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Addendum
Page 68, add to Figure 8 caption:
The directionsof the currents shown in (a) correspond to the peak flood

tide and the phase of the given constituent. In (b) the figures
in brackets correspond to mid-depth current measurements.
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1. INTRODUCTION

Sediment is moved by tidal currents and to a lesser extent by the
oscillatory currents and mass transport effects due to surface gravity waves.
The object of this report is to describe the tidal and residual current
circulation patterns in Swansea Bay (see Figure 1) and in particular to
determine the role they play in transporting sediment towards or away from the
foreshore on the E side of the Bay. However a complete description of the
current system in the area should include a consideration of wind driven currents,
surge currents and density currents. Therefore the effects of meteorological
forcing and salinity and temperature on the water circulation are also evaluated.

The tidal dynamics of Swansea Bay are essentially those of the Bristol
Channel with flow patterns and magnitudes being influenced by bathymetry and
coastline geometry. It is beyond the scope of this report to review in full
the physical oceanography of the Bristel Channel and reference should therefore
be made to the review articles by Cooper (1967), Pugh et al (1971/72) and
NERC (1972). More detailed accounts of recent work are given in Heaps (1964),
Abdullah et al (1973), Hamilton (1973), Bennett (1975) and Robinson (1978).

The area being studied is characterized by a high tidal range (9.5m) and
maximum surface currents of the order of 1.5m s_1. The bottom is>gent1y
sloping, the depth increasing over a distance of 15km in an offghore direction
to only 25m below Chart Datum on the outer edge of the study area. The
sediments are generally fine sands (100 - QOgﬁn\) interspersed with muds and

silts.

2. THEORETICAL CONSIDERATIONS

2.1 Tidal dynamics

Tidal oscillations in the Bristol Channel are usually considered (eg Defant
(1961); Proudman (1953) to be co-oscillations of the tides in the Celtic and
Irish Seas. Thus in the Channel the tidal oscillations may be represented by
standing wave solutions to the equations of motion leading to the times of High
Water in the area being synchronous. However, co-tidal and co-range data (see
Figure 2) show that in general this is not the cace, except for an area on the
N side of the Channel in the vicinity of Swansea and Carmarthen Bays. On the

S shore of the Channel, between Hartland Point and Portishead there is a



progression in the times of HW, with HW at Portishead lagging that at Hartland
Point by about 90 minutes. Therefore tidal oscillations in the Bristol Channe’
may be viewed as a mixture of standing and progressive wave components. The
phase relationship between surface elevations and currents in each of these
cases is different.

The earliest theoretical treatment of the tides in the Bristol Channel
was carried out by G I Taylor in 1921. Noting that the breadth () and
depth (A) of the channel varied linearly with distance (=) along its axis (see
Figure 2), Taylor obtained a solution of the linearized equations of continuity

and motion
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Here.r is the height of the sea surface above its undisturbed level, @ is the
acceleration due to gravity and,éheuuiAoaxe the breadth and depth a distance
X from the head of the Channel. Thus friction was neglected as were the -
non-linear terms in the equations of motion and continuity (see equations (1)
and (2)). Additionally, Coriolis forces were not considered in (?). Bya

rearrangement of terms, Taylor obtained a solutiaon for (2) af the form

Y= KT § 2(4x%} /(ax)"

where/k'is a constant,uz.represents a Bessel function of the first order and the



wavenumber AR is given by

é = (A’z-xo /Aoy 5 (5

& being the tidal frequency.

It is important to note that the solution (2) obtained by Taylor represents
a standing wave with no net flow of energy into or out of the estuary and with
the phase everywhere the same. However, while Taylor's work gave good
agreement between predicted and observed amplitudes along the Channel it left
unexplained the observed progression in the times of HW (see Figure 3).

As we have already seen, the immediate effect of neglecting friction is to
make the times of HW everywhere the same. Grace (1936) using observed
amplitude and phase relationships, estimated the effects of friction in terms.
of a friction coefficient. However Heaps (1968), in an analytical study of
the tides in the Channel appears to have been the first to include friction in
the equations of motion and to compare both amplitude and phase with tidai
observations along the coasts. By numerically integrating the equations of
continuity and motion Heaps obtained good agreement between the predicted and
observed harmonic constants for the/”éﬁidal elevations. Therefore friction
should be considered as important in modifying the phase of the tide in the
Channel. In many respects Heaps' (1968) results confirm an earlier finding of
Hunt (196L) from a study of tidal oscillations in the Thames Estuary, that the
effect of friction on the tidal oscillations in a wedge shaped estuary is to
introduce a progression in the times of HW along the estuary, while maintaining
the phase difference between currents and elevations as that of a standing
wave. Hunt used the linearised equations of continuity and motion (1) and (2)

with the addition of a frictional term. Thus (2) becomes

JZ?= ‘5_9’_!_(6?» (6)
oé . ox

where C is a linear friction coefficient given by

c=2 . ColUy , U=U(x)e 7
SN A
and Cb is a quadratic friction coefficient of order .002 - .003. In this case

N, A
the usual quadratic friction term ”'u(/A has been linearized. Hunt (196l)



examined the solutions of (1) and (6) for various estuary configurations and
obtained soluticns for the elevation (S) and the current (Z?) which are important
in as much that they indicate a motion which resembles a standing wave with
amplitude and phase varying slowly along the estuary and show clearly that there
is a 7UA2;ﬁmse difference between the elevation and currents.

In contrast to this approach Bennett (1975) has more recently used a
non-standing wave solution to examine tides in the Bristol Channel. Whereas
the classical standing wave solutions are energy conserving with no energy
dissipation, a non-standing wave solution permits an energy flux to be transmitted
into the estuary. Thus by taking a solution to the linearized and frictionless

equations of motion (1) and (3) of the form
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where Jr and.)ﬂ are Bessel functions of the first and second kinds of order 1

and by matching the solution for_r at two places Bennett was able to obtain

the coefficients /b,l42, /b and_4+. Good agreement was obtained with the
observed amplitudes and phases of the elevations between the calibration sections
at Minehead and Worms Head. However, above !Minehead and towards Newport the
agreement was not so good. It is interesting to note however that Bennett's
solution (8) represents a partly progressive and partly standing wave.

More recently Robinson (1973) has reverted to the use of a linearized and
frictionless analytical model to study the effects of a barrage on the tides in
the Bristol Channel and found that while the predicted elevation of the tides
gives reasonable agreement with observation there is a considerable disparity
between observed and predicted currents. This model can of course only
reproduce a standing wave oscillation and is thus unable to reproduce the observed
progression in times of HW along the Channel.

In many respects Robinson's work serves to highlight one of the major
shortcomings of both analytical and numerical models: that is their poor
predictive ability when the amplitudes of tidal streams and residual currents
are considered. Consequently we are still heavily dependent upon observation.

Therefore, although the observed tides in the Channel (see Figure 2)

exhibit both standing and progressive wave characteristics, theoretical



considerations, particularly those of Hunt (196&), lead us to believe that in
this area the tides are correctly described by standing wave oscillations with
the inclusion c¢f friction leading to the observed progression in the times of
HW but at the same time maintaining the correct phase relationship between the

elevation and currents.

2.2 Meteorological forcing
Meteorological factors may affect the water circulation in two ways:
(a) directly by the application of wind stress to tiie sea surface, leading
to a surface drift;
(b) indirectly from changes in sea level which may occur as a result of the
wind piling up water against a coast or as a result of changes in

atmospheric pressure (the 'inverted barometer! effect).

2.2.1 Wind driven currents

In the ocean, wind driven currents, or surface drifts, consist of two
components. These are:

(a) a wind-induced shear current, and

(b) a wave-induced mass transport.

Since surface waves are nearly always present on the sea's surface, even
for moderate wind speeds, it is likely that a contribution from (b) will always
be present in the total drift.

The first detailed theoretical treatment of wind driven currents was that
carried out by Ekman (1905). Since the results of Ekman's theory are referred
to extensively in this report and used as the basis of order of magnitude
comparisons, salient features of the theory have been summarised in Appendix 4.
The wave-induced mass transport effect however predates Ekman's theory quite
considerably and was first predicted by Stokes in 1847. The contributions
that each mechanism may make to the total drift current are now dealt with

separately:

2.2.17.17 Ekman drift
Two factors emerge from Ekman's theory (see Appendix A) which are of some
practical use in making a qualitative assessment of the response of the water

column to meteorological forcing. These are:



(a) the depth of frictional influence given by

4
E ﬂ/‘;??‘*) ‘4 (%)

whereﬁ&jj;the vertical eddy viscosity and-f'is the Coriolis parameter; and
(b) tre ratio of /I/D where A is the water depth.

The depth of frictional influence (D) (see Appendix A for derivation) is
that depth at which for most practical purposes the wind driven shear current has
fallen to an insignificant level. The ratio/\/D is important in determining
the vertical structure of the wind driven current in various types of simple
current systems which may be applied to the open ocean and to shallow coastal
seas.

For values of A/D) 1, which approximates the infinite depth case (see
Appendix A) the wind driven surface current flows at MSO to the right of the
wind in the Northern Hemisphere, and with increasing depth rotates clockwise
and decreases in amplitude until at a depth equal to D it is flowing in the
opposite direction to the surface current and with strength Grﬂgf its value
at the surface. The vertical distribution of these currents is described by
equations (AS5) and is the well known Ekman spiral.

For values ofA/QD'< 1 which approximates the finite depth case (see
Appendix A) the current structure changes progressively as A/D decreases, the
surface current decreasing in strength and becoming more nearly aligned with
the wind for small values of AfD. The vertical distribution of these currents
is described by equations (A8).

Values of the ratio A/D are shown in Table 1. These suggest that the
depth of frictional influence does not become equal to the total water depth
until a wind speed of 8 - 10 m 5_1 is reached. However at wind speeds lower
than this the depth of frictional influence (D) may still comprise a
significant proportion of the total flow depth.

Estimates of the wind driven current in a shallow coastal sea (depth
20m) typical of Swansea Bay, have been calculated using Ekman's theory (equations
AB) and are shown in Table 2 for wind speeds W) up to 20m 5T, The vertical
eddy Viscosity'fﬁgvms calculated using Thorade's (191)) relationship (equations
A12 and A13) and then halved for the calculation in equations AS. This
corresponds in practice to taking the depth mean value of a vertical distribution
of/Yé.which varies linearly from a maximum value at the surface, given by

equations A12 and A13, to zero at the sea-bed. This value was then combined



linearly with a tidal shear flow value of A = 100cm’s™ (calculated from

equation A1l in Appendix A) which corresponds to a tidal current of about

20cm 5_1.

2.2.1.2 Stokes Drift

The slow but continuous forward motion of the particles in a progressive
water wave was first predicted by Stokes (1847). For small amplitude waves
in an infinitely deep frictionless fluid Stokes showed that the water particles
do in fact possess a steady second order drift wvelocity superimposed upon their
orbital motion. This drift velocity is always in the direction of wave

propagation, is known as the Stokes drift velocity and is given by

~24
VS_/E):'éZthe *C. (10>

Here & is the wave number given by A&z @7/A where A is the wavelength,
& the amplitude of the wave and € is its phase velocity given by

c? = 5/4, (11)

where\? is the acceleration due to gravity. At the surface 2 =0 and the
Stokes drift velocity is given by

usl = 4% (12)

For progressive irrotational waves in a finite depth fluid we would expect
the steady forward drift, at various depths, given by equation (10), to be
modified on the grounds of continuity to give a near-bottom return flow.

However, experimental observations have shown that the situation is considerably
more complex than this due to the irrotationality assumption involved in deriving
equation (10). By including the effects of viscosity in a laminar flow model
(see Appendix B) Longuet-Higgins (1953) obtained better agreement with the
observations. In particular in the interior of the fluid Longuet-Higgins
obtained a solution for the drift velocity of the form given in equation B1 of

Appendix B. This theory also predicts a drift velocity near the bed given by

ZC = S alck
< F SoATRA (13)



and furthermore, following observations by Russell and Osario (1957), Longuet-
Higgins (1957) has shown that this laminar case (equation 13) may be extended to
the case of a turbulent boundary laver in which the coefficient of eddy viscosity .
is independent of depth.

Table 3 gives values of the wave-induced Stokes drift velocities at
different depths for a wave period and heights which are typical of Swansea Bay.
These values have been calculated using equation (B1), and may be compared with
the wind induced shear currents shown in Table 2. From Table 3 it is apparent
that the Stokes drift will be in a forward direction, ie the direction of wave
propogation at the surface and at the sea-bed, with a return flow at mid-depths.
In the event of an extreme wave height of 2m (only exceeded for about 20% of the
year - see Fortnum and Hardcastle (1979)) the drift velocities may be of the
order 2 - lLcm s—1. However, a wave height of 1m is more representative and this
would give drift velocities of up to 1cm s_1 throughout the water column which
we would consider typical for the area. These would be about 10% of the largest
wind driven currents (see Table 2).

