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Preface

Having been involved for more than 15 years in wind, wave, and storm surge research,
we have been in contact with many people having different interests in these topics.
Most of them were seeking long time series of data over the often poorly sampled
coastal, offshore, and ocean regions. We have collaborated with a shipyard developing
RoRo and RoPax ferries operating on fixed routes. Environmental conditions such as
sea states or currents to be expected on these routes during the lifetime of a vessel to
them was a critical issue. Companies involved in the design and operation of offshore
wind farms were interested in extreme sea states and loads to be expected at their sites,
but also in the frequency and duration of fair-weather windows that can be used to
mount or to maintain their equipment. Oil and gas producers were concerned about
possible future changes in the wind, wave, and storm surge climate because they wish
to guarantee present safety levels for their platforms and equipment in the future as
well. And, of course, coastal engineers were asking for statistics of sea level extremes to
be used for coastal protection planning.

Despite the different interests, long time series of wind, waves, or water levels were
of primary importance to all of them. Over the oceans, such data are seldom available
and often data from computer models are used instead. We have been involved in the
development of such computer-generated data for many years and we know that there
are numerous pitfalls in the use of these data. We feel that a thorough understanding
of the basics and principles behind such data can help in successfully applying
them and in improving their benefits. This book therefore provides an introduction
to the climate system and to climate variability. It describes and discusses high-impact
marine weather phenomena such as tropical and extra-tropical cyclones, wind
waves, tides, storm surges, and mean sea level. The book further provides an
overview about computer models used for simulating these phenomena, discusses
their use for generating computer data that are, in many cases, used as a replacement
for the often limited or missing measurements, and illustrates the numerous
pitfalls one may encounter in applying such data. Eventually, we review what
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presently (as of early 2009) is known about past and future marine climate change and
variability.

In more detail, Chapter 1 provides an introduction to climate and climate
variability. It explains the concepts that are fundamental for our understanding of
the functioning of the system and its fluctuations. Emphasis is put on the concept of
different scales and their interplay, as well as on externally and internally driven
climate variability.

Chapter 2 introduces in detail the high-impact marine weather phenomena this
book is about. We begin with an introduction to mid-latitude storms and storm
tracks, followed by a discussion of tropical cyclones. Subsequently, we also consider
the impacts caused by these phenomena; namely, wind-generated waves at the sea
surface (the sea state) and storm surges. Tides and mean sea level are also included as
they may contribute to extreme sea levels.

Chapter 3 provides an overview of models used for simulating the marine en-
vironment. We focus on quasi-realistic models; that is, complex computer models that
describe reality as much as possible and that are used as a reality substitute. The latter
means that these models are employed to derive data; namely, data that have not been
measured. This is done by blending models and the few existing data. The better the
existing data and the more advanced the blending techniques and the models, the
better the model data. However, there is usually a number of problems involved in all
models, blending techniques, and existing data.

Chapter 4 deals with problems associated with such data and present
techniques to assess long-term changes in marine climate. It first describes to some
extent problems related to data quality and the risk for making wrong inferences
when problems are ignored. Subsequently, approaches are introduced to reduce
data quality problems. These comprise the use of proxy data and reanalyses. Of
course, both approaches pose new problems that are discussed in some detail. Chapter
4 is also about the techniques required to assess long-term changes in marine climate.
Regionalization techniques are discussed that are used to obtain information at
regional and local scales from global or large-scale data. Such techniques are needed,
for instance, when local data are limited but coarse-grid or large-scale data are
available. Again, different approaches exist, each with its advantages and
disadvantages. Scenario and projection techniques are used when potential future
changes are considered. They are used widely in marine and climate science and
usually address problems of the type “What ... if ...?”. For example, what will
happen to storm surges in the North Sea when the statistics on North Atlantic
extra-tropical cyclones change? Or, what will happen to the height of storm surges
in Hamburg, Germany, if dredging in the River Elbe is continued? Chapter 4
concludes with an introduction to detection and attribution techniques. Detection
refers to techniques that identify ongoing changes, while attribution is used to
associate causes with the changes.

