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THE FLOW OF WATER THROUGH THE STRAITS OF DOVER,
RELATED TO WIND AND DIFFERENCES IN SEA LEVEL

By K. F. BOWDEN
National Institute of Oceanography*

(Communicated by G. E. R. Deacon, F.R.S.—Received 27 May 1955)
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The difference in electric potential between the water on opposite sides of the English Channel,
as recorded on a telephone cable running from St Margaret’s Bay to Sangatte, has been used
to measure the mean flow of water through the Straits of Dover. The records were calibrated by
means of the tidal currents, which were known from previous measurements. A p.d. of 1 V corre-
sponds to a currentof about 140 cm/s (2-75 knots), the exact calibration depending on the electrical
conductivity of the sea water and having a seasonal variation. Continuous records were obtained
during the 15-month period from February 1953 to June 1954. For 4 months, from November
1953 to March 1954, similar records were also obtained on another cable, crossing the southern
North Sea from Aldeburgh to Domburg. Fluctuations due to the earth currents associated with
geomagnetic disturbances occurred from time to time, but did not usually cause any difficulty in
interpreting the records. The residual flow, after eliminating the tidal currents, has been correlated
with the local wind in the Straits and the difference in sea level between the eastern part of the
English Channel and the southern part of the North Sea, as determined from tide-gauge records.
The tidal currents and elevations were eliminated, approximately, by taking means of 25 hourly
readings centred at noon, for each day of the period covered by the observations. The greatest
daily rates of flow recorded were 79 cm/s (1-53 knots) towards the north-east on 1 November
1953 and 77 cm/s (1-49 knots) towards the south-west on 3 January 1954. For three periods of un-
usually strong flow, namely, 19 to 24 September 1953, 26 October to 8 November 1953, and 1 to
6 January 1954, a more detailed analysis was made, eliminating the tidal effects by a method pre-
viously used in the analysis of storm surges. The results show the existence of ‘current surges’, the
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K. F. BOWDEN ON THE

peaks of which lag by up to 6 h behind the corresponding maxima in the wind stress or surface
gradient producing them. An attempt has been made to relate the empirical results to the dynamics
of flow through the Straits. On the assumption that the 25 h means can be regarded as referring
to steady-state conditions, values of 45 x 103 for the wind-stress coefficient y? and 3-8 x 103 for
the bottom friction coefficient £ have been deduced. These rather high values may be due, in part,
to the steady-state assumption not being justified. The general features of the current surges are
consistent with the dynamical treatment.

1. INTRODUCTION

Currents produced by the wind in shallow seas differ in several respects from those generated
in the open ocean. The effects of surface gradients, due to restrictions on the flow imposed
by coastal boundaries, and of friction between the water and the sea bed become more
important compared with that of the geostrophic acceleration. Another significant

| o t 2 3 4 5

LONDON

CANTERBURY®
ST. MARGARET'S BAY

53

52

51

o]

| | l | 9 |

49

PHILOSOPHICAL
TRANSACTIONS
OF

a ) I 2 3 4 B
Ficure 1. Straits of Dover and adjacent parts of English Channel and North Sea.

49


http://rsta.royalsocietypublishing.org/

L

Y |

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

FLOW OF WATER THROUGH THE STRAITS OF DOVER 519

difference is that many coastal seas are normally dominated by strong tidal currents, so
that the wind acts on water which is already in vigorous motion.

The flow through the Straits of Dover (see figure 1) provides a good example for an
investigation of the physical factors involved in wind currents of this type, and is also a case
of practical importance. The exchange of water masses between the English Channel and
North Sea, and its variation due to wind and other causes, has been a subject of interest to
oceanographers for many years. Among the previous observations may be mentioned the
long series of measurements at the Varne light-vessel due to Carruthers (1928, 1935 a, 1939)
and the current measurements at a number of stations across the Straits by Van Veen
(1938). Another aspect of the significance of such flow is its association with storm-surge
effects in the North Sea and English Channel. The Straits of Dover have been described as
acting as a partial safety valve in allowing some escape of water from the North Sea when its
level is raised, so causing some reduction in the heights attained in the extreme southern
part, including the Thames estuary and the Belgian coast.

The records of flow described in this paper have been obtained from measurements of
electric potential differences on a cross-channel telephone cable, which the British Post
Office, with the co-operation of the French telephone authorities, very kindly made avail-
able for this purpose. This method, as described in §2, gives the average velocity of flow
across a whole cross-section of the Straits, which is a very convenient quantity for this
investigation. Since the equipment consists solely of the cable on the sea bed and recording
apparatus ashore, it is independent of weather conditions, and records of flow are obtained
without difficulty during the stormiest periods, which are, in fact, those of greatest interest.
Recordings by this method were continuous for the 15-month period from 24 February
1953 to 4 June 1954, with the exception of two gaps of 12 and 8 days respectively, when the
cable had to be taken for telephone operation, owing to faults on other cables. Continuous
recordings were resumed on 23 June 1954, after some interruption while work was being
done on the cable. The more detailed study of the correlation of the flow with wind and
gradients of sea level has been confined to the 7-month period 1 September 1953 to 31 March
1954, but some use has also been made of observations outside this period.

2. THE ELECTROMAGNETIC METHOD

Faraday (1832), very soon after his discovery of electromagnetic induction, pointed out
that water flowing in a channel would act as a moving conductor, cutting the vertical lines
of force of the earth’s magnetic field, and would have an electromotive force induced in it.
He gave the Straits of Dover as an example, stating that the e.m.f. would change sign when
the tidal currents changed direction. Electric currents, alternating with the tidal period,
and attributed to the effect of tidal streams, were reported subsequently on a number of
submarine cables. These observations have been summarized by Longuet-Higgins (1949).
The impetus to the use of the method for the present investigation was given by the obser-
vations of Cherry & Stovold (1946), who, in the course of their work of restoring telephone
communications between England and the Continent after the War, recorded tidal e.m.f.’s
on four submarine cables.

A theoretical treatment of the distribution of electric potential due to e.m.f.’s induced by

the flow of water in a channel has been given by Longuet-Higgins (1949). For a shallow
64-2
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520 K. F. BOWDEN ON THE

channel, i.e. one whose depth is small compared with its width, the following general results
apply:

(a) The potential difference between points at the same horizontal level depends on the
vertical component, Z, only, of the earth’s magnetic field.

(b) The p.d. due to Z depends only on the mean velocity in each vertical line, regardless
of the variation of velocity with depth.

(¢) The potential distribution depends on the ratio of the electrical conductivity of the
water to that of the sea bed and on the relative dimensions of the channel.

Ficurk 2. - g, e.m.f. induced in a channel. 4, equivalent circuit.

Longuet-Higgins treated the third point by considering, as an idealized case, a long
straight channel of semi-elliptical cross-section. He showed that the horizontal gradient
of potential in the water is given by

d¢ _ VZtanh§, (1)
0x  (ko/k;)+tanh{;’
where x is measured across the channel, V is the velocity of the water along the channel,
averaged with respect to depth and assumed to be uniform across the channel, tanh g, is the
ratio of the minor (vertical) to the major (horizontal) axes of the ellipse and «; and «, are
the specific conductivities of the water and of the channel bed.
- The potential difference ¢ in volts between the two sides of the channel, of width L and
maximum depth D, may be written

e = 0E,
where E=VZLx10"8
. o Lo (2)
— 20
and 3—(1+K12D) s
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Z being assumed constant across the channel, and coth§; being replaced by L/2D. These
conditions are illustrated in figure 24. The equivalent circuit is shown in figure 25, where
R, represents the internal resistance of the sea water and R, the resistance of the external
circuit through the sea bed. By comparison with equation (2), it is seen that one may put
R, =1/k; and Ry = 2D/« L.

E represents the potential difference which would be measured if the channel bed were
non-conducting, and & the factor by which the measured p.d. is reduced due to the finite
conductivity of the bed. Itis seen that ¢ is increased if either (i) the ratio of depth to width
of channel is increased, or (ii) the specific conductivity of the water relative to that of the
bed is increased. The effect of (i) due to tidal rise and fall may be shown to be small, especi-
ally if mean values over one or more tidal periods are taken. The effect of (ii) due to seasonal
changes in «, arising from changes in temperature and salinity is appreciable, and has been
taken into account in converting measured voltages into velocities. The treatment given by
Longuet-Higgins indicates that the return currents in the sea bed extend to a depth com-
parable with the width of the channel, so that the effective value of «, depends on the con-
ductivity of the rocks to some considerable depth below the channel. This conductivity has
not been determined by any other method, and so § cannot be found from equation (2).
The calibration factor, by which the measurements in volts were converted to velocities,
was determined quite empirically, as described in §5-1. This empirical factor could then
be used to estimate «,, the effective specific conductivity of the sea bed.

