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INTRODUCTION

At most places on the coast it is possiblesteat a periodic rise and fall of the sea level,
varying from a few millimetres (eg in parts of &est Indies) to 15 metres or more (eg
Avonmouth, England).

The change in sea level is caused as watddeddeor removed from an area due to the
effects of tides.

Tides. Tides are periodic vertical movements of watethenEarth's surface.

Tidal Streams. In rising and falling the tides are accompanigdpleriodic
horizontal movements of the water called tidalestrs.

Tides are caused by the gravitational pullezfvenly bodies on the Earth and the water
over the Earth. The magnitude of the pull is d&dinn Newton'dUniversal Law of
Gravity. The two heavenly bodies having the greatesttefiee the Sun and Moon,
other heavenly bodies are too small or too far awaxert any appreciable effect.

NEWTON'S LAWS OF MOTION AND GRAVITY
There are 3 Laws of Motion and one of Gravity.

1st Law Every body continues in a state of reéstiroform motion in a
straight line unless acted upon by an externalesgad force.

2nd Law When a body is acted upon by an extdaneg, its acceleration
is directly proportional to that force, and invdysaroportional to the mass of the body,
and acceleration takes place in the direction irchvthe force acts.

3rd Law Action and reaction are equal and opposit
Law of GravityAny two particles of matter attrashe another with a force directly

proportional to the product of their masses an@nsely proportional to the square of
the distance between them. This law may be exguless

m. m

Fa 42

whereF is the forceym, andm, the masses of the two bodies arttieir distance apart.

It is Newton's Law of Gravity which concernsmest. Although the Sun has a greater
mass than the Moon, its gravitational effect on Haeth is less because it is further
away. The relative sizes of the effects of SunMndn are approximately 5:11.
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THE EARTH-MOON SYSTEM

The Earth and Moon may be considered as forrmmgndependent system rotating
around a common centre of gravity known as thenBdidon barycentrefigure ). The
barycentre lies on a line joining the centres alviy of the Earth and Moon at a point
about 1000 miles below the Earth's surface.

The Earth describes a very small ellipse abimaitEarth-Moon barycentre, while the
Moon describes a much larger ellipse about the daangentre, taking 27.5546 mean
solar daysAnomalistic Periojito complete one orbit.

Orbit of the Moon
around the Barycentre

Orbit of the Earth
around the Barycentre

Perigee
Apogee

Figure 1 The Earth-Moon system.
THE GRAVITATIONAL (ATTRACTIVE) FORCE

In order to simplify matters, first considetyothe Earth and the Moon, with the Moon
situated directly over the equator, ie with a detion of 0. To keep the Moon in orbit
around the Earth there must be a force continadiitgcting it towards the Earth. This
is required by the 1st Law of Motion and, in acemce with the 3rd Law, there must be
an equal and opposite force acting on the Earth.

The gravitational force of the Moon acts onHaeth as a whole, affecting the structure
of the Earth itself, on the atmosphere and on themon the Earth's surface. Accepting
the Earth as a solid object, this force will acthat centre of gravity of the Earth and can
be given a valu&. Again, for simplicity, assume at this stage thatEarth is a smooth
sphere, completely covered with water and thereifriction between the sea and the
Earth. At the North and South Poles the distancth¢ Moon is the same (for all
practical purposes) as that from the centre ofityravHence the gravitational force
exerted by the Moon at these positions and atoatit on the meridians at right angles
to the Earth/Moon line will be the val
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4.3 Infigure 2 M M; is the diameter of the Earth on a line joining tleatres of the Earth
and Moon. PoinM on the Earth's equator lies directly under the Mand is known as
thesublunar point M; is on the opposite side of the Earth and is knasvtheantipode
At M the distance to the Moon has decreased; thugrahéational force acting &l is
increased by a small amowds. At a pointM;, on the equator on the far side from the
Moon, the gravitational force has decreased byndasi (though not identical) amount.
Thus, the total gravitational force actingvis (G + JG) and that aM; is (G - &G).

Figure2 The gravitational force of the Moon acting oa Earth.

4.4  To consider the movement of the sea over thin Bhae cause of tides), there is a need
to take into account the differences in gravitalaattraction at various points over the
Earth. This can be illustrated by subtracting thkie ofG; the results are shown in
figure 3overleaf.

Figure 3. The differential gravitational force on the Earthisface.
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The force acting on the waters may be congidas the_difference between the
gravitational forces, acting at the centre of the Earth, and the abtued anywhere else
on the Earth's surface. There is no differencevdxat the force acting on the solid Earth
and units of sea at the North and South Poles thanyapoint on the meridian at right
angles to the Earth/Moon line (the meridian A/Bigure 3. It will be observed that, at
the antipodeM;, the differential gravitational force is negative, ie-d5. This is
equivalent to saying that the differential forcdvatis positive but acting in the opposite
direction, as shown ifigure 4 At some other poird on the Earth's surfacégure 4,
the differential force acting on the waters at et must be somewhere betwe#s
andzera If D is ¢°above (or below) the sublunar/antipodal plane) the differential
gravitational force ab is equal todGcosy’. Similarly, atD; the force is also equal to
dGcogy’, but acting in the opposite direction.

