
Chapter

1 Introduction

Prospero: ‘. . .ye that on the sands with printless foot
Do chase the ebbing Neptune and do fly him
When he comes back’

Shakespeare, The Tempest

Sea levels are always changing, for many reasons.
Some changes are rapid while others take place very
slowly. The changes can be local, or extend globally.
This book is about the science of these changes.

In this first chapter we outline what constitutes sea-
level science. A brief account of the development of
scientific ideas is followed by an outline of how sea
levels are affected by a wide range of physical forces
and processes. Finally we give some basic definitions,
and discuss the fundamental statistics of sea levels as
time series.

1.1 Background
Living by the sea has many benefits. Statistics show
that about half the global population lives within
100 km of the sea. Most of the world’s largest cities
are on or near the ocean. Ninety per cent of all global
trade is carried by sea. The coast offers possibilities of
both trade and travel, and increasingly of water-based
recreation. Natural geological processes have often
conspired to create flat and fertile land near to the
present sea level, to which people are drawn or driven
to settle.

There are risks. Throughout history, humankind
has adjusted and coped with changing sea levels: the
ebb and flow of the tides, storm flooding and, for some
vulnerable places, the dangers of being inundated by a
tsunami. However, as our cities and our patterns of
coastal development become more intricate, popu-
lated and interdependent, we become more and more
vulnerable to disasters. The rural response of driving
cattle to higher ground for the duration of a flood is
much easier than the urban complexity of rebuilding
complete sewage and transport systems. In extreme

cases flooding, with disastrous long-term consequen-
ces, may destroy the delicate infrastructure of coastal
cities.

Books dealing with the science of sea levels and
tidal phenomena are comparatively rare. However,
unified treatments of general interest are found in
older specialist books [1, 2, 3], and in more recent
publications [4, 5, 6]. Accounts are also found in
more general books on oceanography, especially the
second volume of Defant’s Physical Oceanography [7].
Defant and some other experts have also written more
popular accounts [8], which are useful introductions,
though sometimes hard to find.

1.2 Early ideas and observations
The link between the Moon and tides was known from
very early times. Sailors had a very practical need for
developing this understanding, particularly for their
near-shore navigation in the small ships of those times.
A more scientific explanation of the links between
tides and the movements of theMoon and Sun evolved
much later. Many eminent scientists have been
involved in this scientific development.

Even 2000 years ago, historical records show an
impressive collection of observed tidal patterns [9].
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 its beating pulse,
with the Earth breathing causing the tides. 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

1

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-02819-7 - Sea-Level Science: Understanding Tides, Surges, Tsunamis and Mean Sea-Level Changes
David Pugh and Philip Woodworth
Excerpt
More information

http://www.cambridge.org/9781107028197
http://www.cambridge.org
http://www.cambridge.org


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 factual 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 AD 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.

Johannes Kepler (1596–1650), while developing
laws to describe the orbits of the planets around the
Sun, suggested that the gravitational pull of the Moon
on the oceans might be responsible for tides. Isaac
Newton (1642–1727) took this idea much further.
Almost incidentally to the main insights of his
Principia published in 1687 (the fundamental laws of
motion, and the concept of universal gravitational
attraction between bodies), Newton showed why
there are two tides a day, and why the relative positions
of the Moon and Sun are important. His contempo-
rary, Edmond Halley (1656–1742, Figure 1.1), made
systematic measurements at sea and prepared a map of
tidal streams in the English Channel. Halley had
encouraged Newton’s work, paid for the publication
of the Principia himself, and prepared an account of
the tides based on Newton’s theories [10]. Many other
scientists extended and improved Newton’s funda-
mental understanding, but it remains the basis for all
later developments.

Daniel Bernoulli (1700–1782) published ideas
about an Equilibrium Tide, which we shall look at in
detail in Chapter 3. The Marquis de Laplace (1749–
1827) developed theories of a dynamic ocean response
to tidal forces on a rotating Earth, and expressed them
in periodic mathematical terms. Thomas Young
(1773–1829), while developing his theory on the
wave characteristics of light, showed how the propa-
gation of tidal waves could be represented on charts as
a series of co-tidal lines.