3. APPARATUS

The measurements were made on a reserve coaxial cable running from St Margaret’s
Bay, near Dover, to Sangatte, near Calais (figure 1), a distance of 34 km. The outer con-
ductor of the sea cable, of helically wound copper tape, was effectively in contact with the
sea water throughout its length, with the exception of the portion of it running from the
beach to the repeater station at St Margaret’s Bay, which was insulated from earth. At the
Sangatte end, the inner and outer conductors were connected together. The recording
apparatus, installed in the repeater station at St Margaret’s Bay, was connected between
the inner and outer conductors at that end. No special electrodes were used, the outer
conductor of the cable itself serving the purpose. In the initial stages, some records were
obtained with the inner conductor connected to the station earth at the Sangatte end and
the recorder connected between the inner conductor and the station earth at St Margaret’s
Bay. The tidal variations appeared with the same amplitude as when using the sea earth,
but there was a difference in the zero potential.

The recording circuit, using a mirror galvanometer, is shown in figure 3 a. The resistance-
capacity circuit offers a high resistance to the cable, so that no possibility of polarization
effects due to current taken by the recording circuit can arise, and has a time constant of
about 305, thus smoothing out the more rapid fluctuations of potential (see §4). Provision
was made (not shown in the figure) for applying a calibrating voltage from a 1-5V dry cell.
Recording was carried out photographically on paper 5}in. wide, the paper-drive
being by synchronous motor and time marks being put on the record every 20min.
Initially a paper speed of 10in. per hour was used, but this was reduced later to 2in. per
hour.
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522 K. F. BOWDEN ON THE

Some typical records are shown in figure 4. The most conspicuous feature is the tidal
variation, sometimes with irregular fluctuations of shorter period superimposed. The
lower trace on each record is of the p.d. measured on an inland cable between St Margaret’s
Bay and Canterbury, for the purpose described in § 4.

Nearly all the measurements on the St Margaret’s Bay—Sangatte cable, which are
utilized in this paper, were obtained by the above method. For about 4 months, from Novem-
ber 1953 to March 1954, however, recordings were made on another cable, crossing the
southern part of the North Sea from Aldeburgh to Domburg, by a different method. This

2'5M 2'5M

SOK

' 24 a
T ol {F o 2
| I T L_]
—
TELEPHONE
CIRCUITS " )
1K TELEPHONE
3" cireuits | b
_J34,u.F

T T ==

Ficure 3. Recording circuits. a, St Margaret’s Bay—Sangatte cable;
b, Aldeburgh-Domburg cable.

cable, also of the coaxial type, was in continuous use for telephone communications, but it
was found possible to record the d.c. potential difference at the same time, with no mutual
interference, using the circuit shown in figure 35. The 34 4F capacitor provided a low-
impedance path to the telephone signals but blocked the d.c. current, which was recorded
by the recording milliammeter M, an instrument of the siphon-pen type, having a full-scale
deflexion of 1 mA and internal resistance of 1000 Q). The 0-01 F condenser was inserted to
provide a time constant of about 30s, to reduce the response to short-period fluctuations.
Experience at Aldeburgh having shown that the p.d.’s due to water movements could be
recorded equally well and more simply using a pen recorder with a resistance of the order
0f 1000 €2, a similar recorder was installed at St Margaret’s Bay in place of the photographic
recorder in April 1954, and has since been providing satisfactory records.

4. EARTH CURRENTS ASSOCIATED WITH MAGNETIC DISTURBANCES

The records sometimes showed fluctuations of a more or less irregular character and of
a wide range of periods, which were attributed to the earth currents associated with mag-
netic disturbances. The occurrence of such currents is well known, but it was thought
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FLOW OF WATER THROUGH THE STRAITS OF DOVER 523

necessary to examine them further in this case in order to be able to separate them from
variations in p.d. due to variations in the flow of water.

A second recorder was put into operation on a cable running inland from St Margaret’s
Bay to Canterbury, a distance of 24 km in a direction approximately the same as the cross-
Channel cable, i.e. true bearing 132°. A comparison of the two traces showed a general

5 OCTOBER 1953
06 o7 (o] ] (o}:] 10 ) 12 13 4
I I | 1 i I R} | [

V' S A R SR S S SN SIS SIS S SN S S S U SN S5 SN S S SUN SR S S SN S i l&té

2~ —4
- -2
e
~0
o—
—=2
-— e ) ; v et S W,

I5 OCTOBER 1953
13 14 i5 16 17 i8 19 20, .
I | 3 1 | P s &
4 -——————————————————-————————lkt
2— NE,
-4

|- -2

1 APRIL 1953
0917 0937 0957 017 1037
- : 1

- [ [ [ [ ;. ____ Jd
- N.E.

- -2

A A AAMA " A "

Ficure 4. Typical records from St Margaret’s Bay—Sangatte cable.
a, 5 October 1953; b, 15 October 1953; ¢, 1 April 1953.

correspondence, which was better in the short periods (of the order of 30 s) than in the longer
ones of several minutes or more. An attempt was made to connect the outputs of the two
cables in such a way that the fluctuations would be balanced out, while the small tidal p.d.
on the inland cable would be added to that on the sea cable. Only partial success was
achieved. While the compensation was fairly good for the short-period fluctuations, it had
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little effect on those of longer period, apparently because of differences in phase and wave-
form. It is possible that the earth currents were not in the same direction relative to the two
cables and that the balance might have been improved by adding a proportion of the com-
ponent of earth current at right angles to the St Margaret’s Bay—Canterbury cable, if this
had been practicable. The method subsequently adopted was to reduce the response of the
recorder to the shorter period fluctuations by inserting a resistance-capacity circuit with
a time constant of about 30s. The fluctuations of longer period were smoothed graphically
when reading the records.

As far as is known, no other earth-current measurements were being made in Great
Britain at the time, but in Holland earth currents were being recorded on a cable running
inland from Amsterdam to Hengelo, a distance of 130km in a line bearing 110° true. By
the courtesy of Dr J. Veldkamp, of the Koninlijk Nederlands Meteorologisch Instituut,
some of these records were made available and, for the period from 10.00h on 21 March
to 07.00 h on 25 March 1953, the records from the Dutch cable were examined side by side
with the Canterbury—St Margaret’s Bay and St Margaret’s Bay—Sangatte records. The
recorder on the Amsterdam—Hengelo line has a time constant of 20s, so that the short-
period fluctuations were not recorded. The fluctuations of longer period showed close
correspondence on all three records, but often with time lags between corresponding peaks.
Those on the St Margaret’s Bay—Sangatte record occurred later than those on the Canter-
bury-St Margaret’s Bay one by up to 5 min, and those on the Amsterdam-Hengelo record
were usually later than on the St Margaret’s Bay—Sangatte one by a similar amount, but on
one occasion by 10min. The time lags tended to be greater the longer the period of the
fluctuations. Most periods were 20 to 30 min, but that corresponding to the 10 min lag was
about 45 min. On the other hand, there was a fluctuation with an abrupt beginning at
01.19h on 22 March which occurred simultaneously (to within a minute) on all three
records. The general direction of the p.d. was always the same on the three lines, i.e. if
Canterbury was positive relative to St Margaret’s Bay, the latter was positive relative to
Sangatte, and Amsterdam was positive relative to Hengelo.

From 27 November 1953 to 31 March 1954, records from both Aldeburgh-Domburg
and St Margaret’s Bay—Sangatte cables were available and the fluctuations on them were
examined side by side. A close correspondence between the variations was apparent, the
shape of the traces on the two records being very similar in most cases. The fluctuations
occurred within 2 or 3 min of one another, the accuracy of timing on the Aldeburgh-Domburg
records not being sufficient to allow a closer comparison. The polarity was always the same
on the two cables, i.e. Domburg was positive relative to Aldeburgh when Sangatte was
positive relative to St Margaret’s Bay. From measurements of the amplitudes of nineteen
large peaks occurring between 4 December 1953 and 30 March 1954, the amplitude of
disturbance on the Aldeburgh-Domburg cable varied between 2:7 and 5-7 times that of
the corresponding disturbance on the St Margaret’s Bay—Sangatte cable, the ratio
averaging 4-2. This is nearly the same as the ratioof the lengths of the cable, which is 4-5, and
indicates that the potential gradient in the sea bed, due to corresponding disturbances, is
approximately the same in the two areas. Examination of the records showed a rather
closer correspondence between disturbances on the Aldeburgh-Domburg and St Margaret’s
Bay—Sangatte cables than between those on the St Margaret’s Bay—Canterbury and
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St Margaret’s Bay—Sangatte cables. Figure 5 shows an example of corresponding disturb-
ances on the records from the three cables.

