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356 I.S. ROBINSON

An examination is made of the theoretical basis and simplifying assumptions governing
the use of the voltage measured across the ends of a submarine cable as a measure of the
sea flow across the cable section.

In part I a method of calculating the response of an electro-magnetic flowmeter by
means of a weight vector is applied to the oceanographic situation. A numerical model
is developed which generates the weight vector distribution for given submarine cables.

In part II, weight vector distributions are obtained for various cables around the
British Isles, and the cable responses to given velocity distributions in the sea are
calculated. It is shown that the velocity distributions associated with different tidal
frequencies, storm surges and long period residual flows will result in different responses
at a given cable. The implications of this are discussed. The effect on the cable response
of seasonally varying sea conductivity, and of a tidal range which is not negligible com-
pared with the mean depth, is also modelled.

I. THE THEORETICAL MODEL
1. INTRODUCTION

When sea water moves in the Earth’s magnetic field, electromagnetic induction occurs in the
electrically conducting fluid. Electric currents flow in the water, the sea bed and the surrounding
land, so that the electric potential field which exists is determined by both the currents and the
inductive effect. If the potential difference can be measured between two points in the sea,
usually on opposite sides of a channel connected by a submarine telephone cable, the situation
can be treated as a type of electromagnetic flowmeter, the measured potential difference being
used as an indicator of the total volume transport of water through the channel at any instant.
The system is calibrated by estimating the total flow from direct reading current measurements
made at a few selected points in the channel over limited periods of time, from these obtaining the
best constant of proportionality which satisfies the assumed linear relation between potential
difference and volume transport, and using this same calibration constant over the much longer
periods of time during which records have been obtained from the cable.

Such a system has been used in the Dover Straits by Bowden (1956) and Cartwright & Crease
(1963), and in the Irish Sea by Bowden & Hughes (1961) and Hughes (1969). Submarine cables
were also used by Wertheim (1954) to measure the transport in the Florida current between
Havana and Key West. The method promises to be used regularly in the future since it is cheap to
install and operate (given the existence of telephone cables) and can be a useful means of
obtaining boundary data for real-time numerical sea models.

However, assumptions are made in the use of this method which may not always be justified.
The analysis of the observations has been based on the work of Longuet-Higggins (1949), who
explored the theory of electromagnetic induction in elliptical and rectangular section channels.
His analysis was strictly for a channel of uniform cross section in the flow direction, with uniform
conductivity in the sea. Some effects of variable sea conductivity were included in a more extended
discussion of the problem by Longuet-Higgins, Stern & Stommel (1954). In practice, cables are
often laid between two opposite headlands, at the narrowest part of a channel or between the
mainland and an island, and the assumption of a straight, uniform channel is far from reality.
Moreover, the conductivity of the sea may vary significantly over an area surrounding the cable.
The assumption is made that these deviations from the theoretical conditions may be accounted
for in the calibration procedure, i.c. although the sensitivity (potential difference/volume flow
ratio) is not that predicted by theory it may be determined empirically. That is valid, in fact, only
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SUBMARINE CABLES AS FLOWMETERS 357

if the sensitivity remains constant with time, and there are two reasons, at least, why this may not
be so. (a) The velocity distribution in the channel may vary with time. If the velocity distribution
does not significantly affect the sensitivity, then thisis not a problem, as is the case in the effectively
two dimensional analysis of Longuet-Higgins where the very large width/depth ratio eliminates
the effect of any two dimensional flow distribution. Where the topography is more complex, with
an irregularly shaped channel, local shallows, and varying conductivity, it is possible that
different flow distributions will lead to different sensitivities, so that a tidally varying flow distri-
bution will lead to a sensitivity varying with time. (b) The sensitivity is dependent upon the
water depth unless the bed is insulating, and should there be a tidal range which is more than a
small percentage of the mean depth, then again the system as an electromagnetic flowmeter
exhibits a time-varying sensitivity. Neither can this be accounted for simply by introducing a
time-varying depth into the Longuet-Higgins result and analysing the measured potentials
accordingly, because the tide may vary in phase by a few hours over the area surrounding the
cable. It should be noted that it is not just conditions at the section of channel between the two
electrodes which contribute to the potential at the electrodes, but conditions over an area
stretching upstream and downstream a distance of a few times the distance between the electrodes.

Thus it is clear that if measurement of volume flow by telephone cable potentials is to be
reliable, especially to the extent of obtaining residual flow measurements, then we have to be
confident that sensitivity is not varying with time. Each cable location must be taken on its own
and evaluated for the influence which the above factors have on the sensitivity. It is the purpose
of this paper to provide a way of modelling more accurately than hitherto more of the factors
which contribute to the potential difference which is measured at a given cable location. By
calculating the expected p.d. from typical velocity distributions and sea surface elevations during
a tidal cycle, it should be possible to show whether the sensitivity varies to a significant extent or
not. Information on conductivity, etc. is not sufficiently reliable (nor is modelling of the complex
electrical resistance pattern of the sea bed sophisticated enough) to enable true values for
sensitivity to be predicted. Empirical calibration would always be necessary, but a method is
offered whereby a given cable situation may be tested to see whether it would lead to reliable, or
virtually useless, estimates of water flow.

It should be emphasized that we are considering here only the flowmeter problem, and
ignoring the electric field produced by the time-varying part of the Earth’s magnetic field. None
the less if the flowmeter effect can be realistically modelled, then it will be easier to subtract the
contribution due to fluid motion from observations of electric field, thus giving a better estimate
of the electric field which is linked to the time-varying magnetic field produced by ionospheric
currents.

2. BAasic THEORY

In recent years the theory of electromagnetic flow measurement has been significantly
advanced by the work of Bevir (1970). Notably he developed the concept of a vector weighting
function, the scalar product of which with the velocity at any point would give the contribution
of that point to the total potential difference measured between the electrodes of the flowmeter.
His work was applied specifically to pipe flowmeters with imposed magnetic fields. In this paper
it is applied to the oceanographic flowmetering situation. The constraints of the real world are
such in oceanography that Bevir’s method cannot be applied to the design of an ‘ideal meter’,
the réle for which the weight function was first developed, but it can be used, as we have observed

32-2
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358 I.S. ROBINSON

above, for the modelling of a given situation to test for uniformity of sensitivity of the submarine
cable used as a flowmetering device.
Within the water, the basic equations of magnetohydrodynamics apply, i.c. (Shercliff 1965)

Ohm’s law j=o(E+vxB)
Kirchoff’s first law ~ divj =0
divB=0
Ampére’s law curl B = uj
and Faraday’s law curl E = —0B/ot

where j is electric current density, E is clectric field strength, B is magnetic flux density, o is
electrical conductivity, u is the magnetic permcability, ¢ is time, and v is the fluid velocity.

Now if the magnetic Reynolds numbcr (#ovd) is small, as it is in sea water (d being a typical
depth), the assumption can be made that Ampére’s law be ignored, i.e. the magnetic field induced
by induced currents is neglected compared with the imposed magnetic ficld (the Earth’s field in
this case). If we are to accommodate non-steady velocity flows into a quasi-static solution, then
we must impose a further condition that any changes of electrical conditions due to a change of
velocity diffuse throughout the rclevant sea area in a time much less than a characteristic time of
the velocity change. This is akin to the limitations of the skin effect in electrical engineering, and
can be expressed for the oceanographic situation by requiring that a magnetic Reynolds number
type of parameter, poLwd < 1, where o is the frequency of velocity fluctuation and L is a hori-
zontal length scale. It is appropriate for L to be the length of the cable. This expression is equi-
valent to equation (8.1.20) of Longuet-Higgins et al. (1954). In practice this means that for an M,
tidal frequency Ld < 1.4 x 10°m? and for M, Ld < 4.7 x 108m?2. A typical cable to be considered
later is of length 100km in sea of depth 100 m, which comfortably satisfies these criteria. If the
sca bed is of comparable conductivity to the sea, d must include the depth of penctration of the
induced currents, reducing the horizontal range of clectrical diffusion. Given this quasi-static
condition, we can assume that 0B/0t = 0 and hence E may be represented as the gradient of a
scalar, @, the clectric potential, i.e. E = —Vg.

It may then be shown (Shercliff 1962) that V3¢ = div (v x B), which is the classical flowmeter
cquation, with o uniform in the fluid. Applied to the occanographic situation, this would have
to be solved separately for each different velocity distribution encountered, and in the real sca,
with non-uniform conductivity, the equation is more complex.

Bevir, however, makes usc of the reciprocal relations that apply in clectrical nctworks or
continuous media, and for the general case of anisoptropic and non-uniform conductivity, proves
that the potential difference between two clectrodes in a fluid which moves through a magnetic
ficld can be expressed as U = f v+ Wdr. The volume integral is taken over the whole fluid space,
and W = B x VG, where VG is a vector dependent only upon the shape of the flowmeter and
clectrodes, the conductivity of the fluid and the electrical boundary conditions at the walls. In
our casc this is thercfore dependent only upon the topography and conductivity of the sca and
bed. The form of VG is such that it is equivalent to the clectrical current density distribution in
the sea if unit current werc injected at onc clectrode and extracted at the other, in the absence of
o(v x B) currents. This ‘virtual current’ as Bevir terms it, bears no rescmblance to the actual
distribution of currents which flow duc to the inductive effect of fluid motion, but is a purely
mathematical concept which enables the potential difference to be calculated more casily in the
above integral. The actual current distribution may well be extremely complex, but does not
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need to be known. The problem of obtaining U for a given cable and given tidal flow thus resolves
itself into that of calculating VG, the virtual current, for the given topography and conductivities
of bed and sea, taking its vector product with B, the scalar product of this with the velocity vector
v at all points in the fluid, and finding the volume integral of this scalar product over the whole
fluid volume. In practice, the integral is taken over a region in the vicinity of the cable, with
checks to see that contributions to the integral at points around the boundary are minimal. It
should be stressed that this form of solution of the flowmeter equation is not restricted to uniform
conductivity of the fluid and bed, any variations of conductivity being accounted for in the calcu-
lation of VG. In what follows, Bevir’s terminology of virtual current and virtual potential will be
used to describe the weighting vector and its scalar potential, since it enables the solution for VG
to be described in physical terms as a potential flow problem.

