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Preface

Moving water has a special fascination, and the regular tidal movements of
coastal seas must have challenged human imagination from earliest times.
Indeed, the ancients who were able to link the regular movements of the sea to
the movements of the sun and moon regarded tides as a tangible terrestrial
manifestation of the powers of the celestial gods. For them the tides had
religious significance; for us there are obviously many practical and scientific
reasons for needing to know about and understand the dynamics of the oceans
and coastal seas.

Modern practical studies are concerned with problems of marine transport,
coastal erosion and the design of coastal defences against flooding. Interest in
mean sea-level changes has recently focused attention on the possibility of
significant increases over the coming century as a result of global warming.
Scientifically, in addition to their position as a branch, perhaps the oldest
branch, of physical oceanography, tides have a controlling influence on many
marine biological and geological processes. One of the fascinations of studying
tides is the diversity of the applications.

During the past two decades, mainly as a result of developments in instru-
ment design and in the computer sciences, our understanding of tides and their
related phenomena has made considerable advances. The aim of this book is to
present modern tidal ideas to those who are not tidal specialists, but for whom
some tidal knowledge is involved in their own professional or scientific field.
These include hydrographers, marine and coastal engineers, geologists who
specialize in beach or marine sedimentation processes, and biologists concerned
with the ways in which living organisms adapt to the rhythms of the sea.

Some of the material presented here was originally prepared for a course of
lectures in Liverpool University to third-year Combined Honours students,
whose academic backgrounds varied from pure mathematics to field geology.
This range of previous scientific experience inevitably causes difficulties in
determining the level of mathematical treatment which should be adopted. In
this book I have tried to keep the mathematics as simple as is consistent with a
proper physical explanation, while developing the non-mathematical discus-
sions in an essentially independent yet parallel way. Sections which may be
omitted by the non-mathematical reader are marked with an asterisk.

Discussions of the engineering applications of tides are based on several
years of experience giving advice to consultants and to Government Depart-
ments on behalf of the Proudman Oceanographic Laboratory at Bidston
Observatory. Many of my colleagues on the staff of the Laboratory have given

XI
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me advice and constructive criticism during the preparation. To them and to
many other friends and associates I extend my grateful thanks. In particular, it
is a pleasure to thank Graham Alcock, M. Amin, Trevor Baker, David
Blackman, Peter Claridge, Hilary Faull, Roger Flather, Tony Heathershaw,
John Howarth, Ian James, Kathy Jones, Trevor Norton, Lesley Rickards,
Ralph Rayner, Alun Thomas, Phillip Williamson, and Philip Woodworth for
helpful comments on earlier versions of the text. It is also a pleasure to
acknowledge specific or general guidance during the development of my ideas
from Duncan Carr Agnew, David Cartwright, Mike Collins, Keith Dyer,
Norman Heaps, Chester Jelesnianski, Geoff Lennon, Nick McCave, Robin
Pingree, John Simpson, Ian Vassie and Klaus Wyrtki. Finally, I am grateful to
my family for tolerating and even encouraging this personal indulgence
through the evenings and weekends of four long winters.
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CHAPTER 1

Introduction

I must go down to the seas again, for the call of the running tide
Is a wild call and a clear call that may not be denied.

John Masefield, 'Sea Fever'*

The old proverb 'Time and tide wait for no man' emphasizes the importance of
tides from early times. The word tide derives from the Saxon tid or time, as
used in seasonal titles such as Eastertide or Yuletide; the modern German,
Gezeiten for tides and Zeiten for times, maintains the connection even more
strongly. Where necessary, people adapted their lives to cope with the tidal
cycles instinctively and without any basic understanding. Gradually, however,
they must have become aware of certain regular patterns in the motions of the
sea which could be related to the movements of the moon and sun. The power
which this knowledge gave them to make crude predictions, and so to plan
their journeys several days ahead, would have been a spur to further analysis
and understanding. However, without the discipline of hypotheses which could
be proved or disproved by critical observations, that is, without the scientific
method, such a deeper understanding was not possible.

Books dealing with the science of tidal phenomena are comparatively rare.
However, unified treatments of general interest are found in Darwin (1911),
Marmer (1926), Doodson and Warburg (1941), Dronkers (1964), Lisitzin
(1974) and Forrester (1983). Accounts are also found in several books on
physical oceanography, including those by Defant (1961), Von Arx (1962), and
Pond and Pickard (1978). More popular accounts are given by Defant (1958),
Macmillan (1966) and Redfield (1980).

In this introductory chapter we consider the development of some early tidal
theories, showing that different places can have very different tidal patterns.
We relate the patterns at five selected sites to the motions of the moon and sun,
and discuss their modification by the weather. In addition we develop some
basic definitions, and finally we discuss some simple statistical ways of sum-
marizing tidal behaviour at any particular site.

*Reprinted by permission of the Society of Authors as the literary representative of the Estate of
John Masefield, and with permission of Macmillan Publishing Company from POEMS by John
Masefield (New York: Macmillan, 1953).
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1:1 Early ideas and observations

Recent excavations in the Indian district of Ahmedabad have revealed a tidal
dockyard which dates back to 2450 BC. There is no evidence that the Harap-
pans, who had enough tidal experience to design and build the dock, related the
local tidal movements to the moon or sun. The earliest reference which makes
the connection occurs in the Samaveda of the Indian Vedic period, which
extended from 2000 to 1400 BC (Panikkar and Srinivasan, 1971; Rizvi, personal
communication). The large twice-daily tides of this region of the Indian Ocean
amazed the army of Alexander the Great as it travelled in 325 BC southward
along the river Indus towards the sea, because they were only familiar with the
small tides of the Mediterranean Sea.

The recorded histories of those civilizations which bordered the Mediterra-
nean understandably make few references to tides. No doubt the absence of
large changes in coastal sea-levels would have made navigation easier, and
helped the development of communication and trade between states in the very
small ships of the times. Even in the Mediterranean, however, strong tidal
currents run through certain narrow straits and passages, including the Strait of
Messina where current speeds in excess of 2.00 ms"1 are found. Between the
mainland of Greece and the island of Euboea, the periodic reversals of flow
through the Euripus are said to have greatly perplexed Aristotle during the
years before his death in 322 BC. Earlier, in a summary of ancient lore, he had
written that the 'ebbings and risings of the sea always come around with the
moon and upon certain fixed times'. About this time Pytheas travelled through
the Strait of Gibraltar to the British Isles, where he observed large tides at
twice-daily periods. He is said to have been the first to report the half-monthly
variations in the range of the Atlantic Ocean tides, and to note that the greatest
ranges, which we call spring tides, occurred near to new and full moon. He also
recorded the strong tidal streams of the Pentland Firth between Scotland and
Orkney.

When the Roman writer Pliny the Elder (AD 23-79) compiled his Natural
History, many other aspects of the relationships between tides and the moon
had been noted. He described how, for twice-daily tides, the maximum tidal
ranges occur a few days after the new or full moon, how the tides of the
equinoxes in March and September have a larger range than those at the
summer solstice in June and the winter solstice in December, and how there was
a fixed interval between lunar transit and the next high tide at a particular
location. Earlier, in his Geography, Strabo (c54 BC to c AD 24) tells of tides in the
Persian Gulf which have their maximum range when the moon is furthest from
the plane of the equator, and are small and irregular when the moon passes
through the equatorial plane. We now know (see Chapter 3) that this behaviour
is characteristic of tides which are dominated by once-daily cycles.

