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Preface

Numerical modeling is one of four broadly defined approaches to the study of the atmo-
sphere. The others are observational studies of the real atmosphere through field mea-
surements and remote sensing, laboratory studies, and theoretical studies. Each of these
approaches has both strengths and weaknesses. In particular, both numerical modeling and
theory involve approximations. In theoretical work, the approximations often involve ex-
treme idealizations, e.g., a dry atmosphere on a beta plane, but on the other hand solutions
can sometimes be obtained in closed form with a pencil and paper. In numerical model-
ing, less idealization is needed, but no closed form solution is possible. In most cases,
numerical solutions represent particular cases, as opposed to general relationships. Both
theoreticians and numerical modelers make mistakes, from time to time, so both types of
work are subject to errors in the old-fashioned human sense.

Theory actually plays two roles in numerical modeling. First, we use theories to design
both the numerical methods and the physical parameterizations of models. Second, we use
theories to interpret why the numerical results turned out as they did.

Perhaps the most serious weakness of numerical modeling, as a research approach,
is that it is possible to run a numerical model built by someone else without having the
foggiest idea how the model works or what its limitations are. Unfortunately, this kind
of thing happens all the time, and the problem is becoming more serious in this era of
“community” models with large user groups. One of the purposes of this book is to make it
less likely that you, the readers, will use a model without having any understanding of how
it works.

This introductory survey of numerical methods in the atmospheric sciences is designed
to be a practical, “how-to” course, which also conveys sufficient understanding so that after
completing the course students are able to design numerical schemes with useful properties,
and to understand the properties of schemes designed by others.

We will not discuss parameterizations. That is a different subject, addressed elsewhere
in the curriculum, although the actual implementation of parameterizations always involves
some numerical methods, and this book can help with that part of the job.

We will not describe particular models in detail, although some mare mentioned briefly.
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This book is based on my class notes. The first version of the notes, put together in
1991, was heavily based on the class notes developed by Prof. Akio Arakawa of UCLA, as
they existed when I took his course in the early 1970s. Arakawa’s influence is still apparent
throughout the book.

The Teaching Assistants for the course have made major improvements in the material
and its presentation, in addition to their help with the homework and with questions outside
of class. I have learned a lot from them, and also through questions and feedback from the
students.

Michelle Beckman, Amy Dykstra, and Val Hisam spent countless hours patiently as-
sisting in the production of various versions of these notes. I am especially indebted to
Claire Peters, who converted the whole book to LaTeX.



Chapter 1

What this book is about

1.1 True stories

The atmospheric science community includes a large and energetic group of researchers
who devise and carry out measurements of the atmosphere. They do instrument develop-
ment, algorithm development, data collection, data reduction, and data analysis.

In order to make physical sense of the data, some sort of model is needed. It might be a
qualitative conceptual model, or an analytical theory, or a numerical model. Models of all
three types provide a basis for understanding data, and also for making predictions about
what the atmosphere will do.

Accordingly, a community of modelers is hard at work creating models, performing
simulations, and analyzing the results, in part by comparison with observations. The mod-
els by themselves are just “stories” about the atmosphere. In making up these stories, how-
ever, modelers must strive to satisfy a very special and rather daunting requirement: The
stories must be true, as far as we can tell; in other words, the models must be consistent
with all of the relevant measurements.

1.2 Prognosis and diagnosis

Most models in atmospheric science are formulated by starting from basic physical princi-
ples, such as conservation of mass, conservation of momentum, and conservation of ther-
modynamic energy. Many of these equations are prognostic, which means that they involve
time derivatives. A simple example is the continuity equation, which expresses conserva-
tion of mass:

Jap

E_—V-(pV). (1.1)
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Here ¢ is time, p is the density of dry air, and V is the three-dimensional velocity vector.
Prognostic variables are governed by prognostic equations. Eq. 1S a prognostic equa-
tion, in which p is a prognostic variable. A model that uses prognostic equations is solved,
in part, by time integration. Initial conditions are needed for the prognostic variables.

Any variable that is not prognostic can be called diagnostic. Equations that do not con-
tain time derivatives are called diagnostic equations. The diagnostic variables of a model
can be computed from the prognostic variables and the external parameters that are imposed
on the model, e.g., the radius and rotation rate of the Earth. In this sense, the prognostic
variables are primary, and the diagnostic variables are secondary.

1.3 Elementary models

The sub-disciplines of atmospheric science, e.g., geophysical fluid dynamics, radiative
transfer, atmospheric chemistry, and cloud microphysics all make use of models that are
essentially direct applications of physical principles to phenomena that occur in the atmo-
sphere. These models are “elementary” in the sense that they form the conceptual founda-
tion for other modeling work. Many elementary models were developed under the banners
of physics and chemistry, but some — enough that we can be proud — are products of the
atmospheric science community. Elementary models tend to deal with microscale phenom-
ena, (e.g., the movement of a microscopic fluid particle, or the evolution of individual cloud
droplets, or the optical properties of individual ice crystals) so that their direct application
to practical atmospheric problems is usually thwarted by the sheer size and complexity of
the atmosphere.

Analytical models produce results that consist of equations. As a simple example,
consider the ideal gas law

p=pRT. (1.2)

Here p is pressure, R is the gas constant, and 7 is temperature. Eq. can be derived
using the kinetic theory of gases, which is an analytical model; the ideal gas law can be
considered as a “result” of the analytical model. Eq. (I.2]) can be used to generate numbers,
of course; for example, given the density and temperature of the air, and the gas constant,
we can use Eq. (I.2) to compute the pressure. The ideal gas law summarizes relationships
that hold over a wide range of conditions. It is sufficiently simple that we can understand
what it means just by looking at it.
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1.4 Numerical models

The results of a numerical model consist of (yes) numbers, which represent particular
“cases” or “realizations.” A realization is an particular instance of what the (model) at-
mosphere can do. For example, we can “run” a numerical model to create a weather fore-
cast, which consists of a large set of numbers. To perform a new forecast, starting from a
different initial condition, we have to run the model again, generating a new set of num-
bers. In order to see everything that the (model) atmosphere can do, we would have to run
infinitely many cases. In this way, numerical models are quite different from analytical
models, which can describe all possibilities in a single formula. We cannot understand
what a numerical model can simulate just by looking at the computer code.

This distinction between numerical and analytical models is not cut and dried, however.
Sometimes the solutions of analytical models are so complicated that we cannot understand
what they mean. Then it is necessary to plot particular examples in order to gain some
understanding of what the model is telling us. In such cases, the analytical solution is useful
in more or less the same way that a numerical solution would be. The other side of the coin
is that, in rare cases, the solution of a numerical model can represent all possibilities in
form of a single (numerically generated) table or plot.

1.5 Errors

Models entail errors. All your life you have been making errors. Now, finally, you get to
read a book about errors.

It is useful to distinguish between physical errors and mathematical errors. Suppose
that we start from a set of equations that describes a physical phenomenon “exactly.” For
example, we often consider the Navier-Stokes equations to be an exact description of the
fluid dynamics of airEI For various reasons, we are unable to obtain exact solutions to the
Navier-Stokes equations (except in trivial cases). To simplify the problem, we introduce
physical approximations. For example, we may use approximate physical parameteriza-
tions that can be used to determine turbulent and convective fluxes. To ensure that the
models are realistic, we must rely on physical understanding of the relative importance
of the various physical processes and the statistical interactions of subgrid-scale and grid-
scale motions, and of course we must compare the model’s formulation and its results with
observations in as many ways as possible. For these reasons, the design of atmospheric
models can never be a purely mathematical problem.

Models are designed. Creating a design is all about making choices. This book explains
what choices are possible, and the advantages and disadvantages of each.

Beyond simplification, a second motivation for making physical approximations is that

'In reality, of course, the Navier-Stokes equations already involve physical approximations.
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the approximate equations may describe the phenomena of interest more directly, omitting
or “filtering” phenomena of less interest, and so yielding a set of equations that is more
focused on, and more appropriate for, the problem at hand. For example, we may choose
approximations that filter sound waves (e.g., the quasi-static approximation or the anelastic
approximation) or even gravity waves (e.g., the quasigeostrophic approximation). These
physical approximations introduce physical errors, which may or may not be considered
acceptable, depending on the intended application of the model. In practice, choosing a set
of physical approximations means choosing the equation system that is used to formulate
the model.

After choosing the equation system, there there are still multiple ways to write the set
of equations actually used in a model. Most atmospheric models include equations that
involve time derivatives. As mentioned earlier, these are called prognostic equations. The
design of a model entails choosing which variables to prognose. As a simple example, we
could choose to predict either temperature or potential temperature. In a continuous model,
exactly the same results would be obtained either way, but in a discrete model the results
will almost certainly differ depending on which variable is chosen. Much more discussion
of the choice of prognostic variables is given later.

Another source of error is the finite precision of the computer hardware. This round-off
error is a property of the machine that the model is run on (and to some extent the details
of how the model is coded). Round-off errors sometimes cause problems, but usually they
don’t, and we will not worry about them in this book.

Once we have settled on a suitable set of physical equations and prognostic variables,
we must choose or invent mathematical methods to solve them. The mathematical methods
are almost always approximate, which is another way of saying that they introduce errors.

This book is not a survey of numerical models. Instead, it focuses on the theory under-
lying formulation of numerical models of the atmosphere, and especially the mathematical
errors that the models produce. We discuss where the mathematical errors come from, and
how they can be identified, analyzed, and minimized. We also discuss some aspects of the
physical approximations associated with particular equation sets.

1.6 The role of theory in numerical modeling

Theory enters the numerical modeling enterprise in two different ways. First, the design of
atmospheric numerical models is guided by theories, from both atmospheric science and
applied mathematics. Much of this book is devoted to these theories. Second, theory is
used to interpret the results produced by numerical models. The results produced by a
numerical model are just numbers. Theory is needed to draw physical conclusions from
the results.
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1.7 Discretization

Numerical models are “discrete.” This simply means that they deal with a finite number of
numbers. The process of approximating a continuous model by a discrete model is called
“discretization.”

There are multiple approaches to discretization, which are often classified by the meth-
ods used to derive them rather than by the equations that result from the derivations. Im-
portant discretization methods include finite-difference methods, finite-volume methods,
finite-element methods, and spectral methods. This book emphasizes finite-volume meth-
ods, for reasons that will be explained as we go.

Galerkin methods, named for Soviet mathematician Boris Galerkin (Galerkin, [1915)),
include both spectral methods and finite-element methods. Galerkin methods involve ex-
panding the fields of the model in terms of weighted sums of continuous, and therefore
differentiable, basis functions, which depend on horizontal position. Simple examples in-
clude Fourier expansions and spherical harmonic expansions. In a spectral model, the
basis functions are global, which means that each basis function is defined over the entire
horizontal domain. In atmospheric science, spectral models are most often applied in the
global domain, using spherical harmonics as the basis functions, but sometimes the spectral
method is used in limited-area models (e.g., Moeng, |1984)).

In a continuous model, infinitely many basis functions are needed to represent the spa-
tial distribution of a model field. The basis functions appear inside a sum, each weighted by
a coefficient that measures how strongly it contributes to the field in question. In a discrete
model, the infinite set of basis functions is replaced by a finite set, and the infinite sum is
replaced by a finite sum. In addition, the coefficients are defined on a discrete time grid,
and almost always on a discrete vertical grid as well. Even spectral models use grid-point
methods to represent the temporal and vertical structures of the atmosphere.

In a spectral model, horizontal derivatives are computed by differentiating the contin-
uous basis functions. Although the derivatives of the individual basis functions are com-
puted exactly, the derivatives of the model fields are only approximate because they are
represented in terms of finite (rather than infinite) sums.

Finite-element methods are similar to spectral methods, except that each basis function
is defined over a “patch” of the domain, rather than globally. The finite-element method
can be viewed as a way of deriving grid-point methods.

Even after we have decided on a discretization method, there are many additional
choices to make.

If we adopt a grid-point method, then we have to choose the shapes of the grid cells.
Possibilities include rectangles, triangles, and hexagons. There are advantages and disad-
vantages to each of these possibilities.
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Having settled on the shapes of the grid cells, we must choose where to locate the prog-
nostic and diagnostic variables on the grid. There are excellent reasons to locate different
variables in different places. This is called “staggering.” It is also possible (but less com-
mon) to stagger the variables in time, i.e., to predict different variables at different time
levels (e.g., [Eliassen, |1956; Phillips), |1959b). We will discuss in some detail the strengths
and weaknesses of various staggering schemes.

For any given grid shape and staggering, we can devise numerical schemes that are
more or less accurate. Many types of “accuracy” will be discussed in this book. More
accurate schemes have smaller errors, but less accurate schemes are usually simpler and
faster. Again, we have to make choices.

1.8 Physically based design of mathematical methods

Throughout this book, I will try to persuade you that physical considerations should play a
primary role in the design of the mathematical methods that we use in our models. There is
a tendency to think of numerical methods as one realm of research, and physical modeling
as a completely different realm. This is a mistake. The design of a numerical model should
be guided, as far as possible, by our understanding of the physical processes represented
by the model. This book emphasizes that very basic and inadequately recognized point.

Here is an example. To an excellent approximation, the mass of dry air does not change
as the atmosphere goes about its business. This physical principle is embodied in the con-
tinuity equation, (I.1)). With appropriate boundary conditions, we can show that

/v- (pV)dx® = 0. (1.3)

WA

This is a mathematical fact, rather than a physical principle. Together, Eqs. (I.1]) and (1.3)
imply that

% /pdx3 =0. (1.4)
WA

In these two equations, “WA” stands for whole atmosphere. Equation (1.4)) is a statement of
global mass conservation; in order to obtain (1.4), we had to use (1.3)), which is a property
of the divergence operator with suitable boundary conditions.

In a numerical model, we replace (1.1]) by an approximate discrete equation; examples
are given later. The approximate form of (I.I)) entails a discrete approximation to the
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divergence operator. The approximation inevitably involves errors, but because we are able
to choose or design the approximations, we have some control over the nature of the errors.
We cannot eliminate the errors, but we can refuse to accept certain kinds of errors. For
example, we can refuse to accept any failure to conserve the total mass of the atmosphere.
This means that we can choose to design our model so that a discrete analog of (1.4) is
satisfied exactly.

In order to derive an analog of (I.4), we have to enforce an analog of (1.3)); this means
that we have to choose an approximation to the divergence operator that “behaves like” the
exact divergence operator in the sense that the global integral (or, more precisely, a global
sum approximating the global integral) is exactly zero. This can be done, quite easily. You
may be surprised to learn that some models do not conserve mass.

There are many additional examples of important physical principles that can be en-
forced exactly by designing suitable approximations to differential and/or integral opera-
tors, including conservation of energy and conservation of potential vorticity. In practice, it
is only possible to enforce a few such principles exactly. We must choose which principles
to enforce, guided by our understanding of the physics.

1.9 What's the worst that could happen?

Many things can go wrong with a numerical model. Here we list some of the most basic
types of bad behavior:

1. Numerical instability. As you probably know, models sometimes “blow up,” or
“crash” or “bomb.” Such problems arise from numerical instability, in which small
errors are amplified until they become catastrophic. It is possible to design a model
that is numerically stable provided that certain conditions are met.

2. Computational modes in time. The continuous equations of a model predict a unique
evolution through time. We say that there is a single solution. The temporally discrete
equations may have more than one solution. The “extra” solutions are spurious and
unphysical. There is a simple way to avoid them.

3. Computational modes in space. The solution of a spatially discrete model can con-
tain spurious “noise” that persists through time because it does not interact with the
physically meaningful part of the solution. Problems of this type can be minimized
or avoided altogether by careful design of the discrete equations.

4. Conservation errors. With the continuous equations, mass, energy, momentum, po-
tential vorticity, and other quantities are either “strictly” conserved or else conserved
by an important subset of the physical processes represented in the model. Numerical
errors can interfere with conservation. For example, errors in the discrete continuity
equation can cause the total mass of the model to gradually diminish as a simulation
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proceeds. Some types of conservation are easy to achieve, but others are more chal-
lenging. In practice, it may be necessary to choose to conserve one quantity while
tolerating conservation errrors in another.

5. Compuational dispersion. In the continuous world, when a spatially varying in-
tensive variable is advected by a uniform current, all wavelengths are advected at
the same speed. Unfortunately, numerical advection schemes typically advect short
wavelengths more slowly than longer wavelengths, causing the spatial structure of
the intensive variable to “come apart” as time progresses. This problem is called
computational dispersion. It can be minimized, but typically at the cost of computa-
tional dissipation of the short wavelengths.

6. Negative concentrations. The concentrations (i.e., mass fractions) of water vapor and
other trace constituents are, of course, non-negative. Numerical errors can spuriously
create negative concentrations, which are physically impossible and can cause prob-
lems in the physical parameterizations. Computational dispersion is a common cause
(but not the only cause) of negative concentrations. There are several ways to avoid
the problem, some better than others.

Much of this book is about how to avoid these and other potential stumbling blocks.

1.10 The utility of numerical models

A serious practical difficulty in the geophysical sciences is that it is usually impossible
or at least impractical (perhaps fortunately) to perform controlled experiments using the
EarthE] Even where laboratory experiments are feasible, as with some micrometeorological
phenomena, it can be difficult to draw definite conclusions, because in the real atmosphere
all physical processes interact in complicated and uncontrollable ways. Until the beginning
of numerical modeling in the 1950s, the development of atmospheric science had to rely
entirely upon observations of the natural atmosphere, which is an uncontrolled synthesis of
many mutually dependent physical processes. Such observations can’t provide direct tests
of theories, which are inevitably highly idealized.

Numerical modeling is a powerful tool for studying the atmosphere through an experi-
mental approach. Comparisons with observations must be made for evaluation of the model
results. Once such comparisons have given us sufficient confidence that the model behaves
like the real atmosphere, we can use it (with caution) as a substitute for the real atmosphere.
Numerical experiments with such models can lead to discoveries that would not have been
possible with observations alone.

Models can also be used as purely experimental tools. For example, we could perform
an experiment to determine how the general circulation of the atmosphere would change if

2Current discussions of geoengineering are very relevant here!
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the Earth’s mountains were removed, and of course this was done long ago (e.g., Manabe
and Terpstra, |1974).

Simpler numerical models are also very useful for studying individual phenomena, in-
sofar as they can be isolated. Examples are models of tropical cyclones, baroclinic waves,
and clouds. Simulations with these models can be compared with observations or with
simpler models empirically derived from observations, or with simple theoretical models.

Numerical modeling has brought a maturity to atmospheric science. Theories, numeri-
cal simulations and observational studies have been developed in parallel since the 1950s.
Observational and theoretical studies can guide the design of numerical models. It is also
true that numerical simulations can suggest theoretical ideas, and can be used to design and
utilize efficient observational systems.

We do not attempt, in this book, to present general rigorous mathematical theories of
numerical methods; such theories are a focus of applied mathematics. Instead, we concen-
trate on practical aspects of the numerical solution of the specific differential equations of
relevance to atmospheric modeling.

We deal mainly with “prototype” equations that are simplified or idealized versions of
equations that are actually encountered in atmospheric modeling. The various prototype
equations are used in dynamics, but many of them are also used in other branches of atmo-
spheric science, such as cloud physics or radiative transfer. They include the “advection
equation,” the “oscillation equation,” the “decay equation,” the “diffusion equation,” and
others. We also use the shallow water equations to explore some topics, including wave
propagation. Vertical coordinate systems and vertical discretization get chapters of their
own, because of the powerful effects of gravity and the importance of the atmosphere’s
lower boundary. Emphasis is placed on time-dependent problems, but we also briefly dis-
cuss numerical methods for solving boundary-value problems.

1.11  Where we are going

Chapter 2] summarizes the equations of an atmospheric dynamical core, and discusses some
of their key properties. Much of the chapter will be a review for most readers of this book.

Chapter (3| introduces the basics of finite differences. You will learn how to measure
the “truncation error” of a finite-difference approximation to a derivative, and then how to
design schemes that have the desired truncation error, for a differential operator of interest,
in (possibly) multiple dimensions, and on a (possibly) non-uniform grid. Chapter [5is a
survey of some widely used time-differencing schemes. Chapter [6| discusses numerical
schemes for solving two important prototype equations in which the only derivatives are
with respect to time. The chapter also introduces the concept of numerical instability.

Chapter|[7]is the first of several chapters dealing with scalar advection, which is the pro-
cess by which scalar properties of the air are carried along with the air as it moves. Chapter

11
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[8|focuses on a particular advection scheme, which is called the upstream scheme. Chapter[9]
discusses a family of “forward-in-time” advection schemes, of which the upstream scheme
is a member. Chapter [I0] generalizes to the case of two-dimensional advection. Chapter
M) introduces grids that are not based on rectangles. Chapter [T] introduces finite-volume
methods, which can be used for advection and also other things, and introduces the concept
of energy-conserving schemes. Chapter |12| discusses the important problem of compu-
tational dispersion, and methods designed to minimize it. Chapter [13| discusses modern
Eulerian schemes. Chapter[I4]discusses Lagrangian and semi-Lagrangian advection.

We then change the subject, away from advection. Chapter [I5] presents methods for
rapidly finding solutions of systems of linear equations. Chapter [16] discusses methods
used to solve the diffusion equation. Chapter |17|introduces the shallow-water equations.
Chapter (19| applies the shallow-water equations the problem of wave propagation, with an
emphasis on inertia-gravity waves, and includes a detailed discussion of staggered grids.
Chapter 20 discusses boundary conditions for advection and wave propagation.

The next several chapters deal with modeling the vertical structure of the atmosphere.
Chapter 21] discusses sound waves and systems of equations that filter them. Chapter 22]is
an introduction to vertical coordinate systems, and includes a discussion of non-hydrostatic
models. Chapter [23] continues the discussion of vertical coordinate systems, with a focus
on quasi-static models. Chapter [24] discusses vertical differencing in quasi-static models,
including the important subject of energy conservation.

Chapter|[I8|presents issues that arise in trying to conserve both momentum and energy in
a one-dimensional shallow-water model. This is preparation for Chapter[26] which focuses
on the special issues that arise with momentum advection, including the issues of energy
and enstrophy conservation.

Chapter 28] discusses finite-difference methods for use with spherical geometry. Chap-
ter[29]gives an introduction to spectral methods. Chapter[30|introduces finite-element meth-
ods.

Chapter [31] presents a closing discussion.
Several appendices round out the book.

Many of the topics covered in this book are presented with some historical background.
A comprehensive overview of the history of Earth System Modeling, including numerical
modeling of the atmosphere, can be found in Randall et al.|(2019).

12



Chapter 2

The basic equations in vector form

2.1 Introduction

This chapter presents a short summary of the “exact” equations of an atmospheric model.
The equations are presented in vector form, without using a coordinate system. Most of
this will be a review of ideas that you have encountered in previous work.

2.2 The equation of motion

Newton’s second law can be written as F = ma, where F is the sum of all forces acting
on a particle, m is the mass of the particle, a is the acceleration of the particle as seen in
an inertial frame of reference. Both F and a are vectors. Because Newton’s second law
describes what happens to a moving particle, it is a Lagrangian statement.

To apply Newton’s second law to fluid motion, we replace the mass by the density, p,
which is the mass of the fluid per unit volume, and write

DaVa
=F 2.1
P ; 2.1)

where V,, represents a fluid particle’s velocity as seen in the inertial frame, D, /Dt repre-
sents the time-rate of change following the particle, and D,V, /Dt is the particle’s accel-
eration. We have put the force on the right-hand side of (2.1)), which is conventional in
atmospheric science and fluid dynamics generally.

2.2.1 Converting to a rotating frame of reference

We want to use Newton’s second law to describe the acceleration of the air as seen in a
non-inertial reference frame that rotates with the Earth, because that is the reference frame

13
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that we experience as riders on the Earth. The Earth’s angular velocity is a vector, denoted
by (2, that points towards the celestial North Pole, as shown in Fig. The magnitude
of £ is 27/86,164s = 7.292 x 10~3s~!, corresponding to a sidereal day of length 86,164
s, which is slightly shorter than the “nominal” length of day, 86,400 s. In the discussion
below, we assume that €2 is independent of time, which is very nearly true.

Figure 2.1: Sketch defining notation used in
the text.
A

Q [+

Let A be an arbitrary vector. The Lagrangian time-rate-of-change of A is D,A /Dt as
seen in an inertial frame of reference, and DA /Dt as seen in the rotating frame of reference.
The two time-rates-of-change are related by

D,A DA
_PA oA, 2.2
Dr D X (2:2)

Let r be a position vector that points from the Earth’s center to a particle of air. See again
Fig. [2.1] The “absolute” velocity of the particle, as seen in an inertial reference frame, is
denoted by

D,r
V,= 2.3
«= 7 (2.3)
and the “relative” velocity of the particle, as seen in the rotating frame, is
Dr
V=— 24
D 24)



Revised Monday 8" December, 2025 at 23:38

Applying (2.2)) to r, and using (2.3)) and (2.4)), we can write

Vo=V+Qxr. (2.5)

As an aside,

Ve=Qxr=(Qrcosp) e (2.6)

is the eastward velocity (as seen in the inertial frame) that a particle at radius r and latitude
¢ experiences due to the Earth’s rotation (Fig. [2.1)). Note that “east” means “the direction
towards which the planet is rotating.” At the Earth’s Equator, the magnitude of V, is about
a thousand miles per hour.

Next, we apply (2.2)) to V:

DV, DV,

Dt Dt

+QxV,. 2.7)

Eq. (2.5) can be used to eliminate V, on the right-hand side of (2.7). Using (2.4)) again, the
result can be written as

D D
l“)‘;“ :E(V—l—ﬂxr)—i—Qx(V—i—er)
D

v (2.8)
:E—FQ,QXV—FQX(QXI') .

Here —2€2 x V represents the Coriolis acceleration, whose direction is perpendicular to V,
and —€2 x (€2 x r) represents the centrifugal acceleration, which is perpendicular to the
Earth’s axis of rotation.

With this preparation, we can express Newton’s statement of momentum conservation
in the rotating coordinate system:

[y %—FZQXV—FQX(QXI‘) =F. (2.9
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2.2.2 Forces

To proceed, we have to specify the forces that comprise F. These include gravity, the
pressure-gradient force, and friction. We write

DV
P E+29><V+Q><(Q><r) =pg,—Vp-V-S. (2.10)

Here p is the pressure, and the acceleration due to gravity is

g.=—-Vo¢,, (2.11)

where ¢, is the gravitational potential. The stress tensor is S (see Appendix [A). The di-
mensions of S are density times velocity squared, e.g., (kg m™3) (m s~1)? =kgm~! s72.
Note that V - S is a vector.

The pressure-gradient force can be written in many different ways. One particularly
useful form is

1
—EVp: —OVII , (2.12)

You are asked to prove this in a problem at the end of this chapter.

2.2.3 Apparent gravity

It is customary to simplify (2.10)) as follows: The centrifugal acceleration can be written as

Qx(Qxr)=—Q%r,

2.13
:_V{gﬂxﬂﬂ, @13

where e s a unit vector pointing toward the celestial north pole, and r, is the vector shown
in Fig. Eq. (2.13) tells us that the centrifugal acceleration is perpendicular to the axis

16
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of the Earth’s rotation. The second line of shows that the centrifugal acceleration
is the gradient of a “centrifugal potential,” which is given by %|Q X r|2. This allows us to
define an “apparent” gravity that combines the effects of true gravity and the centrifugal
acceleration:

_ 2
g—ga"HQ’ re (2.14)
:_V(pv
where
1 2
¢E¢a—|—§|9><r| . (2.15)

is called the “geopotential.” Using (2.13) and (2.15]), we can rewrite (2.10) in the relatively
simple and (I hope) familiar form

p(%+2QxV>:—pV¢—Vp—V~S. (2.16)

Because of the centrifugal acceleration, and also because of spatial inhomogeneities
of true gravity, due to inhomogeneities of the Earth’s mass distribution, the geopotential
isosurfaces are not quite spherical. In particular, the centrifugal acceleration causes the
geopotential isosurfaces to bulge outward in low latitudes, and pull inward near the poles.
Because of the centrifugal acceleration, the shape of a geopotential isosurface is (approxi-
mately) an “oblate spheroid,” whose radius is about 20 km greater at the equator than at the
poles. For further explanation, see |Staniforth| (2022).

We can define exact hydrostatic balance as a motionless state in which the pressure is
uniform along isosurfaces of the geopotential, so that

Vop=0 (2.17)

and (2.16) reduces to

0=-Vé—aVp. (2.18)
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Throughout the rest of this book, we will assume that

g=-Vop=g, = —ge,. (2.19)

Here e, is a unit vector pointing away from the center of the Earth (Fig. [2.1). The approxi-
mation in (2.19) is justified because the centrifugal acceleration is small compared to g, and
because the non-radial components of g, are very small compared to its radial component.
When we use with an approximate spatially constant value of g (which is what we
usually do) we must also approximate the shape of the Earth as a sphere, with topographical
mountains and valleys. Staniforth (2022)) gives a much more detailed discussion.

2.3 The continuity equation

The continuity equation can be expressed in these two coordinate-free forms:

Dp

L —_pV.V 2.20
D P ; (2.20)
bDa _ v.v. 2.21)
Dt

2.4 The thermodynamic energy equation

The thermodynamic energy equation can be written in these three ways:

D Do
- (e/T)+pn = LC—V-R+8. 2.22)
D
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DO LC—V-R+3§

- _ 2.24
Dt II ( )

Here T is temperature; ¢, is the specific heat of air at constant volume; c), is the specific
heat of air at constant pressure; LC is the rate of latent heat release, where L is the latent
heat of condensation and C is the condensation rate; —V - R is the radiative heating rate per
unit mass; and 9 is the rate of kinetic energy dissipation per unit mass. The quantity ¢, T is
called the internal energy per unit mass, and c,T is called the enthalpy per unit mass. We
also define

cp,T
0= 2.25
b (2.25)
as the potential temperature, and
p K
I=c¢, (—) , (2.26)
po
as the Exner function, where
R
K= —, (2.27)
Cp

and R is the specific gas constant for dry air. Note that 8 and T are related by

¢, T =116 . (2.28)

We will use

R=cp—c,. (2.29)

Finally, we need the equation of state, which can be written as
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pa=RT . (2.30)

Of the three forms of the thermodynamic equation, (2.24)) is the simplest, but (2.22))
and (2.23) include terms that explicitly represent the conversion between thermodynamic
energy and mechanical energy. Further discussion is given later, starting in Chapter [22]

2.5 Moisture conservation

Conservation of water vapor is expressed by

Dq,
=-C 2.31
Dr ) (2.31)

where g, is the water vapor mixing ratio. Conservation of latent energy is expressed by

D
o (Lgy) = —LC. (2.32)

where L is the latent heat of condensation.

2.6 Segue

This chapter has presented the dynamical equations of an atmospheric model in continuous
form. The next chapter deals with the first step in discretizing the continuous equations:
We must formulate discrete approximations to time and space derivatives.

2.7 Problems

1. Prove Eq. (2.12).
2. Prove Eq. (2.13).
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Chapter 3

Finite-difference approximations to derivatives

3.1 Finite-difference quotients

Consider the derivative d f /dx, where f = f (x), and x is the independent variable (which
looks like space but could be either space or time). Finite-difference methods represent the
continuous function f(x) by a set of values defined at a finite number of discrete points in
a specified (spatial or temporal) region. The discrete points form a “grid.” F_-I We will use
the simple one-dimensional (hereafter 1D) grid shown in Fig. [3.1] to introduce some basic
ideas; multidimensional grids will be discussed later. The interval Ax, shown in the figure,
is called the grid spacing. For the time being, we assume that the grid spacing is uniform,
and that xo = 0; then x; = jAx, where j is the “index” used to identify the grid points. Note
that x is defined only at the grid points denoted by the integers j, j+ 1, etc.

j+
2
4 L 4 L 4 L 4 L 4 X @ )x
——— j—1 j j+1

Figure 3.1: An example of a one-dimensional grid, with uniform grid spacing Ax. The grid points
are denoted by the integer index j. Half-integer grid points can also be defined, as shown by the x
at j+5.

Using the notation f; = f (x;) = f (jAx), we can define

the forward difference at the point j by fj11 — f; (3.1)

'Sometimes the words “mesh” or “lattice” are used in place of “grid.”
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the backward difference at the point j by f; — f;_1, and (3.2)

1
the centered difference at the point j+ — by fivi—1;. 3.3)

Note that f itself is not defined at the point j+ 3. From (3.I) - (33) we can define the
following “finite-difference quotients:”

the forward-difference quotient at the point j:

(d_f> fj+1 fj. (3.4)
dx J» approx Ax
the backward-difference quotient at the point j:
(ﬁ) _JizJit (3.5)
dx ] ;. approx Ax
and the centered-difference quotient at the point j + %:
(d_f ) f 1+1 f J (3 6)
dx J+73, approx Ax

In addition, the centered-difference quotient at the point j can be defined by

(ﬂ‘) f]+l f] 1 (37)
dx j, approx 2Ax

Since (3.4) and (3.5) employ the values of f at two points, and give an approximation to
d f /dx at one of the same points, they can be called two-point approximations. On the other
hand, (3.6) and are three-point approximations, because the approximation to d f/dx
is defined at a location different from the locations of the two values of f on the right-hand
side of the equation.
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When x is time, the time point is frequently referred to as a “level.” In that case, (3.4)
and (3.5) can be referred to as two-level approximations and and (3.7) as three-level
approximations.

Here we consider the discrete dependent variables to be defined at points. This is called
the finite-difference method. Later we will consider schemes in which the discrete depen-
dent variables represent averages over grid cells. These are called finite-volume schemes.

How accurate are the finite-difference approximations introduced above? “Accuracy”
can be defined in many ways, as we shall see, so it is important to clearly state what we
mean here. One commonly used measure of accuracy is truncation error, which refers
to the truncation of an infinite series expansion. As an example, consider the forward
difference quotient

drY  _fm—fi _ fG+ DA - f(jAY) o)
dx ) ; woprox Ax Ax ) '
Expand f in a Taylor series about the point x;, as follows:
df\ | (Ax)* (d*f
o=f+Ax| =L —J
fix1=fj+ x(dx>j+ n \a ), o)

(Ax)® (d3f (Ax)"! fanly
30 (ﬁ)ﬁ”*m-m (dxn—1>j+'”

The expansion (3.9)) can be derived without any assumptions or approximations except that
the referenced derivatives exist (Arfken, [1985). When they do, the expansion is exact if all
terms of the sum are kept. This means that if we know the function and all of its derivatives
at a single point, we can (in principle) calculate the value of the function anywhere else in
the domain. That’s pretty amazing.