3. THE SOLUTION FOR THE VIRTUAL GURRENT IN THE
OCEANOGRAPHIC SITUATION

Once the vector field VG is determined for a given cable situation, the response to any distribu-
tion of velocities is effectively characterized, assuming B is uniform and constant. In fact, the
distribution of VG will give a good indication as to whether a cable is suitable for flowmetering or
not, even before it has been used to find the response from different velocity distributions. Also,
the variation of VG with different states of tidal elevation or different seasonal conductivities will
give a good indication of the importance of these factors in affecting the sensitivity of the
flowmeter. '

Because of the complex three dimensional topography involved, an analytical solution for VG
is not possible without the simplifications to a uniform section channel which have already been
covered by Longuet-Higgins’s theory. The advantage of using the virtual current method is that
it can readily be adapted to a numerical solution for each individual case. To assist the solution,
some reasonable assumptions can be made, while still leaving the problem flexible enough to cope
with the factors mentioned in § 1 which have hitherto been ignored in submarine cable analysis.

(a) Thin slab assumption

The sea may be treated as a thin slab of varying thickness, the assumption then being possible
that virtual current density is not dependent upon depth, in the sea itsclf. This is realistic in view
of the very large length/depth ratios involved in the continental shelf waters, of order 100-1000,
any variation of virtual current in the vertical direction being smoothed out in a horizontal
distance comparable to the sea depth, i.e. negligible compared with the horizontal scales of the
topography. Thus the virtual current in the sea itself may be modelled in a two dimensional
horizontal grid.

(b) The electrodes

These may be modelled as current inputs to the squares in which they occur. In practice,
a finite length of the submarine cable carth sheathing acts as the electrode, in electrical contact
with both sea bed and adjacent sea water, but the effective length is not likely to exceed the
dimensions of the grid square, i.e. of the order of 1 km. Ifit does, then the use of the cable sheathing
as an electrode is questionable, since it is effectively shorting out the signal from those portions
of the total flow occurring close inshore, and other electrodes should be used.
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electrode square

Ficure 1. Arrangement of virtual current model grid.

Thus the simple model is as shown in figure 1. The area of sea is divided into squares of side /.
The sea conductivity and depth d are defined in each square. The virtual electric potential 1, ,,
is defined at the centre of square m, # and the virtual current passing from one square to the next,
L, n, and J,, , are defined at the points shown in figure 2. If the sea bed were insulating, this
simple model would suffice to define VG, but with a conducting bed, account must be taken of the
virtual current which passes through the bed and does not contribute to W within the fluid. The
modelling of the earth virtual currents is dealt with in the next section, and to allow for the earth

currents, K,

. » 18 defined as the current passing from the sea to the earth in grid square m, n.

Figure 2. Detail of grid notation.

A ) ‘ '
4 } e o
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SUBMARINE CABLES AS FLOWMETERS 361

Then the equations in finite difference form are
divj = 0leads to: L, , + o 0 = L, ni1 + Sns1, o+ Ko, » for each square; (1)

curl E = 0 has already been assumed in that a virtual electric potential ¥ has been defined.
Ohm’s law (j = 0E = —o'V¢) leads to 1, ,/dl = 0V, n_1—Vp n)/l, d and o being defined at the

virtual current grid points, i.e.

]m,n = bm,n(Vm, 71—1"'Vm, n)b (2)
and in the perpendicular direction
Jm, n=Cm, n(Vm—l, n Vm, n): (3)
where b n = dm 2Om n+dm n=10m, n—1)>
= Moot ) "

Cyn = %(dm, nOm,n + dm—l, nTm~1, n) )

i.e. the values of do at the current points have been taken as the average of the d,,, ,, 0, ,, defined
in the adjacent squares.
source line for slice in

source line for x,2 plane
slice in y,2, plané=

<’\\\

N — ] I
I
Ficure 3. Notation for earth virtual current representation.

4, EARTH VIRTUAL CURRENT DISTRIBUTION

To solve equations (1) and (8) for , , and J,, , it is necessary to know K,,, ,,, the total virtual
current lost to earth in each grid square, which means that it is necessary to solve for the virtual
current distribution in the earth. Since we are concerned only with the total virtual earth current
passing beneath a given grid line, and not the virtual current density dependence on the vertical
coordinate, it is expedient to reduce the problem to one of two dimensions whereby the sum
P, , and @, , of the virtual current crossing the semi-infinite strips reaching vertically down-
wards beneath the grid lines, is related to the virtual electric potential distribution at the sea/sea
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bed interface, i.e. the distribution of potential in the simple slab model above (see figure 3). This
relation is approximately modelled as follows:

Consider a vertical slice of earth, the faces running beneath two adjacent grid lines from one
boundary of the modelled area to the opposite boundary, as shown in figure 8. Given the limita-
tions of the finite difference approximation, the virtual potential must be considered as invariant
in the direction normal to the faces of the slice, within each individual slice, so that we can now
consider the two dimensional distribution of virtual current in the plane of the slab faces, i.e. the
planes containing the vertical and one of the horizontal dimensions. This can be modelled in
terms of the superposition of virtual current line sources and sinks of strength £, per unit length
which become point sources of strength P, in the two dimensional representation of figure 4. This
assumes that all the current K, ,, entering or leaving the earth in a grid square does so through the
two perpendicular source or sink lines in that square (corresponding to the two perpendicular
slices passing beneath that square). While not physically realistic, this assumption is satisfactory
within the limits of the finite difference approximation and leads to a more tractable mathematical
solution than the other possible assumption of uniformly distributed current inflow across the
grid square, which leads to a singularity of potential gradient at the grid lines. Another definite
approximation implicit in this approach is that within each slice the two dimensional divergence
iszero. Thisis not generally true but the presence of the sources and sinks at the surface is intended
to accommodate the transfer of current to adjacent slices which in fact occurs throughout the
whole area of the slice.

source +sink point at which dV is evaluated

point dx X s -
Vs \7= Vi Vi1 Vo
e boundar
AT AN AT v
B, By |Ba B |B Ru |BRa P4 |Bio By By
\
2
’
P e e e gy iz :>
B B B By By B.j 4

FIGURE 4. Source-sink arrangement to represent earth virtual current distribution.

By inspection of figure 4 it can be seen that if sources and sinks are arranged in pairs as shown,
the total current crossing beneath the surface grid lines within the slice is equal to the strength of
the source and sink pair which straddles the line in question, i.e. we have equated /F, to B, ,, or
Qum, »- The problem then becomes that of obtaining the electric field strength or potential gradient
at the grid points in terms of the strengths of the sources and sinks.

Consider the complex plane { = x +iy. Let the potential function F({) = —oy ¢ +iy, where ¢
represents the electric potential, ¢ the electric current stream function and oy the conductivity
of the Earth (assumed uniform). Then the potential due to a source of strength 2F, at a position
x = +b on the y axisis F' = 2P,In (x +iy — b). This models the potential in the semi-infinite plane
with a source of strength P, at x = 4, y = 0 and zero current flow across y = 0. Then

—opd = Re (F(2)) = Bln ((x—b5)2+42).
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6 2B(x—1)
Hence o op((x—b)2+42)"

Now if the origin be taken at the grid line on the surface, at that point (0¢/0x) ;g y—o = 2F,[0Rb.
Now in the slice of figure 4,

P = J_er»;”’“ b= }(2F1).

a¢ — 8 N 1)7)1/, n+k
Hence (a)m n B og 2 2‘ 4k -1’

the summation taken over £ such that all £, , are included from row m of the grid. Thus

Vm, n Vm, n-— 2 422 'n+k (5)
_ m+tk, n
Vm,n_'Vm—l,'n - g lz 4k2_1 (6)

The continuity equation for earth currents is

Pm,n+ Qm, 'n+Km,n = Pm, n+1+Qm+1,n' (7)

Substituting equations (1), (2), (8) in (7), we have

m n( m, n— I-Vm,n) +cm n(Vm—l n—V ) +Pm n+Qm,n
= Pm n+1 +Qm+1 n +bm,n+1( m,n Vm, n+1) +cm+1,'n(Vm,n "'V;n+1, n) (8)

Equations (5), (6) and (8) are the finite difference equations for numerical solution,

5. BOUNDARY CONDITIONS

The sea boundary conditions are that round the limits of the area considered, there is zero
virtual current outflow through each square, i.e. the equation (1) will have only three terms in /
and J, or two at corner squares, with the corresponding effect in equation (8). This boundary
condition also implies that ¥V should be constant along an open sea boundary, and how closely the
calculated result approaches this condition will be an indication of whether the modelled area is
sufficiently large. This in turn will indicate the area of sea which contributes to the measured
signal at the submarine cable.

At the two electrode squares, where the virtual current source and sink are considered to be,
there will be an additional term of +1 and — 1 respectively on the left hand side of equation (8).
However, of the set of continuity equations (8), one is redundant, since if the external inputs and
outputs to the system balance and if the currents J and I satisfy continuity in all but one square,
they must automatically satisfy it in the last one. To provide the necessary extra equation to
enable solution, the absolute value of the potential must be fixed in one square, e.g. the sink
square, and may arbitrarily be chosen as zero. Thus, V,, , = 0 replaces the continuity equation
for that square in the set (8).

The earth virtual current boundary conditions involve the approximation, for simplicity, that
the net virtual current flow below grid square sides at the boundary is zero. This is justified since
all the virtual current which flows out from the system will flow back into the modelled area at a
different depth, and most of it probably below the same grid square. Since the earth currents

33 Vol. 280. A.
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364 I.S. ROBINSON

are likely to be a small percentage of the sea currents, it was not considered worth while to model
this boundary condition any more accurately. The exception is where a headland protrudes into
the sea, and the sea model boundary follows the coast. In this case earth currents can jump across
the headland which is represented by an ‘earth-only’ grid square and adjustments must be made
to the set of equations (5), (6) and (8).