A comparison of some of the early records on the St Margaret’s Bay—Sangatte cable with
the magnetic variations recorded at Abinger was made with the valuable co-operation of
Mr H. E. Finch, of the Royal Observatory, Herstmonceux. For a number of days between
12 February and 28 February 1953, the cable records were examined side by side with the

16 17 18 19 20 21

7 —— ; 7 7 —— 7 —— ==y
\
f f - f I f I f f 4= AT -
1 1 ] 1 1 1 1 71 |
T 7
y
V4
- T n /£
I HVa\ I L 7 ) | AW T
| P AN /Y T ry 1 T N1 | )
J1 A AN I \h n AV 1 1 I
[ S} LY A N Ji | Iy I\ AN \ T N\L
£\ -\ Vi A WY A W ALY A £ —~7
i 1\ -J rTo— Ty 1 i \
AW | X7 T A} 19 .} 1§ 111 T | 1 ™
- A\l \ A 1 1 LY 1 Y 1 1 \
L AS Y \ J\ \ 1 1 1 \ 1 \ 1
1 A | \ 1 VAR A A A\ \ \ 1 1 1
11 A N A X {1 X Y 1Y 1Y 11 1 y 1
X \ X Y T 1\ L | 1Y A \ 1Y Ay
1 Y AY A { 1 \ 1Y Y AW U \ \ A \ \
X Y A\ Ay XX X L WA § 1Y \ A\ D A}
AW A\ Ay A} 1 L N A} AW X X \ AY
i X % AY X A WA W S ¥ L WS A\ Y ¥ T
A X X X LY Y A WL A AN Ry A\ AV "
AY X AV AV % AV AW A X A\ A} X Y
Y \ AV X A\Y AN T\ \ AY A\ Y AV
Y X X X A\Y 1 W WA ¥ AV AV X LY A}
AY 3 AY AY A\YN A I AN AN A\ AV AY \
X X L} X w3 A} A" L X X X X
AV AY X X \ X X X X Y A}
X X - Y n Y X X X X nY X
N\ \ \ \
X A X —X X AY AN X X AV X \ AN \- \ \-
16 17 18 19 20 21

Ficure 5. Corresponding disturbances on three cables, 16.00 h-to 21.00 h 14 March 1954. Above:
St Margaret’s Bay—Sangatte and St Margaret’s Bay—Canterbury. Below: Aldeburgh-Domburg.

records of variations in the total horizontal component H, the declination D and vertical
component Z of the geomagnetic field. Good qualitative agreement was found, every
fluctuation on the cable record corresponding to fluctuations in one or more of the magnetic
components: most commonly in /, often in D, and less frequently in Z. The correspondence
was apparent in short-period bursts of fluctuations (period 20 to 30s) and also for slower
fluctuations with periods up to 30 min. Some of the slower fluctuations on the magnetic
records, however, did not correspond to any movement on the cable record. The ratio of

65 Vor. 248. A.
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the amplitudes of the magnetic and potential difference fluctuations was of the same order
for long- and short-period disturbances.

The fluctuations were not investigated more closely, as it appeared to be well enough
established that they were associated with magnetic disturbances and were not due to
variations in the flow of water across the section traversed by the cable.

5. METHODS OF ANALYSIS OF THE RECORDS

The displacement of the trace from the zero line on the record was measured at hourly
intervals and the distances in millimetres converted to potential differences in volts, using
the calibration signal. The mean of values over a long period was taken as the p.d. corre-
sponding to zero drift current, and this mean value was subtracted from each hourly
reading. To convert the p.d.’s to velocities of flow, a calibration based on the tidal currents
was used.

5-1. Tidal currenis

Using 29 days’ observations, the readings were tabulated according to the nearest hour
before or after high water at Dover, and the mean value for each hour computed. These
mean values were multiplied by 1-33 to convert from mean current tospring rates, assuming
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Ficure 6. Tidal current across a section from St Margaret’s Bay to Sangatte; showing spring rate
of mean current over section. — @— from Admiralty tables of tidal streams. — x — from cabl
measurements, with conversion factor 1 V = 2-75 knots.

this ratio to be the same for currents as for tidal elevations, and were then plotted, as showr
in figure 6, the curve obtained being compared with a curve of the mean tidal current acros
the section, derived as follows. From Tidal sireams of European waters, part II (Admiralt
1948), stations V 10, 11, 12 and 13 were selected, as being on a line running parallel to th
cable and about 5 km to the north-east of it and therefore giving a reasonable representatio
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of the current across the cable. The component of current in direction 0423° true, i.e. per-
pendicular to the St Margaret’s Bay—Sangatte section, was tabulated for each hour before
and after high water at Dover for each station. A mean value for each hour was taken,
giving the values for the two central stations, V 11 and 12, twice the weight of values for
stations V10 and 13, in the shallower water towards the sides. The mean values were
multiplied by the factor 0-87 to convert from the mean rate from surface to 5 fim, as tabulated,
to a mean from surface to bottom at the mean depth of the section. This factor is consistent
with the results of Van Veen (1938), based on vertical profiles of tidal currents measured at
various positions in the Straits.

Figure 6 shows the two curves obtained in this way, that derived from the cable measure-
ments actually being based on the mean of two successive 29-day periods of observations.
The amplitude of the curve from the voltage measurements has been adjusted to that of the
other, but the agreement in times of maximum flood and maximum ebb flow and in the
general shape of the curves is evidence that the cable voltage does represent the mean flow
of water across the section.

The 58 days’ observations on which figure 6 is based lead to a calibration factor of
1V = 141 cm/s (2-75knots), but this factor depends on the conductivity of the sea water,
which is a function of its temperature and salinity and hence varies with season. A separate
value of the calibration factor has been derived for each month, but, instead of using the
hourly values, a mean value of the ratio of range of current to range of tidal elevation has
been computed for the month. ‘

If R, = range of velocity, R, = range of elevation, R, = range of voltage, then the
required calibration factor f'is given by

Ry Ry Ry
Ry RyRy’
The values of R,/R, was taken as being constant and equal to the ratio for mean spring
tides, i.e. R, = 4+9 knots (252cm/s), R, = 18-6ft. (567 cm). The mean value of R,/R, was
found from the values for each day of the month, taking the predicted values of R, from
Admiralty tide tables and the observed values of R from the cable records.

In the notation of § 2, D
JS= e ES’ (3)
where & = ¢/E and is given by equation (2), from which it is seen that
| n_2D(1_))
W LY | (4)

For the St Margaret’s Bay-Sangatte section, Z = 0-43 gauss, L = 34-2km. Hence
E|V = 14-7mV/cm/s. Since the mean depth of the section, at mean tide level, is 35-3m,
the minor axis D of the equivalent semi-ellipse is 44-9m, and 2D/L = 2-63 X 1073. The
conductivity &, of the sea water was found from the temperature and salinity, monthly
mean values of which were obtained from observations at the Varne light-vessel and on the
Folkestone-Boulogne steamer route, provided by the Ministry of Agriculture and Fisheries.
It is possible, therefore, to use equation (4) to compute the effective specific conductivity

k, of the sea bed from the calibration factor, determined empirically.
65-2
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Table 1 gives the calibration factor for each month, from March 1953 to July 1954, the
corresponding value of d, the specific conductivity «; of the sea water, and the effective
specific conductivity «, of the sea bed, deduced using equation (4). It is seen that § varies
in a similar way to «,, while «, varies less regularly. Since «, depends on the mean con-
ductivity throughout a considerable thickness of rocks below the sea bed, it would not be
expected to have much seasonal variation. The mean value of k, from all the values is
10-0x 1075 (ohm cm)~!. This may be compared with the values deduced by Longuet-
Higgins (1949) who found 3-4 x 1075 for the same area, from only 14 h observations, and
values of 5-2 and 7-8 x 1075 for other parts of the English Channel.

TABLE 1. CALIBRATION FACTORS AND SPECIFIC CONDUCTIVITIES FOR THE
St MARGARET’S BAY-SANGATTE SECTION

103, 10%,
month (mV/[cm/s) ) (ohm cm)-! (ohm cm)-!
1953: Mar. 6-3 0-43 33-1 11-6
Apr. 6-9 0-47 36-2 10-7
May 7-3 0-50 385 10-1
June 7-8 0-53 40-2 9-4
July 8-0 0-55 42-4 9-1
Aug. 8-0 0-55 44-4 95
Sept. 79 0-54 44-4 99
Oct. 7-9 0-54 43-0 9-6
Nov. 7-9 0-54 40-8 9-1
Dec. 7-8 0-53 399 9-4
1954: Jan. 7-1 0-48 364 10-3
Feb. 7-0 0-48 34-6 9-8
Mar. 72 0-49 353 9-6
Apr. 7-2 0-49 36-6 10-0
May 7-1 0-48 384 10-9
June 75 0-51 40-4 10-2
July 77 0-52 4217 10-3

The Aldeburgh-Domburg observations were treated in a similar way for the 29-day
period from 28 November to 26 December 1953, and compared with the mean tidal current
across the section, derived from the data tabulated in 7%dal streams, part 11, for the stations
A00,17,19,21, 22,24,43 and 50. The resulting calibration factorwas 1V = 111 cm/s (2:15
knots). For this section the width L = 145km, the minor axis D of the equivalent semi-
ellipse is 39-0m and 2D/L = 5-4 x 10~% Taking the value given for the calibration factor,
the corresponding value of § is 0-145, and the ratio of the conductivity of the sea bed to that
of the water, k,/k;, is 3:2x 1073, compared with 2:0x 1073 for the St Margaret’s Bay—
Sangatte section for the same month. For the average temperature and salinity in the section
for that month, «; = 38:5 x 1073 (ohm cm) -1, so that x, = 12-3 X 1073 (ohm cm)~!. Longuet-
Higgins (1949) deduced a value of 7-2x 10~% (ohmcm)~!, from measurements by Cherry
& Stovold (1946) covering 48 h, for the same section.