Figure 4 The differential gravitational force on the Estsurface.

THE TIDE-RAISING (TRACTIVE) FORCE

The next step is to consider how these foriferdnces affect the water relative to the
Earth. If we continue to assume that the entiréase of the Earth is covered with a
uniform layer of water, these differential forcesaymbe resolved into aertical
component (f) at right angles to the Earth's surface ariebidzontal component (§
directed towards the sublunar or antipodal poagsshown irigure 5
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5GCos 0

FH
3G Cos 0

Figure 5 Resolution of the different forces.
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5.2 Thevertical forceis only a very small portion of the Earth's grgveuch that the actual
lifting of the water against gravity is infinitesah (for a ship weighing 30,000 tonnes the
apparent reduction in weight due to the total d#féial force amounts to less than 3kg).
However, it is the similarly smaliorizontal componentvhich produces the tides, by causing
the water to move across the Earth and pile upeastiblunar and antipodal points until an
equilibrium position is found. Theorizontal componerdf thedifferential gravitational forces
is known as the tide raising or tractive forces nitagnitude at a given poiXt(figure 4, may be
expressed as:

3 mpr sin 2¢
Fn a 2d3

where: Is the magnitude of the tide-raising (horizontaite.

Is the mass of the Moon.

is the radius of the Earth.

Is the distance between the Earth's and Mgentses.

is the angle at the centre of the Earth betweetirik joining the
sublunar and antipodal points, and the line joiniing Earth's

centre ancK.

-eo.*gﬂ.l

The tide-raising force caused by the Moon variesctly as the mass of the Moon and
the radius of the Earth, and is inversely propagido thecubeof the distance between
Earth and Moon.

5.3 The effect of the tide-raising (tractive) foiseshown infigure & The force is zero at
the sublunar and antipodal poiffsandM; and along the great circhB the plane of
which is perpendicular t™ M;. The maximum tractive force may be found alorey th
small circlesEF and GH, which are 4% from the sublunar point and antipode
respectively.

Figure 6 The effect of the tide-raising force.

54 Equilibrium is reached when the tides formethatsublunar and antipodal points are at
such a level that the tendency to flow away froenths balanced by the tide-raising
force. The tide caused in these circumstancesasvik as thdunar equilibrium tide



(figure 7, with ahigh wateratM andM; and dow wateratA andB.

Low Water

High Water

Moon

Low Water

Figure 7. The lunar equilibrium tide.
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6. EFFECT OF EARTH'S ROTATION

6.1 The tide-raising effect on the Earth when theoM is above the Earth's equator ie
declination 0, is shown irfigure 8

Moon

Figure 8 The effect of the Earth's rotation.

6.2  The Earth rotates relative to the Moon onceyelmar day of 24 hours 50 minutes
approximately and thus, during this period, an oleseat pointM will experience two
high waters once every 12 hours 25 minutes, intessol with two low waters also 12
hours 25 minutes apart. The range of this equilibrtide at the equator is less than 1

metre.

6.3  When the Moon's declination is zero, its tidising force on the equator will be equal.
At any other poinP on the Earth's surface north or south of the equtkte tide-raising
force will still be equal but not so great as a #guator and will vary approximately
with the cosine of the latitude. The time intesvhketween successive high and low
waters will still be the same as those on the egua® hours 12% minutes

approximately.
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6.4  Such tide-raising forces, producing two equakima and two equal minima tides per
lunar day at equal time intervals, are termed s#orhal. When the Moon's declination
is zero, the tide-raising forces are semi-diurpalall latitudes. Typical tidal curves for
observers at pointd andP are illustrated iriigure 9

Tide Raising
Force
3G
(Observer at M)

%G Cos @
{Observer atP)

P1 PZ P3 P4 P1 Time
Oh fh12%2m 12h 26m 18h 37%2m 24h 50m

Figure 9 The lunar equilibrium semi-diurnal tide, dectina (°.
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7. CHANGE OF MOON'S DECLINATION

7.1 The effect of changes in the Moon's declinaigoshown infigure 10 The maximum
tide occurs as before at the sublunar and antiguudatsM andM;.

3G Cos(@+D)

Figure 10 Effect of the Moon's declination.