Strictly speaking estimates of Zg.from the interior of the fluig, obtained
from equation (B1), are only valid for wave amplitudes (a) much lesg than the
thickness of the boundary layer under the wave. Since the létter is likely to
be of the order of 10cm and less, this condition will hardly ever be fuifilled
in practice. This may in turn explain why the drift velocities given in Table 3

do not appear to exhibit continuity, particularly at large wave heights.

2.2.2 BSurge currents .

It is beyond the scope of this report to consider in full the very extensive
work which has been carried out on surge generation and propagation. An
excellent review may be found in Heaps (1967) with recent theoretical developments
described fof example by Davies and Flather (1977).

Strictly speaking the term 'storm surge' applies to a raising or lowering of
sea 1eve} produced by the wind and by changes in the atmospheric pressure over
the sea associated with a storm. The precise combination of meteorological
conditions which leads to the occurence of storm surges in British waters have
been described by Lennon (1963) and Heaps (1965) and are reviewed in Heaps (1967).
Suffice it to say that in general when a depression moves over a sea area there
is usually a rise in sea level followed by a fall. However a change in sea level
at any one location may be considered as due partly to changes in atmospheric

pressure and partly due to the action of the wind on the sea's surface.

@]



The change in sea level 4@ due to a change in pressure is given by the

statical law

da = dpa (1L)
€3

vhere d,oa is the increase in atmospheric pressure /% over and above some ambient
level, f’the fluid density andé? the acceleration due to gravity. A decrease
in atmospheric pressure of one millibar leads to an increase in sea level of
approximately one centimetre (this effect being known as the "inverted barometer
effect").

Unless a depression is particularly small, deep and fast moving, changes
in sea level due to the pressure effect (equation 1) are generally small
when compared with those changes which are brought about by action of the wing
on the sea's surface. We have shown already from Ekman's theory in Section
2.2.7.1 and Appendix A of this report that in the northern hemisphere, dependent
upon the ratio of the water depth,ﬁ to the depth of frictional influencelg this
leads to a wind driven shear current in the general direction of the wind, or to
its right in deeper water. Where the motion of the water thus established is
intercepted by a coastline this may lead to a piling up of water against the
coast which for an onshore wind will lead to a positive surge or set-up, and
which for an offshore wind will lead to a negative surge or set-down.

The sea surface gradient which is thus established by an applied wind stress
will set up a horizontal pressure gradient in the water column leading to a
combined current system consisting of the onshore wind driven flow at the surface,
and a compensatory or return flow at or near the sea bed.

To calculate the strength of these currents it is necessary to know the
gradient of the sea surface which is set up in the direction of the wind. This

is given (see, for example, Neumann and Pierson (1966)) by

R= X (15)
€54
where/f is the slope of the sea surface,m is a coefficient which decreases with
increasing depth from the value 3/2 to 1 and.?’is the wind stress. Equation (15)
is Ekman's equation for a stationary slope in an enclosed sea and is the simplest
and most basic equation for storm surge prediction.
If the depth of water is sufficiently great and dependent upon the direction

of the wind relative to the coast, a layer -of frictional influence, analogous



to that at the sea-surface, may form near the sea-bed. The thickness of this
layer is given by Z)*(see Appendix A). The current system may therefore consist
of up to three components. For A> D+D* Ekman's elementary current system is
obtained consisting of a surface current, a deep or geostrophic current and a
bottom current. For a surface current, consisting of a pure drift current the
flow is described by equation (AS) and for a pure slope current in the bottom

layer by equation (A10). Between these layers a geostrophic current given by

Uy~ T (16)
£eA
will be established.

Since O% is the same order as D and we have already shown (see Table 2)
that ), for wind speeds of the order 20m 5_1, is about 5 times larger than the
mean water depth in Swansea Bay, it seems likely that with prevailing SW winds,
the resultant current system would consist simply of a wind driven onshore
component at the surface, and possibly a bottom return flow. We have already
estimated the magnitude of the surface current fromequations (A8)(see Table 2)
and the slope current has been estimated (see Table L) for corresponding wind
speeds using equation (A10).

These two sets of values have been included here as order of magnitude
estimates only and should not be combined since there are no constraints on
continuity implicit in the two derivations given in equations (A8) and (a10).

There are very few observations of current surges in shallow coastal waters
to compare with the predictions given in Table . However Howarth (1975) has
observed current surges in the St George's Channel, of about 20 - 30cm s-1 in
a water depth of approximately 90m. One might therefore expect surge currents
to be of a larger magnitude in shallow coastal waters. Actual measurements of
currents which occurred during a storm surge in Swansea Bay are described in a
later section of this report.

From Tables 2 and L we see that the wind driven currents at extreme wind
speeds of 20m s-1 are of the order 12cm 3—1 whereas the slope currents, which
would result from a wind induced set-up, are about a half of this and of the
order of 6cm s_1. Since no constraints on continuity have been applied these
two estimates are not hecessarily equal.

To summarise this section of the report therefore,we would conclude on a
theoretical basis that meteorological forcing, for typical conditions of wind

speed, wave height and wave period and in a water depth of 20m, is likely to
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make the following contributions to the tidal and tidally-induced residual
circulation in Swansea Bay:
(a) wind driven currents of order 10cm s_1
(b) slope (or surge) currents of order Scm 3‘1

(c) Stokes Drift of order 1cm g
3. METHODS AND OBSERVATIONS

Between October 1975 and November 1977 the Institute carried out recording
current meter observations at a number of locations in the Swansea Bay area
(see Figure 3). These were chosen on the basis that they would provide as
much useful information on the water circulation pattern as possible and
ultimately enable some conclusions to be drawn concerning the directions and
rates of sediment transport. Since we have been concerned here with sediment
transport processes preference was given to making synoptic sets of observations
of the near bottom velocity field. However, where the depth of water was
sufficiently great, observations were also made at about the mean mid-water depth.

The bulk of the measurements described here were made with Plessey M021
recording current meters (see Figure 4) mounted on conventional U-shape moorings
(see Figure 5) although a number of observations were made with Aanderas RCML
current meters. Barly attempts to make near bottom current measurements with
current meters mounted in frames were not successful.

At most locations bottom current measurements were made at a height of 2m
above the sea bed with mid-depth measurements being made at 10 or 12m above the
sea bed. Details of the locations, instrument types, elevations and record
dates and durations are given in Table 5.

The general strategy during these measurements was to operate one current
meter mooring, in a central position, on a long term basis (as a 'control!') and
to make synoptic sets of observations at the other locations under 'summer’
and 'winter' conditions. In this way it was hoped to be able to monitor
transient phenomena (eg storm surges) as well as being able to describe the
circulation under relatively quiescent conditions. Thus observations were made
at Station A over very nearly the full 2-year period, the meter being changed
every 2 months, and observations were also made for up to 3 periods of
approximately 2 months at Stations B - K. In all cases current speed and
direction were recorded every 10 minutes.

Approximately 39,620 hours of useful recording current meter data have been

11



collected and analysed and this, together with meteorological data collected
over the 2-year period (by the Meteorological Office), forms the basis of this

report.
L, TIDAL CURRENTS

Li.1 Harmonic analysis

In order to examine the tidal dynamics of the Swansea Bay area, in
particular the phase relationship between currents and elevation, current
meter records were harmonically analysed using the I0S Bidston computer program
TIRA (Tidal Institute Recursive Analysis). This program, which employs a
least squares regression technique, was used to analyse 29 day data sets, the
optimum length for separating the tidal constituents (see Doodson, 1928), to
produce information on the amplitude and phase of the tidal constituents in
current meter records.

A total of 32 records from Stns A - K have been analysed, using TIRA, for
27 major plus 8 related constituents (see Table 6). The related constituents
are those that cannot be separated in a 29 day record. These are listed in
Table 7. Insufficient tidal data were available from Swansea to use measured
ratios for the related constituents and we have instead used values taken
from the equilibrium tide (see Doodson, 1928).

Edited current meter records with timing adjusted to GMT were corrected
for any timing errors. These in general were of the order + 5 - + 15 s day_1
and therefore close to the manufacturer's stated tolerance of + 10 s day-1 (for
the Plessey MO21 meter). However some large values did occur and these are
indicated, together with timing errors for all the current meter records, in .
Table 5. For records being analysed with TIRA, timing error corrections were
made by a linear interpolation procedure which amounts to stretching or
contracting the record to fit the optimum 29 day period.

The results of the harmonic analyses of the current meter data are shown
in Tables 8 - 10. At Stn A (see Tigure 3), the long term mooring where some
15 records, suitable for analysis with TIRA were obtained, it has been possible
to examine the variability of the amplitude and phase estimates. Thus in
Tables 8 and 9 the means Qu), standard deviations (€) and standard errors (67%/%)
of the amplitude and phase values are given for the principal tidal constituents
in the resolved components W and V of the currents. At Stns B - K where fewer

records were available at each Staion, the amplitude and phase values for the



principal semi-diurnal constituents (Mzand S;) only are given. These results
are given in Table 10.

The amplitudes and phases of the same constituents in the elevations at
Swansea are also shown in Table 11. These were obtained from an analysis of
1 year's tidal records (carried out by IO0S Bidston).

Comparisons of the amplitudes and phases of the /Wh,tidal constituents,
shown in Tables 8 - 11, indicate an 80 - 90° phase difference between elevations
and currents which is the required relationship for a standing wave tidal

oscillation.

;.2 Rotary analysis

Current meter data have been used to construct tidal ellipses for the
constituents of interest using a rotary analysis method (Gonella, 19723
Godin, 1972). This method is described in full in Appendix C.

Current meter records, of an optimum 29 days' duration and corrected for
timing errors, were first resolved into east-west (U) and north-south (V)
components and then harmonically analysed using TIRA for 8 related and 27 given
constituents (see Table 7) and using the equilibrium tide for the related
constituents (this assumes that currents behave in the same way as elevations -
see Rotinson, 1979 for discussion of this problem). From the harmonic analyses
of the Wand V" time series we have obtained sets of amplitudes /{‘and Hv_and
phasesjiﬁnuia;and from this information constructed the tidal ellipses using
the method outlined in Appendix C.

Records from Stations A - X have been routinely analysed in this manner
and typical tidal ellipse characteristics from Station A are shown in Figures
6 and 7. These show the semi- and quarter-diurnal constituents/ﬁ&, S;, Aé
and Kz and M4 and MS4 respectively, in simultaneous records of the current at
2 m and 10 m above the sea-bed at Station A. These diagrams give a good
indication of the degree of rectilinearity of the currents with/!Lellipticities,
that is the ratio 6/4 expressed as a percentage, being of the order of 10% and
less. Figure 8 summises the/%&tidal ellipse data for the mid-depth and near-
bottom currents in the area. In particular the ellipse orientation, tidal
current phase and ellipticities (see Appendix C) are shown. It is interesting
to note that the ellipticity of the near bottom currents has been found
to be larger than that at mid-depth and that the sense of rotation of the
currents is different. In fact over the area as a whole we have found that

the mid-depth ellipses rotate clockwise whereas the near bottom ellipses rotate

13



anticlockwise. This feature has been observed consistently at Station A in the

long term current measurements, and over the area as a whole.

li.3 Non-linear effects

From the tidal ellipse data it has been possible to map out the
distributions of the Mz and 5‘; bottom currents in the area and these are shown
in BFigure 9. Broadly speaking the dynamics of the /7zand S}(ﬂuzents are
similar with ratioﬁ}lﬁﬂa not varying by more than about 10% from a mean value
for the area of .39 which compares with a figure of .36 for the same ratio in
the elevations (see Table 11). The/~5;and é} contours do, however, illustrate
the horizontal non-uniformity of the flow. From the ellipse orientation and
amplitude data shown in Figures 8 and 9 we can see that currents flowing into
and out of thearea undergo considerable acceleration and deceleration on the
W and E sides of the Bay respectively. These spatial accelerations lead to
important non-linear effects in the currents which in turn have special
implications for sediment transport.

The depth integrated equations of motion and continuity, including the

effects of friction and Coriolis forces may be written (see Heaps, 1978) as

Cji? + 51'0’i>:¢ Ifb’lf 7[1f=-—-:7¢9f' S, i?[i?‘;.i;*)o&
dé‘ d?‘ 0)3 Ix A+ 3.

#* /dzz? + ala)

- :""z al o

o 4 ﬁa’V4Vdv+7/u__5dy ¢, Pl
o¢ ox ’(‘.r

* v 27 -+ a"V

A/a*z dy -

and

a:+ 20 (4318} + a{mr)v} (18)

zziandi;'are now depth mean currents and inequations (17) and (18) wind stress
and atmospheric pressure gradient effects have been neglected.

It is a relatively simple matter to show that the equations of motion
and continuity contain three sets of non-linear terms which generate tidal

harmonics, M ,/1‘, Moy e ieniean ...etc in the currents. These are
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A A -
the advective terms 124 O_’_R' ete
ox
/
A, AL
the frictional terms COM) ete (19)

A+ §

A
the shallow water terms 5_’ (/( +r) u etc
%

In particular in shallow shelf seas the4”1;tida1 component is likely
to be large and to play an important role in determining the direction of
sediment movement (see Pingree and Griffiths, 1979; Hunter, 1979).