Eq. (3.9) can be rearranged to

af\ _ fix1—fi
(dx>j_—Ax te, (3.10)

where
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_ Ax [(dE:f (Ax)* (d3f Ax"2 (dnlf
8227(@)* 3! (W).J"”’L(n—l)z(dxn1>.+'” G-AD

J J J

is the truncation error, mentioned above. If Ax is small enough, the leading term on the
right-hand side of (3.11)) will be the largest part of the error. The lowest power of Ax
that appears in the truncation error is called the “order of accuracy” of the corresponding
difference quotient. For example, the leading term of is “of order” Ax, abbreviated
as 0 (Ax), and so we say that (3.10) is a first-order approximation or an approximation of
first-order accuracy. Obviously (3.3) is also first-order accurate.

Just to be as clear as possible, a first-order scheme for the first derivative has the form
(df/dx); woprox = (df/dx) ;+ O (Ax), where (df/dx) ; .0, IS an approximation to the first
derivative, and (df/dx); 1s the true first derivative. Similarly, a second-order accurate

scheme for the first derivative has the form (df/dx); = (df/dx);+ O [(Ax)z} , and

J» approx
so on for higher orders of accuracy.

Similar analyses show that (3.6) and (3.7) are of second-order accuracy. For example,
we can write

B df d2f\ (—Ax)*  (d3f\ | —(Ax)?
fi-1 —f;+(a)j(—Ax)—|—<dx2)j 5] + e . 3 +--- . (3.12)
Subtracting (3.12)) from (3.9) gives
df 2 (df 3
fiv1—fi-1= Z(E)j (Ax) + A (ﬁ)J [(Ax) } +---odd powers only,  (3.13)
which can be rearranged to
df fiv1—fi—1 df\ Ax? 4
— | = — o |(A . 3.14
(dx)j 2Ax ) 3! * [( x>] (3-14)

Similarly,
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d =fi (& Ax/2)?
(d_i:)m ) fﬁ;x = <dx{)j+l< );/' "o [(AX)“} : (3.15)

The ratio of the error of (3.14)) to the error of (3.13) is approximately given by

— >4 (3.16)

This shows that the error of (3.14) is about four times as large as the error of (3.15), even
though both finite-difference quotients have second-order accuracy. The point is that the
“order of accuracy” tells how rapidly the error changes as the grid is refined, but it does
not tell how large the error is for a given grid size. It is possible for a scheme of low-order
accuracy to give a more accurate result than a scheme of higher-order accuracy, if a finer
grid spacing is used with the low-order scheme.

Suppose that the leading (and dominant) term of the error has the form

£ C(Ax)" (3.17)

where C is a constant. From (3.17)) we see that In(€) = pIln(Ax) +1n(C), and so

p. (3.18)

This means that if we plot In(€) as a function of In(Ax) (i.e., plot the error as a function
of the grid spacing on “log-log” paper), we will get a nearly straight line whose slope is p.
This is a simple way to determine empirically the order of accuracy of a finite-difference
quotient. Of course, in order to carry this out in practice it is necessary to know the error of
the finite-difference approximation, which means that the exact derivative must be known.
For that reason, this empirical approach is usually implemented by using an analytical “test
function.”

Can you think of a way to use the empirical approach even when the exact derivative is
not known?
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3.2 Groping towards higher accuracy

Suppose that we write

o — fi_n d d3
% <d£> + 37 (d—x];>j(2Ax)2—|—-~even powers only . (3.19)

Here we have written a centered difference using the points j+2 and j — 2 instead of j+ 1
and j— 1, respectively. It should be clear that (3.19)) is second-order accurate, although for
any given value of Ax the error of is expected to be larger than the error of (3.14). We
can combine (3.14) and (3.19) with a weight, w, so as to obtain a “hybrid” approximation

to (df/dx);:

(@),

fiv1—fj—1 fi+v2—fj—2
<]2ij ) (1= W)(J4ij )

-5 <%) j(Ax)z e ;W) (g)j(ZAx)z + 0| (Ax’]

Inspection of (3.20) shows that we can force the coefficient of (Ax)? to vanish by choosing

(3.20)

w+ (1 —w)4 =0, which implies that w = 4/3 . (3.21)

With this choice, (3.20) reduces to

df fH—l f] 1 fj_,_z f] 4
(a)] 3 ( 2Ax ) 3 ( 4Ax ) +0 [(Ax) } . (3.22)

This is a fourth-order accurate approximation to the first derivative.

The derivation given above, in terms of a weighted combination of two second-order
approximations, can be interpreted as a linear extrapolation of the value of the finite-
difference expression to a smaller grid size, as illustrated in Fig. [3.2] Both extrapolation
and interpolation use weights that sum to one. In the case of interpolation, both weights lie
between zero and one, while in the case of extrapolation one of the weights is larger than
one and the other weight is negative. The concepts of extrapolation and interpolation will
be discussed in more detail later in this chapter.
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0 %Ax Ax 2 Ax grid spacing

Figure 3.2: Schematic illustrating an interpretation of the fourth-order scheme given by (3.22)) in
terms of an extrapolation from two second-order schemes. The fourth-order scheme with grid
spacing Ax produces the same accuracy as a second-order scheme with grid spacing (2/3) Ax.

3.3 A systematic approach

3.3.1 A family of schemes

There are more systematic ways to construct schemes of any desired order of accuracy. One
such approach is presented here. Suppose that we write a finite-difference approximation
to (df/dx), in the following somewhat generalized form:

af e
(dx>jaapprox Ax j,_z_waf'f (xj + ' Ax). (3.23)

Here the a are coefficients or “weights,” which are undetermined at this point. In writing
(3.23), we have assumed for simplicity that Ax is a constant; this assumption will be relaxed
soon. The index ;" in (3.23) is a counter that is zero at our “home base,” which is grid point
j. For j/ < 0 we count to the left, and for j > 0 we count to the right. According to (3.23)),
our finite-difference approximation to (df/dx) ; has the form of a weighted sum of values
of f(x) at various grid points in the neighborhood of point j. There is no guarantee that
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Eq. actually gives an approximation to (df/dx);, but we can design a scheme by
choosing suitable expressions for the ay . In most schemes, all but a few of the a; will
be zero, so that the sum (3.23)) will actually involve only a few (non-zero) terms. Every
finite-difference approximation that we have considered so far does indeed have the form
(3.23), but you should be aware that there are (infinitely many!) schemes that do not have
this form; a few of them will be discussed later.

Introducing a Taylor series expansion, we can write

3(J/Ax)’
3!

A
f(xj-i—j’Ax) fo-l—fj(’Ax)-l-fJ(J ‘x) -l-fj

oeee (3.24)

Here we introduce a new short-hand notation: f j” is the (exact) nth derivative of f, evaluated
at the point j. Using (3.24)), we can rewrite (3.23)) as

(df> ~ 1 i
dx J; approx Ax &=

Let’s consider what happens to each of the various “pieces” of the right-hand side of (3.25])
when Ax — 0. The first piece is

ay i+ (/Ax) + 1} (]A!x) +f3 (]Ax) +ool . (3.25)

L& o () &
o L il = (A—x Y ay. (3.26)
Ji=—eo Jl=—c0
As Ax goes to zero, this expression will blow up unless

Y ay=0. (3.27)

Therefore, any viable scheme has to satisfy (3.27).
The second piece of the right-hand side of (3.25)) is

Ax Z ayf; (j/Ax) = Z apj' . (3.28)

J —=—00
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Since f } is the exact first derivative that we are trying to approximate, we must require that

Y apj=1. (3.29)

jl=—o0

To summarize, we have shown that in order to have at least first-order accuracy, we must
choose the a s so that

Y ay=0and ) ja;=1. (3.30)

In order to satisfy these two equations, we need at least two unknowns. In other words, the
scheme must use at least two non-zero values of the a s, so a finite-difference approxima-
tion to the first derivative must use at least two grid points. This is intuitively obvious.

To achieve at least second-order accuracy, we must impose an additional requirement,
namely that the third piece of the right-hand side of (3.23)) vanishes. This leads to

Y () a;=0. (3.31)

In general, to approximate the first derivative with at least nth-order accuracy (with uniform
grid spacing), we must require that

Y (/)"ay=6mifor0<m<n. (3.32)

Here 5,,1,1 is the Kronecker delta, which is used for notational convenience. In order to
satisfy (3.32)), we must solve a system of n+ 1 linear equations for the n+ 1 unknown
coefficients a i

According to (3.32), a scheme of nth-order accuracy can be constructed by satisfying
n+ 1 equations. As mentioned above, because (3.30) involves two equations, a first-order
scheme has to involve at least two grid points, i.e., there must be at least two non-zero
values of a . Pretty obvious, right? A second-order scheme must involve at least three grid
points.
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Note that we could make a first-order scheme that used fifty grid points if we wanted to
— but then, why would we want to? A scheme that is parsimonious in its use of grid points
is called “compact.” Compact schemes are simpler to code and run faster.

Here is an example. Still assuming a uniform grid, a first order scheme for f Jl can be
constructed using the points j and j+ 1 as follows. From (3.30), we get ap +a; = 0 and
a; = 1. It follows that we must choose a; = —1. Substituting into (3.23), we find that
the scheme is given by f} = [f (xjH) —f (xj)} /Ax, i.e., it is the same as the one-sided
forward difference discussed earlier. In a similar way, we can also construct a first-order

scheme using the points j and j — 1, with another one-sided and familiar result.

If we choose the points j+ 1 and j — 1, imposing the two requirements for first-order

~

accuracy, i.e., (3.30), will actually give us the centered second-order scheme, i.e., f ;=
[f (xj41) = f(xj=1)] / (2Ax) because (3:31) is satisfied “accidentally” or “automatically.”
The scheme obtained from the rwo requirements needed for first-order accuracy actually
satisfies the three requirements for second order accurary. This “miracle” happens because
the scheme is symmetrical about the point j. If we choose the three points j — 1, j, and
j+1, and require second-order accuracy, we get exactly the same centered scheme, because
ap turns out to be zero. As discussed below, this does not happen with a nonuniform grid.

The list of points that we use in constructing a scheme is called the “stencil” for the
scheme. When we choose not to include certain points in the stencil, in essence we are
preemptively setting the coefficients of those points to zero.

It should now be apparent that (3.32)) can be used to construct schemes of arbitrarily
high accuracy, simply by allocating enough grid points and solving the resulting system of
linear equations for the a 7. Schemes that use a lot of grid points involve lots of arithmetic,
so there is a “law of diminishing returns” at work. As a rough rule of thumb, it is usually
not worth the effort to go beyond 5th-order accuracy.

3.3.2 A generalization for use with nonuniform grids

We now work out a generalization of the family of schemes described by (3.23), for the
case of (possibly) non-uniform grid spacing. Eq. (3.23)) is replaced by

df) ~ —
& ~ Y b f(xy). (3.33)
<dx J, approx Z n ’

Jl=—00

Note that, since Ax is no longer a constant, the factor of 1/Ax that appears in (3.23)) has
been omitted in (3.33)). Also, in order to avoid notational confusion, we have replaced the
symbol a s which has one subscript, by b INZ which has two. The subscript j is included
on b; ; because on a non-uniform grid the numerical values of the coefficients are different
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for different values of j, i.e., at different places. Naturally, it is going to turn out that
b »~1/Ax.
JJ

Using this new notation, (3.24) is replaced by
2 3
(Ax); 0 S (Ax)7 5

JsJ JsoJ
TR/ ATk (3.34)

fp) =17+ (Ax); p+ 7

Here (Ax); » = xj — x; takes the place of j'Ax in (3.24). Note that (Ax);, = 0, and

(Ax) j.j <0for j' < 0. Substitution of (3.34)) into (3.33)) gives

2 3
df S 0, /1 2 (Ax)j,j’ 3 (Ax)jJ,
(5)}, = ./Z bjj |Ij+ 1 (M%) p+ fi =+ ==+ - (339)
J —=—00
To get first-order accuracy from (3.33)), we must require that
Y bjy=0and Y b;;(Ax); =1, forall j. (3.36)

J=—00 J=—0

Compare with (3.30). It may appear that when we require first-order accuracy by enforcing

>° (AX)z i
) . 2 J.J
(3.36), the leading term of the error in (3.35), namely Z bjif

) T will be of
J =—

order (Ax)z, but actually it is of order Ax because, as mentioned above and shown below,
b+~ 1/Ax.
JsJ

To achieve second-order accuracy with (3.35)), we must require, in addition to (3.36),
that

Y by (Ax);, =0forall . (3.37)

jl=—00

Eq. (3.37) is the requirement that the first-order part of the error vanishes, so that we have
at least second-order accuracy. In general, to have at least nth-order accuracy, we must
require that
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Z b (Ax)?fj, = 0p,1 forall j, andfor0 <m <n. (3.38)

jl=—o0

This is a generalization of Eq. (3.32).

As an example, consider the first-order accurate scheme using the points j and j+ 1.
Since we are using only those two points, the only non-zero coefficients are b and b; 1,
and they must satisfy the two equations corresponding to (3.36), i.e., bjo+b;1 = 0 and
bji1=1/(Ax);,. It follows that b; o = —1/(Ax); ;. Referring back to (3.33), we see that
the scheme is f} = [f(xj41) = f(xj)] / (Ax) j.1» Which, not unexpectedly, has the same
form as the result that we obtained for the case of the uniform grid. This shows that the non-
uniformity of the grid is irrelevant when we use only two points for first-order accuracy.

To obtain a second-order accurate approximation to f} on a nonuniform grid, using the
three points j— 1, j, and j+ 1, we must require, from @ that

bj7_1 —I—bj7()—|—bj71 =0 and bj7_1 (Ax)j7_1 +bj71 (Ax)j’l =1, (3.39)

which suffices for first-order accuracy, and additionally from (3.37) that

bj—1(Ax)}_ +bj1(Ax), =0. (3.40)

Important: Note that

(Ax); 1 =xj1—xj=—(Ax);_;, - (3.41)

The solution of the system (3.39) — (3.40) can be written as

bj 1= (42);.1 : (3.42)
(Ax), ., [(4x);, — (ax); )]
(Ax) ;1 +(Ax);
big=— e Sy 3.43
0= ), (A, ] G4
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—(Ax) . _
bj1= (4%);-1 . (3.44)

(Ax>j,1 (Ax)j,l - (Ax)j7_1

For the special case of uniform grid-spacing this reduces to the centered second-order
scheme discussed earlier.

Here is a simple and very practical question: Suppose that we use a scheme that has
second-order accuracy on a uniform grid, but we go ahead and apply it on a non-uniform
grid. (People do this all the time!) What happens? As a concrete example, consider the
scheme

d it1) — i
<_f) :f(x/"']) f('xj ]) ] (345)
dx J, approx Xj+1 —Xj—1
By inspection, we have
—1
bj 1=—), (3.46)
Xj+1 —Xj—1
bjo=0, (3.47)
1
bjj=—""". (3.48)
Xj+1 —Xj—1

Eqgs. (3.46) - (3.48) do satisfy both of the conditions in (3.39), so that the scheme does have
first-order accuracy, even on the non-uniform grid. Eq. (3.42) - (3.44) are not satisfied,
however, so it appears that second-order accuracy is lost.

This argument is a bit too hasty, however. Intuition suggests that, if the grid-spacing
varies slowly enough, the scheme given by (3.45) should be almost as accurate as if the
grid-spacing were strictly constant. Intuition can never prove anything, but it can suggest
ideas. Let’s pursue this idea to see if it has merit. Define (Ax) j+1/2 =Xjr1 —x; > 0 for
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all j, and let A be the grid spacing at some reference grid point. We write the centered
second-order scheme appropriate to a uniform grid, but apply it on a non-uniform grid:

(d_f> S —fin

dX ) j approx X1~ Xj-1

[+ £} (Ax) 10+ 17 (Ax) +1/2+ﬁ( )]
(Ax) 11 /2 4 (Ax) ;21

);

(Ax

(AX 1/2+21f (Ax)] 1/2+ﬁ( ) (3.49)

X)jr1/2+(A%) ;1)

ot gl
—f]+2|fl [( )]+1/2+(Ax)] 1/2

1
=f}+ 57} [(A%) 10— (A9, ] + 0 (42)

+0(A?)

This shows that there is indeed a “first-order term” in the error, as expected, but notice that
it is proportional to [(Ax) 12— (Ax) ;4 /2}, which is the difference in the grid spacing
between neighboring points, i.e., it is a “difference of differences.” If the grid spacing

varies slowly enough, the first-order part of the error can be smaller than the second-order
part. For example, suppose that (Ax) ;| » = (Ax);_;, (14 ), where & < 1. Then

[(Ax>j+1/2 - (Ax)j—l/Z] = o (Ax);_y, - (3.50)

3.3.3 A further generalization to higher-order derivatives

Next, we observe that (3.33)) can be generalized to derive approximations to higher-order

derivatives of f. For example, to derive approximations to the second derivative, 1-2, on a
(possibly) non-uniform grid, we write
d*f >
(Zﬁ. =Y ¢ if(xy). 3.51)
J, approx Jl=—00

Obviously, it is going to turn out that c¢; y ~ 1/ (Ax)z. Substitution of (3.34) into (3.51))
gives
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&f < (Ax2, (A,
(a%z>, = ¥ ey |45 x); i P 5 | (5D
], approx j/ ——o0 ! !

A first-order accurate approximation to the second derivative is ensured if we enforce the
three conditions

Y c;iy;=0. Y c;;i(Ax);,=0.,and Y ¢;y(Ax);,;=2! forall j. (3.53)

j ——o0 ] — 0 jlzfoo

To achieve a second-order accurate approximation to the second derivative, we must also
require that

Y ¢ (Ax)}, =0, forall j. (3.54)

jl=—oc0

In general, to have an nth-order accurate approximation to the second derivative, we must
require that

Z cjjr (Ax)7 s = (2!) 8o forall j, andfor 0 <m<n+1. (3.55)
j=e

We thus have to satisfy n + 2 equations to obtain an nth-order accurate approximation to
the second derivative, whereas we had to satisfy only n+ 1 equations to obtain an nth-order
accurate approximation to the first derivative.

Earlier we showed that, in general, a 1D second-order approximation to the first deriva-
tive must involve a minimum of three grid points, because three conditions must be satisfied
[i.e., (3.39) and (3.40)]. Now we see that, in general, a 1D second-order approximation to
the second derivative must involve four grid points, because four conditions must be satis-
fied, i.e., (3.53) and (3.54). Five points may be preferable to four, from the point of view
of symmetry. In the special case of a uniform grid, three points suffice.

At this point, you should be able to see (“by induction”) that on a (possibly) non-
uniform grid, an nth-order accurate approximation to the /th derivative of f takes the form
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dlf N I~
(E). = ) dipf(xy). (3.56)
J, approx

j/:—oo

where the coefficients d; ; satisfy the n+ [ equations

Y (Ax)}dp=(11)8u for0<m<n+Ii—1. (3.57)

jl=—o0

In general, to satisfy n + [ requirements a minimum of n 4/ points will be needed. You
could write a computer program that would automatically generate the coefficients for a
compact nth-order-accurate approximation to the /th derivative of f, using n -+ [ points on
a nonuniform grid of your choice.

What is the meaning of (3.56) — (3.57) when [ = 0? Recall that 0! = 1.

3.3.4 Extension to two dimensions

The approach presented above can be further generalized to multi-dimensional problems.
We will illustrate this using the two-dimensional Laplacian operator. The Laplacian ap-
pears, for example, in the diffusion equation with a constant diffusion coefficient, which
1s

af = KV*f, (3.58)

where ¢ is time and K is a constant positive diffusion coefficient. Chapter [[6]is entirely
devoted to solving equations similar to (3.58).

Earlier in this chapter, we discussed one-dimensional differences that could represent
either space or time differences, but the following discussion of the Laplacian is unambigu-
ously about space differencing.

Consider a fairly general finite-difference approximation to the Laplacian, of the form

(V Jsapprox Z ejjf (3.59)

,] ——o0
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Here we use one-dimensional indices even though we are on a two-dimensional grid. The
grid is not necessarily rectangular, and can be non-uniform. The subscript j is the “name”
of a particular grid point (“home base” for this calculation), whose coordinates are (x iy j).
Similarly, the subscript j/ is the name of a grid point in the neighborhood of point j, and
possibly including j itself, whose coordinates are (x Y j/). In practice, a method is needed
to identify (and record for later use) the stencil of grid points in the neighborhood of each
Jj. In other words, for each point j we need to create an array that identifies the neighbors
of j that will be used to compute the Laplacian at j.

The two-dimensional Taylor series can be written, using Cartesian coordinates, as

_ P PR
fJ/:fJ+ (AX)J] x (Ay)17]’a_y_f
1 ) 21
+E (Ax)]] x (Ay)/J/&_y f
i 3.60
[ ) 21’ (360
+§ (Ax)]] a (Ay)],]/a_y_ f
1 ) 21
+47 _(Ax)J’Jfa—l—(Ay)”/a—y_ f+

This can be expanded in gruesome detail as

fi

=

[ (Ax) “/fx (Ay)jj/fy
! J]’fxx+2(Ax)]J (Ay)J J’fW+<Ay)] J’f)’){|
1

l

+2— [(Ax)
+37 |:(Ax)j ]/fxxx+3 (Ax)]j (Ay)] /fxxy‘l‘S(Ax)j ' (A}’)j J/fxyy (Ay)ij/fyyy]
+4 (Ax)] J (A)’)J oy £ (AY)” fyyyy}
(3.61)
Here we use the notation
(Ax); »=xy—xjand (Ay); » =yy—Vj, (3.62)
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and it is understood that all of the derivatives are evaluated at the point j. Notice the
“cross terms” that involve products of (Ax); » and (Ay); », and the corresponding cross-
derivatives. A more general form of (3.61) i is

> 1
f(r+a)= Z n— f(r), (3.63)

where r is a position vector, and a is a displacement vector (Arfken, [1985, p. 309). In
(3:63), the operator (a-V)" acts on the function f(r). You should confirm for yourself
that the general form (3.63)) is consistent with (3.61). Eq. (3.63) has the advantage that it
does not make use of any particular coordinate system. Because of this, it can be used to
work out the series expansion using any coordinate system, e.g., Cartesian coordinates or
spherical coordinates or cylindrical coordinates, by using the form of V in that coordinate
system.

Substituting from into (3.59), we find that

(fxx + fyy)j,approx =

i €j,J {fj + [(Ax)j,j'fx + (Ay)j,j'fy]

j==eo
1
+5 [(Ax)] o Fe+2(A%) ;1 (AY) ) o+ (AY) fyy}
1
+3, [(Ax)] J'fxxx+3(Ax>]] (AY)] ]/fxxy+3(Ax)]J (Ay)] Sy T (A)’ﬁ,j'fyyy}
1
o [ (AN Fean + 4 (AR 5 (A5), 1 fuaey + 6 (A%)] 1 (AY)] 5 fra

4!
4
+4 (Ax)],]/ (Ay>]’j/ fxyyy + (Ay)]7]/ fyyyy:| + ce } .

(3.64)

Note that we have expressed the Laplacian on the left-hand side of (3.64)) in terms of Carte-
sian coordinates. The reason for this is that we are going to use the special case of Cartesian
coordinates (x, y) as an example, and in the process we are going to to “match up terms”
on the left and right sides of (3.64). The use of Cartesian coordinates in (3.64) does not
limit its applicability to Cartesian grids. In other words, we can use a Cartesian coordi-
nate system to analyze the scheme even if we are not going to code the model up using a
Cartesian grid. Eq. can be used to analyze the truncation errors of a finite-difference
Laplacian on any planar grid, regardless of how the grid points are distributed.
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To have first-order accuracy, we need

Y e =0, forall j, (3.65)
Jl=—oo
Z ej. j.p =0, forall j, (3.66)
Y ¢ #(Ay); =0, forall j, and (3.67)
J=—e
Z ej, y(Ax); =2, forall j, (3.68)
Z ej. #(Ay); =0, forall j, (3.69)
J_foo
Z ej 7 Ay =2, forall j. (3.70)
]_—oo

Note the 2!s on the right-hand side of (3.68) and (3.70). Inspection of Egs. (3.68) — (3.70)
shows that, as expected, e i is of order A—2, where A is a shorthand for “Ax or Ay”

Therefore, the quantities inside the sums in (3.66)-(3.67)) are of order A~!, and those inside
the sums in (3.68)-(3.70) are of order one. This is why (3.68)-(3.70)) are needed, in addition
to (3.63)-(3.67), in order to obtain first-order accuracy.

Eq. (3.65) implies (with (3.59)) that a constant field has a Laplacian of zero, as it
should. That’s nice.

So far, (3.65)-(3.70) involve six equations. This means that to ensure first-order accu-
racy on a possibly nonuniform two-dimensional grid, six grid points are needed. There are
exceptions to this rule. If we are fortunate enough to be working on a highly symmetrical
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grid, it is possible that the conditions for second-order accuracy can be satisfied with a
smaller number of points. For example, if we satisfy (3.63)-(3.70) on a square grid, we will
get second-order accuracy “for free,” and, as you will show when you do the homework, it
can be done with only five points. More generally, with a non-uniform grid, we must also
satisfy the following four additional conditions to achieve second-order accuracy:

j/_i_wej, J (Ax)ij/ =0, for all j, 3.71)
j,imeﬁ 7827 5(4); y =0, forall j, (3.72)
j,_i_mefv 7(Ax); 5 (4y)j 5 =0, forall j, (3.73)

j,iweﬁj’ (Ay);_‘j/ =0, for all j. (3.74)

In general, a total of ten conditions, i.e., Eqs. (3.63)-(3.74), must be satisfied to ensure
second-order accuracy for the Laplacian on a non-uniform two-dimensional grid.

If we were working in more than two dimensions, we would simply replace (3.61))
by the appropriate multi-dimensional Taylor series expansion. The rest of the argument
would be parallel to that given above, although of course the requirements for second-order
accuracy would be more numerous.

3.4 More about the Laplacian

3.4.1  Approximations to the Laplacian on rectangular grids

Consider a 3x3 block of nine-points on a rectangular grid, as shown in Fig. [3.3] Because
the grid has a high degree of symmetry, is possible to obtain second-order accuracy with
just five points, and in fact this can be done in two different ways, corresponding to the two
five-point stencils shown by the grey boxes in the figure. Based on their shapes, one of the
stencils can be called “+”, and the other one “x”. We assume a grid spacing d in both the x
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and y directions (i.e., square grid cells), and use a two-dimensional indexing system, with
counters i and j in the x and y directions, respectively.

+ | - | + + | - | +
= + = - + -
+ | - | + + | - | +
+ | + | + + | + | +
+ stencil X stencil

Figure 3.3: The grey shading shows two five-point stencils that can be used to create second-order
Laplacians on a rectangular grid. In the upper two panels, the plus and minus symbols represent
an input function that has the form of a checkerboard. In the lower two panels the plus and minus
symbols represent an input function that has the form of a “rotated checkerboard,” which can also
be viewed as a set of horizontal stripes. (Similarly, the checkerboard in the top two panels can be
viewed as “diagonal stripes.”)

Using the methods explained above, it can be shown that the second-order finite-difference
Laplacians are given by

(V2f) o it ficjt fi ot i — 4

i, japprox — 7 with the + stencil, (3.75)

and

~ Jirtjrt + fimt v + ficr o1+ fivn, -1 —4fi

_ (v2a)

with the x stencil.

( ? )i,j,approx

(3.76)

Inspection of Figure shows that the Laplacian based on the x stencil cannot “see” a
checkerboard pattern in the function represented on the grid, as shown by the plus and

41



Revised Monday 8" December, 2025 at 23:38

minus symbols in the top two panels. What I mean by this is that the scheme returns a zero
for the Laplacian even when a checkerboard is present. A diffusion equation that uses this
form of the Laplacian cannot smooth out a checkerboard, because it doesn’t know that the
checkerboard is there. That’s bad.

The + stencil does have some issues, however. It under-estimates the strength of the
“rotated checkerboard” (which can also be called “stripes”) shown in the bottom two panels
of Fig. [3.3] while the x stencil feels it more strongly.

A more general second-order Laplacian uses all nine points, and can be obtained by
writing a weighted sum of the two Laplacians given by and (3.76). What principle
would you suggest for choosing the values of the weights? The nine-point stencil will
involve more arithmetic than either of the two five-point stencils, but the benefit may justify
the cost in this case.

3.4.2 Integral properties of the Laplacian

Here comes a digression, which deals with something other than the order of accuracy of
finite-difference schemes.

For the continuous Laplacian on a periodic domain or a closed domain with zero normal
derivatives on its boundary, we can prove the following two important properties:

/ (V2f) dA=0, (3.77)
A

/ F(V2f) dA <0. (3.78)
A

Here the integrals are with respect to area, over the entire domain; volume integrals can
be used in the same way for the case of three dimensions. Eqgs. and hold
for any sufficiently differentiable function f. For the diffusion equation, (3.38)), Eq.
implies that diffusion does not change the area-averaged value of f, and the inequality
implies that diffusion reduces the area-average of the square of f.

The finite-difference requirements corresponding to (3.77)) and are

=0, (3.79)

Y [(sz ) ,-,appmxAj] =) [( i ej,j’fj'> Aj

all j all j Jjl=—00
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and

<0, (3.80)

)y [fj (V3f) ,-,appmxAj] =) [fj ( i ¢ j'fj’> Aj

all j all j /=

J = —0Q

where A; is the area of grid-cell j, and the e; y are the weights introduced in Eq. (3.59).
Suppose that we want to satisfy (3.79)-(3.80) regardless of the numerical values assigned
to the various f (x iy j). This may sound impossible, but it can be done by suitable choice
of thee; .

JJ

As an example, consider what is needed to ensure that (3.79) will be satisfied for an
arbitrary distribution of f (x;,y;). Each value of f (x;,y;) will appear more than once in
the double sum after the first equals sign in (3.79). We can “collect the coefficients” of each
value of f, and require that the sum of the coefficients is zero:

ZAJ'[ )y ej,j'fj/] =), Zej,j’fj’Aj]

all j jl=—00 all j' [all j
[ (3.81)
=Y |/ (Ze,-, ]-/A,)]
all j/ all j

The first step, shown on the right-hand side of the top line of (3.81)), is to change the order
of summation. This allows us to pull f; out of the inner sum, as shown on the second line.
The last equality above is simply a re-statement of the requirement (3.79). The only way
to satisfy the requirement for an arbitrary distribution of f (x iy j) 1s to write

Y e yAj=0foreach j . (3.82)
all j

If the e; ; satisfy (3.82)) then (3.79) will also be satisfied.

Similar (but more complicated) ideas were used by |Arakawal (1966)), in the context of
energy and enstrophy conservation with a finite-difference vorticity equation. This will be
discussed in Chapter 26

A finite-difference scheme with a property similar to (3.78) is discussed in Chapter [16]
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3.5 Segue

This chapter demonstrates that it is straightforward to design finite-difference schemes to
approximate a derivative of any order, with any desired order of accuracy, on irregular grids
of any shape, and in multiple dimensions. It’s a done deal.

The schemes can also be designed to satisfy rules based on properties of the differential
operators that they approximate; for example, we showed that it is possible to guarantee that
the area-average of a two-dimensional finite-difference Laplacian vanishes on a periodic
domain.

Finally, we pointed out that some finite-difference schemes suffer from an inability to
recognize small-scale, “noisy” modes on the grid, such as checkerboard patterns.

This is a lot, but we have not yet gotten to the main subject of this book, which is how
to find approximate numerical solutions to differential equations. Chapter[5]is the first part
of that story. But before that, we briefly consider grids that are not rectangular.

3.6 Problems

1. Prove that a finite-difference scheme with errors of order n gives exact first deriva-
tives for polynomial functions of degree n or less. For example, a first-order scheme
gives exact first derivatives for linear functions.

2. Choose a simple differentiable function f(x) that is not a polynomial. Find the exact
numerical value of d f /dx for a particular value of x, say x = x;. Then choose

(a) a first-order scheme, and
(b) a second-order scheme

to approximate (df/dx),_,, . Find the total error by subtracting the exact derivative
from the approximate derivative. For each case, plot the log of the absolute value
of the total error of these approximations as a function of In(Ax). By inspection of
the plot, verify that for sufficiently small Ax the logs of the absolute errors of the
schemes decrease along almost straight lines, with the expected slopes (which you
should estimate from the plots), as Ax decreases. For sufficiently large values of Ax,
the logs of the absolute errors will depart from straight lines, and (depending on the
function you choose) the second-order scheme may even give errors larger than the
first-order scheme. Extend your plot to include values of Ax that are large enough to
show the departures from straight lines.

3. Using Cartesian coordinates (x, y), the Laplacian can be written as V2 f = fi, + Fiy-
Consider a second Cartesian coordinate system, (x', y'), that is rotated, with respect
to the first, by an angle 6. Prove by direct calculation that fix + fyy = fu + fyy.
This demonstrates that, for this example, the Laplacian is invariant with respect to
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rotations of a Cartesian coordinate system. In fact, it can be shown that the Laplacian
takes the same numerical value no matter what coordinate system is used. The mean-
ing of the Laplacian is independent of coordinate system, and the Laplacian can be
defined without using a coordinate system. See Appendix [A]for further discussion.

4. Both the + and x stencils for the Laplacian allow second-order accuracy on a uniform
square grid. Is it possible to combine the + and x stencils with weights so as to
achieve fourth-order accuracy? Prove your answer.

5. Consider a two-dimensional Cartesian grid in which both Ax and Ay are spatially
uniform, but Ax # Ay. Find the simplest second-order accurate scheme for the Lapla-
cian.

6. Prove Eq. (3.78).
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Chapter 4

Why be square?