Not all of the facts reported in these early writings are confirmed by modern
measurements. Pliny the Elder includes an account of how the moon's influence
is most strongly felt by those animals which are without blood, and how the



blood of man is increased or diminished in proportion to the 'quantity of her
light'; leaves and vegetables were also believed to feel the moon's influence. All
seas were said to be purified at the full moon, and Aristotle is credited with the
law that no animal dies except when the tide is ebbing. This particular legend
persisted in popular culture, and even as recently as 1595, Parish Registers in
the Hartlepool area of the North of England recorded the phase of the tide
along with the date and time of each death.

Even 2000 years ago the historical records show an impressive collection of
observed tidal patterns (Harris, 1897-1907). However, the ideas advanced by
the philosophers of that time, and for the following 1600 years, to explain the
connection between the moon and the tides were less valid. Chinese ideas
supposed water to be the blood of the earth, with tides as the beating of the
earth's pulse; alternatively tides were caused by the earth breathing. Arabic
explanations supposed the moon's rays to be reflected off rocks at the bottom
of sea, thus heating and expanding the water, which then rolled in waves
towards the shore. One poetic explanation invoked an angel who was set over
the seas: when he placed his foot in the sea the flow of the tide began, but when
he raised it, the tidal ebb followed. During this long period there was a decline
in critical thought, so that the clear statements by the classical writers were
gradually replaced by a confusion of supposed facts and ideas. One notable
exception was the Venerable Bede, a Northumbrian monk, who described
around 730 how the rise of the water along one coast of the British Isles
coincided with a fall elsewhere. Bede also knew of the progression in the time of
high tide from north to south along the Northumbrian coast.

By the mid-seventeenth century three different theories were being seriously
considered. Galileo (1564-1642) proposed that the rotations of the earth,
annually around the sun and daily about its own axis, induced motions of the
sea which were modified by the shape of the sea-bed to give the tides. The
French philosopher Descartes (1596-1650) thought that space was full of
invisible matter or ether. As the moon travelled round the earth it compressed
this ether in a way which transmitted pressure to the sea, hence forming the
tides. Kepler (1571-1630) was one of the originators of the idea that the moon
exerted a gravitational attraction on the water of the ocean, drawing it towards
the place where it was overhead. This attraction was balanced by the earth's
attraction on the waters for 'If the earth should cease to attract its waters, all
marine waters would be elevated and would flow into the body of the moon'.
Arguments over the relative merits of these three theories continued for several
years, subject to the important scientific criterion that a valid theory must
account for the observed tidal phenomena. Gradually as the ideas of a
heliocentric system of planets, each rotating on its own axis, became estab-
lished, and as the laws of the planetary motion and gravitational attraction
were developed, Kepler's original ideas of the moon's gravity causing tides
became the most plausible. Simple ideas of gravitational attraction were,
however, unable to explain why the main oceans of the world experienced not
one, but two tides for each transit of the moon.



A major advance in the scientific understanding of the generation of tides
was made by Isaac Newton (1642-1727). He was able to apply his formulation
of the law of gravitational attraction: that two bodies attract each other with a
force which is proportional to the product of their masses and inversely
proportional to the square of the distance between them, to show why there
were two tides for each lunar transit. He also showed why the half-monthly
spring to neap cycle occurred, why once-daily tides were a maximum when the
moon was furthest from the plane of the equator, and why equinoctial tides
were usually larger than those at the solstices. This impressive catalogue of
observed tidal features which could be accounted for by a single physical law
firmly established gravitational theory as the basis for all future tidal science.
We will consider its detailed applications in subsequent chapters, but it should
be noted that despite these considerable achievements, the theory accounted for
only the broad features of observed tides. The details of the tides at any
particular place are governed by the complicated responses of the ocean to
tncse gravitational forces.

Further historical developments are summarized in subsequent chapters, but
the interested reader is referred to Deacon (1971) for a coherent historical
account.

1:2 Tidal patterns

Before the development of appropriate instrumentation, sea-level observations
were confined to the coast and were not very accurate. Modern instruments,
many of which will be described in the next chapter, have enabled a systematic
collection of tidal data which shows that regular water movements are a feature
on all the shores of the oceans and their adjacent seas. These regular water
movements are seen as both the vertical rise and fall of sea-level, and the to and
fro movements of the water currents. Levels at more than 3000 sites have been
analysed and their tidal characteristics are published by the International
Hydrographic Organization in Monaco. Less elaborate analyses for around
1000 further sites are available in published Tide Tables.

The two main tidal features of any sea-level record are the range, measured
as the height between successive high and low levels, and the period, the time
between one high (or low) level and the next high (or low) level. The tidal
responses of the ocean to the forcing of the moon and sun are very complicated
and both of these tidal features vary greatly from one site to another. Figure
l:l(a), which shows the tides for March 1981 at five sites, clearly illustrates this
variability. The details of the relationships between the tides and the move-
ments of the moon and sun are developed in Chapter 3, but Figure l:l(b) shows
the lunar variables for the same month. In this section we describe the observed
sea-level variations at these five sites and relate them to the astronomy in a
more general way.

In most of the world's oceans the dominant tidal pattern is similar to that



shown for Bermuda in the North Atlantic, and for Mombasa on the African
shore of the Indian Ocean. Each tidal cycle takes an average of 12 hours 25
minutes, so that two tidal cycles occur for each transit of the moon (every 24
hours 50 minutes). Because each tidal cycle occupies roughly half of a day, this
type of tide is called semidiurnal. Semidiurnal tides have a range which
typically increases and decreases cyclically over a fourteen-day period. The
maximum ranges, called spring tides, occur a few days after both new and full
moons (syzygy, when the moon, earth and sun are in line), whereas the
minimum ranges, called neap tides, occur shortly after the times of the first and
last quarters (lunar quadrature). The relationship between tidal ranges and the
phase of the moon is due to the additional tide-raising attraction of the sun,
which reinforces the moon's tides at syzygy, but reduces them at quadrature.
The astronomical cycles are discussed in detail in Chapter 3, but Figure l:l(b)
shows that when the moon is at its maximum distance from the earth, known as
lunar apogee, semidiurnal tidal ranges are less than when the moon is at its
nearest approach, known as lunar perigee. This cycle in the moon's motion is
repeated every 27.55 solar days. Maximum semidiurnal ranges occur when
spring tides (syzygy) coincide with lunar perigee (Wood, 1986), whereas
minimum semidiurnal ranges occur when neap tides (quadrature) coincide with
lunar apogee. Semidiurnal tidal ranges increase and decrease at roughly the
same time everywhere, but there are significant local differences. The maximum
semidiurnal tidal ranges are in semi-enclosed seas. In the Minas Basin in the
Bay of Fundy (Canada), the semidiurnal North Atlantic tides at Burncoat
Head have a mean spring range of 12.9 m. The mean spring ranges at
Avonmouth in the Bristol Channel (United Kingdom) and at Granville in the
Gulf of St Malo (France) are 12.3 m and 11.4 m, respectively. Elsewhere, in
Argentina the Puerto Gallegos mean spring tidal range is 10.4 m; at the Indian
port of Bhavnagar in the Gulf of Cambay it is 8.8 m and the Korean port of
Inchon has a mean spring range of 8.4 m. More generally, however, in the main
oceans the semidiurnal mean spring tidal range is usually less than 2 m.