An order of magnitude analysis of these terms, assuming a purely one
dimensional flow on the E side of the Bay (a region showing marked spatial
accelerations) shows (see Table 12) that the friction term is likely to be the
most effective non-linear term in the equations of motion. These calculations
were based on the co-tidal and co-range data shown in Figure 2 and the/ﬂzamd
Sé tidal current amplitudes shown in Figure 9.

The distribution of\ﬁ14tidal currents (Figure 10) shows that these are
largest in areas where the advective or spatial acceleration terms and the
friction terms are likely to be greatest. In general, Figure 10 shows that
the/‘t;/?%iratio in the currents increases to a maximum of about .15 in the
shallower water nearer the coast. This is about an order of magnitude larger
than the same ratio in the elevations which is about .017 (see Table 11).
These differences serve to illustrate the importance of the non-linear terms
in the flow of tidal currents near coasts, particularly in bays and in the
vicinity of headlands.

From the tidal ellipse information we may also examine the distribution
of currents over the Neap~Spring cycle. However, since sediment transport
varies at high transport rates as tl*eund since tidal mixing varies as Zﬁf/%
(see Robinson, 1979),where Ll'is the friction velocity and Z[o the tidal stream

amplitude, it is instructive to look at the distributions of the currents as

(MZ - SZ )3 Neaps (20)
(MZ + S?-)? ' Springs (21)
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In general, the ﬁ11and S} tidal ellipses have very nearly the same
orientations and we therefore carry out an arithmetic addition of the/”b_and.g
tidal currents. Figure 11 shows that at any one location in the Bay we may
expect tidal mixing or sediment transport to undergo an order of magnitude
variation over the Neap-Spring cycle. Furthermore, since the dissipation of
tidal energy by friction is proportional to Ah y We may expect the dissiration

of' tidal energy to undergo a similar variation.
5. RESIDUAL CURRENTS

The tidally induced Lagrangian residual velocity, Z(;will consist of two
components given (see Longuet-Higgins, 1969) by

Z(L = i_{-‘-l-u} (22)

where & is the Eulerian residual, ie the residual current which we measure at

a fixed point, and &g the Stokes velocity given by

a0 g-/”dé‘g‘f: (23)
where the integration is taken over a tidal period and the overbar denotes a
time average over one or more tidal cycles. .
Longuet-Higgins (1969) has shown that this term is of order l?*(?*}&f)
where 7~ and Z are time and length scales associated with the current. By
taking the time and distance between co-tidal lines in Figure 2 it is possible
to estimate 7%( in the area of interest. Taking7: 600s andeZ = 15km gives
a/?‘//,]?. .000Ls cm-". Thus with 2€% 50 cm s_1 we have O/Z(:)‘! .0lcm 8—1
which as we shall see is generally much smaller than the measured Eularian
residuals. This result is confirmed by investigations of the residual
circulation in this area using numerical models (Owen, 1979) which show little

or no difference between the Eularian and Lagrangian residuals.

5.1 Residual circulation

To obtain the Eularian residuals we have applied a digital filter to the
current meter data to eliminate the tidal currents. Doodson's (see, for
example Groves, 1955 and Appendix D of this report))('D filter was chosen for
this purpose. Similarly to Hill and Ramster (1972) we have found (see Figures
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12 and 13) that this yields similar residual flow estimates to those obtained
from a 2Lhr 50min average., However we have used Doodson's J*;filter in
preference since its tidal suppression characteristics are well determined
(see Pugh and Vassie, 1976). Therefore vector time series of current speed
and direction were resolved into £ and A flowing components, A and ¥ respectively,
and the )2 filter applied to hourly arithmetic averages of W and V to yield
filtered estimates every 2l hours. The component values were combined to
yield daily residual flow estimates centered on 1200 GMT each day.

The magnitudes and directions of the measured residuals are summarised in
Figure 1 and Tables 13 and 1lk. It is emphasised that these are Eularian
residuals and that they relate only to the net flow of water through the point
at which the current was measured. Tables 13 and 14 show that the measured
residuals vary from about 8cm s'-1 offshore to about .5cm s-1 close inshore.

Four interesting features emerge from the residual circulation pattern
shown in Figure 1,. These are:

(a) the area of low residual currents in the area between Port Talbot and the
river Neath;

(b) the area of divergence in the residual velocity field between Port Talbot
and Sker Point;

(c) the presence of a large clockwise eddy in the mean circulation over the
Scarweather Sands with near bottom convergence and mid-depth divergence
to the N and S of the Bank; and

(d) the reversal with depth of the mean circulation near Mumbles Head which,
as we shall see later, is possibly related to the presence of density
currents.

All four features have important implications for sediment transport in
the area. In particular the large eddy, having a horizontal extent of so-ut
10km and occuring in a region of high tidal energy, may be responsible for
maintaining the Scarweather Sands and related Banks in their present positions
and is therefore an area in which relatively coarse material accumulates.
However the area of divergence off Port Talbot is an area of low tidal energy
(see Figure 9) and low net transport and therefore an area in which fine
material is likely to accumulate.

While the observations shown in Figure 1|, confirm the presence of the
gross features predicted by numerical models of the residual circulation in this
area (see Owen, 1979), there are important differences in both the magnitude

and direction of observed and predicted residuals at some locations.
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Furthermore,depth averaged numerical models are unable to account for the
vertical structure of the mean currents. Figure 14 shows quite clearly that
at some locations the near bottom residuals can be in quite different directions
to those at the mid-depth level. In fact at Station A, the long term mooring,
they are in almost completely opposite directions. This behaviour has been
consistently observed in the measurements taken at this location (see Table 13
and Pigure 15) over the 2-year period with different instruments and is
therefore considered to be a genuine feature of the flow. Indeed, the only
occasions when this behaviour has not been observed seems to be during periods
of strong SW winds or storm surge activity. This aspect of the circulation
is discussed in a later section of this report.

As previously mentioneq the observed veering in the mean circulation at
Stations A and D (N and S of the Scarweather Sands) occurs as a result of the
large eddy shown in Figure 1l. Such a feature requires a source of vorticity
(Tee, 19762 and Pingree (1978) has recently shown that tidal stream curvature
past headlands is capable of generating the required vorticity, and furthermore
by comparisons with purely circular motion, in which the effects of the earth's
rotation and bottom friction are included, leads to convergence and divergence
effects near the sea bed and at the surface. The current meter observations
from Swansea Bay support this finding, but this aspect of the work is considered

beyond the scope of this reportand is not Ciscussed further.

5.2 Variability in measured residual currents

Good estimates of the residual current may be obtained (see Hill and
Ramster, 1972; Howarth, 1975) by applying 2Lhr 50min running means to the 10
minute values of current speed and direction to produce smoothed progressive
vector plots. Examples are shown in Figures 15 and 16 and E1 to E11 inclusive.
However, it is apparent from some of these measurements that there is considerable
variability in both the strength and the direction of the residual flow (for
example the residual flow at Stn B shown in Figure E2.2 of Appendix E).
Under these circumstances we need to consider the significance of the residual
flow speed and direction estimates. It is obvious that a greater reliability
may be placed on residual currents derived in this manner when the residual 71~y
is consistently in one direction and large, for example Station E shown in
Figures E5.1 - E5.3, where the residual flow is of th2 order 8cm s_T.
However where the residuals are low, eg 1cm s-1 and less, we may expect the

uncertainty in direction and speed to be greater. In this study we have
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examined the variability of residual currents as follows: daily estimates of the
residual current were calculated using Doodson‘s4X;iilter and the variability

in the direction and speed of the residual flow estimates examined separately.

5.2.1 Variability in direction

We have used a steadiness factor (&) (for discussions see Ramster et al,
1978) to evaluate the variability of the residual currents illustrated in
Figures 15 and 16 and Tigures E1 - E11. The steadiness factor is simply the

ratio of the vector mean to the scalar mean, expressed as a percentage, in a

progressive vector plot. Expressed mathematically
&= 1% 0%, (21,)
2

whereZ?is the vector mean residual current.
Values of & are given for each residual flow measurement shown in Tables
13 and 14. Examples of typical progressive vector plots with their associated

ngalues are shown in Figures E1 - E11. These show that where the residual

flow is always in the same direction, without deviation,lE!l::]Ef' and
& - 100%. However where the direction varies the value of & will decrease

and in this case less confidence can be placed on the direction estimates.

5.2.2 Variability in speed

This has been assessed by examining the resolved components of the residual
currents and expressing the variability in terms of the standard errors

O o=
@ M % (25)

of the north-south east-west components of flow,where/V.is the number of
independent samples entering into the overall mean for a record. Values of
ng';> and OE;,) are tabulated in Table 15 and show clearly that less confidence
can be placed on the low residual flow estimates (eg Stations B and G) where the
standard errors (25) may be as much as 50% of the mean. The brackets < D
indicate the means of the N daily mean residual flow estimates in each estimate
of Ziox'i;.

Tables 13, 14 and 15 may be used to estimate the variability in the mean
circulation pattern which is summarised in pigure 1. From these data it is

apparent that the tidally induced residuals off headlands and in the vicinity of
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the offshore banks (eg Stations A, C, D, E and F) are fairly consistent features
of the mean circulation, whereas close inshore, for example Stations B and G,
there is likely to b2 considerable variability in both the speed and the direction
of the residual flow estimates (see Figures E2.2 and E7.1 for Stations B and G,
much of which may be due to meteorological effects and/or the effect of density

currents (see later).
6. METEOROLOGICAL FORCING

As mentioned previously in this report the water circulation in shallow
coastal waters is likely to be influenced by meteorological forcing, that is by
the action of the wind on the sea's surface and by changes in atmospheric pressure.

The information that may be gained about these motions from shallow water
current measurements is ostensibly limited by the uncertain response of
conventional rotor-vane current meters to surface wave activity (see for example
Hammond and Collins, 1979). However we will show later that this is not as
serious a problem as it might appear at first sight, and that it is possible to
make a number cf general deductions from observation and theory which indicate
how the mean circulation in Swansea Bay might vary with differing meteorological
inputs.

As we have already seen in Section 2 the action of a wing blowing towards a
coast across shallow water is to pile up water against the coast (wind set-up).
This will set up horizontal pressure gradients leading to a seaward flowing or
slope current at or near the sea-bed which, dependent upon the depth and the
wind speed, will be in some kind of geostrophic balance (see Appendix A). In
the case of Swansea Bay, prevailing winds are from the SW and we would thus
anticipate a wind set-up effect during these periods. It is possible to
determine the order of magnitude of the components in the resulting current
system although as previously noted (see Appendix A),precise estimates are made
difficult by the uncertain nature of the eddy viscosity coefficient Qﬂé) in the
wind mixed surface layer and in the tidal current. Using Ekman's theory
(described in Neumann and Pierson, 1966) we have already estimated the wind
driven surface currents and the slope currents for wind speeds of up to an
extreme value of 20 m s-1.(This value was exceeded during a storm surge in
November 1977.) These results are summarised in Tables 2 and L4 and show that
for moderate wind speeds (about 10 m s—1) the shoreward flowing surface currents

are likely to be of order 10 cm s—1, with predicted slope currents of about



5 cm s-1. Clearly no attempt has been made here to preserve continuity

since this would require precise specification of the bathymetry and coastline
geometry and such calculations are beyond the scope of this repdrt. However
the estimates do enable an order of magnitude comparison to be made between the
current system induced by the wind and the tidally induced residual currents .
Ti..sshows, for example, that for an extreme wind speed of 20 m s-1 the current
systemn consists almost entirely of a shoreward flowing current of the order of
12 cm s-‘l (see Table 2) which must turn along the coast at the shore to maintain
continuity. This estimate gives a reasonable upper bound to the effect of
meteorological forcing.

We have already seen that in a general way we may examine the effect of an

applied wind stress at the sea-surface in terms of the ratio of the water

depth (A) to the thickness of the layer of frictional influence (@) which,
notionally at least, is that depth below which the wind has little or no effect.
D may be calculated from Ekman's theory. Table 1 shows how this ratio varies
with wind speed (A4évarying with wind speed also) and that for a water depth (A)
of 20 m (typical of the centre of the Bay) D becomes equal to A at a wind speed
between 8 and 10 m s—‘| and that above this range of values the ratio A/ falls
off rapidly indicating that the wind's effect is increased throughout the

water column.