6. COMPUTER METHOD TO EVALUATE VIRTUAL CURRENT

A numerical model was constructed in which equations (5), (6) and (8) could be solved by a
digital computer. The grid squares of figures 1 and 2 are indexed both by a one dimensional
sequence and by their position in the two dimensional array defining their position in space.
Hence adjacent squares can be located through the two dimensional array, but not every square
in the two dimensional grid need be filled, and rows and columns can be of arbitrary lengths,
with gaps if necessary, thus providing sufficient versatility for the model to be applied to any
cable situation with only a change in input data necessary. Information is input for each square
regarding the average sea depth, sea conductivity, and whether the square has an east, west,
north or south boundary with the limits of the model or with an earth-only square where such are
deemed necessary to allow for the flow of current through a headland or island.

Since it is assumed that the proportion of the virtual current passing through the earth will be
somewhat less than that through the sea, an iterative procedure is used to solve for V. The series
of equations (8) for all the sea squares can be represented in a matrix equation

Av = b.

A is composed of terms in b,, ,, and ¢, ,, and b consists of terms containing P and @, except for
the row in the equations corresponding to the sink square s for which V = 0, whence

Agt = O, Qg = 1, bﬂ = 0.
Now, v = A-lb,

and because A is not altered during the iteration process, it is necessary to invert it once only.
A can be up to a size of 200 x 200, and inversion is performed numerically by the standard Gauss—
Jordan method. A check is included to test for numerical accuracy of such a large inversion.
Initially b is set to zero except for a value of — 1 corresponding to the source square. Consequently
the first solution for V corresponds to that with zero earth conductivity. At this stage, values of
V in the earth-only squares are supplied, being taken simply as the mean of the V values of
adjacent sea squares. P and @ are then obtained from equations (5) and (6), again using a matrix
inversion technique, i.e.
Gp=h

applies to each row or column of the two dimensional model grid. G is composed of terms from the
summations in (5) and (6) and h is formed from the V terms, including the earth-only squares.

Now, b= G-1h,

the inversion having to be performed for each row or column since G changes with different
lengths of rows or columns. Should there be any blank squares (i.e. outside the limits of the model
boundary) sandwiched between model squares within a row or column, these are included in the
setting up of G, but do not affect the result since h is set with zero value for those squares.
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The values of P and @ so obtained are used to form new values for b, whence v is once more
calculated to give a new set of V taking earth currents into account. However, it is necessary to
scale the values of P and @ before insertion into b so that the model does not become unstable,
This is done by calculating the sea currents in each square from the values of ¥, and considering
the total current I, in both sea and earth, crossing the perpendicular bisector of the line joining
the source and sink squares, across the whole width of the model. Now since all the current
passing from source to sink crosses this line, J; should equal unity when the model is producing the
correct solution. If I; > 1, then the calculated earth currents are too large, and if I; < 1 they are
too small. Consequently P and @ are scaled by the factor (Z;)~! before insertion into b.

The process is repeated, using the values of P and @ obtained from the previous iteration to
calculate V and hence new values of P and @, until successive iterations produce negligible change
in the value of V. As a test, a parameter ris calculated, which is the root mean square value of the
net currents flowing into each square through both sea and land (after removing the unit input
and output at the source and sink squares), and this should tend to zero if the solution is con-
verging. Its failure to converge on zero is a measure of the limits of numerical accuracy which are
possible. In the earth-only squares, the constraints of the model do not automatically require
the net current inflow to be zero, and so the magnitude of 7 in these cases is also a measure of
the error involved in the arbitrary assignment of mean values of ¥ to these squares.

Provided the solution converges, and is sufficiently accurate, the two components of virtual
current are calculated at the centre of each sea square from the mean of the respective component
values at the sides of the square as computed from V. These results characterize the response of
the cable, and are output on cards for use with different velocity distributions in the calculation
of the theoretical voltage produced by a given flow pattern. This is achieved in a simple program
which performs the sum 2B, (VG x v), B}, being the vertical component of the Earth’s magnetic
field, assumed constant, and v the sea velocity defined in every sea square of the model, the
summation being taken over all the sea squares. It is necessary also to multiply by the length of a
grid square to obtain the true volume integral and end up with units of volts.

7. EXAMPLE TO ILLUSTRATE THE GOMPUTER MODEL

The use of the model can be illustrated by its application to the cable between Port Erin on the
Isle of Man and Cemaes Bay on Anglesey. The grid which was initially adopted for this cable is
shown in figure 5. Three land-only squares are used to represent those parts of the Isle of Man
near the cable end which could contribute significantly to the distribution of virtual current, and
one such square was used on Anglesey. Depths for each grid square were obtained from Admiralty
Chart No. 1824a. The sea conductivity was calculated in each square by using the U.S. Navy
tables (Bialek 1966), from mean temperature and salinity distributions given by Bowden (1955)
for August. The earth conductivity, of necessity assumed uniform, was taken to be 0.015S m™1,
midway between the estimates made by Bowden & Hughes (1961) for the North Channel and
for St George’s Channel from an analysis of cable measurements using Longuet-Higgins’s formula
for a straight uniform channel. Although this value cannot be considered very reliable, it does at
least give an order of magnitude estimate for oy.

Figure 6 shows the resulting virtual current distribution, represented in magnitude and direc-
tion by the lines whose centre is the centre of a grid square. As might be expected, the greatest
contribution comes from those sea areas closest to the cable ends. It will also be noted that the
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vectors at the western boundary where the sea is deepest are nearly half the magnitude of those
in the centre of the model, indicating that this model is not extensive enough to cover that area
of sea which makes a significant contribution to the voltage signal picked up by the ends of the
cable. A more satisfactory model of larger area was used for further study of the effect of different
flow patterns, and will be described in a later section.

1074 ~_ i

N \\d

f
a
b \c¢
4 5. 1 ] L]
10 2 4

0

number of iterations

Frcure 7. Convergence characteristics of Cemaes Bay—~Castletown cable model 1. (r is the root mean square of
the net currents flowing into each square.) (a) o = 0.0015 S m=1; (b) 0.0075; (c) 0.015; (d) 0.030; (¢) 0.15.
((a)~(e), land squares excluded from model.) (f) o = 0.0015 S m=*; (g) 0.0075; (k) 0.015; (i) 0.030;
(j) 0.15. ((f)—(4), land squares included in the model.)

However, this initial grid was used to give some indications of the reliability of the model. In
particular the modelling of the virtual current through the earth could possibly give rise to errors
in three ways: (i) even assuming it is fairly uniform, the estimated value of o'y, may be significantly
wrong, (ii) the theoretical representation of the earth currents is rather crude, and (iii) continuity
of virtual current is denied by estimating the virtual potential in the earth-only squares. Hence
the model was run with and without the land squares included for five different values of earth
conductivity centred about the estimates of 0.015. Attention was paid to the convergence of the
numerical method, the ratio of virtual current in the sea to that in the earth, which would
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influence the theoretical calibration of the cable, and the distribution of the virtual current
throughout the sea, which would influence the variation of response of the cable to different flow
distributions. The convergence characteristics are shown in figure 7, where 7 is plotted against
the number of iterations of the numerical process, for the different runs. The programme was
stopped after seven iterations. It will be seen that convergence occurred after four iterations for
all except the highest earth conductivity at which an initial convergence gave way to increasing
and oscillating values of 7. On closer inspection of the results, the divergence was seen to result
from those grid squares where scaling of the earth currents by (Z;) ~* before entering them into the
vector b was not sufficient to prevent a local instability, which gradually spread throughout the
model. In subsequent models of other cables, when the estimated earth conductivity was such as
to cause a similar situation, it was found to be possible to obtain convergence by scaling the
earth currents in the first few iterations by a factor (2;)*. The introduction of earth-only squares
did not appear to affect whether convergence occurred or not, but did result in a convergence to
a non-zero value of r, which increased with op.

Figure 84 gives an indication of the relative proportions of virtual current in the sea and earth,
being the sum of the virtual currents crossing the perpendicular bisector of the cable in the sea,
and in the earth, plotted against o'. It will be noted that their sum, which should be unity, is
greater than one when earth-only squares are included in the model, indicating the extent of the
continuity inconsistency introduced by estimating the virtual potential in those squares. The
theoretical calibration for each case was calculated using an M, tidal velocity distribution pro-
duced by a numerical model of Mungall, as described in the next section, and is plotted in figure 8
also. Clearly the estimate of oy, is crucial if the cable is to be calibrated by this theoretical model
alone. On the other hand, if the cable has been previously calibrated empirically with some con-
fidence, then a curve such as figure 8 can furnish a reliable estimate of oz. This dependence on
oy is not a serious drawback because the fundamental purpose of the model was not to give an
actual calibration, but to determine the variation of sensitivity due to different flow profiles. The
effect of oy; on this variation may be gauged by considering the relative distribution in space of the
virtual current in the sea. A measure of this can be obtained by taking the virtual current at the
sample points indicated in figure 5, and normalizing them by dividing by the total sea current
crossing the perpendicular bisector of the cable. The results are plotted in figure 84. It can be seen
that in general, the effect of increasing o7 is to increase the weighting towards the cable ends.
However, this is not so dependent upon the estimate of oy as the calibration was, in that an order
of magnitude increase of oy will only increase the end weighting by about 20 %. The use of
land squares appears to influence the distribution only in the immediate vicinity of the squares
concerned.

The conclusions to be drawn from this checking of the effect of oy are that it is hazardous to
attempt a calibration of the cable by theoretical means alone if o%; is not known reliably, but
provided the right order of magnitude is estimated for oy, the shape of the virtual current
distribution, and hence the ability to predict the dependence of the cable sensitivity on different
flow patterns, can be obtained with some confidence. If o can be estimated by matching a
theoretically predicted tidal calibration with an empirical calibration then this confidence can be
increased. It is also concluded that unless there are headlands or islands close to the cable ends
where the virtual current is large, it would be best not to include earth-only squares in the model
because of the errors they introduce.