4.1 Tiling the plane

As is well known, only three convex regular polygons tile the plane: equilateral triangles,
squares, and hexagons. A proof is as follows: Suppose that a regular convex polygon has
N sides, as illustrated in Figure [d.1] for the case of hexagons. The interior angles, &, must
sum to 27, so

Na =2%. 4.1

Next, suppose that M polygons come together at each vertex. The exterior angles, 8, must
sum to 27, so

MB =2r. (4.2)

Since the interior angles of a triangle must sum to 7, we can write

at+2(B/2) =1,

or

a+p=nmx. 4.3)
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Figure 4.1: A diagram illustrating tiling the plane with convex regular polygons for the case of a
hexagon, with N = 6 and M = 3. The interior angles of the hexagon are called «, and the exterior
angles are called j3.

Combining @.1) - @.3), we find that

M=, 4.4)

Trying different values of N in (4.4), we find that M is an integer only for N = 3, 4, or 6.
This completes the proof.

4.2 Symmetries

Fig. [.2] shows portions of planar grids made from equilateral triangles, squares, and
hexagons. On the triangular grid and the square grid, some of the neighbors of a given
cell lie directly across cell walls, while others lie across cell vertices. As a result, finite-
difference operators constructed on these grids tend to use “wall neighbors” and “vertex
neighbors” in different ways. For example, the simplest second-order finite-difference ap-
proximation to the gradient, on a square grid, uses only “wall neighbors;” vertex neighbors
are ignored. It is certainly possible to construct finite-difference operators on square grids
(and triangular grids) in which information from all nearest-neighbor cells is used. An ex-
ample is the Arakawa Jacobian, as discussed by |Arakawa (1966) and in Chapter 26| The
essential anisotropies of these grids remain, however, and are inevitably manifested in the
forms of the finite-difference operators.
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12 neighbors, 8 neighbors, 6 neighbors,
3 wall neighbors 4 wall neighbors 6 wall neighbors

Figure 4.2: The upper row of figures shows small sections of grids made up of equilateral triangles
(left), squares (center), and hexagons (right). These are the only regular polygons that tile the
plane. The hexagonal grid has the highest symmetry. For example, all neighboring cells of a given
hexagonal cell are located across cell walls. In contrast, with either triangles or squares, some
neighbors are across walls, while others are across corners. The lower row of figures shows the
“checkerboards” associated with each grid. The triangular and quadrilateral checkerboards have
two colors, while the hexagonal checkerboard has three colors.

In contrast, hexagonal grids have the property that all neighbors of a given cell lie
across cell walls; there are no “vertex neighbors.” In this sense, hexagonal grids are quasi-
isotropic. As a result, the most natural finite-difference Laplacians on hexagonal grids treat
all neighboring cells in the same way; they are as symmetrical and isotropic as possible.

4.3 Problems

1. For this problem, use equations (3.65)-(3.74), which state the ten requirements for
second-order accuracy of a finite-difference approximation to the Laplacian.

(a) Consider a plane filled with perfectly hexagonal cells. The dependent variable
is defined at the center of each hexagon. Find a second-order accurate scheme
for the Laplacian that uses just the central cell and its six closest neighbors,
i.e., just seven cells in total. To standardize the notation, let d be the distance
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between grid-cell centers, as measured across cell walls. Write your scheme in
terms of d, as was done in (3.73) and (3.76). Important hint: You can drastically
simplify the problem by creatively taking advantage of the grid’s high degree
of symmetry.

Consider the “checkerboard” on the the hexagonal grid, as shown in Fig. 4.2
Let the three numerical values on the checkerboard be -1, 0, and +1. Does your
scheme give a non-zero Laplacian for the checkerboard?

2. Consider a grid of equilateral triangles. Prove that, despite the grid’s symmetry, it is
not possible to create a second-order accurate scheme for the Laplacian by using a
stencil that consists of just four cells, namely “home base” and the three surrounding
cells that lie across the walls of home base.

3.

(a)

(b)

©

Invent a way to “index” the points on a hexagonal grid with periodic boundary
conditions. As a starting point, I suggest that you make an integer array like
this: NEIGHBORS(I,J). The first subscript would designate which point on the
grid is “home base” i.e., it would be a one-dimensional counter that covers the
entire grid. The second subscript would range from O to 6 (or, alternatively,
from 1 to 7). The smallest value (0 or 1) would designate the central point, and
the remaining 6 would designate its six surrounding neighbors. The indexing
problem then reduces to generating the array NEIGHBORS(I,J), which need
only be done once for a given grid.

Set up a hexagonal grid to represent a square domain with periodic boundary
conditions. It is not possible to create an exactly square domain using a hexag-
onal grid, but you can set up a domain that is approximately square, with 100
points in one direction and the appropriate number of points (you get to figure
it out) in the other direction. The total number of points in the approximately
square domain will be very roughly 8000. This (approximately) square domain
has periodic boundary conditions, so it actually represents one “patch” of an
infinite domain. Because the domain is not exactly square, the period in the x-
direction cannot be exactly the same as the period in the y-direction, but it can
be fairly close. Make sure that the boundary conditions are truly periodic on
your grid, so that no discontinuities occur. Fig. can help you to understand
how to define the computational domain and how to implement the periodic
boundary conditions.

Using the tools created under parts a) and b) above, write a program to compute
the Laplacian. Choose a continuous doubly periodic test function. Plot the test
function to confirm that it is really doubly periodic on your grid. Also attach
plots of both your approximate Laplacian and the exact Laplacian.
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Figure 4.3: Sketch showing four copies of a periodic, nearly square domain on a (low-resolution)
hexagonal grid. All four corners of each domain are located in the centers of hexagonal cells. The
vertical edges of each domain run through vertical stacks of cells. Obviously the picture could be
rotated by 90° (or any other angle) without changing the idea.
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Chapter 5

Some time-differencing schemes

5.1 Introduction

We have already analyzed the accuracy of finite-difference quotients. Now we analyze the
accuracy of finite-difference schemes, which are defined as finite-difference equations that
approximate, term-by-term, differential equations. The solution of an accurate scheme is a
useful approximation to the solution of the differential equation.

Using the methods presented in Chapter [3) we can find approximations to each term of
a differential equation, and we have already seen that the error of such an approximation
can be made as small as desired, almost effortlessly. This is not our goal, however. Our
goal is to find an approximation to the solution of the differential equation. You might
think that if we have a finite-difference equation, F, that is constructed by writing down a
good approximation to each term of a differential equation, D, then the solution of F' will
“automatically” be a useful approximation to the solution of D. Wouldn’t that be nice?
Unfortunately, it’s not true.

In this chapter, we deliberately side-step the complexities of space differencing so that
we can focus on the problem of time differencing in isolation. Consider an arbitrary first-
order ordinary differential equation of the form:

dg

7 = fla(0), 1] (.1

The example below may help to make it clear how it is possible and what it means for f to
depend on both ¢(¢) and ¢:

d
a’_;] = —kq+asin(wr). (5.2)
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Here the first term on the right-hand side represents decay towards zero (assuming that K is
positive), and the second term represents a temporally periodic external forcing (e.g., from
the sun) that can drive g away from zero.

In this chapter we do not specify f[g(¢), t], so the discussion is “generic.” Starting in
Chapter |6 we will consider particular choices of f[g(t), ]. Keep in mind that, in practice,
flq(t), t] could be very complicated.

Let nAt be the current time, and (n+ 1) Az be the future time for which we want to
make a prediction by taking a time step. Suppose that we integrate (5.1)) with respect to
time, from (n—m)At to (n+ 1) At. Here we assume that m is either zero or a positive
integer. Fig. [5.1] shows the meaning of m in a graphical way. For larger values of m, the
domain of integration “reaches further back™ in time, before the current time, t = nAr. We
assume for now that n > m, so that g [(n — m) At] is known. This means that the initial time,
for which n = 0, is before t = (n —m) Az. This will be the case except close to the initial
condition; further discussion is given later. Integration of (5.1)) gives

(n+1)At
gl(n+1)At] = g[(n—m) Af] = / Flg, 1) dr . (5.3)

(n—m)At

Equation (5.3) is still “exact;” no finite-difference approximations have been introduced.

time step across (m+1)Ar

n-ni n-2 n-1 n n+l

Figure 5.1: In Eq. (5.4), we use a weighted combination of /1, f*, =1 .. ! to compute an
average value of f = dgq/dr over the time interval (1+m) Ar.

5.2 A family of schemes
With a finite-difference-scheme, g and f are defined only at discrete time levels. We will

use the symbol ¢"*! as a shorthand for ¢ [(n + 1)At], f"+! in place of f {g[(n+ 1) At], (n+1)At},
and so on.
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The integral on the right-hand side of (5.3)) can be approximated using the values of f
at the discrete time levels. Eq. (5.3), divided by (1 +m) At, can be approximated by

O m)ar =~ B O f 1 T O A (5.4)

where [ can be zero or a positive integer. A family of schemes is defined by (5.4). In Chap-
ter 3] we discussed families of schemes that can be used to approximate finite-difference
operators.

Take a minute to look carefully at the form of (5.4)), which is a slightly modified version
of an equation discussed by |[Baer and Simons| (1970). The left-hand side is a “time step”
across a time interval of (1+m) Az, as illustrated in Fig. The right-hand side consists
of a weighted sum of instances of the function f, evaluated at various time levels. The first
time level, n+ 1, is in “the future.” The second, n, is in “the present.” All of the remaining
time levels are in “the past.” Time level n — [ is furthest back in the past; this is essentially
the definition of /. We assume that n > [.

In designing the scheme, we get to choose the values of / and m. It is possible to have
[ >morl=morl < m. Viable schemes can be constructed with all three possibilities, and
examples are given below.

Having chosen / and m, we next get to choose the numerical values of [ + 2 parameters,
namely, 3, and the [ + 1 values of «.

Here is some important and widely used terminology: A scheme is called “implicit” if
it has B # 0, and “explicit” if it has B = 0. As discussed later, implicit schemes have very
nice properties for some important choices of f. On the other hand, implicit schemes can
be complicated because the “unknown” or “future” value of g, namely ¢"*!, appears on the
right-hand-side of the equation, as an argument of the possibly complicated function f"+1.

Not all time-differencing schemes fit into the family defined by (5.4). We will discuss
some that don’t later in this chapter.

5.3 Discretization error

We need a way to measure the error of the time-differencing schemes defined by (5.4).
To start, let’s define some notation. Let ¢ (¢) denote the (exact) solution of the differential
equation, so that g (nAt) is the value of the exact solution at time nAt. We use the nota-
tion ¢" to denote the “exact” solution of a finite-difference equation, at the same time. In
general, ¢" # g (nAt). We wish that they were equal!

Because ¢" is defined only at discrete times, it is not differentiable, so we can’t substi-
tute ¢" into the differential equation to see how well it works. We can, however, substitute
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the true solution, q(t), and the corresponding f[¢(?), t], into the finite-difference equation
(5.4). Since g(r) and f[g(t), t] are differentiable, we can expand the various terms using
Taylor series around t = nAt. The result is

1 Ar)? A3 At
(1+m)At{ g+ (ag + O g B gy
A 2 A 3 A 4
- [C[—(mAt)q/—|— (m2!t) q//_ (m3!t) q///+ (m4!t) q////.“]}
At)? Af)?
=p f+(At)f/+(2l;) f”_'_(;!) f”/—f—...
+o,f
_ . (AD* (A,
+0,-1 | f— (A1) f+ TR TRE AR (5.5)
- ) 3 ]
+0p o | f = (241) f’+(2§!t) f”_(zﬁ!t) I
- , . ]
+04,_3 f—(3At)f/—|—(3§!t) f”—<3?!t) f”/-i-...
+o. /
(an? , (iar)

where € is called the discretization errmﬂ and a prime denotes a time derivative. If the true
solution satisfied the finite-difference equation exactly, then we would have € = 0. Using

f=4q,f =4" etc., (5.6)

and collecting powers of Az, we can rearrange (5.5) to obtain an expression for the dis-
cretization error:

IRecall that the error in the approximation of a derivative is called the truncation error. The error in the
approximation of a differential equation is called the discretization error.
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€ :ql[l - (B + 0+ 01 + 02 + 03 +"'+an—l)]

S 1—m?
+Atq" | = —B+o, 1+20, 2+30, 3+ +1oy,_

2\ 14+m
A T (1 +md
At)? 1/1—m*
+ ( 3,) q" [4_1 ( . ) —ﬁ+0€n1+806n2+2706n3+"'+l306n1] +

(5.7

Because of the substitutions based on (5.6), the function f does not appear in (5.7). Each
line on the right-hand side of goes to zero “automatically” as At — 0, except for the
first line, which does not involve At at all. In order to ensure that the error decreases to zero
as At — 0, we have to choose the parameters of the scheme so that the first line is zero.
This condition can be written as

l1=B+a,+0, 1+0, 2+ _3+...+0_;. (5.8)

Eq. (5.8) simply means that the sum of the coefficients on the right-hand side of (5.4)
is equal to one, which means that we can interpret the right-hand side as an “average f.”
Eq. (5.8) ensures at least first-order accuracy. It is sometimes called the “consistency
condition.” A scheme that satisfies the consistency condition is said to be a consistent
scheme.

When (5.8) is satisfied, the expression for the discretization error reduces to

1 /1-—m?
€= Atq" {E ( 1+n’; ) — B+ +2an_2+3an_3+...+lanl} +0 [(At)z} . (5.9

Recall that we started with [ + 3 free parameters. After satisfying Eq. (5.8)) we still have
[ +2 degrees of freedom to work with. In particular, we can require that the coefficient of
At in is also zero. This will give us a second-order scheme, i.e., one in which the
error, €, goes to zero like (Az)?. Having required second-order accuracy in this way, we
still have / + 1 degrees of freedom. Obviously this process can be continued, giving higher
and higher accuracy, as long as the value of / is large enough. Examples are given below.
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It is also possible to use the degrees of freedom to impose conditions other than increased
Taylor-series accuracy. Examples are given in later chapters.

In summary, the order of accuracy of a time-differencing scheme based on can
be made at least as high as / + 3 by appropriate choices of the coefficients. One of these
coefficients is . Recall that § = 0 (by definition) for explicit schemes. Generally, then,
the accuracy of an explicit scheme can be made at least as high as [ + 2.

With the approach outlined above, schemes of higher-order accuracy (i.e., smaller dis-
cretization error) are made possible by bringing in more time levels. There are other ways
to obtain schemes of higher accuracy; this will be discussed later.

In summary: Truncation error, which was discussed in Chapter |3, measures the ac-
curacy of an approximation to a differential operator or operators. It is a measure of the
accuracy with which a term of a differential equation has been approximated. In contrast,
discretization error measures the accuracy with which the solution of the differential equa-
tion has been approximated. Reducing the truncation error to acceptable levels is usually
easy. Reducing the discretization error can be much harder.

In the remainder of this chapter, we survey a number of time-differencing schemes,
without (yet) specifying any particular form of f. In this analysis, we can determine the
order of accuracy of each scheme, but we cannot yet test the numerical stability of the
schemes, because the stability properties depend on the particular choice of f. In Chapter
[l we will consider two particular choices for f, and discuss the numerical stability of a
few schemes for each choice.

5.4 Explicit schemes

In this section, we discuss some explicit schemes (i.e., with § = 0) that are members of the
family discussed in section [5.2]

m =0, [ =0 (The forward scheme or Euler scheme)

For this simple case we have «, # 0, but all of the other a’s are zero. This is simply
a choice, among many possible choices. The consistency condition, (5.8)), forces us to
choose o, = 1. The scheme given by (5.4)) then reduces to

1 7 _m, (5.10)

The discretization error is Atg” /2 + 0 (At*) = O (At). Therefore, the scheme has first-
order accuracy.
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m =0, [ > 0 (Adams-Bashforth schemes)

One way to get better accuracy is to increase / while keeping m = 0. For [ = 1, the
scheme given by (5.4) reduces to

= O f" + 01 (5.11)

the consistency condition, (5.8), reduces to

o+ o, 1=1, (5.12)
and the discretization error is
" 1 2
e=A1q" (0145 +0 (A7) . (5.13)
If we choose oy,_; = —1/2 and oy, = 3/2, we get a scheme with second-order accuracy,

which is called the second-order Adams-Bashforth scheme. It effectively uses the weights
3/2 and -1/2 to extrapolate from f” and f"~! to estimate an “effective” value of f at time
level n+1/2.

Although the right-hand side of (5.1T)) involves two different values of f, we only have
to evaluate f once per time step, provided that we save one “old” value of f for use on the
next time step. Additional memory has to be allocated to save the old value of f, but often
this is not a problem. Note, however, that something special will have to be done on the
first time step, because when n = 0 the time level n — 1 is “before the beginning” of the
computation. This will be discussed later.

In a similar way, we can obtain more accurate Adams-Bashforth schemes by using
larger values of /, and choosing the &’s accordingly. Table shows the results for [ =1,
2, and 3. The paper by |[Durran (1991) gives an interesting discussion of the third-order
Adams-Bashforth scheme. We can think of the forward scheme as the “first-order Adams-
Bashforth scheme,” with / = 0.

m=1,1=0 (The leapfrog scheme)
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[ oy, 01 0y_n 03 discretization error
1| 3/2 -1/2 0 (Ar?)
21 23/12 | —4/3 | 5/12 0 (Ar)
3| 55/24 | —59/24 | 37/24 | —9/24 0 (Ar*)

Table 5.1: Examples of Adams-Bashforth Schemes (B =m =0, [ > 0)

We can also get better accuracy by increasing m while keeping / = 0. The famous
“leap-frog” scheme is given by

n+1 _qn—l
oA =f", (5.14)

and 1illustrated in Fig. From we can immediately see that the discretization error
is %zq’ "+ 0 (At*), so the leapfrog scheme is second-order accurate. This is higher than
[+1=1,i.e., it is better than would be expected from the general rule, stated earlier, for
explicit schemes. The leapfrog scheme was widely used for decades, but it has fallen out
of favor due to issues discussed below.

n=0
Figure 5.2: The leapfrog scheme.

A minor issue is that the leapfrog scheme is not “self-starting,” because when we are
sitting at n = 0 we don’t know ¢ at n = —1, so we can’t step from n = —1 to n = +1.
This means that a special procedure is needed for the first time step. A similar problem
arises with any scheme that involves more than two time levels. We really need two initial
conditions to solve the finite-difference equation, even though only one initial condition
is needed to solve the differential equation. One is the “physical” initial condition that is
also needed for the differential equation. The second initial condition arises because of the
form of the finite-difference scheme itself, and has nothing to do with the physics. It can
be called a “computational” initial condition.

As an example, consider the special case f = 0. Then (5.14)) gives
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¢ ¢ =0, (5.15)

which is, of course, the right answer. The initial condition at n = 0 will determine the
solution for all even values of n. To obtain the solution for odd values of n, we have to
give a second initial condition at n = 1. Since we are analyzing the case f = 0, the obvious
thing to do is set ¢' = ¢°. But suppose that we perversely make the two initial conditions
different, i.e., set ¢' # ¢°. Then an oscillation will occur, as shown in Fig. This
oscillatory solution is an example of a “computational mode in time.” Such computational
modes in time can occur with all schemes that use more than two time levels, including the
already-discussed second- and third-order Adams-Bashforth schemes. A computational
mode does not correspond to any solution of the continuous equation. Discretization error
compares the solution of the scheme with the continuous solution. Because there is no
continuous solution corresponding to a computational mode, the concept of discretization
error does not apply to computational modes. Further discussion is given in Chapters|[6|and

M9

As discussed later, computational modes can also arise from space differencing.

q(n)

Figure 5.3: An oscillatory solution that arises with the leapfrog scheme for dg/dt = 0, in case the
two initial values of g are not the same.

m=1,1=1

Here there is no gain in accuracy. The highest accuracy (second order) is obtained for
0,1 = 0, which gives the leapfrog scheme.

m=1,1> 1 (Nystrom schemes)

For m = 1, we can increase the order of accuracy by allowing [ > 1. These are called
Nystrom schemes.

m> 1

Schemes with m > 1 are not of much interest and will not be discussed here.
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5.5 Implicit schemes

For implicit schemes, with B # 0, we can achieve accuracy at least as high as [ +2. We
consider several special cases:

m=0,l=0
Eq. (5.4) reduces to

n+l _ n
q lq :ﬁfn+l+anfn~

A (5.16)

In this case, the consistency condition reduces to oy, + 8 = 1. The discretization error is
Atq” (% — B) + O (Af?). For the special case § = 1, o, = 0, we get the “backward implicit
scheme,” which has first-order accuracy, and can be said to correspond to [ = —1. For
B=a= %, we get the “trapezoidal implicit” scheme, which has second-order accuracy, as
expected from the general rule for implicit schemes. The trapezoidal implicit scheme has
some very nice properties, which will be discussed later. It can be difficult to use, however.

m =20, [ > 0 (Adams-Moulton schemes)

These are analogous to the Adams-Bashforth schemes, except that B # 0. Table |5.2
summarizes the properties of the Adams-Moulton schemes, for [ = 1, 2, and 3. For / =0
(not listed in the table), the maximum accuracy (2nd order) is obtained for § = 0, in which
case we just recover the leapfrog scheme.

[ B o, 1 y_» 0—3 truncation error
1 5/12 8/12 —~1/12 o (Ar)
2| 9/24 19/24 —5/24 1/24 O (A1)
3 | 251/720 | 646/720 | —264/720 | 106/720 | —19/720 0 (AP)

Table 5.2: Adams-Moulton Schemes

m=1,1=1 (Milne correctorﬂ

2If there is a “Milne corrector,” then there must be “Milne predictor.” (See Sectionfor an explanation
of this terminology.) In fact, the Milne predictor is an explicit scheme with

m=31=30,=2/3, &1 =—1/3, &2 =2/3, a,—3=0.
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Eq. (5.4) reduces to

qn—H o qn—l
s =B e (5.17)
so that the consistency condition is
B+o,+a,_1=1. (5.18)
The discretization error is
Ar? 1 Ar?
e=Atqg" (—B+0t,_1)+ 76]’” (§ —B— ocnl) + ?q/’" (=B +0_1)+ 0 (ArY).
(5.19)

The choices B = 1/6, o, = 4/6, o, = 1/6, give fourth-order accuracy. This is again
more than would be expected from the general rule.

m=1,1=2

Here there is no gain in accuracy. The highest accuracy is obtained for ;,_» = 0, so
that the scheme reduces to the Milne corrector.

5.6 lterative schemes

Iterative schemes are not new, but they have become increasingly popular. The idea is to
obtain ¢"*! through an iterative, multi-step procedure, which involves multiple evaluations
of the function f. In a two-step iterative scheme, the first step is called the “predictor,” and
the second step is called the “corrector.”

Iterative schemes have several advantages:

e Iterative schemes are two-time-level schemes (with m = 0 and [ = 0), which means
that they have no computational modes in time. This may be the main reason for
their increasing popularity.

* As shown below, iterative schemes can give higher accuracy, without increasing m.
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* It may be possible to take longer time steps than with non-iterative schemes.

Non-iterative schemes, such as those discussed earlier in this chapter, involve only a
single evaluation of f for each time step. A disadvantage of iterative schemes is their
computational expense, which increases because of the multiple evaluations of f. This
drawback may be tolerable if the scheme is stable with a longer time step.

Iterative schemes may or may not fit into the family of schemes discussed earlier in this
chapter, depending on what f[g (), ?] is.

Here is a simple example of an iterative scheme. Change (5.16) by replacing f"+! =

g™, (n+1)At] by (f"*l)* =f [(q”“)*, (n+ 1)At]. In the predictor step, (q”“)*
is obtained using the Euler scheme:

= f". (5.20)

Think of (q”“)* as a “provisional” value of ¢"*!. We then complete the time step by

obtaining the “final” value of ¢"*! using the corrector step:

n+l _ n

q q

_ p*(m+1N\* n
i =B* (") +anf". (5.21)

Here B* and «, are coefficients that can be chosen to make the scheme do what we want.
This is the corrector step. When 8* =1, o, = 0, Eq. (5.21)) is an imitation of the backward
(implicit) scheme, and is called the Euler-backward scheme or Matsun scheme (Matsuno),
1966). When B* = %, oy = %, Eq. (5.21)) is an imitation of the trapezoidal implicit scheme
and is called the Heun scheme. The Matsuno scheme has first-order accuracy, and the Heun
scheme has second-order accuracy.

Note that (5.21) does not “fit” into the framework (5.4), because ( f”“)>k does not

appear on the right-hand side of (5.4)), and in general ( f ”“) " cannot be written as a linear
combination of the fs that do appear there.

Also note that the Heun scheme is explicit, and does not require the past history (does
not require / > 0). Despite this, it has second order accuracy, because of the iteration. This
illustrates that iteration can increase the order of accuracy.

A famous example of an iterative scheme is the fourth-order Runge-Kutta scheme,
which is given by:

3Yes, this is the same Matsuno who is known for his work on equatorial waves and stratospheric sudden
warmings.
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g = g+ At (ky 4+ 2ko 4 2k3 4+ k4) /6,
ki=f(q"nAt), ky=fq"+kiAt)2,(n+3)At] (5.22)

ks=f[q"+kiAt/2,(n+3) At], ks = flg"+ksAt,(n+1)Ar] .

Each of the ks in (5.22) can be interpreted as an approximation to f. The ks have to be
evaluated successively, which means that the function f has to be evaluated four times to
take one time step. None of the four f's can be “re-used” on the next time step. For this
reason, the scheme is not very practical unless a long time step can be used. Fortunately,
long time steps are often possible, depending on the form of f.

Fig. [5.4] provides a simple fortran example to illustrate more clearly how the fourth-
order Runge-Kutta scheme actually works. Appendix [B| provides a proof that the scheme
really does have the advertised fourth-order accuracy.

A more general discussion of Runge-Kutta schemes can be found on Wikipedia.

5.7 Segue

It is possible to construct time-differencing schemes of arbitrarily high accuracy by includ-
ing enough time levels, and/or through iteration. Schemes of very high accuracy (e.g., tenth
order) can be constructed quite easily, but highly accurate schemes involve a lot of arith-
metic and so are expensive. In addition they are complicated. An alternative approach to
obtain high accuracy is to use a simpler low-order scheme with a smaller time step. This
also involves a lot of arithmetic (because more time steps are needed), but on the other hand
the small time step makes it possible to represent the temporal evolution in more detail.

This chapter has presented a survey of some explicit, implicit, and iterative time-differencing
schemes, including a discussion of their order of accuracy. Computational stability has not
yet been addressed. The next chapter will introduce that subject, in the context of two
simple but important ordinary differential equations.

5.8 Problems

1. What are the orders of the discretization errors of the Matsuno and Heun schemes?
Prove your answer.
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c Initial conditions for time-stepped variables X, Y, and Z.
c The time step is dt, and dt2 is half of the time step.

X = 2.5

Y = 1.

Z = 0.

do n=1,nsteps
c Subroutine dot evaluates time derivatives of X, Y, and Z.

call dot(X, Y, Z,Xdotl,Ydotl,Zdotl)

c First provisional values of X, Y, and Z.
X1 = X + dt2 * Xdotl
Yl = Y + dt2 * Ydotl
Z1l = Z + dt2 * Zzdotl

call dot(X1,Y1,Z1,Xdot2,Ydot2,Zdot2)

c Second provisional values of X, Y, and Z.

X2 X + dt2 * Xdot2
Y2 = Y + dt2 * Ydot2
Z2 = Z + dt2 * Zdot2
call dot(X2,Y2,7Z2,Xdot3,Ydot3,Zdot3)

c Third provisional values of X, Y, and Z.
X3 = X + dt * Xdot3
Y3 =Y + dt * Ydot3
Z3 = Z + dt * Zdot3

call dot(X3,Y3,%23,Xdot4,Ydot4,Zdot4)

c “Final” values of X, Y, and Z for this time step.
X = X + dt * (Xdotl + 2.*Xdot2 + 2.*Xdot3 + Xdot4)/6.
Y =Y + dt * (Ydotl + 2.*Ydot2 + 2.*Ydot3 + Ydot4)/6.
Z =% + dt * (Zdotl + 2.*Zdot2 + 2.%*Zdot3 + Zdot4)/6.

end do

Figure 5.4: A simple fortran program that illustrates how the fourth-order Runge-Kutta scheme
works. Note the four calls to subroutine “dot.”
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Chapter 6

What a difference an i makes

6.1 Motivation 1

In this Chapter, we focus on two simple and similar-looking ordinary differential equa-
tions that are relevant to important atmospheric processes. We will explore some time-
differencing schemes for the equations, and show how to test the computational stability of
the schemes.

The first process is advection, in which air moves from one place to another, carrying
its properties with it. Advection will be discussed in detail later, starting with Chapter [7]
The advection of an intensive scalar, A, can be described by

JA  0A

This is a partial differential equation. Here we restrict ourselves to one spatial dimension, x,
with a spatially uniform advecting current u. Suppose that A (x) consists of a single Fourier
mode, with wave number k:

Ax)=A ()™, (6.2)

where A is a constant, complex amplitude. Then

A .
- = ikAe** | (6.3)
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This allows us to rewrite (6.1)) as

A

A A
le_t = —uikA . (6.4)

This is an ordinary differential equation. We have converted the partial differential equa-
tion (6.1) into the ordinary differential equation (6.4)) by using the assumed for the spatial
dependence, given by (6.2). The solution of (6.4)) is circular or oscillatory motion in the
complex plane, with frequency —uk. In this chapter, we will explore time differencing
schemes for the oscillation equation, (6.4), with the simplified notation shown below:

Z—f = iwg . (6.5)

Here the frequency is simply denoted by ®.

The point of the discussion above is that the oscillation equation, (6.3)), is a “prototype”
of the advection equation. You will not be surprised to hear that the oscillation equation
is also relevant to wave propagation. In the discussion above, we have kept the space
derivatives as continuous, so that we can focus on the time differencing.

The exact solution of (6.5) is
q(r)=q(0)e™, (6.6)
From (6.6), it follows that

q(t+ A1) =q(1) e (6.7)

The state of the system can be characterized by an amplitude and a phase. Here and
frequently throughout the remainder of this book we will use Euler’s formula (or rather one
of Euler’s formulas), which says that

'V = cosy+isiny (6.8)
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where 7 is any complex number. We will use this important equation many times, so if you
don’t already know it by heart you should make an effort to remember it going forward.
Since sin” y+cos?y = 1, we see that

o7 =1. (6.9)

It follows from (6.6)) and (6.9) that

lg| = |¢(0)| for all time . (6.10)

This means that the amplitude is independent of time. In view of (6.10), it is reasonable
to say that a “good” scheme for the oscillation equation will give a solution that has a
time-independent amplitude.

6.2 Computational stability

In almost all physical problems, including both (6.5]) and (6.59), the true solution is bounded
for all time. We now investigate the behavior of the discretization error, ¢" — g (nAt), as
n increases, for fixed At. Does the solution remain bounded after an arbitrary number of
time steps, for any initial condition? If so, the scheme is said to be stable; otherwise it
is unstable. Computational instability happens over a sequence of time steps. If you are
taking only one time step, an instability (if present) does not matter.

Any scheme can be written in the form

I =1q", (6.11)

where A, which may be complex, is called the amplification factor. Eq. (6.11)) is the def-
inition of A. John von Neumann proposed that the stability of a time-differencing scheme
can be tested by working out the form of A, and checking its absolute value. If |A| < 1 then
the scheme is stable. Otherwise it is unstable. The calculation of A usually involves linear-
lization of the finite-difference equation. This is a limitation of von Neumann’s method.
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6.3 Time differencing schemes for the oscillation equation

6.3.1 The solution of the continuous oscillation equation

From (6.6) we can show that

gl(n+1)At] = g (nAr) | (6.12)

where

Q = wAt (6.13)

is the change in phase over the time interval Az. Note that Eq. (6.12]) describes the exact
solution of the differential equation.

6.3.2 Amplitude errors and phase errors

Comparing (6.11) with (6.12), we see that the exact value of 4, based on the solution of the
differential equation, is given by

Ar = e (6.14)

As discussed above, Euler tells us that

Ar|=1. (6.15)

If the |A| of the solution of a numerical scheme for (6.3) is not equal to one, we say that the
scheme has “amplitude errors,” which means that the amplitude of the numerical solution
is spuriously growing or decaying. If the numerically simulated phase change per time
step is not equal to 2, we say that the scheme has “phase errors,” which means that the
numerically simulated oscillation is either too fast or too slow. As discussed later, some
schemes have no amplitude error at all, but even those schemes do have phase errors.

We now show how to obtain useful measures of the amplitude and phase errors of a
scheme, based on the values of A and A7. For the solution of a finite-difference equation,
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the phase change per time step can be expressed in terms of the real and imaginary parts of
A. We write

A =Ag +iA;
. 6.16
:M\e’e. ( )
where
-1 A«I .
0 = tan ) Ag = |A|cos B, and A; = |A|sin6 . (6.17)
R

Here 0 is the change in phase per time step in the approximate numerical solution. If
the numerical solution was perfect, we would have 8 = Q. Positive 0 (like positive €2)
denotes counterclockwise rotation in the complex plane. For example, if 6 = 7/2, it takes
four time steps to complete one oscillation. This is shown schematically in Fig. [6.1] in
which the ordinate represents the imaginary part of ¢”. This is the case in which A is
purely imaginary.

Figure 6.1: Schematic illustration of the solution of the oscillation equation for the case in which
A is pure imaginary and the phase changes by 6 = n/2 on each time step. The abscissa is the
time step counter, and the vertical axis is the imaginary part of the solution. The initial condition is
assumed to be real in this example.

From the preceding discussion, we see that, for the oscillation equation, the amplitude
error per time step is |A| — 1, and the phase error per time step is 0 — Q. Further discussion
of amplitude and phase errors is given in Chapter

6.3.3 Non-iterative two-level schemes for the oscillation equation

In principle, any of the time-differencing schemes described in Chapter [5] is a candidate
for application to the oscillation equation, (6.3). Each scheme has its own strengths and
weaknesses, as discussed below. Here we consider just a few examples.
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A family of (possibly) implicit schemes is given by

7" —q" =ioAt (ag"+Bg"T) . (6.18)

We require o + 8 = 1 in order to guarantee consistency. The explicit Euler scheme is
obtained (as a special case) with @ = 1, 8 = 0; the backward implicit scheme with o =
0, B =1, and the trapezoidal-implicit scheme with @ = 8 = 1/2. Eq. (6.18) can easily
be solved for ¢"!:

(1-iQB) " = (1+iQa)q", (6.19)

or

anrl — <l—|—i.QOC) qn

1-iQB (6.20)
=Aq".
In the second equality in (6.20) we make use of the definition of A.
For the forward (Euler) scheme, o = 1, B = 0, and so from (6.20) we find that
A=1+iQ, (6.21)

and

A =V14+Q2>1. (6.22)

This means that, for the oscillation equation, the forward scheme is unconditionally unsta-
ble. 1t’s a non-starter. From (6.16) and (6.21)), we see that the phase change per time step,
0, satisfies tan 0 = €2, so that 8 = Q for small At, as expected.