7.1.1 Atany poinP on the Earth's surface, not only are the heighésiccessive high and low
waters different, the time intervals also changethe tidal curve ifigure 11shows.
This effect is known as the diurnal inequality.
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Tide Raising
Force
$G Cos (¢p-D)

$G Cos (¢p+D)

0 J T T I Time
6h12%m 12h 25m 18h 37%m 24h 50m

Figure 11 The diurnal inequality.

7.1.2 At another poin), on the Earth's surfacigure 10, where the latitude is greater than
(90° minus the Moon's declination), there is only omghhwater and one low water
every lunar day; this type of tide is called didrn& typical diurnal tidal curve is at

figure 12.
Tide Raising
Force Q
SG’Cos(d)—D)— z
Q
5G Cos (¢ +D) | a,
I I T T .
0 6h12%:m 12h 25m 18h 372 m 24h 50m Time

Figure 12 The diurnal tide.

7.2  The Moon's declination changes from a maximonthrto a maximum south and back
again once every 27.3 days approximately; thugndas effect on the tide caused by
the Moon's declination alone will be experiencaagtdy every two weeks.
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In summary it can be said:
At latitude O the tide is pure semi-diurnal.

Between the equator and (90Moon's declinatiorfup to about 69 the tide is semi-
diurnal but with a diurnal inequality until at:

A latitude equal to (99- Moon's declinationdhe tide is purely diurnal.

From this latitude to the pole the tide remaingmal but with diminishing amplitude
until at:

The polehe tide remains unchanged throughout the day.
THE DISTANCE OF THE MOON

The Moon rotates around the Earth in an etgbtorbit once every 27.5546 mean solar
days Anomalistic Periojl The tide-raising force is strongest when tlemis closest
to the Earth, at itperigee(perigean tide). The tide-raising force is weakesen the
Moon is furthest away, at isgpogeg(apogean tide), sdgure 1 The points of perigee
and apogee may be referred to collectively as tm®ssi

The variation in the Moon's distance can caudiference in the lunar tide-raising force
of between 15% and 20%; thus tides at perigeelaly to be appreciably higher than
those at apogee. PRI

EARTH’'S

Earth at ORBIT
iﬂphe”OT’ k Earth at
oon a o
perigee SUN perihelion
MOON'’'S
/ ORBIT (c.12% lunations
s per annum)

Declination cycle: c. Zfdays
Apsidal cycle: c. 28ays
Lunation cycle: c. 2&ays

Figure 12a The orbits of the Earth and Moon.
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THE EARTH-SUN SYSTEM

The Earth and Sun may be considered as foranugher independent tide-raising
system. Although the Sun has a much greater nhassthe Moon, the Sun's tide-
raising force is nevertheless only about 45% th#te@ Moon. This is because the tide-
raising force is inversely proportional to ttheof the distance.

The tide-raising effects of the Sun on thelEare similar to those of the Moon, though
of a lesser magnitude. Thus, the tides causedeb@un will vary according to:

The Earth's rotation The Earth rotates about its polar axis, fromtiesast,
within a period of 24 hours. Thus, the solar equidm semi-diurnal tide, when
the Sun's declination is zero, will have two higlatevs 12 hours apart,
interspersed with two low waters also 12 hourstapHne time interval between
successive high and low waters will be 6 hours.

Change of Sun's declinationThe ecliptic is the apparent path of the Sun
through the heavens, as seen from Earth. The plahe ecliptic is inclined at
an angle of 2327 to the plane of the celestial equatigyyre 13. This angle is
known agthe obliquity of the ecliptiand is decreasing by approximately per
year.
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“Solstice Ecliptic

9.2.2.1Vernal Equinox

9.2.2.2Autumnal Equinox
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Autumnal

Vernal
Equinox

S
Figure 13 Obliquity of the ecliptic.

The point where the ecliptic crosses the equeim south to
north is called the First Point of Arigg,(or theVernal Equinox
The Sun passes through this point on about\asth each
year. For all practical purposes the Sun'suagoy orbit is fixed
in space. The position ptioes, however, move around the
celestial equator, one revolution taking al&)000 years
(The Precession of the Equinokes

TheAutumnal EquinoXabout the 21st September) is the point
where the ecliptic crosses the celestial equatdh to south,
180 away from the Vernal Equinox. The apparent motibn
the Sun is such that a complete revolutiomefecliptic is made
in a mean solar year of 365.2422 mean solas. day
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EQUINOCTIAL AND SOLSTITIAL TIDES

When the declinations of the Moon and the &erthe same, the tide-raising force will
clearly be acting more in concert than when thdikimns differ.

Equinoctial Tides. At thequinoxesn March and September, when the declinations of
Moon and Sun arboth zerg thesemi-diurnal luni-solattide-raising force will be at its
maximum thus causing thequinoctial tides At these times, where semi-diurnal tides
are concerned, spring tides higher than normatxgserienced.

