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Preface

Here, on the level sand, between the sea and land, what
shall I build or write, against the fall of night?
— [Har40, Sec. 7]

This book is about numerical weather prediction (NWP). It focuses on the applica-
tion of the spectral method in NWP models. The spectral method in NWP is described
by (i) illustrating the spectral theory in general terms, as well as by (ii) applying this
theory to the implementation of a specific spectral NWP model. The description of the
implementation of this model, named PEAK,1 is given in detail, so as to illuminate all the
building blocks that constitute a spectral global NWP model.

The spectral theory laid out here along (i) is the topic of several other books on NWP.
However, the detailed description of applying this theory in a practical context, along (ii),
as it leads from the generally formulated model equations to their final implementation in
terms of the Fortran 90/95 statements of a global NWP model cannot easily be found
elsewhere in one single place.

This book is thus unique as it illustrates spectral theory in terms of its practical
application and it contains all aspects of a global NWPmodel built on the spectral method.
Containing such a comprehensive model description, the book’s uniqueness comes from its
bringing together in one place all the material forming the framework upon which weather
forecasting models are built. Due to the complexity of today’s advanced forecast models,
such material documenting their full details is frequently not available in a single place
in a concise, unified, and consistent format. All this material is found in this book and
described in practical terms in the context of PEAK starting with the governing continuous
model equations and ending with the coded model.

Essentially, the book contains the algorithmic formulation of the spectral method
when applied to the large-scale, highly relevant modeling problem of numerically simulat-
ing atmospheric flows. Thus, if you are interested in physics, engineering, mathematics,
and numerical methods, as well as, in particular, the intriguing subjects of atmospheric
modeling and meteorology, this book brings together for you, in an accessible and inter-
nally consistent form, in one place, the physical fundamentals that enter an NWP model,
the general theory of spectral methods, as well as the demonstration of how both of these
cornerstones end up in the Fortran 90/95 code of a global spectral model.

As such, the book serves as a reference and a stepping stone for delving into the
complexities of the highly advanced models as they are nowadays operationally used for

1The abbreviation PEAK stands for Primitive-Equation Atmospheric Research Model Kernel.
Table 1.1 contains a list of other abbreviations used.
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xii Preface

weather and climate forecasting. Bringing together the spectral and physical fundamentals
entering NWP models, and thus providing for such a stepping stone, fills an important
gap in the literature on atmospheric numerical modeling. The desire to fill this gap in a
comprehensive and consistent fashion has been the strongest motivation for me to create
this book. Many times have I, for example, converted between different sign conventions
and normalizations used for spherical harmonics in different models, or worked out the
metric terms that appear in the advective terms in the vorticity equation to see how they
may have specifically been formulated in various applications.

The aim of this book is to provide full insight into the use of the spectral method in
NWP models. This insight is made specific in terms of demonstrating its application in
building the NWP model PEAK. In this application, the transform method occupies, as in
other spectral NWP models, a central place. Ever since it had been proposed in 1970 as
an efficient method for the computation of nonlinear terms in spectral models, it has been
most instrumental in making spectral methods famous, widely popular, and practically
applicable to numerous modeling problems. The computational advantages achieved by
using the transform method that are inherently linked to the availability of the discrete
fast Fourier transform (FFT) have moved the spectral method to the most widely used
numerical technique when addressing global NWP problems.

By working through this book, you can hope to gain a self-contained and concise
overview of important fundamentals of atmospheric dynamics and the spectral method as
used in NWP, as well as a full illustration of the details that are required for constructing
a spectral NWP model. The construction of such a model, exemplified here in terms of
PEAK, may be viewed as a four-stage process, consisting of (i) the formulation of the
continuous model equations, followed by (ii) the discretization of these model equations,
(iii) the coding of the discretized model equations in a high-level computer programming
language, and finally (iv) the validation of the numerical model. All of these four steps
are discussed comprehensively here.

My main intention in writing this book has been to bring together in one place and
in a consistent format, all the material required for constructing the dynamical core of an
atmospheric spectral NWP model, building on the general theory of spectral numerical
modeling and of atmospheric dynamics. Providing such a comprehensive and internally
consistent reference on the details of a spectral dynamical core is important, since it is
such dynamical cores around which further components of state-of-the-art NWP models
are built. After all, these state-of-the-art models are the basis for producing the weather
forecasts we have become so used to having available on television, radio, and the internet.