Chapter 5 provides an overview of the state of knowledge of past and future
marine climate change and variability. The view presented is a snapshot as of early
2009, when this chapter was completed. Apart from specifically discussing changes in
tropical and extra-tropical cyclone statistics, wind waves, and water levels, there is a
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brief discussion on the role of consensus in science and on uncertainty assessment in
climate change projections.

The book is aimed at professionals in many fields, including coastal and offshore
engineers, atmospheric and oceanic researchers, and perhaps coastal and offshore
planners. It will also inform and be of interest to authorities and administrations
involved in marine issues. Further, the book is suitable for graduate courses on climate
for atmospheric, oceanic, and environmental sciences.
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Climate and climate variability

1.1 INTRODUCTION

In the following we describe some basic concepts that are fundamental for
understanding (marine) climate and climate variability. We begin with a brief
historical review on earlier and more modern concepts of climate and subsequently
define marine weather and marine climate as used throughout the remainder of this
book (Section 1.2). In Section 1.3 an overview of the present understanding of the
global climate system is provided. In particular, the components of the climate system
and the general circulations of the atmosphere and the oceans are addressed. We
further show that the planetary-scale features of atmospheric circulation may be
determined without any knowledge on regional details. In Section 1.4 concepts for
understanding observed climate variability are discussed. Here emphasis is put on
internally driven climate variability, in particular on the concept of stochastic climate
models. This concept is considered to be fundamental for understanding observed
climate variability ranging from several months to hundreds of years. We conclude
with a discussion of the interplay between large-scale’ climate and regional-scale
climate. It is shown that there are some large-scale constraints that may be used
to describe regional climate variations in terms of large-scale changes. Also, feed-
backs of the regional on the large scale are discussed. It is demonstrated that in
general the details of regional climate are unimportant, while its statistics indeed do
matter for realistically modeling the observed climate.

1.2 DEFINITION OF CLIMATE

The word climate is originally deduced from the Greek climatos meaning tilt or
declination. 1t refers to the fact that the average weather conditions at a specific place

' For the concept of scales see Appendix A.1.
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depend largely on the angle of incidence of incoming solar radiation. It was originally
used to distinguish between the regional aspects of the average weather conditions;
for instance, between tropical and polar climates (von Storch et al., 1999). In earlier
times the term climate was mainly associated with the near-surface atmospheric
parameters that had a noticeable influence on human well-being such as near-surface
temperature, humidity, or surface pressure (Humboldt, 1845). Képpen (1923) defined
climate as “the average weather conditions and their evolution in time? at a specific
place” and developed a classification scheme primarily based on latitude, surface
temperature, and precipitation.

In the last few decades the concept of climate has considerably broadened. It was
recognized that oceans, ice sheets, and the land surface strongly interact with the
overlying atmosphere and have a profound influence on average weather conditions.
Nowadays they are considered therefore as components of the climate system (see
Section 1.3). Also the fact that the climate of a specific place is not constant but itself
can vary over time became more and more acknowledged. By the year 2000, the
American Meteorological Society (AMS) defined climate as “‘the slowly varying
aspects of the atmosphere-hydrosphere—land surface system” (Glickman, 2000).
The definition of the Intergovernmental Panel on Climate Change (IPCC) reads:
“Climate in a narrow sense is usually defined as the ‘average weather’, or more
rigorously, as the statistical description in terms of the mean and variability of
relevant quantities over a period of time ranging from months to thousands or
millions of years. The classical period is 30 years, as defined by the World
Meteorological Organization (WMO). These quantities are most often surface
variables such as temperature, precipitation, and wind. Climate in a wider sense is
the state, including a statistical description, of the climate system” (Solomon et al.,
2007).

Within this book we are engaged with the marine aspects of weather and climate.
While weather is often defined as “the state of atmosphere®” (Glickman, 2000), the
state of the oceans associated with atmospheric conditions is usually not considered.
Within this book we therefore use the term marine weather to refer to the state of the
atmosphere and the corresponding state of the oceans. The term marine climate is
defined as the statistical description of marine weather in terms of mean and
variability, following the IPCC’s concept for the definition of climate.

In its broader sense marine climate covers many aspects such as the statistics of
ocean temperature and salinity, ocean circulation, or atmospheric conditions. This
book is about some components of marine climate, namely the statistics of phenom-
ena such as tropical and extra-tropical marine storms,* wind-generated waves at the
sea surface (the sea state), or storm surges. In other words, this book is about high-

2 Here only the annual course of long-term averages is referred to, in contrast to the variability
of long-term averages themselves (climate variability).