Solstitial Tides. At thsolsticesn June and December, when the declinations offiVloo
and Sun ardoth at maximumthe diurnal luni-solar tide-raising force will be at its
maximum thus causing thsolstitial tides. At these times, diurnal tides and therdiur
inequality are at a maximum.

THE LUNAR ORBIT

The apparent path of the Moon oscillates sdmewbout the eclipticfigure 14.
Observation shows that while the Moon completesvalution, measured along the
ecliptic, in a period of 27.3216 mean solar day® Gidereal period), the cycle of
oscillation north and south of the ecliptic is cdeted in 27.2122 mean solar days (the
Draconite period). The ascending node (the point wherdvthen crosses the ecliptic
from south to north) thus travels westwards (bacle/gince the Moon and Sun travel
eastward) by 0.1094 day in every 27.2122 days.@3 per mean solar day). This is
called theregression of the Moon's node®\ complete regression cycle takes 18.61
years.
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Figurel4 Regression of the nodes.

Furthermore, it is known from observationg tha lunar orbit is in a plane which is
inclined to the plane of the ecliptic by a nearstant angle of 59 (variations are of
the order 50 to 5° 17%). Thus fromfigure 14 the maximum declination of the Moon
(measured from the equator) will occur when theeadimg node is at the Vernal
Equinox, when the north declination will rise dgrithe following month to 59 above
the ecliptic (23 27 + 5° 9 = 28 36). Two weeks later, the southerly declination will
have an equal value.

If however, the descending node is at Vermplitox figure 14, which occurs some
9v, years later, the maximum declination (northoutls) will not be more than (227
-5°9 =18 18). For example, in 1978 the Moon's declinationedibetween 18
north and south, whereas in 1987 it varied betv&8f north and south. The effects
of this are particularly important when the tide¢ghictions for tidal ports are considered.
The declination values will recur at intervals1&.61 years, and therefore, any tidal
variations associated with lunar declination wala a regular variation with a period of
18.61 years.
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Figure 15 'Ecliptic and lunar orbit.

11.4 The distance of the Sunt takes the Earth approximately 365% days toplete its
elliptical orbit around the SunPerihelion when the Earth is closest to the Sun, occurs
about 2nd January, amibhelion when the Earth is furthest away, is about 1s¢.Jul
Thus, the Sun's tide-raising force will be at itsximum in January and its minimum in
July. The variation in this force is, however,ywsmall indeed, of the order of 3%.
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THE EARTH-MOON-SUN SYSTEM

When the tide-raising effects of the Moon &uth are combined, they sometimes work
together and sometimes against each other.

Spring Tides. Twice every lunar month, theoMand Sun are in line with each other
and with the Earthfigure 19.

Low Water Springs
Sun
Full Moon Earth New Moon
—+ High Water )
N. Pole Springs
\/

Figure 16 Spring tides.

At new Moon, the Moon is passing between the Suhthe Earth; the Moon and Sun
are said to be inonjunction About 14.75 days later, at full Moon, the Easthetween
the Moon and Sun, which are now actingpposition Both these situations are known
asSyzygy The net result in both cases imaximumtide-raising force, producing what
is known as aspring tide At springs, therefore, higher high waters anaelolow
waters than usual will be experienced, these aoguat about the time of new and full
Moon (see paragraph 10.5).

Neap Tides. Twice every lunar month, aboatye¥4.75 days, the Moon and Sun are at
right angles to each othdigure 17. At these times the Moon and Sun are said ia be
guadrature
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Moon
First Quarter

High Water Neaps

Moon
Last Quarter

Figure 17 Neap Tides.

This situation occurs when the Moon is in thet fisd last quarters, and at this time the
lunar and solar tide-raising forces are workingigit angles to each other. The net
result in both cases ismainimumtide-raising force, producing what is known aseap
tide. At neaps, lower high waters and higher low watlkan usual will be experienced,
these occurring at about the time of first and dastrters.

Frequency of springs and neaps. [linar month or period between successive new
Moons is 29.5306 mean solar days; this is called Sinodic period From the
foregoing it may be seen that two spring tides agitur each lunar month interspersed
with two neap tides; the interval between successpring and neap tides being about
7% days. This phenomenon is found at many placedea world, although other
inequalities sometimes occur to alter these timings

Spring and neap tides usually follow the r@h\phases of the Moon by 2 or 3 days.
This is because there is always a time-lag betwkenaction of the force and the
reaction to it, caused by the time taken to overctime inertia of the water surface and
friction. The period when spring tides occur afew and Full Moon is quoted in
Admiralty Tide Tables on the page preceding dagjtand low waters listings.

