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Changing Sea Levels
Effects of Tides, Weather and Climate

The coastal zone is a dynamic environment of great social and economic impor-
tance. Flooding of coastal communities is one of the major causes of environ-
mental disasters worldwide. Many coastal processes are driven and controlled
by regular and by extreme variations in sea levels.

Changing Sea Levels is a basic sea level text for all related interdisciplinary
studies. It presents an introduction to measurement techniques including satellite
altimetry, tidal analysis and prediction, storm surges and flooding risks, and
discusses how they are estimated. The author explains the concepts involved in
understanding and forecasting future sea level changes and impacts. Examples
and illustrations are drawn from all around the world, as befits the global nature
of the topic.

Based on courses taught by the author in the University of Southampton and
the Florida Institute of Technology, this book is aimed at undergraduate students
at all levels. Students should have a general background in science. However,
the text is developed so that non-basic mathematics is confined to appendices
and a website (http://publishing.cambridge.org/resources/0521532183/). More
advanced students are guided to extend their studies by wider reading. Changing
Sea Levels will also interest and inform professionals in many fields including
hydrographers, coastal engineers, geologists and biologists, as well as coastal
planners and economists.

Davip PuGH was awarded a Ph.D. in geodesy and geophysics from the
University of Cambridge in 1968, and subsequently worked at the Proudman
Oceanographic Laboratory, Merseyside. In 1984 he became Head of Ocean-
ography, Hydrology and Meteorology, Science Division, UK Natural Environ-
ment Research Council. He has also served as Head of Information and Sci-
entific Services in the Institute of Oceanographic Sciences (1987-92) and as
Secretary to the United Kingdom Government Committee on Marine Science
and Technology (1992-2003). He was elected President of the Intergovernmen-
tal Oceanographic Commission of UNESCO in July 2003, having previously
been the Founding Chairman of the IOC Global Sea Level network, GLOSS. In
addition to leading and serving many international organisations, Dr Pugh has
maintained an active programme of research and teaching within the University
of Southampton Oceanography Centre and as a Visiting Professor in the Uni-
versity of Liverpool. His interests include tides, surges, mean sea level, coastal
management and climate change, the economics of marine activities related to
GDP, and the history of sea level measurements. He is a Fellow of the Insti-
tute of Physics; the International Association of Geodesy; and the Institute of
Marine Engineering, Science and Technology. He was awarded an OBE in the
2003 Queen’s Birthday Honours for services to marine sciences. Dr Pugh is also
the author of Tides, Surges and Mean Sea-Level (1996).



Preface

Our scientific conference in the Maldives on climate and sea level change
was going well. As a break we were taken to meet a group of local
people to hear their concerns for the future of their beautiful, yet low-
lying and vulnerable tropical island Republic. A little to the side of the
main demonstration of speeches and banners, a small boy held up high
his homemade poster. It declared ‘Down with sea level rise’. Worldwide
popular concern about possible global warming and sea level rise has
been expressed in many ways, but rarely as simply or as effectively.

There is a sea level problem. It may aftect, and should concern, us all.
Political, economic and social responses need to be guided by scientific
evidence and reliable interpretation of the processes involved.

This publication is an introduction to the necessary scientific assess-
ments. It looks at sea level change in terms of the three main causes —
astronomical tides, weather and climate trends. It is aimed at under-
graduate students of all levels. More advanced students are guided to
extend their studies by wider reading. It will also interest and inform
professionals in many fields including hydrographers, coastal engineers,
geologists, biologists and, perhaps, coastal planners, marine lawyers and
economists.

This book began as a development from my earlier, still widely
available but now out-of-print, book on Tides, Surges and Mean Sea-
Level. The older book contains more detail on many topics, but this
shorter and more basic book includes much new material, especially
on satellite altimetry and climate change effects. My aim has been to
reduce the mathematics to the minimum level necessary to describe the
processes. More details are given in an appendix, and on the website
that accompanies this book (http://publishing.cambridge.org/resources/
0521532183/). This website will also update the Further reading sections
at the end of each chapter. It includes detailed answers to the questions,
which are intended to provoke discussion and extend the text, rather than
to ensnare the reader in difficult calculations.

Starting to write a book is much easier than converging on the final
product. My progress has been encouraged, advised and helped by many
colleagues and friends. Foremost among these are Sylvia Allison, Isabel
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Goncalves Aratjo, Kate Davis, George Maul, Ana Paula Teles and, as
ever, Philip Woodworth.

Others too have helped in many ways, providing additional infor-
mation and illustrations. These include Carl Amos, Peter Challenor, Lee
Harris, John Hunter, Christian Le Provost, Alex Mustard, Adrian New,
Jonathan Sharples, Jose da Silva, Robert Smith, Helen Snaith and Alan
Suskin. I am particularly grateful to students at Southampton Univer-
sity and the Florida Institute of Technology who helped road test early
versions. These include Yasser Abualnaja, Abdullah Al-Subhi, William
Carter, Frank Lesley, Natasha Labaume, Jeffrey Simmons and Ivan Haig.
Specific acknowledgements are given as appropriate in the text.