It is seen from the records (figure 4) that there is an appreciable tidal variation of p.d.
on the St Margaret’s Bay—Canterbury cable, the potential gradient being in the opposite
direction to that on the St Margaret’s Bay—Sangatte cable. A comparison of ten successive
ranges of p.d. on the two cables, between 20 March and 23 March 1953, showed that the
ratio of amplitude on the Canterbury cable to that on the Sangatte cable was 0-30. This is
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in fair agreement with Longuet-Higgins’s theoretical treatment (1949). From figure 4 of
his paper, the amplitude of the p.d. between the side of a channel and a point inland by a
distance 0-75 of the width of the channel, should be about 0-4 of the amplitude across the
channel.

For the two 29-day periods of observations from the St Margaret’s Bay—Sangatte cable,
referred to above, harmonic analyses were carried out by the method given in Admiralty
tide tables, part 111, for the tidal constituents M,, S,, N,, K,, O,, M, and MS,, and the ampli-
tudes and phase lags obtained are shown in table 2. Harmonic analyses of currents at the
Varne light-vessel were made for three fortnightly sets of observations by the Jacobsen
current-meter, obtained in 1911, 1912 and 1913 respectively. Doodson (1930) carried out
analyses of longer series of observations made in the same way in 1922-3. From his published
results, the constants for the mean current from surface to bottom have been computed,
expressed in elliptical form, and the amplitude and phase lag of the component along the
major axis are given in table 2.

TABLE 2. HARMONIC CONSTANTS OF TIDAL GURRENTS IN THE STRAITS OF DOVER
(Amplitudes in cm/s, phases in degrees) '

constituents
M, S, N, Kk 0, P, M, Ms,
from cable measurements:
amp. V 89 31 16 8 9 — 9 8
phase v 3 51 339 181 59 — 283 333
from Varne data, 1922/23:
bearing of major axis 033 035 — 053 039 059 — 053
amp. W 75-1 24-3 — 7-5 83 39 — 33
phase w 347 35 — 207 50 183 — 211
ratio of amplitudes V/W 119 1-27 — 1-07 1-08 — — 2-4
diff. of phases v—w 16 16 — =26 9 — — 122

The direction of the major axis is seen to be approximately normal to the direction of the
cable, so that this component may reasonably be compared with the cable measurements.
The agreement between the two sets of constants is quite good for the semi-diurnal con-
stituents. The amplitude is somewhat greater and the phase later at the cable section,
compared with the Varne, but these effects are probably genuine due to the difference in
position. On the other hand, the differences in amplitude may arise from uncertainty in
the method of calibration of the cable measurements by the tables of tidal streams. The
agreement in the amplitude of the diurnal components is fairly good, but the difference in
phase lags between K, and O, is greater than would be expected. It is possible that the
constants for K, from the cable measurements may be affected by a constituent of the solar
diurnal period occurring in the earth-current system and not associated with the flow of
water. No inference can be drawn from the quarter diurnal constituents, as the individual
results are so variable. (For example, the Varne data for 1922 gave MS, an amplitude of
5-1 cm/s and phase 237°, while for 1923 they gave 1:4cm/s and phase 185°.)

5:2. Residual currents

As an approximate method of eliminating the tidal constituents of the current, the
mean of 25 successive hourly values, centred at noon, was computed for each day of the
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observations. These 25 h means of current provide the basis of much of the further analysis
given in following sections. When considering the correlation between current and
differences of sea level, 25h means were deduced from measurements of the tide-gauge
records in a similar way.

For several selected periods, during which unusually large currents were recorded, a
more detailed analysis was carried out, eliminating the tidal constituents by the method
devised by Doodson (1929) for the analysis of storm surges. This method yields values of
the residual current at 3-hourly intervals.

It was not found possible to obtain an absolute measurement of the mean current by the
cable method, owing to the presence of a constant potential difference of approximately
0-3V (St Margaret’s Bay positive with respect to Sangatte), which may be due partly to
differences in electro-chemical potentials and partly to permanent earth-current systems.
The residual currents which are the subject of this analysis are, therefore, variations of
current from a long-period average. Carruthers (1930) found that the mean current over
a long period averaged 2-7 miles/day (5-8 cm/s) towards the north-east.

5-3. Subsidiary data

The wind recorded at Lympne airport, situated 12 miles (19 km) to the west of Dover at
a height of 340 ft. (104 m) above sea level, was taken as representative of the local wind in
the Straits of Dover. Tables of hourly mean values of speed and direction, obtained from
Dines anemometer records, were provided by the Meteorological Office. From these, the
component along the channel of the wind velocity, W, or of its square, W2, was computed.
It is probably sufficiently accurate to assume that the stress of the wind on the sea surface
is in the direction of the wind and is proportional to the square of the wind speed, at least
for the higher wind speeds. Thus the component of wind stress in the direction of the current
should be proportional to W2cos¢, where ¢ is the angle between the direction towards
which the wind is blowing and the normal to the section, which may be taken with sufficient
accuracy as towards the north-east (true bearing 045°). The 25h means of current have,
therefore, been correlated with the corresponding means of W?2cos ¢, and in the same way
the 3-hourly values of current have been correlated with 3-hourly means of W2cos ¢.

An investigation, described in § 6-5, was made of the correlation between the residual
current through the Straits and the wind over the southern North Sea or over the English
Channel as computed from the barometric pressure, following the methods of Dietrich &
Wyrtki (1952). For the southern North Sea, the same three stations, i.e. Tynemouth, Paris
and Emden, were taken, but for the English Channel the three stations Scilly Isles, Rennes
and Felixstowe were selected. In each case, the pressure at 00, 06, 12 and 18h was taken
from data which were made accessible by the Meteorological Office, and the mean pressure
for the day, centred at noon, derived, giving the observations at 00 and 24 h half the weight
of those at 06, 12 and 18 h. From the daily mean pressure at the three points of each triangle,
the mean surface wind over the region was computed, using a factor of 0-68 for the North
Sea and 0-67 for the English Channel for converting the geostrophic wind speed to speed
at the surface and allowing for an angle of 14° between the surface wind and the normal to
the direction of greatest pressure gradient, as assumed by Dietrich and Wyrtki.

For the comparison of the current with differences in sea level, tide-gauge records for
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varying periods between March 1953 and March 1954 were kindly lent by the authorities
concerned for the ports of Southend, Dover, Shoreham, Newhaven, Portsmouth and
Devonport on the English side and for the continental ports of Flushing, Dieppe, St Malo
and Brest. In addition, hourly tabulations of tidal heights and differences between the
observed and predicted values for Lowestoft were provided by the Hydrographic Depart-
ment of the Admiralty. From the tide-gauge records, hourly heights were read off for the
periods required and 25 h means computed or the more detailed analysis applied, as in the
case of the currents. ‘

Much of the analysis involved computing correlations between the current, wind com-
ponents and differences of sea level and setting up regression equations between them.
The definitions and formulae used in these computations follow general practice in statistics
(e.g. Yule & Kendall 1947).

6. RESULTS OF ANALYSIS
6:1. Daily values of current

The 25h mean values of the current across the St Margaret’s Bay to Sangatte section,
centred at noon each day, are shown in figures 7, 8, 9 and 10 for the period 25 February
1953 to 31 March 1954.
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Ficure 7. 25 h means of current, wind component and difference in sea level,
February to April 1953.
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For the period 25 February to 31 August 1953, the component towards the north-east
of the wind recorded at Lympne, as derived from the values at 6-hourly intervals given in the
Daily Weather Report, is shown in the figures. The correlation between the current and
this component of wind is evident. During the summer months, May to August 1953, the
rates of flow were comparatively small. A more detailed analysis was carried out for the
seven months 1 September 1953 to 31 March 1954, and for this period the figures show the
25h means of W2cos¢, the component of W2 towards the north-east, obtained from the
hourly tabulations of wind at Lympne. The figures also show the corresponding values of

«w
o)
I

'
s
2
=
£

CURRENT TOWARDS N.E.

»
I

Y
W

WIND TOWARDS NE
s Y
T [
Sl
%>
P
<
<
&E

-10}—

| ! | | | | | ] | | | |
10 20 30 10 20 30 10 20 30 20 30

10
MAY JUNE JULY AUGUST

Ficure 8. 25 h means of current and wind component. May to August 1953.