Spring and neap tides will occur at approxaiyahe same time of day at any particular
place, since the Moon at that time is in a simgasition relative to the Sun. For

example, at Devonport in 1996, low water Springsuaed at times ranging from 1237

hours to 1319 hours throughout the year, and higlemSprings occurred at times
ranging from 1843 hours to 1922 hours.
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SUMMARY OF TIDAL EFFECTS

The following list gives the main tidal effects:

Cause of Change Time Scale Tidal Effect
Moon's Longitude 12 hr 24 min Semi-diurnal
Sun's Longitude 12 hr Semi-diurnal
Moon's Declination 13.6 days Diurnal

Sun's Declination 182.6 days Diurnal

Moon's Distance 27.5 days Minor variations
Sun's Distance 365Y4 days Minor variations
Regression of the 18.61 years Minor variations
the nodes

THE REAL TIDE

The motions of the Moon and the Sun are wethwn and their mathematical
relationships can be used to predict componerttsedide-raising force. In practice, the
tides may differ considerably from the luni-solayudibrium tide given by the pure

theory above. There are many effects which wstatt the tidal predictions given by
theory alone. These include:

a. Natural resonance of the water body.
b. Friction.

C. Land masses and shallow water.

d. Coriolis effect and derived wave types.
e. Weather.

The theory of the Equilibrium Tide is not vesbias it describes the relative sizes and
timing of the range of components that make ugitleeraising force that drive the sea
to produce variations in tidal height.

NATURAL RESONANCE

The forces involved in the equilibrium thearg extremely small and, even allowing for
the very small amount of friction that will occur the sea, only comparatively small
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tidal movements would be experienced were it notife phenomenon oésonance

Every body of water of any size whatever has arahfrequency of oscillation. This
frequency is dependent on the size of the bodyatém(or, more precisely, on its east-
west dimension). When this natural frequency ailiasion of a body of water is the
same, or very nearly the same, as the frequen@namposed force, resonance will
occur and very large movements result from verylisapalied forces.

The natural period of oscillation is the decisiaetor in determining whether the water
responds to the diurnal or the semi-diurnal tidsing force or a mixture of the two.
Hence, tides in practice are often referred toeftsgosemi-diurnal, diurnal or mixed.

Semi-Diurnal Thdtlantic tends to be more responsive to semi-diurnal fortes,
tides on the Atlantic coast and around the Brilisles tend to besemi-diurnalin
character (two high waters and two low waters &) dndare more influenced by the
phases of the Moothan by declination. Large tides occur at springar full or new
Moon. Small tides occur at neaps near the quarfBng largest tides of the year occur
at springs near the equinoxes when the Sun and Mo®mn the equator. In Nova
Scotia, the Bay of Fundy has a natural resonancmdo®f 12% hours, exactly
coincident with the semi-diurnal cycle, and expeses the world's greatest tidal range.

Diurnal ThePacificis on the whole more responsive to the diurnadeyand so tides
in this part of the world tend to have a ladjarnal component. In these areas, the
largest tides are associated with the greatestidattbn of Sun and Mogithat is, at the
summer and winter solstices. Areas in the SW Raufif New Guinea, Vietham, in the
Gulf of Tonking and in the Java Sea, are predoreipaiurnal.

Mixed Mixed tides, where the diurnal and isémrnal tide-raising forces are both
important, tend to be characterised by a largendlunequality. This may be apparent
in the heights of successive high waters, low wgaberboth. Occasionally the tide may
even be diurnal. Such tides are common along db#i®coast of the United States, the
east coast of West Malaysia, Borneo, Australiathedvaters of SW Asia.

As bodies of water, the Mediterranean Seatlamdaltic are too small to enable any
appreciable tide to be generated. The Strait bfaBar is too restricted to allow the
Atlantic tides to have any appreciable effect othan at the extreme western end. In
the Mediterranean the maximum tides are to be foartle Adriatic, where they are
predominately mixed, with a diurnal inequality &ghhand low water. The range may
exceed 0.5 metre in several places, but is rarebter than 1 metre.
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FRICTION

As with all fluids, there is internal dragWween water molecules. Additionally, when
water flows over sediment lying on the seabedgtigefrictional drag between the water
and the sediment. The influence of the frictioreagls upwards some way towards the
surface of the water. The effect of this frictisnto slow the water flow so that the
actual speed of the water is much greater tharotttrring near the seabed. The lower
part of the flow which experiences frictional relation is known as the boundary layer.
In the sea the boundary layer normally extendade 1m and 10m above the seabed
but in shallow water it may well occupy the wholater depth.

LAND AND SHALLOW WATER

Land Interposition and shape of various lamasses, with local conditions of
resonance, will affect the tidal characteristics, the extent that the theoretical
characteristics are entirely meaningless (eg saimnal tides off North Cape, Norway,
above 65N).