For the backward scheme, « =0, fB =1, and
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1
A=
1—iQ
1+iQ
14+ Q27

(6.23)

so that

V1+Q?
1+ Q2

1
= <1.

V14+02

A=
(6.24)

The backward scheme is, therefore, unconditionally stable. The amplitude of the oscillation
decreases with time, however. This is an error, because the amplitude is supposed to be
constant with time. As with the forward scheme, the phase change per time step satisfies
tan @ = 2, so again the phase error is small for small A¢z. The real part of A (the cosine
part) is always positive, which means that, no matter how big we make the time step, the
phase change per time step satisfies —7/2 < 6 < m/2. This scheme can be used for the
Coriolis terms in a model, but because of the damping it is not a very good choice.

For the trapezoidal implicit scheme, given by a = B = 1/2, we find that

C14iQ/2

l_l—iQ/Z’

(6.25)

which leads to |A ]2 = 1. This scheme is unconditionally stable, and has no amplitude error
at all. The phase error per time step is small. It is a very nice scheme for the oscillation
equation.

6.3.4 lIterative schemes for the oscillation equation

Now consider a family of iterative schemes for the oscillation equation, given by

=g =iQq", (6.26)

" —q"=iQ (ag"+ B . (6.27)
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Figure 6.2: The magnitude of the amplification factor A as a function of Q = wAt¢, for various
difference schemes. The Euler, backward, trapezoidal, Matsuno, and Heun schemes are shown.
The magnitude of the amplification factor for the trapezoidal scheme coincides with that of the true
solution for all values of Q. Caution: This does not mean that the trapezoidal scheme gives the
exact solution!

Recall that @ =0, pB* =1 gives the Matsuno scheme, and a = B* = 1/2 gives the Heun
scheme. Eliminating ¢"!* between and (6.27) for the Matsuno scheme, we find that

A=(1-Q%)+iQ, (6.28)

so that

>1 for 0Q%>1

<1 for Q?<1.

This is, therefore, a conditionally stable scheme; the condition for stability is Q2 < 1. Sim-
ilarly, for the Heun scheme, we find that
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A= (1-9%2)+iQ, (6.30)

and

|M:\/(1—.(22/2)2+.(22=\/1+.Q4/2>1. (6.31)

This shows that the Heun scheme is unconditionally unstable when applied to the oscilla-
tion equation, but for small €2 it is not as unstable as the forward scheme. It can be used in
a model that includes some physical damping.

The results discussed above are summarized in Fig. [6.2]and Fig. [6.3]

i Euler

Matsuno /
1.X Heun

Backwar;i &i
1 -0.5

Ar

2 -1.5 -

-0.5]
Trapezoidal

-1.4t

Figure 6.3: Variations of the real and imaginary components of the amplification factor, as Q
changes “parametrically” The actual values of Q are not shown in the figure. Both the exact
solution and the trapezoidal scheme lie on the unit circle.

6.3.5 The leapfrog scheme for the oscillation equation

The leapfrog scheme for the oscillation equation is

¢ —q" 1 =2iQq". (6.32)
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The leapfrog scheme was widely used in the past, but has fallen out of favor. We discuss it
here to explain why. We can rewrite (6.32)) as

g —2iQq"—¢" 1 =0, (6.33)

and look for a solution of the form ¢"*! = 14", for all n. Then (6.33) reduces to

A2 —2iQA—-1=0. (6.34)

Make sure that you understand how (6.34)) follows from (6.33). The solutions of (6.34) are

M=iQ+V1-02, h=iQ—\/1-02, (6.35)

i.e., there are two “modes,” satisfying

@ =g, @ =2 (6.36)

One of these two solutions corresponds to the solution of the differential equation. We
call it the “physical mode.” The other solution is a computational mode in time. Such
computational modes were already briefly discussed in Chapter[5| The differential equation
only has one solution, so the fact that the finite-difference equation has more than one
solution is a problem.

How can we tell which solution is the physical mode? Consider the limiting values of
A1 and A5 as Q — 0 (which we interpret as At — 0). Notice that A; — 1, while A, — —1.
We know that for the true solution A = 1, and so we can identify g; as the physical mode,
and ¢, as the ‘computational mode.

Notice that qg“ generally does not approach g7, as At — 0! This means that you can’t

get rid of the computational mode by making the time step smaller. The computational
mode arises from the structure of the scheme.
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6.3.6 The stability of the leapfrog scheme for the oscillation equation

To evaluate the numerical stability of the leapfrog scheme as applied to the oscillation
equation, consider three cases.

Case (i): |Q2| < 1

In this case, the factor v/1— Q2 in (6:33) is real, and we find that |4,|* = [A|* = 1.
This means that both the physical and the computational modes are neutral, so we have
phase errors but no amplitude errors. Let the phase changes per time step of the physical
and computational modes be denoted by 0; and 6,, respectively. Then

A = €% and A, = 2. (6.37)

Comparing with (6.33), and using Euler’s formula, we find by inspection that

cosO =vV1—-Q2% cosh=—V1-0Q2,
sinf; = Q, sin6, =0 .

(6.38)

From (6.38)), you should be able to see that 6, = & — 6. For Q — 0, we find that 6; = Q
(good), and 6, = & (bad). The apparent frequency of the physical mode is 6; /Af, which is
approximately equal to @. Then we can write

g\ =e%q) (6.39)

for the physical mode, and

gat =gl (6.40)

for the computational mode. Recall that the true solution is given by

gl(n+1)At] = g (nAr) . (6.41)
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Figure 6.4: Panels a and b show the amplification factors for the leapfrog scheme as applied to
the oscillation equation with |Q2| < 1. Panel a is for the physical mode, and panel b is for the
computational mode. Panels ¢ and d show solutions of the oscillation as obtained with the leapfrog
scheme for || < 1. Panel c is for the physical mode, and panel d is for the computational mode. In
making these figures it has been assumed that 6, = 7/8.

Panels a and b of Fig. [6.4]respectively show plots of ; and A; in the complex A-plane. The
figures have been drawn for the case of 8; = /8. The absolute value of A is, of course,
always equal to 1. Panel ¢ shows the graph of the real part of ¢} versus its imaginary part.
Recall that ¢} = lfq(l) = ¢ q(l). Panel d gives a similar plot for ¢5. Here we see that the
real and imaginary parts of the computational mode of ¢" both oscillate from one time step
to the next. Graphs showing each part versus n are given in Figure[6.5] The physical mode
looks nice. The computational mode is ugly.

Case (ii): |2| =1

Here A} = A, = iQ =i (see (6.39)), i.e., both A’s are purely imaginary with modulus
one (i.e., both are neutral), as shown in Fig. [6.6] This means that both solutions rotate
through /2 on each time step, so that the period is 4A¢t. The phase errors are very large;
the correct phase change per time step is 1 radian, and the computed phase change is /2
radians, which implies an error of 57%.

This illustrates that a scheme that is stable but on the verge of instability is usually
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Figure 6.5: Graphs of the real and imaginary parts of the physical and computational modes for the
solution of the oscillation equation as obtained with the leapfrog scheme for || < 1.

subject to large discretization errors and may give a very poor solution; you should not be
confident that you have a good solution just because your model does not blow up!

A ()

s
Ai,=r,=ie=1)

=

hy=hp=-AQ=-1) n=3

Figure 6.6: Panel a shows the amplification factors for the leapfrog scheme as applied to the os-

cillation equation with || = 1. Panel b shows the real and imaginary parts of the corresponding
solution, forn =0, 1, 2, and3.

Case (iii): |Q2] > 1

Here again both A; and A, are purely imaginary, so again both solutions rotate by 5 on
each time step, regardless of the value of ®. Eq. (6.36) can be written as

M:i<9+\/92—1> andlzzi(ﬂ—\/92—1> . (6.42)

77



Revised Monday 8" December, 2025 at 23:38

If Q@ > 1then |A;|* > 1 and |A,|* < 1, and if < —1, then |A;|* < 1 and |A5|* > 1. Either
way, one of the modes is damped and the other amplifies. The existence of an amplifying
mode means that the scheme is unstable.

a b Aj
Q>1 <— || > 1 Q<-1
1 1
Ay A
|)\.2|<1 !
-1 1 Ay -1 |)\1| < 11 ’7»,.
Ve
1 r1
o~— |7\.2| > 1

Figure 6.7: Panels a and b show the amplification factors for the oscillation equation with the
leapfrog scheme, with || > 1. Panel c shows the corresponding solution. The solid curve shows
the unstable mode, which is actually defined only at the black dots. The dashed curve shows the
damped mode, which is actually defined only at the grey dots. Panel d is a schematic illustration of
the amplification of the unstable mode. Note the period of 4A¢, which is characteristic of this type
of instability.

Panels a and b of Fig. give a graphical representation of A in the complex plane, for
the case || > 1. Note that A; = ‘.Q +vVQ2— l‘e’g and A, = ‘_Q —VQ2— l‘e’%. Panel ¢
of Fig. shows a plot of the evolving solution, ¢”, in the complex plane, for the modes
corresponding to A; and A, for Q > 1. The phase changes by 7 on each step, because A
is purely imaginary, and so the period is 4A¢; this period is a recognizable characteristic of
the instability of the leapfrog scheme for the oscillation equation (a clue!). Panel d of Fig.
schematically shows ¢" as a function of n for the amplifying mode corresponding to A;
i.e., g1 is unstable and ¢, is damped.

In summary, the centered or leapfrog scheme is second-order-accurate and gives a neu-
tral solution when |Q| < 1. For |Q2| > 1, which means large At, the scheme is unstable. In
short, the leapfrog scheme is conditionally stable when applied to the oscillation equation.
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The leapfrog scheme is explicit, has a higher accuracy than the general rule, and is
neutral if € < 1. For these reasons, it was very widely used in the past. On the other hand,
the leapfrog scheme allows a computational mode in time, which is bad, and has caused
the scheme to fall out of favor.

The trapezoidal implicit scheme is also neutrally stable for the oscillation equation, and
it is also time-reversible, just like a real oscillator. Unfortunately, it is more difficult to use
in complicated nonlinear problems.

6.3.7 The second-order Adams-Bashforth Scheme for the oscillation equation

The second-order Adams-Bashforth scheme and its third-order cousin (Durran, [1991) have
some very nice properties. The second-order Adams-Bashforth scheme for the oscillation
equation is

3 1
g —q"=iQ (—q" — —q"_l) . (6.43)

Like the leapfrog scheme, this is a three-level scheme, so it has a computational mode. The
right-hand side of (6.43) represents a linear extrapolation (in time) of ¢ from ¢"~! and ¢"
to n+ 1/2. It can be interpreted in terms of a scheme centered around time level n+ 1/2.
The amplification factor satisfies

A2 -2 <1 +%i9> +%iQ =0. (6.44)

The two solutions of (6.44) are

1 3 9
= [1432iQ+4/1--Q2+iQ 4
A 2<+21 + 1 +z>, (6.45)

and

1 3 /.9
= —[14+Zi0—4+/1=-2024+i0Q 4
)uz 2( —|—21 +1 ), (6.46)

79



Revised Monday 8" December, 2025 at 23:38

Since A — 1 as 2 — 0, the first mode is the physical mode, corresponding to the true
solution. Note, however, that A, — 0 as  — 0. This means that with a sufficiently short
time step the “computational” mode is damped, which is good.

In order to find |A|, we will make some approximations based on the assumption that
£ < 1, because the expressions in - (6.70) are complicated and in practice €2 is
usually small. Using the binomial theorem, we can approximate A; by

9 1
11%l+iQ—EQZ%1+iQ—§QZ, (6.47)

so that

[ Q4 Q4
A1 = 1+Tgl+?. (6.48)

which is always greater than 1. The physical mode is, therefore, unconditionally unstable.
If At (and €2) are sufficiently small, however, the solution is only weakly unstable. If
physical damping is included in the problem the instability may be rendered harmless.

6.3.8 A good start

Eq. (6.36) applies for any scheme that has one computational mode, and it is not restricted
to the oscillation equation. From (6.36) we see that after n time steps our two solutions will
be

q| = l{lq(l), and g5 = ﬂq”qg . (6.49)

Here we have used red to label the superscripts n that are exponents; the black superscripts
are time=level indices. The general solution of the finite-difference equation is a linear
combination of these two modes, i.e.,

q" = allq)+ Mg (6.50)

where a and b are constant coefficients. We would like to have b = 0, because then the
computational mode has zero amplitude.
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Because we have two solutions, we need two initial conditions. These are the values
of ¢° and ¢'. We already know that the first time step cannot use the leapfrog scheme,
because ¢! is not available. The first leapfrog step needs both ¢" and ¢!, and is used to
predict the value of ¢g>. We have to predict ¢! by starting from ¢, using a two-time-level
scheme. For example, we could use the Euler forward scheme, or the Matsuno scheme, or
a Runge-Kutta scheme.

The values of a and b, i.e., the amplitudes of the physical and computational modes,
depend in part on how we compute the computational initial condition, g'. We now show
how the initial amplitudes of the physical and computational modes depend on the choice
of g'. With reference to (6.50), the two initial conditions can be written this way:

q° zaq(l)+bqg forn =0, (6.51)

and

q' = A (aq?) + 12 (bg3) forn=1. (6.52)

Here we have used A; and A, to advance ¢; and ¢, from time level O to time level 1. We
can solve and for aq? and bq) in terms of ¢° and ¢', and substitute the results
back into (6.50). The result is

1 0 n_ 1 _ 0 n
- (4" — Mg )7;11_/(5 Mq’) 2 . (6.53)

By inspection of (6.53]), we see that the initial values of the physical and computational
modes are

1 0
0o q —Aq
=1 ~~<1 6.54
ql A«l _ AZ 9 ( )
and
1 0

0 q —7qu
= — 6.55
qz 2«1 — A«Z 3 ( )
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respectively. If we are able to choose q' so that ' — A1¢° = 0, then the computational mode
will have zero amplitude. The condition g' — A;4° = 0 simply means that ¢' is predicted
from ¢° using exactly the amplification factor for the physical mode. That makes sense,
right? Unfortunately, in realistically complicated models, this is impossible to arrange, but
we can come close by using a sufficiently accurate method to predict ¢! from ¢°.

6.3.9 Ad hoc damping of computational modes in time

In the idealized example discussed above, if the amplitude of the computational mode is
initialized to (almost) zero through the use of a sufficiently accurate scheme to predict ¢!,
then it will remain small for all time. In a real numerical model, however, the computational
mode can be excited, in the middle of a simulation, by various ongoing processes (e.g.,
nonlinear terms and parameterized physics) that have been omitted for simplicity in the
present discussion. Given this reality, a model that admits computational modes needs a
way to damp them, as a simulation progresses.

One simple approach is to “restart” the model periodically, e.g., once per simulated day.
A restart means repeating the procedure used on the initial start, i.e., taking one time step
with a forward-in-time scheme. One of the two solutions is abandoned or killed off, while
the other lives on.

A second approach is to use a time filter, as suggested by |[Robert (1966) and |Asselin
(1972). We write

Here the overbar denotes a filtered quantity, and o is a non-negative parameter that controls
the strength of the filter. For o@ = O the filter is “turned off.” Models that employ this so-
called Asselin filter often use o« = 0.5.

To use the filter, we predict ¢""! in the usual way, then use (6.56) to filter ¢". The
filtered value of ¢", i.e., ¢", is used to take the next leapfrog step from n to n + 2. Note that
(6.56) also uses 7"~ !. As an example, suppose that " ~! = ¢"*! =1, and ¢" = —1. This is
a zig-zag in time. Eq. will give §" = -1+ a(1+2+1) = —1+4a. If we choose
a = 0.5, we get ¢" = 1, which means that the zig-zag has been eliminated.

The filter damps the computational mode, but it also damps the physical mode, and it
reduces the overall order of accuracy of the time-differencing scheme from second-order
(leapfrog without filter) to first-order (leapfrog with filter). Many authors have suggested
alternative filtering approaches (e.g.,|Williams, [2013).

82



Revised Monday 8" December, 2025 at 23:38

Two-level time-differencing schemes do not have computational modes. The existence
of computational modes is a major disadvantage of all schemes that involve more than two
time levels. There is a school of thought in the numerical modeling community that ad-
vocates using only two-time-level schemes. In the framework of (5.4) this means schemes
with [ = m = 0, i.e., the Euler forward or backward implicit schemes, which have only
first-order accuracy. The iterative schemes, such as Matsuno, Heun, and Runge-Kutta, also
use only two time levels, and can have higher-than-first-order accuracy. We have already
seen that forward-in-time schemes can be quite accurate, e.g., the fourth-order Runge-Kutta
scheme. The desirable properties of forward-in-time schemes can motivate the use of iter-
ative schemes.

The current discussion is about computational modes in time. As mentioned earlier,
there can also be computational modes in space. They will be discussed later.

6.3.10 A survey of time differencing schemes for the oscillation equation

Baer and Simons| (1970) summarized the properties of various explicit and implicit schemes
for the oscillation equation. These are listed in Table[6.1] Some properties of these schemes
are shown in Figs. [6.9] and All of the schemes are non-iterative.

There are many other schemes of higher-order accuracy. Since our meteorological in-
terest mainly leads us to partial differential equations, the solutions to which will also
suffer from discretization error due to space differencing, we cannot hope to gain much by
increasing the accuracy of the time-differencing scheme alone.

6.4 Motivation 2

Now consider the diffusion equation, which is

A %A

Here D is a positive diffusion coefficient, assumed constant for simplicity. Diffusion de-
scribes a process in which microscopic motions smooth out a spatially variable field. Chap-
ter [16]is entirely devoted to equations similar to (6.57). Using (6.3)), we find that

A

%—f = —k*DA . (6.58)
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Table 6.1: List of the time differencing schemes for the oscillation equation, as surveyed by Baer
and Simons| (1970). Schemes whose names begin with “E” are explicit, while those whose names
begin with “I” are implicit. The numerical indices in the names are m, which is the number of “time
intervals” over which the scheme steps, as defined in Eq. (5.4)) and Fig. [5.1} and 1, which controls
the number of values of f used, again as defined in (5.4)). For the coefficients, a blank entry means
zero. lterative schemes are not included in the survey.

Scheme
identifier Order of
Name ﬁ an an—l an—2 an—S an—4 Accuracy
(m, I)
Adams- 2
= Bashforth 8/2 -2 (At )
Adams- 3
E02 Bashforth 23/12 -4/3 5/12 ( At)
E03 55/24 -59/24 37/24 -9/24 (At)4
E04 1901/720 -2774/720 2616/720 -1274/720  251/720 ( At )5
E11 Leapfrog 1 ( At )2
E12 7/6 216 116 (Ar)’
Milne 4
E33 Predictor 2/3 -1/3 2/3 ( A;)
Trapezoidal 2
101 implicit 1/2 1/2 ( At)
102 5112 8/12 -1/12 (Ar)’
103 Moulton g4 1924 524 1/24 (Ar)'
Corrector
104 251/720 646/720 -264/720  106/720  -19/720 (At )5
Milne 4
13 G 1/6 4/6 1/6 ( A,)
4 29/180  124/180 24/180 4/180 -1/180 (At )5
135 Mine Il 141180 64180 241180  64/180  14/180 (Ar)°
Corrector

This is a form of the “decay equation,” which we will analyze in this chapter using the
notation
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Figure 6.8: Magnitude of the amplification factor (upper panels) and 6/Q (lower panels) for various
explicit schemes as applied to the oscillation equation, following |[Baer and Simons| (1970). The
abscissa in each panel is Q. See Table

Y9 _ ey, (6.59)

where g and x are both real, and x is positive. Note the similarity between (6.5)) and (6.59).

6.5 Schemes for the decay equation

The solution of the continuous decay equation is

q(t)=q(0)e ™. (6.60)
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Figure 6.9: Amplification factors of various implicit schemes as applied to the oscillation equation,
following Baer and Simons|(1970). The abscissa in each panel is Q. See Table

This describes a simple exponential decay with time. For large ¢, ¢ — 0. Note that for the
decay equation

q(t+Ar)=q(t)e ¥4, (6.61)

Compare with (6.7). A good scheme for the decay equation should give g1 — 0 as
KAt — oo, because that’s what the solution to the differential equation does. The “true”
value of A is given by

Ar = e FA <1 (6.62)
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This differs from the oscillation equation, for which | A7 |= 1.

For the Euler (forward) scheme, the finite-difference analogue of (6.59) is

¢ —q¢"=—Kq", (6.63)

where K = KA¢. The solution is

g =(1-K)q". (6.64)

Note that A = 1 — K is real. For |1 — K| < 1, which is satisfied for k or A¢ small enough to
give K < 2, the scheme is stable. This is, therefore, a conditionally stable scheme. It gives
an unphysical damped oscillation for 1 < K < 2. The oscillatory instability that occurs
with the Euler forward scheme for K > 2 is an example of what is called “overstability,”
in which the restoring force that is supposed to damp the perturbation goes too far and
spuriously causes the perturbation to grow in the form of an amplifying oscillation.

The backward implicit scheme for the decay equation is

qn—H _qn — _an—i-l’ (6.65)

with solution

n

n+l __ q
= (6.66)

Here A = 1/ (14 K) < 1, so the solution is unconditionally stable. As a bonus, for K — oo
we get ¢"T! — 0, which is consistent with the solution to the differential equation. For these
reasons, the backward implicit scheme is a good choice for the decay equation, although of
course it has only first-order accuracy.

It can be shown that, when applied to the decay equation,

* the trapezoidal implicit scheme is unconditionally stable, with better (second-order)
accuracy than the backward implicit scheme;

* the Matsuno (Euler-Backward) scheme is conditionally stable;
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* the Heun scheme is conditionally stable; and
* the second-order Adams-Bashforth scheme is conditionally stable.

There are many other possibilities, but in general implicit schemes are best for the decay
equation.

Finally, the leapfrog scheme for the decay equation is

and so A satisfies

A242KA—1=0. (6.68)

The two roots are

M=—-K+VK>*+1,1,=—-K—-VK?*+1 (6.69)

Since 0 < A; < 1,and A; — 1 as K — 0, we see that A; corresponds to the physical mode.

On the other hand, |A,| is always greater than one, so the leapfrog scheme is unconditionally
unstable when applied to the decay equation. Actually A, < —1 (Ay — —1 as varDeltat — 0),
so the computational mode is “overstable;” it oscillates in sign from one time level to the
next, and amplifies. It’s just awful.

A simple interpretation is as follows. Suppose that we have g =0atn =0 and g > 0
at n = 1, as shown in Fig. [6.10] From (6.68) we see that the restoring effect computed
at n = 1 is added to ¢°, resulting in a negative deviation at n = 2. The positive “restoring
effect” computed at n = 2 is added to ¢!, which is already positive, resulting in a more
positive value at n = 3, as illustrated in Fig. And so on. This is overstability again.
Overstability is why the leapfrog scheme is a disastrous choice for the decay equation. In
fact, the leapfrog scheme is a bad choice for any “damping” component of a model, e.g.,
diffusion. You should remember this fact forever.

Note that the first-order backward implicit scheme gives a good solution for the decay
equation, while the second-order (i.e., “more accurate”) leapfrog scheme gives a bad solu-
tion. This illustrates that a scheme can be accurate in the Taylor-series sense but hopelessly
inaccurate in other ways.
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q: = q‘ .'.’th =0 EKq.' <
g’ =q -2Kq" = q' -2K(¢'-2Kq') = ¢'(1+4K") >4’

q; =q Z‘Kq" <g

q(t)

Figure 6.10: An illustration of how the leapfrog scheme leads to instability with the decay equation.
The solution plotted represents the computational mode only and would be superimposed on the
physical mode.

6.6 Damped oscillations

What should we do if we have an equation of the form

X (iw—x)q? (6.70)

Here we are essentially combining the oscillation and decay equations. The exact solution
of (6.70) is a damped oscillation. One possible scheme is based on a “mix” of the leapfrog
and forward or backward schemes in the following manner. We write the finite-difference

analogue of (6.70) as

=g =2iQq" - 2Kq" (6.71)
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(decay term forward differenced), or as

qu—l . qn—l — leqn . 2an+1 (672)

(decay term backward differenced). The oscillation terms on the right-hand sides of (6.71])
and (6.72)) are in “centered” form, whereas the damping terms have an uncentered form.
These schemes are conditionally stable.

6.7 Nonlinear damping

In real applications, it is quite typical that k depends on g, so that the decay equation be-
comes nonlinear. Kalnay and Kanamitsu (1988)) studied the behavior of ten time-differencing
schemes for a nonlinear version of (6.59)), given by

dg _

o= (—xq") g+, (6.73)

where P is a non-negative exponent, and S is a source or sink whose form is unspecified.
The reason for introducing S is simply to allow non-zero equilibrium values of g. In real
applications, there is usually a term corresponding to S. In case P =0 and S = 0, (6.73)

reduces to (6.59).

An example of a real application that gives rise to an equation of the form is
boundary-layer parameterization. The soil temperature, T, satisfies an equation roughly of
the form

4%

= PacperV (Ty = Ta) + 5, (6.74)

where C is the heat capacity of the soil layer, p, is the density of the air, 7}, is the temperature
of the air at some level near the ground (often taken to be 2 m above the soil surface), cr
is a “transfer coefficient” that depends on (7, — 7;), V is the wind speed at a level near the
ground (often taken to be 10 m above the soil surface), and S, represents all other processes
that affect the soil temperature, e.g., solar and infrared radiation, the latent heat flux, and
the conduction of heat through the soil.

The air temperature is governed by a similar equation:
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dT,
paDcpd—ta = pacperV (Ty —Ty) + S, - (6.75)

Here c), is the specific heat of air at constant pressure, and D is the depth of the layer of air
whose temperature is represented by 7;,. Virtually all atmospheric models involve equations

something like (6.74) and (6.75).
Subtracting from (6.74), we find that

d(T,~T,) 11 S, S
= = —pacperV (Ty — To) (E + paDcp) + (E “pube,) (6.76)

The analogy between (6.73)) and (6.76) should be clear. The two equations are essentially
the same if the transfer coefficient ¢z has a power-law dependence on T, — T, which is a
realistic possibility.

From what we have already discussed, it should seem plausible that an implicit scheme
would be a good choice for (6.73), i.e.,

— k(g 1. (6.77)

Such a scheme is in fact unconditionally stable, but for arbitrary P it must be solved iter-
atively, which can be expensive. For this practical reason, (6.77) may not be considered
a viable choice, except where P is a small integer, in which case can be solved
analytically.

As mentioned earlier, linearization about an equilibrium solution is a necessary prelim-
inary step before von Neumann’s method can be applied to a nonlinear equation. Let g
denote an equilibrium solution of (6.73)), so that

kgt =8. (6.78)

We are assuming for simplicity that S is independent of ¢ and time. Let ¢’ denote a depar-
ture from the equilibrium, so that ¢ = g+ ¢’. Then (6.74)) can be linearized as follows:
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d
5 (@+d) ==xg" —x(P+1)7°q +S, (6.79)

which reduces to

dq’ _

- —xk(P+1)g"q . 6.80
I K(P+1)q q (6.80)

This linearized equation with constant coefficients can be analyzed using von Neumann’s
method.

As an example, the forward time-differencing scheme, applied to (6.80), gives

¢ —q"=—-a(P+1)q", (6.81)

where we use the shorthand notation

o=« (g)" Ar, (6.82)

and we have dropped the “prime” notation for simplicity. We can rearrange (6.81) to

g =[l—a(P+1)q", (6.83)

from which we see that

A=1-0a(P+1). (6.84)

From (6.84)), we see that the forward time-differencing scheme is conditionally stable, and
that the criterion for stability is more difficult to satisfy when P is large.

Table summarizes the ten schemes that Kalnay and Kanamitsu analyzed, and gives
the amplification factors and stability criteria for each. For the nonlinear forward explicit,
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Table 6.2: Schemes for the nonlinear decay equation, as studied by |Kalnay and Kanamitsu| (1988).
The source/sink term is omitted here for simplicity.

Name of Scheme

Form of Scheme

Amplification Factor

Linear stability

criterion
n+l n
Forward Explicit d A_" :—;c(q")”‘ 1—a(P+1) a(P+1)<2
t
n+l n 1 e
- —q w1\ P Unconditionally

Backward Implicit Y. K(q *1) l+a(P+1) stable

n+l n n n+l ! ((XP)z V] diti 1]
Centered Implicit 9 =49 __, |9 %4 1-a(P-1)+ . nconditionally

At 2 (1+a) stable
Explicit coefficient, " —q" P 1-aP a(P-1)<2
implicit q N (a) (1+a)’
é_q” —_ n\P
Predictor-Corrector At <) L-a(P-1)+(aP)’ a(P-1)<1
coefficient, implicit 7 —q" N (1+0¢)2
:_K.(q) n
At

’\_qn =x(g" P 2

—, K\9) 9 P
Average coefficient, Af ( ) . 1-a(P 1)—@+m a(P-2)<2
implicit g q”*‘—q”__K k(q") +(q 2

YR 5 (l+a)
Explicit coefficient, =g P . l-a(P+1-7)
extrapolated q A K(‘I ) [(1—7’)(1 } —1+ay a(P+1-2y)<2

Explicit coefficient,
implicit g, with time

(1-4)(1-oP)

o] P(1-A)-1-A]

filter q"" =(1 —A)¢}+Aq” 427 <2
Double time step, a-q" =—K(q”)P
explicit coefficient, 2A1 1-a(P-1) a(P-3)<2
implicit g with time w Gt+q" 1+2a
average filter 7 T

. L qn+1_qn _
It;?fke\ll\rllazzﬂicz: Cl)ifcit A I+oP Unconditionally

p I+a(P+1) stable

scheme

_K[qn )P[[P_H)qml _Pqn}

backward implicit and centered implicit schemes, the amplification factor has been ob-
tained by linearization, but the results obtained are not misleading. In the table, A is a
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parameter used to adjust the properties of a time filter; and y > 1 is an “extrapolation” pa-
rameter. For a detailed discussion, see the paper by Kalnay and Kanamaitsu| (1988)), which
you should find quite understandable at this stage.

6.8 Summary

Schemes with smaller discretization errors are not always better. For example, the second-
order leapfrog scheme is unstable when applied to the decay equation, while the first-
order backward implicit scheme is unconditionally stable and well behaved for the same
equation. A stable but less accurate scheme is obviously preferable to an unstable but “more
accurate” scheme. Accuracy in the Taylor-series sense doesn’t tell the whole story.

For the advection and oscillation equations, discretization errors can be separated into
amplitude errors and phase errors. Neutral schemes, like the leapfrog scheme and the
trapezoidal implicit scheme, have phase errors, but no amplitude errors.

Implicit schemes are well suited to the decay equation, but can be difficult to implement
when the decay term is nonlinear.

Computational modes in time are permitted by differencing schemes that involve three
or more time levels. To control these modes, there are four possible approaches:

* Choose a scheme that involves only two time levels.

* Choose the computational initial condition well, and periodically “re-start” the model
by taking a two-level time step.

* Choose the computational initial condition well, and use a time filter (e.g., |Asselin
(1972)) to suppress the computational mode.

* Choose the computational initial condition well, and choose a scheme that damps
the computational mode more than the physical mode, e.g., an Adams- Bashforth
scheme.

Finally, we list some properties of “good” schemes:

* High accuracy.

* Stability.

» Simplicity.

* Computational economy.

* No computational modes in time, or else damped computational modes in time.

* Graceful behavior in the limit of large time steps, as with the backward implicit

scheme applied to the decay equation.
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6.9 Problems

1. Consider the following pair of equations, which describe inertial oscillations:

Du_

= fv, (6.85)
Dv
Dr =—fu. (6.86)

(a) Determine the stability of the Euler forward time-differencing scheme as ap-
plied to these two equations.

(b) Determine the stability of the trapezoidal implicit time-differencing scheme as
applied to these two equations.

(c) Determine the stability of third-order Adams-Bashforth time-differencing scheme
as applied to these two equations.

2. (a) Find the exact solution of
dq

i ing — Kq. (6.87)

0]
Let g(r = 0) = 100, o 0.1, k = 0.1. Plot the real part of the solution for
0 <r<100.

(b) Find the stability criterion for the scheme given by

@ =g =2iQq" —2Kq" (6.88)
A2 —1=2iQA—2KA? (6.89)
A2 (142K)—2iQA—1=0 (6.90)
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The solutions are

2iQ+4/—-40Q%+4(1+2K)

A
2(1+2K) 6.91)
_iQ+\/-0Q2+(1+2K)
B 142K
For —Q2 + (1+2K) > 0, we can write
AP = Q2+ [-Q%+ (142K)]
(1+2K)?
_ (142K) 6.92)
(142K)?
1
= 1
142K ©

so the scheme is unconditionally stable.

For —Q2+ (1+2K) < 0, we get

A= < : J: 2K> [.Q + m} (6.93)

Note that A is pure imaginary, so that stability boundary occurs for A =i or
A = —i. For A =i, we get

142K —Q = +1/Q2— (1+2K) (6.94)

Squaring both sides, we obtain

(142K —Q)* = Q% — (1+2K) (6.95)
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which leads to

Q=1+4+K (6.96)

This defines a line that moves up towards the right, starting at 2 =1, K = 0.
We have instability for Q > 1+ K, provided that —Q? + (1 +2K) < 0. This
second condition is equivalent to 2 > /1 4 2K. It is easy to show that 1 4+ x >
v 142k for all k. So the conclusion is that the stability boundary is 2 = 1+ k.
Instability occurs for Q2 > 1+ k.