The first operational automatic tide gauge and
stilling-well system for measuring sea levels was
installed at Sheerness in the Thames Estuary in 1831,
to provide continuous sea-level data. These measure-
ments in turn stimulated a new enthusiasm for tidal
analysis and the regular publication by British

authorities of annual tidal predictions to assist mari-
ners to plan safer navigation. Even before the official
tables, tidal predictions were published commercially,
sometimes based on undisclosed formulae, for exam-
ple those of the Holden family in northwest England
[11].

Lord Kelvin (1824–1907) showed in detail how
tides could be represented as the sum of periodic
mathematical terms, and promoted a machine
(Figure 4.12) that applied this idea for tidal predic-
tions. He also developed mathematical equations for
the propagation of tidal waves on a rotating Earth, in a
form known as Kelvin waves. In 1867 the Coast Survey
of the United States took responsibility for the annual
production of official national tide tables. By the
beginning of the twentieth century, most major mar-
itime countries around the world began to prepare and
publish regular annual official tide tables.

Meanwhile, other factors that influence sea-level
changes were being investigated. James Clark Ross
(1800–62) made sea-level measurements when

Figure 1.1 Edmond Halley (1656–1742) assisted in the publication
of Newton‘s Principia, the basis for tidal science, and also led the first
systematic tidal survey, of currents in the English Channel. © The
Royal Society.
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trapped in the ice during the Arctic winter of 1848–9,
and confirmed the already-known link between higher
atmospheric pressures and lower sea levels. Earlier
Ross had helped establish Tide Gauge Bench Marks
in Tasmania and the Falkland Islands, as datums for
scientific mean sea level studies during his voyage of
exploration in the Southern Ocean. Establishing these
fundamental fixed datum levels was done on the advice
of the German geophysicist Alexander von Humboldt
(1769–1859).

Harris [9] gives an extensive late-nineteenth-century
historical account of early tidal ideas;Wheeler [12] gives
a contemporary hydraulic engineering perspective.
More recently, Cartwright [13] gives a comprehensive
analysis of the scientific history of tides. A more general
discussion of sea-level science and its place in the overall
development of marine science is given in Deacon [14];
Reidy [15] describes the role of the British Admiralty in
tidal science and its application.

1.3 Tidal patterns
Before the development of appropriate instrumenta-
tion, sea-level observations were confined to the coast
and were not very accurate. Modern measuring sys-
tems, many of which will be described in the next
chapter, have enabled a systematic collection of sea-
level data which shows that regular water movements
are a feature on all the shores of the oceans and of their
adjacent seas. These regular tidal water movements are
seen as both the vertical rise and fall of sea level, and as
the horizontal ebb and flow of the water.

The tidal responses of the ocean to the forcing of
the Moon and Sun are very complicated and tidal
features vary greatly from one site to another. The
two main tidal features of any sea-level record are the
tidal 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.
Figure 1.2a, which shows the tides for March 2043 at
five sites, clearly illustrates this variability. Figure 1.2b
shows the lunar variables for the same month. The
details of the relationships between the tides and the
movements of the Moon and Sun are developed in
Chapter 3. 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.

We can now look in detail at Figure 1.2a. 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
25minutes, so that two tidal cycles occur for each lunar
or moon day (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 that typically increases and decreases
cyclically over a 14-day period. The maximum ranges,
called spring tides, occur a few days after both new and
full Moons (syzygy, when theMoon, 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 dis-
cussed in detail in Chapter 3, but Figure 1.2b 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 [3], whereas
minimum semidiurnal ranges occur when neap tides
(quadrature) coincide with lunar apogee. Globally,
semidiurnal tidal ranges increase and decrease at
roughly the same time everywhere, but there are sig-
nificant local differences. The maximum semidiurnal
tidal ranges occur 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. Equally large ranges are found
in Ungava Bay, northeast Canada (see Chapter 5). The
mean spring ranges at Avonmouth in the Bristol
Channel (United Kingdom) and at Granville in the
Gulf of St Malo (France) are 12.2 m and 11.3 m respec-
tively. 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 gen-
erally, 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 1.2a 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
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the Moon’s declination north and south of the equa-
tor 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 shall
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 San Francisco, 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 régime is called a mixed tide,
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Figure 1.2 (a) Tidal predictions for March 2043 at five sites that have very different tidal régimes. At Karumba, Australia, the tides are diurnal, at
San Francisco, United States, they are mixed, whereas at both Mombasa, Kenya, and Bermuda, semidiurnal tides are dominant. The tides at
Courtown, Ireland, are strongly distorted by the influence of the shallow waters of the Irish Sea.
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the relative importance of the semidiurnal and the
diurnal components changing throughout the
month, as plotted in Figure 1.2a. The diurnal tides
are biggest 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 biggest 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.