It is worth while here to briefly examine the virtual current distribution of figure 6, to illustrate
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what implications can be drawn from it regarding the response of the cable to different flow
situations. The clearest way of demonstrating that the sensitivity will not be the same in all cases
is to consider two flows, each having the same volume transport across the cable section, but one
of uniform flow distribution and the other having the flow concentrated in the centre of the
channel, dropping to zero at the coasts. The weighting of the virtual current vector towards the
cable ends means that the latter case will produce a voltage signal which is less than for the former
case, and the sensitivity will be correspondingly less. Ifin the course of a tidal cycle, or the dura-
tion of a storm surge, the flow pattern varied between these two possibilities, then the cable
sensitivity would vary in time. Another illustration is to consider a tidal flow of progressive wave
type. Because the virtual current tends to be greater in the western half than in the eastern half
of the model, then if the wave progresses from west to east the voltage signal will reach its maximum
ahead of the transport across the cable section reaching its maximum, i.e. the signal will have a
phase lead relative to the volume transport to which it is supposed to bear a non-complex linear
dependence. On the other hand if the wave progresses east to west there will be a phase lag.
A third flow situation that could be envisaged is where there are strong currents from the south-
west flowing northwards to the west of Anglesey, such as to cause a signal to be picked up by the
cable, while in fact there is zero transport through the channel between the Isle of Man and
Anglesey. In the rest of the paper actual situations around the British Isles will be considered to
determine whether such effects as these are of sufficient importance to impair the use of the cables
as reliable flowmeters.

Figure 6 can also give some indication of the probable effect of conductivity variation. Seasonal
changes in conductivity occurring over the whole area are more likely to affect the overall
proportion of earth virtual current to sea virtual current rather than the actual distribution
pattern in the sea. However, a local time-varying non-uniformity of conductivity, such as a tidal
variation due to the flushing of a brackish estuary or a diurnal effect due to solar heating of shallow
water, will have the effect of distorting the current pattern with consequent effect on the tidal
voltage signal. This will be worst when such non-uniformities occur close to the cable ends.

I1I. SPECIFIC APPLICATIONS OF THE MODEL
8. GENERAL CONSIDERATIONS

Having developed a model for calculating the theoretical voltage signal to be expected from
a given flow distribution, we shall now analyse specific applications of the model in different cable
situations. Because the submarine cable is not an ‘ideal’ flowmeter —i.e. one which has the same
sensitivity to all flow distributions—it is always possible to invent a particular hypothetical
velocity pattern which would give nonsensical cable-voltage results. However, what really
matters is whether the cable copes adequately with the actual flow-measuring tasks it is required
to perform. We shall therefore aim to restrict the tests we impose to flow patterns which are
realistic. Because the model is likely to be sensitive to flow patterns which are not self-consistent
(e.g. which do not obey continuity considerations) it is best to introduce current distributions
which are output from realistic numerical dynamical models of tides and surges, and therefore
self-consistent. With this in mind the virtual current models in the Irish Sea have been designed
with grids to match dynamical Irish Sea models, which facilitates the handling of the velocity data.
Where no numerical model exists, the tidal stream atlases have been used to provide an estimate
of the velocity distribution.
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Rather than investigate all the characteristics of individual cables, particular cables have been
used to illustrate general points having universal application. Thus the Dover cable has been used
particularly to investigate the effect that the variation of depth due to tidal rise and fall has on the
cable sensitivity, since the Dover Strait is a place where the tidal range is not insignificant in
relation to the depth. Because the Irish Sca gives a large seasonal range of sea conductivity, the
effect of this on the seasonal variation of cable sensitivity has been studied using the Anglesey —
Isle of Man cable as an illustration. The Irish Sca also has a fairly complex topography, and so
various Irish Sea cables have been used to study (i) the cable signal for a single harmonic (M,)
and the comparison of the resulting calibration with the empirical calibration, (ii) the variation
of response to different tidal harmonics and consequent distortion of the tidal curve, and (iii) the
response of the cables to typical storm surges and wind-driven circulations, to decide whether
calibrations based on the dominant tidal motions can be applied to convert voltage residuals into
true residual volume transports.
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Ficure 9. Grid of Irish Sea numerical modecls, showing cable locations.

9. THE RESPONSE OF THE IRISH SEA CABLES TO A
SINGLE (M,) TIDAL HARMONIC

The dominant signal from any cable around the British Isles is the M, semi-diurnal frequency,
which consequently is the basis of empirical cable calibrations. Accordingly, the response of four
Irish Sea cables to a pure M, velocity distribution was calculated by the virtual current method.
The cables chosen were those from Cemaes Bay (Anglescy) to Castletown (Isle of Man),
Ballyhornan (N. Ireland) to Port Erin (Isle of Man), Holyhead to Dublin and Nevin to Howth.

34 Vol. 280, A,
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Ficure 10. The grids used for, and virtual current distributions obtained from the Irish Sea cable models.
(a) Cemaes Bay—Castletown cable, model 2, grid square size = 13.9 km. (b) Port Erin-Ballyhornan cable,
grid square size = 6.95 km. (c) Nevyn—Howth cable, grid square size = 13.9 km. (d) Holyhead-Dublin
cable, grid square size = 13.9 km. Heavily outlined squares not containing a vector are land squares.
The heavily outlined squares at the cable ends are source and sink squares.
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The choice of these cables was made because they all lie well within the boundaries of various
dynamical models of the Irish Sea developed by the I.O.S. Bidston modelling group. The virtual
current grid for each cable model was chosen to coincide with the grid for the dynamical models
which is shown in figure 9, with the location of each cable. Figures 10a—d show the limits of the
areas modelled for each individual cable, with details of land squares and the virtual current
source and sink squares. The calculated virtual current is represented in magnitude and direction
by the line vectors in each grid square. The model operated by using depths obtained from
Admiralty Chart 1824a, and sea conductivities defined for each square from the mean August
distributions of temperature and salinity given by Bowden (1955). The earth conductivities (sce
table 1) were those deduced by Bowden & Hughes (1961) from the analysis of empirical cable
results using Longuet-Higgins’ formula. The M, velocities were obtained from the results of a
dynamical tidal model, with M, input at the boundaries, developed by Mungall (1973). The
amplitude and phase at each grid square were supplied, enabling the volume transport across the
cable section and the expected voltage signal to be calculated at 15° phase intervals through a
tidal cycle. Since the operations to calculate these results are both linear, the input of a purely M,

=
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velocity distribution results in a purely M, output. There is, however, a phase shift which depends
upon the spatial distribution of the phase of the velocity. This is apparent when the volume
transport and voltage signal are plotted over a tidal cycle (figure 11a—-d). The phase agreement is
remarkably good, particularly for the Nevin-Howth and Holyhead-Dublin cables which pass
close to the degenerate amphidromic region off Southern Ireland where the M, phases change
rapidly in space and might be expected to influence the phase of the voltage. Due to the phase
shift, the ratio of volume transport to voltage signal (also plotted in figure 11), has a singularity.
The true amplitude ratio may be obtained from the ratio of the peaks, and it is this which repre-

PHILOSOPHICAL
TRANSACTIONS
OF

sents the calibration of the cable. Table 1 lists the calibration of each cable, comparing this
theoretical value with the calibrations made empirically and reported in the literature.

TABLE 1. IRISH SEA CABLE PARAMETERS AND CALIBRATIONS

theoretical calibration
AL

phase lag
depth (voltage  empirical
cross-sect. channel mean mean behind transport
4 1030y area width depth transport  velocity transport) calibration
<] 1‘ cable Sm™! km? km m 108m3s—1V-1 ms-1V-1 deg  108m3s-1V-1
- Cemaes Bay-— 15.0 3.87 73.9 52.4 1.63 0.42 -1.3 1.95
< Castletown (Hughes)
> > Port Erin— 15.0 3.84 56.8 67.6 1.86 0.48 4.5 1.47
O =~ Ballyhornan (Hughes)
M= Howth-Nevyn 8.5 7.59 104.2 72.8 2.08 0.25 —3.0  3.80 (2.97)
— (Bowden
O & Hughes)
o o Holyhead- 8.5 6.45 102.0 63.3 1.87 0.29 —4.5 —
= w Dublin

The two cables to the Isle of Man give quite close agreement between empirical and theo-
retical calibrations, the difference being around 20 9, of the theoretical value. For the Anglesey
cable the theoretical calibration is lower than the empirical, and vice versa for the N. Ireland
cable. By the reasoning of § 7 these differences could be eliminated by varying the earth con-
ductivity by less than a factor of 2. If incorrect earth conductivity is the cause of the discrepancy,
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it is not sufficiently in crror to mean that the virtual current distribution (and hence the theo-
retical cable response to varying velocity distributions) is unrealistic. It is, however, quite possible
that some of the difference could be accounted for by inaccuracy of the empirical calibration. The
calculation of volume transport across a scction from current measurements at isolated stations
is open to errors. If the theoretical analysis could be supplied with a true valuc of earth con-
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Ficure 11. Theoretical cable responsc to a purc M, input velocity, over half a tidal cycle. (¢) Cemaces Bay-
Castletown cable: curve (i) volume transport, one unit is 10 m3 s-1; (ii) voltage signal, onc unit is 0.44 V;
(iii) instantancous calibration, onc unit is 4.55 x 10®> m?s-1 V-1, () Port Frin-Ballyhornan cable: curve
(i) volume transport, one unit is 10° m3s~1; (ii) voltage signal, onc unit is 4.4 x 10-2 V; (iii) instantancous
calibration, one unit is 2.27 x 105 m3s~! V-1, (¢) Nevyn-Howth cable: curve (i) volume transport, onc unit
is 108 m3 s1; (ii) voltage signal, onc unit is 0.44 V; (iii) instantancous calibration, one unit is 4.55 x 105 m3
s~1 V-1, (d) Holyhcad-Dublin cable: curve (i) volume transport, one unit is 10° m®s=1; (ii) voltage signal,
one unit is 0.44 V; (iii) instantaneous calibration, onc unit is 4.55 x 10° m3s 1 V-1,
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ductivity, and the empirical calibration could use a dynamical model to deduce volume trans-
port more accurately from isolated current and elevation values, then the two approaches could
be compared more meaningfully. Given the limitations of both approaches, the present results
are considered to be satisfactory, and to indicate that the theoretical ‘virtual current’ approach is
modelling reality quite closely.