For A = —i, we find that

—(142K)— Q = +,/02— (1+2K) (6.97)

Squaring both sides leads to

Q=—(1+K) (6.98)

(c) Repeat for the scheme given by

g =g =2iQq" —2Kq" . (6.99)
A2 —1=2iQA 2K (6.100)

or
A?—2iQA+ (2K —1)=0 (6.101)

97



Revised Monday 8" December, 2025 at 23:38

The solutions are

| 2iQ4/-4Q2—-4(2K 1)
2 (6.102)
—iQ /02— (2K 1)

A

For —Q2 — (2K — 1) > 0, we get

AP =1-2K (6.103)

This says that the amplification factor is independent of €2. Note, however, that
we have assumed that —Q2 — (2K — 1) > 0, which implies that 1 — 2K > Q%>
0. So |A |2 cannot be negative. In other words, everything is OK.

For —Q2 — (2K — 1) < 0, we get

)L:i[_QﬂF QZ+(2K—1)} (6.104)

Here again, A is pure imaginary. For A =i, we get Q2 =1 —K, and for A = —1,
we get Q = — (1 —K).

(d) Plot the neutral stability boundaries for both schemes (where |A| = 1) as curves
in the (K, Q) plane, for K and Q in the range 0 to 2, as in the sketch below.
Here Q = wAt, K = kAt. Indicate which part(s) of the (K, Q) plot correspond
to instability.
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(e) Code equations (6.88]) and (6.99). Use an Euler-forward time step for the first
step only. Use ¢g(r = 0) = 100, and At = 1. For each scheme, run the following
cases:

() () ()
—=01,k=0, —= =01, —=0.1,x=0.1. 1
o 0.1, k =0; o 0, x=0.1; o 0.1, k=0 (6.105)

For each case, plot Re {¢} for 0 < < 100 and compare with the exact solution.
Discuss the numerical results as they relate to the stability analyses of parts (b),
(c), and (d) above.

3. Find the stability criterion for the fourth-order Runge-Kutta scheme applied to the
oscillation equation.

4. Work out the stability criteria for the Matsuno scheme and the Heun scheme as ap-
plied to the decay equation, and compare with the corresponding criteria for the
backward implicit and trapezoidal implicit schemes, respectively.

5. Plot 0 as a function of Q for the exact solution of the oscillation equation, and for
the Euler, trapezoidal, Matsuno, and Heun schemes, and also the leapfrog scheme’s
physical mode, ¢g;. Consider —7 < Q < 7.
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Chapter 7

Riding along with the air

Up to now we have considered only ordinary differential equations in which the indepen-
dent variable is time. Starting in this chapter, we will consider partial differential equations,
involving both time and space derivatives. The subject of this chapter is advection, which is
an extremely important process in the atmosphere. The purpose of this chapter is to review
the physical nature of advection, as a prelude to a discussion, in the following chapters, of
numerical schemes for the advection equation.

7.1 The Lagrangian form

Consider an arbitrary “intensive” variable A. An intensive variable is defined per unit mass.
Familiar examples are the mixing ratio of water vapor, and temperature, which is propor-
tional to the internal energy per unit mass. In Lagrangian form, the advection equation for
an intensive variable A, in any number of dimensions, is

DA
— =0. 7.1
Dt .

This simply means that the value of A does not change following a particle. We say that A
is “conserved” following a particle. In fluid dynamics, we consider an infinite collection
of fluid particles. According to (7.1]), each particle maintains its value of A as it moves. If
we do a survey of the values of A in our fluid system, let advection occur, and conduct a
“follow-up” survey, we will find that exactly the same values of A are still in the system.
The locations of the particles presumably will have changed, but the maximum value of
A over the population of particles is unchanged by advection, the minimum value is un-
changed, the average is unchanged, and in fact all of the statistics of the distribution of A
over the mass of the fluid are completely unchanged by the advective process. This is an
essential property of advection.
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Here is another way of describing this property: If we worked out the probability den-
sity function (PDF) of A, by defining narrow “bins” and counting the mass associated with
particles having values of A falling within each bin, we would find that the PDF was un-
changed by advection. For instance, if the PDF of A at a certain time is Gaussian (or “bell
shaped”), it will still be Gaussian at a later time (and with the same mean and standard
deviation) if the only intervening process is advection and if no mass enters or leaves the
system.

Pure advection is time-reversible. Ideally a numerical scheme for advection should also
be time-reversible. As explained later, this can be done, although it is not usually done.

Consider a simple function of A, such as A%. Since the A of each particle is unchanged
during advection, A% will also be unchanged. In fact, any function of A will also be un-
changed. It follows that the PDF of any function of A is unchanged by advection.

In many cases of interest, A is non-negative more or less by definition. For example,
the mixing ratio of water vapor cannot be negative. Some other variables, such as the zonal
component of the wind vector, can be either positive or negative.

Suppose that A is conserved following each particle. If there are no negative values of
A at some initial time, then, to the extent that advection is the only process at work, there
will be no negative values of A at any later time either. This is true whether the variable in
question is non-negative by definition (like the mixing ratio of water vapor) or not (like the
zonal component of the wind vector).

Of course, in general these various quantities are not really conserved following parti-
cles, because various sources and sinks cause the value of A to change as the particle moves.
For instance, if A is temperature, one possible source is adiabatic expansion and compres-
sion, and another is radiative heating. To describe more general processes that include not
only advection but also sources and sinks, we can replace by

— =5, (7.2)

where S is the source of A per unit time. (A negative value of S represents a sink.) We
still call (7.2) a “conservation” equation; it says that A is conserved except when sources or
sinks come into play. We call ((7.2)) the “Lagrangian form" of the conservation equation.

7.2 The advective form

The Lagrangian (particle-following) time derivative, D/Dt, can be expanded as
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d
E=E+V-V. (7.3)

To demonstrate this, let r be the position vector that corresponds to the particle’s location,
and write the Lagrangian time derivative of an arbitrary variable as

DA A(r+Ar,t+At)—A(r, t)

—= 7.4
Dt At 74

Think of the two values of A on the right-hand side of (7.4) as “measured values” for a
particular particle. The measurements are made at times ¢ and ¢ + A¢, when the particle’s
positions are r and r + Ar, respectively. Using a Taylor series expansion about the point
r, t, we can write

d0A
A(r+Ar, t+Ar)—A(r, t) = EAI + VA - Ar + higher order terms . (7.5)

Here the partial derivative with respect to time is taken at fixed r. Dividing both sides of
(7.3) by At, and using Ar/Ar =V, we obtain

DA 0A
T =S (V)AL (71.6)

The left-hand side of is the change of A experienced by a moving particle, and the
right-hand side is the sum of the time-rate-of-change of as seen in a fixed “Eulerian” co-
ordinate system, and a term representing the effects of advection as seen in the Eulerian
framework.

The individual terms on the right-hand side of depend on the Eulerian coordinate
system used. The time-rate-of-change “at a fixed point in space” means one thing in an
inertial frame of reference, and something very different in a frame of reference that is
rotating with the Earth. Similarly, V takes one value in an inertial frame and a different
value in the rotating frame. Nevertheless, the left-hand side of has a meaning that is
independent of the frame of reference. Therefore, the sum of the terms on the right-hand
side must be also independent of the frame of reference.

Using (7.6), we can rewrite (7.2) as
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aa_ft‘:_w.V)AH. 17)

With (7.7), we predict A at a particular point using information about the values of A at
nearby points. We will call (7.7)) the “advective form” of the conservation equation.

7.3 The continuity equation

In addition to conservation equations for quantities that are defined per unit mass, we need
a conservation equation for mass itself. This “continuity equation” can be written as

dp
— =-V-(pV 7.8
5 (pV) (7.8)
where p is the density (mass per unit volume) and V is the velocity vector. This says that

the density at a point changes in time due to the convergence or divergence of the “mass
flux” pV. We call this the “flux form” of the continuity equation.

Using ((7.6)), can write as

Dp
Dr pV-V. (7.9)

Eq. tells us that, in general, p is not constant following a particle. For the limiting
case of an incompressible fluid, i.e., one for which p is an immutable property of the fluid
so that Dp /Dt =0, implies that V-V = 0. This means that incompressibility implies
nondivergence of the wind. In reality, there is no such thing as an incompressible fluid, but
some fluids (like liquid water) are much less compressible than others (like air). Eq.
also tells us that if the wind field happens to be non-divergent, then the density is conserved
following a particle.

7.4 The flux form

Multiply by A, and (7.7) by p, and add the results to obtain

%(pA) =—V-(pVA)+pS. (7.10)
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This is called the “flux form” of the conservation equation. Like (7.7)), it is Eulerian. Notice
that if we put A = 1 and S = 0 (because there is no “source of 1”’!) then reduces to
(7.8). This is an important point that can and should be used in the design of advection
schemes. We can and should design the flux form of an advection scheme for A in such a
way that for A = 1 we get the scheme that we use for the continuity equation.

Obviously we could use the continuity equation to go back from the flux form to the
advective form. Throughout the rest of this book we will frequently use continuity to
transform back and forth between flux form and advective form.

Suppose that we integrate over a closed or periodic domain, R. Here“closed”
means that there is no flux of mass across the boundary of R, and “periodic” means that the
domain has no boundaries (e.g., a spherical shell). For either closed or periodic boundaries,
Gauss’s Theorem tells us that

/V-(pVA) dR=0. (7.11)
R

It follows that
d
—/pAdR:/deR. (7.12)
dt Jr R

This says that the mass-weighted total of A within the domain does not change with time,
except for the effects of sources and sinks. Similarly, we find that

%/deR:o, (7.13)

which simply states that the total mass within the domain does not change with time. We
can describe (7.12)) and (7.13) as “integral forms” of the conservation equations for mass
and A, respectively.

7.5 Characteristics

Consider the one-dimensional advection equation, given by

0A 0A
(5) (%) =0 T
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where A = A(x,t). This is the advective form, with the source term set to zero. We will
assume for now that u is independent of both x and ¢. Eq. is a first-order linear partial
differential equation with a constant coefficient, namely u. It looks harmless, but it causes
no end of trouble.

Suppose that

A(x,0)=F(x) for —oo < x < co. (7.15)

This is an “initial condition,” because it gives the spatial distribution of A at t = 0. Our
goal is to determine A(x,7). We first work out the analytic solution of (7.14)), for later
comparison with our numerical solution. Define

& =x—ut, so that (%) =u. (7.16)
5

Att =0, x = &; in other words, x = & is the initial position of the particle. In general,
x = & +ut is the position of the particle at time 7. Each particle has its own initial position,
and it’s own value of £. Think of a particle’s value of £ as the particle’s “name.” The value
of & does not change as the particle moves, so we can think of it as labeling the particle

that was at x = & when ¢t = 0.

£ = constant c

\ to—tp=to—tg= At

A
Xp—Xg4 = Xp—x, = Ax

Figure 7.1: Figure used in the derivation of the first line of (7.17]). XX Redraw this figure.

With reference to Fig. we can write
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IA\  Ac—Ay
ox 5_ XC — XA

(Ap—Aa) +(Ac —Ap)

XC —XA
_ (Ap—A4)+(Ac—Ap)
XC — XA
_ (Ap—Ax) +AC_AB tc—1p
XB — XA Ic —1IBp XCc—XB

B (%)t+ (aé?_?)x(%>&
(5, (%),

0.

T Dr
—0.

(7.17)

(7.18)

We can interpret (dA/dt) ¢ as the Lagrangian time rate of change of A. From (7.17) and

(7-18)), we conclude that

A=7(8)

(7.19)

is the general solution to (7.14). This means that A depends only on &, in the sense that if
you tell me the value of &, that’s all the information I need to tell you the value of A. (Note
that “A depends only on £” does not mean that A is independent of x for fixed ¢z, or of ¢ for

fixed x.)

The initial condition is
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E=xandA(x)=f(x) atr=0, (7.20)

i.e., the shape of f(§) is determined by the initial condition. In order to satisfy the
initial condition, we chose f = F [see Eq. (7.15)]. Referring to (7.19) , we see that
A (&) =F (&) =F (x— ur) is the solution to that satisfies the initial condition (7.20).
The initial values of A simply “move along” the lines of constant &, which are called char-
acteristics. The initial shape of A (x), namely F (x), is just carried along by the wind. From
a physical point of view this is obvious.

The discussion above can be generalized to define “curvy” characteristics in two or
three spatial dimensions, with winds that vary in both space and time.

Partial differential equations whose solutions are constant along characteristics are
called hyperbolic. The advection equation is hyperbolic. Further discussion is given later.

7.6 Discussion

It may seem that the ideal way to simulate advection in a model would be to define a col-
lection of particles, associate various properties of interest with each particle, and let the
particles be carried about by the wind. In such a Lagrangian model, the properties asso-
ciated with each particle would include its spatial coordinates, e.g., its longitude, latitude,
and height. These would change with time in response to the predicted velocity field. The
Lagrangian approach is discussed in Chapter[14]

At the present time, virtually all models in atmospheric science are based on Eulerian
descriptions of horizontal advection. For the case of vertical advection, the Eulerian ver-
tical coordinate is sometimes permitted to “move” in the sense that the height or pressure
of a coordinate surface changes as the circulation evolves (e.g., Phillips, (1957} [Hsu and
Arakawal [1990). These vertical coordinate systems are discussed in Chapter [22]

All three forms of the conservation equation for A imply that if A is uniform throughout
the domain (e.g., if A = 1), and if S = 0 throughout the domain, then A will remain uniform
under advection. In the case of the flux form, putting A = constant (and S4 = 0) converts
the conservation equation for A into the continuity equation.
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Chapter 8

The upstream scheme for advection

8.1 From there and then to here and now

We now investigate the solution of one possible numerical scheme for (7.14)). We construct
a grid, as in Fig. [§.I] One of the infinitely many possible finite-difference approximations

to (7.14) is

n+1
A" —A’}+M(A;?—A;!1

= >0. .
AT e > 0 for u>0 (8.1)

Here we have used the forward difference quotient in time and the backward difference
quotient in space, and we have stipulated that u > 0. If we know A’} at some time level n
for all j, then we can solve (8.1) for A’}“ at the next time level, n+ 1. Eq. (8.1)) is called
the “upstream” scheme. It is one-sided or asymmetric in both space and time. It seems
naturally suited to modeling advection, in which air comes from the upstream side and
goes to the downstream side, as time passes by. The upstream scheme has some serious
weaknesses, but it also has some very useful properties. It is a scheme worth remembering.
That’s why I put in a box.

Because

R (Y
T—)EasAt%O, (8.2)

and
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Figure 8.1: A grid for the solution of the one-dimensional advection equation.

AT =A% 0A
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8.2 The discretization error of the upstream scheme

109

(8.3)

we can say that (8.1) does approach (7.14) as At and Ax both approach zero. Given this
fact, it may seem obvious that the solution of (8.I) approaches the solution of as
Ax — 0 and At — 0. I am now going to show you why that is not necessarily true.

Let A (x, t) denote the (exact) solution of the differential equation, so that A (jAx, nAt) is
the value of this exact solution at the discrete point (jAx, nAt) on the grid shown in Fig.
We use the notation A” to denote the “exact” solution of a finite-difference equation,
at the same point. In general, A’ # A(jAx, nAt). To find the discretization error of the
upstream scheme, we substitute the solution of the differential equation into the finite-
difference equation. For the upstream scheme given by (8.1)), we get
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{A [jAx, (n+1)At] —A(jAx, nvarDeltat) }-i—u {A (jAx, nAt) —A[(j—1)Ax, nAt]

At Ax
(8.4)

Recall that the discretization error, €, is a measure of how accurately the solution A (x, 7)
of the original differential equation (7.14), satisfies the finite-difference equation, (8.1). It
is far from a perfect measure of accuracy, however, as will become evident.

If we obtain the terms of (8.4)) from a Taylor Series expansion of A (x, ¢) about the point
(jJAx, nAt), and use the fact that A (x, t) satisfies (7.14)), we find that

1 9%A 1 J%A
£:< Atat2+-~-)+u(——Axa2—|— ) (8.5)

We say this is a “first-order scheme” because the first powers of Az and Ax appear in (8.5).
The notations &' (At,Ax) or O (At) + O (Ax) can be used to express this. The upstream
scheme is first-order accurate in both space and time.

A scheme is said to be “consistent” with the differential equation if the discretization
error of the scheme approaches zero as At and Ax approach zero. We have demonstrated
above that the upstream scheme is consistent. Consistency is necessary, but it is a “low
bar,” and nowhere near sufficient to make a good scheme.

8.3 The domain of dependence

Given acceptable levels of discretization error, we must also consider the error of the solu-
tion of the discrete equation, i.e., the difference between the solution of the discrete equa-
tion and the solution of the continuous differential equation, i.e., A7 —A (jAx, nAt). How
does the solution of the finite-difference scheme change as Ar and Ax — 0? If the solution
of the finite-difference scheme approaches the solution of the differential equation as the
grid is refined, then we say that the solution converges.

Fig. illustrates a situation in which the solution does not converge as the grid is
refined. The thin diagonal line in the figure shows the characteristic along which A is
“carried,” i.e., A is constant along the line. This is the exact solution. To work out the
numerical approximation to this solution, we first choose Ax and At such that the grid
points are the dots in the figure. The set of grid points carrying values of A on which A}
depends is called the “domain of dependence.” The shaded area in the figure shows the
domain of dependence for the upstream scheme, (8. I)).
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A
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Iy {
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°. » X
Xo J

Ax

Figure 8.2: The shaded area represents the “domain of dependence” of the solution of the upstream
scheme at the point [jAx, (n+ 1) At]. The diagonal line is the characteristic of the exact solution that
passes through that point.

We could increase the accuracy of the finite-difference approximation to dA/dt by
cutting At in half, and we can increase the accuracy of the finite-difference approximation
to dA/dx by cutting Ax in half, but the domain of dependence would not change as long as
the nondimensional ratio uAt/Ax remains the same. The preceding discussion shows that
uAt/Ax is an important quantity. We will give it a name:

uAt

Consider the characteristic that passes through the point [jAx, (n+ 1) At], i.e., x —ut =
xo, where xg is a constant. For the case shown in Fig. [8.2] the characteristic does not lie in
the domain of dependence. As a result, there is no hope of obtaining smaller discretization
error, no matter how small Ax and Ar become, as long as mu is unchanged, because the
true solution depends only on the initial value of A at the single point (xo,0) which cannot
influence A’}. You could change A (xo,0) (and hence the exact solution A (jAx, nAt) ), but
the computed solution A’} would remain the same. In such a case, the error of the solution
usually will not be decreased by refining the grid. We conclude that if the value of u is such
that x( lies outside of the domain of dependence, it is not possible for the solution of the
finite-difference equation to approach the solution of the differential equation, no matter
how fine the mesh becomes. The finite-difference equation converges to the differential
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equation, but the solution of the finite-difference equation does not converge to the solution
of the differential equation. This illustrates that it is possible to decrease the truncation
errors without decreasing the discretization error. The truncation error goes to zero, but
the discretization error does not. Bummer.

The condition for xj to lie inside the domain of dependence is

o<u<l. (8.7)

This a necessary condition for convergence of the upstream scheme. Eq. (8.7) is a form
of the famous “CFL” stability criterion associated with the names Courant, Friedrichs and
Lewy (Courant et al., [1928)).

Notice that if u is negative (giving what we might call a “downstream” scheme), then
the characteristic lies outside the domain of dependence shown in the figure. Of course, we
can use

n+l _ an
Aj Aj

At

no_ A"
+u(%>20 for u<O0, (8.8)
X

in place of (8.1)). For u < 0, Eq. (8.8) is the appropriate form of the upstream scheme.

A computer program can have an “if-test” that checks the sign of u, and uses (8.1I) if
u >0, and (8.8) if u < 0. If-tests can cause slow execution on certain types of computers,
however, and besides, if-tests are ugly and reduce the readability of a code. If we define

u— |ul
2

4 utul
2

u

>0, andu =

<0, (8.9)

then a “generalized” upstream scheme can be written as

ATl pn no_An A — AR
J J - J+1 J + J Jj—1
T —_ — < 1 =0. 8.10
At +”< Ax )“‘( Ax > 8.10)

This form avoids the use of if-tests and is also convenient for use in pencil-and-paper
analysis.
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8.4 Interpolation and extrapolation

Referring back to (8.1]), we can rewrite the upstream scheme as

AT = AR (1 =)+ A% . (8.11)

This scheme has the form of either an interpolation or an extrapolation, depending on the
value of u. To see this, refer to Figure[8.3] Along the line plotted in the figure

AT — A"
A :A?—l — (x—xj_l) <]—jl)

Xj—Xj—1

s s (8.12)
= A" [1 _ (—1—1)1 AT, (—J—l) :
Xj—Xj—1 j Xj—Xj—1
which has the same form as our scheme if we identify
A=A andp= 2L (8.13)
Xj—Xj—1

For 0 < u <1 we have interpolation. For u < 0 or 4 > 1 we have extrapolation.

4

Figure 8.3: Diagram illustrating the concepts of interpolation and extrapolation. See text for details.

For the case of interpolation, the value of A;?H will be intermediate between A;!—l and

A’}-, so it is impossible for A?H to “blow up,” no matter how many time steps have been
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taken. The repeated interpolation can lead to an unrealistic smoothing of the solution,
however.

Interpolation also implies that if A;?_] and A? are both positive, then A?“ will be posi-
tive too. This is a good thing, for example, if A represents the mixing ratio of water vapor.
More discussion is given later.

For the case of extrapolation, ATFI will lie outside the range of A;Ll and A?. This
suggests that |A| may increase with time.

Both interpolation and extrapolation are used extensively in atmospheric modeling.
Much more discussion is given later.

8.5 The computational stability of the upstream scheme

We will now use the direct method, the energy method, and von Neumann’s method to test
the stability of the upstream scheme for advection.

8.5.1 The direct method

The direct method checks stability by asking whether the largest absolute value of A?“
anywhere on the grid increases with time. It it does, the scheme is unstable. Recall that
with the upstream scheme ATFI is a weighted mean of A and A”;_,. Provided that is
satisfied, Eq. implies that

A < A )+ @19

Summing over the grid, we find that

max
all j

At < max |A7] (1 - ) +max A7 [ 1 ©15)
=max |4} |
all j

where max denotes the largest value at any point on the grid. The second line of (8.15]
all j

follows because

l’gllfljx }A;" = rgll?jx ’A’}—1| . (8.16)
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Eq. demonstrates that the scheme is stable provided that our assumption is
satisfied. This means that the solution remains bounded for all time provided that
is satisfied, and so we can conclude that is a sufficient condition for stability. For
the upstream scheme, a sufficient condition for stability has turned out to be the same as
the necessary condition for convergence. In other words, if the scheme is convergent it is
stable, and vice versa.

In the solution of the exact advection equation, the maxima and minima of A (x, ¢) never
change. They are just carried along to different spatial locations. So, for the exact solution,
the equality in (8.15]) would hold.

Eq. (8.15)), the sufficient condition for stability, is actually obvious from (8.1T]), because
when 0 < u <1, A;?H is obtained by linear interpolation in space to the point x = jAx —
cAt, from the neighboring values of A. This is reasonable, because for advection the time
rate of change at a point is closely related to the spatial variations upstream of that point.

8.5.2 The energy method

The direct method cannot be used to check the stability of complicated schemes. The
energy method is more widely applicable, even for some nonlinear equations, and it is
2
quite important in practice. With the energy method we ask: “Is ). (A;‘) bounded after
all
an arbitrary number of time steps?” Here the summation is over the entire domain. If the
sum is bounded, then each A;f must also be bounded. Whereas in the direct method we

checked max
all j

somewhat similar.

2
, with the energy method we check Y, <A7) . The two approaches are
all j

n+1
Aj

Returning to (8.11)), squaring both sides, and summing over the domain, we obtain

¥ (4r1) =Y (4020 =+ 2 (1= AL + 122 (4, )°]
allj allj 8.17)
=(1-p)* Y (A7) +2p (1 - m) Y AJAT P Y (A7)

all | all | all j
If A is periodic in x, then

Y () =Y @A (8.18)
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2
By starting from ) <A7 —A;Ll> > 0, and using (8.18)), we can show that

all j

yaman <Y (an)?’. (8.19)

all j all j

Another way to derive (8.19) is to use (8.18]) and Schwartz’s inequality (e.g.,|Arfken| (1985)),

p.- 257), 1.e.,
2
Yapi| <(Xa][Xr7]. (8.20)
all j all j all j

which holds for any sets of a’s and b’s. An interpretation of Schwartz’s inequality is that the
square of the dot product of two vectors is less than or equal to the product of the squares

of the magnitudes of the two vectors. Use of (8.18)) and (8.19) in (8.17) gives

Y (1) <y ) (8.21)

all j all j

provided that p (1 — ) > 0, which follows from (8.7). We conclude that

2
Y (471)" < ¥ (47)*, provided that 0< p < 1. (8.22)

all j all j

This conclusion is the same as that obtained using the direct method, i.e., 0 < u <1lisa
sufficient condition for stability.

8.5.3 von Neumann’s method

John von Neumann was one of the leading mathematicians of the 20th century, and worked
on many important problems, including game theory, nuclear physics, computer science,
and numerical analysis (e.g., Bhattacharya, |[2021). He developed von Neumann’s method,
which will be used extensively in this book. Solutions to linear partial differential equations
can be expressed as superpositions of waves, by means of Fourier series. Von Neumann’s
method simply tests the stability of each Fourier component. If all of the Fourier compo-
nents are stable, then the scheme is stable. The method can only be applied to linear or
linearized equations with constant coefficients, however. Because of that, it can sometimes
give misleading results.
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To illustrate von Neumann’s method, we return to the exact advection equation, ((7.14).
We assume for simplicity that the domain is infinite. First, we look for a solution with the
wave form

A(x, 1) =Re [X (t)eikx] , (8.23)

where ‘A\ (t)‘ is the amplitude of the wave. Here k is called the wave number. It is indepen-

dent of # and x because we have assumed that u is constant in space and time. For now, we
consider a single wave number, for simplicity, but we can (and soon will) generalize (8.23))
by replacing the right-hand side by a sum over a range of wave numbers.

Substituting (8.23)) into (7.14)), we find that

~

dA ~
i +ikuA =0. (8.24)

By this substitution, we have converted the partial differential equation ([7.14) into an ordi-
nary differential equation, (8.24)), whose solution is

A(r) = A(0) e (8.25)

where A (0) is the initial value of A. Substituting (8:23) back into (8:23), we find that the
full solution to (8.24)) is

A(x, 1) =Re [K 0) eik(mﬂ] , (8.26)

provided that u = constant. As can be seen by inspection of (8.26), the sign convention used
here implies that for u > 0 the signal will move towards larger x as time passes. Note that
the exponent in (8.26) is a constant times & = x — ut, which is the line (the characteristic)
along which the solution of 1s expected to be constant.

For a finite-difference equation, the assumed form of the solution, given by Eq. (8.23),
is replaced by

A% =Re [A"eir) (8.27)
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Here |A"| is the amplitude of the wave at time-level n. Recall that the wavelength is 27

divided by the wave number. It follows that the shortest resolvable wave, with wavelength
L =2Ax, has kAx = &, while longer waves have kAx < 7. This means that there is no need
to consider kAx > T.

We now introduce the amplification factor, A, which was defined in Eq. (6.11). We can
write

Al = A (8.28)

The amplification factor can be a complex number, but we have a special interest in its
magnitude, which reveals the stability of a numerical scheme. Note that

A\n

XnH‘:’M

. (8.29)

In general, A depends on k, so we could use the notation A; or A (k), but for now we
suppress that urge for the sake of readability. Of course, the value of A also depends on
the size of the time step. As shown below, we can work out the form of A for a particular
finite-difference scheme.

Before doing that, however, we use Eq. (8.28) to identify the effective value of A for
the exact solution to the differential equation. From (8.25)), we find that

for the exact advection equation A (f + At) = e A (1) | (8.30)

from which it follows “by inspection” that

for the exact advection equation A = ¥4 | (8.31)

Eq. (8.31) implies that

for the exact advection equation |A| =1, (8.32)
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regardless of the value of At. To go from (8.31) to (8.32), we have used Euler’s formula.

As already discussed in Chapter [6] for processes other than advection the exact value
of |A| can differ from 1, and can depend on At.

From (8.28) we see that after n time steps, starting from n = 0, the solution will be

A" = A0 (8.33)

Here again red denotes a superscript. From (8.33), the requirement for stability, i.e., that
the solution remains bounded after arbitrarily many time steps, implies that

A< 1]. (8.34)

Therefore, to evaluate the stability of a finite-difference scheme using von Neumann’s
method, we need to work out the value of |A| for that scheme, and check it to see whether
or not (8.34) is satisfied.

Consider the particular case of the upstream scheme, as given by (8.I). Substituting

into (8.1) leads to

A\n-i-l _A\n | — o ikAx .
TRl ( Z ) UA" =0 . (8.35)
X

Make sure that you understand where (8.35)) comes from. Notice that the true advection
speed, u, is multiplied, in (8:33), by the factor (1 —e~*4%) /Ax. Comparing (8.35) with
(8-24), we see that (1 — e *4%) /Ax is “taking the place” of ik in the exact solution. In fact,
you should be able to show that

1— e—ikAx
li — | =ik. .
A;glo ( Ax ) ik (8.36)

This is a clue that, for a given value of &, the upstream scheme advects A at with the wrong
speed. We return to this point later.
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For now, we use the definition of 4, i.e., (8.28)), together with and (8.35)), to infer
that

A=1—u(l—coskAx+isinkAx) . (8.37)

Note that A is complex. This is to be expected, because the effective value of A for the
exact solution of the differential equation is also complex. Computing the square of the
modulus of both sides of (8.37)), we obtain

IA* =1+2u(u—1)(1—coskAx) . (8.38)

According to (8.38)), the amplification factor |A| depends on the wave number, k, and also
on u. For u =1/2, (8.38) reduces to

A zl—%(l—coskAx) . (8.39)

Fig. shows how |A|* varies with kAx and pt. For kAx = 0, we get |A|* = 1, regardless
of the value of u. For kAx > 0, the scheme damps for 0 < u <1 and is unstable for both
1 <0and u > 1. For u close to zero, the scheme is close to neutral, but many time steps
are needed to complete a given simulation. For u close to one, the scheme is again close to
neutral, but it is also close to instability. If we choose intermediate values of u, the shortest
modes are strongly damped, and such strong smoothing is usually unacceptable.

Although A depends on k, it does not depend on x (i.e., on j) or on ¢ (i.e., on n). Why
not? The reason is that out “coefficient,” namely the wind speed c, has been assumed to be
independent of x and 7.

The fact that von Neumann’s method can only be used to analyze the stability of a
linearized version of the equation, with constant coefficients, is an important limitation of
the method, because the equations used in numerical models are typically nonlinear and/or
have spatially variable coefficients — if this were not true, we would solve them analytically!
The key point is that von Neumann’s method can sometimes tell us that a scheme is stable,
when in reality it is unstable. In such cases, the instability arises from nonlinearity and/or
through the effects of spatially variable coefficients. This type of instability can be detected
using the energy method, and will be discussed in a later chapter.

If von Neumann’s method says that a scheme is unstable, you can be confident that it
is really is unstable.
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Figure 8.4: The square of the amplification factor for the upstream scheme is shown on the vertical
axis. The front axis is kAx, and the right-side axis is u. The plot includes values of u that are slightly
less than zero, and slightly greater than one.

8.6 Including multiple wave numbers
In general, the full solution for A’} can be expressed as a Fourier series. For simplicity,

suppose that the domain is periodic in x, with period Ly. You might want to think of Ly as
the distance around a latitude circle. Then A’ can be written as

Al — Z A\n eikaij

] m
nee (8.40)
_ Z A\%eiMkOijﬂ,,Z ’
mM—=—o0
where
k = mky , (8.41)
k() = 27T/L0 , (842)
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and m is a nondimensional integer (i.e., a “pure number”), which is analogous to what is
called the “zonal wave number” in large-scale dynamics. We can interpret ko as the lowest
non-zero wave number in the solution, so if L is the distance across the model’s spatial
domain then the lowest wave number & corresponds to one “high” and one “low” within
the domain. In (8.40), the summation has been formally taken over all integers, although
of course only a finite number of ms can be used in a real application. On the second
line of (8.40)), |4,,| can be interpreted as the amplification factor for mode m, which shows
explicitly that different wave numbers have different amplification factors. If any wave
number is unstable, then the scheme is unstable.

We can write

’Aﬂ < Z A\%eikaij}L,Z

m—=—oo

< Z ‘A\(r)neimkoij)% (8.43)
m=—oo

= Y |aa
m—=—oo

If |A)| <1 is satisfied for all m, then
an < ¥ ‘331 (8.44)

will be bounded provided that Y XgefmkofAX, which gives the initial

m—=—oo
condition, is an absolutely convergent Fourier series. The point is that |A| < 1 for all m

is sufficient for stability. It is also necessary, because if |A| > 1 for a particular m, say
m = my, then the solution for the initial condition A,,, = 1 and A,,, = 0 for all m # m; will
be unbounded.

Therefore,

%

From (8.11)), A,, for the upstream scheme is given by

A =1 —u (1 — cosmkoAx + isinmkoAx) . (8.45)

This leads to
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Am| = /1420 (1 —1) (1 — cosmkoAx) . (8.46)

From (8.46) we can show that |A,,| < 1 holds for all m, if and only if u (1 — 1) <0, which
is equivalent to (8.7). This is the necessary and sufficient condition for the stability of the
scheme.

8.7 Periodic boundary conditions

To explicitly allow for a finite periodic domain, the upstream scheme can be written in
matrix form as

Antt -4 0 - 0 0 0O - 0 u Al
0
AT 0 0 -« 1-g 0 0 - 0 0 Ant
A;%“ — 0 0 -« u 1-pg 0 - 0 0 A%
n+1
AJ.Jrl 0 0 0 u l—u - 0 0 A?H
0o 0 0 0 pu 0 0
ATt O 0 - 0 0 0 - l-p 0 An_
1
A7 Lo 0 0 0 0 e d-p || oAy
(8.47)
or
4] =] .49

where [M] is the matrix written out on the right-hand side of (8.47). In writing (8.47), the
cyclic boundary condition
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AT = (1— ) A} + pAj (8.49)

has been assumed, and that is why [ appears in the top-right corner of the matrix. I made
it red just so that you wouldn’t miss it. From the definition of A4, (8.28)), we can write

At A 0 -~ 0 0 0 -~ 0 0 Al
At 0 2 0 0 0 0 0 Al
ATt 0 0 A0 0 0 0 || A
ALl =10 0 0 A 0 0 0 AT (8.50)
ATt 0 0 0 0 2 0 0 ||AL,
0 0 0 0 0 0 0
ATt 0 0 0 0 0 A0 || AL,
At 0 0 0 0 0 0 2 A"
or
1
] = a1 [a] (8.51)

where [/] is the identity matrix. Comparing (8.48)) and (8.51)), we see that

(M) — A1) [A] =0. (8.52)

This equation must hold regardless of the values of the A”;. It follows that the amplification
factors, A, are the eigenvalues of [M], obtained by solving

[[M]—All]| =0, (8.53)
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where the absolute value signs denote the determinant. For the current example, we can

use (8.53) to show that

/1:1—u(1—e"2’"”/f), m=0,1,2, ..., J—1. (8.54)

This has essentially the same form as (8.37), and so it turns out that, again, the stability
criterionis 0 < u < 1.