Close examination of the tidal patterns at Bermuda and Mombasa in Figure
1:1 (a) shows that at certain times in the lunar month the high-water levels are
alternately higher and lower than the average. This behaviour is also observed
for the low-water levels, the differences being most pronounced when the
moon's declination north and south of the equator is greatest. The differences
can be accounted for by a small additional tide with a period close to one day,
which adds to one high water level but subtracts from the next one. In Chapters
3 and 4 we will develop the idea of a superposition of several partial tides to
produce the observed sea-level variations at any particular location.

In the case of the tide at Musay'id in the Persian Gulf, the tides with a one-
day period, which are called diurnal tides, are similar in magnitude to the
semidiurnal tides. This composite type of tidal regime is called a mixed tide, the
relative importance of the semidiurnal and the diurnal components changing
throughout the month as plotted in Figure l:l(a). The diurnal tides are most
important when the moon's declination is greatest but reduce to zero when the



moon is passing through the equatorial plane, where it has zero declination.
The semidiurnal tides are most important after new and full moon; but unlike
the diurnal tides, they do not reduce to zero range, being only partly reduced
during the period of neap tides.

Karumbo (Australia)

Musay'id (Persian Gulf)

Mombasa (Kilindini) (Indian Ocean)

Bermuda (Atlantic Ocean)

1.0

0.0

- 1 . 0

Courtown (Irish Sea)

o .o -Uv^wy*J\|\jy(J^^

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 2S 26 27 28 29 30 31

MflRCH 1981

(a)

Figure 1:1 (a) Tidal predictions for March 1981 at five sites which have very different tidal
regimes. At Karumba the tides are diurnal, at Musay'id they are mixed, whereas at both Kilindini
and Bermuda semidiurnal tides are dominant. The tides at Courtown are strongly distorted by the
influence of the shallow waters of the Irish Sea. (b) The lunar characteristics responsible for these
tidal patterns. Solar and lunar tide producing forces combine at new and full moon to give large
spring tidal ranges. Lunar distance varies through perigee and apogee over a 27.55-day period.
Lunar declination north and south of the equator varies over a 27.21-day period. Solar declination
is zero on 21 March.
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In a few places the diurnal tides are much larger than the semidiurnal tides.
Karumba in the Australian Gulf of Carpentaria is the example shown in Figure
l:l(a). Here the tides reduce to zero when the moon's declination is zero,
increasing to their largest values when the moon is at its greatest declination,
either north or south of the equator (Figure 1:1 (b)). Diurnal tides are also found
in part of the Persian Gulf, the Gulf of Mexico and part of the South China
Seas. The Chinese port of Pei-Hai has the world's largest diurnal tidal range,
with a difference of 6.3 m between the highest and lowest predicted tidal levels.

The tidal ranges on the relatively shallow continental shelves are usually
larger than those of the oceans. However, very small tidal ranges are observed
in some shallow areas, often accompanied by curious distortions of the normal
tidal patterns. Figure 1:1 (a) shows the curves for Courtown on the Irish coast
of the Irish Sea, where the range varies from more than a metre at spring tides
to only a few centimetres during neap tides. At Courtown when the range is
very small, careful examination shows that four tides a day occur. These effects
are due to the distorted tidal propagation in very shallow water. Shallow-water
distortions, which are discussed in detail in Chapter 7, are also responsible for
the double high water feature of Southampton tides and for the double low
waters seen at Portland, both in the English Channel, where semidiurnal tides
prevail. Double low waters also occur along the Dutch coast of the North Sea
from Haringvlietsluizen to Scheveningen, where they are particularly well
developed at the Hook of Holland. Double high waters are also found at Den
Helde in the North Sea and at Le Havre in the English Channel.

Tidal currents, often called tidal streams, have similar variations. Semidiur-
nal, mixed and diurnal currents occur, usually having the same characteristics
as the local changes in tidal levels, but this is not always so. For example the
currents in the Singapore Strait are often diurnal in character but the elevations
are semidiurnal. The strongest currents are found in shallow water or through
narrow channels which connect two seas, such as the currents through the
Straits of Messina and those through the Euripus which perplexed Aristotle.

Currents in channels are constrained to flow either up or down the channel
axis, but in more open waters all directions of flow are possible. During each
tidal period the direction usually rotates through a complete circle while the
speeds have two approximately equal maximum and two approximately equal
minimum values. Figure 1:2 shows the distribution of tidal currents over one
semidiurnal cycle at the Inner Dowsing light tower in the North Sea. Each line
represents the speed and direction at a particular hour. Because each measure-
ment of current is a vector described by two parameters, their variations are
more complicated to analyse than changes of sea level.

Although this book is concerned with movements of the seas and oceans, two
other geophysical phenomena which have tidal characteristics are of interest. In
tropical regions there is a small but persistent 12-hour oscillation of the
atmospheric pressure (Section 5:5) with a typical amplitude of 1.2 millibars,
which reaches its maximum values near 1000 hours and 2200 hours local time;
this produces a small tidal variation of sea levels. Also, accurate measure-
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Figure 1:2 Spring tidal current curve, Inner Dowsing light tower, North Sea. Each line represents
the velocity of the current at each hour from six hours before to six hours after local high water.
Semidiurnal tides are strongly dominant. The distance from the centre represents the speed, and the
bearing gives the direction of water flow.

ments of the earth's gravity field and of the tilt of the earth's crust show vertical
movements of the land surface relative to the centre of the earth, which are
tidally induced. These earth tides may .have extreme amplitudes of tens of
centimetres. It should be remembered that measured coastal sea levels are
actually the difference between the vertical land movements and the vertical
movements of the sea surface. For scientific computations of tides on a global
scale the earth tides must be included because of their effects on ocean
dynamics. However, for practical purposes only the observed movements
relative to the land need be considered.
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1:3 Meteorological and other non-tidal disturbances

The regular and predictable pattern of the tides is modified to a greater or lesser
extent, by irregular factors, the principal ones being the atmospheric pressure
and the winds acting on the sea surface. Figure l:3(a) shows how the regular
semidiurnal pattern of sea levels at Cromer in the North Sea was modified by
the weather over a few days in January 1982. These irregular slow changes,
known as surges, are plotted in the same diagram on an enlarged scale. On 29
January the coincidence of a spring tide and a large increase in the levels due to
the weather has caused an exceptionally high total level. Figure l:3(b) shows
the tide gauge record for flooding at Gulfport, Mississippi due to hurricane
Elena in 1985.

Historically there have been many disastrous coastal floodings caused by the
coincidence of large meteorologically induced surges and large or even modera-
tely high tides (see Chapter 6). Thus in November 1885 New York was
inundated by high sea levels generated by a severe storm which also caused
flooding at Boston. More than 6000 persons were drowned in September 1900
when the port of Galveston in Texas was overwhelmed by waters which rose
more than 4.5 m above the mean high-water level, as a result of hurricane winds
blowing at more than 50ms""1 for several hours. Even these disasters were
surpassed by the Bangladesh tragedy of 12 November 1970 when winds of 60
m s " 1 raised sea levels by an estimated 9m. Flooding extended over several
low-lying islands, drowning hundreds of thousands of people. Severe storms,
floods, and loss of life occurred in the same region in both 1876 and 1897, and
more recently in 1960, 1961 and 1985.