A{, the difference between the sea level in the English Channel, as given by the mean of
values at Shoreham and Dieppe, and in the southern North Sea, as given by the mean of
values at Lowestoft and Flushing.

It is seen from figures 9 and 10 that a peak of unusually strong flow generally coincides
with a peak in the W2cos¢ or A{ curve, or in both. The strong north-easterly flow on
21 September 1953 was associated with a large value of W2 cos ¢ and a moderate value of AL.
On 1 November, however, a stronger north-easterly current occurred with a lower value of
W2cos ¢ and a high A{, indicating that the slope of the surface was the main factor in causing
the strong flow on this occasion. The same is true of the strong south-westerly flow on
3 January 1954, which corresponded to a large negative value of A{, but no peak in the
W2cos¢ curve. On the other hand, a less intense but more sustained south-westerly flow
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occurred between 29 January and 5 February 1954, associated with large negative values
of W2cos¢ (corresponding to persistent north-easterly winds over the North Sea and
English Channel), although the A{ values were small.

] J I I l

sl ]’N | | i

\/\/ VTW AN Vasstva

so|. —

A
(C’F‘) casf ~ ! -
o) \_\v_ 1 A /
N VT WhA
N ! g l 1 ! !
0 20 30 10 20 30 10 20 , 10
SEPTEMBER OCTOBER NOVEMBER  DECEMBER

Ficure 9. 25 h means of V, W2 cos ¢ and A, September to December 1953. V = current towards
north-east, W2 cos ¢ = wind function, A{ = difference in sea level: mean of Shoreham and
Dieppe —mean of Lowestoft and Flushing. W = wind speed at Lympne.

6:2. Comparison of cable results with vertical log data

During the period covered by the records of cable voltage, current measurements by the
Carruthers vertical log were being carried out from the Varne light-vessel, situated in mid-
channel, about 20 km to the south-west of the St Margaret’s Bay—Sangatte line. The design
and operation of the vertical log current meter have been described by Garruthers (1935 b,
1938). In the measurements made at the Varne since World War I1, the cup system has been
at an average depth of 4 m until the end of 1953, afterwards 6 m, and the counters have been
read at intervals of a mean lunar day of 24 h 50 min. In this way the residual current for

66 Vor. 248. A.
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successive lunar days has been obtained, and Dr Carruthers and Cdr Lawford have kindly
made the data available for comparison with the cable results. The comparison between the
two sets of results appeared fairly good from a qualitative point of view, but, since the
periods for which the residual currents were deduced were different, a quantitative
comparison was not possible.

SO
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Ficure 10. 25 h means of V, W2 cos ¢ and A{, January to March 1954
(definitions as for figure 9).

During May and June 1954, however, trials of an alternative method of recording ver-
tical log measurements were carried out at the Varne, the direction of flow and the revolution
counter reading being noted every hour. It was possible, therefore, to compute 25 h means,
centred at noon, of the current component in a direction N 50° E (magnetic), i.e. normal to
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the cable section, in the same way as from the cable measurements. A comparison of the
results for May is shown in figure 11. A similar comparison could not be made for June,
as there were several gaps in the cable records due to the cable being required for telephone
service. The correspondence between the two sets of means is quite good, the vertical log
curve being displaced relative to the cable one by an amount equivalent to an average
current of 8 cm/s towards the north-east for the month. The basic current for May, derived
from the vertical log data, was 5cm/s (2-4 miles/day) towards the north-east. The cable
results, however, do not give the absolute current, but only the current relative to a long-
period mean. Considering that the vertical log data represent the current in one position
and at one depth whereas the cable measurements give the mean current over a whole
section, the agreement between the results by the two methods, and the mutual confirmation
which they provide, may be regarded as very satisfactory.

cuanElNT TOWARDS N.E. (cm/s)
N
)
i

5 10 15 20 25 30
MAY 1954

Ficure 11. Comparison of current as determined by cable measurements and by vertical log during
May 1954. Full line: St Margaret’s Bay—Sangatte cable. Broken line: vertical log at Varne
light-vessel.

6:3. Comparison of transport across the St Margaret’s Bay—Sangatte
and Aldeburgh—Domburg sections

For the period 28 November 1953 to 31 March 1954, the 25h means, centred at noon,
of the transport across the St Margaret’s Bay—Sangatte and Aldeburgh-Domburg sections
have been computed, the cross-sectional areas of the two sections being 1-20 and 4-44 km?
respectively. The results are shown in figure 12. The degree of correspondence between the
two transports is an indication of the extent to which the flow through the Straits of Dover
is part of a general flow through the southern part of the North Sea. The coefficient of
correlation between the currents across the two sections is 0-86.

A difference between the transports, if genuine, implies an accumulation in, or loss of
water from, the region between the two sections, with a rise or fall in the mean sea level.
Since the surface area between the sections is 13,870km?, an excess of 1 km3/day of water

flowing in through the St Margaret’s Bay—Sangatte section over that flowing out through
66-2
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the Aldeburgh—-Domburg section would correspond to an increase of 7-2cm in mean sea
level during the day. An attempt was made to relate the difference in transport to the
changes in mean sea level of the region, as deduced from the values of sea level at Lowestoft,
Flushing and Dover, but without success, as the accuracy of the transports measured across
the Aldeburgh—Domburg section was not high enough for the purpose. Owing to the greater
cross-sectional area, the currents across the section are less than across the St Margaret’s
Bay—Sangatte section, while the fluctuations of the record due to magnetic disturbances
are greater, as discussed in § 4.
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Ficure 12. Comparison of transports of water across St Margaret’s Bay—Sangatte and Aldeburgh—
Domburg section, 28 November 1953 to 31 March 1954. St Margaret’s Bay—Sangatte.
—————— Aldeburgh-Domburg.

6-4. Correlation of current with wind and surface gradient

The forces which directly influence the movement of water through the Straits of Dover
are the tangential stress of the wind on the sea surface and the horizontal pressure gradient
due to differences in level of the water. The effect of a gradient in barometric pressure along
the direction of the Straits is also to be considered, but it is found to be small compared with
that due to differences of sea level, and may be neglected to a first approximation. The
25h mean values have been represented, therefore, by an equation of the form

V = aW?cos ¢ +bAL, (5)

where V denotes the mean current across the St Margaret’s Bay—Sangatte section, as deter-
mined by the cable measurements. W denotes the wind speed at Lympne and ¢ the angle
between the direction of the wind vector and the normal to the section. A{ denotes the
difference in sea level between the eastern part of the English Channel, as given by the
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mean of values at Shoreham and Dieppe, and the southern part of the North Sea, as given
by the mean of values at Lowestoft and Flushing. V'is in cm/s, Win m/s, and A{ in cm.
A dynamical basis for a relation of this form is discussed in § 7-1.

The values of the regression coefficients ¢ and b have been determined from the analysis
of the data. The resulting values of ¢ and 4 as obtained by analyzing the observations in
two groups, from 15 September to 31 December 1953 and from 1 Januaryto 31 March 1954,
and also as a single group, are given in table 3.

TABLE 3. VALUES OF COEFFICIENTS IN EQUATION (5)

period a b R
15 Sept. to 31 Dec. 1953 ' 0-44 +0-07 0-65+0-11 0-83
1 Jan. to 31 Mar. 1954 0-:33 +0-03 0-73 +0-09 0-92
15 Sept. 1953 to 31 Mar. 1954 0:37 +0-03 0:70 +0-07 0-88

The standard errors of the coefficients and the total correlation coefficient are shown in
each case. The differences between the coeflicients derived from the two groups do not
appear to be significant. From the data treated as a whole,

V = 0-37TW?cos ¢+ 0-70A(, (6)

where Vis in cm/s, W in m/s and A{ in cm. The total correlation coefficient, 0-88, is high,
implying that the greater part of the observed flow may be attributed to the effects of wind
and surface gradient, as has been assumed. Other relations, with different definitions of A(,
e.g. taking A{ as the difference between levels at Shoreham and Dover, were tried, but the
total correlation coefficients were smaller and so these alternative methods were not pursued.

A possible interpretation of the coefficients ¢ and & in terms of the coefficients of wind
stress and bottom friction is discussed in § 7-1.

6:5. Correlation of current with regional winds

While the forces directly influencing the current through the Straits are the local wind
stress and the differences of sea level, such differences of level are also due, very largely, to
the effects of wind over larger areas of water. As an alternative method of presentation,
therefore, the daily values of current V" have been correlated with the regional wind over the
southern part of the North Sea or the English Channel. This follows the method used by
Wyrtki (1952 a) in his study of monthly means of flow through the Straits of Dover, based on
3-day averages obtained by the Carruthers drift indicator. Wyrtki (1952 5) has also investi-
gated the changes in mean sea level of the North Sea from month to month and the inflow
of water through the Straits of Dover and from the north, as related to regional winds. In
the present investigation, the winds were those deduced from the daily mean barometric
pressures, as described in § 5-3. ‘

A relation of the form

V = cWy+dW; (7)
was assumed, where W}, and W} are the north-going and east-going components of the wind
velocity. When the regression coefficients ¢ and 4 have been computed, the equation may

be put in the form , V= AW cos (0 —a), (8)
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where 42 = ¢24-d? and tana = d/c, W being the resultant wind velocity, blowing towards
a direction making an angle ¢ to the east of north. « represents the direction of the wind
vector which is most effectively associated with north-east-going flow through the Straits.
This method of representation was used by Doodson (1924) in investigating the influence
of wind on perturbations of sea level.