3 Here the term state refers to past, present, or future conditions of temperature, humidity,
precipitation, cloudiness, wind, etc.

4 That is, that part of the life cycle that is occurring over the oceans; in other words, before
landfall.
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impact aspects of marine climate. In the following we use the terms marine weather
and marine climate to refer to these high-impact aspects only.

1.3 THE CLIMATE SYSTEM

1.3.1 Components of the climate system

While for many years climate was usually associated with the state of the atmosphere,
the concept has considerably changed in the recent past. Nowadays the term climate
generally refers to the state of the climate system consisting of the atmosphere, the
hydrosphere, the cryosphere, the lithosphere, and the biosphere (Glickman, 2000).
Here the hydrosphere consists of all water in the liquid phase distributed over the
Earth, including the oceans, lakes, rivers, and subterranean water; the cryosphere
comprises ice and snow on the Earth’s surface including the major ice sheets of
Greenland and Antarctica, other glaciers, permafrost, and sea ice; the lithosphere
refers to the solid Earth—that is, the continents and the ocean floor; while the
biosphere is made of the terrestrial and the marine flora and fauna (Figure 1.1,
see color section).

While in many climate studies there is still a predominant interest in the state of
the atmosphere, the climate system concept now explicitly acknowledges the fact that
processes within and interactions among the different climate system components
may have a profound impact on the climate and hence the state of the atmosphere.
For instance, incoming solar radiation is larger in the tropics than in polar regions.
This differential heating needs to be balanced by a poleward meridional heat trans-
port in order to maintain quasi-stationary climate conditions. Figure 1.2 shows that
this transport is accomplished not solely by the atmosphere, but that a substantial
fraction is provided also by the oceans. While the atmosphere in principle dominates
in mid- and high latitudes, most of the transport in low latitudes is accomplished by
the oceans.

The state of the climate system is not constant but varies as a result of externally
forced and internally driven variations. The distinction between the two sources is not
always very clear. Usually the phrase externally forced refers to all variations in the
climate system that are caused by external factors which are not affected by the
climatic variables themselves. This comprises changes in Earth’s orbital parameters
or solar variations. Climate variations caused by changes in terrestial forcings—for
instance, radiative relevant variations in atmospheric composition such as those
caused by major volcanic eruptions or by human activity—are usually also consid-
ered as externally forced variations. Internally driven variability may be caused by
internal instabilities, interactions, and feedbacks within the climate system. We will
return to these issues in more detail in Section 1.4.

The components of the climate system are characterized by different time scales;’
that is, the time different components need to adopt to a perturbation differs. As a

3 See Appendix A.1 for a discussion of the concept of scales.
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Figure 1.2. Mean zonally averaged meridional heat transport. Ocean (dashed); atmosphere
(solid); ocean and atmosphere combined (heavy solid line). Redrawn after data from Peixoto
and Oort (1992).

consequence the time it takes for different components to exert a noticeable influence
on the climate system also varies. For instance, the lithosphere possesses the longest
time scale and the slowest response within the climate system. For the phenomena
and processes considered in this book such processes may therefore be treated as
constant. Similarly, variations in the biosphere can be neglected. Processes in the
hydrosphere, the atmosphere, and the cryosphere and their interaction are, however,
essential. From these sub-systems, atmosphere and ocean are most relevant. They will
be discussed in more detail next.

1.3.2 General circulation of the atmosphere

In its broadest sense the term general circulation refers to the statistics of atmospheric
motions at the planetary scale® (Glickman, 2000). A simplified sketch and an intuitive
approach are provided by two numerical experiments.” In the first experiment Fischer
et al. (1991) used a general atmospheric circulation model® in which the Earth was
entirely covered with water (aqua planet). Sea surface temperatures (SSTs) were
prescribed such that warmer temperatures prevail near the equator and colder
temperatures occurred near the poles. The initialized SSTs were zonally symmetric;
in other words, there were no temperature variations along each latitude belt. At the
top of the atmosphere, incoming solar radiation was prescribed. The atmosphere was

®These are large-scale motions with typical dimensions in the order of 1,000km (see
Appendix A.1).