Observed sea
levels (m)

Meteorological part of
observed levels (m)

-0.5 -

15
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Figure 1:3 (a) Observed and meteorological variations of sea-level, Cromer, North Sea, January
1982. The vertical scale for the surges is a factor of five greater than the scale for the observed levels,
(b) Tide gauge record for Gulfport, Mississippi during hurricane Elena, 1985 (Supplied by C. P.
Jelesnianski).

The largest surges occur when hurricane winds blow for a long time over
large expanses of shallow water. Whilst tropical storms cause the most extreme
local flooding, storms at higher latitudes can also produce very large surges. In
January 1953 catastrophic flooding on both the English and Dutch coasts of
the North Sea occurred as a result of a depression tracking into the North Sea
across the north of Scotland. This surge, which exceeded 2.6 m at Southend,
coincided with slightly less than average spring tides, otherwise even more
damage would have occurred. The coastal regions of the North Sea are prone
to this type of flooding and there were previous events in 1929, 1938, 1943,
1949, and a particularly severe case in Hamburg in 1962. Similarly, along the
Atlantic coast of the United States the Ash Wednesday storm of 7 March 1962
flooded many low-lying barrier islands, causing millions of dollars of damage.
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These dramatic extremes and the resulting coastal flooding are rare events,
but there is always a continuous background of sea-level changes due to the
weather, which raise or lower the observed levels compared with the levels
predicted. At higher latitudes these effects are greater during the stormy winter
months. Knowledge of the probability of occurrence of these extreme events is
an essential input to the safe design of coastal defences and other marine
structures, as discussed in Chapter 8.

The tsunamis generated by submarine earthquakes are another cause of rare
but sometimes catastrophic flooding, particularly for coasts around the Pacific
Ocean. Tsunamis are sometimes popularly called 'tidal waves' but this is
misleading because they are not generated by tidal forces nor do they have the
periodic character of tidal movements (see Section 6:8). The naturalist Charles
Darwin in The Voyage of the Beagle describes how, shortly after an earthquake
on 20 February 1835, a great wave was seen approaching the Chilean town of
Concepcion. When it reached the coast it broke along the shore in 'a fearful line
of white breakers', tearing up cottages and trees. The water rose to 7 m above
the normal maximum tidal level. Near the earthquake source the tsunami
amplitudes are much smaller; the amplification occurs in the shallow coastal
waters and is enhanced by the funnelling of the waves in narrowing bays. The
term tsunami is of Japanese origin which is appropriate as their coast is
particularly vulnerable to this type of flooding. For example, in 1933 the
Japanese Bay of Sasu was struck by a tsunami which flooded to more than
13 m. Tsunamis can travel long distances across the oceans: waves from the
1883 Krakatoa island explosion in the Indonesian islands between Java and
Sumatra were observed on the South Atlantic island of South Georgia by a
German expedition 14 hours later. In the Atlantic Ocean tsunamis are compar-
atively rare, but the flooding after the 1755 Lisbon earthquake is well docu-
mented: at Newlyn in south-west England levels rose by 3 m in a few minutes,
several hours after the seismic tremors.

1:4 Some definitions of common terms

It is now appropriate to define more exactly some of the common tidal and
non-tidal terms as they will be used throughout this book; the Glossary on page
458 contains precise summaries. The first important distinction to make is
between the popular use of the word tide to signify any change of sea-level, and
the more specific use of the word to mean only the regular periodic variations.

Although any definition of tides will be somewhat arbitrary, it must empha-
size this periodic and regular nature of the motion, whether that motion be of
the sea surface level, currents, atmospheric pressure or earth movements. We
define tides as periodic movements which are directly related in amplitude and
phase to some periodic geophysical force. The dominant geophysical forcing
function is the variation of the gravitational field on the surface of the earth,
caused by the regular movements of the moon-earth and earth-sun systems.
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Movements due to these forces are termed gravitational tides. This is to
distinguish them from the smaller movements due to regular meteorological
forces which are called either meteorological or more usually radiational tides
because they occur at periods directly linked to the solar day. It can be argued
that seasonal changes in the levels and in the circulation of sea water due to the
variations of climate over an annual period are also regular and hence tidal.

Any sequence of measurements of sea-level or currents will have a tidal
component and a non-tidal component. The non-tidal component which re-
mains after analysis has removed the regular tides is called the residual, or
meteorological residual. Sometimes the term surge residual is used, but more
commonly the term surge or storm surge is used for a particular event during
which a very large non-tidal component is generated, rather than to describe
the whole continuum of non-tidal variability.

Periodic oscillations are described mathematically in terms of an amplitude
and a period or frequency:

X(r) = Hx cos (co,/ - gx) (1:1)

where X is the value of the variable quantity at time t, Hx is the amplitude of the
oscillation, cô  is the angular speed which is related to the period Tx by: Tx —
2n/wx (a>x is measured in radians per unit time) and gx is a phase lag relative to
some defined time zero.

For tidal studies Hx may have units of metres (rarely feet) for levels, or
metres per second (ms"1) for currents. In its simple form equation (1:1) can
only represent the to-and-fro currents along the axis of a channel. If the
direction is variable as in Figure 1:2, then equation (1:1) may define the flow
along a defined axis. The speed and direction of the total flow is completely
specified if the currents along a second axis at right angles to the first are also
defined.

Tidal high water is the maximum tidal level reached during a cycle. The
observed high water level may be greater or less than the predicted tidal level
because of meteorological effects. Similarly low water is the lowest level reached
during a cycle. The difference between a high level and the next low water level
is called the range, which for the simple oscillation defined by equation (1:1) is
twice the amplitude.

Ocean tides and most shelf sea tides are dominated by semidiurnal oscil-
lations, for which several descriptive terms have been developed through both
popular and scientific usage (see Figure 1:4). Spring tides are semidiurnal tides
of increased range which occur approximately twice a month at the time when
the moon is either new or full. The age of the tide is an old term for the lag
between new or full moon and the maximum spring tidal ranges. The average
spring high water level taken over a long period is called Mean High Water
Springs (MHWS) and the correspondingly averaged low water level is called
Mean Low Water Springs (MLWS). Formulae are available for estimating
these useful parameters directly from the results of tidal analyses (Section 4:2:
6), to avoid laborious searches through series of tidal predictions. Neap tides
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are the semidiurnal tides of small range which occur near the time of the first
and last lunar quarters, between spring tides. Mean High Water Neaps and
Mean Low Water Neaps are the average high and low waters at neap tides.
These too may be estimated directly from tidal analyses.

-HIGHEST ASTRONOMICAL TIDE

- MEAN HIGH WATER SPRINGS

• MEAN HIGH WATER NEAPS

.MEAN SEA LEVEL (1960-1975)
•ORDNANCE DATUM NEWLYN

•MEAN LOW WATER NEAPS

- 2 0 —

- 3 0 «—

• MEAN LOW WATER SPRINGS

-LOWEST ASTRONOMICAL TIDE

"ADMIRALTY CHART DATUM

Hourly events (x 1 0 0 0 )
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Figure 1:4 Frequency distribution of hourly tidal levels (a) at Newlyn (1951-69) relative to
Chart Datum. For the semidiurnal Newlyn tides there is a distinct double peak in the distribution.
For (b) the diurnal Karumba tides (1982) there is a single peak. HAT and LAT were not reached at
Karumba in 1982.