Shallow Water Effect A further complicatianses when account is made of the depth
of the sea. When a wave travels into shallow wiédeshape is changed; this can be
seen when waves run in on to a shelving beach|uasrated infigure 18 A wave
produced by tide-generating forces will be regutarshape in the open ocean. In
shallow water noticeable effects occur due to tlotidn between the sea and the sea-
bed and the restrictions due to complex shapesraf masses. In general, friction
causes a distortion of the tidal curve from itsibasusoidal shape, the curve steepens
and the circular motion of the water particles Inees elliptical. As waves approach the
shelving shore, orbital motion under each wave imeflattened to an ellipse, and the
wave slows down. Crests pile up and eventuallglote form surf. This is possible in
any area where depths are less than 100 metres.

Figure 18 Shallow water effect.
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As the incoming tide travels it encounters lananiog river estuaries. The amplitude
(height) of the tidal wave increases as it travglsan estuary, water is forced from a
wide entrance up the narrower reaches of the m@wang distortions in the tidal heights.
These distortions can become of great importanderesult in a very large tides such
as those found in the Bay of Fundy in Nova Scattia,Severn Estuary and around the
Channel Islands. Observations of these distortmamsbe analyzed and introduced into
tidal predictions by the use of further curves Wwhace direct multiples of the basic tidal
curves or which have frequencies which are obtafreed the addition or subtraction of
the basic frequencies.

Bores Extreme cases of shallow water effemtsbe found when a tide with a large
range is funnelled into a river or estuary withteeply shelving bottom, giving rise to a
phenomenon known adare (or eagre). It will usually occur at low waterisigs. The
tide rises rapidly and suddenly, producing a wallvater which moves up the channel
over the rapidly shelving bottom. The wave franstieep and in some cases vertical; it
may vary in height from 0.25 metre to 5 metres.isTiont advances up the river,
usually against the last traces of the ebb stream,speed of anything from about 3 to
20 knots. It may or may not break. Behind it Weder level continues to rise steeply,
and half-tide level may be reached in less thahdmahour. Bores are experienced in
the Seine and Severn, and many other places atbearnabrid.

At certain places, shallow water effects aghshat more than two low waters or two
high waters may be caused in a day.

17.4.1 At Portland, the predominating factor i©akle low waterf(gure 19.
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Figure 19 Double low waters at Portland.

17.4.2 Further east, at Southampton, for examgletare two high waters with an interval of
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two hours between therfigure 20. Double tides also occur on the Dutch coast
and at other places. The practical effect of igte create a longer stand at high
or low water. The stand of the tide is the pe@abdhigh or low water between
the tide ceasing to rise (fall) and starting tb (iae).
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Figure 20 Double high waters at Southampton.

18. CORIOLIS

18.1 Coriolis Force In simple terms, Coriolis cféses the movement of a particle due to
the rotation of the Earth. The Coriolis force wéhd to move a particle clockwise in
the northern hemisphere and anticlockwise in tlih&sn hemisphere.
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19. AMPHIDROMIC (NODAL) POINTS AND ROTATING WAVES

19.1 Ocean basin geometry and the influence oftirélis force result in the development
of amphidromic systemsn each system the crest of the tidal wave ah migter
circulates around amamphidromic (or nodal) poinbnce during each tidal period,
creating a rotating wave.

19.2 With few exceptions, the tidal waves of ampimaic systems tend to rotate
anticlockwise in the Northern Hemisphere and claskwn the Southern Hemisphere.
At first, this pattern of rotation appears to cadict the statement regarding Coriolis
force described in paragraph 18.1 above.

However, consider the development of an amphidrosyistem in a hypothetical
enclosed bay in the Northern Hemisphere. The ftgptde (north flowing), water is
deflected to the right by Coriolis force, and thatev is piled up on the eastern side of
the bay. Conversely, when the tide ebbs (southirfig), the water is again deflected to
the right and becomes piled up on the western si@ecause the tidal wave is
constrained by land masses, an anticlockwise amphid system is set up. In practice
the North Sea can be considered such a bay, batnaich more complex tides and
resulting amphdromic systems.
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Figure 21 Amphidromic points in the North Sea.

19.3 Figure 21 above, shows three amphidromic points in the N@#a. In each

194

amphidromic system the crest of the tidal waveutates around aamphidromic point
once during each tidal period. The tidal rangeei® at each amphidromic point, and
increases outwards away from it. Tidal stream a&imum at the amphidromic point
and decreases away from it. Each amphidromic reybies a series afo-tidal lines
radiating outwards from the amphidromic point; iogft across theco-tidal lines
approximately at right angles to them, armerange lines Co-tidal lineslink all the
points where the tide is at the same stage (oreplwdsts cycle, ie all points along a
particular line will experience high water at tlam® time. Co-range linegoin places
having equal tidal range.