For the 7-month period from 1 September 1953 to 31 March 1954, V was correlated with
winds over both the southern North Sea and the English Channel, and the values of the
coeflicients with their standard errors and the total correlation coeflicient R were as follows:

A ‘ o R
winds over southern North Sea 36 +0-35 16° 0-83
winds over English Channel 2-85 +0-35 30° 0-76

V was expressed in cm/s and W in m/s, as before. The similarity of the results arises from the
high correlation between the regional winds over the two areas, the coefficient of correlation
between the northerly components being 0-75 and between the easterly components 0-89.

The further analysis by this method was confined to winds over the southern North Sea.
When the data for the previous six months, 1 March to 31 August 1953, were investigated,
a significantly lower value of 4 was obtained, as shown in table 4, which also gives the mean
values for the whole 13-month period.

TABLE 4. VALUES OF COEFFICIENTS IN EQUATION (8)

period 4 a R
1 Mar. to 31 Aug. 1953 2:25 +0-35 39° 0-77
1 Sept. to 31 Mar. 1954 36 +0-35 16° 0-83
1 Mar. 1953 to 31 Mar. 1954 31 +0-25 21° 0-79

TABLE 5. VARIATION OF WIND FACTOR A THROUGHOUT THE YEAR

period A (W2t (m/s)
1953: Mar.[Apr. 3:4+0-8 6:3
May/June 1:56 +0-35 53
July/Aug. 2:0 £0-5 57
Sept./Oct. 30405 6-3
Nov./Dec. 40409 7-0
1954: Jan./Feb. 40 +0-7 88
1 Mar./14 Apr. 2:940-6 6-6
15 Apr./9 June 25406 6-0
19 June/31 July 27407 - 6-6

Since the value of the coefficient 4 appeared significantly different for the two periods,
the analysis was carried out for 2-monthly periods from 1 March 1953 to 31 July 1954.
The resulting values and their standard errors are shown in table 5. It appears that 4 is
significantly greater in the winter months. This may be due partly to the greater wind speeds
in these months. A linear relation between 7 and W has been assumed, but if V' is propor-
tional to W2, which is more probable, the computed values of 4 should be proportional
to W. The third column of table 5 gives the values of (WW2)} for the same periods, and the
changes in 4 are seen to correspond with them to some extent, although the variation in

(W?)t does not appear large enough to account for the whole variation in 4.
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Another possible effect is that, for a given geostrophic wind speed, the wind speed at the
sea surface, and so the stress, may be greater when the air in the lower atmosphere is in an
unstable condition, as it is more frequently during the winter months.

The mean value of the coeflicient 4, which has been termed the wind factor by previous
investigators, i.e. 4 = 3-1 when Visin cm/s and Win m/s, may be compared with the value
1-6 obtained by Wyrtki (19524) by considering monthly mean values of the current at the
Varne light-vessel and the wind over the southern North Sea. Carruthers, Lawford &
Veley (1950), from an analysis of the vertical log measurements at the Varne from March
1938 to November 1939, taking the residual current over periods of a lunar day, and com-
paring it with the wind velocity as estimated at the light-vessel itself, found a factor of 1-5.
From the vertical log data obtained in 1951 to 1953, Lawford (unpublished) has deduced
a mean value of 2-0 from the monthly means and 1-86 from the daily observations. The
tests referred to in § 6-2 indicated that the new method of recording the vertical log measure-
ments would give measured velocities about 20 9, greater, with a corresponding increase
in the wind factor derived from them.

The total correlation coefficient for the method of presentation in terms of regional winds,
although fairly high at 0-79, is rather less than the corresponding value of 0-88 for equation
(6) of § 6-4. As a link between the two methods, the correlation between the difference in
sea level A{ and the wind components Wy and W, was computed, leading to the equation

AL = 3-25W cos (6—26°),

where A{is in cm and W in m/s, the standard error of the coefficient being -+ 0-4. The total
correlation coefficient is 0-71, a value which indicates that an appreciable part of the
variations in A{ was due to causes other than the wind over the southern part of the North
Sea.

6-6. Results of detailed analysis for selected periods

The method of analyzing the current V, wind function W?2cos¢ and difference in sea
level A{ to obtain values at 3-hourly intervals for selected periods has been described in
§85-2 and 5-3. The following periods have been treated in this way: (a) 19 to 24 September
1953, (b) 26 October to 8 November 1953, (¢) 1 to 6 January 1954. (a) and (b) were periods
of strong flow through the Straits towards the north-east and (¢) a period of strong flow
towards the south-west. These occasions will be described briefly in turn.

(a) 19 to 24 September 1953

In figure 13, the first curve on the left shows the current ¥V, reaching a peak of 85 cm/s
at 18.00h on 21 September. The second curve shows W?2cos¢, reaching a peak almost
simultaneously with V. The third curve gives A{ between a line from Newhaven to Dieppe
and a line through Dover, i.e. the downward slope of the sea surface in the eastern end of
the Channel. The fourth curve shows A{ between the standard sections Newhaven to
Dieppe and Lowestoft to Flushing, i.e. sections at approximately equal distances on either
side of the Straits.

The right-hand curves show the changes in sea level during the same period at several
ports in the English Channel and North Sea. A disturbance appears first at Brest, with a
peak at 06.00 h on 21 September, and later at other ports in the English Channel. At Dover,
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however, the level is unaffected by this surge but later falls, following a fall in level at
Lowestoft. The curve for Flushing is again different, presumably due to effects of local winds
in the southern North Sea. The charts published in the Daily Weather Report for this period
show an intense depression which crossed the centre of the British Isles, the cold front
passing the Straits of Dover at 06.00h on 21 September. Before this time there had been
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Ficure 13. 3-hourly values of current V, wind function W2 cos ¢, difference in sea level A{ and sea
level £ at various positions, 19 to 24 September 1953. (Definitions as for figure 9.)

strong westerly winds in the Channel and to the west of it, but comparatively light w1nds
in the North Sea. v

This is an example of strong north-east-going flow, associated with a surge which
travelled up the Channel but had little effect on the elevations beyond the Straits of Dover.

(b) 26 October to 8 November 1953

The curves for this period are shown in figure 14. A sharp peak of current towards the
north-east occurred on 27 October, and a more sustained pulse in the same direction on
1 to 2 November. On neither occasion were the local south-westerly winds, as indicated by
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the curve of W2cos ¢, unusually strong, but on both occasions there are peaks in the A{
curve. Whereas the flow on 21 September would appear to have been due more to the local
wind stress, on 1 November the slope of the sea surface would seem to have been the main
factor producing the flow.

The meteorological conditions on 27 October and 1 November showed similar features,
a depression being centred over the north of the British Isles, with south-westerly winds in
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Ficure 14. 3-hourly values of current V, wind function W? cos ¢ and difference
in sea level Ag, 26 October to 8 November 1953,

the Channel and southerly winds over the North Sea. This type of situation was referred to by
Carruthers (1930) as being the most favourable for north-east-going flow through the Straits.

Figure 15 is plotted directly from the hourly readings for the period from 30 October
to 3 November 1953. It was a period of neap tides and it is seen that the north-east-going
current was strong enough to prevent any south-westerly flow on two successive ebb tides.

(¢) 1 to 6 January 1954

Figure 16 shows the curves for this period. A strong south-westerly flow is shown by the
curve of V,reaching a peakofnearly 100 cm/s at 21.00 hon 3 January. This flowis alsoshown
on the records from the Aldeburgh-Domburg cable (second curve), but naturally the velo-
city is less, corresponding to the greater area of the section. The W2 cos ¢ curve indicates no

67 : Vor. 248. A.
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Ficure 15. Current curves for the period 30 October to 3 November 1953,
showing north-east-going drift superimposed on tidal currents.
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Ficure 16. 3-hourly values of current ¥, wind function W?2 cos ¢, difference in
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large wind velocities locally until affer the current surge. The curve of A{, on the other hand,
shows a large downward slope from the North Sea towards the English Channel, reaching
a peak of about 100 cm for the difference between Lowestoft/Flushing and Shoreham shortly
before the peak flow.

The sea level curves, on the right, show a raising of the sea level, reaching a peak almost
simultaneously at Lowestoft and Flushing in the North Sea, at Dover and at Shoreham.
The rise is greatest at Lowestoft, reaching 140 cm, and less at Dover and Shoreham, corre-
sponding to the downward slope shown by the curve of A{.