Where the tidal regime is mixed the use of Mean High Water Springs and
other semidiurnal terms becomes less appropriate. Mean High Water and
Mean Low Water are frequently used. Mean Higher High Water (MHHW) is
the average level over a long period of the higher high water level which occurs
in each pair of high waters in a tidal day. Where only one high water occurs in a
tidal day, this is taken as the higher high water. Mean Lower Low Water
(MLLW) is the average of the lower level in each pair of low water levels in a
tidal day. Mean Lower High Water and Mean Higher Low Water are
corresponding terms which are seldom used.

These terms become increasingly difficult to determine exactly where the tide
is dominated by diurnal oscillations (Figure l:4(b)). Mean High Water (MHW)
and Mean Low Water (MLW) averaged for all high and low levels respectively
may be computed as datums for survey work, but difficulties arise when
considering how to treat the multiple small high and low levels which occur



16

during the time when the diurnal range falls to near zero, as for example at
Karumba in Figure l:l(a). Diurnal tides show a semi-monthly variation in their
range from a maximum to zero and back to a maximum range again because of
the monthly cycle in the lunar declination. Some authorities have suggested
that these diurnal modulations should be called Diurnal Spring and Diurnal
Neap Tides (Doodson and Warburg, 1941), but this usage is uncommon, being
usually reserved for the semidiurnal range changes related to the phase of the
moon.

Levels defined by analysis of long periods of sea-level variations are used to
define a reference level known as a tidal datum. These are often used for map or
chart making or for referring subsequent sea-level measurements. For geodetic
surveys the Mean Sea Level is frequently adopted, being the average value of
levels observed each hour over a period of at least a year, and preferably over
about 19 years, to average out cycles of 18.6 years in the tidal amplitudes and
phases (see Chapter 3), and to average out effects on the sea levels due to
weather. In Britain the Ordnance Survey refer all levels to Ordnance Datum
Newlyn (ODN) which is the mean sea level determined from six years of
continuous records at Newlyn, Cornwall, extending from May 1915 to April
1921. Present United Kingdom mean sea levels are approximately 0.1 m higher
than the 1915-1921 mean level. In the United States the National Geodetic
Vertical Datum was established by assuming that local sea levels corresponded
to the same geodetic zero at 26 selected tide gauge stations on the Pacific and
Atlantic coasts of the United States and Canada. This assumption is not valid
for the accuracy of modern survey techniques, as we shall discuss in Section 9:7.

The Mean Tide Level (MTL), which is the average value of all the heights of
high and low water, is sometimes computed for convenience where a full set of
hourly levels is not available. In general this will differ slightly from the mean
sea-level because of tidal distortions in shallow water.

Hydrographers prefer to refer levels on their charts to an extreme low water
Chart Datum, below which the sea-level seldom falls, in order to give naviga-
tors the assurance that the depth of water shown on charts is the minimum
available whatever the state of the tide. Lowest Astronomical Tide, the lowest
level that can be predicted to occur under any combination of astronomical
conditions, is adopted for charts prepared by the British Hydrographic Depart-
ment. The Canadian Hydrographic Department has adopted the level of lowest
normal tides. The United States National Ocean Service (NOS) uses a Chart
Datum which is defined in some areas of mixed tides as the mean of the lower
of the two low waters in each day (MLLW), in some semidiurnal tidal areas as
mean low water springs (MLWS), and elsewhere as the lowest possible low
water. As the charts are revised, MLLW is being adopted by NOS as the
standard datum for all locations (see Appendix 5). Throughout the world,
published predictions of tidal levels are given relative to the local Chart Datum
so that by adding them to the water depth shown on the chart, the navigator
knows the total depth available for his vessel. Because the Chart Datum is
defined in terms of the local tidal characteristics, it is not a horizontal plane.
Geodetic datums, however, are theoretically horizontal planes to within the
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accuracy of the survey which established them. As a result, the amount by
which Chart Datum falls below Survey Datum is not constant, being greatest
where the tidal range is greatest.

Although for practical navigation requirements tidal predictions are nor-
mally published as levels above Chart Datum, for scientific and engineering
purposes it is normally more convenient to consider levels relative to a Mean
Sea Level datum. The tidal levels plotted in Figure 1:1 (a) are relative to local
Mean Sea Level.

If a long series of hourly tidal predictions are examined for the frequency
with which each level occurs, certain values are found to be more probable than
others. Highest and Lowest Astronomical Tides occur very seldom whereas, in
the case of semidiurnal tides as illustrated by a histogram of 19 years of Newlyn
predictions in Figure l:4(a), the most probable levels are near Mean High
Water Neaps and Mean Low Water Neaps. Water level is changing relatively
quickly when passing through the mean level and so this appears as a minimum
in the frequency histogram, whereas it pauses at the high-water and low-water
levels. As a general rule one of the hump maxima is noticeably greater than the
other especially in shallow water regions. Figure 1:4(b) shows the correspond-
ing distribution for a year of predicted hourly tides at Karumba where diurnal
tides prevail. Note that the double-humped distribution characteristic of
semidiurnal tides (with a single dominant constituent) has been replaced by a
continuous and slightly skew distribution. During the single year analysed at
Karumba the diurnal tides failed to reach either the Highest or Lowest
Astronomical Tide levels. This was because the range of lunar declinations,
which has an 18.6-year cycle, was relatively small in 1982. Several of the other
tidal terms denned here are also shown relative to the distributions of Figure 1:
4. In statistical terms these distributions of levels are called probability density
functions.

*1:5 Basic statistics of tides as time series

The full process of tidal analysis will be considered in Chapter 4, but there are
certain basic statistical ideas which may be used to describe tidal patterns
without applying elaborate analysis procedures. The probability density func-
tions of tidal levels shown in Figure 1:4 are one useful way of representing some
aspects of tides. In this section we will consider ideas of the mean and the
standard deviation, the variance and spectral analysis of a series of sea-level
measurements made over a period of time.

The general representation of the observed level X(r) which varies with time
may be written:

(1:2)

where Z0(t) is the mean sea-level which changes slowly with time, T (t) is the

"Indicates that this section may be omitted by non-mathematical readers.
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tidal part of the variation and S (t) is the meteorological surge component.
A major part of this book will be concerned with separate discussions of the

different terms of this equation.
Measurements of sea levels and currents are conveniently tabulated as a

series of hourly values, which for satisfactory analysis should extend over a
lunar month of 709 hours, or better over a year of 8766 hours. Suppose that we
have M observations of the variable X(t) represented by x1, x2, • • ,xM, then the
mean is given by the formula:

* = i ( * i + * 2 + * 3 + ••• + *«) (1:3)

or in conventional notation:

Every value of the variable differs from the mean of the series of observations
by an amount which is called its deviation. The deviation of the with obser-
vation is given by

em = xm - x

Note that the average value of e must be zero because of the way in which the
mean value x is calculated. A better way of describing the extent by which the
values of x vary about the mean value 3c is to compute the variance s2, the mean
of the squares of the individual deviations:

*2=iE(*m-*)2 (1:4)
which must always have a positive value. The square root of the variance, s, is
called the standard deviation of the distribution of x about 3c.