No empirical calibration could be found for the Dublin-Holyhead cable. A simple analysis
taking Longuet-Higgins’ formula (i.e. e.m.f. oc velocity x length of cable), ignoring earth currents,
suggests that the depth mean velocity calibration should be inversely proportional to cable
length, and the volume transport calibration proportional to the mean depth. On that basis,
comparing the Nevin-Howth and the Holyhead-Dublin cables with the two Isle of Man cables
makes the theoretical value seem very reasonable. Hughes (personal communication) gives an
empirical calibration of the Nevin-Howth cable (correcting a typographical error in the value
of 1.062m s~ V~1 quoted by Bowden & Hughes (1961)), of 0.50m s~ V- for the depth mean
current, which gives 3.80 x 108m?3s~1 V! for the volume transport. He also points out that more
recent current meter measurements have led to a calibration factor of 2.97 x 108m?s-1 V-1,
While the theoretical value of 2.08 x 10m3s~1 V-1 is sufficiently close to the empirical to make
its use in the following sections meaningful, there is nevertheless a significant difference to
account for. This may in part be due to the errors of empirical measurement, but probably sug-
gests that the earth conductivity used in the calculations is too low, resulting in too high a
theoretical voltage. At 8.5 x 10~3S m~*, o, is based on the figure deduced by Bowden & Hughes
using Longuet-Higgins formula and the empirical calibration, but it is half the value used for the
other Irish Sea cables.

The calibrations calculated in this section will be taken as the standard calibration for the
interpretation of any voltages obtained using the virtual current distributions which are derived
here.

10. THE EFFECT OF SEASONALLY VARYING SEA CONDUCTIVITY

As the conductivity of sea water changes due to seasonal temperature and salinity changes, so
the sensitivity of the cable varies. This has been observed in practice by taking the monthly mean
M, range of voltage signals on the Dover cable (Bowden 1956; Cartwright & Crease 1963) and the
Irish Sea cables (Hughes 1969). From the point of view of the present approach, this can be
explained in terms of the proportion of virtual current passing through the sea relative to that
through the sea bed. As the sea conductivity increases, more virtual current passes through the
sea, resulting in higher voltages registered by the cable due to a given velocity distribution. If the
sea bed were insulating, all the virtual current would pass through the sea anyway, and conse-
quently variation of sea conductivity would not aflect the cable sensitivity. The extent to which
seasonal variation of sea conductivity affects the cable calibration is therefore dependent upon
the value of earth conductivity.

To test the ability of the present method to model this scasonal variation, thc Cemaes Bay-
Castletown model was supplied with sea conductivity data derived from Bowden (1955), for
February, May and November, as well as for the August values used above. The mean value of
conductivity ranged from around 3.0S m~! in February to 4.0S m~! in August. The resulting
virtual current distributions were then used with the M, tidal velocities of Mungall, as above, to
produce curves of expected voltage over a tidal cycle. It was found that the phase lag of voltage
relative to volume transport did not vary more than 0.25° across the seasons. The amplitude
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varied more noticeably, however, being greatest in August and least in February as expected.
Table 2 lists the different values of cable calibration. In figure 12 the voltage output has been
scaled to have an annual mean range of 27.5 units, to enable comparison with the empirical
results recorded by Hughes (1969) for this cable. As can be seen, the seasonal variation predicted
by the model is some 30 9, smaller than that observed in 1965, and considerably less than the
1964 observations. Now it has already been noted above that the theoretical (August) calibration
of this cable is lower than Hughes’s empirical value. This of itself cannot account for the discre-
pancy in seasonal variation since the seasonal variation has already been scaled proportionately to
the mean value. However, it may indicate that the earth conductivity has been underestimated,

TABLE 2. SEASONAL VARIATION OF CALIBRATION
(CEMAES BAY-CASTLETOWN CABLE)

earth conductivity mean sea
in model conductivity cable calibration

Sm™? month Sm™ 108 m3s-1 V-1

0.015 February 3.35 1.68
May 3.60 1.665
August 4.10 1.63
November 3.80 1.65

0.0225 February 3.35 2.66
May 3.60 2.58
August 4.10 2.42
November 3.80 2.51

B
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Ficure 12. Effect on the signal of seasonal variation of Cemaes Bay-Castletown cable. (i) Hughes’s observations.
(ii) From theoretical model, o, = 0.015 S m-1. (iii) From theoretical model, o = 0.0225 S m~,

which could also contribute to this reduction of seasonal variation. By using figure 8 as a guide
(althoughitis for a different model of the same cable), a o of 0.0255 S m~* should give a calibra-
tion approximately the same as the empirical value. This was tried for the four seasons, and the
resulting calibrations are given in table 2 and plotted on figure 12. The seasonal variation of the
model is now as large as the 1964 observed variations, and if anything is too large. The corre-
sponding calibration factor is also too large, suggesting that oy has now been overestimated.
However, it is evident that the seasonal variation of calibration can be closely modelled, and can
be used as a check on the accuracy of estimating oy.
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It must be noted that the seasonal variation of cable response is due not only to the variation of
the mean sea conductivity, but also to the variation of distribution of conductivity in space from
season to season. Hence in a region where the tidal phase varied considerably in space, the phase
lag also might be expected to change seasonally. In § 12 mention will be made of the seasonal
variation of the cable response to a wind-driven circulation pattern, as a measure of this effect of
spatial variation of conductivity with season.

11. THE RESPONSE TO A SPECTRUM OF TIDAL FREQUENCIES

It was pointed out in §9 that because the lunar semi-diurnal frequency dominates the cable
records it is the basis of cable calibration. In all work making use of cable voltages the assumption
ismade, tacitly ifnot explicitly, that the M, calibration can be applied to all other tidal frequencies
and any mean or residual flows. While this assumption greatly simplifies the empirical calibration
of a cable, and if true extends its usefulness, it is not necessarily valid since the response of the
cable is dependent on the flow distribution in the sea, which may vary from harmonic to harmonic.
In particular it will vary between different tidal species, as a comparison between the cotidal
charts for different species will readily show. Harmonics of the same species tend to have a broadly
similar distribution of cotidal lines, whereas those of different species can have a completely
different pattern. Consequently a different calibration might be expected to be appropriate for a
different species. Hughes’ comparison between the Holyhead tide-gauge levels and the voltage
from the Cemaes Bay-Port Erin cable show similar amplitude ratios for the semi-diurnal
frequencies but very different ratios for some of the diurnal and quarter-diurnal frequencies,
which tends to bear this out. Of course the diurnal cable frequencies may well be influenced by
earth currents, and it may be inaccurate to equate quarter-diurnal period elevations with the
velocity through the section. Using the present method it is now possible to test whether the
variation of calibration between different species is significant or not. Given an accurate know-
ledge of diurnal tidal current distribution it might be possible to accurately separate the sea-
generated diurnal voltages from the measured to give the voltage due to diurnal earth-generated
currents.

It was also noted above that the cable response involves both an amplitude ratio and a phase
lag between voltage signal and volume transport. Hence it is necessary to evaluate the complex
cable response, ideally over all tidal frequencies, if a proper picture of a cable’s characteristics is
to be obtained. In the present work, using the cable models described in § 9, no velocity input was
available from a numerical model containing all tidal frequencies. However, depth mean
velocities were obtained from a tidal model of the Irish Sea developed by Banks (J. E. Banks,
private communication). This has M, input at the sea boundaries, and because it is a non-linear
model, when it has reached a steady state it contains the mean flow and higher harmonics of M,
which result from non-linear operations on M,. Twenty-five half-hourly values of current at each
of the sea squares were used to evaluate the cable voltage over a tidal cycle for each of the four
Irish Sea cables. This voltage is scaled by the calibration factors derived in § 9, to represent cable-
based estimates of volume transport which can be compared with the actual volume transport.
The results are shown in figure 13. M, dominates the results, and it is hard to distinguish from
this to what extent other harmonics are truly represented by the cable voltage. The plot of
instantaneous calibration (i.e. volume transport/voltage at each half-hourly interval) follows a
similar shape to that for M, only in figure 11.
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Banks also produced an analysis of the velocities in terms of the mean value U, V,, and for each
harmonic the phase ¢,, ¥, and amplitude %,, v, of the velocity in the easterly and northerly
directions respectively at each grid square #. Then if the virtual current is a,, in the easterly and &,
in the northerly direction, the theoretical mean cable voltage will be

N
k 2 (a'nV;L—'bn Un)>

n=1

N being the total number of sea squares for the given cable and £ the product of magnetic field and
the length of a grid square side. The amplitude of a given harmonic of cable voltage will be

1
2

N 2 N 2
k{[ > (a,v,cosr, —b,u,cos ¢n)] + [ > (a,v,siny, —b,u,sin ¢n)] }
1 1

n= n=

N
% (a,v,sinyy, —b,u,sing,)
and its phase arctan { =
pX (an vy, COS lpn - b'n U, COoS ¢n)

n=1

I

These operations were performed, and the resulting amplitude and phase of cable voltage and
volume transport are shown in figure 14 and table 3. The complex cable response is plotted in
figure 156 and listed in table 3. The M, response is very close to that obtained from Mungall’s M,
velocity distribution in § 9. However, the harmonics have a calibration ratio which differs from
M, by up to 25 %, either greater or less, and phase lags which differ from the M, lag by significant
angles. M, the largest of the higher harmonics, differs considerably from M, in its response at
each of the cables.

What is also important is the response of the cables to the mean velocity component. Itis up to
20 9, different to the M, amplitude ratio for all but the Anglesey-Isle of Man cable, for which the
response to mean flow bears no relation to the M, calibration, being in fact negative. Inspection
of the mean velocity for this cable shows that there is a local distribution of velocity resulting in a
net flow across the cable section which is very small and in the opposite direction to the general
trend, this latter being what influences the cable voltage. This is just the sort of velocity distribu-
tion which can render the cable results meaningless. Any empirical evidence that such a wide
discrepancy exists between the the calibration for M, flow and for mean flow, is usually masked
by the practice of assuming that any unexpected mean voltage levels can be explained in terms of
avoltage zero error due to permanent earth-generated currents and an electro-chemical potential
effect between the earth and the cable. Undoubtedly such a zero error does exist, but the above

Frcure 13. Response of cables to a velocity distribution of M, and nonlinearly generated harmonics, over a tidal
cycle.