"These are experiments with quasi-realistic models of the atmosphere by means of which
otherwise impossible experiments can be conducted (see Chapter 3).

8 A global atmosphere model with a typical horizontal grid spacing of about 250 km—-500 km.
For details see Chapter 3.
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motionless (at rest) at the beginning of the experiment. When the experiment was
started, the atmosphere remained mainly motionless for about the first ten days apart
from some small motions near the equator (Figure 1.3). Starting at Day 10 a rapid
development can be inferred during which typical features of global mean atmo-
spheric circulation emerge from the initially motionless background: First, tropical
cells and the trade wind system are visible. Another ten days later indirect Ferrel cells
with westerly and northerly near-surface winds appear. Vaguely, also a polar cell can
be inferred. Kinetic energy distribution (Figure 1.3c) shows that turbulent motions
first show up near the equator from where they move to their observed locations at
mid-latitudes within about ten days. The circulation obtained after about one or two
months corresponds rather closely to the observed global mean circulation.

In an earlier experiment Washington (1968) used a similar atmosphere model but
prescribed a realistic land—sea distribution and topography. Again the experiment
started from an initially motionless atmosphere and was driven by incoming solar
radiation at the top of the atmosphere. As in the experiment of Fischer ef al. (1991) a
realistic planetary-scale circulation emerged within a couple of days, but in addition
an imprint of the land-sea distribution and the topography on the circulation can be
inferred (Figure 1.4). After about 40 days or so a characteristic macro-turbulent
structure in the mid-latitudes of both hemispheres has developed, while low pressure
gradients prevail in the tropics.

Three lessons can be learned from these experiments:

1. Incoming solar radiation and differential heating’ are the main drivers of
planetary-scale atmospheric circulation. The atmosphere represents a thermo-
dynamic system that constantly receives and re-emits energy and transforms
incoming thermal energy into mechanical energy in the form of winds in the
atmosphere and currents in the ocean. Eventually, the mechanical energy
provided is dissipated to thermal energy by turbulent processes and re-radiated
into space.

2. Globally averaged features of atmospheric circulation defined as the arithmetic
mean of many local features may be determined directly without knowledge on
local details. The basic features of planetary-scale atmospheric circulation emerge
from a state at rest within a couple of days. Regional details such as topography,
land-sea distribution, or land use are unimportant for these features to evolve.
Also, major features of the general circulation of the atmosphere such as tropical
meridional cells or mid-latitude jet streams associated with baroclinic instabilities
and the formation of storms can be simulated well for a planet entirely covered
with water.

3. Land-sea distribution as well as the largest mountain ranges such as the Himalayas,
the Rocky Mountains and the Andes modify the global-scale features of atmo-
spheric circulation. When these features are taken into account a more realistic
picture of planetary-scale circulation emerges (Figure 1.4). Their impact can
already be described by low-resolution general circulation models.

? Difference in incoming solar radiation between the poles and the equator.
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Figure 1.3.
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circulation of the
atmosphere
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at rest on an
aqua planet.
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after Fischer et
al. (1991).
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Figure 1.4.
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Global mean circulation as obtained from the two experiments is schematically
sketched in Figure 1.5. Air warming over equatorial regions initially rises and sub-
sequently moves poleward at higher altitudes. During its poleward propagation the
air is cooling and parts of it are descending to the surface. In both hemispheres the
latter occurs near 30° latitude where near-surface high-pressure systems are formed.
When the descending air reaches the surface, parts of it are re-circulating equator-
wards forming the so-called trade wind systems. The remaining part propagates
poleward. Similarly, cold air is descending over the poles and propagating equator-
wards. At about 60° latitude the surface branches of both air flows meet and the
converging air is forced to rise.