8.8 Does the solution improve if we refine the grid?

Consider what happens when we increase the number of grid points, while fixing the do-
main size, D, the wind speed, u, and the wave number k of the advected signal. We would
like to think that the solution is improved by increasing the resolution, but this must be
checked because higher spatial resolution also means that we have to take a shorter time
step (for stability), and a shorter time step means that more time steps are needed to sim-
ulate a given interval of time. Each time step leads to some damping, and the damping is

an error. The increased spatial resolution is a good thing, but it sounds like the increased
number of time steps could be a bad thing. Does the solution improve, or not?

Consider grid spacing Ax, such that

D =JAx. (8.55)

As we decrease Ax, we increase J correspondingly, so that D does not change, and

kAx =kD/J . (8.56)

Substituting this into (8.38]), we find that the amplification factor satisfies

AP =1+2u(u—1) [l—cos <?)1 . (8.57)

In order to maintain computational stability, we keep U fixed as Ax decreases, so that
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A
At = Hox
u
(8.58)
_ kD
ouJ
The time required for the air to flow through the domain is
D
T=— (8.59)
u

Let N be the number of time steps needed for the air to flow through the domain, so that

" uvarDeltat

D
_;,LAx

(8.60)

To obtain the last line of (8.60), we have substituted from (8.53). The total amount of
damping that “accumulates” as the air moves across the domain is given by

A = (P)" = 1120 (1= ) [1 —cos (kD/)]} 5 8.61)

Here we have used (8.57) and (8.60)).

As we increase the resolution with a fixed domain size, J increases. In Fig. [8.5] we
show the dependence of |A|Y on J, for two different fixed values of . In making the
figure, the wavelength is assumed to be half the domain width, so that kD = 4 /pi. This
causes the cosine factor in (8.61) to approach 1, which weakens the damping associated
with || < 1; but on the other hand it also causes the exponent in to increase, which
strengthens the damping. Which effect dominates? The answer can be seen in Fig.
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Increasing J leads to less total damping for a given value of u, even though the number of
time steps needed to cross the domain increases. This is good news.

PAN

20 40 60 80 100

Figure 8.5: “Total” damping experienced by a disturbance crossing the domain, as a function of J,
the number of grid points across the domain, for two different fixed values of u. The point of the
figure is that increasing J leads to a decrease in damping. In these examples we have assumed
D/L =2, i.e., the wavelength is half the width of the domain.

On the other hand, if we fix J and decrease u (by decreasing the time step), the damping
increases, so the solution becomes less accurate. This means that, for the upstream scheme,
the amplitude error can be minimized by using the largest stable value of |1. We minimize
the error by living dangerously.

8.9 Summary

This chapter gives a quick introduction to the solution of a finite-difference equation, using
the upstream scheme for the advection equation as an example. We have encountered the
concepts of convergence and stability, and three different ways to test the stability of a
scheme.

Suppose that we are given a non-linear partial differential equation and wish to solve it
by means of a finite-difference approximation. The usual procedure would be as follows:

* Check the truncation errors. This is done by using a Taylor series expansion to
find the leading terms of the errors in approximations for the various derivatives that
appear in the governing equations of the model.

* Check linear stability for a simplified (linearized, constant coefficients) version of
the equation. The most commonly used method is that of von Neumann.

* Check nonlinear stability, if possible. This can be accomplished, in some cases, by
using the energy method. Otherwise, empirical tests are needed. More discussion is
given later.
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Increased accuracy as measured by discretization error does not always imply a better
scheme. For example, consider two schemes A and B, such that scheme A is first-order
accurate but stable, while scheme B is second-order accurate but unstable. Given such a
choice, the “less accurate” scheme is definitely better.

Almost always, the design of a finite-difference scheme is an exercise in trade-offs. For
example, a more accurate scheme is usually more complicated and expensive than a less
accurate scheme. We have to ask whether the additional complexity and computational
expense are justified by the increased accuracy. The answer depends on the particular
application.

In general, “good” schemes have the following properties, among others:
* High accuracy.

* Stability.

* Simplicity.

* Computational economy.

Later, we will extend this list.

8.10 Problems

1. Program the upstream scheme on a periodic domain with 100 grid points. Give a
sinusoidal initial condition with a single mode such that exactly four wavelengths fit
in the domain. Integrate for u = -0.1, 0.1, 0.5, 0.9, 1 and 1.1. In each case, take
enough time steps so that in the exact solution the signal will just cross the domain.
Plot and discuss your results.

2. Work out the expressions for the phase and amplitude errors of the upstream scheme,
and plot them as functions of u and kAx.

3. Analyze the stability of

ATl An no_AM
J J J+l Jj—1
—_ —— | =0 8.62
YR ( 2Ax ) (8.62)
using von Neumann’s method.

4. Consider the advection equation with centered second-order space differencing on a
uniform grid. We use the trapezoidal implicit time-differencing scheme.

(a) Using von Neumann’s method, prove that scheme is unconditionally stable.
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(b) Repeat, using the energy method.

(c) Prove that, with second-order centered-in-space differencing, the trapezoidal
implicit scheme is time-reversible for advection. Also prove that the forward
scheme is not time-reversible.

5. Check the stability of the Matsuno scheme with centered space differencing, for the
advection equation.
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Chapter 9

“Forward-in-time” advection schemes

Further examples of schemes for the advection equation can be obtained by combining
centered space-differencing with two-level time-differencing schemes (see Chapter 4).

9.1 A family of advection schemes

Following Takacs|(1985)), we define a fairly general family of two-time-level explicit schemes
of the form

AI}-H — Z aj/A}}-l-j/ . (91)
Jl=—oo

Here j’ denotes various points on the grid that are used to evaluate the time-rate-of-change
of A at the point j. We have assumed for simplicity that the grid spacing is uniform.
Schemes that use only two time levels are often called “forward-in-time” schemes; don’t
confuse them with the Euler-forward time-differencing scheme.

Recall that the discretization error, which is a measure of the accuracy of the finite-
difference scheme, can be evaluated by substituting the exact solution of the differential
equation into the finite-difference equation. Replacing the various A’s in (9.1)) by the cor-
responding values of the true solution, represented in terms of Taylor series expansions
around the point (jAx,nAt), and replacing the right-hand side of by the discretization
error of the scheme, denoted by €, we find that

LV 0A  (jAx)?9%A
o1 TW A+(]/AX)$+_2‘ _W‘F =E,

/! —=—oc0

0A  Af?9%A >
<A+At—+ + )— Y a;
J/

9.2)
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where A and all of its derivatives are evaluated at (x, 1) = (x s t”). We now use the contin-
uous advection equation in the forms

0A 0A  J*A  ,9%A

E = —Cx7 W =C W’ etc. . (93)

These relations only hold if u is constant, so the results derived below are only approxi-
mately valid when c is variable. For derivatives of order m, (9.3)) generalizes to

o om
This allows us to write
m( 9" myom( 9"

or

mf O™\, (A" [0
s ()4 = (5) () oo

where p is the usual CFL parameter. With the use of (9.6), we can rewrite (9.2) as

dA A2 9%A o
A+At—+—" ... | = ,
(+ FTNTRFTR ) jZ %

./ ./ 2 2
JJAt\ dA 1 [ jAt\" d°A B
A_<u)8t+2!(u) 8t2+"']_£’

9.7)

Inspection of (9.7)) shows that in order to ensure first-order accuracy in both time and space,
we need
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Y ap=1 (9.8)
and

Y, Jjay=-n. (9.9)

If these two conditions are used to define coefficients for points j and j— 1, the result is
the upstream scheme (assuming that u > 0).

To have second-order accuracy in both time and space, we need

Y, jPap=u*. (9.10)

and

Y (jl>laj’:(—,ll)l for =0 to m. 9.11)

Y (f+um)ay=o0. (9.12)

Similarly, we can use to rewrite (9.10) as

Using the binomial theorem, it can be shown from (9.8)) through (9.1T]) that for a scheme
of mth-order accuracy

[}

Y (J+w)ap=0for1<i<m. ©-13)

j/:—oo
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This will be used in Chapter

Next, we work out the amplification factor for the family of schemes given by (9.1)). As
usual, we look for a solution of the form

A" =Re [A"e"kf“} . (9.14)
It follows from (9.1)) and (9.14)) that the amplification factor is given by

A=Y ayeitr, 9.15)
j

In the following section, we discuss several schemes to which the preceding analysis is
directly applicable.

9.2 Explicit schemes for advection

9.2.1 Matsuno time-differencing with centered space differencing

In the case of the Matsuno scheme, the first approximation to A?“ comes from

At pn Al An
J J Jj+1 Jj—1

-0 9.16

At +”( 2Ax > : ©.16)

and the final value from

AY{Jrl — A" AI@—H* _AY;—H*
J J Jt1 J—1
—_ — <~ |1 =0. 9.17
Ar o ( 2Ax ©.17)

Eliminate the terms with ( ) from by using (9.16) twice (first with j replaced by
j+ 1, then with j replaced by j — 1). The result can be written as

ATl —an (A'}+1 —A;%_1> AL
+u 5
(2Ax)
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It should be clear that is a member of the family given by (0.1). The term on the
right-hand side of approaches zero as Ar — 0, and thus is consistent with the
one-dimensional advection equation, but has only first-order accuracy. If we let Ax — 0
(and At — 0 to keep stability), this term approaches c?Atd*A/dx*. In effect, it acts as a
diffusion term that damps spatial variations. The “diffusion coefficient” is u>Atz, which
goes to zero as Ar — 0. We say that the centered-in-space advection scheme with Matsuno
time differencing is “diffusive.” As you will show in one of the homework problems, it is
only first-order accurate.

9.2.2 The Lax-Wendroff scheme

A similarly diffusive scheme, called the Lax-Wendroff schemeﬂ has second-order accu-
racy. Consider an explicit two-level scheme of the form:

n+l __ an
Aj Aj u n n n
A—t+A—x(ajflAjfleajAj—l—ajHAjH):0. (9.19)

The scheme given by Eq. was proposed by [Lax and Wendroff (1960), and rec-
ommended by Richtmyer (1963). It is a member of the family given by (0.I). For the
centered-in-space approximation to dA/dx, we would have a;_; = —1/2, a; =0, and
ajr1=1 /2, but the Lax-Wendroff scheme does not use those values. To ensure at least
first-order accuracy in both time and space, we must require that

aj_1+aj+aj+1:O,and—aj_1+aj+1:1. (9.20)

To obtain second-order accuracy in both time and space, we must also enforce

M+aj1+aj1=0. (9.21)

Solving (9.20) and (9.21)) for the parameters of the scheme, we find that

1_
La;j=p, andajy; = T“ (9.22)

2

aj-1=

IPeter Lax died in spring 2025.
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For example, if 4 = 1/2, then a;_ = —3/4, aj =1/2, and aj;; = 1/4. On the other
hand, if u = —1/2, then aj_; = —1/4, aj = —1/2, and a4 = 3/4. No matter which
way the wind is blowing, the absolute value of the upstream coefficient is larger than the
absolute value of the downstream coefficient. In other words, the scheme is automatically
“upstream-weighted” regardless of which way the wind is blowing, even though the stencil
is centered. That’s very attractive.

Substituting from (9.22) into (9.19), we can write the scheme as

AL _pn no_ AR 24
+1 —1 u-At
A +u< “oax ): A Al =247 +47) . ©:23)

Compare (9.23)) with (9.18), which is the corresponding result for the Matsuno scheme.
The left-hand side of (9.23)) looks like “forward in time, centered in space,” which would
be unstable. But the right-hand side looks like diffusion, and can stabilize the scheme if the
time step is small enough. Note that is second-order accurate in time, even though
it involves only two time levels; this conclusion depends on our assumption that ¢ is a
constant. The scheme achieves second-order accuracy in space through the use of three
grid points. This illustrates that a non-iterative two-time-level scheme is not necessarily a
Sfirst-order scheme.

The Lax-Wendroff scheme is equivalent to and can be interpreted in terms of the fol-

1 1

. . n+x n+»
lowing procedure: First calculate Aj+f and Aj | 2 from

2 2

An_"% 1 n An
il T2\ Aj A A+ A"
2 J+ J
1 =—u| ——1, (9.24)
zAl Ax
1
A (A';+A7_1) An_An
- =—u( L), (9.25)
1At Ax
and then use these to obtain A;?“ from
1 1
nl AT p
AJ A;l _ J+% Jf% 9 26
At - Ax ) (9.26)
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Note that (9.26]) is “centered in time.” If (9.24) and (9.25) are substituted into (9.26)), we
recover (9.23). This helps to rationalize why it is possible to obtain second-order accuracy
in time with this two-time-level scheme.

For the Lax-Wendroff scheme, the amplification factor is
kA
A =1—2u’sin? (Tx> — iy sin (kAx) (9.27)

To obtain (9.27), we have used the trigonometric identity 2sin (6 /2) = 1 — cos 8. We find
that

AP = {1 —4p*sin® ("ATX) +4p*sin? <?)} + p?sin® (kAx)

(9.28)

kAx
1 An2 (1 n2) «ind [ KAX
=1-4p”(1 ,u)sm(2>.

To obtain the second line of (9.28), we have used the trigonometric identity sin(20) =
25in @ cos O. The scheme is stable for u? < 1. Since (9.28) involves only u?, the stability
criterion does not depend on the direction of the wind, which is very nice. If u? < 1, then
|A| < 1 and the scheme is dissipative. Fig. shows how |A|* depends on i and L, for
both the upstream and Lax-Wendroff schemes. The damping of the Lax-Wendroff scheme
is more scale selective than that of the upstream scheme.

L h L L
00 02 04 0.6 08 1.0

Upstream Lax-Wendroff

Figure 9.1: The amplification factors for the Lax-Wendroff and upstream schemes, for two different
wavelengths, plotted as a function of u?.

9.2.3 The Takacs scheme

Takacs| (1985) proposed a forward-in-time space-uncentered advection scheme that, for
positive i, uses the points j+ 1, j, j— 1 and j — 2, Note that, for positive i, points j — 1
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and j — 2 are both in the upstream direction. The four grid points bring in four coefficients,
which can be chosen to achieve third-order accuracy:

ajo1 = (—p +3pu*—2u) /6, (9.29)
aj=1-(—p*+6pu*-3pu) /6, (9.30)
aj_1= (- +u*+2u) /2, (9.31)

ajo=p(u*-1)/6. (9.32)

9.3 Implicit schemes for advection

There are also various implicit schemes, such as the trapezoidal implicit scheme, which are
neutral and unconditionally stable, so that in principle any Az can be used if the phase error
can be tolerated. Such schemes are not members of the family defined by (9.1). Implicit
schemes have the drawback that a linear system of equations must be solved on each time
step, often using an iterative method. In many cases, solving the linear system may take as
much computer time as an explicit scheme with a smaller Az.

9.4 Segue

When we solve the advection equation, space-differencing schemes can introduce diffusion-
like damping. If this damping is sufficiently scale-selective, it can be beneficial.

9.5 Problems

1. Consider a periodic domain with cells numbered by 0 < j < 100, with “boxcar”
initial conditions:
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gj =100 for 45 < j <55,

. (9.33)
g;j = 0 for all other j .
Write programs to solve
dq , 9q
e § 21 _0 9.34
ot T dx ’ ©-34)

using the following schemes:
(a) Upstream.
(b) Lax Wendroff.

(c) Trapezoidal in time, and second-order centered in space. In order to do this,
you will have to solve a linear algebra problem.

Choose p = 0.7 in each case. Run the model long enough so that for the exact
solution the signal crosses the domain exactly once. Plot the results for the end of the
run, and also the half-way point. Compare the numerical solutions with each other
and with the exact solution. For each scheme, discuss the amplitude errors, phase
errors, and the extent to which the scheme is sign preserving.
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Chapter 10

Advection in multiple dimensions

In Chapter [3] we briefly discussed methods for approximating differential operators that
involve two or more dimensions, using the Laplacian as an example. In this chapter, we
discuss two-dimensional advection. The Laplacian is an “isotropic” operator; it has no
built-in direction. Advection, on the other hand, carries the air in in the direction that the
wind is blowing towards; the advection operator is highly directional.

The discussion in this chapter will be limited to horizontal planes. The special issues
that arise with the vertical dimension are discussed in Chapters 22} [23] and 24] The special
issues that arise in spherical geometry are discussed in Chapters [28 and [29]

Variable currents are usually multi-dimensional. Before we discuss variable currents,
in a later chapter, it is useful to consider constant currents in two-dimensions.

Let A be an arbitrary quantity advected, in two dimensions, by a constant basic current.
The advection equation is

JA JA JA

where u and v are the x and y components of the current, respectively. We assume here that
u and v are spatially constant, but of course that won’t be the case in a real model.

Let i and j be the indices of grid points in the x and y directions, on a rectangular
grid. Replacing dA/dx and dA/dy by the corresponding centered difference quotients, we
obtain

dA; Air1,j—Ai,j Aijr1—Aij
dt u ( 2Ax v 2Ay (10.2)
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Assume that A has the form

Aij=Re {X (1) eﬂU"'Ax)*(’f'Ay)]} , (10.3)

where i = v/—1, and k and / are wave numbers in the x and y directions, respectively.
Substitution gives the oscillation equation again:

-~

dA ~
T IWA , (10.4)

where this this time the frequency is given by

sin(kAx)  sin(lAy)
0=— . 10.5
[u Ax v Ay (10.5)
If we were to use leapfrog time-differencing, the stability criterion would be
in (kA in (/A
(SKAY) | SinUAY)| oy (10.6)
Ax Ay
Since
in (kA in (/A in (kA in (/A
usm(A x)+vsm2 y)’Atg [usm(A x) N vsmgl y)H As
X X
Y b Y (10.7)
< Ll ALY At
Ax Ay
a sufficient condition to satisfy (10.6) is
ul vl
—+— At < 1. 10.8
( ot Ay < (10.8)

If we require the scheme to be stable for all possible k and /, and for all combinations of u
and v, then ((10.8)) is also a necessary condition.
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How does the stability criterion depend on the direction of the flow and the shapes of
the grid cells? To answer this, define

|u| = Scoso and |v| = Ssina , (10.9)

where the wind speed (the magnitude of the wind vector) is represented by S = /(1% 4 v2) >
0, and 0 < o < /2. Here we work with the absolute values of u and v because reversing
the direction of the wind has no effect on the numerical stability. For o = 0, the flow is
purely zonal, and for oo = /2 it is purely meridional. Then becomes

coso sino
S Ar<1. 10.10
( Ax Ay ) - (1010

In order for the scheme to be stable for any orientation of the current, we must have

Ax Ay

where 0.« 1s the “worst-case” o, which makes the left-hand side of (10.10) as large as
possible for a given value of S. We can show that 04, satisfies

Ax
tan Oy, = A_y’ so that

Ax Ay
\ (4x)% + (Ay)? \/ (4x)° +(Ay)?

As shown in Fig. [[0.I] i, measures the angle of the “diagonal” across a grid cell, so
it is a measure of the shape of the box. For example, when Ay/Ax < 1 (a box that is
much wider than it is tall), we get Q4. — /2, which means that the most dangerous flow
direction is meridional, because that the direction in which the grid cell is “narrowest.” As
a second example, for Ax = Ay (a square box), we get O = /4.

(10.12)

and cOS O =

SIN Olpax =

From (10.TT)) and (I0.12)) we see that the stability criterion can be written as

At A A
S (—y+—x) <1. (10.13)
(Ax)% + (ay)? \AY A
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In particular, for Ax = Ay = d, Eq. (10.13)) reduces to

SAt

—< <1.
d =

Sl

Ax

Figure 10.1: Sketch illustrating the angle amax on a rectangular grid.
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Chapter 11

Finite-volume methods

11.1  The basic idea

The finite-difference method defines points within a volume of fluid, and predicts the prop-
erties of the fluid at those points. In contrast, the finite-volume method divides a vol-
ume into contiguous, non-overlapping finite “chunks” of fluid, contained within finite “grid
cells,” and predicts the average properties of the air in each cell.

Finite-volume methods were originally developed to create conservative advection schemes,
but they have been generalized to create schemes for the pressure-gradient force, diffusion,
etc.. They can readily be adapted to arbitrarily shaped grids.

11.2 Godunov schemes

Godunov’s scheme for advection, introduced by Sergei (Godunov| (1959), is the first exam-
ple of a finite-volume scheme. The key features of Godunov’s approach are:

* Predict grid-cell averages rather than point values.

* Compute fluxes at cell walls for use in predicting the grid-cell averages. This is called
“Riehmann’s problem.”

* Assume that the solution as piecewise constant within each grid cell.

The first items in the list above are essential to the finite-volume method for advection. The
third item (an assumption) is not necessary, and can be drastically improved upon. As ex-
plained below, Godunov’s approach conserves mass, and avoids non-physical oscillations.

“Godunov’s order barrier theorem” shows that any linear monotone scheme that avoids
creating new maxima or minima cannot be more than first-order accurate. As discussed in
Chapter[13] modern schemes circumvent Godunov’s theorem by using nonlinear “limiters.”
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11.3 Continuous advection in one dimension
In preparation for illustrating the finite-volume method for advection in a simplified frame-

work, let A be a “conservative” variable, satisfying the following one-dimensional conser-
vation law:

d 0
E(pA)Jra(puA):O. (11.1)

Here p is the density of the air, and pu is a mass flux. Putting A = 1 in (I1.1) gives mass
conservation:

dp 0 B
— 5 (pu)=0. (11.2)

By combining (I1.T)) and (T1.2), we can derive the “advective form” of the conservation
equation for A as

0A 0A
p<E+u$) =0. (11.3)

The one-dimensional continuity equation, (I1.2), can be also be written as

dp  dp du

When the wind field is non-divergent, this reduces to an “advection equation” for the den-
sity:

dp, I _
5 U =0, (11.5)

Note, however, that in general the density is not conserved following a particle, because in
general the wind field is divergent.
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11.4 Conserving mass

Early work on conservative schemes was reported by Godunov| (1959)), (Godunov and Bo-
hachevsky| (1959)), Lorenz| (1960), |Arakawal (1966), and |Arakawa and Lamb, (1981); Roe
(1981).

Suppose that we approximate (11.2)) by:

dp; n (Pu)j+1/2 - (pu)j—l/Z _

0 11.6
o X7 , (11.6)

This is an example of a “differential-difference equation” (sometimes called a semi-discrete
equation), because the time-rate-of-change term is in differential form, while the spatial
derivative has been approximated using a finite-difference quotient. We will keep time
derivatives continuous for now because the issues that we are going to discuss are mostly
about space differencing.

The density p is defined at integer points, while u# and pu are defined at half-integer
points. See Fig. [I1.I] This is an example of a “staggered” grid. In order to use this
approach, the wind-point densities p; 1/, and p;_;/, must be interpolated somehow from
the predicted values of p;. Much further discussion of staggered grids, in multiple spatial
dimensions, is given in later chapters.

Pj- ”J._l Pi u | P U 4
2 b b

Figure 11.1: The staggered grid used in (IT.10) and (T1.6).

Multiply (I1.6) through by Ax;, and sum over the domain, to obtain

Q.l&

t4 2

J
(pjAx;) +(pu) ;1o — (pu)_1 =0. (11.7)
j=0

If

(Pu) i1/2=(pu)_1 (11.8)

2
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(these are periodic boundary conditions), then we obtain
d J
4¥ (o) =0, 119

which expresses conservation of mass (I1.9). Note that (I1.9) holds regardless of the form
of the interpolation used for p;/». See Fig. @

The continuous system

L ==V (o)

The discrete system

n+1

P =P
A Z Fj;
J#

or

Jv-(pv) dD =0 YD Fyl=0

Jo\J#H

d
— = 2: +1 2: -
tJ pdD =0 pj” : pj”_o

J

Figure 11.2: Mass conservation in the continuous system (left) and the finite-volume system (right).
The F; ; are mass fluxes.

11.5 Conserving an intensive scalar

In a similar way, we approximate (T1.1)) by

d (Pu) j1pA 12— (PU) 1 p A1)

0. (11.10)

Here A, like p, has an integer subscript. The half-integer values of A and p, i.e., Aj /2,
Pj+1/2:Aj—_1/2, and p;_y s, are defined on the cell walls, and must be interpolated somehow
from the predicted values of A and p. Note that if we put A = 1, then reduces to the
continuity equation, (11.6)).
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Multiply (11.10) through by Ax;, and sum over the domain:

d J
ar Y. (pjAjAx;) + (Pu) 10411172 — (pu)%A% =0, (11.11)
Jj=0

If
(P”)J+1/2AJ+1/2 = (pu)%A% ) (11.12)
(these are periodic boundary conditions), then we obtain
d J
7 2 (pjAjAY;) =0, (11.13)
Jj=0

which expresses conservation of the mass-weighted value of A. Note that (IT.13) holds
regardless of the form of the interpolation used for A, /5.

Any scheme that conserves the mass-weighted value of A will also conserve any linear
function of A. We may also wish to require conservation of the mass-weighted value of
some function of A, such as A%. This might correspond, for example, to conservation of
kinetic energy. Energy conservation can be arranged, as we will see.

There are various additional requirements that we might like to impose. Ideally, for
example, the finite-difference advection operator would not alter the PDF of A over the
mass. Unfortunately this cannot be guaranteed with Eulerian methods, although we can
minimize the effects of advection on the PDF, especially if the shape of the PDF is known
a priori. This will be discussed later. In a model based on Lagrangian methods, advection
does not alter the PDF of the advected quantity. That’s very attractive.

11.6 An advective form

From (T1.10) and (T1.6)), we can derive a discrete “advective form,” analogous to (T11.3)):

.dAj + (p”)j+1/2 (AJ+1/2 _AJ') + (P“)j—1/2 (Aj _Ajfl/z)
Pi g Ax;

=0. (11.14)
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To understand how this approximation works, note that it can be rearranged to

dA;j (p”)j+1/2 (AJ'+1/2 _AJ') n (P”)jq/z (Aj _Aj—l/z)

1
pi—t 4= 1 1 =0.  (11.15)

11.7 Flux-form advection and continuity

Since (11.14)) is consistent with (IT.10) and (I1.6), use of (I1.14) and (11.6) will allow

conservation of the mass-weighted value of A (and of mass itself). Also note that if A is
uniform over the grid, then (I1.14) gives dA;/dt = 0, which is the right answer. This is
ensured because reduces to when A is uniform over the grid. If the flux-form
advection equation did not reduce to the flux-form continuity equation when A is uniform
over the grid, then a uniform tracer field would not remain uniform under advection.

11.8 Example: A flux form of the upstream scheme

In Chapter 8] we discussed the upstream scheme in advective form. Can we write it in flux
form, so that it conserves the mass-weighted value of the advected quantity? In order to do
so, we must choose the interpolated values of p and A in the flux-form equation (I1.10) so
that the corresponding advective form is the upstream scheme.

‘We can write

L piA)) + [Pt Pttt At |
dr 7 A)Cj

o Ao A (11.16)
Jo1U -1 T PjU;y p A

Ax;

Here we are using the notation defined in (8.9). By setting A = 1 in (11.16)), we obtain the
continuity equation in the form

— o
dp; Pjlli1p TP+ M1
dt AXJ'

- _ . (11.17)
pj*lu;’il/2+pjujfl/2

Ax;
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Multiplying (11.17) by A;, and subtracting from (11.16)), we obtain the advective form

dA; L Pty o (Ajrr —Aj) +pjau_y ) (Aj—Aj1) —0 (11.18)
pJ dt ij o |

If we ignore local variations of the the density, then (IT.18) is consistent with (8.10).

11.9 Coordinate-free definitions of operators

As discussed in Appendix [A] the divergence, curl, and gradient operators can be defined
in terms of the limits of surface integrals as the enclosed volume shrinks to zero. These
definitions can be used to formulate finite-volume methods, in which the definition of the
operator is used but the volume takes the form of a finite, (possibly) multi-dimensional

“grid cell.” See Fig.

For example, the divergence operator can be defined using

1
V-Q=l — -Qd 11.1
Q 1rr%) V%n Qds| , ( 9)

V—
S

where S is the surface bounding a volume V, and n is the outward normal on S. In the limit
shown in (TT.19)), both the volume and the area of its bounding surface shrink to zero. Here
the terms “volume” and “bounding surface” are used in the following generalized sense:
In a three-dimensional space, “volume” is literally a volume, and “bounding surface” is
literally a surface. In a two-dimensional space, “volume” means an area, and “bounding
surface” means the curve bounding the area. In a one-dimensional space, “volume” means
a curve, and “bounding surface” means the end points of the curve.

Eq. can be used, for example, to formulate an approximation to an advective
flux divergence in terms of the normal components of the flux on the wall of the volume.
The flux on each grid-cell wall adds or subtracts from the contents of the grid cell, like
deposits and withdrawals from a bank account.

A definition of the gradient operator that does not make reference to any coordinate
system is
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1
VA = lim —j{nAdS , (11.20)
V=0 |V
S

This can be used, for example, for formulate an approximation to the pressure-gradient
force. The pressure on each grid-cell wall tries to accelerate the mass in the grid cell in
the direction normal to the wall. If all of the pressures are equal, then they cancel each
other out and there is no net force on the mass in the cell. But when the pressures differ
from one wall to another, there can be a net force. You can connect this idea with everyday
experience: If the pressure on the front of your car is higher than the pressure on the back,
then the car will experience a net “drag” force that tries to slow it down.

A definition of the curl operator that does not make reference to any coordinate system
is

1
VxQ= lim V?{nxQdS . (11.21)
S

This can be used to formulate an approximation to the vorticity in terms of the tangential
wind components on the bounding surface of the volume.

Finally, the Jacobian on a two-dimensional surface can be defined by

J(A,B) = lim | ¢ AVB-tdl| , (11.22)
Cc—=0|.Jc

where t is a unit vector that is tangent to the bounding curve C. This can be used to
formulate an approximation to the Jacobian operator in terms of the grid-point values of
the scalars A and B. The Jacobian operator will be used in Chapter 26|

The finite-volume method imitates the forms of (11.19) — (11.22) to construct discrete
analogs of the gradient, divergence, curl, and Jacobian operators. See Fig. [I1.3] The
integrals in (T1.19) — (I1.22) are simply replaced by sums. The method can be applied to
grid cells of arbitrary shapes, including those discussed in Chapters 4 and 28]

11.10 Mimetic schemes

“Mimetic” schemes mimic some key properties of the differential operators, such as
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. — < 1 .

Divergence V-Q= lslgg{vqsgn . QdS:| Advection
|1

Curl VXQEhm{—(ﬁnxQdS} Vorticity

s=0| VYV <

. 1 ressure

Gradient VA= hm{—qgnAdS} Zradiem
s—0| 'V <

Figure 11.3: The coordinate-free definitions of the divergence, curl, and gradient operators. The
divergence is relevant to advection, the curl is used in the definition of the vorticity, and the gradient
is used to compute the pressure-gradient force.

/ V-QdR =0 if the region R has either closed or periodic boundaries , (11.23)
R

/ V xQdR =0 if the region R has periodic boundaries , (11.24)
R

Vx(VA)=0, (11.25)
and

V. (VxQ)=0. (11.26)

In these equations, Q is an arbitrary vector and A is an arbitrary scalar. Although term
“mimetic schemes” has been used only since the 1990s (Hyman et al., [1992), the ideas
involved actually go back much further (e.g., (Godunov, 1959} |Godunov and Bohachevsky,
1959; [Lorenz, |1960; |Arakawa, |1966; |Arakawa and Lamb, [1981; |Roe, [1981)).
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11.11  Conserving a function of an advected scalar

We have already discussed the fact that, for the continuous system, conservation of A itself
implies conservation of any function of A, e.g., A% A" etc. This is most easily seen from
the Lagrangian form:

DA

— =0 11.27
7 ( )

According to (11.27), A is conserved “following a particle.” As discussed earlier, this
implies that

—[F (A)] =0, (11.28)

where F(A) is an arbitrary function of A only. We can derive (11.28) by multiplying (11.27)
by dF /dA.

In a finite-difference system, we can force conservation of at most one non-linear func-
tion of A, in addition to A itself. Here’s how that works: Let F; denote F (A}), and let F ;

denote dF (Aj) /dA ;. Multiplying (11.14) by F]( gives

.dFj + (p”)jJrl/ZFj( (AJ'+1/2 _Aj) + (pu)j—]/ZFj{ (Aj _Aj71/2>

P X7 —0.  (11.29)
Now use (I1.6) to rewrite (I1.29) in “flux form™:
d 1
- (PiF) + Av; {(Pu)j+1/z [Fj (Ajr1p—A)) +Fj] = (pu) ;1o [=Fj (Aj—Aj_12) +Fj] } =0.
(11.30)

Inspection of (I1.30) shows that, to ensure conservation of F(A), we must choose

Fj+1/2:F; (Aj+1/2—Aj)+F,-, (11.31)
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Fiip=—Fj(Aj—A;_ 1)) +Fj. (11.32)

Let j — j+ 1 in (11.32), giving

Fiip=—Fi (Ajy1—Ajipn) +Fjvr - (11.33)

Now we have two formulae for Fj  ,, namely (T1.3T) and (I1.33), and they must agree if
we are to to have a true flux form for prediction of F;. This leads to

Fi(Aj1p—Aj)+Fj=—Fj  (Ajr1—Aj1 ) +Fj - (11.34)

The only unknown in this equation is A . We find that

(F'j14j01 = Fjr) = (FjA; = F))

Aji12=
J / F/j_H_FJ{

(11.35)

The conclusion is that by choosing A/, according to (I1.35)), we can guarantee conser-
vation of both A and F(A) (apart from time-differencing errors).

