
DYNAMICS OF THE ATMOSPHERE: A COURSE IN
THEORETICAL METEOROLOGY

Dynamics of the Atmosphere is a textbook with numerous exercises and solutions,
written for senior undergraduate and graduate students of meteorology and related
sciences. It may also be used as a reference source by professional meteorologists
and researchers in atmospheric science. In order to encourage the reader to follow
the mathematical developments in detail, the derivations are complete and leave
out only the most elementary steps.

The book consists of two parts, the first presenting themathematical tools needed
for a thorough understanding of the second part. Mathematical topics include a
summary of the methods of vector and tensor analysis in generalized coordinates;
an accessible presentation of the method of covariant differentiation; and a brief
introduction to nonlinear dynamics. These mathematical tools are used later in the
book to tackle such problems as the fields of motion over different types of terrain,
and problems of predictability.

The second part of the book begins with the derivation of the equation describ-
ing the atmospheric motion on the rotating earth, followed by several chapters that
consider the kinematics of the atmosphere and introduce vorticity and circulation
theorems. Weather patterns can be considered as superpositions of waves of many
wavelengths, and the authors therefore present a discussion of wave motion in the
atmosphere, including the barotropicmodel and someRossby physics. A chapter on
inertial and dynamic stability is presented and the component form of the equation
of motion is derived in the general covariant, contravariant, and physical coordinate
forms. The subsequent three chapters are devoted to turbulent systems in the atmo-
sphere and their implications for weather-prediction equations. At the end of the
book newer methods of weather prediction, such as the spectral technique and the
stochastic dynamic method, are introduced in order to demonstrate their potential
for extending the forecasting range as computers become increasingly powerful.

Wilford Zdunkowski received B.S. and M.S. degrees from the University of
Utah and was awarded a Ph.D. in meteorology from the University of Munich in
1962. He then returned to the Department ofMeteorology at the University of Utah,
where he was later made Professor of Meteorology. In 1977, he took up a profes-
sorship, at the Universität Mainz, where for twenty years he taught courses related
to the topics presented in this book. Professor Zdunkowski has been the recipient
of numerous awards from various research agencies in the USA and in Germany,
and has travelled extensively to report his findings to colleagues around the world.
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Preface

This book has been written for students of meteorology and of related sciences at
the senior and graduate level. The goal of the book is to provide the background
for graduate studies and individual research. The second part, Thermodynamics of
the Atmosphere, will appear shortly. To a considerable degree we have based our
book on the excellent lecture notes of Professor Karl Hinkelmann on various topics
in dynamic meteorology, including Prandtl-layer theory and turbulence. Moreover,
we were fortunate to have Dr Korb’s outstanding lecture notes on kinematics of the
atmosphere and on mathematical tools for the meteorologist at our disposal.

Quite early on during the writing of this book, it became apparent that we had
to replace various topics treated in their notes by more modern material in order to
give a reasonably up-to-date account of theoretical meteorology. We were guided
by the idea that any topic we have selected for presentation should be treated in
some depth in order for it to be of real value to the reader. Insofar as space would
permit, all but the most trivial steps have been included in every development. This
is the reason why our book is somewhat more bulky than some other books on
theoretical meteorology. The student may judge for himself whether our approach
is profitable.

The reader will soon recognize that various interesting and important topics
have been omitted from this textbook. Including these and still keeping the book
of the same length would result in the loss of numerous mathematical details. This,
however, might discourage some students from following the discussion in depth.
We believe that the approach we have chosen is correct and smoothes the path to
additional and more advanced studies.

This book consists of two separate parts. In the first part we present the mathe-
matical techniques needed to handle the various topics of dynamic meteorology
which are presented in the second part of the book. The modern student of meteo-
rology and of related sciences at the senior and the graduate level has accumulated a
sufficient working knowledge of vector calculus applied to the Cartesian coordinate

xv
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xvi Preface

system. We are safe to assume that the student has also encountered the important
integral theorems which play a dominant role in many branches of physics and
engineering. The required extension to more general coordinate systems is not dif-
ficult. Nevertheless, the reader may have to deal with some unfamiliar topics. He
should not be discouraged since often unfamiliarity is mistaken for inherent dif-
ficulty. The unavoidable formality presented in the introductory chapters on first
reading looks worse than it really is. After overcoming some initial difficulties,
the student will soon gain confidence in his ability to handle the new techniques.
The authors came to the conclusion, as the result of many years of learning and
teaching, that a mastery of the mathematical introduction is surely worth what it
costs in effort.