The idea of making tangible, by writing down in this book, the details that are
behind these forecasts did become a reality when the model validation proposal by [PST04]
appeared. The validation procedure described in this paper as being reproducible by
any NWP model offered a stringent benchmark when carrying out for PEAK the above-
mentioned validation step (iv), and as such allowed for completing the formulation-develop-
ment–validation chain prototypical for any model design process.

As you will find out, I am not a great book writer. However, I have undergone every
effort to present the material as comprehensively and as clearly as possible, by writing
down many intermediate steps when going from one result to the next that might have
been omitted otherwise. At the same time, I carefully refer to places where you might
find even more detailed information, by including a specific pointer when referencing a
publication. Through this effort I have tried to avoid writing down statements or equations
that cannot be understood by themselves without offering a hint of where to research for
further information.
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Preface xiii

In combining the theory of the spectral method, aspects of atmospheric dynamics,
and the numerical implementation of a spectral NWP model, the scope of the book is wide
ranging. The material presented is thus structured into two major parts, with Part I (At-
mospheric Dynamical Models) emphasizing physical and meteorological fundamentals of
atmospheric modeling, and Part II (Spectral Numerical Models) presenting fundamentals
of spectral modeling within NWP. More specifically, Part I includes

1. a basic introduction, including general comments on the spectral method, on NWP,
and on the principles governing atmospheric dynamics (Chapters 1 and 2),

2. the development of a hierarchy of continuously formulated atmospheric models
(Chapters 3, 4, and 5), all considered for spectral implementation in Part II,

3. a few selected fundamental atmospheric-dynamics topics, that claim their role when
formulating solutions to such models (Chapter 6).

In turn, Part II focuses on

1. an essential introduction to the spectral method, emphasizing, among others, practi-
cal aspects of the Galerkin and collocation strategies, and illustrating the transform
method and the problem of aliasing by examples (Chapter 7),

2. the model design of PEAK, with details on the specific use of the transform method
(Sections 7.7, 7.12, 7.13, and 7.14) and on the vertical (Chapter 8) and temporal
(Chapter 9) discretization of PEAK,

3. the numerical implementation (Chapter 10), the validation (Chapter 11), and the
simplified (barotropic) configurations (Chapter 12) of PEAK.

In addition to these two main parts of the book, technical details on vector analysis,
curvilinear coordinate systems, associated Legendre functions, and spherical harmonics
are deferred to Appendices A and B. The PEAK source code is (among a few other
listings) reprinted in Appendix C.

It has always seemed much more informative and instructive to me to illustrate key
points in NWP in terms of specific concrete examples, rather than remaining at a more
general theoretical level. This viewpoint is reflected by the form used to present the mate-
rial. While the book is written in a mathematically rigorous manner, it does not attempt
to provide rigorous proofs that require carefully stating definitions and assumptions. As an
example thereof, I refer, in the spirit of footnote 65 in Chapter 7 to “nice enough” functions
when considering spectral expansions. Also, in that spirit, I am covering the “de-aliasing”
theory to be observed, when using the transform method, in a heuristic manner in Section
7.9, rather than rigorously proving results (see, e.g., [CHQZ06, Sec. 3.4.2], [CHQZ07, Secs.
3.3.2, 3.3.3], [Mac79]). In fact, discussing PEAK as an example of an NWP model also
illustrates the philosophy adopted in writing this book.

Of course, adhering to such a philosophy is made possible only given the existence
of many books and textbooks that do cover technical details in a rigorous fashion, both in
the atmospheric sciences (e.g., [ET12], [Ric07], [Han15], [Ert38], [Hau41], [Tho61], [Reu76],
[HW80], [Gil82], [Ped87], [Lin90], [Sal96], [Dal97], [LLR97], [Sal98], [Dur99], [Ran00], [Hol04],
[Sat04], [Hou05], [Jac05], [Chu06], [KBHR06], [Lyn06], [McW06], [Val06], [Mil07], [MP08],
[Dur10], [War11]) and, especially, in the areas of numerical methods and mathematics (e.g.,
[Ame77], [GO77], [VGH84], [Smi85], [CHQZ88], [FS94], [Vre94], [Tre00], [Boy01], [AW05],
[MM05], [CHQZ06], [CHQZ07], [HGG07], [OLBC10], [Dur10]). While these sources may be
consulted for stating results in either of these fields more rigorously than done here, the
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xiv Preface

combined and detailed presentation of these results as relevant for global spectral NWP
modeling is the focus of the present book.