As an example, suppose that F (A) = A>. Then F’ (A) = 2A, and we find that

L (242, -42,,) - (24242 B
e 2(Ajr1—4A))

(Ajr1+A4;)) . (11.36)

| =

We conclude that this arithmetic-mean interpolation allows conservation of the square of
A. It may or may not be an accurate interpolation for A ;, | . Note that x; 1, x;, and x; 1,
do not appear in (I1.36). This means that our spatial interpolation does not contain any
information about the spatial locations of the various grid points involved — a rather awk-
ward and somewhat strange property of the interpolation. If the grid spacing is uniform,
(TT.36) gives second-order accuracy in space. If the grid spacing is nonuniform, the accu-
racy drops to first-order, but if the grid spacing varies smoothly second-order accuracy can
be maintained, as discussed in Chapter 3]
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Substituting (11.36)) back into (11.14)) gives

dA; 1
pjd_t] 2Ax; [(pu)j+1/2 (Ajr1—A)) + (Pu);_1/2 (Aj_Aj—l)] =0. (11.37)

This is the advective form that allows conservation of A2 (and of A).

11.12 Lots of ways to interpolate

There are infinitely many ways to interpolate a variable. A general two-point interpolation
has the form

Aj+l/2:I(Aj7Aj+l) . (1138)

The interpolating function / may or may not include information about the spatial locations
of points j and j+ 1. Any two-point interpolation should have the property that

min{Aj, Ajy1} <A yp <max{Aj;, Aj;} . (11.39)

It follows from (T1.39) thatif Aj =Aj1, then Ay, =A; =Aj1.

It is possible and sometimes useful to create interpolations that use more than two points
in more than one dimension, but two-point interpolations can help to prevent computational
modes in space. Further discussion is given later.

As a simple example, we can spatially interpolate A itself in a linear fashion, e.g.,

Ajpip =0 pAj+ (1= ajpr2) Ajia (11.40)

where 0 < o1/ < 1 is a weighting factor that might be a constant, as in (I1.36)), or might
be a function of xj, x4 1 and x; 1 5, or a function of i = uAt/Ax. This is plotted in panel a)
of Fig. for the case ;12 =1 /2, which gives the “arithmetic mean.” Alternatively,
we can interpolate so as to conserve an arbitrary function of A, as in (11.35)).
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Another approach is to compute some function of f(A), interpolate f(A) using a form
such as (11.40), and then extract an interpolated value of A by applying the inverse of f(A)
to the result. A practical example of this would be interpolation of the water vapor mixing
ratio by computing the relative humidity from the mixing ratio, interpolating the relative
humidity, and then converting back to mixing ratio. This type of interpolation does not (in
general) have the property that when the two input values of A are the same the interpolated
value of A is equal to the input value; instead, when the two input values of f(A) are the
same the interpolated value of f(A) is equal to the input value.

We can also make use of “averages” that are different from the simple and familiar
arithmetic mean given by (11.36). Examples are the “geometric mean,”

Ajijp=AAL . (11.41)

and the “harmonic mean,’

24A11

Ajpip =10
Jj+1/2 Aj+Aj+1

(11.42)

which are plotted in panels b) and c) of Fig. The geometric mean and the harmonic
mean are both nonlinear interpolations, because the geometric mean of A plus the geometric
mean of B is not equal to the geometric mean of A + B, although it will usually be close.
The geometric mean and the harmonic mean are both symmetric in the inputs; if A; and
Ajy1 are swapped, the result is unchanged. The geometric mean and the harmonic mean
both have the potentially useful property that if either A; | or A; is equal to zero, then
Aji1/2 will also be equal to zero. More generally, both (IT.4T) and (IT.42) tend to make
the interpolated value close to the smaller of the two input values.

Define normalized values of A, such that

A and r,_ . 1= Aje
max {Aj, Aj;1} ILIt: T max {Aj, Ajr b

(11.43)

r. .
o+

Note that 0 < rieh <land 0 < ISR < 1. We specify r;,/, as some function of

1 and r such that 0 < r;,;,, < 1. Various interpolations can be constructed

Tits LY
by choosing the function in particular ways, then using A, , = rj, 1 max {A jAjrl } For

example, an interpolation that make the interpolated value close to the /larger input value is
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Figure 11.4: Four interpolations as functions of the input values. a) arithmetic mean, b) geometric
mean, ¢) harmonic mean, d) Eq. (11.44), which makes the interpolated value close to the larger
of the two input values. The independent variables on the abscissas and ordinates are the input
values, which are assumed to run between 0 and 1. In all plots, black is close to zero, and white is
close to one.
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Eq. (11.44) is plotted in panel d) of Fig. ” When r; el =Tl Eq. (11.44) gives

Pje1/2 =Tl =iy il as expected. Also, (I1.44) gives rj, |, = 1 if either Pl = 1
Orrj y jul = 1. Finally, to obtain Aj 1, weuse
Ajpr=raimax{A; Aj}. (11.45)
Where does (I1.44)) come from? Rewrite the harmonic mean, (11.42)), as
21’jl’j+1
Fiiqpy = I (11.46)
j+1/2 it
where, as before, 0 < r < 1. Now replace each value of r in (IT.46) by 1 —r:
2(1=rj) (1 =1
(1=rj1p) = U=r) =rpm) (11.47)
(L=rj)+ (1=rjn)
Eq. gives the harmonic mean of 1 — r. Solving for r, 1 2, we obtain
iy = A (11.48)

2—(rj+rjn)

which is similar to (11.44)).

The fact that there are infinitely many ways to average and/or interpolate can be viewed
as a good thing, because it means that we have the opportunity to choose the best interpo-
lation for a particular application.

11.13 Fixers

For reasons that will be discussed later, some models do not use conservative forms of the
continuity equation. It is possible to “fix” conservation of mass by checking at the end of
the time step (or perhaps at the end of a simulated day) to see how much mass has been
gained or lost globally, and then just subtracting or adding whatever it takes to restore the
total mass at the beginning of the time step (or day). These ad hoc procedures are called
“fixers” (not to be confused with shady attorneys). I don’t recommend fixers, because they
are unphysical and can mask underlying problems with a model. The finite-volume method
can eliminate the need for fixers.
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11.14 Segue

Finite-difference schemes for the advection equation can be designed to allow “exact” or
“formal” conservation of mass, of the advected quantity itself (such as potential temper-
ature), and of one arbitrary function of the advected quantity (such as the square of the
potential temperature). Conservative schemes mimic the “form” of the exact equations. In
addition, they are often well behaved computationally. Since coding errors often lead to
failure to conserve, conservative schemes can be easier to de-bug than non-conservative
schemes.

11.15 Problems

1. Find a one-dimensional advection scheme that conserves both A and In(A). Keep the
time derivative continuous.

2. Consider the continuity equation

A

dpj n (Pu) 10— (Pu) 11 _

0 11.49
dt Ax ’ ( )
and the advection equation
dA; 1 Aiv1—A;
d_t]+§(”j+l/2+”j—l/2) (1+sz> =0. (11.50)

Does this scheme conserve the mass-weighted average value of A? Give a proof to
support your answer.

3. Determine the order of accuracy of

0A A —Ai_
(_> ~ D127 012 (11.51)
ox i Ax
when the harmonic mean,
2A A ;
Ajpijp = 2L (11.52)
Aj+Ajn
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is used for interpolation to the cell walls. Assume uniform grid spacing.

4. Prove that the geometric mean cannot be larger than the arithmetic mean, assuming
that the input values are non-negative.
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Chapter 12

Computational dispersion

12.1 Dispersion with centered space differencing

12.1.1  The phase velocity

In the continuous world, if A (x, 1) = Ay (¢) ¢**, where k is the wave number, then

dA
— =ikA , (12.1)
dx
and the advection equation can be written as
0A, "
a_zk = —ikuAy . (12.2)

We recognize this as a form of the oscillation equation. The solution is

Ap = Ay (0) et (12.3)

which leads to

A = Ay (0) ) (12.4)
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The signal travels at the speed u, regardless of the value of k.

With the centered-difference quotient

0A Ajp1—Aj
-— ) 22— 12.5
(8x>j 2Ax (12.5)

if Aj (¢) has the wave form A (t) = Ay (1) €*78% | then

Ajr1—Aj1 _ A [eik(j—i—l)Ax_ eik(j—l)Ax}
2Ax 2Ax

gk eikiAx

T 2Ax

A\ ikjAx

= kZeAx [2isin (kAx)]

. | sin(kAx)] ~ LA
=ik | = A (1) ekiAY
! { Ax } k(r)e

—iksinc (kAx) Ay (1) e*7/4% |

(ezkAx _ e—tkAx)

(12.6)

where for any o we define

(12.7)

A plot of sinc () is given in Fig. Note that sinc (o) — 1 as o — 0.

Using (12.6)), the discrete advection equation can be written as

dA, ~
d_t" — —iku sinc (kAx) Ay . (12.8)

Compare with (12.2)). The signal travels at the speed u sinc (kAx), which depends on the
wave number; the short scales travel more slowly than the longer scales. We can define an
effective wind speed, u*, that depends on the wave number:

u* = u sinc (kAx) . (12.9)
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Of course, the true wind speed, u, is independent of kAx. A plot of u*/u versus kAx is
given by the upper curve in Fig. (The second, lower curve, which illustrates the com-
putational group velocity, will be discussed later.) If we have multiple wave components
superimposed on one another, each component will move with a different effective wind
speed, depending on its wave number. The total “pattern” formed by the superimposed
waves will come apart, or “disperse,” as the waves separate from each other. This is called
a “computational dispersion.”

Figure 12.1: A plot of sinc (), for -z < o < 7.

For the case of leapfrog time differencing and centered second-order space differencing,
the one-dimensional advection equation is

n+1 n—1 N __ AR
AT A (e A (12.10)
2A1 2Ax

It is already apparent from the form of (12.10) that the 2Ax wave will not be advected at
all. Referring back to (12.6), we see that (12.10) leads to

AL _An=l = 2i0AY (12.11)

where

Q = —ku sinc (kAx) At . (12.12)
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u*/u

-1}

Figure 12.2: The ratio of the computational effective wind speed to the true wind speed, and also
the ratio of the computational group speed to the true group speed, both plotted as functions of
wave number.

We recognize Eq. (I2.11) as the leapfrog scheme for the oscillation equation. Recall from
Chapter|6|that |Q] < 1 is necessary for (I2.T1) to be stable. Therefore,we can simply re-use
our result from Chapter @, 1.e.,

uAt

|ku sinc (kAx) At| = |sin (kAx) Ax <1 (12.13)

must hold for stability, for any and all k. The “worst case” is |sinkAx| = 1, which occurs for
kAx = +m /2, corresponding to the wavelength L = 4Ax. The 2Ax wave is not the problem
here, because as mentioned above 2 = O for that mode. It is the 4Ax wave that can most
easily become unstable. We conclude that

lu| At
Ax

<1 (12.14)

is the necessary condition for stability. Here “stability” means stability for all modes. The
stability criterion (12.14) also applies to the upstream scheme, as we saw already in Chapter

Bl

Recall that the leapfrog scheme gives a numerical solution with two modes - a physical
mode and a computational mode. We can write these two modes as in Chapter [6}
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(ZQ': — Al (Xk>(l), and (ZQZ — A (Xk)o (12.15)

5

Here the subscripts denote the mode. For |Q]| < 1, we find, as discussed in Chapter@ that

. , , Q
A =¢? and 4, = 70 — _ =9 \where 6 = tan~" <ﬁ) ) (12.16)

Both modes are neutral. For the physical mode,

~\0 ..
(), = 4 (R
~\0 ) (12.17)
= k| jA —nAt .
(")f"p [’ (J A )}
Similarly, for the computational mode,
n ~\0 n . . 0
(A7), = (Ac)  (=1)"exp |ik  jAx——nAt ]| . (12.18)

Note the nasty factor of (—1)" in (12.18)), which comes from the leading minus sign in

(T2.16). Comparing (I2.17) and (T2.I8) with the expression A (x, 1) = Ay (0)k—u1),
which is the true solution, we see that the speeds of the physical and computational modes
are —% and %, respectively, for even time steps. The speed of the physical mode ap-
proaches u (i.e., the right answer), while the speed of the computational mode approaches
—u. The computational mode goes backwards! In other words, the computational solution

advects the signal towards the upwind direction, which is obviously crazy.

For the physical mode, the effective wind speed depends on k, while the true wind
speed, u, is of course independent of k. The shorter waves move more slowly than the
longer waves, and as already mentioned the 2Ax does not move at all.

12.1.2 The group velocity

Now we briefly digress to explain the concept of group velocity, in the context of the
continuous equations. Suppose that we have a superposition of two waves, with slightly
different wave numbers k; and k. Define
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ki +ko u:u”ﬁ—u; Ak:kl—kz Uy —u, kiuy — kous

k=—— 2 2 0 SMET

2
(12.19)

See Fig. Note that k; = k+ Ak and k, = k — Ak. Similarly, u] = u+ Au and u; =
u — Au. From these relations, it follows that

A (ku) = kAu+ uAk . (12.20)
You should be able to show that
kiu] Zku+A (ku) and  kous = ku— A (ku) . (12.21)
Ak Ak
k, k k,

Figure 12.3: Sketch defining notation used in the discussion of the group velocity.

In these approximate equations we neglect terms involving the product AkAu, which is
acceptable when k| = k; and u} = uj. Using (12.21)), we can write the sum of two waves,
each with unit amplitude, as

exp [iky (x —ujt)] +expiky (x — u3t)]
exp(i{(k+Ak)x—[ku+ A (ku)]t})+exp (i {(k— Ak)x — [ku — A (ku)]t})
= exp[ik (x —ur)] (exp{i[(Ak)x — A (ku)t]} +exp{—i[(Ak)x — A (ku)t]})
=2cos[(Ak)x— A (ku)t]exp [ik (x — ut)]

— 2cos {Ak [x - Ag’;”)t} } exp ik (x — ut)] .

(12.22)

Agk; )t} } behaves like the outer, slowly varying

When Ak is small, the factor cos {Ak [x —

envelope in Fig.
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2 N N

-2+ - Y

Figure 12.4: Sketch used to illustrate the concept of group velocity. The short waves are modulated
by longer waves.

The envelope “modulates” wave k, which is represented by the inner, rapidly varying
curve in the figure. The short waves move with effective wind speed u, but the “wave pack-
ets”, i.e., the envelopes of the short waves, move with speed A (ku) /Ak. The differential
expression d (ku) /dk = ug is called the “group velocity.” Note that u, = u if u does not
depend on k. For advection by a uniform current, the “right answer” is ug = u, i.e., the
group velocity and wind speed should be the same. For this reason, there is no need to
discuss the group velocity for advection in the context of the continuous equations with a
constant advecting current.

With our discrete scheme, however, we have

. d(ku*) d (sinkAx

u, = =u— ) =ucoskAx. (12.23)
Ax

§ dk dk

A plot of uj/u versus kAx is given in Fig. Note that u;; = 0 for the 4Ax wave,
and u, < 0 for the 2Ax wave. This means that wave groups with wavelengths between
L =4Ax and L = 2Ax have negative group velocities. Very close to L = 2Ax, u, actually
approaches —u, when in reality it should be equal to u for all wavelengths. For all waves,
uy <u* < u=ug. These issues arise from the space differencing; they have nothing to do
with time differencing.

Fig. [12.5] which is a modified version of Fig. [12.4] makes this point in a different
way, for the particular case L = 2Ax. Consider the upper solid curve and the thick red
dashed curve. If we denote points on the thick red curve (corresponding to our solution
with L =2Ax) by A;, and points on the upper solid curve (the envelope of the thick dashed
curve, moving with speed uy) by B, then
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— JA.
Bj=(—1)4;. (12.24)

(This is true only for the particular case L = 2Ax.) The advection equation for B; is

dBj Bj+1—Bj,1
Py () (22071 12.2
a ”)( 2Ax 0 (12.25)

Eq. (12.23)) shows that the upper solid curve moves with speed —u; it goes backwards!
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Figure 12.5: Yet another sketch used to illustrate the concept of group velocity. The short wave
shown by the red dashed lin has wavelength L = 2Ax.

Recall that when we introduce time differencing, the computed phase change per time

step is generally not equal to —kuAr. This leads to changes in u* and u,, although the
formulas discussed above remain valid for At — 0.

12.1.3 The analyses of Matsuno and Wurtele

We now present an analysis of dispersion error with a continuous time derivative, following
the work of Matsuno| (1966)). If we write the discrete advection equation in the form

dAj Ajfl —Aj+1
— 12.26
dt 2Ax ’ ( )

then
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dA;
“L=aii-a. (12.27)

where T = ru/Ax is a nondimensional time. I don’t expect you to know this, but
has the same form as a recursion formula satisfied by the Bessel functions of the first kind
of order j. These functions are usually denoted by J; (7). The J; (7) have the property that
Jo(0) =1, and J; (0) = O for all j # 0. Because the J; (1) satisfy (12.27), each J;(7) can
be interpreted as the solution of at grid point j, as a function of the nondimensional
time, 7. The “initial condition,” for T = 0, is equal to one at grid point zero, and equal to
zero everywhere else.

Jo

i Jl
0.6 .12

0.4

- mm
2 6 10 1

-0.2}

-0.4r

Figure 12.6: The time evolution of the solution of (12.27)) at grid points j =0, 1, and 2.

As an example, set A; = J;(7), which is consistent with and in fact implies the initial
conditions that Ao (0) = 1 and A; (0) = 0 for all j # 0. This initial condition is an isolated
“spike” at j = 0. The solution of (12.27) for the points j = 0, 1, and 2 is illustrated in Fig.

[12.6] By using the identity

Jj=(-1)J;, (12.28)

we can also obtain the solutions for the points j = —1, —2, —3, etc. This analysis is useful
because it allows us to obtain the exact solution of the differential-difference equation, in
which the time derivative is continuous so that there are no errors associated with time
differencing.
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Figure 12.7: The solution of (12.27) for 7 =5 and 7 = 10 for —15 < j < 15, with “spike” initial
conditions. From|Matsuno| (1966).

Fig. shows the solution of for T =5 and 7 = 10 for —15 < j < 15, with
these “spike” initial conditions. The figure is taken from a paper by Matsuno| (1966). Com-
putational dispersion, schematically illustrated earlier in Fig. [[2.2] and Fig. [12.5] is seen
directly here. The figure also shows that u; is negative for the shortest wave.

A similar type of solution is shown in Fig. [12.8] which is taken from a paper by Wurtele
(1961). Here the initial conditions are slightly different, namely,

A 1=Ay=A1=1,andA;=0for j< -2, j=>2. (12.29)

This is a “top hat” or “box car” initial condition. We can construct it by combining
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Ji—1(0) =1 for j = 1 and zero elsewhere , (12.30)
Jj(0) =1 for j = 0 and zero elsewhere, and (12.31)

and
Jj+1(0) =1 for j = —1 and zero elsewhere . (12.32)

The initial condition is A; (0) = J;_1 (0) +J;(0) +J;4+1 (0), which has the form of a “box-
car,” three grid points wide. The full solution is given by

A7) =Jj 1 (1) +J; (1) +J1 (T) . (12.33)

The analytical solution is that the boxcar simply moves to the right, without any change
in shape. This is illustrated in Fig. [I2.8] Dispersion is evident in the two numerical
solutions, however. The dashed curve shows the solution obtained with for centered space
differencing, and the solid curve shows the solution obtained with an upstream difference
like the one used in the upstream scheme. The solution for the upstream case is given
in terms of the Poisson distribution rather than Bessel functions; see [Wurtele| (1961) for
details. The figure shows that the principal disturbance moves to the right, but the short-
wave components move to the left.

Don’t confuse computational dispersion with instability. Both dispersion and instability
can lead to “noise,” but a noisy solution isn’t necessarily unstable. In the case of disper-
sion, the waves are not growing in amplitude; instead, they separating from one another
(“dispersing”), each moving at its own speed.

12.1.4 Fourth-order schemes

As discussed in Chapter 3] the fourth-order difference quotient takes the form

JAN A (Aji—Aj1\ 1 [(Ajp—Aj, \
(5)]—_§(T> §(T +ﬁ[(Ax)]. (12.34)

170



Revised Monday 8" December, 2025 at 23:38

3, ! \\ ; ol n %
OOV /5N 100 15 20 25

- 1

Fig. 1. Three solutions of the advection equation for
(non-dimensional) times T = s, 10, I5.
s (cxXact) solution of continuous equation (4)
— — — — solution (8) of centered differential-difference
equation

solution (11) of backward differential-differ-
ence equation
For typical meteorological values, ten units of non-
dimensional time correspond to about 42 hours.

Figure 12.8: The solution of (12.24) with “box” initial conditions. From Wurtele| (1961).

Recall that in our earlier discussion of the second-order scheme, we derived an expression
for the effective wind speed of the numerical solution given by

u* = u sinc (kAx) . (12.35)

For this fourth-order scheme, the corresponding expression for the effective wind speed is

4 1
u'=u gsinc (kAx) — gsinc (2kAx) | . (12.36)
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Fig. shows plots of u*/u versus kAx for both the second-order and fourth-order
schemes. For long waves, the fourth-order scheme gives a considerable improvement in
the accuracy of the effective wind speed. There is no improvement for wavelengths close
to L = 2Ax, however. This illustrates that increasing the order of accuracy does not help
with the errors of the shortest waves.

e 4th order

S

0.2 2nd order

Pi i Pi

0 /4 2 3/4 Tt

LS ]

Figure 12.9: The ratio of the computational effective wind speed, u*, to the true wind speed, u,
plotted as a function of kAx, for the second-order and fourth-order schemes.

12.2 Space-uncentered schemes

One way in which computational dispersion can be reduced in the numerical solution of
the advection equation is to use uncentered space differencing, as, for example, in the
upstream scheme. Recall that earlier we defined and illustrated the concept of the “domain
of dependence.” By reversing the idea, we can define a “domain of influence.” For example,
the domain of influence for explicit non-iterative space-centered schemes expands in time
as is shown by the union of Regions I and II in Fig. [12.10] For u > 0, the domain of
dependence is region II only. For u < 0 the domain of dependence is region I only.

The “upstream scheme,” given by

n+1
Al g » AT A"
At Ax

) =0 for u>0, (12.37)

or
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Figure 12.10: The domain of influence for explicit non-iterative space-centered schemes expands
in time, as is shown by the union of Regions | and Il.

n+1
A" —A7+M(A§+1—A';

= fi 12.
Y. A ) 0 for u<O, (12.38)

is the simplest example of a space-uncentered scheme. As shown earlier, we can write

(112.37) as

A;?“ = (1—u)At+uAl |, (12.39)

which has the form of an interpolation, and (12.38)) can be written in a similar way. Obvi-
ously, for the upstream scheme, Region II alone is the domain of influence when u > 0, and
Region I alone is the domain of influence when u < 0. This is good. The scheme produces
strong damping, however, as shown in Fig. [[2.8] The damping results from the interpola-
tion. Although we can reduce the undesirable effects of computational dispersion by using
the upstream scheme, usually the disadvantages of the damping outweigh the advantages
of reduced dispersion. Further discussion is given in Chapter[I3]

12.3 Quantifying the amplitude and phase errors

Following [Takacs| (1985), the relative error, €, can be defined by

A=(1+€)Ar, (12.40)
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Where Ar is the amplification factor for the exact solution of the differential equation, as
given by (6.14). This definition of € is applicable to any problem, not just the oscillation
equation. The relative error can be separated into its real and imaginary parts:

E=€ertig. (12.41)

If we know A and A7, we can determine € and & from (12.40) and (12.41). With these
definitions, we can write for the oscillation equation (which has |Ar| = 1)

A2 =|1+el?
—(1+&g)° + € (12.42)
=1 +8|M ,
where
€ =26+ €5+ (12.43)

can be interpreted as a measure of the amplitude error. Similarly, we define &y as a measure
of the phase error, such that

0=Q+¢,, (12.44)

It can be shown, using a trigonometric identity, that

—1 &
=t . 12.45
& = tan <8R—|— 1) ( )

In most cases, €| is dominated by &g, and &y is dominated by &;.
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12.4 Even- and odd-order schemes

Takacs| (1985) made an important and general point about the differences between space-
centered and space-uncentered schemes, based on an analysis of how the amplitude and
phase errors change as we go from an even-order scheme to the next-higher odd-order

scheme, and then on to the next higher even-order scheme, and so on.

Consider the family of schemes given by (9.1)), which is repeated here for convenience:

n+1 _ AN
A7 = Z ajAi, -
J=—oo

(12.46)

In Chapter [9] we showed that the amplification factor for this family satisfies (9.15)), which

is also repeated here:

oo -
_ L jkAx
A= E ape )

4=

J

—o00

Comparing (12.40) with (12.47), and using

AT — e—ikuAt — e—i/JkAx

Y

we find that

e=1-1.

The real part of the relative error is given by

&p = Z aj/cos[(j’—i—,u)kAx] —1.

j/:—oo

Similarly, the imaginary part of the relative error satisfies
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& = i apsin[(j' +u) kAx] . (12.51)

jl=—o0

Now comes the key step. We want to understand how &g and & depend on kAx, and
how this dependence changes as we increase the order of accuracy of the scheme, step-by-
step. To do this, we expand (12.50) and (12.51)) as Taylor series in powers of kAx. Because
€g involves the cosine of (j+ 1) kAx, its expansion involves only even powers of kAx:

Y () apt... (12.52)

Here we have used (9.8). Similarly, because & involves the sine of (j+ ) kAx, its expan-
sion involves only odd powers of kAx:

oo (kAX)3 o

e =(kax) Y, (/+w)ap+5 X (+u)ap+.... (12.53)

j/:—oo ] —_——00

What do these two results mean? Expressions of the form Y, (j'+ [,L)la j/ appear repeat-

i/ — o0
edly in (12.52)) and (12.53). According to (9.13)), for a schéme of mth-order accuracy these
sums are equal to zero for / in the range 1 to m. As the order of accuracy of the scheme
increases, the real and imaginary parts of the relative error both decrease, as more and more
terms of and drop out. But the real and imaginary parts take turns. Moving
from an odd-order scheme to an even-order scheme will reduce € but not &, and moving

from an even-order scheme to an odd-order schemes will reduce & but not &g.

As an example, suppose that we have a first-order scheme, such as the upstream scheme.
Then the leading term of &g is proportional to (kAx)z, but the leading term of & is propor-
tional to kAx. When we go to a second-order scheme, the leading term of &g is proportional
to (kAx)4, but the leading term of €g does not change. If we go to a third-order scheme, the
leading term of & is proportional to (kAx)3, but the leading term of &g does not change.

We conclude that the amplitude error decreases as we go from an odd order to the
next even order, while the phase error decreases as we go from an even order to the next
odd order. This makes odd-order schemes attractive. For example, a third-order scheme
has about the same amplitude error as a second-order scheme, but with a smaller phase
error. The solution of the third-order scheme will be less noisy than the solution of the
second-order scheme.
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12.5 Segue

Computational dispersion arises from space differencing. It causes waves of different
wavelengths to move at different speeds. In some cases, the phase speed can be zero or
even negative, when it should be positive. Short waves generally move slower than longer
waves. The effective wind speeds of the long waves are well simulated by the commonly
used space-time differencing schemes. The group speed, which is the rate at which a wave
“envelope” moves, can also be adversely affected by space truncation errors.

Higher-order schemes simulate the well resolved modes more accurately, but do not
improve the solution for the short modes (e.g., the 2Ax modes), and can actually make the
problems with the short modes worse, in some ways. Of course, higher-order schemes in-
volve more arithmetic and so are computationally more expensive than lower-order schemes.
An alternative is to use a lower-order scheme with more grid points. This may be preferable
in many cases.

Odd-order, space-uncentered schemes are well suited to advection, which is a spatially
asymmetric process, and they can minimize the effects of computational dispersion.

12.6 Problems

1. Consider the first-order upstream scheme, the second-order Lax-Wendroff scheme,
and the third-order Takacs scheme. For each of these, compute the amplitude error,
€ 5> as given by (12.43), and the phase error, €, as given by (12.45). Contour plot
your results as functions of p and kAx, for 0 < u <1 and 0 < kAx < 7.

&
2. Prove that the phase error €y, defined by (12.44)), satisfies €y = tan ! (8 -II- 1) .
R
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Chapter 13

Modern Eulerian advection schemes

13.1 Sign-preservation and monotonicity

We often wish to require that a non-negative variable, such as the water vapor mixing ratio,
remains non-negative under advection. An advection scheme that has this property is often
called “positive-definite” or, more generally, “sign-preserving.” Sign-preserving schemes
are obviously desirable, because negative values that arise through truncation errors the
advection scheme will have to be eliminated somehow before any moist physics can be
considered, and the methods used to eliminate the negative values are inevitably somewhat
artificial(e.g., Williamson and Rasch, [1994). As we will see, most of the older advection
schemes do not come anywhere near satisfying this requirement. Many newer schemes do
satisfy it, however.

As seen in earlier examples, computational dispersion can cause new maxima and min-
ima to develop as advection proceeds, and it can also cause the advected field to change
sign, e.g., from positive to negative.

As discussed earlier, the stability condition for the upstream scheme is [¢t| < 1. When
this condition is met, the “interpolation” form of (12.39) guarantees that

Min {A%, A% |} <A <Max {A}, A% |}, (13.1)

This means that A’}H cannot be smaller than the smallest value of A? in the neighborhood
of point j, or larger than the largest value of A;? in the neighborhood of point j. In other
words, the upstream scheme does not produce any new maxima or minima, like those
associated with the dispersive ripples seen in Fig. [12.8] Schemes with this property are
called “monotonic.” As discussed earlier, real advection is monotonic. The property of
monotonicity is expressed by (13.1).
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Real advection cannot produce negative values of A if none are present initially, and
neither can the upstream scheme, provided that 0 < y < 1. This means that the upstream
scheme is a sign-preserving scheme when the stability criterion is satisfied. This is very
useful if the advected quantity is intrinsically non-negative, e.g., the mixing ratio of some
trace species. Even better, the upstream scheme is a monotone scheme when the stability
criterion is satisfied.

All monotone schemes are sign-preserving schemes. The converse is not true.

sign-preservation is relative to both the continuity equation (no negative mass) and the
tracer equation (no negative tracers). This is not true of monotonicity. Recall from that
the density of a compressible fluid is not constrained to be constant following a particle. For
this reason, new maxima and minima can appear in the density field, and so monotonicity
is physically wrong for the continuity equation.

13.2 Sign-preservation with fields that have both signs

In the preceding discussion, we assumed that A(J)- is everywhere of one sign, but this as-
sumption is not really necessary. For variable-sign fields, a similar result can be obtained
by decomposing A into positive and negative parts, i.e.,

A=AT+A. (13.2)

The idea is that A" is positive where A is positive, and zero elsewhere; and similarly that
A~ is negative where A is negative, and zero elsewhere. The total of A is then the sum
of the two parts, as stated in (13.2). Advection of A is equivalent to advection of A™ and
A~ separately. 1f we apply a sign-preserving scheme to each part, then each of these two
advections is stable by the argument given above, and so the advection of A itself is also
stable.

13.3 Help from the geometric and harmonic means

Although the upstream scheme is sign-preserving, it is only first-order accurate and strongly
damps, as we have seen. Are there more accurate schemes that are sign-preserving or nearly
so? A spurious negative value is customarily called a “hole.” Second-order advection
schemes that produce relatively few holes are given by (I1.10) with either the geometric
mean given by (IT1.41), or the harmonic mean given by (11.42). Both of these schemes
have the property that AJ. 1 also goes to zero when either A; or A goes to zero. If the

time step were infinitesimal, this would be enough to prevent the property denoted by A
from changing sign. Because time-steps are finite in real models, however, such schemes
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do not completely prevent hole production. Nevertheless, they do tend to reduce the rate of
hole production.

13.4 Fixing a hole

If a non-sign-preserving advection scheme is used, and holes are produced, then a proce-
dure is needed to fill the holes. To make the discussion concrete, we consider here a scheme
to fill “water holes,” in a model that advects water vapor mixing ratio.

Simply replacing negative mixing ratios by zero is unacceptable because it leads to
a systematic increase in the mass-weighted total water. Hole-filling schemes therefore
“borrow” mass from elsewhere on the grid. They take from the rich, and give to the poor.

There are many possible borrowing schemes. Some borrow systematically from nearby
points, but of course borrowing is only possible from neighbors with positive mixing ratios,
and it can happen that the nearest neighbors of a “holey” grid cell don’t have enough water
to fill the hole. Logic can be invented to deal with such issues, but hole-fillers of this type
tend to be complicated and computationally slow.

An alternative is to borrow from all points on the mesh that have positive mixing ratios.
The “global multiplicative hole-filler”” uses that approach, and is a particularly simple and
computationally fast algorithm. The first step is to add up all of the positive water on the
mesh:

P= Y mA;>0. (13.3)

where A ;>0

Here A; is the mixing ratio in grid cell j, and m; is the mass of dry air in that grid cell
(in kg, say), so that the product m;A; is the mass of water in the cell. Note that m; is not
the density of dry air in the cell; instead, it is the product of the density of dry air and the
volume of the cell. The total amount of water on the mesh, including the contributions from
“holes,” is given by

T= ) mA;. (13.4)

all points

Both T and P have the dimensions of mass. Define the nondimensional ratio

S
Il
alie

<1: (13.5)
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normally @ is just very slightly less than one, because there are only a few holes and they
are not very “deep.” We replace all negative values of A; by zero, and then set

AT = DA . (13.6)

In this way, we are ensured of the following:
* No negative values of A; remain on the mesh.

* The total mass of water in the adjusted state is equal to 7', the same as the total in the
“holey” state.

* Water is borrowed most heavily from grid cells with large mixing ratios, and least
from cells with small mixing ratios.

This multiplicative hole fller does not have to be implemented using global sums for P and
T; sums over sufficiently large subdomains can be used instead, and the subdomains can
be corrected individually. This can be useful on parallel machines.

Hole-filling is ugly. Any hole-filling procedure is necessarily somewhat arbitrary, be-
cause in designing it we cannot mimic any natural process; nature does not fill holes, be-
cause it has no holes to fill.