Writing a book is a selfish activity. Once again I am indebted to
Carole for allowing and even encouraging this indulgence. It has been
written at home, in hotels and on planes travelling among five continents.
As a result the examples and illustrations used are truly global, as are
the issues this book addresses.
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Chapter 1
Introduction and measurements

Sea levels are always changing, for many reasons. Some changes are
rapid while others take place very slowly. The changes can be local or
can extend globally. In this introductory chapter we establish some basic
ideas of sea level change before looking at the various processes involved
in more detail.

The first part of this chapter is an introduction to sea level science as
we develop it in this book. It explains the importance of understanding
sea level changes and outlines how sea levels are affected by a wide range
of physical forces and processes. This is followed by a brief account of
the development of ideas on the reasons why sea levels change. The
second part is about ways of measuring sea levels. All studies of sea
level should be based on reliable measurements over as long a period
as possible: we outline the many methods that are available, and discuss
their various advantages and disadvantages.

1.1 Background

Living by the sea has many benefits. It offers possibilities of 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 because
the living is usually agreeable.

But there are risks. Sometimes high tides and storms combine to
flood low-lying coastal regions causing local damage. Throughout his-
tory, humankind has adapted to periodic coastal flooding, but as our
cities and our patterns of coastal development become more intricate,
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populated and interdependent, we become more and more vulnerable to
disasters. The rural response of driving cattle to higher ground for the
duration ofa flood is much easier than the urban complexity of rebuilding
complete sewerage and transport systems. In extreme cases the delicate
infrastructure of coastal cities may be destroyed, with disastrous long-
term consequences.

In November 1966, St Mark’s Square in Venice was covered by more
than one metre of water. It has been reported that in the first decades of
the twentieth century, St Mark’s Square was invaded by water seven times
per year. By 1990, flooding occurred on average more than forty times
a year. With a further 30 cm increase in average sea levels, St Mark’s
Square would be flooded on average 360 times a year, until defences are
built to provide a higher level of protection.

In the long-term, defence is not always possible, nor is it always easy
to justify protection in strict economic terms. For example, the Maldives
Islands in the Indian Ocean are on average less than 2—3 m above sea
level and the Government fears that the Republic’s very survival may be
threatened by global increases in sea level. Elsewhere, the delta regions of
Bangladesh and Egypt are among the most densely populated on earth
and the people who live there are especially vulnerable. Protection in
these cases will be very difficult and expensive.

Humankind is only one of the biological species that has adapted
to the challenging environmental conditions for survival in the coastal
zone. Rocky shores are colonised in horizontal bands or zones by plants
and animals that have adapted, and that can tolerate different degrees
of immersion and exposure. Coral reefs, mangrove swamps and salt
marshes are other areas of similar intense coastal biological activity and
zonation.

To predict future changes and the impacts of human activity, it is
necessary to have a full understanding of all the factors that influence
sea levels at the coast. The first step is to make measurements of sea
level over a long period, so that there are firm facts on which to base a
scientific discussion.

1.2 Changing sea levels

Anyone who had the patience to measure sea levels at the coast for a
whole year would find a very regular and rather unexciting pattern of
changes. Figure 1.1 shows a year of monthly measurements at Newlyn,
a small fishing and recreational port in the southwest corner of Britain.
Newlyn sea levels will often be used in this book as examples for our
analyses, because Newlyn has a very long record of accurate mea-
surements. Figure 1.2 shows the Newlyn tide gauge location and the
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Figure 1.1. A year of sea level observations at Newlyn, southwest Britain,
plotted month by month. The dominant semidiurnal tides and the spring-neap
changes in range are evident.

benchmark, which defines the zero level for the measurements. The
Newlyn benchmark is special: it is used to define the zero level for all
British land levelling, based on the average, or mean sea level, over a long
period (1915-21). The gauge, which was first installed for this purpose,
has been well maintained since to establish a fundamental sea level data
series.

Sea levels are changed by factors that extend over a wide range of
space and time scales. Figure 1.3 is a space—time map of the main fac-
tors. It is drawn in terms of the time scales and the distance scales over
which these factors operate. The approximate ranges of the variations
associated with each effect are shown; the shapes plotted are only indica-
tive, but note that tidal effects appear as narrow lines at times of one day
and half a day. These are the diurnal and semidiurnal tides. Over long
geological times, to the right of the diagram, many tectonic processes
have changed land and sea levels; in the bottom left-hand corner, over
much shorter periods of seconds, there are local wind waves.

In this book we will concentrate mainly on the sea level changes
in between these two extremes — those that last from minutes to tens
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Figure 1.2. The location (a)
and harbour details (b) of the
Newlyn tide gauge. Newlyn is
separated from the Atlantic
Ocean by 200 km of shallower
continental shelf. The
fundamental benchmark for
land levelling datum definition
in Britain is located alongside
the gauge (c).
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Figure 1.3. A map of the factors that change sea levels in space and time, with
typical ranges in metres. Each of the factors discussed in this book occupies a
different position on the map. Small-scale rapid changes are in the bottom
left-hand corner.