As a result of this interplay, three meridional overturning cells can be inferred:
the tropical cell is usually referred to as the Hadley cell while the mid-latitude cell is
known as the Ferrel cell. The Hadley and the polar cells are both directly (thermally)
driven cells, while the Ferrel cell represents a dynamical consequence of the existence
of Hadley and polar cells. The surface branches of Hadley cells form the trade wind
patterns. Their convergence zone is located in the tropics and is generally referred to
as the intertropical convergence zone. Similar to the subtropics horizontal near-surface
wind speeds are on average not very strong because the predominant air motion is
vertical and horizontal temperature differences are small. Without horizontal tem-
perature differences, however, there is little horizontal pressure gradient resulting in
low wind conditions. The situation is different for the region where the cold surface
branch of the polar cell meets the moderate temperate air provided by Ferrel cells.
Here strong meridional temperature and pressure gradients occur and result in strong
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Figure 1.5. Schematic diagram of the general circulation of the atmosphere. Surface high- and
low-pressure systems are indicated by the letters H and L; arrows over the globe indicate surface
winds; arrows on the right-hand side indicate circulation in meridional overturning cells.

westerly winds. These regions are characterized by unsteady but statistically quasi-
stationary states with short-term baroclinic disturbances; that is, synoptic weather
systems such as extra-tropical low-pressure systems.

1.3.3 General circulation of the oceans

Traditionally, in oceanography circulation is divided into a wind-driven and a
density-driven part. The latter was frequently referred to as thermohaline circulation
(THC). Nowadays the phrase meridional overturning circulation (MOC) is used
more often. The observed circulation is, however, not simply the sum of these two
parts. Instead, more or less complex interactions may occur. For instance, wind-
driven circulation may modify density patterns which in turn influence density-driven
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circulation. In general it can be stated, however, that wind-driven circulation is
strongest at the surface while the density-driven part dominates at depth. In the
following we briefly review mean wind and mean density-driven circulation. Also
meridional heat transport provided by the ocean circulation is briefly discussed.

Wind-driven circulation. Wind-driven circulation is forced by the transfer of
momentum from the atmosphere to the ocean surface. As a result, it dominates at
the surface and in the upper layers of the oceans. The processes at the air—sea
interface are described to some extent in Section 2.5.1. More details can be found
in textbooks such as Apel (1987).

Figure 1.6 shows a schematic sketch of mean wind-driven circulation at the ocean
surface. The most noticeable features are large clockwise circulation patterns in the
North Atlantic and the North Pacific, as well as anticlockwise circulation patterns in
the Southern Hemisphere. In all cases the circulation patterns are anticyclonic and
coincide with the position and structure of atmospheric subtropical high-pressure
systems, although some displacement and asymmetry can be inferred. In particular,
strong poleward currents occur on the western boundaries of the gyres while a weaker
and broader return flow occurs on the eastern boundaries. The gyres are generally
more pronounced in the Northern than in the Southern Hemisphere. In the Southern
Hemisphere a strong circumpolar current system is noticeable. It is referred to as the
Antarctic circumpolar current and owes its existence to the absence of continental
barriers in the extra-tropical west-wind zone of the Southern Hemisphere.

The strong poleward currents on the western boundaries are called western
boundary currents. In the Northern Hemisphere they comprise the Gulf Stream in
the North Atlantic and the Kuroshio in the North Pacific. The Brazil current and the
Agulhas stream represent their less pronounced counterparts in the Southern Hemi-
sphere. Eastern boundary currents are the California and the Peru current in the
Pacific, the Canary and the Benguela current in the Atlantic, and the Leeuwin current
on the western side of Australia (Figure 1.6).

Western boundary currents transport warm water from the tropics to the
mid-latitudes while eastern boundary currents are associated with the equatorward
transport of cold water. As a consequence the currents have an effect on the regional
distribution of sea surface temperatures (SSTs). They cause a zonal asymmetry with
above-average SSTs'” at the mid- to high latitudes on the eastern side of the ocean
basins which are under the influence of western boundary currents, and below
average SSTs in areas where eastern boundary currents prevail (Figure 1.7).

Another, but similarly important source for observed zonal temperature
anomalies is atmospheric advection. In the mid-latitudes the prevailing wind direc-
tion is from the west to the east which, in winter, brings relatively mild air masses that
have been in contact with a relatively warm ocean to, for instance, Europe. On the
other side of the Atlantic, the U.S. East Coast is, however, mainly under the influence
of relatively cold continental air masses. This leads, on average, to colder winters
when compared with average conditions at the same latitudes in Europe.

10 Relative to the zonally averaged SST for each latitude.