0.1 Storm surge of 11 November 1977

Observations show that the situation may be considerably more complex than
that which has been described previously. During 1977 it was possible to make
current measurements during a particularly severe storm surge whichoccurred on
11 November 1977. Daily filtered residual flow estimates, obtained using
Doodson's A;,filter, have been compared with daily mean wind speeds, residual
tidal elevations and atmospheric pressure data. Figure 17 shows a 90 day set of
these variables, wind speed_(ﬁb having been plotted as'ivrﬂth parameterize wind
stress. Current measurements and wind speed data have been resclved into a
frame of reference (see Figure 18) giving alongshore and onshore-offshore
components of the residual current and daily mean wind speed ZZ,,i;, iz and.i;
respectively. The storm surge of 11 November 1977 is clearly indicated in
Figure 17. This followed the usual pattern for surges on the W coast of the
British Isles (see Graff, 1978) leading to a 1.l m surge being recorded at Port
Talbot. Figure 17 shows that during the storm surge and for the 10 days or so

preceding it there is a progressive change in the residual flow pattern
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culminating in a peak residual flow of the order of 10 cm s_1, at 2 m above the
sea-bed, which is nearly three times larger than the quiescent flow value (see
Table 13). The peal occurs about one day later than the surge.

The effect of the storm surge is perhaps best illustrated in the progressive
vector diagrams for this period which are shown in Figures 19 and 20 and which
show a pronounced change in the direction of the residual flow, at both depths,
at the time of the surge. The result is unusual in as much that the flow in
this new direction persists for some time after the surge. However we should
note that although the wind from the SW gradually diminished after the surge
there was a relatively prolonged period of strong NW winds following it, and we
will show later that it is these winds have the most pronounced effect on the

circulation.

6.2 Regression analysis

The data set shown in Figure 17 was subjected to a multi-regression
analysis, the results of which are summarised in Table 16. This has shown that
the only significant correlation over the entire period occurs between the
residual elevations (gi) and atmospheric pressure (ég) which were significantly
correlated at the 5% level with a negative correlation coefficient of -.7h.
Figure 17 illustrates this effect (the"inverted barometer effecfﬁ clearly, with
the observed tides being about .2 m higher than predicted at times of low pressure
and about .2 m lower at times of high pressure. It is also worth noting in
Table 16 and Figure 17 the high degree of correlation which exists between the
residual currents at different depths.

During periods of strong SW winds the "inverted barometer effect is likely
to be complicated by the effects of wind set-up and Hgure 17 does indeed show
- that during storm surge there is a much less clear correlation with atmospheric
pressure and in fact during the 2 - I days following the surge the observed
tides were lower than predicted even though the atmospheric pressure was low.
This is dug we believg to a wind induced set-down as a result of the prolonged
period of NW winds following the surge.(see Figure 17). In fact the residual
elevations shown in Figure 17 indicate that a period of wind set-up is followed
very rapidly by a period of set-down which appears to generate the large residual
currents of order 5 - 10 cm s_1. Multi-regression. analysis on the last 18 days'
data (day 60 onwards) isolates this effect. These results are summarised in
Table 17 and show significant negative correlations between the residual currents

and the wind stress and residual elevations. The presence of the negative
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correlations in Table 17 would suggest that the residual circulation in Swansea
Bay is influenced by wind induced set-up or set-down, but that following the
storm surge of November 1977 the prolonged period of NW winds lead to a set-down
in the head of the Bay which in turn generated the strong shoreward flowing
residuals shown in Figures 19 and 20.

If this is the case the observed residual currents are in reasonable
agreement with the theoretical predictions for slope currents described previously
in this report (see Table L) and in Appendix A.

It is worth noting that no significant correlations were found between
the residual currents and wave height which was included as an independent
variable in the multi-regression analysis (see Tables 16 and 17). However
this does not exclude entirely the possibility of waves having influenced the

current measurements.
7. SALINITY AND TEMPERATURE

7.1 Surface salinity distribution measurements

Surface salinity (data supplied by the Welsh National Water Development
Authority) (see Figure 21), indicate that there are appreciable horizontal
gradients of salinity (see Figures 22 and 23) arising from the freshwater
discharges into the Bay and these gradients persist throughout the year.
Furthermore, the summer and winter patterns are consistent with the seasonal
variations in the outer Channel and Celtic Sea reported by Bowden (1955) and
Hamilton (1973). These show an intrusion of the more saline and oceanic water
into the Channel during the winter possibly as a result of an increase in the
wind driven currents. In fact the 33%sischaline is almost completely absent
from the summer distributions shown in Figure 22 but appears prominently in the
winter pattern shown in Figure 23.

It is also apparent from the salinity and temperature data that there is
considerable vertical stratification.at the head of the Bay which persists
throughout the tidal cycle (maximum temperature differences between surface
and bottom being of the order .SOC). The salinity data in Figure 2l shows that
even at Station A where the peak mid-depth tidal currents are of the order
50 cm s_1 there is still evidence to suggest that weak vertical stratification

persists over the tidal cycle.
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7.2 Density currents

On the basis of the salinity distributions shown in Figures 22, 23 and 2.,
we would expect density currents to play some part in the non-tidal circulation
of the Bay. To estimate their effect we have used the analytical solution
obtained by Heaps (1972) to investigate density currents in Liverpool Bay, and
later Ly Hamilton (1973) to study the circulation in the Bristol Channel.
Full details of these calculations are given in Appendix F.

In order to calculate the density currents, it is necessary to know:
(a) the isopycnal (lines of constant density) spacing;
(b) the freshwater discharges into the Bay.
Using the tidally and depth averaged data from Stations A, B and G (see Figure 2l)
it is possible to estimate the isopycnal spacing and their approximate
orientation. Figure 25 shows that these are orientated towards the head of the
Bay, that is towards the source of the freshwater discharge. However, we
should note that these conditions do not appear to entirely agree with those
implicit in the solution of the dynamical equations given by Heaps, which requires
that the isopycnals be parallel to the coast and that there be no lateral
constraints on the resulting flow. However, despite this reservation, we feel
that the isopycnal spacing gives a representative estimate of the density
currents flowing on section.X,Xzin Figures 25 and 26.

The solution of the dynamical equations for a steady state (that is
neglecting tides and all other variations with time), and now taking Uand V~

to be the density current components, gives (see Appendix F)

oo+ £%. A (26)

(27)

/f,/i ,/f'xand/;are all functions of depth@, total depthA , the Coriolis
parameter7(, eddy viscosity/Ké and friction coeffipient(? as given by Heaps
(1972) and shown in Appendix C. HereZd andV are defined in a left handed
system of co-ordinates with 2 positive downwards (see Figurés 25 and 26).
Equations (26) and (27) thus contain two terms which influence the velocity
field; these ared of which represents the effect of the modified density
¢ 2= £a

field on the nearshore velocity field,and c which represents the direct effect
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of the freshwater discharges on the nearshore velocity field.

//c’_ [Je/ax) may be evaluated from the isopycnal spacing shown in
Figure 25. 2 is evaluated by dividing the freshwater discharge rate to the
Bay by a representative length of coastline. The bulk of the discharge from
all the rivers between Mumbles Head and Sker Point (see Stoner, 1977) is
prcvided by the Rivers Tawe, Neath and Afan which together discharge about
30 m3 s,-1 over a 20 km length of coastline. In Appendix F it is shown that

4. is small and of the order 10_2 cm s—1, a value similar to that obtained by
Heaps (1972) for Liverpool Bay.

In order to evaluate & and V from equations (26) and (27) it is necessary
to parameterize the variations of the eddy Viscosityyzalong the section
shown in Figures 25 and 26. The procedure adopted by Heaps (1972) ang
Hamilton (1973) and which has been followed here is to hold the ratio C"{/A’é

as a constant, that is

A= CA/N.E = constant, (28)
where € is a linear friction coefficient.
This is not an unreasonable assumption in view of the evidence presented
by Heaps (1972) which shows that the depth integrated and tidally averaged values
of the eddy viscosityA./‘ may be given on dimensional grounds by

Na = MTA (29)

whereM is a constant, Zf, is the tidal stream amplitude and £ is the depth.
Note: this relationship has already been used in connection with wind driven
currents (see equation A1L in Appendix A)). Bowden et al (1959) found that
M varied between 1.49 x 10-3 and 2.83 x 10-3. From current measurements at
Stations A and G on sectionX,Xz (see Figure 26) a representative value of r/ o8

-1 - )
may be taken as 25 cm s  and taking a mean value of M= 2.16 x 10 3 and

-1 R
C = .2 cms cives

[E (30)
AR
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This value of Mis slightly lower than that given by Bowden (1953) but is
perhaps more representative of changes over the tidal cycle in the

area as a whole. Similarly to Heaps (1972) we have calculated
A and V7, see Appendix F and Table 1& for values of A = 1, 2 and ). In a
water depth of 14 m these values of A would correspond to M; values of 280, 1,0
and 70 cm2 s_‘| respectively. Similarly to Heaps (1972) we find that this
range of /1 values is realistic and probably accounts for most of the variation
in tidally averaged /%évalues along the section.

Figure 27 shows the speeds and directions of the resultant surface and
bottom currents Vi and szmspectively, along the section for different values
of N and Figure 28 shows the & and V profiles at a position midway along the
section for a value of A = L. The salient features of the density current
field are:

(1) the strong alongshore component of the surface current, towards the W
(ie towards Mumbles Head), of order 2 cm s-1;
(2) the onghore component of fhe bottom current, towards the N (ie towards the
coast) of order 1 cm s_1. These values increase in deeper water as shown
in Hgure 27.

We can conclude from this analysis that the density currents are of the
order 1 - 2 cm s—1 and are thus comparable with if not greater than the
observed tidal residuals in the N of the Bay.

8. SUMMARY AND CONCLUSIONS

Observations of tidal and residual currents in Swansea Bay show that the
area exhibits a diverse range of flow features. Foremost amongst these is the
horizontal non-uniformity of the /%Land.‘SEtidal currents leading, via the non-
linear terms in the equation of motior, to large quarter diurnal (A&) currents,
particularly in the vicinity of Porthcawl (see Figures 3 and 10). These play a
significant role in sediment transport (see Pingree and Griffiths, 1979).
Furthermore, the area is characterized by an order of magnitude variation in
tidal mixing and sediment transport over the Neap-Spring cycle. The north of
the Bay is an area of low tidal energy and therefore likely to be an area of
net fine sediment deposition.

Residual current observations, summarised in Tables 13 and 14 and Figure 1)
and schematically in Figure 29, confirm the presence of a large clockwise gyre

situated over the Scarweather Sand and associated with this the presence of
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convergent flow near the sea-bed and divergent flow at mid-depth on the flanks
of the sandbank. The area to the S of Port Talbot appears to be an area of
divergence in the mean tidal circulation.

The measured phases of the currents and elevations (see Tables 8 - 11)
indicate a standing wave tidal oscillation with the Mztidal current phase
being of the order of 90O within the Bay but showing a variation from S +to N of
about 100, with the currents in the Bay apparently reaching a maximum about
20 minutes later than those in the deeper flow of the Bristol Channel to the
S of the Scarweather Sands.

Theory and observation suggest that the circulation in the Bay is likely
to be influenced by meteorological forcing, particularly during periods.of
storm surge activity. The response is complex but the results indicate that
wind set-up or set-down may be the most likely mechanism affecting the residual
circulation. In particular during a storm surge wind induced set-down would
appear to have the greatest effect on the residual circulation.

During these periods residual currents may reach speeds of about 10 cm s_1
which is about five times the value during quiescent flow conditions. During
quiescent periods residual tidal elevations show the expected inverse correlation
with atmospheric pressure (4inverted barometer effeCt")with the tides being over
or under estimated by about .2 m.

In the shallow area to the N of the Bay, salinity and temperature
measurements indicate that the freshwater discharges from the Rivers Neath,
Tawe and Afan significantly modify the density field giving rise to density
currents of the order of 1 - 2 cm s“1 which are comparable with, if not greater
than, the tidal residuals. It is not improbable that in the N of the Bay, the

mean circulation is entirely controlled by the density field.
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TABLE 1
Ratios of the water depth (4ﬁ ) to the depth of frictional influence

(D) for various windspeeds (¥ ) and for surface layer mixing only.

W A/lD
(ms™ ) (A = 20m)
2 7 61
L 2.69
6 i}

8 1.30
10 .33
12 .28
14 2L
16 .20
18 .18
20 A7

D has been calculated from Ekman's (1905) theory using equation (9)
with a depth mean value of /Vg. based upon a maximum surface value of
/V,;, given by Thorade's (191L), relationship decreasing linearly to zero
at the sea-bed (see Table 2).
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TABLE 2
Estimates of wind driven surface currents as a function of windspeed

in an unbounded sea of finite depth calculated from equations (A8).

W v A /D 7 v
(m s_1) (m2 s—1) ( A= 20m) (cm s 1) (cm sw1)

2 .C100 7.61 42 43

L .0103 2.69 1.73 1.79

6 - - — -

8 .0235 1.30 3.35 5.72
10 .0310 - 33 3.57 7.73
12 .0L00 .28 3.45 9.11
1L .0510 2L 3.09 10.60
16 .0650 .20 2.60 11.25
18 .0800 .18 2.23 11.81
20 .0950 A7 1.98 12.44

Values of /V% are depth mean values based upon a surface
maximum, given by Thorade's (191&) relationship (see TableAj),decreasing
linearly to zero at the sea-bed with a linear supposition of a tidally

averaged /Vé value of .0Mm° s .