All mathematical operations have been restricted to three dimensions in space.
However, many important formulas can be easily extended to higher-order spaces.
Some knowledge of tensor analysis is required for our studies. Since three-
dimensional tensor analysis in generalized coordinates can be handled very ef-
fectively with the help of dyadics, we have introduced the necessary operations.
Only as the last step do we write down the tensor components. By proceeding in
this manner, we are likely to avoid errors that may occur quite easily with use of the
index notation throughout. We admit that dyadics are quite dispensable when one
is working with Cartesian tensors, but they are of great help when one is working
with generalized coordinate systems.

The second part of the book treats some of the major topics of dynamic meteo-
rology. As is customary in many textbooks, the introductory chapters discuss some
basic topics of thermodynamics. We will depart from this much-trodden path. The
reason for this departure is that modern thermodynamics cannot be adequately dealt
with in this manner. If formulas from thermodynamics are required, they will be
carefully stated. Detailed derivations, however, will be omitted since these will be
presented in part II of A Course in Theoretical Meteorology. When reference to
this book on thermodynamics is made we will use the abbreviation TH.

We will now give a brief description of the various chapters of the dynamics
part of the book. Chapter 1 presents the laws of atmospheric motion. The method
of scale analysis is introduced in Chapter 2 in order to show which terms in the
component form of the equation of motion may be safely neglected in large-scale
flow fields. Chapters 3–10 discuss some topics that traditionally belong to the kine-
matics part of theoretical meteorology. Included are discussions on the material
and the local description of flow, the Navier–Stokes stress tensor, the Helmholtz
theorem, boundary surfaces, circulation, and vorticity theorems. Since atmospheric
flow, particularly in the air layers near the ground, is always turbulent, in Chapters
11 and 12 we present a short introduction to turbulence theory. Some important
aspects of boundary-layer theory will be given in Chapter 13. Wave motion in the
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Preface xvii

atmosphere, some stability theory, and early weather-prediction models are intro-
duced in Chapters 14–17. Lagrange’s and Hamilton’s treatments of the equation of
motion are discussed in Chapter 18.

The following chapters consider flow fields in various coordinate systems. In
Chapters 19 and 20 we give a fairly detailed account of the air motion described
with the help of the geographic and the stereographic coordinate systems. This de-
scription and the following topics are of great importance for numericalweather pre-
diction. In order to study the airflow over irregular terrain, the orography-following
coordinate system is introduced in Chapter 21. The air motion in stereographic co-
ordinate systems with a generalized vertical coordinate is discussed in Chapter 22.

Some earlier baroclinicweather-predictionmodels employed the so-called quasi-
geostrophic theorywhich is discussed in some detail in Chapters 23 and 24.Modern
numerical weather prediction, however, is based on the numerical solutions of the
primitive equations, i.e. the scale-analyzed original equations describing the flow
field. Nevertheless, the quasi-geostrophic theory is still of great value in discussing
somemajor features of atmosphericmotion.Wewill employ this theory to construct
weather-prediction models and we show the operational principle.

A brief and very incomplete introduction of numerical methods is given in Chap-
ter 25 to motivate the modeling of atmospheric flow by spectral techniques. Some
basic theory of the spectral method is given in Chapter 26. The final chapter of
this book, Chapter 27, introduces the problems associated with atmospheric pre-
dictability. The famous Lorenz equations and the strange attractor are discussed.
The method of stochastic dynamic prediction is introduced briefly.

Problemsof various degrees of difficulty are given at the endofmost chapters. The
almost trivial problems were included to provide the opportunity for the student to
become familiarwith the newmaterial before he is confrontedwithmore demanding
problems. Some answers to these problems are provided at the end of the book. To a
large extent these problemswere given to themeteorology students of theUniversity
of Mainz in their excercise classes. We were very fortunate to be assisted by very
able instructors, who conducted these classes independently. We wish to express
our sincere gratitude to them. These include Drs G. Korb, R. Schrodin, J. Siebert,
and T. Trautmann. It would be impossible to name all contributors to the excercise
classes. Our special gratitude goes toDrW.-G. Panhans for his splendid cooperation
with the authors in organizing and conducting these classes. Whenever asked, he
also taught some courses to lighten the burden.

It seems to be one of the unfortunate facts of life that no book as technical as this
one can be published free of error. However, we take some comfort in the thought
that any errors appearing in this book were made by the co-author. To remove these,
we would be grateful to anyone pointing out to us misprints and other mistakes they
have discovered.
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xviii Preface

In writing this book we have greatly profited from Professor H. Fortak, whose
lecture notes were used by K. Hinkelmann and G. Korb as a guide to organize
their manuscripts. We are also indebted to the late Professor G. Hollmann and to
Professor F. Wippermann. Parts of their lecture notes were at our disposal.

We also wish to thank our families for their constant support and encouragement.
Finally, we express our gratitude to Cambridge University Press for their

effective cooperation in preparing the publication of this book.

W. Zdunkowski
A. Bott
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