An anticyclone persisted west of Ireland during this period, while a depression developed
off the coast of northern Norway and moved south-eastwards. Strong northerly winds
acted on the whole of the North Sea during 3 January, affecting the English Channel as
well later on that day and during 4 January. The conditions were rather similar, although
on a less severe scale, to those prevailing during the surge of 31 January and 1 February 1953.

7. DYNAMICAL INTERPRETATION OF THE RESULTS

7-1. Steady state

In a previous paper (Bowden 1953) the writer has indicated a method by which the
steady-state flow along a channel of variable cross-section may be computed in terms of
the surface wind stress and the surface gradients. It is assumed that the wind current is
superimposed on a tidal current. This method of calculation has been applied to the eastern
part of the English Channel and southern part of the North Sea, between sections running
approximately from Shoreham to Dieppe and from Lowestoft to Flushing, treating it as a
single channel which contracts and then opens out again.

Rectangular co-ordinate axes are taken, with the origin at the bottom, Ox along the axis
of the channel and Oz vertically upwards. The following notation is used:

component of velocity parallel to Ox,

amplitude of tidal current, parallel to Ox, at the bottom,
component parallel to Ox of drift velocity at the bottom,
mean drift velocity from surface to bottom,

elevation of surface above mean sea level,

component of wind stress on the surface, parallel to Ox,
component of frictional stress at the bottom, parallel to Ox,
depth of water,

density of water,

density of the air,

acceleration due to gravity,

angular velocity of semi-diurnal tidal constituent,
coeflicient of bottom friction, A

coefficient of wind stress on the surface,

vertical eddy viscosity, assumed constant with depth,
cross-sectional area,

breadth of channel,

length of channel.

Moy & & & R
[ S =

S

SICTENETR SEE R

67-2
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Considering motion along the channel only, if %, is the instantaneous velocity at the
bottom, the frictional stress of the bottom on the water immediately above it is directed
along the negative Ox direction and is given by —F,, where

Fy = kp | uy | up. (9)

it may be shown, by taking a mean over a tidal period, that the non-periodic term ¥, in
the bottom friction F), is given by

Fy = fkpu,uy, (10)

where fis a factor which is a function of «, /«,.
When u,/u,<1, f= (uo—l— )
2u,

2\ ¥
When u, fu,>1, 1[(2u0+ ) 1n‘1§‘—’+3(1—u—g) :] (11)
Uy uy

When u,/u,>1, f=4/m=1-273.
Considering the mean current from surface to bottom, the equation of motion is

du  udu o F.— F0

3t+ ax ~ Sox T b (12)
The equation of continuity takes the form
i} a¢
7 (4u )+Bﬁt 0. (13)

In the steady state, i.e. when 0%/d¢ = d{/dt = 0, it may be shown that the difference in
level between end-sections at x = 0 and x = L may be expressed as

Al={— 8 = AL+ AL+ A, (14)

where I:l +2(1 -I—ﬂ)] J‘de (15)

where £ is defined by p fif]l\l: (16)
1

As discussed in the previous paper (Bowden 1953) it is assumed that § remains constant,
although N, f, k, h and u; may vary along the channel. A probable numerical value is f = 3.
A{, is a function of the wind stress only, for a given channel.

AL —— (lﬁﬂ)’“f futg, (17)

A{, is a function mainly of the mean flow %, for a given channel, but may depend also on
wind stress to the extent that f depends on the total velocity at the bottom.

A§3=—i§)gi[1;—(§i)z]. (18)

A{; is the loss in dynamic head due to the contraction of the channel, and depends on the
mean flow.
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In the steady state and when the term udu/dx is negligible, it follows directly from the
equations of motion that

pgic:a—F and /rlgha§ F,—F,

dx 0z
Hence F = Fy+ (F,—F,) %
and since | F = pNou/oz,
. : - h
it follows that U= + & N(F +2F,).

Using (10) to eliminate F,, and the definition of § given by (16), the drift velocity at the

bottom may be expressed as
1 F,

Uy = b u— .
A+ 200+8) fhou
Suppose that the dimensions of a channel are known at each of a number of sections, at
various values of x; and also the corresponding values of #;. Then the integral in equation
(15) may be computed directly and hence A, for given values of f and F,. To compute
A, a value of 7 at the initial section is assumed, and also a value of F;, because of its effect
on u, and so on f. An approximate value of f must be estimated and used in (19) to find w,.
Then f may be adjusted according to the value of #,/u, and a better approximation found.
This must be done for each section and A{, found by numerical integration of equation (17)
from section to section.
In applying the method to the region under consideration, Sections 1 to 8 of the previous
paper were taken on the English Channel side of the Straits of Dover. On the North Sea
side five additional sections, 24 to 64, were taken, the data for which are given in table 6.

(19)

TABLE 6. SECTIONS ACROSS THE SOUTHERN NORTH SEA

ampli-
distance tude of
along mean tidal
channel  width depth area current
section x B h A4 u,
no. from to (km) (km) (m) (km?) (cm/s)
1 St Margaret’s Bay Sangatte 0 35 35-3 1-20 110
2a North Foreland Gravelines 23 62 24-5 1-53 95
3a Knock Deep Furnes 46 93 251 2-32 95
4a Harwich Ostend 69 113 272 3-08 75
5a Orford Haven Zeebrugge 92 134 285 3-82 70
6a Aldeburgh Domburg 115 145 30-6 4-44 75

AC3 is found to be negligible compared with A{; and A{,. Forz = 100 cm/s across section 1,
the narrowest part of the Straits, for example, A{; = —4-8 cm from the Shoreham/Dieppe
section to section 1, but the level recovers with the opening out of the channel, so that from
the Shoreham/Dieppe to the Aldeburgh/Domburg sections the difference in level is only
Al; = —1-5cm.

In computing A{, and Al,, f has been taken at 3 throughout. Then with the other
numerical values given above, equation (15) leads to

AL, = 9-4F,
67-3
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when A(; is in cm and F| in dyn/cm?. If the stress is related to the wind velocity by a quad-
ratic law, F, = y25,W2cos ¢
Taking P =125x1073g/cm3,
AL, = 117-5y2W2cos ¢, (20)

giving A{; in cm when W is in m/s.

A{, was computed for values of # across section 1 of 25, 50 and 100cm/s and for F, = 0,
2-5 and 5-65 dyn/cm? (values to be expected for winds of velocity 0, 10 and 15 m/s along the
channel, if y2 = 2x 1073). As shown by table 7, the influence of F; on A{, is small. With
sufficient accuracy, the results in table 7 may be represented by the linear relation

AL, = — 38047, (21)
where A{, is in cm and % in cm/s.
TABLE 7. VALUES OF A{/k IN cM X 103

F, (dyne/cm?)

% (cmys) 0 2:5 565
25 9-25 9-25 9-2

50 187 1865 186
100 — 38-6 38-5

From (20) and (21), the total difference in level is given by
AL = AL +AL, = 117-5y2 W2 cos ¢ — 380K (22)

This equation may be compared with the empirical equation (6) of § 6-4, derived from
the observations on the St Margaret’s Bay—Sangatte cable, i.e.

V = 0-37W?2cos g+ 0-T0AL. (6)

Identifying V with @, and remembering that A{ as defined in § 6-4 is of opposite sign to that
in the present notation, (14) may be put in the form

AL = 0-53W?cos ¢ —1-43%. (23)

Comparing (22) and (23) gives the following values for the coefficient of wind stress, ¥2,
and the coefficient of bottom friction, £,

y2 = 45X 1073,
k=38x103,

It is interesting to note that these values for the two coefficients are approximately equal,
although each is nearly twice the value to be expected. The general evidence available
indicates a value of approximately 2-5 x 10-3 for the coefficient of stress either between the
air and a water surface or between flowing water and a fixed bed. In particular, reference
may be made to values of 2:5x 1073 and 1-7x 1073 for y2 found by Rossiter (1954), by
considering conditions at two stages of development of the storm surge of 31 January and
1 February 1953 in the North Sea. Allard (1952) found values of £ of 2:5x 1073 for the
western part and 2-05 x 1073 for the eastern part of the English Channel, from the rate of


http://rsta.royalsocietypublishing.org/

/

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

FLOW OF WATER THROUGH THE STRAITS OF DOVER 547

dissipation of tidal energy, and Hansen (1952) gave £ = 3-0x 1073 for the North Sea.
Grace (1937), by considering the relations between surface gradients and tidal currents,
found £ = 24 x 1073 at a section across the narrowest part of the Straits of Dover, but
k = 6:3x 1073 at a section 20km to the south-west.

There are several possible explanations for the high apparent values of y2 and £, of
which the following seem the most likely.