(a) Cemaes Bay—Castletown. (i) Actual volume transport, one unit is 108 m3 s~ (ii) Cable-predicted
volume transport, using M, calibration, one unit is 10 m?s~2. (iii) Instantaneous calibration, one unit is
4.556x 105 m3s~1 V-1,

(b) Port Erin-Ballyhornan. (i) Actual volume transport 10® m3 s~2. (ii) Cable-predicted volume transport,
using M, calibration, one unit is 10% m? s~1, (iii) Instantaneous calibration, one unit is 2.27 x 10 m3 s~ V-1,

(¢) Nevyn-Howth. (i) Actual volume transport, one unitis 10 m3s~*, (ii) Cable-predicted volume transport,
using M, calibration, one unit is 10® m3 s~2. (iii) Instantaneous calibration, one unit is 4.55 x 105 m3s—1 V-1,
(d) Holyhead~Dublin. (i) Actual volume transport, one unit is 108 m~3s-*. (ii) Cable predicted volume

transport, using M, calibration, one unit is 10°m®s-1, (iii) Instantaneous calibration, one unit is
4.55x 105 m3s-1 V-1,

35 Vol. 280. A.
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results suggest that it may not always be as easily calculated as is normally done by subtracting
from the measured mean voltage the estimated mean flow multiplied by the M, calibration ratio.

In general, it can be said that for the higher harmonics, and in most cases for the mean flow also,
the response does not differ so widely from the M, response as to seriously impair the analysis of
cable data. However, the above results do demonstrate that the response does vary with frequency,
and if very accurate analyses of data are required, corrections must be made accordingly to the
standard method of applying a simple calibration factor to all frequencies.

A
2N

<
- TABLE 3. IRISH SEA CABLE RESPONSES TO M, + HARMONICS
< P (VELOCITY DISTRIBUTION FROM BANKS’S IRISH SEA MODEL)
> phase
o : lag
ez - transport signal voltage (signal
k= p A N i A \ amplitude  behind
I O amplitude phase amplitude ph_as'e ratio transport)
= uw cable harmonic 108 m3s—! rad Vv rad 108m3s—1V-1  rad
- N Anglesey—Isle of mean 0.00033 —_ —0.0046 —_ —0.072 —_
5z Man M, 3.625 0.84 2.225 0.81 1.63 0.02
T 9 M, 0.260 1.38 0.1262 1.41 2.06 —0.02
o 5 . M, 0.078 1.05 0.0444 0.97 1.76 0.08
8 <O M, 0.010 0.43 0.0056 0.32 1.81 0.11
e ‘£ M,, 0.005 0.34 0.0022 0.42 2.14 —0.08
T Port Erin- mean  0.0775 — 0.0362 — 2.20 —
B = Ballyhornan M, 0.967 0.39 0.519 0.44 1.86 —0.04
M, 0.129 1.51 0.0554 1.49 2.33 0.01
M, 0.0159 —-0.13 0.0072 —0.18 2.21 0.04
M, 0.0118 —1.40 0.0055 —1.39 2.19 0.0
M, 0.00085 0.52 0.0003 0.05 2.54 0.47
Nevyn-Howth mean 0.0764 — 0.0294 — 2.60 —
M, 5.874 0.80 2.780 0.74 2.12 0.06
M, 0.0788 —0.85 0.0483 —1.01 1.63 0.15
M, 0.0919 0.42 0.0464 0.22 1.98 0.19
M, 0.0035 0.44 0.0022 0.0 1.57 0.43
M,, 0.00265 —0.59 0.0011 -1.25 2.50 0.66
Holyhead-Dublin mean 0.052 — 0.0262 — 1.98 -
M, 5.017 0.85 2.684 0.78 1.87 0.06
4 M, 0.138 —1.37 0.0932 —1.50 1.48 0.13
T M, 0.092 0.53 0.0520 0.41 1.77 0.11
~ M, 0.0061 —0.53 0.0036 —0.77 1.70 0.24
:é My, 0.0053 —0.14 0.0024 —0.23 2.16 0.08
>
ok . .
e E It must be pointed out, though, that these particular response curves should not be taken
Q) necessarily to be the true curves for the cables in question for two reasons () the velocity distribu-
O tion which was used was the result of a dynamical model which had not been completely optimized
=w

regarding choice of friction coefficient, etc., and which was not fully checked against observations
for the higher harmonics, () the harmonics involved were simply those generated from non-
linear operations on an M, input. In reality there would be many other input frequencies and
meteorologically driven motions, which would increase the number of important frequencies
present and possibly change the flow pattern of the frequencies analysed above, particularly
the mean flow distribution, with consequent alterations to the response curve. When dynamical
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model results containing a true spectrum of frequencies are available, a true theoretical response
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Ficure 14. Comparison of amplitudes of separate harmonics of volume transport and voltage signal for the Irish
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curve can be constructed. It will be particularly interesting to discover the response of the
diurnal tidal species, the detailed response of the individual frequencies within each species, and
from these whether the frequency response is a smooth curve or not.

12, THE CABLE RESPONSE TO NON-TIDAL MOTIONS

One important possible use of cable voltages is the monitoring of storm surges for input into
real-time dynamical models. Bowden & Hughes (1961) have used cable residuals as a measure of
non-tidal flow in the Irish Sea, relating it to wind stresses. Heaps (1975) is using cable residuals
as a check on dynamical models of authentic storm surges. Once again, however, it is the M, tidal
velocities which are used to calibrate the cable for interpretation of the voltage residuals in terms
of volume flows. It is therefore important that typical storm surge flow patterns should be applied
to the present method to enable comparison to be made between the actual flows and those
predicted by tidally calibrated voltages.

The Irish Sea cables with parameters as defined in §9 were used again, because suitable
velocity distributions were available for that area. In particular the output from Heaps’ dynamical
Irish Sea model was used, with that model applied to two particular circumstances.

(a) Ideal wind-driven circulation

The velocity distributions uscd here were two hypothetical wind-driven circulation patterns,
the result of applying a uniform southerly, or a uniform westerly wind to the whole of the Irish
Sea, as described in Heaps (1974). When starting transients have damped out of the dynamical
model, the depth mean steady state circulation, as applied to the cable models, is that illustrated
in figure 164, 5. The resulting cable voltages, and the volume transports evaluated from them
using the calibration factors derived in § 9, arc compared with the actual volume transports in
table 4. Included there are the results of applying the wind-driven circulation to the Cemaes Bay--
Castletown cable for all four seasons. This completes the analysis of § 10, and demonstrates in fact

TABLE 4. IRISH SEA CABLE RESPONSES TO WIND-DRIVEN CIRCULATION

transport

calibration predicted
predicted for wind- M, by M,

wind transport  voltage driven flow calibration calibration

cable month  direction 103m?®s—? Vv 108 m3s-1y -1 108 m3s—1V-1 103 m3s—1
Cemaes Bay— August south 347.95 5.26 0.0661 1.63 8570
Castletown west —69.09 0.455 —0.152 1.63 741
November  south 347.95 5.26 0.0661 1.65 8690
west —69.09 0.455 —0.152 1.65 751
February south 347.95 5.25 0.0662 1.68 8850
west —69.09 0.456 —0.1515 1.68 767
May south 347.95 5.26 0.0662 1.67 8790
west —69.09 0.455 —0.1518 1.67 760
Port Erin— August south 98.132 —1.915 ~0.0512 1.86 - 3560
Ballyhornan west 67.881  0.484 0.142 1.86 900
Nevyn- August south 401.37 --1.253 ~0.320 2.08 — 2610
Howth west —6.76 2.93 -0.0023 2.08 6090
Holyhead- August south 370.156 —3.00 —0.123 1.87 — 5610

Dublin west —11.13 2.64 —0.0028 1.87 4940
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that the effect on the voltage output of the pattern of virtual current varying with seasonal con-
ductivity changes is very small for this particular cable.

However, overall it is clear that the cable predictions and the actual volume transport bear no
obvious relation to one another for any of the cables. The conculsion must be drawn that the
cables are useless in measuring such a flow. The reason is apparent from figure 16. The velocity is
very non-uniform across a cable section. For instance in figure 164, between North Wales and
Eire there are strong currents at the coast and a reverse flow in the centre of the channel, the worst
sort of velocity distribution for a cable to measure. Around the Isle of Man the flow is confused,
and there is no clear trend of velocity direction which will dominate the integration over space
which governs the voltage measured by the cable.
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Figure 16. Depth-mean currents due to a uniform wind operating on Heaps’ Irish Sea model.
(a) South wind. (&) West wind.

Now thesc two velocity distributions are hypothetical, but it is quite possible that they repre-
sent to some extent the true velocity distribution of wind-driven residual flows resulting from a
southerly or westerly wind prevailing for a number of days. Add to this the fact that in a true
record there will be tidal residuals present, with a cable response governed in the way described
in § 11, as well as d.c. earth currents and electrochemical potentials, and the use of long period
residuals from cable voltages is seen to be very questionable.


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

*o11soddo 9as uondirosop o *(¢) pue (p)L] mnOIL
q/ouwn

e

Emmas,

mmmaan.