A further extremely useful < technique called Fourier analysis represents a
time series in terms of the distribution of its variance at different frequencies.
The basic idea of Fourier analysis is that any function which satisfies certain
theoretical conditions, may be represented as the sum of a series of sines and
cosines of frequencies which are multiples of the fundamental frequency o =
(2TI/MA0:

A//2 M/2
X(i) = Z o + £ Am cos mot + £ Bm sin mat (1:5)

m = 1 m = \

where the coefficients Am and Bm may be evaluated by analysis of M values of
X(f) sampled at constant intervals At. Zo is the average value of Z0(t) over the
period of observations. The theoretical conditions required of the function X(0
are satisfied by sea levels and currents and by any series of observations of
natural phenomena. An alternative form of equation (1:5) is:

Mil

X(0 = Z o + I Hm cos (mot - gj (1:6)
m = 1

where

and
gm = arctan (BJAJ
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Hm and gm are the amplitude and phase lag of the wth harmonic constituent of
the function X(0- Note that the phase lags and angular speeds must be
expressed consistently in terms of radian or degree angular measure; see Section
4:2 for a discussion of the usual tidal notations.

The variance of this function about the mean value Zo is given by squaring
the terms within the summation symbol of equation (1:6), and averaging over
the period of observation. If this multiplication is carried through it is found
that all of the cross-product terms are zero, except for terms of the form:

Hi cos2 (wo; - gj

the average value of which, over an integral number of cycles is \ H^. The total
variance in the series is therefore given by:

Mil

\ I Hi
m = 1

This powerful statistical result which states that the total variance of the series
X(t) is the sum of the variance at each harmonic frequency is very important for
tidal analyses.

The methods of tidal analysis to be described in Chapter 4, which enable
separation of the tidal and surge components of the series X(f), have a
condition that the two components are statistically independent. This means
that the sum of their individual variances gives the variance in the total
observed series:

£ (X(kAt) - Z0)
2 = £ (T2(kAt) + £ S\kAt)

jt = i it = i * = I

Total variance Tidal variance Surge variance

Furthermore, the variance of the tides may be computed as the sum of the
variance in each frequency element. The important conclusion is that the total
tidal variance in a series of observations is the diurnal variance plus the
semidiurnal variance plus the variance at other higher and lower frequencies. In
shallow water there may be tidal energy at higher frequencies because some
semidiurnal tidal energy is shifted, mainly to quarter-diurnal and sixth-diurnal
tidal periods (see Chapter 7). These concentrations of tidal energy in groups
of similar period or frequency, which we discuss in detail in Chapter 4, are
called tidal species.

We now consider how the tidal regime at a particular location may be
characterized by the way in which the variance is distributed among the
different species. Table 1:1 summarizes the distributions of variance for four
sites. In Honolulu the total variance is small, and contains nearly equal
contributions from the diurnal and semidiurnal species. Tides from higher
species due to shallow water distortions are negligible because Honolulu is near
the deep ocean. At Mombasa the diurnal tides are larger than at Honolulu, but
the tidal curves are dominated by the large semidiurnal tides. There is a narrow
continental shelf region adjacent to the Mombasa coast which generates a small
variance at higher frequencies. At Newlyn the diurnal tides are very small and
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the semidiurnal tides are very large. Shallow-water tides are a significant factor,
due to the effects of the extensive continental shelf which separates Newlyn
from the Atlantic Ocean. Courtown has an exceptional tidal regime; the annual
and other long period changes of level are unusually large, but the semidiurnal
tides are unusually small for a continental shelf site.

Table 1:1 Distributions of variance at representative sea-level stations. Long-period
tidal variations include annual, semi-annual and monthly changes. Units are cm2.

Honolulu
1938-1957
Mombasa
1975-1976
Newlyn
1938-1957
Courtown
1978-1979

Long-period

9

5

17

116

Diurnal

154

245

37

55

Tidal
Semidiurnal

157

7 555

17 055

284

Shallow-water

0

2

100

55

Non-tidal

35

19

191

222

Total

355

7 826

17 400

732

Mombasa and Honolulu have the smallest non-tidal or surge effect in the
observed levels. The largest surge residuals are found in the higher latitudes
where storms are more severe, and in regions of extensive shallow water.

The variance distribution shown in Table 1:1 can be taken a stage further.
Figure 1:5 shows the results of a frequency distribution of the variance in a year
of hourly sea-level measurements at Mombasa. Theoretically, given a year of
8766 hourly observations, 4383 separate frequency components could be
determined, but such a fine resolution gives a spectral plot which is noisy and
irregular. A more satisfactory presentation is obtained by averaging the
variance over several adjacent frequency components.

In the case illustrated, the values are averaged over 60 elements, and plotted
against a logarithmic vertical scale to accommodate the great range of values
obtained. The significance of the semidiurnal and diurnal tides is clear. Most of
the non-tidal variance is contained in the low frequencies, equivalent to periods
of 50 hours or longer. Although weak, the fourth-diurnal tides stand out clearly
above the background noise arid there is a hint of a spectral peak in the vicinity
of the third-diurnal tides near 0.12 cycles per hour. The averaged values of
variance plotted within the diurnal and semidiurnal species conceal a fine
structure of variance concentration at a few particular frequencies, which will
be considered in more detail in Chapter 3.

The measurement of variance is conveniently related to the energy contained
in a physical system and descriptions of tidal dynamics (see Sections 5:4:1 and
7:9) are often expressed in terms of energy fluxes and energy budgets. The
variance of a series of sea levels may be related to the average potential energy
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Figure 1:5 Distribution of variance in observed levels over one year (1975-6) at Mombasa. Semidiurnal tidal changes of level are the most significant, but
diurnal tidal changes are also apparent. There is a small peak of variance in the fourth-diurnal tidal species due to distortions of the tide in shallow water.
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of the water mass relative to a regional mean sea-level, and for current speeds
the variance may be related to the average kinetic energy of the water
movements.

The purpose of tidal analysis is to represent the variations in terms of a few
significant parameters. In Chapters 3 and 4 we discuss the available techniques
in more detail, but we first summarize, in the next chapter, different methods
for measuring the variations of sea levels and currents in order to produce
reliable data for subsequent analysis.



CHAPTER 2

Observations and Data Reduction

Indeed, I think that as we go on piling measurements upon measurements, and making
one instrument after another more perfect to extend our knowledge of material things,
the sea will always continue to escape us.

Belloc, The Cruise of the Nona

2:1 The science of measurement

The ocean is its own uncontrollable laboratory and the oceanographer who
measures the properties of the sea is an observational rather than an exper-
imental scientist. Technically the necessity of making measurements at sea
presents many challenges in terms of the logistics of travel to the site, for
deployment of the equipment, and for its safe and reliable operation in a
frequently hostile environment.