(1) The mean wind velocity over the sea surface in the region may have been systematic-
ally underestimated by taking the records for Lympne. There are few coastal stations
providing anemometer records and no regular instrumental observations at sea. For
limited periods, the Lympne records were compared with those from Dover and Manston
and from certain stations on the French coast, but it seemed that the Lympne records alone
would give as good a representation of the mean wind over the Straits as any other com-
bination of the available records.

(2) The 25 h means of flow may not represent a sufficiently good approximation to steady
state conditions for the theoretical treatment to be applicable. This point is discussed
further in §7-2 in connexion with the rate of response of the current to a change in wind
stress or in surface gradient.

It appears unlikely that errors greater than about 10 9, of their maximum values would
occur in the rate of flow as determined by the cable measurements or in the differences of
sea level derived from the tide gauge records.

7-2. Variable state

It is probable that the region of sea under consideration is seldom in a steady state and
then only for a short time. An attempt to treat the changing state dynamically, however,
presents several difficulties. In equation (12), a determination of 9%/d¢ from the records
of flow is possible, provided the tidal constituents have been eliminated adequately. The
variation of F, could be estimated from the observed changes in wind velocity, but F| is
indeterminate, since it depends on the velocity near the bottom and it is possible to estimate
the relation between bottom velocity and mean velocity only in the steady state.

d¢/dx is an uncertain term, since, in a channel of such variable cross-section, the slope must
vary considerably along the channel and tide gauge records are available only for widely
separated positions on the coasts. In the steady state the value of d(/dx at the cable section
is related to A{ between the end sections by a constant factor, but this is not true in changing
conditions. ;

For these reasons, no attempt has been made to analyze the dynamics of the varying flow
step by step. Several type problems have been treated and a rough quantitative comparison
made with the results of the observations. In the previous paper (Bowden 1953), the rate
of growth of a current in a uniform channel, due to the onset of a steady wind stress, was
considered, the surface remaining horizontal. In the present notation, the solution may
be written as follows.

When ¢<0, F, =0, u= 0.

When ¢>0, F, = constant.

F,

Then E=M{l+

v % v(a2+v?)sina, _a%P}
2 TS +v(140); ’
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where v = fkhu, /N = 8/, P = Ni/h?, and o, (n = 1,2, 3, ...) are the positive roots of
atana =v.

The corresponding solution for the growth of a current due to the setting up of a constant-
surface gradient, the surface stress remaining zero, may be shown to be as follows:

When <0, G = 0, u = 0, where G = —gd({/dx.

When ¢>0, G = constant.

Gh v v2tana,
Then u= —{1 7—2 c‘“ﬁP}
o152 2 oo™
where v, o, and P have the same meanings as before.
o8-
1S
R ond
4
! L X | L |
o 2 4 6

P = Niji?

Ficure 17. Response of mean current # to steady gradient (full line) or steady
wind stress (broken line) set up at time ¢ = 0.

The two solutions of %, relative to its final value as {—>00, are plotted in figure 17. In the
computation v has been taken as 1, corresponding to the value f = 3, used in §7-1. It is
seen that the two curves are very similar.

The approach to the steady state depends on the parameter P = Ni/h?. A similar para-
meter, namely, 1-272 N¢/A?, was found by Proudman & Doodson (1924) in the rate at which
the surface of water in a closed rectangular basin would respond to a change in atmospheric
pressure or surface wind stress. Proudman (1954) has suggested that this is a general result
for the elevation {, whether the state is generated by wind or atmospheric pressure, and is
independent of the distribution of current with depth. The problem treated by Proudman
& Doodson was a more difficult one than that treated here, since both the elevation and
current were unknown, but related, variables. Since a closed basin was assumed, however,
the mean current in the steady state was zero. In the present problem, only the current
appears as an unknown variable, since the surface gradient is taken as specified. This corre-
sponds to the case of a narrow channel connecting two large seas, the flow through the
channel being dependent on the difference in level in the two seas, but these levels being
unaffected, to a first approximation, by the flow through the channel.

Another case which has been considered is the response of the current to a surge of
gradient which rises to a maximum and then decays, according to the conditions:

when t<0 and > T, G = 0;
2Trt)

G,
when 0<t< T, G—g(l—cos A
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The solution to this problem has been found by the method given by Carslaw & Jaeger
(1947), using Duhamel’s theorem, with the following result:

- Gyh % v?tana,
= fhuy 2 @@ (1)

where for 0<¢< T,

27rP + 27rP
—1- e‘“i’;z e i
i a 47
1+ 14 —s
aq Pg
e oi(P—Po) _ g—aZP
and for ¢> T, I = 5>
ot P,
1+ n* 0
472

where P = Nt/h? as before and Py = NT/h%.

The solution depends on the parameter P and also on another parameter P,, character-
izing the time scale of the variation in the gradient. Gurves of # as a function of P for various
values of P, are shown in figure 18. In all cases the maximum current lags behind the
maximum gradient and the current decreases exponentially after the gradient has become
zero. When P> 1, the ratio of the peak current to the peak gradient approaches the value
corresponding to steady-state conditions. For small values of P, the peak current is con-
siderably less. When P, = 2, for example, the peak current is 0-46 the steady-state value.

! 2 4 6 £
A e NP N _——T T

P = Niji2

Ficure 18. Response of mean current (full line) to a changing gradient (broken line).
Values of P, are indicated against the curves.

For the Straits of Dover, £ = 35m and a reasonable value of N would be of the order of
103cm?/s (see Proudman 1953, p. 314). Then P, = 0-307, when T is in hours. P, = 4, for
example, when 7 = 13-3h, and with this value, the peak current would reach % of its
steady state value and would lag about 24 h behind the peak gradient. If 7"= 26-6h,
P, = 8, the peak value would be 0-83 with a time lag of about 33 h. With increasing values
of T, the time lag does not appear to increase very rapidly.

The corresponding problem for a variable wind stress has not been treated but, from the
previous examples, it seems likely that the time relations would be very similar.

The above results may be compared with the features shown by the detailed analysis of
the currents, wind and gradients during periods of strong flow, given in § 6-6. From figures
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13, 14 and 16, the current peaks lag behind the corresponding peaks in the W?2cos¢ or AL
curve by 0 to 6 h and there are indications of the slower decay of the current after the wind
stress or gradient producing the flow has decreased. It is of some interest to compare the
peak values of the current with those computed from equation (14), derived from the 25h
means. The results are shown in table 8 for six occasions on which the peak flow exceeded
50cm/s. On 21 September and 7 November 1953, the observed current was less than the
computed value, but on the other four occasions the observed current was greater. The
discrepancies between the observed and computed values are considerable but this is not,
perhaps, surprising since the computed values are based on the assumption of steady state
conditions.

TABLE 8. PEAK VALUES OF CURRENT SURGES

VO Vc
observed W2cosp = AL computed | Vy|—|V,|
date hour (cm/s) (m/s)? (cm) (cm/s) (cm/s)
1953: 21 Sept. 18.00 83 216 48% 113 —-30
27 Oct. 12.00 84 52 38 46 38
1 Nov. 21.00 99 83 68 78 21
4 Nov. 06.00 51 55 26 38 13
7 Nov. 15.00 54 108 37 66 —-12
1954: 3 Jan. 21.00 —-97 —24 —102t - —82 15

* A( for Newhaven/Dieppe—Lowestoft/Flushing.
1 AZ for Shoreham-Lowestoft/Flushing.

The surges of wind or gradient in figures 13, 14 and 16 had a duration of the order of 24 h,
with the exception of that reaching a peak on 1 November, which lasted for nearly 48 h.
With the numerical values taken above, the theory indicates that the peak value of current
for a surge of 24 h duration would be about 80 9, of the steady state value. Since many of
the lesser variations in current are probably of a similar period, it seems possible that the
25h mean values of current may be less than those corresponding to a steady state by a
similar amount. This would account, in part, for the high values deduced for the stress
coeflicients y% and £.

The general features of the current surges and of the 25 h mean values would appear to
be consistent with those anticipated from dynamical theory, and the values deduced for
the coefficients of wind stress and bottom friction, although rather high, are of the order
expected. To obtain a better quantitative understanding of the flow through the Straits
of Dover and of the processes on which it depends, analyses of many more examples under
various conditions would be desirable.

This investigation has been made possible by the co-operation of many people and
organizations. I wish to acknowledge my indebtedness to the following: The Post Office
Engineering Department, for allowing the use of the telephone cables and for the willing
co-operation shown by the Headquarters staff and those at the repeater stations; Com-
mander W. I. Farquharson and the staff of the Tidal Branch of the Hydrographic Depart-
ment; the Meteorological Office; the Port of London Authority, the Dover Harbour
Board, the Shoreham Harbour Trustees, the Marine Department of British Railways, the
Netherlands Rijkswaterstaat, and the French Service Central Hydrographique for the
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loan of tide gauge records. I also wish to express my gratitude to Dr G. E. R. Deacon,
F.R.S., and my colleagues in the National Institute of Oceanography, particularly Miss
M. Irving, who has done the greater part of the measuring and computational work in the
analysis of the records.
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