Kelvin Wave. The rotation created by Cosidlas a particular effect when restricted in
a channel. Such confined amphidromic systems er@deature known as kelvin
Wave An example of a Kelvin Wave is found in the EsigliChannel, where tH®od
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stream flows eastwarand theebb stream flows westwarfseefigure 29. Here, there
is a nodal point on dry land (in the vicinity ofliShury, Wiltshire), which causes a
tilting of the surface water and creates a Kelviaw&/ This causes the range of tide on
the French coast of the English Channel to be gréaan that on the English coast. So:

On the flood tide the north French coast receivebigher HW, the south coast of
England receiveslawer HW.

On the ebb tide the north French coast receivetower LW, the south coast of
England receiveslagher LW.

\/ N - -
ENGLAND
Lower high water
and higher low water %

"‘Ooﬁa @’ N~
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/
/ Higher high water
and lower low water

FRANCE

Figure 22 Kelvin wave in the English Channel.
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METEOROLOGICAL EFFECTS ON TIDES

Meteorological conditions which differ fromethaverage will cause corresponding
differences between the predicted and the actlgl ti

Variations in tidal heights are mainly caused byrgy or prolonged winds and by
unusually high or low barometric pressure.

Differences between predicted and actual timésghf and low water are caused mainly
by wind.

Statistical analysis indicates that 1 standindation (D) of the differences between
observed and predicted heights and times amount3.2ometre and 10 minutes
respectively.

Barometric Pressure. Tidal predictions ampded for average barometric pressure.
A difference from the average of 34 millibars caise a difference in height of about

0.3 metre. A low barometer will tend to raise @l and a high barometer will tend to

depress it. The water level does not, howeveusadlself immediately to a change of

pressure and it responds, moreover, to the avechgege in pressure over a

considerable area. Changes in level due to barisnpeessure seldom exceed 0.3 metre
but, when Mean Sea Level is raised or lowered fongtwinds or by storm surges, this

effect can be important.

Effect of Wind. The effect of wind on seadkv and therefore on tidal heights and
times - is very variable and depends largely ortdpegraphy of the area. In general, it
can be said that wind will raise sea level in tliedtion towards which it is blowing. A
strong wind blowing straight onshore will pile ugetwater and cause high waters to be
higher than predicted, while winds blowing off tlaed will have the reverse effect.
Winds blowing along a coast tend to set up longesawhich travel along the coast,
raising sea level where the crest of the wave appead lowering sea level in the
trough. These waves are knowrse@m surgegsee 19.6).

Seiche. Abrupt changes in meteorological itimmd, such as the passage of an intense
depression or line squall, may cause an oscillatiaime sea level known assaiche
The period between successive waves may be anytlgtwgeen a few minutes and
about 2 hours, and the height of the waves mayhiag from 1 centimetre or so up
to 1 metre.

Positive and Negative Surges. A change itesedis often caused by a combination of
wind and pressure, such changes being superimpostte normal tidal cycle. Ase

in sea level is often referred to apeasitive surgeand afall as anegative surge A
storm surgels an unusually severe positive surge. Both pesand negative surges
may appreciably alter the predicted times of higt lw water, often by as much as an
hour.

Apositive surgewill have the greatest effect when it is confineda gulf or a
bight such as the North Sea. It rarely increasegyeneral sea level height by
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more than 1 metre, although greater heights ar@matown (see storm surges
below). In a bight such as the North Sea, nogherhds will raise the general
sea level at the southern end, causing a posiiiges

Negative surgeare of great importance to large vessels navigatiith small
under-keel clearances. These surges are moshewudestuaries and areas of
shallow water, and appear to occur when strongsvamnd tending to blow water
out of a bight or similar area. For example, ia Morth Sea, strong southerly
winds will tend to cause a negative surge at thhgon end. Falls in sea level
of up to 1 metre are not uncommon, and falls ahash as 2 metres have been
recorded.

Storm surge®ccur in bights or estuaries when the speed ofida wave is
reduced by shallow water effect to that of the dp#ehe storm. The tidal wave
is thus being "fed" by the storm and gradually@éases in amplitude. In certain
circumstances, it may attain a considerable he@yhtetres is not unknown and,
if this peak occurs at high water springs, considler flooding and damage may
be caused along the coastline.