This chapter summarizes methods of measuring changes of sea levels and
currents over tidal and longer periods, with particular emphasis on new
techniques such as satellite altimetry and high-frequency radar. One of the
major instrumental difficulties in the measurement of long-period variations of
both sea levels and currents is the ability to resolve the longer period variations
from shorter period variations due to short-period wind-induced waves. These
waves often have amplitudes which are much greater than the accuracy
demanded for the long-period averaged values. It is not unusual to require
measurements of tidally changing sea-level to an accuracy of 0.01 m in the
presence of waves of 1.0 m amplitude, or measurements of mean currents of
0.03 ms" 1 where speeds fluctuate by more than 1.0ms'1 over a few seconds
due to wave activity. The designer of instrument systems must overcome the
problem of averaging these wave effects in a way which produces no residual
distortion.

Coastal measurements of sea-level have a long history; many countries
operate networks of tide gauges at selected sites to monitor mean sea-level
changes and to assess the risks of flooding from the sea. The British network of
some thirty gauges is an example of a network which transmits the data
automatically to a central point for checking and eventual archiving in a special
data bank. The National Ocean Service of the United States operates a similar
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system with more than one hundred and fifty gauges, some of which transmit
the data via satellites. The Intergovernmental Oceanographic Commission has
now established a global sea-level network, which consists of some 250
nationally operated gauges, to monitor long-period changes in global sea-level.
Many series of sea-level observations extend over several decades, and although
few of them extend over more than a hundred years, they represent one of the
longest series of ocean measurements. Compared with many other types of
ocean measurements, the equipment for measuring sea-level is cheap and easy
to maintain.

Measurements of sea levels and currents away from the coast are more
difficult because there are no obvious fixed reference points. They are also far
more expensive because ships are needed to deploy and recover the equipment.
Even a modest specially-equipped research vessel costs upwards of $10 000 per
day to operate. As a result of these practical and financial difficulties, few
measurements offshore extend over more than a year, and even measurements
ever a month have become practicable only since the development of automatic
digital recording equipment.

When planning a measuring programme to monitor sea levels and currents in
a particular area, several design factors must be considered. Where should
measurements be made? For how long? To what accuracy? Is datum stability
and connection to a national levelling datum necessary for the coastal levels?
Ultimately, can these requirements be met within acceptable cost limits? The
range of equipment now available extends from relatively cheap, imprecise
short-term meters to accurate, long-term internally-recording, and inevitably
expensive, equipment sold in a specialized international market. For a rela-
tively crude local hydrographic survey the former may suffice, but for scientific
studies the superior instruments and accuracies are essential. Target accuracies
of 0.01 m in levels and 0.03 ms" 1 in currents are possible with a little care.
Unfortunately it is easy to make bad measurements which appear to have this
accuracy, but which contain unidentified systematic or random error.

When we measure any quantity we are trying to describe it in terms of
numbers; we may say that it is big, but by comparison with what other entity?
We may say that it has a value of 43, but this is meaningless without properly
specified units. We may say that it has a value of 43 metres, but it would be
more precise to specify the value as 43.26 metres. It may also be more accurate
to give this more precise value, but only if the instruments and procedures used
were adequate. Oceanographers generally prefer to use SI units (UNESCO,
1985a); factors for converting to these units are given in Table 2:1.

It is important to realize that all measurements are comparative, and that no
measurement is perfectly accurate. The comparative nature of measurements
implies a system of units and standards established by international agreement
and testing. Both length and time are now defined in terms of atomic radiation,
the metre in terms of the Krypton-86 atom, and the second in terms of the
Caesium-133 atom; secondary standards are adequate for marine physical
measurements but it is important that measuring systems are regularly and
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carefully calibrated against these. An important distinction must be made
between the absolute accuracy of a measurement, which is its accuracy
compared with an absolute international standard or datum, and the relative
accuracy or sensitivity of the measuring system, which is the accuracy with
which the difference between individual measurements in a set has been
determined. For example, a tide gauge may measure sea-level changes to
0.01 m, but because of inaccurate levelling or poor maintenance, its accuracy
relative to a fixed datum may be in error by 0.05 m.

Table 2:1 Conversion factors to SI units.

Levels Multiply by
Conversion to metres

From feet 0.3 048
fathoms 1.8 288

Pressures
Conversion to pascals (newtons per square metre)

From dynes per square centimetre 0.1 000
bars 100000
millibars 100
pounds per square inch 689 4.8

Speeds
Conversion to metres per second

From feet per second 0.3 048
knots 0.5144
kilometres per day 0.0 116

Despite their apparent diversity all measuring systems have some common
characteristics. Firstly, some physical parameter exists to be measured. For sea-
level this is the contrast between air and sea water of their density, of the
velocity with which sound travels within them, or of their electromagnetic
properties. This physical parameter must be measured by some sensor, which is
ideally very sensitive to the parameter itself, but quite insensitive to any other
changes. The density contrast between air and water enables the interface to be
located by a simple float. The contrast between the electromagnetic properties
of air and water enables the level to be detected by eye. Other examples will
be discussed later. The signal from the sensor must then be transmitted to a
recording system, which will have its own characteristics and limitations. This
telemetry may at one extreme be via satellite to a remote computer centre, or at
the other extreme by human speech to someone who writes the values in a
notebook. The choice of sensor, transmitter and recording medium must
depend on the applications of the data and the accuracy and speed with which
it is required. Flood warning systems need rapid data transmission, whereas for
compilations of statistics of sea-level changes over several years, a delay may be
of no consequence.
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2:2 Sea levels, bottom pressures

Methods for measuring sea-level may be divided into two categories: those
appropriate for coastal measurements, and those which can be used off-shore
(Howarth and Pugh, 1983; Forrester, 1983; UNESCO, 1985b). Until quite
recently all measurements of any duration were made at the coast which,
although technically easier, can introduce local distortions. Coastal currents
and waves interact with the coastal topography to produce local gradients on
the sea surface. Mean sea levels at one site may be higher or lower by several
centimetres, compared with the corresponding levels a few kilometres away
along the coast, or outside rather than inside a harbour. Differences of 0.03 m
would not be exceptional, and so the selection of a suitable site for coastal
measurements is important.

The site selected should ideally be connected by relatively deep water to the
area for which the measured levels are intended to be representative. It should
experience the full tidal range, if possible, and not dry out at low waters. Sites
affected by strong currents or directly exposed to waves should be avoided
because of their local effects on sea-level. So should sites near headlands and in
harbours with very restricted entrances. Practical requirements include ease of
access, proximity to a permanent benchmark for good datum definition, and
the availability of suitable accommodation for the recording instruments. Piers
and lifeboat stations can be good sites but they are not always available.

2:2:1 Tide poles

Levels have been measured using vertically mounted poles for thousands of
years. The ancient Egyptians linked their Nilometers to their temples, from
where the priests gave warnings of imminent flooding. Tide poles or staffs are
cheap, easy to install, and may be used almost anywhere. Many harbours have
levels engraved in the walls. Along a broad drying beach a flight of tide poles,
all connected to the same datum, may be used. For these, and for all
measurements of level, there should be a careful connection of the gauge zero to
a permanent shore benchmark, which is usually designated the Tide Gauge
Bench-mark (TGBM). If possible at least three auxiliary secondary benchmarks
should also be identified to guard against the TGBM being destroyed. In calm
conditions it should be possible to read a pole to 0.02 m, but the accuracy
deteriorates in the presence of waves. Experiments show that experienced
observers can achieve a standard deviation for a set of readings of 0.05 m in the
presence of waves of 1.5 m height. However, systematic errors may also be
present due to operator bias and because of different daytime and night-time
illumination. Waves may be averaged by taking the average between crest and
trough levels; but the apparent trough level for an observer viewing at an angle
over the sea surface may actually be the crest of an intermediate wave which is
obscuring the true trough at the pole. In this case the averaged level will be too
high.
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Reading accuracy in the presence of waves may be increased by fitting a
transparent tube (Perspex) alongside the pole, which connects to the sea
through a narrower tube preventing immediate response to external level
changes. For a transparent tube of internal diameter 0.025 m, a connecting tube
2.7 m long of internal diameter 0.004 m gives an averaging time of 30 seconds,
sufficient to still most waves. The level in the transparent tube is easily read
against the graduated pole, particularly if some dye is mixed into the tube
water.