As the book connects theory and applications, from the fields of atmospheric sci-
ences and numerical mathematics, in terms of demonstrating the construction of PEAK, it
is highly suitable as a graduate-course textbook. It is suitable for a course on NWP and
spectral methods in an applied mathematics context, due to the material in Part I present-
ing important atmospheric dynamics background, as well as in an atmospheric sciences
context, due to the details on the spectral method given in Part II. In either situation the
book provides course material, focused on building a full spectral NWP model, for about
twelve classroom lectures, structured along the main chapters.

When used as a textbook, it lays the foundation for course participants to proceed
further by to studying internet-based resources such as, for example, the NCAR Commu-
nity Atmosphere Model2 (CAM3). More generally, it provides a reference for anyone who
wants to create his or her own models, or who is accessing an existing model available at
his or her own working institution.

The exercises included in the book are intended to serve two purposes, the primary
one being to further illustrate the material presented in the main text when used as a
textbook. As a second intention, the exercises raise new aspects and viewpoints, such as
suggestions for using PEAK for further experimentation. I do not know the solutions to
all of the exercises suggested, but for some of them I have included hints or even solutions
(see Appendix A.16).

Further experimentation with PEAK that may follow on the basis of an exercise
raises the important aspect of why the present book may be of interest to you beyond its
role as a textbook. You may choose to download, implement, and execute the digitally3

available PEAK model code on your personal computer. Running PEAK on your personal
computer requires only a Fortran 90/95 compiler to compile the source code. Carrying
out any of the experiments listed in Table 10.1 is straightforward and might immediately
encourage you to study the model further.

This ease of handling PEAK and the conciseness of its code (1445 lines of For-
tran 90/95 statements) comes, however, at the cost of this code not being as polished
as you might expect. Providing basic and legible code not overburdened by bookkeeping
of nonnumerical features concerns, in particular, the very basic way in which PEAK is
producing output. However, the benefit thus obtained by such primitive coding is that
nothing like input files, auxiliary libraries, makefiles, or sophisticated compiler flags are
required to run this dynamical core on a personal computer. Maintaining this level of
primitiveness in my view minimizes the time you would need to invest in order to see
PEAK results on the screen that you may have created yourself.

Given the complexities in applying the spectral method in global NWP, this book
is not light reading material. As such, working through it requires some knowledge of
classical fluid mechanical principles (e.g., [Bat88], [Ach90]), as well as of tensor analysis
(e.g., [Sim94], [Ari62]), differential equations and numerical mathematics (e.g., [Ame77],
[MM05], [Dur10]), and atmospheric sciences (e.g., [Hol04], [MP08]). Given such under-
standing of these areas, together with the detailed explanation that I have included in
the book (e.g., Appendix A), should, however, make the book very accessible to anyone
interested in sciences. May I add at this point that I have at some places in the text,

2Reference is made to http://www.cesm.ucar.edu/models/atm-cam/docs/description/.
3The website that accompanies this book, located at www.siam.org/books/ot124 also referred

to as the “PEAK www site” provides source code, as well as additional information, such as, for
example, additional proofs and a collection of errors appearing in the book. More details on the
practical use of PEAK are also found in Section 11.2 referring to the printed code in Appendix C.1.
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Preface xv

also when it gets very technical, added a � symbol to encourage you in proceeding going
through further details, and to somehow lighten up the tone of the presentation.

The notational conventions used in this book are standard in mathematics, physics,
and atmospheric sciences. Using SI units without exception, Table 2.1 is included to
explain important and nonobvious notation. Unavoidably, within this book, the same
symbol needs to be used with different meanings. For example, k commonly denotes
wavenumber but also denotes summation indices when describing curvilinear coordinate
systems. Or, δ denotes the two-dimensional divergence, but at the same time is the
universally adopted symbol for the Kronecker delta. Introducing notation is limited as
much as possible while keeping the meaning of expressions unambiguously clear. Physical
constants are taken as in Table 10.3. When defining quantities, the symbol ≡ rather
than the ordinary equal sign = is used. For brevity, in some places subscript notation
following a comma is used to indicate partial derivatives. For example, u,x denotes the
partial derivative of the velocity component u with respect to the spatial coordinate x (see
footnote 5 in Chapter 1).

After having laboriously worked through seemingly endless pencil-and-paper calcula-
tions in order to create a six-hour weather forecast at a time when no computing machines
were available, Lewis Fry Richardson (1881–1953), who is widely credited with producing
the first numerical weather forecast, wrote in 1922: “Perhaps some day in the dim future
it will be possible to advance the computations faster than the weather advances and at a
cost less than the saving to mankind due to the information gained. But that is a dream.”
Today we have witnessed Richardson’s visionary dream (see [Ric07], [Lyn06]) become true.
This book presents a contribution towards documenting what it takes for that dream to
become true.