91qeo urwIoYA[feg-uLy 310

I.S. ROBINSON

\ )

§T>
<)
&
(=]
(1-$ gwr) [1r0dsuer) OWN[OA PIBMYLIOU X ()]

S
N
N
3>
[
Jozem=m=

384

9]qed UMOolafIse)—Aeg savwWan)

(%)

X7 ALIIDOS 1o
/«\ TR0 AL e s

M@\w

(1--8 gun) rrodsuen owmoa pIemises X (1

ALIIDOS 40
TR0 AL S


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

385

SUBMARINE CABLES AS FLOWMETERS

*22Q ysuy oY1 ur porrad a3ins wiiols & JuLmp

sprodsuen; owmoA (— — —) pajorpaid 9jqes pue (

q/own

) remoe jo uostredwo)) *LT FTHNOL]

9[qed unqn-peayLoH (p)

L

SUE

(1-8 ) /110dsuer) SWNJOA PIEMYLIOU 4 ()]

9[qed IMOL-ULAIN

SNOILDVSNVYL

Mﬁ\ﬂ ALIIDOS 20
Y TVAOY dH L 1vDIHdOSOTIHd

s

\/

(1-8 gu) [110dsuer) SWN[OA PIBMYIIOU X ¢ (]

ALIIDOS ¢\ 6115vsnvaL

TVAOY IH.L 1vDIHAOSOT1IHd


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

+23150ddo 995 UONALIOSIP 104 °(g) PuUe (»)8] TANOLT

!OHI.
yfowm pasded

023 e Ozt 0
Z (9) \ o
@) 9[qed UrUIOYA[[eg-ULIy 110 v
%) \/
Z
e
[=a)]
@]
R. yfown posdepd
w2
™ gz 007 081 091 01 0zT 001 08 09 0%

J[qes Arg SOBUII)—UMOI[ISE)) +1

[N
[¢e]
o

ALITOOS mZO..ﬁw@mZéh i

TVAOY dH L 1vDIHdOSOTIHd

-/ ALIIDOS ¢o\oi1ovsnval

Y TVAOY IH.L 1vDIHAOSOT1IHd

[ES
[an}

W 0T X 9°¢ ‘MOJJ piemyiou pajyerdajur

¢UW 10T X 9°¢ ‘MOJJ premisea parerdojur


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

387

SUBMARINE CABLES AS FLOWMETERS

‘pasorpaid 9[qed ‘- - — {{enjoy ‘—
*gaQ Yswi] oy ur porrad 98ins uiiols & Sunmp jiodsuer) ownjoa pareISauI WLy, ‘g TANOL

yfowny pasdefo

066 002 08T 091 ($i48 02T 001 08 09 (04 0% 0
\\\
/
/
7/
/
\\
\\
/
/
\\
\\l//// \\nllnl\,/(\\
\\ N~/ oz
a1qeo uqn-pesy£[oH / N
- /
N TN /
TN \\ AN \\\ // \
AN / N LS 1
// \\ '~ / \
™ \\\u\.ll\ Amu ) / \\
\, - NS
// \.\\
yfown pasdefo
023 005 081 091 0%l 0zl 00T 08 0o oF 0% 0
Loz
9]qBY YIMOF[-UAAIN]
\\\ \\ln///
l.\i.\\.lll/// .\\\
/// \\\
o
/ \\\
/ \\\\
J/L‘ 40 C Ele)
/4\ ALIIDOS onoisvsvaL 7 ALIIDOS oyo15venvar
TVAOY dH L 1vDIHdOSOTIHd / TVAOY AH.L 1vDIHdOSOTIHd

U 60T X 9°¢ ‘“MoyJ premyliou pajeirdojur

¢W 0T X 9°¢ “MOJJ PIEMI}I0U pajesSajul

A.

Vol. 280.

36


http://rsta.royalsocietypublishing.org/

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

PHILOSOPHICAL
TRANSACTIONS

I

SOCIETY

Y B \

"_J‘i
NI
olm
M
= O
= O
= uw

OF

OF

Downloaded from rsta.royalsocietypublishing.org

388 I.S. ROBINSON

(b) Authentic storm surge residuals

Residuals which fluctuate with a period of up to a couple of days can be scparated from the
record to-climinate the cffect of zero errors due to carth currents and clectrochemical potentials.
The non-tidal flows duc to storm surges come into this category, and for strong storms the surge
shows up well in the cable voltage record. To uscfully model the cable response to this pheno-
menon, which is neither a steady state situation nor recognizable as a sum of harmonics, it is
necessary to supply to our model a velocity distribution which represents an actual storm surge
situation which has occurred in nature. Fortunatcly Heaps has developed his dynamical model of
the Irish Sea to an extent where it will realistically model an actual surge period which occurred
between 00h00, 10 Jan. 1965, and 00h00, 19 Jan. 1965 (Heaps 1975). Depth mean currents for
the whole of the Irish Sca, calculated by his model, were available for each of 217 consecutive
hours, and so the cable voltages on the four cables were calculated at each hour. Once again the
tidal calibration of § 9 was applied to the voltages to produce the cable-predicted volume trans-
ports across cable sections, for comparison with the true volume transports (i.c. as calculated
directly from Heaps’ modcl results). This comparison is plotted in figure 17a—d.

Agreement in this case is seen to be reasonably good. The general shape of the volume transport
time scrics is followed closely by the cable prediction. The two Islc of Man cables are particularly
good, but the major peak at 88 his over-estimated on the Eirc-N. Wales cables by a factor of 20 %,.
Morcover, although the general shape is quite good, these cables tend to predict a flow with a
greater northward component of flow, irrespective of the actual flow direction (i.e. the predicted
curve is shifted above the actual curve). This cannot simply be attributed to an over-cstimation
of the tidal calibrations, since that would lcad to a high production of southerly flow when the
flow was southwards, which is the opposite of the case most of the time. Since this will lead to an
over-cstimation of the net flow northwards, and since a similar but smaller effect was detected in
the Isle of Man cable results, the two curves in figure 17 were intcgrated over time, to produce
figures 18a—d. Thesc represent the net volume of water which has flowed across the section since
hour 0 at any given time. Apart from the Isle of Man-Anglesey cable, which shows a close
correlation between cable predictions and actual flow, the other cables give results which are
completely erroncous —cven to the extent of being in the wrong direction if a suitable time is
chosen to compare the actual and the predicted values. However, such an integration procedure
is cquivalent to using the cable to measure long period residuals and mean drifts, and this result
isin concurrence with the.conclusions reached above that the use of cables for such measurements
is questionable.

However, this analysis does give confidence about using the cable voltages to describe the
hour by hour fluctuations of residual volume transport (provided the tidal responses of the cable
are known accurately enough for all the tidal frequencies to be satisfactorily subtracted from the
record). This could then be used as input to dynamical models, provided long period integrations
are not required. Care must none the less be taken in the cases where the peaks do not match.
Of course, faced with a cable record there is no indication of which peaks match reality and
which do not, but a clue to which parts of the record may be less reliable can be gained from
looking at the flow pattern of depth mean velocity at hour 88 — the hour of the main pcak
(figurc 19). A strong coastal flow, with lower flow in mid-channcl has developed between Eire
and North Walcs, and it is this which must be producing the error in the two cables passing
close to it. For the other two cables the flow pattern is much more uniform and the accuracy
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correspondingly better. As a general rule, then, it could be inferred that when the surge flow
pattern is regular and similar to the tidal flow pattern throughout the region influencing a
cable, the surge results from that cable, calibrated tidally, may be considered reliable, but
when the flow pattern is irregular, containing a gyre, reverse flows, or large coast-following
current streams in an otherwise regular velocity field, then errors should be suspected in
the cable results.
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Ficure 19. Storm surge velocity distribution at hour 88.

13. THE EFFECT OF A SIGNIFICANTLY LARGE TIDAL RANGE ON
THE DOVER CABLE CALIBRATION
The Dover cable, spanning the English Channel from St Margaret’s Bay to Sangatte, has been
used several times to study the flow of water through the Straits of Dover, e.g. Bowden (1956),
Cartwright (1961), Cartwright & Crease (1963). Allowance has been made, when calibrating it,
for the variation of sea conductivity with season, but in every case, as for the Irish Sea cables, the
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calibration based on the M, tidal flow has been used to evaluate mean volume transports from
the mean voltage, after corrections for permanent earth currents and electro-chemical potentials.

Now in the Dover Straits, the tidal range is up to 8 m at spring tides, and the average mean
depth is less than 30 m. Consequently, during a tidal cycle the virtual current distribution which
defines the cable response to flow may vary considerably. At high tide a greater proportion of
virtual current passes through the sea and less through the sea bed than at low tide. As in the
consideration of seasonally varying conductivity in § 10, the magnitude of the effect increases with
increasing earth conductivity. The influence on the voltage signal is to reduce it at low tide and
increase it at high tide for the same depth mean velocity distribution, i.e. the voltage signal is
modulated over a tidal cycle. Of course the volume transport through the Straits is also modulated
in a similar way, being the product of depth and depth mean velocity. However, there is no
certainty that the voltage will be modulated by tidal rise and fall in exactly the same way as the
volume transport, and it is valuable to know exactly what the response of the cable sensitivity is to
tidal rise and fall. Itis particularly important to discover if the mean value of voltage (modulation
is likely to introduce a non zero-mean voltage even with an input of pure M, velocities) is related
to the mean value of volume transport by the calibration factor based on the M, signal, because
this could well affect the use of the mean value of voltage in calculating surface slopes for levelling
purposes, as well as the calculation of residual drifts through the Straits.
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Ficure 20. Grid for Dover cable virtual current model.

The model shown in figure 20 was therefore constructed to calculate the virtual current distribu-
tion corresponding to the Dover cable. The depths were taken from the Admiralty charts, and the
conductivity used was that given for August by the temperature and salinity distributions in the
North Sea atlas of C.P.I. pour I’Exploration de la mer (1962). Information on the phase and
amplitude of tidal elevation was also supplied for each grid square from the German tidal atlas
(Marineobservatorium Wilhelmshaven 1942), the amplitude being supplied as (M,+S,),
(M, —S,) and M, to correspond respectively to springs, neaps and midcycle tidal conditions. The
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time after high water at Dover/h

Ficure 21. Volume transport, theoretical voltage and instantaneous calibration of Dover cable over a tidal cycle.
Curve (i) volume transport, one unit is 108 m3 s~1; (ii) voltage signal, one unit is 0.88 V; (iii) instantaneous
calibration, one unit is 4.55 x 105 m3 s~ V-1, (a) Spring tide; () at the middle of the fortnightly cycle;
(¢) neap tide.
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phase was taken as that of M, in each case. For each case the virtual current distribution was
calculated for 13 different times during the tidal cycle, i.e. six-hourly values before and after high
water at Dover. The general points that emerge from inspection of the virtual current results are
that a greater proportion of the virtual current passes through the sea at high water, as expected,
and also that at high water the distribution is altered so that proportionately more weight is given
to the upstream and downstream squares, and those squares near the line of the cable in fact have
an absolutely less weighting at high tide than at low tide.