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 1.2a. Here the tides reduce to zero amplitude
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Figure 1.2 (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 every 14.76 days. Lunar declination north and south of the equator varies over a 27.21-day period. Solar
declination is zero on 21 March. Lunar distance varies through perigee and apogee over a 27.55-day period. The thumbnail cartoons show the
physics of the variations (lunar phase, declination and distance) discussed in detail in Chapter 3.
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a day or so after 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 1.2b). 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 differ-
ence of 6.3m between the highest and lowest predicted
tidal levels.

Astronomical forces acting on the major oceans of
the world generate and energise the tides. These
hydrodynamics are discussed in detail in Chapter 5.
From the oceans the tides spread as waves to the
surrounding shallower shelf seas.

The tidal ranges on the relatively shallow con-
tinental 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 1.2a shows the tides 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. 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 6, 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 Helder in the North Sea and at Le Havre in
the English Channel.

Tidal currents, often called tidal streams, have sim-
ilar variations. Semidiurnal, mixed and diurnal cur-
rents 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 shal-
low water or through narrow channels, which connect
two seas, such as the currents through the Strait of
Messina between the island of Sicily and the Italian
mainland.

Currents in narrow channels are constrained to
flow along the channel axis, but in more open waters

all directions of flow are possible. During each tidal
period the direction usually rotates through a com-
plete circle while the speeds have two roughly equal
maximum and two equal minimum values. Figure 1.3
shows the distribution of tidal currents over one semi-
diurnal cycle at the Inner Dowsing light tower in the
North Sea. Each line represents the speed and direc-
tion at a particular hour. Because eachmeasurement of
current is a vector described by two parameters, their
variations are more complicated to analyse than
changes of sea level.

This book is concerned with movements of the
seas and oceans. Two other geophysical phenom-
ena that have tidal characteristics are of interest. In
tropical regions there is a small but persistent 12-

High water

H+1

H+5

H+6
H+3

H+4

H+2

H−5

H−4

H−3

H−2

H−1

H−6

0.2 0.4 0.6 0.8 1.00
Scale in m/s

East

Geographic
North

West

South

Figure 1.3 Spring tidal current curve, Inner Dowsing light tower,
North Sea. Each line represents the velocity of the current at each
hour from 6 hours before to 6 hours after local high water (for
example, H+2 is the current 2 hours after high water). Semidiurnal
tides are strongly dominant. The distance from the centre represents
the speed, and the bearing gives the direction of water flow. For
example, at high water the current is 0.5 m/s to the southeast.
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hour oscillation of the atmospheric pressure
(Section 5.5) with typical amplitude of 1.2 milli-
bars, which reaches its maximum values near 10:00
hours and 22:00 hours local time. This produces a
small tidal variation of sea levels. Also, accurate
measurements of the Earth’s gravity field and of
the tilt of the Earth’s crust show vertical move-
ments of the land surface relative to the centre of
the Earth that are tidally induced. These Earth
tides may have extreme amplitudes of tens of
centimetres.1 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.