Note that the wind is blowing in the v direction.
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TABLE 3

Values of the Stokes drift Z(} due to surface gravity waves
as a function of depth for typical wave heights and periods in

Swansea Bay calculated using equation (B1) for a total depth of 20m.

U (ems)
Depth
Zz = Sm A=/ A=z2m
(m) 7=8s 7= 8s 7=3s
0 .22 .88 3.53
2 .03 .11 0.l
L -.12 -6 ~-1.84
6 -.21 -.85 -3.40
8 -.27 -1.08 -4.31
10 -.29 -1.15 -y, 61
12 -.27 -1.79 135
1 .22 -0.89 -3.56
16 -1 -0.56 -2.26
18 -.03 -0.11 -0.45
20 12 46 1.85
depth (m)

wave height (m)

wave period (s)

SN X b

Stokes drift (cm s‘1)
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TABLE L

Estimates of the maximum slope currents resulting from wind (W)

induced set up calculated from equations (A10).

Nz u Vv

(m s ") Car cm s em g~
2 .0100 -.25 -.12
Iy .0103 -1 02 -.51
6 - - -

8 .0235 -2.07 -2.51
10 .0310 -2.22 -3.58
12 .0L00 -2.15 -L.L9
1 .0510 -1.93 -5.15
16 .0650 -1.62 -5.53
18 .0800 -1.39 -5.8L
20 .0950 ~1.2) -6.17

Values of /Vz. are depth mean values based upon a surface
maximum, given by Thorade's (191l) relationship (see TableAt),
decreasing linearly to zero at the sea bed with a linear supposition

of a tidally averaged AL value of .01 87,

Note that the wind induced set up is in the V" airection.
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Details of current meter records described in this report

TABLE

Stn.A

Record Station Hfiﬁht (e d;:is) ?éméziL yrer
237K5 A 10 218 30 %
2LLA6 A 10 415 20 x
237D6 A 10 17 30 x
232F6 A 10 1176 00 -0.29
21LG6 A 10 500 40 *
237J6 A 10 938 50 *
667F7 A 10 1318 50 +201.20
669G7 A 10 1485 30 +4.82
667J7 A 10 1306 10 +232.83
238K5 A 3 1248 0 -10.77
238A6 A 2 261 10 *
560D6 A 2 1391 10 +5.17
62976 A 2 932 10 +1.76
669G6 A 2 1463 10 +65.93
680M6 A 2 1050 00 9.94
260B7 A 2 1203 50 -3.94
560D7 A 2 1077 20 +10. 14
532F7 A 2 1320 10 0.00
59LG7 A 2 14,85 20 +0.97
532J7 A 2 1513 50 -10.46

* Timing error not known due to current meter stopping prior to recovery

or having recorded a full magnetic tape
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TABLE 5 (Contirued)

Details of current meter records described in this report

Stations B— K

Record Station H?;§ht (Ei:fulmgi:? T%gigiyg §or
S9LF6 B 2 1317 10 +10.140
680K6 B 2 769 30 -14.96
66TF6 C 2 1205 20 +16.09
59LK6 C 2 857 10 ~-88.23
2L LK6 D 12 908 00 ~12.09
877F6 D 2 1269 20 -121..50
269K6 E 12 834 0[] - 10.27
878F6 E 2 1210 00 +0.10
667K6 E 2 909 10 +131.37
260K6 F 10 840 20 -8.83
885F6 F 2 1194 20 0.00
560K6 F 2 323 30 +13.10
573K5 G 1 108L 10 ~53.71
- 626K5 H 1 613 00 *
267F6 H 2 1299 10 +6.5l
53LE6 H 2 319 30 *
269CT H 2 706 Lo *
53LF6 I 2 1225 20 +61.95
532F6 J 2 766 50 -13.14
669CT K 2 1511 10 +9.51

* Timing error not known due to current meter stopping prior to recovery
or having recorded a full magnetic tape
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TABLE 6
Summary of records harmonically analysed with TIRA

Station Record
Bottom Mid-depth
A 238K5
560D6
629F6 232F6
66 9G6*
23736
680116
260B7
560D7
532F7 66TF7
59LG7 669G7
532J7 667J7
B 59LF6*
680K6
C 66TFO*
59LK6
D 877F6
2LLK6
E 878F6*
66TK6 269K6
F 885F6
260K6
G 573K5
H 267F6
269CT*
I 53LF6
J 532F6
K 669C7

* Records not included in this report
Amplitude and Phase estimates given in Tables 8, 9 and 10
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TABLE 7

Harmonic analysis of tidal currents

Constituents analysed using TIRA

Related Major

P1 Z0
PI1 11
PSI1 MSF
PHI 1 Q1
K2 01
T2 11
NU2 K1
2N2 J1
001
MU2
w2
N2
12
2
2SM2
MO3
13
MK3
Ml
My
SNl
Msh
2MN6
M6
MSN6
2MS6
2SM6

Related constituents were evaluated using equilibrium tide wvalues.
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TABLE 8

Amplitudes and phases of the principal tidal constituents in
the currents at Stn A (Longhtexm.mooring) at a height of 2m

above the sea--bed.

Ay, il s=) % 9,.(°)
A o  &/NE SA o o /N2
O1 173 .29 2L .08 237.45 63.28 20.01
v . 11 .23 07 32.76 170.4L4L 53.90
K1 I’4 « 31 .32 .10 350.80 255.29 80.73
v +00 48 .15 8L.86 123.29 38.99
N, U 6.69 1.77 .56 78.62 16.65 5.27
Vv 1.07 2.27 .72 200.49 63.89 20.21
M, u 37.917 1.73 .55 85.56 5.14 1.63
Vv L4.10 2.85 .90 186.4L8 39.65 12.54
82 U 11.21 3.00 .95 145.50 LL.08 13.94
v 1.57  1.43 L5 262.13 58.33 18.45
Mh (/4 3.46 .81 .26 328.31 9.1 2.98
174 .83 .76 2L 2L6.69 159.90 50.57
MSL u 1.94 L6 .15 20.45 14.32 L.53
1’4 Ron S 17 2143.95 73.96 23.39
M6 U .12 03 i 267.99 130.67 L1.32
Vv 1.68 .85 27 278.3L 17.18 5.543
A )/1 = Amplitudes u east-west éompone?t of
;;,:?V _ Phases current in cm s
ﬂtl},-'Pean Vv north-south component of
. - current in cm s
q: = Standard deviation Phases are in degrees relative
¢/ N% _ Standard error to the equilibrium tide at
AN = Number of monthly Greemwich.

analyses (= 10 )

Note: g4 indicates a vector mean and the standard deviations,o;are deviations
from the vector mean estimates of A and NA
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TABLE 9

Amplitudes and phases of the principal tidal constituents in the
currents at Stn A (Long-term mooring) at a height of 10m above

the sea bed.

A A e s~) %0 3 |

A o G‘/N‘g A lon G //\/"f-

0, U .LO .30 L1l 259.11 92.86 L1.53
v .21 L7 .21 180.22 68.86 30.79

K, uw .8 .22 .10 25.67 152.23 63.08
v o.2L .28 .13 175 15 19.96 22.3L

N, u 8.05 .78 .35 71.35 12.17 5.4k
v .34 .37 .16 342.63 230.43 103.05

My U LT.97 2.40  1.07 89.48 2.07 0.92
Vv o2.61 197 .88 291.0¢ 116.96 52.31

8, u 18.29 1.37 .61 143.09 .00 1.79
Vv 2.02 2.53 1.13 251.65 183.34 8L.23

Mh u 3.45 .33 .15 322.29 14.60 6.53
V 1.43 .90 Lo 26),.89 175.07 76.29

MSh U 1.58 .18 .08 12.69 162.59 72.71
YV 1.20 .85 .38 253.6L 114.98 51.4L2

Mg o0 1.2L L1 .06 225.60 3.93 1.76
VYV 1.7 1.07 148 286,89 L5.61 20.40

/%7 = Amp.itudes u - east—weg? component of current

in em s

It

H
SL Phases

/b\ - Mean VvV - north—sogth comgqnent of
/ current in cm s
c

N

= Standard deviation . .
Phases are in degrees relative

= Standard error to the equilibrium tide at Greenwich.
= Number of monthly analyses (= &)

Note:  indicates a vector mean and the standard deviations, §; are deviations
from the vector mean estimates of A~ and.Jy.
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TABLE 10

Amplitude and phases of the principal semi-diurnal constituents in

the tidal currents at Stns B - K in Swansea Bay

o
Station z 'q I 2.9, C )

Mld— Near Mid- Near
depth bottom depth bottom

B M2 /8 11.62 95.89
v 11.75 266.70

S2 wu 6.04L 151.56

v 3.94 321.80

c M, u 38.00 93.09
v LL.71 278.68

82 w 16.8L 159.07

v 15.54 340.85

D M2 u 80.3L 56.73 92.59 105.97
v 12.65 17.03 283.41 28l,.82

82 u 30.66 23.92 145.98 168.75

v L.01 6.45 332.69 357.12

B M2 u 62.29 L7.75 8L.96 80.88
v 2.68 18.28 L2.38 80.40

82 u 22.8L 17.31 135.43 132.25

v 1.62 47 70.47 9.73

F M, u 69.25 L45.55 81.68 86.57
v 30.55 17.26 T77.21 82.27

82 u 23.14 17.07 128.8L 141.92

v 10.15 7.24 127.72 123.09

G M2 u 14.50 126.14
v 4.8 143.15

82 u L.40 115.91

14 2.20 120.94

H Mé u 10.70 82.05
v 33.40 265.71

82 w 6.38 163.88

v 11.53 330.85

= mplitudes = east-yest component i
/4“ /‘r Amp de 174 imss_\f st component of current in

2.1 9,= Phases
bt Jr V= northrsouth component of current in
cm s

Phases are in degrees relative to the equilibrium tide at Greenwich.
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TABLE 10 (continued)

Amplitude and phases of the principal semi-diurnal constituents

in the tidal currents at Stns B - K in Swansea Bay

., M, (cm s Gurr Gy ( °)

Station Mid- Near Mid~ Near
depth bottom depth bottonm
I N, o 61.55 765
\'4 10.68 77.99
S, u 25.97 128.00
24 L.4L8 110.13
3 M, W 55.31 199.65
v 7.37 220.71
S, u 22.80 257 31
v 3..48 26l,.63
X M2 u 14.55 97.CL
1’4 21.63 269.52
82 u 7. 26 157.24
v 7Ly 325.08

A;J/ﬁr = Amplitudes
\zr'jv = Phases

o = east—west1component of current
in cm s

V= north-sm_l#h component of current
in cm s

Phases are in degrees relative to the equilibrium tide at Greenwich.
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APPENDIX B
STOKES DRIFT: MOTION IN THE INTERIOR OF THE FLUID

By including the effects of viscosity in Stokes? (1847) original solution for the
drift velocity (see equation 10), Longuet=Higgins (1953) obtained an expression for
the drift velocity in the interior of the fluid of the form

_ atok 2 cATAS 244/ 1-1) 4 3 ]
z{‘loed\ ) ,f-u'm("k/\[ el
# RA2LA 2RA (SuP £t 1) (B1)
+ P sAhA 2L £ 2 z_,
(ghges s )]

where A is fluid depth and M= i‘//(. Here & 1is the distance measured
positive downwards from the surface. This solution, which is essentially for
laminar flow, reduces to the usual expression for the Stokes drift velocity near
the bed which is given by equation (13). This may also be applied (see Longuete
Higgins, 1957) to a turbulent boundary layer. Equation B1 has been used here to
calculate the Stokes drift velocities which are shown in Table 3

Experimental observations (eg Russell and Osario, 1957) suggest that good
estimates of the Stokes drift at the surface are probably given by Stokes?
original irrotational flow solution (equation 10) but that in the interior of the
fluid’and particularly at the bed, the effects of viscosity may well lead to
Stokes drift velocity profiles of the form predicted by equation (B1).

In reality of course, the situation is far more complex than this with the
total wave induced mass transport velocity being the resultant effect of a
superposition of waves having a random distribution of heights, periods and phases.

It should be noted that considerable controversy still surrounds the relative
magnitude of the wind driven shear current and the wave induced mass transport
velocity. Wu (1975) has shown in laboratory experiments that the wave~induced
Stokes transport may only be 3=15% of the surface dirft and this would not seem an
unreasonable estimate in the light of our own calculations. However, as suggested
by Wu (1975), the situation is far from being clear with, for example, Shemdin
(1972) claiming, on the basis of laboratory data, that the surface drift is
essentially a wind-induced shear current, whereas Bye (1967) and Kenyon (1977
concluded from a study of oceanic wave data that the surface drift is primarily a

wave induced mass transport.



TABLE 12

Order of magnitude comparison of non-linear terms

in equations of motion for Swansea Bay.