Although notable series of measurements have been made with tide poles, the
tedium of reading over several months makes poles unsuitable for long-term
measurements; however, they are often the best choice for short-term surveys of
only limited accuracy. Commercially available gauges, consisting of a series of
spaced electronic water-level sensors, which record both waves and tidal
changes of level are available as an alternative to reading by eye.

2:2:2 Stilling-well gauges

The vast majority of permanent gauges installed since the mid-nineteenth
century consist of an automatic chart recorder: the recording pen is driven by a
float which moves vertically in a well, connected to the sea through a relatively
small hole or narrow pipe (Great Britain, 1979; Forrester, 1983). The limited
connection damps the external short-period wave oscillations. The basic idea
was described by Moray in 1666. He proposed that a long narrow float should
be mounted vertically in a well, and that the level to which the float top had
risen be read at intervals. The first self-recording gauge, designed by Palmer,
began operating at Sheerness in the Thames estuary (Palmer, 1831).

Figure 2:1 shows the essential components of such a well system, as used by
the United States National Ocean Service. The well is attached to a vertical
structure which extends well below the lowest level to be measured. At the
bottom of the well is a cone which inserts into a support pipe; this pipe is fixed
in the sea bottom. Six pairs of openings in the support pipe give little resistance
to the inflow of water, but the narrow cone orifice restricts flow, preventing the
rapid fluctuations due to waves from entering the well. However, the slower
tidal changes which it is intended to measure do percolate. For most tide and
wave regimes an orifice to well diameter ratio of 0.1 (an area ratio of 0.01) gives
satisfactory results. Where waves are very active the area ratio may be further
reduced to perhaps 0.003. Several alternative well arrangements are possible;
these include a hole in the side of the well, or where necessary, a straight or
syphon pipe connection (Lennon, 1971; Noye, 1974; Seelig, 1977). Copper is
often used to prevent fouling of the narrow connections by marine growth. A
layer of kerosene may be poured over the sea water in the well where icing is a
winter problem.

The float should be as large as possible to give maximum force to overcome
friction in the recording system, but should not touch the well sides. A 0.3 m
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Figure 2:1 A basic stilling-well system used by the USA National Ocean Service. The cone orifice
diameter is typically 10 per cent of the well diameter, except at very exposed sites. The well diameter
is typically 0.3-0.5 m.

well with a 0.15 m float is a satisfactory combination. Vertical float motion is
transmitted by a wire or tape to a pulley and counterweight system. Rotation of
this pulley drives a series of gears which reduce the motion and drive a pen
across the face of a chart mounted on a circular drum (Figure 2:2). Usually the
drum rotates once in 24 hours, typically at a chart speed of 0.02 m per hour; the
reduced level scale may be typically 0.03 m of chart for each metre of sea-level.
Alternative forms of recording include both punched paper tape and magnetic
tape.

Routine daily and weekly checks are an essential part of a measuring
programme. In addition to timing checks, the recorder zero should be checked
periodically by using a steel tape to measure the distance from the contact point
level to the water surface. The instant the end touches the water may be
detected by making the tape and the sea water part of an electrical circuit which
includes a light or meter which operates on contact. For diagnosing errors in
gauge operation, it is useful to plot the difference between the probed and the
recorded levels against the true levels as measured by the probe. For a perfect
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Figure 2:2 An example of the traditional stilling-well float-operated gauge. {Supplied by R. W.
Munro Ltd.)

gauge the difference is always zero, but a wrongly calibrated gauge will show a
gradual change in the difference. If the gauge mechanism is very stiff, the
difference will not be the same for the rising and falling tide. In addition to
regular checks of gauge zero against the contact point, the level of the contact
point should be checked against a designated Tide Gauge Bench-mark
(TGBM) and a series of auxiliary marks at least once a year.

Although stilling-well systems are robust and relatively simple to operate,
they have a number of disadvantages: they are expensive and difficult to install,
requiring a vertical structure for mounting over deep water. Accuracies are
limited to about 0.02 m for levels and 2 minutes in time because of the width of
the chart trace; charts can change their dimensions as the humidity changes.
Reading of charts over long periods is a tedious procedure and prone to errors.
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There are also fundamental problems associated with the physical behaviour
of the wells. Two such errors are due to water level differences during the tidal
cycle, and with draw-down due to flow of water past the well. In an estuary the
water salinity and hence density increases with the rising tide. The water which
enters the well at low tide is relatively fresh and light. At high tide the average
water density in the well is an average of the open-sea density during the rising
tide, while the well was filling. However, the water in the open sea at high tide is
more dense and so the well level must be higher than the open-sea level for a
pressure balance across the underwater connection. As an extreme example, the
well level could be 0.12 m higher than the external level on a 10 m tide where the
density increases from that of fresh water to that of normal sea water (Lennon,
1971).

Because the well, or the structure to which it is fixed, presents an obstruction
to currents, it will distort the underwater pressures. Hence, the pressure at the
connection between the well and the sea may not be the true pressure due to the
undisturbed water level. The openings in the support pipe of Figure 2:1 are
arranged to reduce this pressure distortion. A major limitation for the most
accurate measurements is the behaviour of the flow through the orifice in the
presence of waves; there can be a systematic difference in the levels inside and
outside the well, particularly if the flow due to the waves is less restricted in one
direction than another, as with a cone-shaped orifice.

2:2:3 Pressure measuring systems

An alternative approach is to measure the pressure at some fixed point below
the sea surface and to convert this pressure to a level by using the basic
hydrostatic relationship (see also equation (3:21)):

P = PA + pgD (2:1)

where P is the measured pressure, at the transducer depth, PA is the atmos-
pheric pressure acting on the water surface, p is the mean density of the
overlying column of sea water, g is the gravitational acceleration, and D is the
water level above the transducer.

The measured pressure increases as the water level increases. This relation-
ship was first used to measure water depths by Robert Hooke and Edmund
Halley in the seventeenth century. At the coast the underwater pressure may be
transmitted to a shore-based recorder through a narrow tube. In simple systems
the pressure is sensed by connecting the seaward end to a partially inflated bag
or an air-filled drum open at the base, in which pressures adjust as water enters
and leaves during the tidal cycle.

Better overall performance and datum stability are obtained with the
pneumatic system shown in Figure 2:3 (Pugh, 1972); gauges based on this
principle are called bubbler gauges or gas-purging pressure gauges. Com-
pressed air or nitrogen gas from a cylinder is reduced in pressure through one
or two valves so that there is a small steady flow down a connecting tube to


