. This suggests that to repro-
duce these small-scale variations, the mesh size needs to be
significantly smaller than the dominant length scale, of the
fine scale undulations in topography. Differences in inter-
nal tidal current magnitude compared with Sherwin (1988)
will also be due to the differences in the density field, sug-
gesting that for a detailed model/data comparison an ex-
tensive survey of the density field with sufficient resolution
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to match the model grid is required. However, as shown by
Xing and Davies (1997c) short—term wind effects can mod-
ify the density field and thereby influence the internal tide
and its interaction with the wind (Davies and Xing 2003).

The presence of a region of enhanced current amplitude
along the shelf slope (Fig. 9¢) computed with the finer grid
compared to previously (Fig. 8c) further illustrates the ben-
efits of using enhanced resolution in the shelf slope region.
This bed enhancement was also found in XD98 with their
finite difference grid.

The internal tide at cross section D1n (Fig. 9d) computed
with the finer grid shows a significantly larger surface and
bed enhancement in current amplitude above the seamount
(Fig. 9d) than found previously (Fig. 8d). Also the lateral
extent of the region of enhanced u surface current amplitude
(Fig. 9d) exceeds that computed with the coarser resolution
(Fig. 8d).

Further south at cross section Dlc, again above the
seamount there are regions of surface and nearbed en-
hancement of current magnitude separated by a region at
about z=500 m where the magnitude is a minimum (Fig.
9¢). In addition, surface current magnitude in the region
between the shelf break and the surface maximum above
the seamount is enhanced above that found in the coarser
grid solution (Fig. 8e). The magnitude of the maximum
currents in this surface layer exceed those given in XD98,
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where the region of maximum surface currents was spread
over a larger area. The region of rapid spatial variability
in amplitude contours on the eastern side of the seamount
was not found in XD98 probably due to lack of resolution
in this area.

Contours of current amplitude in the near bed region
both along the eastern side of the seamount and in the shelf
slope region show significant small-scale variability, sug-
gesting that these boundary layers cannot be adequately
resolved. The inability of the model to resolve these bound-
ary layers gives rise to a Gibbs type effect and an increase in
energy on a length scale comparable to the mesh size in the
model. This effect was found by HDO05 in the wind—forced
internal wave field on an irregular grid, and could only be re-
moved by increasing the coefficient (C) in the Smagorinsky
formulation of horizontal momentum diffusion. The effect
of changing this coefficient is examined in the next section.

Contours of tidal current amplitude at cross section D1s
show (Fig. 9f) similar large—scale features to those along
Dlc, (Fig. 9e). However, significantly smaller scale (of the
order of the grid scale) oscillations of a nonphysical nature
are present. As with cross section D1c, the influence of the
Smagorinsky coefficient C upon these will be examined in
the next section.

The effect of refining the grid in the region of cross sec-
tion D2 is to increase the amplitude above the seamount in
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the nearbed region (Fig. 9g) compared to the coarser grid
solution (Fig. 8g). The corresponding maximum at the sur-
face does, however, show small-scale variability (Fig. 9g)
compared to that found previously (Fig. 8g). The surface
maximum above the shelf break, and the local maximum at
a depth z=1000 m along the shelf slope (Fig. 9g) are signif-
icantly larger than found previously (Fig. 8g) or in XD98,
reflecting the improved resolution in the present calcula-
tion. The influence of increasing C upon the current distri-
bution along cross section D2 will be examined in the next
section.

4.2. Influence of coefficient C' upon baroclinic tidal
current distribution

In this calculation (Calc 5, Table 1) the fine grid distribu-
tion was used, although the coefficient C in the Smagorin-
sky formulation of horizontal viscosity was doubled from
its previous value to C=0.56. Along cross section C1 the ef-
fect of increasing C had little effect upon the distribution of
tidal current amplitude contours (not shown), except for a
slight reduction in maximum values in the near bed region
along the shelf slope. At this cross section the tidal current
shows a fairly smooth change (Fig. 9a) from ocean to shelf
that appears to be well resolved. At cross section C2, away
from the shelf break and shelf slope a fairly smooth varia-
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tion of tidal current amplitude occurs which is not signifi-
cantly influenced by the increase in C (compare Figs. 10a
and 9b). However, at the shelf break and particularly along
the shelf slope at z=1200 m, there are some rapid small—
scale changes on the grid scale of the model in the tidal
current amplitude above the bottom boundary layer (Fig.
9b). These appear to be physically unrealistic in that there
are no small-scale variations in bottom topography in this
region. Also they appear just above the bottom boundary
layer and suggest a Gibbs type numerical problem in fitting
arelatively smooth current profile to a high sheared bottom
boundary layer. If they are physically realistic, and due to
wave trapping or reflection they are of such a small scale
that they cannot be accurately resolved on the present grid
and need to be removed by a scale—selective filter, before
they destabilize the solution (see HD05 for more details of
the numerical problem). The effect of increasing C is to re-
move these ripples giving rise to a smoother and resolvable
distribution (compare Fig. 9b and Fig.10a). A similar ef-
fect of increasing C was found along cross section C3, (not
shown) where small-scale inadequately resolved variations
along the shelf slope were removed.