Comparative linear term Non~linear terms

_2)

(cm s (cm s72)

0/ é—&) ~ .007 O(Z?S_Zg) ~ .00L

%
AGU(HE+VY) > o,
A+ F

Calculated from tidal stream amplitude data shown in Figure 9

and for A é 20m on the E side of Swansea Bay with

C;) = .0025.
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TABLE 13

Summary of measured residual currents from current meter

observations in Swansea Bay and variability in the direction of

residual flow estimates from Doodson's

Station A - Long term mooring

X, filter.

Record Station | Elevation Residual current

Speed Direction Steadiness Length
factor B of

_1 o Record

(m) (em 87 ) ) (%) (days)
237K5 A 10 .91 54.97 6L.78 )
2hL,A6 A 10 1.93 16.80 58.87 16
237D6 A 10 2.1 297.11 95.74 3
232F6 A 10 1.62 323.58 8L.64 L8
2LLG6 A 10 1.55 30.3L 87.89 20
237J6 A 10 1.1 336.52 52.61 38
667F7 A 10 1.21 70.22 70.28 5l
669GT A 10 1.28 23.60 73.01 61
667J7 A 10 1.83 85.99 68.08 53
238K5 A 3 .61 82.80 37.53 51
23846 A 2 2.84 143.15 82.20 9
560D6 A 2 2,30 145,74 33.39 57
629%6 A 2 3.18 154.18 97.07 38
669G6 A 2 2.02 131.18 37.39 60
680M6 A 2 .95 122,17 35.86 L3
260B7 A 2 2.37 105.82 53.36 L9
560D7 A 2 1.97 143.88 70.22 Inn
532F7 A 2 2.91 143.78 95.08 sl
59LGT A 2 3.12 157.82 95.14 61
532J7 A 2 1.40 97.55 4L7.28 62




TABLE 1.

Summary of measured residual currents from current meter

observations in Swansea Bay and variability in the direction of

residual flow estimates from Doodson's

Stations B - K

Xp filter.

Record | Station | Elevation Residual current
Speed Direction Steadiness Length of
-1 o factor & record
(m) (ems™) (7 ) (%) (days)

5976 B 2 3L 70.03 23.08 Sh
680K6 2 1.452 345.80 65.19 31
66TF6 C 2 5.32 166.33 95.60 L9
59LK6 2 .38 150.75 93.14 35
2LLK6 D 12 2.79 227.16 86.6L 37
87776 2 2.30 49.10 88.52 52
269K6 B 12 8.20 68.89 98.60 33
878F6 2 5.12 87.78 98.69 51
66TK6 2 6.32 86.03 95.47 31
260K6 F 10 .92 237.62 96.05 3l
885F6 2 L.15 43.59 97.89 19
560L6 2 6.60 338.55 97.38 12
57 3KS G 1 .55 316.64 20.63 39
626K5 H 2 1.60 144.30 78.58 2L
267F6 2 3.63 134.70 93.90 53
53LK6 2 3.98 135.42 92.20 12
269C7 2 11.91 136.71 8L.50 28
534F6 I 2 .58 97.57 L1.76 50
532F6 J 2 1.57 176.5L 77.30 31
669C7 X 2 3.24 101.20 75.87 61
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TABLE

1

Variability in the speed of residual flow estimates from Doodson's Xb
filter
Station A - Long term mooring

Record Station Elevation Residual current

Speed, Direction O iz

(em s ) (ems™ ') (ems ')
2375 A 10 .91 54.97 .38 2L
2LLA6 A 10 1.93 16.80 .62 43
237D6 A 10 2.14 197.11 .21 .33
232F6 A 10 1.62 323.58 .15 L
2LLG6 A 10 1.55 30.34L .16 .18
23776 A 10 1.1 336.52 27 24
66TF7 A 10 1.21 70.22 .13 .15
669G7 A 10 1.28 23.60 .13 L
66777 A 10 1.83 85.99 .22 .26
238K5 A 3 .61 82.80 .18 .18
213846 A 2 2.84 143.15 .57 .55
560D6 A 2 2.80 145,74 .18 A7
629F6 A 2 3.18 154.18 7 17
669G6 A 2 2.02 131.18 .13 .13
680M6 A 2 .95 122.47 .32 .30
260B7 A 2 2.37 105.82 Lo .51
S60D7 A 2 1.97 1,3.88 2L .26
53217 A 2 2.91 143.78 .12 17
594LGT A 2 3.12 157.82 .13 .15
532J7 A 2 1,140 97.55 .22 .33
(2%7>— standard error of E-W component of residual flow
CQV>— standard error of N-S component of residual flow
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TABLE 15 (continued)

Variability in the speed of residual flow estimates from Doodson's X%
filter.
Stations B - X

Record Station| Elevation Residual current

Speed_.1 Direction 02501 G{V) ’
(ems™) (°) (ems ) (ems )
59476 B 2 .34 70.03 A7 .15
680K6 2 1.42 345.8C .25 .36
57P6 C 2 5.32 166 33 .22 22
59LK6 2 L.38 150.7% .21 .36
2LLK6 C 12 2.79 227.16 27 .28
8T77F6 2 2.80 1,9.10 .13 .15
269K6 B 12 8.20 68.89 .31 .26
878¥%6 2 5.12 87.78 1l 12
667K6 2 6.32 86.03 .25 .31
260K6 F 10 Lh.92  237.62 .27 .25
885F6 2 .15 L3.59 1L .10
580K6 2 6.60  338.55 L3 .65
573K5 G 1 .55 316.6L 39 .27
626K5 h 2 1.60 144.30 .21 .22
267F6 2 3.63 134.70 .16 .13
53LK6 2 3.98  135.0L2 .31 .69
269C7 2 L.91 136.71 .38 .62
S3LF6 I 2 .58 97.57 .19 .10
532F6 J 2 1.57 176.54 .20 .20
669CT K 2 3.2 101.20 .29 .28
CO¢t> - Standard error of E-W componeut of residual flow

0%77 - Standard error of N-S component of residual flow
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TABLE 16

Multi-regression analysis of 78 day meteorological forcing

data set (Current measurements at Station A, 1/9/77-17/11/77)

Correlation Coefficient ( o~ )

|

| . —_ — = |5 - = - — —
| P | Yoo | Uy | By, Voo W Il WNR) | J1, | &
!

: iﬁé .98 | .99 © .98 |-.08{-.07]|=.081 .07 |- .00
I .

W, 221 0 291 | =15 15 (=18 .15] .03
| u . - .06 | = .02 - -
%, | .98 6 0 .04 | = .03 |- .04
; Uy, j ~ .06 .06 |- .08 .03 = .05
[— ] {

| A - /000 ; -2t 19l it iy
| ! ;

=T X |

M) wad =351 .82 L4
D | f

| Wr’Wﬂ | ' ! ;‘ z_—ﬂ; 14
i — { |
A ’ | |41
* ?R g

Values underlined significant at 5% level

X and Y define frame of reference shown in Figure 18.

;_Gz, Z—&/o ) a)-',_ ) V},o s X and )/ components of daily residual flow

at heights of 2 m and 10 m above sea~bed

ﬁ‘ - /000 ¢ daily mean atmospheric pressure minus 1000 mb
‘,\7’(,\;{’ 5 D\—/VIWYI: square of X and y components of daily mean speed
/{J daily mean significant wave height measured at Scarweather Light Vessel

J:Q daily mean residual tidal elevation at Swansea (ie observed tide -

predicted tide)
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TABLE 17

Multiregression analysis of 18 day meteorological forcing data set
(Current measurements at Station A, 31/10/77 - 17/11/77).
Correlation coefficient [Uﬂ)

W, |g-rote || W) | b)) | A Jx
2y, 11 .29 -.75 -.01 -.69
A -/t .01 =48 -.23 .11
AIA .01 .77 .79
Wy 7yl .33 13
A\
Ty, 1&~scee W wil [inglwyl | A 5,
iy, ~.19 .15 -.71 1 -.31
p—/CTC .01 .48 -.23 .11
Wa Sl .01 =17 =19
Wy fwy| 33 Nt
7 -5
%

Values underlined significant at the 5% level

Terms defined in Table 17 and Figure 18
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TABLE 17 (Continued)

Multiregression analysis of 18 day meteorological forcing data set
(Current measurements at Station A, 31/10/77 - 17/11/77)

Correlation coefficient [I\)

W |- 1000 fiix |ve) | Wyl ) | [
- U,y .00 -.58 .35 -.31 -. 72
ou~1000 .01 Lb8 -.23 .17
T} W) .01 .17 .79
oy [y 33| 3
7i .5

\A
ZT’y,c 2 - 1008 | v JWx) Vvﬂﬁ,] A, Yo
Uy,, ~.02 .35 - 12 -.32 -.3L
Lproet .01 .18 -.23 1
i Jw) 01 .11 .19
g ] 5|
A =53

VA

Values underlined significant at the %% level

Terms defined in Table 17 and Figure 18.
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TABLE 18

Estimates of density currents flowing at a position midway along

section X, Xg in Figure 25.

u s
N 2/A (cm s~1) (cm s-1)
1 0 ~.36 .15
.2 -.28 1L
A -.10 .10
.6 .10 .06
.8 .26 .02
1.0 .29 .01
2 0 -.64 .53
.2 -.50 .18
4 ~.16 3L
.6 .21 .18
.8 A7 .06
1.0 L6 .01
I 0 -1.08 2.0L
.2 .82 1.82
. .23 1.82
.6 .10 .65
.8 .78 A7
1.0 .6l .01

Total flow depth A

1lm (midway along sect}"on)
Eddy viscosity ( A% = 1lm

parameterization for

~ ||

A Ay (ex® s77)
1 280
140
70
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FIGURE 1

Location of study area

>4



[«

—60

o

—55

~ 50

SWANSEA BAY

Fig-1

55




FIGURE 2

Co~tidal and co=range data for the
Bristol Channel (Unpublished data
reproduced courtesy of the Hydrographer
of the Navy)
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FIGURE 3

Location of recording current meter
moorings in Swansea Bay
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FIGURE 4

The Plessey recording current meter
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FIGURE 5

Current meter mooring system
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FIGURE 6

Tidal ellipses for the principal
semi=diurnal (a) and quarter-
diurnal (b) constituents in the
mid=-depth curr nts at Station A
in Swansea Bay (record 232F6)
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FIGURE 7

Tidal ellipses for the principal
semi-diurnal (a) and quarter—
diurnal (b) consituents in the
near-bottom currents at Station A
in Swansea Bay (record 629F6)
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FIGURE &

Mo tidal current ellipse datas

(a) orientation @ and phase g, (degrees),
(b) ellipticity =& a percentage.

Negative and positive values indicate
clockwise and anti-clockwise rotation
respectively. Solid arrows indicate

bottom currents, open arrows mid-

depth currents
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FIGURE 9
Distribution of (a) My and (b) So

tidal stream amplitudes (bottom
currents only) in ms=1
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(b)



FIGURE 10

Distribution of sa) M, tidal stream
amplitude in ms™! and (b) the ratio of
M4 to M2 tidal stream amplitudes

(bottom currents only)



Fig.10
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FIGURE 11

Distribution of (a) Spring tidal stream
amplitude cubed and Sb) Neap tidal stream
amplitude cubed in m2s=3 (bottom currents
only)
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(b)

Fig.11



FIGURE 12

Scatter plot of residual flow estimates
derived from 24 hour 50 minutes running
means ( Y axis) and Doodson's X, filter
(> axis). This figure shows high residual
flows observed during the storm surge of

11 November 1977
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FIGURE 13

Scatter plot of residual flow estimates
derived from 24 hour 50 minutes running
means ( & axis) and Doodson's X filter
(2= axis). This figure shows quiescent
residual flow values
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FIGURE 14

Summary of near-bottom (solid arrows) and
mid~depth (open arrows) tidally induced
residuals in Swansea Bay. Residual flow
data have been presented in the manner
suggested by Ramster et al (1978) and
each measurement consists of a set of
three figures indic?ting: the residual
flow speed in cm s™', the steadiness
factor & as a percentage and the length
of the record in days (in that order)
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FIGURE 15

Progressive vector plot from Station A in
Swansea Bay showing the residual flow at
10 m above the seabed in a NW direction.