In the absence of self-consistent values of depth mean currents from a numerical model, hourly
values of current were obtained from the Admiralty (1963) Tidal Stream Atlas. These are surface
values, but were taken as depth mean currents. Any adjustment to convert them into a better
representation of depth mean currents, e.g. by Van Veen’s formula, would merely involve
scaling by a constant factor which does not influence the calculation of cable sensitivity. Because
these currents are not necessarily an accurate representation of the true current distribution and
may not conform to continuity conditions, not too much attention must be paid to the absolute
values of voltage and volume transport which are deduced from them. However, they can provide
an illustration of whether volume transport and voltage are modulated in the same ways, i.e. even
if the volume transports as calculated are not realistic, the voltage signal should be capable of
predicting such transports if the cable is to be considered reliable.

Figure 21 shows the curves of volume transport calculated directly from the velocity and the
voltage signal calculated by the virtual current method, over 13-hourly values of a tidal cycle.
The volume transport in this case was calculated at each hour from the product of the local tidal
stream and the local depth as obtained by adding the instantaneous tidal elevation to the mean
chart depth in each grid square, summing over the column of grid squares joining the cable ends.
The instantaneous calibration factor is also plotted, but does not follow the typical shape of a
single harmonic as in § 9, because of the extra harmonics and mean value which are obviously
present. The cable voltage clearly predicts well the volume transport for the basic M, constituent,
but from figure 21 it is not clear whether the other harmonics and mean value have a similar
response. Therefore the 13-hourly values of voltage and transport were subjected to harmonic
analysis by a least squares method (using the Bidston tidal analysis algorithm), to extract the mean
value and amplitude and phase of the M,, M, M4, Mg and M, tidal constituents. The results are
shown in figure 22. As was noted above, the actual shape of figure 22 may owe as much to the
inadequacies of the current data input as to the true physics of the situation, i.e. some of the
higher harmonics may have been present in the input velocity data and not be due solely to the
modulation effect as intended. However, the cable response curves obtained from these results
should be a reasonable estimate of the true response of the cable under conditions of tidal rise and
fall being significantly large. Figure 23 and table 5 show the cable response as calculated by
dividing the volume transport of each harmonic in figure 22 by the corresponding voltage.

Now it is the amplitude of M, which is the calibration factor used by those analysing Dover
cable data. In our case this has a value of 1.0 x 108m3s~1V~1, This is low compared with empiri-
calibrations, e.g. Bowden (1956) gives a figure of 8.0 mV cm~1s~? for depth mean current in
August 1953, which, using the cross-sectional area of 1.22cm? quoted by Cartwright (1961)
(somewhat larger than that calculated from the mean depths in our model), would result in a
transport calibration of 1.53 x 108m3s—! V-1, Cartwright’s result is 1.65 x 10¢m?s=1 V-1, but this
is for May observations, and if it is scaled by the ratio Bowden gives between May and August
calibrations it is reduced to 1.52 x 106 m3s~1 V-1, The discrepancy here can probably be credited
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partly to the inaccuracy of using an earth conductivity of 9.7 x 10~3S m~1, itself obtained from
Bowden’s analysis using Longuet-Higgins’ formula. For more accurate analysis of the cable
response, from dynamical model generated current values, it would be necessary to adjust oy
to give better agreement with empirical calibration for M,. Since at present, however, we are
concerned simply to look at the broad effects of modulation due to tidal rise and fall, and the
theoretical M, calibration is just 30 %, less than the empirical value, then it is believed that the
response curve of figure 23 has some relevance to the real cable situation.
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Ficure 22. Amplitudes of volume transport (: ) and voltage (~—~-) from harmonic analysis of

Dover cable results. N.B.: mean value of voltage and amplitude are of opposite sign.

From figure 23 it is clear that the M, response has very little phase lag, and its amplitude varies
only 4 9, between springs and neaps, although this 4 9, variation could influence the separation
of M, and S, over a fortnight. However, the response of the other harmonics differs considerably
from that of M,, e.g. the M, amplitude ratio is 25 %, greater than for M, at springs and midcycle,
and over 100 %, greater at neaps. The other harmonics up to M,, give amplitude ratios differing
even more from M,, and also differing widely between springs and neaps, with attendant varia-
tions of phase lag between volume transport and signal. While Mg, Mg and M,, are of small
absolute magnitude, and might well be lost in the noise of a true signal, the M, contribution is
significant. Without a pure M, velocity input to the exercise, it cannot be concluded that the
frequency variation of sensitivity is due only to the modulation by tidal rise and fall. Some of the
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variation is probably due to the spatial distribution of the higher harmonics in the input data.
None the less it is certainly evident that to deduce the M, transport from the M, voltage signal
using the M, calibration factor could lead to serious errors.

Of even greater importance is the relation between the mean transport over a tidal cycle and
the mean cable voltage. For sp1ings and midcycle, the mean volume transport is from SW to NE

M,
20F M
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'MG
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Ficure 23. Response of Dover cable. ——, Amplitude ratio; — — —, phase difference.
TABLE 5. DOVER CABLE RESPONSES
springs midcycle neaps
r —A A r A A} r A A
amplitude phase amplitude phase amplitude phase
ratio lag ratio lag ratio lag
harmonic ~ 10°m3s~1V-1 deg 108 m3s—1V-1 deg 108m3s-1V-1 deg
mean —1.24 —_ —0.260 — —0.178 -
M, 0.95 —-0.9 0.95 —-1.0 0.99 -3.9
M, 1.18 —13.9 1.15 -9.5 2.33 —5.9
M, 2.03 41.4 1.86 22.1 0.227 —48.0
- M, 1.02 48.6 0.89 35.8 0.485 —149.4

M, 1.93 —20.0 1.60 - —67.7 0.165 84.2
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and for neaps it is reversed, whereas for each case the flow predicted from the mean of the cable
voltage, using the M, calibration, is in the opposite direction, and bears no relation in magnitude
to the transport it is supposed to represent. Interpreting this result in a simple levelling exercise
(ignoring the fact that the level depends on the integral of depth mean current across the section
which may differ from the flux of water as predicted by the cable voltage), the error involved is
one of up to 3 cm/s in depth mean velocity, corresponding to a levelling error of 1.0 cm according
to Cartwright & Crease. This is 9 %, of the contribution by the true residual current through the
Straits of Dover, and is the same size as the wind stress correction to Cartwright & Crease’s
levelling exercise.

It is not claimed that these errors necessarily exist in the cable data used by Cartwright &
Crease, since they are based on a crude velocity input. But only the modulating effect of tidal rise
and fall has been considered so far. If true tidal residual flows, and meteorologically driven flows
were tested in this model, and similar results to § 10 and §11 were obtained, then the use of the
cable to measure mean flows through the Straits would certainly be extremely suspect. Without
better current data input, it is not worth while to probe further in this direction. However, when
a detailed dynamical model of the area is available, it will be vital, if confidence is to be placed in
results from the Dover cable, for a complete range of typical tide and surge conditions to be applied
to the cable model. The above results confirm that tidal rise and fall have a significant effect on
the results, and must be included in the model. For the levelling application, close attention must
be paid to the mean values, and it would be interesting to attempt to relate the voltage mean not
only to the volume transport mean, but also to the time mean of the depth mean current, since it
is in fact this latter which contributes to the surface slope. It is in cases where the tidal range is
large compared with the depth that mean current and mean transport can differ greatly, even in
direction, and it may be that the mean cable voltage gives a better representation of the former
than the latter, which would be a help to the hydrodynamic leveller. Meanwhile, until such
ideas are tested, the theoretical results so far urge caution in the use of the broad assumption that
the M, calibration of the cable can be applied to all other flows through the Dover Straits.

14. CONCLUSIONS

At the beginning of this paper, various questions were raised regarding the accuracy of using
submarine cables as oceanographic flowmeters, in particular whether the calibration remains
constant with time. The theoretical method of calculating the expected voltage from a given
velocity distribution, using the virtual current approach for calculating a weighting vector,
produces results for the basic semi-diurnal tidal calibration which compare quite well with
empirical calibrations. Seasonal variation of calibration can also be modelled well, if care is
taken to choose a suitable earth conductivity. Therefore, even though the uncertainty of choosing
the correct earth conductivity prevents a completely reliable estimate of the calibration factor
from being made without empirical measurements, it is believed that the method presented does
model accurately the variation of response of the cable voltage to different flow distributions.

The instantaneous calibration of the cables seems to vary considerably with time for every sort
of oceanographic flow. However, much of this can be attributed to a phase shift between the
volume transport and the voltage signal. Rather than look for variations of calibration with time,
except due to seasonal variations of conductivity, it is more helpful to consider the frequency
response of the cable, with M, as the dominant harmonic which gives the equivalent of the
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empirical calibration. It is then found that the higher harmonics, because they have a different
velocity distribution, do have a different response which must be taken into account when
analysing voltage data. No investigations were made into cable responses to diurnal tidal motions,
but it was found that storm surge flows with periods up to about a day were fairly accurately
monitored by the cable, except when the velocity distribution was not the same sort of pattern as
the tidal flow but contained a gyre or reverse flow in the vicinity of the cable. Long period residuals
and mean flows were not monitored well by the cable. Where tidal range was large compared
with the depth, further errors were introduced to the cable measurement of mean flow and
harmonics higher than the semi-diurnal frequency.

It is suggested that where cable results are required to be accurate, use should be made where
possible of the results of dynamical models covering the whole spectrum of tidal frequencies to
enable the true frequency response of the cable to tidal flows to be calculated. Where cable
voltages are being used to monitor storm surges, particularly as input to predictive dynamical
models, checks should be made of the surge flow pattern to make sure that it is regular. For
periods when it is not, then either the cable results should be discarded, or else the instantaneous
calibration could be calculated in the manner described by this paper and applied to the residual
cable voltage instead of the M, calibration. Where mean flows are required from the cable
voltages, a model should always be constructed to account for all the causes of a mean voltage
signal (e.g. mean flows due to nonlinear operations on tidal frequencies, wind-driven flows, and
modulation of the signal by tidal rise and fall) to see if the voltage can be meaningfully correlated
to the volume flow.
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