A storm surge may be anticipated when an intdepeession moves at a critical
speed across the head of a bight with storm forodsablowing into the bight.
They may be proceeded by an abnormal stand of laterw

Such surges have been experienced in the soutloetin Sea and in the Bay of
Bengal. During the last major storm surge in tloetiN Sea, in the early 1950s,
there was considerable damage and loss of liféicplarly in East Anglia in
England and in the low counties of Holland. Tleid to the establishment of the
Storm Tide Warning Service based at Bracknell, @rd to the construction of
the Thames barrier, designed to prevent the flgpdfr.ondon.
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21. TSUNAMIS (SEISMIC WAVES)

21.1 Tsunamigor seismic wavesare wave events generated by seismic activibe gopular
description of them as 'tidal wave' is a misnomecapise they lack the regularity
associated with tides. Virtually all tsunamis gemerated by submarine earthquakes,
but landslides into the sea, and slumping (for gamsediments on the continental
slope) may occasionally be responsible. These svaagel with great rapidity in the
deep waters of the oceans, reaching speeds oft00dtnots, a wavelength of over 100
miles (thus, a period of about % hour) and a hejloinly 0.5 to 1 metre. On reaching
shallow water, however, they increase rapidly imgtewith 15 to 17 metres being
recorded.

21.2 The first wave is often preceded by a verydrégwering of the water level; a warning
that the tsunami will arrive in a few minutes. Tthanami typically consists of a series
of waves, the second and third being higher tharfitkt, the rest gradually decreasing
over a period which may be as little as a few haakas long as several days.
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DEFINITIONS

Solar Day

Lunar Day

Synodic Period

Sidereal Period

Draconite Period

Anomalistic Period

Regression of the
Moon's Nodes

Aphelion

Perihelion

Apogee

Perigee
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The Earth rotates about its polar axis, fromtwe®ast, within a
period of 24 hours. The polar, or spin, axis does point
towards a fixed position in space, but is subjext bbth
precession and nutation causing a change in directi up to
20" per annum.

Because the Moon is moving around the Earthhm $ame
direction at the Earth rotates, it takes approxatyab0 minutes
longer than a solar day for the same point on Bartie directly
in line with the Moon.

Also known as "Lunar month" or "Lunation" andtie period
between successive new Moons. A period of 29.53€&n solar
days.

A period of revolution of the Moon's orbit meastiralong the
ecliptic. A period of 27.3216 mean solar days.

The Moon's cycle north and south of the ecli@gx;ending node
to ascending node. A period of 27.2122 mean sialgs.

The period between successive perigees (Moots ahinimum
distance from the Earth). A period of 27.5546 mealar days.

The westward movement of the Moon's nodes duweto t
difference between the Sidereal and Dracontiege

(27.3216 - 27.2122 mean solar days) of 0.108dmsolar days
in a 27.2122 mean solar day period (or 0°0p8r mean solar
day).

On average the regression of the nodes witbibepleted in:
27.3216  27.2122

0.109: * 365.2f

years = 18.61 yeafs

The point at which the Earth is at its maximustahce from the
Sun.

The point at which the Earth is at its minimuistahce from the
Sun.

The point at which the Moon is at its maximurstaince from the
Earth.

The point at which the Moon is at its minimurstdince from the



Equinox

Vernal Equinox

Autumnal Equinax

Solstice

Equilibrium Tide

Syzygy

Quadrature
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Earth.

The maximum tidal ranges occur at the Spring Aatlmn
equinoxes (21 March and 21 September). This iswthe Sun
and Moon are in line not only in azimuth but witlera
declination.

The point where the ecliptic crosses the celestiaator from
south to north (the First Point of Aries).

The point where the ecliptic crosses the celestiaator from
north to south.

The minimum tidal range occurs when the Sun Modn have
the greatest degree of declination. This occursrat 21 June
and 21 December each year, when the Sun is atakxsmmum

declination north or south. These dates are cHile&olstices.

The total tide-raising force, given a frictiordesea on a spherical
Earth without land masses is called the Equilibrilicre.

The term used to define the situation whereShe, Moon and
Earth are in line (giving rise to 'spring' tides).

The situation where the Moon is at’96 the Sun (giving rise to
'neap’ tides).
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SUMMARY

The semi-diurnal tide raising force is maximum witiee Moon's declination is nil, and
minimum when the Moon's declination is at its gesat

The same is also true of the effect of the Sueddirhtion but, whereas the Moon's
declination attains a maximum value north or saitthe equator every 15 days or so,
the Sun only reaches a maximum twice a year, ie dnd December at the solstices.

The orbits of the Moon around the Earth and Eartiund the Sun are elliptical, changes
in their distances from the Earth cause variationthe tide-raising force, that for the
Moon being significant (15-20%), that for the Swmnig minimal (3%).

Spring and neap tides occur at intervals of aliduf5 days, caused by the Moon and
Sun either working together at full and new Moapri(ggs) or against each other at first
and last quarters (neaps).

The Sun's tide-raising force is always a greatl dess than that of the Moon,
approximating to some 45% on average.

Handout: Courtesy of RN Hydrographic & Meteorabad) Training Group