Z? is the steadiness factor expressed
as a percentage
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FIGURE 16

Progressive vector plot from Station A

in Swansea Bay showing the residual flow

at 2 m above the seabed in a SE direction.
This record was simultaneous with that shown
in Figure 15. 2? is the steadiness factor
expressed as a percentage.
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FIGURE 17

A 90 day data set illustrating the effects
of meteorological forcing on the residual
circulation and tidal elevations in

Swansea Bay and including the November 1977
storm surgz. This Figure shows the onshore
(55°) and alongshore_(3250) components of
the residual flow, #. and & respectively,
at heights of 2m and 10 m above the geabed:
the mean _wind speed squared as Wi xl

and 'M/y W, l_ + the mean atmospheric
pressure 63 at Rhoose and the mean residual
tidal elevations g at Swansea (see
Figure 18 for definition of terms)
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FIGURE 18

Definition of terms used in meteorological
forcing studies: +this Figure shows the
onshore—offshore and alongshore components
of the residual currents %G  and L_{y
the wind speed W,  and W2, and the
atmospheric pressures at Aberporth,
Hartland Point and Rhoose, £y , A,
and /& respectively. Only 2 has
been used in this study

Y
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FIGURE 19

A progressive vectcr plot of the residual
water movements at 10 m above the seabed,
at Station A in Swansea Bay, before,
duriﬂg,and after the November 1977 storn
surge
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FIGURE 20

A progressive vector plot of the residual
water movements at 2 m above the seabed,
at Station A in 3Swansea Bay, before,
during, and after the November 1977 storm
surge
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FIGURE 21

The location of surface salinity measurements
and salinity and temperatur~s profiles in
Swansea Bay (data obtained by the Welsh
National Water Development Authority)
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FIGURE 22

Summer surface salinity distributions, in
parts per thousand (0/00), for (a) HW,
(b) Ebb, (c) LW and (&) Flood stages of
the tidal cycle illustrating the effects
of freshwater discharges at the head of
the Bay
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FIGURE 23

Winter surface salinity distributions, in
parts per thousand (0/00), for (a) Hw

(b) Ebb, (c) LW and (d) Flood stages of the
tidal cycle illustrating the intrusion of
more saline oceanic water (see the 33 0/00
isohaline) into the area
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FIGURE 24

Salinity in parts per thousand (0/00), time
series at Stations A, B and G illustrating
horizontal and vertical stratification
effects
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FIGURE 25

Isopycnal ( O"é ) spacing and orientation
determined from salinity and temperature
measurements at Stations, A, B and G.

)<I)£Z is the section along which density
currents have been calculated
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FIGURE 26

Details of the bathymetry along section

X, X, showing the positions of

temperature and salinity measurements and

current meter moorings. X , y , & '
¥ and V°  are defined as shown,

is the river discharge parameter, A the

mean depth and 3’ the tidal elevation
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FIGURE 27

The distribution of resultant surface

( ¥% ) and bottom ( Vg ) density
currents along section X,Y¥, for
values of A =1, 2 and 4. The
directions 8Os and G of the resultant
currents are measured anti—clockwise
from the & axis in Figures 25 and 26
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FIGURE 28

Profiles of the density current components
Wand ¥V for A = 4, mid=way along section
X; Xz showing a shoreward flowing (W)
bottom current of about 1 cm s~ and an
alongshore current ( ¥V ) flowing towards
the W at about 2 om s=1. 7 is the
dimensionless depth.
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FIGURE 29

A schematic diagram showing the major
features of the mean tidal, or residual,
circulation in Swansea Bay, Notes

(a) an area of divergence to the S ot
Port Talbot: (b) an area of possible
upwelling in a clockwise eddy over the
Scarweather Sandss: (c) an area of mean
flow reversal off Mumbles Head: (d) an
area to the SW of the River Neath where
the mean circulation may be influenced by
density currents. Upper arrows (where
shown) indicate mid—depth residuals
otherwise arrows indicate near-bottom
residuals with flow speeds shown in
arrow heads in cm s~1 (see Figure 14
for further details)
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APPENDIX A

EKMAN'S THEORIES OF WIND DRIVEN CURRENTS

A.1 Unbounded infinite depth case

The case of pure drift currents in an unbounded homogeneous ocean of infinite
depth, over which the wind field is uniform, was first studied in detail by
Fkman (1905).

Pure drift currents are those which arise from the action of applied wind
gtress at the sea surface with frictional coupling between the lower and
successively slower moving layers of fluid. Horizontal pressure gradients within
the water column do not occur.

The equations of motion for a fluid element are simplified to include only
the local acceleration, the Coriolis force and the frictional terms. Writing
these for convenience in a left hand rectangular co-ordinate system with x and y

in the sea surface and 7z positive downwards, givess

fif(.: 7£.v’7‘/%é 59237

JE Ja? (41)
pprr 2 '% &c@‘

where £ = 24L =in ¢ is the Coriolis parameter and /\Q is the vertical eddy
viscosity coefficient.fL is the Earth's angular velncity and ﬁ of the latitude.
Ekman (1905) first considered non=accelerated or stationary drift currents

in an idealized ocean and thus the equations in (A1) become

~L7= M2
% %dei
7[”:' ”a.%l{

(a2)

At the upper boundary a constant wind stress ( 1:: ,';; ) is applied, and if
for simplicity the wind blows in the Jy dircction only, this leads to the upper

boundary conditions

1?; = -/Q&Afﬁ}f

=0 and T = — N 244 = 0 (A2)
AR =0 y *

7% £: 0
where since T and V¥V depend on % only, we may employ total differentials.
The equations in (A3) imply that the stress must be continuous across the surface.

A lower boundary condition may be taken as

“|

- O and V%=oo: o) (a2)



that is the current at infinite depth vanishes everywhere.
With these conditions and the assumption of a constant eddy viscosity (Nz)
it may be shown (see for example Neumann and Pierson, 1966), that the solution of

the equations in (A2) is

- Ve-[ /0)% x 7_?)
= Vo c 4_"
v=ve (*®/D) 2 . [E'ﬂ) (A5)
where A
- AN

and'Vois the velocity of the wind driven current at the surface. The variation
of A and V~ with depth in equations (A5) describes the well known Fkman spiral
and it can be seen that at the surface the current 'Vo is directed at 450 to the
right of the wind in the Northern Hemisphere, decreasing exponentially in strength
and rotating clockwise in direction with increasing depth. Equations (A5) show
that at depth & +the current has decreased to e—’r(about 1/23) of its value at
the surface and is in the opposite direction. Although the current approaches
zero asymptotically for # % o8 by far the most important currents occur above
depth & and for this reason Ekman (1905) referred to Q as the "depth of
frictional influence™.

The magnitude of a pure drift current is proportional to the wind stress and

given by

z
Vs ST ) (A7)

At the equator «/-’ 0 and V¢ y theoretically, becomes infinitely large.
However the assumptions made in deriving equation (A7) do not hold at the equator
since with D968 the lower boundary condition, A=Y =0 at P 6d, cannot
be achieved,

Although 2 has been used in this report to determine the likelihood of the
water responding to an applied wind stress, by far the most useful solutions of

equations(A2) are those for unbounded and bounded oceans of finite depth.

A.2 Unbounded finite depth case
Ekman (1905) solved equations (A2) for the case of an unbounded ocean of

finite depth A and constant /V_; and obtained solutions of the form
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202 A 2A(E71/D) cor(§7/D) - B cash(§7/D) 2in (€/D) |

V" = A cTA(§7T/D) 2in (¥ /D) + B Link(E7/D ) cas (§7/2)

where

Az 2D  coeh (Ar/D) cafAT/D)+ 204 (Ax/D) 2in (ATT /D) (48)

ez T CoTA (2A7/D) + €63 (247T/D)

B =22 . coxh(An/D) cas (Am/D) = 2ank (AT/D) 3im (A7D)
eM T CETA(2A 7T /D) + c&F (247 /D)

%4
and 2D = ;r[-?ﬂf.;./{) . § =A— 2  i5 the height above the sea—bed.
The angle between the wind and the current ( o ) in the case of finite

depth is different from A  and given by
- B

. A) _ -
dnw = 2MOF) - in () (39)
m/-?_g/\p 2 (424

The ratio A/ﬂ is important in Fkman's theory. For /{/37 1 the solutions

(48) approximate the infinite depth case. As the ratio A /D becomes smaller, the
surface current decreases and flows at smaller and smaller angles to the right of
the wind (in the Northern Hemispher:). The variation of X with A ZD is

illustrated in the table below (after Neumann and Pierson, 1966):

A/DI 0.25 0.50 0.75 1.00

0 0 (@]

o | 21.5° 45 45.5 4

1

A.3 Bounded finite depth case

Ekman also examined the current system off a straight coastline. A wind
blowing onshore will pile water against the coast, leading to an increase in sea
level. The slope thus acquired by the sea surface leads to a horizontal pressure
gradient in the water column and a modified current system, consisting of the
shoreward wind driven current and a return flow or slope current in a bottom
boundary layer.

The solutions given by Fkman (1905) for these slope currents have the forms
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u= :77*_'1\0‘[/- ook Zfhvd)om Z(4-3) + crk g h-d)car g () ] .

CORA RITA + co6T XA
>+ o* (A10)

9“%[ 2ink G lhv ) sin FLA-3) + wg,/x-;sm;fm)l

COTA QAUTA + BT LRL
N - -1

where aiACr’is the sea~surface slope.

Similarly to the wind driven shear current at the surface (see equations A5)

we can calculate a thickness for the bottom layer of frictional influence given

by
D¥- 7\'/2;_2/;-),4. (a11)

2 and D*are of the same order and for water depths ADD +.D. equations (A8)
and A10 describe Ekman's elementary current system with a purely geostrophic
current flowing between the upper and lower layers of frictional influence (see

Neumann and Pierson, 1966, for a full discussion).

d.4 Eddy viscoéity parameterization

There are of course fundamental limitations in the application of Ekman's
theory to a real current system. Foremost amongst these is the assumption of‘/%i
constant with depth and secondly the calculation of actual drift currents is
hindered by the uncertain knowledge of A@. and its strong dependence on wind
speed (W). Purthermore, complications arise in shallow seas with appreciable
tidal currents due to the combinations of shear arising in the surface mixed layer
and in the bottom boundary layer. Additionally, stratification may modify the
resulting current system (for discussion see Section 5 and Appendix F).

However some calculations are possible and these enable us to make a
qualitative assessment of the influence of the wind on the water circulation in
Swansea Bay.

Ekman's theory assumes a value of A%i which remains constant with increasing
depth. However in the case of a wind stress being applied at the sea surface it
is clear that the downward mixing of momentum will be greatest at the sea's
surface and become less with increasing depth. If there is appreciable wave
activity at the surface the downward flux of momentum will be even greater,

Neumann (1952) gives values of 4%; which vary with the square or even the cube
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of wind speed, ie A/i oc W2 or w? , and which for a fully developed sea

1 -
s to .25 mzs 1 at a wind

lie in the range .005 mgs-1 for a wind speed of 4 m s
speed of 18 m 3—1. These values were derived from estimates of the energy balance
in fully developed wind generated seas.

Various attempts have been made to determine an empirical relationship
between the eddy viscosity Aéb and the wind speed. Thorade (1914), using carefully
selected current observations, obtained

My = 995x 0 W P o W6 M (a12)

and

Np = . 220x0° 7 Wt misT Ao WD Emic-! (413)
where A/ is the wind speed in m s_1 at a height of 10 m above the sea surface.
These results give reasonable agreement with the energy balance values reported by
Neumann (1952). Values calculated by both these methods are shown in Table A1.

However as previously remarked the amount of mixing which takes place in
shallow tidal currents will be some combination of that which occurs due to surface
layer mixing and that which originates in the bottom boundary layer and varies in
some manner throughout the water column to the surface (linear and parabolic
parameterizations of /Ké are frequently employcd = eg Bowden et al, 195Q.

Johns, 1969G).
For a shallow tidal current with Zz; of order 50 cm 5_1, Bowden et al (1959)

25—1. While this is greater than the wind

give a value of AL of the order 250 cm
mixed surface layer value of Mgat low wind speeds ( W < 10 m 3_1) it is apparent
that at the higher wind speeds ( Wof order 20 m 5~ say) wind induced mixing may
be at least a factor of five ftimes larger than that duz to current shear alon-.
However, in a tidal current A/?_ will vary with tidal stream amplitude and depth

and in an earlier paper Bowden (1953) suggests on dimensional grounds that Ni—

should be given by

Na = MULA, (a14)
3

where M2 2.5 x 107
Lr,, is the amplitude of the tidal stream ,
A is the depth ,

We may therefore also examine, on an order of magnitude basis, the variation of/%a

which occurs with changes in tidal stream amplitude and water depth.
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In Table A1 values of AR for surface layer mixing have been calculated at
different wind speeds (W ) using Thorade's (1914) relation ( equations A12 and
A13). Values of Mg due to vertical turbulent shear originating in the bottom
boundary layer (and calculated using equation A14) are also shown in Table A1 for
different tidal stream amplitudes and for a mean depth (typical of Swansea Bay) of
A =20 nm.

Thus it can be shown that the value of AG} due to the wind does not exceed
that due to turbulent shear until a wind speed of about 10 m s-1 is reached.
However at a wind speed of 35 m 8-1 the value of Aﬁ,is of the order .5 m2s-1,

that is an order of magnitude larger than AQ} due to turbulent shear alone in a

tidal stream of 1.0 m 8-1 which is fairly typical of Swansea Bay.

A.5 Validity of Ekman's theory

Various attempts have been made to test Ekman's theory and, in particular,
estimates of & and Fz y the murface drift, have given general agreement with
oceanographic observations. In middle latitudes (see Neumann and Pierson, 1966)
19 is of order 50 m and Tz (from equation A7) is about «35 m s-1 for a wind
speed of 10 m 5-1.