1.4 Meteorological and other
non-tidal changes
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 pres-
sure and the wind acting on the sea surface. Figure 1.4a
shows how the regular semidiurnal pattern of sea
levels at Venice was modified by the weather over a
few days in November 2002. These irregular slow
changes, known as storm surges, are plotted in the
same diagram. The coincidence of a spring tide and a
large increase in the levels due to the weather caused an
exceptionally high total level. Figure 1.4b shows the
tide gauge record for Hurricane Katrina flooding in
Louisiana in August 2005; the green line is the 1.4 m
surge, which persisted for less than a day.

Historically there have been many disastrous
coastal floodings caused by the coincidence of large
meteorologically induced surges and large or even
moderately high tides (see Table 12.5). Thus, in
November 1885, New York was inundated by high
sea levels generated by a severe storm that 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 that
rose more than 4.5 m above the mean high water level,
as a result of hurricane winds blowing at more than
50 m/s for several hours. Also in the Gulf of Mexico,

Hurricane Katrina in August 2005 caused severe
damage and many lives were lost in Louisiana
(Figure 1.4b). Even these disasters were surpassed by
the Bangladesh tragedy of 12 November 1970, when
winds of 60 m/s raised sea levels by an estimated 9 m.
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. In October 1999, 10,000 people
were killed in Orissa, India, by a 7–8 m surge. Along
the south coast of Burma (Myanmar), Cyclone Nargis
caused at least 130,000 deaths in May 2008.

The physics of storm surge generation by air pres-
sures and winds is covered in Chapter 7. 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
over wide areas. 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; 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 dam-
age. Recently, Hurricane Sandy, the largest Atlantic
hurricane on record, in October 2012 caused flooding
and major damage along the whole eastern seaboard of
the United States, with flooding of streets, tunnels and
subway lines and power losses in and around New York.

These dramatic extremes and the resulting coastal
flooding are rare events, but there is always a contin-
uous background of sea-level changes due to the
weather, which raise or lower the observed levels com-
pared 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 12.

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

1 Measured coastal sea levels are actually those of the vertical
movement of the sea surface relative to the local land level, which
may itself be moving relative to the centre of the Earth
(Chapter 11).
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‘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 Chapter 8). 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 coast of Japan is particularly
vulnerable to this type of flooding, and the term tsu-
nami is of Japanese origin. In March 2011 a major
tsunami caused extensive damage to the Fukushima
nuclear power plant. Tsunamis can travel long distan-
ces across the oceans: the tsunami generated by the
major earthquake in the Indian Ocean on 26
December 2004 caused damage thousands of miles
from the source, and was detected worldwide. In the
Atlantic Ocean tsunamis are comparatively rare, but
the flooding after the 1755 Lisbon earthquake is well
documented. Tsunamis often set up local oscillations
of semi-enclosed sea and basins, called seiches, which

are discussed in Section 7.5; more commonly seiches
are triggered by winds or internal ocean tides.

1.5 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 contains pre-
cise summaries.

Throughout this book, we define sea level as: the
level of the sea after averaging out the short-term
variations due to wind waves.2

The first important distinction to make is between
the popular use of the word tide to signify any change
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Figure 1.4 Observed (red), tidal
(blue) and meteorological (green)
variations of sea level: (a) an
extratropical surge at Venice,
November 1966; (b) a tropical surge,
Louisiana (Hurricane Katrina), 28–30,
August 2005.

2 This is sometimes called still water level.
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of sea level, and the more specific scientific use of the
word to mean only the regular periodic variations.

Although any definition of tides will be somewhat
arbitrary, it must emphasise this periodic and regular
nature of the motion, whether it be of the sea surface
level, currents, atmospheric pressure or Earth move-
ments. We define tides as periodic movements that are
directly related in amplitude and phase to some peri-
odic 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 sys-
tems. Movements due to these forces are termed gravita-
tional tides or astronomical tides. This is to distinguish
them from the smaller movements due to regular mete-
orological forces, which are called either meteorological
tides ormore 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 seawater 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 remains
after analysis has removed the regular tides, is also
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 (see
Chapter 7).

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

X tð Þ ¼ Hx cos ωxt � gx
� � ð1:1Þ

where X(t) is the value of the variable quantity at time t,
Hx is the amplitude of the oscillation, ωx is the angular
speedwhich is related to the periodTx byTx= 2π=ωx (ωx

is measured in radians per unit time), and gx is a phase
lag relative to some defined time zero.

