
NONLINEAR CLIMATE DYNAMICS

This book introduces stochastic dynamical systems theory to synthesise our current
knowledge of climate variability. Nonlinear processes, such as advection, radiation and
turbulent mixing, play a central role in climate variability. These processes can give
rise to transition phenomena, associated with tipping or bifurcation points, once exter-
nal conditions are changed. The theory of dynamical systems provides a systematic
way to study these transition phenomena. Its stochastic extension also forms the basis
of modern (nonlinear) data analysis techniques, predictability studies and data assim-
ilation methods. Early chapters present the stochastic dynamical systems framework
and a hierarchy of climate models to study climate variability. Later chapters analyse
phenomena such as the North Atlantic Oscillation, the El Niño/Southern Oscillation,
Atlantic Multidecadal Variability, Dansgaard-Oeschger Events, Pleistocene Ice
Ages and climate predictability. This book will prove invaluable for graduate stu-
dents and researchers in climate dynamics, physical oceanography, meteorology and
paleoclimatology.
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Preface

Dynamical systems theory is an extremely powerful framework for understanding the
behavior of complex systems. Its concepts apply to many scientific fields, and hence its
language provides a multidisciplinary and unifying communication tool. The theory
provides a systematic approach for assessing the sensitivity of a mathematical model
of a particular phenomenon to changes in parameters and initial conditions. As such, it
finds application in stability problems, transition behavior and predictability studies.
In addition, techniques and concepts from dynamical systems theory have led to the
development of a diverse set of nonlinear methods of time series analysis.

For many phenomena, existing models cannot resolve all relevant spatial and tem-
poral scales, and hence small-scale features are often represented as ‘noise’. As a
result of the increase in computational power, solutions of the resulting stochastic
partial differential equations are now within reach. Although stochastic dynamical
systems are difficult to deal with, in recent years, the theory of stochastic dynamical
systems has matured and is ready to be applied to many scientific areas.

This book developed from a course on climate dynamics that I taught at Colorado
State University in 2005 and a course on stochastic climate models that I taught
at Utrecht University in 2008. My main motivation in writing this book was to
provide both an introduction into stochastic dynamical systems theory and to show
the application of these methods to problems in climate dynamics.

The book is, therefore, logically divided into two parts. In the first part, Chapters
2 through 5, introductions to dynamical systems (Chapter 2), stochastic calculus
(Chapter 3) and random dynamical systems (Chapter 4) are given. With the level of
mathematical detail provided, this material should be accessible to graduate students
in climate physics. Chapters 7 through 11 provide a description of how stochastic
dynamical systems theory has been used to understand particular phenomena in
climate physics. Chapter 6 illustrates the hierarchy of climate models used in the
description of climate variability and climate change. Chapter 12 shows the application
of dynamical systems theory to predictability studies. The choice of all the material is
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x Preface

quite a personal one and I apologise for certainly having forgotten to cite and discuss
results of additional very relevant publications.

In the present scientific world in which everybody can be a ‘Google’ specialist
on any topic in fifteen minutes, and where the focus appears to be more and more
on concepts that are appealing rather than precise, it is good to know that there are
frameworks available that can be used to fit pieces of a complex puzzle. The material in
this book forms the basic material for such a framework related to problems in climate
variability. I hope it finds its way to the younger generation of climate scientists.
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