In the region of the Anton Dohrn Seamount, considered
here in terms of cross sections Dlc and Dls, the effect of
increasing C is to reduce the small-scale variations along
the eastern side of the seamount and the shelf slope (com-
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pare Fig. 9e, f with Fig. 10b, ¢). Although increasing C in
this case does reduce the small ripples, leaving the large—
scale features essentially unchanged, it is evident from Fig.
10b, ¢ that some small-scale spatial variability does remain.
This may be realistic in that as shown by Xing and Davies
1997a, 1999, small-scale topographic features along shelf
slopes give rise to the local regions of internal tide genera-
tion. In this case a further grid refinement to that shown in
Fig. 3 is required to increase the accuracy of the solution
in these regions.

In a final comparison, cross section D2 was examined. As
previously the increase in C removed small-scale features
particularly along the shelf slope region (compare Fig. 10d
and 9g) without affecting the large—scale pattern. Obvi-
ously to improve the accuracy of the solution in the region
of rapid changes in shelf slope, a finer horizontal grid would
be required.

5. Concluding remarks

The QUODDY finite element code with both a coarse
and fine grid (in which the grid was refined in the shelf slope
region) has been used to compute the three-dimensional
baroclinic tide in the Malin-Hebrides shelf edge region off
the west coast of Scotland. This region was chosen because
it has a significant internal tide and was the area of a recent
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measurement study. In addition the internal tide besides
being generated along the shelf slope is also produced along
the slope associated with two offshelf seamounts. These ad-
ditional sources of the internal tide, plus spatial variations
in the orientation and slope of the shelf edge provide a good
test of a variable resolution grid model. A detailed solution
is also available from a regular grid finite difference model
of the region (XD98) with which irregular grid solutions
can be compared.

Initial calculations showed that for the three-dimensional
barotropic tide there were no substantial differences be-
tween the coarse or fine grid solutions and that of XD98.
This can be understood in terms of the long wavelength of
the barotropic tide and that it is accurately resolved with
all grid resolutions used. When stratification was included
it had a negligible effect upon surface elevation, although
a baroclinic internal tide was produced. The spatial distri-
bution of surface baroclinic tidal current ellipses showed
that it was primarily generated along the shelf edge and in
the region of the seamounts, with some propagation away
from its generation region. A more detailed discussion of
this with appropriate energy flux vectors and distributions
is given in XD98. Comparison of time series of baroclinic
tidal current profiles over two tidal cycles from west to east
along a cross section through the Anton Dohrn Seamount,
and from south to north along the 500 m depth contour
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showed significant spatial variability. At some locations
differences between the coarse and fine grid solutions were
evident. The differences between the solutions and that
given by XD98 were quantified by comparison with current
observations in the region.

To examine the effect of grid resolution in more detail,
contours of u—current amplitude of the baroclinic tide were
plotted along the same cross sections as in XD98. These
showed that the coarse grid solution could not reproduce
the surface intensification of the internal tide or the re-
gions of local generation along shelf slopes. However, the
surface intensification was reproduced with the finer grid
model which showed regions of stronger intensification than
those found by XD98. This suggests that the finer mesh
finite element model is more accurate in generating and
propagating the internal tide than the finite difference grid
used in XD98. However, in some generation regions, along
steep slopes there appeared to be some physically unrealis-
tic small-scale waves in the finite element model that had
to be removed by increasing the coefficient in the Smagorin-
sky formulation of horizontal eddy viscosity.

The intercomparison of the finite element model with two
different horizontal grid resolutions and the finite difference
model of XD98 presented here demonstrates a number of
points. In particular, it shows that the finite element model
can reproduce the internal tide off the west coast of Scot-
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land, provided a sufficiently fine grid is used in the gener-
ation regions, and the adjacent sea regions into which the
internal tide propagates. The ability to refine the mesh in
regions where higher resolution is required is a major ad-
vantage over a regular grid. However, a rapid local refine-
ment as shown by HDO05 can affect internal wave propaga-
tion leading to increased energy at small scales that must
be removed by an enhancement of a local scale—selective
filter such as the Smagorinsky form of horizontal viscosity.
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