Barly measurements, eg Thorade (1914), Durst (1924) and Palmen (1931)

indicated that b‘ was of the order of 1-3% of the wind speed. More recent
Bulerian and Lagrangian measurements in coastal waters, of depth of order
50 m and less, suggest thaf these were probably realistic estimates. For
example Carruthers et al (1949) gives 1.5%, Lee and Ramster (1968) give 2-3,
Dooley and Steele (1969) give 1.4%, Booth et al (1978) gives 1%

Various theoretical studies of wind driven currents in coastal waters have
been carried out. For example Bretschneider (1968) with an appropriate choice of
upper and lower boundary conditions obtained'Vo/Wra,tios in the range 2.2 to
4.2% for depths from 6=60 m and for winds parallel to the coast. However it is
beyond the scope of this report to describe these theoretical developments and
for an up~to-date assessment reference should be made, for example, to the work
of Csanady (1972), Murray (1975) and Farmer (1976).

The results of recent laboratory experiments for contained bodies of water
have been summarised by Spillane and Hess (1978). Those of Kondo (1976) suggest
thatT;/hris strongly depth dependent but that if W is measured at a height
above the surface which is a fixed proportion of the water depth the ratioVp /ﬂf
approaches a constant value of 3.3% which is independent of the surface roughness,
ie whether waves are present or not, provided that the stress across the air—

water interface is continuous.
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In addition Wu (1973, 1975) has shown some dependence of the ratio TG/[uf on

fetch, althoughfor very long fetches it approaches a constant value of about 3.5%.
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TABLE A1

Values of the vertical eddy viscosity coefficient ( /Mé ) in wind

mixed surface layers and tidal currents as a function of wind
speed (W') and tidal stream amplitude ( U}).

Values calculated using Thorade's (191L4) relationships and Bowden's (1953)
formula (equatiors A12, A13 & A14)for a total depth of A = 20m.

W Nz Uy Nz
(ms™") (® &) (m s (u?s™ 1
2 .000080 .2 .01
N .0006 L .02
6 - .6 .03
8 .027 .8 .0l
10 .02 1.0 .05
12 060 1.2 .06
10 .082 1.4 .07
16 .11 1.6 .08
18 b 1.3 .09
20 A7 2.0 .10

Values given by Neumann's (1952) energy balance for fully developed

wind generated seas.

W Nz
(ms™") (a® s7")
b .0057
6 .0157
8 0324
10 .0563
Jn L1317
18 .2459
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APPENDIX B
STOKES DRIFT: MOTION IN THE INTERIOR OF THE FLUID

By including the effects of viscosity in Stokes? (1847) original solution for the
drift velocity (see equation 10), Longuet=Higgins (1953) obtained an expression for
the drift velocity in the interior of the fluid of the form

_ atok 2 cATAS 244/ 1-1) 4 3 ]
z{‘loed\ ) ,f-u'm("k/\[ el
# RA2LA 2RA (SuP £t 1) (B1)
+ P sAhA 2L £ 2 z_,
(ghges s )]

where A is fluid depth and M= i‘//(. Here & 1is the distance measured
positive downwards from the surface. This solution, which is essentially for
laminar flow, reduces to the usual expression for the Stokes drift velocity near
the bed which is given by equation (13). This may also be applied (see Longuete
Higgins, 1957) to a turbulent boundary layer. Equation B1 has been used here to
calculate the Stokes drift velocities which are shown in Table 3

Experimental observations (eg Russell and Osario, 1957) suggest that good
estimates of the Stokes drift at the surface are probably given by Stokes?
original irrotational flow solution (equation 10) but that in the interior of the
fluid’and particularly at the bed, the effects of viscosity may well lead to
Stokes drift velocity profiles of the form predicted by equation (B1).

In reality of course, the situation is far more complex than this with the
total wave induced mass transport velocity being the resultant effect of a
superposition of waves having a random distribution of heights, periods and phases.

It should be noted that considerable controversy still surrounds the relative
magnitude of the wind driven shear current and the wave induced mass transport
velocity. Wu (1975) has shown in laboratory experiments that the wave~induced
Stokes transport may only be 3=15% of the surface dirft and this would not seem an
unreasonable estimate in the light of our own calculations. However, as suggested
by Wu (1975), the situation is far from being clear with, for example, Shemdin
(1972) claiming, on the basis of laboratory data, that the surface drift is
essentially a wind-induced shear current, whereas Bye (1967) and Kenyon (1977
concluded from a study of oceanic wave data that the surface drift is primarily a

wave induced mass transport.



APPENDIC C

ROTARY ANALYSIS AND THE CONSTRUCTION OF TIDAL ELLIPSES

The following description of the method is based upon that given by
Maddock and Pingree (1978).

Any vector time series may be expressed in terms of two orthogonal components
each of which can in turn be expressed as a Fourier series. Therefore by resolving
the measured currents into east and north flowing components & and ¥~ we may

express the velocity components at a particular frequency, e , as

U, = ay coTwé + 4 ainest (c1)

Ve = a, essé £ A_V,L;Araué' (CZ)

where A&, , éu' v A and AV are Fourier coefficients.
In complex notation the vector describing the ellipse for a constituent having

frequency J is given by

U = U,+ (Y (€3)

~4 A

It can be shown that by substituting (C1) and (C2) in (C3) and expanding cer b
y é - 'Né . y Y
as (e“" + e~ )/2. and A wé as (e u—uﬁ-_ e"‘“"e)/‘z[’
the complex quantity 2&) is given by

U, gl )sila -6 € L L [la -t )il 4,]€ 000

which may be written as

Nl 2 ~(wé
Lo, = U,LE + U._ € . (c5)

Thus the vector describing the tidal ellipse for a constituent having a frequency
e is described by two contra=rotating vectors, ,z:,(+ and E_ ,Jhaving constant
amplitudes and rotating anticlockwise and clockwise respectively with frequencies
¢ and =N . The maximum value of the current for this particular constituent

occurs when 2.'4— and kf_ lie in the same direction. The semi-major and semi-

minor areas of the ellipse are given respectively by
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| de| =+ \2r-]

D

(c6)

(\
n

lf.ﬁ-‘ = lff'

The phases of the anticlockwise and clockwise components are given respectively by

a, -é
v 128
= Az ! /hz )
9+ au -l ((‘7>
8 :#A"/avﬂf-bv)
Gy ~ v
which gives the phase of constituent with frequency w as
g= 6y —6- (c2)

and the orientation of the major axis of the ellipse as

.Gy + 6.
¢w- 2 (

Q
O
~

From the harmonic analysis of the Zf and V" time series we obtain scits of
amplitudes,t‘/.”.and /‘/-V,a,nd phases, G, and 9.-, for the required tidal
constituents. From this information it is possible to calculate th: Fouricr

coefficients aw ’ éu— ’ Q_‘r and 6., and so construct the tidal c¢llipses,



APPENDIX D

DOODSON'S X° FILTER

Doodson's X° filter can only be applied to hourly values of the tidal
currents. It has therefore been necessary in this study to reduce the original
data cets by averaging the 10 minute values of speed and direction to give hourly
values.

The 10 minute values of current speed were first resolved into an orthogonal
frame of reference, having arbitrary orientation, and then arithmetically meaned
to give hourly values. The two components of the original vector time series were
then operated on separately by the Xa filter to give residual currents in the X
and \lf direction of the chosen frame of reference. A variable frame of reference
was chosen so that an 22 or 3 filter product might correspond, for example, to an
alongshore current adjacent to a coastline of any particular orientation.

For the calculation of the residuals shown in Tables 13 and 14 the Y
direction has been taken as true north. However in the meteorological application
the ¢ direction has been taken as 325(°T) this direction corresponding to the
orientation of the coast on the east side of Swansea Bay.

Thus Doodson's ;\’. filter generates residual currents in the X and .7

direction given bys

N
() =& WA (6+¢€) (1)
ez =A
— N
%m . 'E/v wi T, (€+€:) (D2)
(8-

where the constant coefficients and times WY and €¢ have the properties
W, = W‘- and 6“. = é‘- « The values of the coefficients w (taken from
-4 -

Groves, 1955) are given in Table D1. As previously stated the times & are

constant and equal to 1 hour.
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TABLE D1

Values of coefficients used in DOOdSOﬂSJXB Tilter (see equations D1 and D?)

1 Wi
0 0
1 L067
2 .033
3 .033
4 067
5 0
6 .033
7 «033
8 0
9 067
10 0
1 .033
12 .033
13 0
14 .033
15 0
16 0
17 .033
18 0
19 .033




APPENDIX E

Smoothed progressive vector diagrams for residual water movements in Swansea Bay.

B is the steadiness factor expressed as a percentage.

Figure Station
E1.1 -E1.8 A
E2.1-E 2,2 B
E 3.1 =E 3.2 C
E 4.1 = E 4.2 D
E 5.1 =E 5.3 B
E 6.1 - E 6.3 F
E 7.1 G
E 8.1 - E 8.2 H
E 9.1 I
E10.1 K
E11.1 K
" P
Note s The header code on each progressive vector diagram indicates

the followings

eg 669G6 ¢+ File name
2727276 :+ Date record starts
SWB ¢ Area (eg Swansea Bay)
A ¢ Station
2M t+ Height above sea bed in metres
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APPENDIX F

THE CALCULATION OF DENSITY CURRENTS

Consider the steady state motion of a fluid particle ad jacent to an
infinitely long straight coastline and in the vicinity of one or more river
discharges, then the depth integrated equation of continuity and motion are given

(See Heaps, 1972) by

A
VALL AR (¥1)
=y
- ~ -+ /o o
'Vi‘;;z AVr 9 H?;T:*j?f i (F2)
A(E d'_’-}/'___ V:
Ja2t ~ (F3)

where Z& and ¥ are now density currents flowing in a left handed system of
cartesian co—ordinates with @ positive downwards (see Figures 25 and 26). Ap is
a depth mean eddy viscosity, 7( the Coriolis parameter, g the acceleration due
to gravity, (9 the fluid density and _r the displacement of the sea surface
from its undisturbed level, 9 is a constant which denotes the rate of seaward
discharge of water per unit length of coastline, representing the fresh water flows
from the rivers,

Introducing the complex variable

Wy = U+ CV (74)
and‘ combining (F2) and (F3) gives

2w - ,(Dlm+A_%{(}+r)éZgg 4 g} ,

Jer (F5)

where K= (”"'.)7‘-/2) ’ (F6)
%

and D = (RN 1) (77)

the latter being the depth of frictional influence which here has a different
physical meaning to that described in Appendix A.
Assuming zero tangential stress at the surfac:z and a linear bottom friction

law gives a general solution to (F5) of the form
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Wp = 46’%{“&)-.# ze ¥ 5), 9 {(!--*1')8’ o +g} J (8)
7

where A and B denote arbitrary constants. A4 and Z may be determined (see

Heaps, 1972) from the boundary conditions and &P/dx eliminated from the

solutions for A and V¥ in terms of discharge parameter 2 . Thus from (F8)

V=§ff(w-w)é§; + B(7r-4Q)/s (79)
and V= gA(XPs Y@+ N q)éi‘-&é}(/-m- 7))/,
£ (F10)

where € is a linear friction coefficient. The terms in (F9) and (F10) are

defined as followss
Zza+$, Hahss , N =2/H
Qy = mAH/D, 4,=4°[/—7\), Q285G ,N = C/'{//Vi.
G = Q(3ma, covq, - wqod“ad)"n/‘a‘( a, cova,)
£ = 4¢(Wao€avao+w4aa.&&\a°)+,\(w ay 2ina, |
L =nekea, cova, 7= N sl oy sina,
Pz Gf(¢%+€Y) , Q= E/(cH+EY)
P coth Aycora, + @ sha,muna, , £=/-£n
[k-‘-‘)/-f, 7l,,=/+A+A_/L (F11)
caBh 0, coT A; 4 (N /28)( 4k, cax @, + CTh G ada, )
-AofmazmaZl
y = 2k o, J‘%d,v‘f\/.?ao)(aclta,u}\a,—z“a, a3,
—Ao(w“t"‘:\az) . ]

X P

Given an appropriate parameterisation of the eddy viscosity the above sequence of

equations may be used to evaluate the density current components ZA and ¥ at

C/, :’{ and -’—é?' are known,

different depths ( & ) provided that the terms =
The first term //f .(ﬂk/dz) may be evaluated from the isopycnal spacing if

this is known and the second term /g/c from river discharge data. Taking
1.1410 x 107%™

£
C = ,2cm s-1,

1.025 gm cm-3
and the salinity data shown in Figure 24 and isopycnal spacing in Figure 25, gives

//(~ (*/d=)21.1 x 10~9 cm =1,

1
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3

&~ (Stoner, 1977) over a representative length

of coastline of 20 km in the head of the Bay, gives 9 o 1.5 m35_1/km and thus

f?/c &~ 8.5 x 10—3 cm k-JI. Similarly to Heaps (1972), therefore, we

find that the direct effect of the river discharges is small.

Taking a river discharge of 30 m

o
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