For scientific tidal studies Hx may have units of
metres (rarely feet) for levels, or metres per second
(m/s) 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 1.3,
then Equation 1.1 may define the flow along a defined
axis (X). The speed and direction of the total flow is
completely specified if the currents along a second axis
(Y) 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 water level and the next low
water level is called the range, which for the simple
oscillation defined by Equation 1.1 is 2Hx, twice the
amplitude.

Ocean tides and most shelf sea tides are dominated
by semidiurnal oscillations, for which several descrip-
tive terms have been developed through both popular
and scientific usage (see Figure 1.5a). Spring tides are
semidiurnal tides of increased range, which occur
approximately twice a month as a result of the Moon
being 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 (maybe a year) is calledMean
HighWater Springs (MHWS) and the correspondingly
averaged low water level is called Mean Low Water
Springs (MLWS). Formulae are available for estimat-
ing these useful parameters directly from the results of
tidal analyses (Section 4.2.6 and the Appendices).Neap
tides are the semidiurnal tides of small range that 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.

Where the tidal régime is mixed the use of MHWS
and other semidiurnal terms becomes less appropriate.
Mean HighWater andMean LowWater are frequently
used. Mean Higher High Water (MHHW) is the aver-
age level over a long period of the higher high water
level that 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 corre-
sponding terms that are seldom used.

These terms become increasingly difficult to deter-
mine exactly, where the tide is dominated by diurnal
oscillations (Figure 1.5b). 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 that occur during the time when the diurnal

1.5 Some definitions of common terms
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range falls to near zero, as for example at Karumba in
Figure 1.2a. Diurnal tides show a semi-monthly varia-
tion 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 [3],
but this usage is uncommon, the Spring and Neap
nomenclature usually being 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 datums are often used
for map or chart making, or for referring subsequent
sea-level measurements. For geodetic surveys the
Mean Sea Level (MSL) 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 over the cycles of 18.61 years in the
tidal amplitudes and phases (see Chapter 3), and to
average out weather. Present United Kingdom Mean
Sea Levels are now approximately 0.2 m higher than
the 1915–21 mean level, adopted as the National Mean
Sea Level, land datum. In Section 9.9 we discuss the
evolution of the way in which these vertical datums are
defined and measured.

The Mean Tide Level (MTL), which is the average
value of all high and low water heights, is sometimes
computed for convenience, where a full set of hourly
levels is not available. Before automatic tide gauges,
MTL was the only readily calculated mean value. In
general, MTL will differ slightly from the MSL because
of tidal distortions in shallow water. Chapters 10 and
11 will discuss MSL definition, computations and
variations in detail, and show how satellite missions
have greatly extended our understanding of global
sea levels.

Lowest Astronomical Tide (LAT), the lowest
level that can be predicted to occur under any combi-
nation of astronomical conditions is recommended as
a Chart Datum by the International Hydrographic
Organization. LAT is adopted for charts prepared by
the British Hydrographic Department. The Canadian
Hydrographic Department has adopted the level of
lowest normal tides. The United States National
Ocean Service (NOS) used a Chart Datum that 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. MLLW is now adopted by NOS as the
standard datum for all locations (see Appendix E).
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Figure 1.5 Frequency distribution of hourly tidal levels (a) at Newlyn over an 18-year period relative to Ordnance Datum Newlyn and (b) at
Karumba over a single year (1982), relative to Chart Datum. For the semidiurnal Newlyn tides there is a distinct but slightly asymmetric double
peak in the distribution, but for the diurnal Karumba tides there is a single skewed peak.

Introduction

10

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-02819-7 - Sea-Level Science: Understanding Tides, Surges, Tsunamis and Mean Sea-Level Changes
David Pugh and Philip Woodworth
Excerpt
More information

http://www.cambridge.org/9781107028197
http://www.cambridge.org
http://www.cambridge.org

	http://www: 
	cambridge: 
	org: 


	9781107028197: 