In addition, hole-filling is “quasi-diffusive,” because it removes water from wet cells
and adds it to dry cells, thus reducing (“dissipating”) the total variance of the mixing ratio.
Hole filling tends to transport moisture upward, which can spuriously increase cloudiness
and precipitation.

The best approach is to choose an advection scheme that does not make holes in the
first place. At the very least, we should insist that an advection scheme digs holes slowly,
so that the hole-filler will not have to work very hard.

13.5 Flux-corrected transport

The upstream scheme is monotone and sign-preserving, but, unfortunately, as we have
seen, it is strongly damping. Damping is intrinsic to all monotone and sign-preserving
schemes. Much work has been devoted to designing monotone or sign-preserving schemes
that produce as little damping as possible. The following discussion, based on the paper of
Zalesak| (1979)), explains how this can be done.

Monotone and sign-preserving schemes can be derived by using the approach of “flux-
corrected transport,” often abbreviated as FCT, which was invented by Boris and Book
(1973) and extended by Zalesak! (1979)) and many others. Suppose that we have a “high-
order” advection scheme, represented schematically by
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AT At _(FH, ,—FH. ) . 13.
J j itz =3 (13.7)

Here F'H represents the “high-order” fluxes associated with the scheme. Note that
is in “conservation” form, and the time derivative is approximated using time levels n and
n+ 1. Suppose that we have at our disposal a monotone or sign-preserving low-order
scheme, whose fluxes are denoted by F'L il This low-order scheme could be, for example,

the upstream scheme. (From this point on we say “monotone” with the understanding that
we mean “monotone or sign-preserving.”’) As a matter of definition, we can write

1. (13.8)

Here FC L is a “corrective” flux, sometimes called an “anti-diffusive” flux. Eq. (13.8)
is the definition of FC; L. According to (I3.8), the high-order flux is the low-order flux

plus a correction. We know that the low-order flux is diffusive in the sense that it damps the
solution, but on the other hand by assumption the low-order flux corresponds to a monotone
scheme. The high-order flux is presumably less diffusive, and more accurate, but does not
have the nice monotone property that we want.

Suppose that we take a time-step using the low-order scheme. Let the result be denoted
by AT e,

e _
AT = (FL, ~FL, ). (13.9)

Since, by assumption, the low-order scheme is monotone, we know that

AYAX > Antl > AMN for all j, (13.10)

where Alj\-’IAX

and are, respectively, suitably chosen upper and lower bounds on the
value of A within the grid-box in question. For instance, A¥™ might be zero, if A is a non-
negative scalar like the mixing ratio of water vapor. Other possibilities will be discussed
below.

MIN
Aj

There are two important points in connection with the inequalities in (13.10). First,
the inequalities must actually be true for the low-order scheme that is being used. Second,
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the inequalities should be strong enough to ensure that the solution obtained is in fact
monotone.

From (13.7), (13.8), and Equation (13.9) it is easy to see that

AT = g (Fc. | — FC, 1) . (13.11)

This simply says that we can obtain the high-order solution from the low-order solution by
adding the anti-diffusive fluxes. The anti-diffusive fluxes can be computed, given the forms
of the low-order and high-order schemes.

We now define some coefficients, denoted by C. i+l and “scaled-back™ anti-diffusive

fluxes, denoted by F CJ. 1 such that

FC...=C. .FC. . (13.12)

In place of (I3.11)), we use

N\'—‘

n+l _ gnt+lx .
e VA (T 7o

) . (13.13)

To see the idea, consider two limiting cases. If C 41 = =1, then F C 1= =F C e and so
(I3.13)) will reduce to (I3.11)) and will simply glve the high-order solutlon If C 1= =0,

then F C 4= =0, and so (13.13)) will simply give the low-order solution. We enforce

0< Cj+% <1 forall j, (13.14)

and try to make C iyl as close to one as possible, so that we get as much of the high-order
scheme as possible, and as little of the low-order scheme as possible, but we require that

ANAX > A’}“ > AN for all j (13.15)
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be satisfied. Compare (13.15) with (13.10). We can always ensure that (13.15]) will be

satisfied by taking C = = 0; this is the “worst case.” Quite often it may happen that
(13.15)) is satisfied for C = 1; that is the “best case.” The approach outlined above can

be interpreted as a nonlmear interpolation for the value of A;f“. This nonlinearity means
that Godunov’s theorem does not apply; see Chapter [11]

It remains to assign values to the C 1 which are called “limiters” because they limit

the amount of the high-order scheme that w111 be added to the low-order scheme. Zalesak
broke the problem down into parts. One obvious issue is that the flux into one cell is the
flux out of another, so the value assigned to C ! has to be sufficient to enforce (13.135]) for

both A’}‘H and A;’ﬂ Set that issue aside, for now.

We can conceptually divide the anti-diffusive fluxes affecting cell j into the fluxes in and
the fluxes out, simply based on sign. The anti-diffusive fluxes into cell j could cause A?“
to exceed A?‘AX, while the anti-diffusive fluxes out of cell j could cause A’}H to fall below
Alj\.’HN. We adjust (all of) the anti-diffusive fluxes into the cell so as to avoid overshooting

AMAX and we adjust (all of) the anti-diffusive fluxes out so as to avoid undershooting AM™N,
In this way, we obtain provisional values of C; 1 and C, 1 based on an analysis of cell j.

Similarly, analysis of cell j+ 1 gives pr0V1310nal values of C 1 and Cj 13 and analysis of
cell j — 1 gives provisional values of C. -3 and C 1

Note that we now have fwo provisional values for C . After looping over the whole

grid, we will have two provisional Cs for each cell Wall To ensure that all constraints are
simultaneously satisfied, we choose the smaller of the two provisional Cs for each cell wall.
Voila! All constraints are satisfied.

The procedure outlined above is not unique. Many other approaches can be found in
the literature.

It remains to choose the upper and lower bounds A¥** and AY'™ that appear in (T3.15)

and (13.10). Zalesak|(1979) proposed limiting A'”rl SO that it is bounded by the largest and
smallest values of its neighbors at time level n, and also by the largest and smallest values
of the low-order solution at time level n+ 1. In other words, he took

AV = max {A%_, AT, AL AT AT A (13.16)

and

AMIN_mln{ N AT AL AT AT A’}i}*}. (13.17)

184



Revised Monday 8" December, 2025 at 23:38

This “limiter” is not unique. Many other possibilities are discussed in the literature.

Our analysis of FCT schemes has been given in terms of one spatial dimension, but all
of the discussion given above can be extended to two or three dimensions, without time
splitting. The literature on FCT schemes is very large.

FCT schemes are dissiptive, in the sense that they reduce the variance of the advected
field. This numerical dissipation is the price paid for monotonicity.

The FCT method opened the door to a cottage industry of “shape-preserving” (i.e.,
monotone) advection schemes. The schemes have much in common, but are given different
names, as discussed below.

13.6 MPDATA

Smolarkiewicz (1991) proposed an advection scheme that he called MPDATA (Multidi-
mensional Positive Definite Advection Transport Algorithm). MPDATA is second-order
accurate, sign-preserving, and conservative. It is designed for multi-dimensional applica-

tions. A monotonicity option exists. There is now a third-order accurate version (Waruszewski
et al., 2018).

13.7 TVD schemes

An extremely broad class of schmemes can be described as “Total Variation Diminishing”
(TVD; Harten, [1983)). The total variation of a variable & can be measured as follows:

J
TV' =Y |of —of ] . (13.18)

j=1
A scheme is said to be TVD if it can be shown that the total variation does not increase:

TV <TV". (13.19)

Clearly, TVD schemes are dissipative.

TVD schemes rely on flux limiters or slope limiters—mathematical functions that limit
the contribution of higher-order corrections in regions where total variation might oth-
erwise grow. In smooth regions, the limiter allows more higher-order accuracy. Near
sharp changes, the limiter suppresses higher-order terms to prevent spurious oscillations,
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reverting to a more diffusive but monotonic (stable) scheme. This adaptivity is key: TVD
schemes automatically adjust behavior based on the local smoothness of the solution.

13.8 van Leer schemes

Bram van Leer of the University of Michigan proposed the MUSCL (Monotonic Upstream-
centered Scheme for Conservation Laws) scheme (Van Leer, (1974, [1977a.bl, 2008|), which
introduced slope limiters to achieve high-order accuracy while preserving monotonicity
and avoiding oscillations near discontinuities. The MUSCL scheme replaces the piece-
wise constant representation in Godunov’s first-order method with slope-limited linear re-
constructions inside each cell to achieve higher order (second-order spatial accuracy). It
reconstructs left and right states at each cell boundary using slope limiters that prevent spu-
rious oscillations by adapting to the solution’s smoothness. These reconstructed states are
used to compute numerical fluxes at cell edges. MUSCL prevents the growth of new oscil-
lations, ensuring physically realistic results near steep gradients. It can achieve third-order
accuracy in special cases, though originally it was developed for second order.

13.9 The piecewise parabolic method

Phil Colella and colleagues developed the Piecewise Parabolic Method (PPM; |Colella
and Woodward, 1984)). IT is a finite-volume method that represents the advected quan-
tity within each grid cell by a piecewise parabolic (quadratic) function, rather than simple
averages or linear functions. It interpolates data within each cell with a parabola con-
structed from cell averages in neighboring zones. The PPM achieves third-order accuracy
in general and effectively fourth-order accuracy for small time steps on uniform grids. The
parabolic interpolation allows for a sharp and accurate representation of discontinuities and
steep gradients, like shocks and fronts, while minimizing numerical diffusion. It integrates
the parabolic profiles over the domain to update cell averages, ensuring mass conserva-
tion. PPM uses limiters and reconstruction techniques to avoid spurious oscillations near
discontinuities. With some limiters, the scheme i1s monotone.

13.10 Prather’s scheme

Prather’s scheme (Prather], |1986) is a high-order, positive-definite, and monotonic method
designed to minimize numerical diffusion and prevent unphysical oscillations—goals shared
by schemes like Leonard’s, the Piecewise Parabolic Method (PPM), and TVD schemes.
Prather’s scheme employs polynomial reconstructions of tracer distributions within grid
cells, ensuring mass conservation and maintaining the shape of transported scalar fields ac-
curately over time. It was developed with an emphasis on sign-preservation and minimiz-
ing numerical diffusion, making it especially suitable for atmospheric chemical transport.
Like Leonard’s schemes (see below), Prather’s approach uses polynomial reconstructions
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and limiting procedures to achieve high-order accuracy while preserving physical realism.
Compared to TVD schemes, Prather’s method similarly limits spurious oscillations. With
suitable limiters it can be monotone.

13.11 Leonard schemes

Leonard advection schemes (Leonard, 1993} Leonard et al., [1996) are a class of higher-
order, monotone numerical advection methods developed by Brian Phillip (“Benny”) Leonard
of the University of Akron, and others. The schemes aim to achieve third-order accuracy
while maintaining important properties such as monotonicity, positivity, and conservation,
thereby limiting spurious oscillations near sharp gradients or discontinuities. Leonard
schemes are based on a finite-volume framework in which higher-order polynomial re-
constructions of the advected quantity are performed within each cell. Leonard introduced
a universal limiter method and “ULTIMATE” schemes, which are one-step, single time-
step, third-order flux-based, finite-volume advection schemes designed for multidimen-
sional flow. Leonard schemes schemes carefully blend high-order accuracy with nonlinear
limiters to ensure stability and reduce numerical diffusion without introducing unphysical
oscillations. The schemes have been influential in developing monotone and positivity-
preserving advection methods suitable for atmospheric and ocean modeling where tracer
transport accuracy is critical. Leonard schemes often serve as the basis or inspiration for
various modern high-order shape-preserving advection algorithms.

13.12 WENO schemes

WENO (Weighted Essentially Non-Oscillatory) schemes (Zhang and Shu, 2016} Shul |[2020)

give high-order accuracy in smooth regions, and suppress numerical oscillations near dis-
continuities or sharp gradients. They can adaptively reduce order where necessary, mini-
mizing unphysical behavior. WENO schemes can cause excessive numerical diffusion—especially
when used with coarse resolution.
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Chapter 14

Lagrangian and semi-Lagrangian advection schemes

14.1 Lagrangian schemes

Lagrangian schemes, in which particles are tracked through space without the use of an
Eulerian grid, have been used in the atmospheric and oceanic sciences, as well as other
fields including astrophysics and weapons engineering (e.g., Mesinger, 1971} Treasel, [ 1988;
Monaghan, [1992; |[Norris, 1996} |[Haertel and Randall, [2002). The Lagrangian approach has
a number of attractive features:

* The PDF of the advected quantity (and all functions of the advected quantity) can be
preserved “exactly” under advection. Here “exactly” has been put in quotation marks
because, in practice, only a finite number of particles can be tracked.

* Lagrangian schemes are monotone and sign-preserving.

* Time steps can be arbitrarily long without triggering computational instability, al-
though of course long time steps still lead to large discretization errors.

Alas, there are always trade-offs. Lagrangian schemes suffer from a number of practical
difficulties. Some of these have to do with the possible development of “voids,” i.e., regions
with not enough particles to represent the physics. Others arise from the need to compute
spatial derivatives (e.g., the pressure gradient force, which is needed to compute the accel-
eration of each particle) on the basis of a collection of particles that can be located literally
anywhere within the domain, in an irregular and uncontrolled way.

14.1.1  Smoothed particle hydrodynamics

One class of Lagrangian schemes, called “smoothed particle hydrodynamics” (SPH), has
been widely used by the astrophysical research community, and is reviewed by |[Monaghan
(1992). The idea is to invent a way to compute a given field at all points throughout the
domain, given the values of the field at a finite number of arbitrarily located points that are
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occupied by particles. Once such a continuous field has been defined everywhere, it can be
differentiated to obtain, e.g., the pressure-gradient force.

For an arbitrary field A, let A (r) be given by a volume integral of the product of A and
a differentiable weighting function W:

/A W (|r=r'|, h)av (r'). (14.1)

Here the integration is over the whole domain (e.g., the whole atmosphere), and W (|r — 1’|, h)
is a differentiable interpolating “kernel” such that

/W(|r—r’\, h)dv (r') =1, (14.2)

Note that W has dimensions of an inverse volume. The maximum of W occurs where
r—r'| =0,and W — 0 as [r — /| — oo In (T4.1) — (14.2), h is a parameter that measures
the “width” of W. With smaller 4, W is more strongly peaked. With these definitions, if
A (r') is a constant field, then A (r) is given by the same constant.

In a discrete model, we replace (14.1)) by
Zmb— (|r=r'[, n) . (14.3)

Here the index b denotes a particular particle, my, is the mass of the particle, and p,, is the
density of the particle. Note that m;/pj is a volume. To see what is going on in (14.3)),
consider the case A = p. Then (14.3) reduces to

=Y mW (|e=1'|, n) (14.4)
b

which simply says that the density at a point r is a weighted sum of the masses of particles
in the vicinity of r. In case there are no particles near the point r, the density there will be
small.

We can now perform spatial differentiation simply by taking the appropriate derivatives
of W(r—rp, h),e.g.,
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VA(r) = ZmbﬂVW (|r—r'
b Pb

, h). (14.5)

This follows because my,, A; and p,, are associated with particular particles and are, there-
fore, not functions of space.

Further discussion of SPH and related methods is given by Monaghan| (1992) and the
other references cited above.

14.1.2 Slippery sacks

A very different approach has been developed by Patrick Haertel and colleagues. They con-
sider flexible “parcels” of fixed mass, which fill the space of the fluid, something like con-
forming water balloons. Haertel and Randall (2002) named these parcels “slippery sacks.”
The moving parcels exchange momentum and energy through the pressure force, by liter-
ally pushing on each other along their shared boundaries, like nursing kittens crawling over
a mother cat. Diffusive exchanges can be parameterized in a straightforward way, in terms
of the differences of the properties of neighboring parcels. The first applications of the
slippery sacks method were to lakes, and then to ocean basins (Haertel and Randall, [2002;
Haertel et al., [2004; [Van Roekel et al., 2009; Haertel et al., [2009; [Haertel and Fedorov,
2012), taking advantage of the incompressibility of water, which implies that parcels of
fixed mass have fixed volumes. This work culminated in a global ocean model (Haertel,
2019). A major advantage of the method for ocean modeling is that simulated parcels can
move for hundreds of years in the deep ocean circulation, with no computational diffusion
whatsoever.

Haertel and colleagues later allowed the sacks to change their volumes, which made it
possible to construct a global atmosphere model (Haertel and Straub, 2010; |[Haertel et al.,
2014, 2015, 2017). The global atmosphere and ocean models have been coupled, and
used to simulate climate change (Haertel and Liang, [2024). This fully Lagrangian global
modeling system is truly unique, and it will be interesting to see how it evolves in the
future.

14.2 Semi-Lagrangian schemes

14.2.1 Further upstream

“Semi-Lagrangian” schemes (e.g., Robert et al., [1985; [Staniforth and Coté, 1991; Bates
et al., [1993; Smith, 2000; Diamantakis, |2013) are of interest in part because they allow very
long time steps, and also because they can easily maintain such properties as monotonicity.

The basic idea is very simple. At time step n+ 1, values of the advected field, at the
various grid points, are considered to be characteristic of the particles that reside at those
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points. We ask where those particles were at time step n. This question can be answered
by using the (known) velocity field, averaged over the time interval (n,n+ 1), to track the
particles backward in time from their locations at the various specified grid points, at time
level n+ 1, to their “departure points” at time level n. Naturally, the departure points are
usually located in between grid cells. The values of the advected field at the departure
points, at time level n, can be determined by spatial interpolation. If advection is the only
process occurring, then the values of the advected field at the departure points at time level
n will be identical to those at the grid points at time level n+ 1.

As a simple example, consider one-dimensional advection of a variable g by a constant
current, u. A particle that resides at x = x; at time level 7 = t"+1 has a departure point given
by

(xa)} = xj —uAt . (14.6)

Here the superscript 7 is used to indicate that the departure point is the location of the
particle at time level n. Suppose that u > 0, and that the departure point is less than one Ax
away from x;, so that

Xj—1 < (Xd>? <Xj. (14.7)

Then the simplest linear interpolation for A at the departure point is

n (xd);%_xjfl n n
(Aa)j = Aji + | — 5| (A] =A%)
" Ax —uAt W oan
e (A5 -

Here we assume for simplicity that the mesh is spatially uniform, and p = uAt/Ax, as
usual. The semi-Lagrangian scheme uses

AT = (Ag)] (14.9)

jo
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so we find that

AT = AR+ (1 - ) AT (14.10)

This is our friend, the upstream scheme. Note that (I4.7), which was used in setting up the
spatial interpolation, is equivalent to

O<u<lt. (14.11)

As shown earlier, this is the condition for stability of the upstream scheme.

What if is not satisfied? This will be the case if the particle is moving quickly
and/or the time step is long or, in other words, if 4 > 1. Then we might have, for example,

Xj—a < (Xa)} < Xj—as1 - (14.12)

where a is an integer greater than 1. For this case, we find in place of (14.8)) that

(Ad)? = ":LA?—a +(1—4) ?—a—i—l : (14.13)

where

f=l—-a+pu. (14.14)

We have assumed again here, for simplicity, that both the mesh and the advecting current
are spatially uniform. It should be clear that

O<p<l. (14.15)

Fora=1, u = 1. Eq. (14.9) gives
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AT = QAL (1 AT, (14.16)

This has the form of an interpolation, so we still have computational stability and mono-
tonicity (and sign-preservation); the semi-Lagrangian scheme is computationally stable
regardless of the size of the time step. This means that the only limit on the time step is that
it has to be short enough to temporally resolve what we are trying to simulate.

It is clear that the semi-Lagrangian scheme outlined above is very diffusive, because
it is more or less equivalent to a “generalized upstream scheme.” By using higher-order
interpolations (e.g., cubic interpolations), the strength of this computational diffusion can
be reduced, but it cannot be eliminated completely.

14.2.2 More accurate semi-Lagrangian schemes

We now consider more accurate semi-Lagrangian schemes, still in one spatial dimension.
The issues to be addressed are:

* How to find the departure point when the wind varies in space and time;
* How to interpolate the advected field to the departure point;

* How to account for sources and sinks that act along the particle’s path from the
departure point.

To find the departure point, we use

Dx t+At
— = t),t] dt . 14.17
o= k. (14.17)
which we approximate by
1+ At
x—xd:Atu(x—zxd, +2 ) (14.18)

Here x = x, is the departure point. Next, we use
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, At , At du

u( +7) _u()+75
(1) + 5 [“(” ‘Zit‘m)} (14.19)
3 1
:Eu(t)——u(t—At) :

These values are evaluated at the u points of the model’s grid. As a first guess, we use
xil = x— At u(t), where the superscript / is an iteration counter. A revised estimate of the

departure point is then obtained from

[—1
X+x t+ At
xézx—Atu( a Tt ) , (14.20)

2 72

and spatial interpolation is used on the right-hand side. There is no need to run the iteration
to full convergence; typically two passes suffice.

Once the departure point has been found, the next step is to spatially interpolate the
advected quantity to the departure point, at time-level n. The simplest approach is to use a
linear interpolation based on the two nearest grid points. This has the advantage of being
sign-preserving. A more accurate (and widely used) interpolation can be based on a cubic
polynomial designed to “pass through” the values of the advected quantity at the first two
grid points on either side of the departure point.

14.2.3 Remapping schemes

Can semi-Langrangian schemes be conservative? To prove that a scheme is conservative,
it suffices to show that it can be written in a “flux form.” Note, however, that in deriving
the semi-Lagrangian scheme we have used the Lagrangian form of the advection equation
very directly, by considering the parcel trajectory between the mesh point at time level
n+ 1 and the departure point at time level n. Because the Lagrangian form is used in their
derivations, many semi-Lagrangian schemes are not conservative.

An exception is a class of conservative semi-Lagrangian schemes based on “remap-
ping” (Dukowicz and Baumgardner, 2000; Cotter et al., |2007; Reichl |2007). One such
remapping scheme is CSLAM (Lauritzen et al., 2010; Dubey et al., 2014} Lauritzen et al.,
2017), which stands for “Conservative Semi-Lagrangian Multitracer.”

Remapping schemes replace the departure and arrival points by finite volumes. Figure
14.1|illustrates the basic idea. As a result of advection, at time n+ 1 the grid cell Ay is filled

194



Revised Monday 8" December, 2025 at 23:38

with air that at time n occupied the distorted upstream region shown with dark shading.
A portion of the upstream region overlapped, at time n, with grid cell A;. The vertices of
Ay, are mapped back to departure points of the upstream region, as shown. The upstream
regions fill the domain. With this approach, each grid cell at time n+ 1 is filled with a
mixture of air from other grid cells at time n. Because the same air fills the grid at both
time levels, conservation is ensured.

Finding the upstream regions is complicated and expensive, but it only has to be done
once on each time step, no matter how many species are being advected. The scheme is
therefore best suited to applications in which a large number of quantities are advected, as
in a model with complex chemistry.

(a) (b)

. { §

Figure 14.1: Schematic depiction of a remapping scheme. In panel (a), the deformed “departure
cell” (dark shaded area) ends up, after being transported by the flow for one time step, at the arrival
cell labeled A, (light shaded area). The trajectories for the cell vertices are shown with arrows, and
the departure and arrival cell vertices are marked with filled and open circles, respectively. Panel
(b) illustrates the overlap region between the grid cell A; and the departure grid cell. From|Lauritzen
et al. (2010).
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Chapter 15

Just relax

15.1 Introduction

Systems of linear equations frequently arise in atmospheric science. They can involve si-
multaneous solution for thousands or even millions of unknowns. Systems of linear equa-
tions can be solved by a wide variety of methods, which are discussed in standard texts on
numerical analysis. A method to solve such a system is called “solver.”

There are many methods for solving linear systems. The issue is not finding a solution.
It is finding a solution fast. We want to minimize the amount of computational work that
must be done to obtain the solution, while at the same time minimizing the amount of
storage required.

One source of linear systems is boundary-value problems. These involve spatial deriva-
tives and/or integrals, but no time derivatives and/or integrals. Boundary-value problems
can and do frequently arise in one, two, or three dimensions, in the atmospheric sciences.
Three important examples are the Laplace equation

Vif=0, (15.1)

which is discussed in Appendix [D] the Poisson equation

Vif=g, (15.2)

where g is a known function of the spatial coordinates, and the Helmholtz equation
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V2f=—kf, (15.3)

which arises in the study of waves. In all three of these equations, the function to be solved
for is called f. All three of the equations must be supplemented by boundary conditions.
In this chapter we will focus on the Poisson equation, but the methods discussed can also
be used with the Laplace equation and the Helmholtz equation.

15.2 The Poisson equation

Here is an example of a physical problem that gives rise to a Poisson equation: Consider a
two-dimensional flow with velocity vector v. Let { and & be the vorticity and divergence,
respectively. We can define a stream function, Y, and a velocity potential, x, by

v, =k x Vy, (15.4)

and

ve=Vyx, (15.5)

respectively. Here K is the unit vector perpendicular to the plane of the motion, and v, and
v, are the rotational and divergent parts of the wind vector, respectively, so that

vV=vV,+V,. (15.6)

The vorticity and divergence then satisfy

¢ =Viy. (15.7)

and

5 =V?y, (15.8)
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respectively.

Suppose that we are given the distributions of { and &, and want to determine the wind
vector. This can be done by first solving the two Poisson equations represented by
- (15.8)), with suitable boundary conditions, then using (15.4) - (15.5) to obtain v, and v,
and finally using Eq. to obtain the total horizontal wind vector.

A second example is the solution of the anelastic pressure equation, in which the pres-
sure field takes whatever shape is needed to prevent the divergence of the mass flux vector
from becoming non-zero. This will be discussed further in a later chapter.

Further examples arise from implicit time-differencing combined with space-differencing,
e.g., for the diffusion equation (Chapter [I6) or the shallow-water equations (Chapter [19).

15.3 A continuous one-dimensional boundary-value problem

As a simple one-dimensional example, consider

=f(x), (15.9)

on a periodic domain. Here f(x) is a given periodic function of x. Eq. is a Poisson
equation, in which the Laplacian (in this case 9% /dx?) of the unknown function is equal to
a given function. Solution of (15.9) requires two boundary conditions. One of these can be
periodicity. The second boundary condition can be specification of the domain-averaged
value of g.

In some problems it is physically appropriate to specify the value of ¢ on the boundary.
This is called a Dirichlet boundary condition. In other cases it is physically appropriate to
specify the normal derivative of g on the boundary. This is called a Neuman boundary
condition. Dirichlet boundary conditions constrain the solution more strongly than Neu-
mann boundary conditions.

We are using the Poisson equation as an example here. The methods discussed in the
remainder of this chapter are also applicable to other problems.

'Named after Carl Neumann ( https://en.wikipedia.org/wiki/Carl_Neumann ) rather
than John von Neumann.
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15.4 Fourier methods

Fourier methods may or may not be useful for solving the Poisson equation, depending on
the geometry of the domain. For example, the exact solution of (15.9) can be obtained by
expanding ¢ (x) and f (x) in an infinite Fourier series. The individual Fourier modes will
satisfy

—K2Gi = fi., (15.10)

which can readily be solved for the g, provided that the wave number k is not zero. The
value of gy, i.e., the domain average of ¢, must be obtained directly from the second bound-
ary condition mentioned above. The full solution for ¢ (x) can be obtained by Fourier-
summing the gy.

This method to find the exact solution of (15.9) can be adapted to obtain an approxi-
mate numerical solution, simply by truncating the expansions of ¢ (x) and f (x) after a finite
number of modes. This is an example of what is called the “spectral” method. Like every-
thing else, the spectral method has both strengths and weaknesses. It is discussed Chapter

2a

15.5 Finite-difference methods to solve the Poisson equation

Suppose, however, that the problem posed by (15.9)) arises in a large numerical model, in
which the functions ¢ (x) and f (x) appear in many complicated equations, perhaps includ-
ing time-dependent partial differential equations that are solved (approximately) through
the use of spatial and temporal discretization. In that case, the need for consistency with
the other equations of the model may dictate that the second derivative in (I5.9) be approx-
imated by a finite-difference method, such as

qj+1—2q;+qj-1
d?

=fj- (15.11)

Here d is the grid spacing. In this example, we have used centered second-order spatial
differences.

15.6 A Fourier method for solving a finite-difference equation

Assuming that
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gj=qe™ and fj= fre™i? (15.12)

we can write

qj+1 _2512j+q1'—1 267_12 [eik(jﬂ)d _Zeikjd_}_eik(j*l)d}
d d
/q\keikjd
akeikjd - .
=" [cos (kd) +isin (kd) — 2+ cos (—kd) + isin (—kd)]
= ikjd
= [2cos (kd) ~2) (15.13)
a\keikjd
-5

(eikd o efikd)

4sin’ (kd /2)

sin (kd /2)1*
kd/2

= — k2 Gre™4sinc? (kd /2) .

— _R2Gei [

This leads to

—K*Gysinc? (kd /2) = f; . (15.14)

Note the similarity between (15.14) and (I5.10). Clearly (I5.14) can be solved to obtain
each of the gy, except qo, and the result will be consistent with the finite-difference approx-
imation (I5.11)). For each k, the factor of —k?sinc? (kd /2) in can be evaluated once
and stored for use later in the simulation. This is advantageous if (I5.14)) must be solved on
each of many time steps. This example illustrates that Fourier methods can be used even in
combination with finite-difference approximations.

The Fourier method outlined above can produce solutions quickly, because of the exis-
tence of fast algorithms for computing Fourier transforms (not discussed here, but readily
available in various scientific subroutine libraries). It is easy to see that, with suitable ge-
ometry, the method can be extended to two or three dimensions.

The Fourier method is not applicable when the problem involves spatially variable co-
efficients, or when the grid is nonuniform, or when the geometry of the problem is not
compatible with Fourier expansion.
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Further discussion is given in Chapter

15.7 Solving linear systems

There are other ways to solve (I5.T1). It can be regarded as a system of linear equations, in
which the unknowns are the g;. The matrix of coefficients for this particular problem turns
out to be “tri-diagonal.” This means that the only non-zero elements of the matrix are the
diagonal elements and those directly above and below the diagonal, as in the simple 6 X 6
example shown below:

(4 a2 0 0 0 b |[a ] [A]
by dp a3 0 0 O q2 2
0 by dz as 0 O a3 | _ S . (15.15)
0 0 b3 dy as O q4 Ja
0 0 0 by ds as gs /s
a1 0 0 0 bs ds || g6 | | Jo |

Here each element of the 6 x 6 matrix is labeled with a single subscript, denoting its column
number. The names “d,” “a,” and “b” denote “diagonal,” “above-diagonal,” and “below-
diagonal” elements, respectively. Note that a; and bg appear in the lower left and upper
right corners of the matrix, respectively, because of the periodic boundary conditions.

The solution of tri-diagonal linear systems is very fast and easy. For instance, the first
of the six equations represented by can be solved for g; as a function of g, and
g6, provided that d; # 0. This can be used to eliminate g; in the five remaining equations.
The (modified version of the) second equation can then be solved for ¢, as a function of
g3 and g, and this solution can be used to eliminate g, from the remaining four equations.
Continuing in this way, we can ultimately obtain a single equation for the single unknown
ge- Once the value of g has been determined, the other unknowns can be obtained by
back-substitution. In case dj = 0 (assumed not to be true in the preceding discussion), we
can immediately solve the first equation for g, in terms of g¢, provided that a; is not also
equal to zero. And so on.

The issue of “scaling” deals with the rate of change in the amount of work needed to
solve the system as the problem size increases. The best we can hope for is that the amount
of work is simply proportional to the number of unknowns. It should be clear that this
is the case for the tri-diagonal solver described above. This means that the tri-diagonal
solver scales very well. Highly optimized tri-diagonal solvers are available in standard
software libraries. Because tri-diagonal systems are easy to deal with, it is good news
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when a problem can be expressed in terms of a tri-diagonal system. Naturally, tri-diagonal
methods are not applicable when the matrix is not tri-diagonal.

We could, of course, solve the linear system by other methods that are discussed in in-
troductory texts, such as Cramer’s Rule or matrix inversion or Gaussian elimination. These
“classical” methods work, but they scale badly compared to the Fourier and tri-diagonal
methods discussed above. For each of the classical methods, the amount of arithmetic
needed to find the solution is proportional to the square of the number of unknowns. If the
number of unknowns is large, the methods are prohibitively expensive.

15.8 Simple relaxation methods

A better approach is solve (I5.11) by a relaxation method. Relaxation methods are iterative,
i.e., they start with an initial guess for the solution, and obtain successively better approxi-
mations to the solution by repeatedly executing a sequence of steps. Each pass through the
sequence of steps is called a “sweep.” Relaxation methods were invented during the 1940s
(e.g., Southwell, [1940, 1946; |Allen, |1954), and are now very widely used (e.g., [Strang,
2007). They are of interest because they are very flexible and they scale better than the
classical methods mentioned above. Several relaxation methods are discussed below.

15.8.1 Jacobi relaxation

Starting from this point, most of the discussion in this chapter is a condensed version of a
portion of the paper by |[Fulton et al.| (1986).

Consider the boundary-value problem

—qu =/ on a two-dimensional domain, and (15.16)
q =g on the boundary of the domain , '

where f and g are known. Here we are using Dirichlet boundary conditions. We ap-
proximate (I5.16)) on a cartesian grid with uniform spacing d, and N grid points in each
direction, such that Nd = 1, i.e., the total width of the domain in each direction is unity.
Using second-order centered differences, we write:

d2(4q; k—qj-1.k— Q1. k— k-1 — qj. k1) =Ffj.x for 0 < (j, k) <N,
qjk=8jk forj=0,N and k=0,N.
(15.17)
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In order to explore relaxation methods for the solution of (I5.17)), we need a notation that
allows us to distinguish approximate solutions from exact solutions. Here by “exact” solu-
tion I mean an exact solution to the finite-difference problem posed in (I5.17). T will use
the notation g,  to denote an approximation to g; .

The simplest relaxation method is called Jacobi relaxation or simultaneous relaxation.
The Jacobi method defines the new value Zi‘J‘eV,Z by applying (15.17) with the new value at
the point (j, k) and the “old” values at the neighboring points, i.e.,

d—? (467’}?%—qu—Lk—CYjH,k—C?j,k—l —CYj,kH) = fik, (15.18)
so that

~ew 1 2 -~ -~ -~ -~

qjx =7 (d°fik+ @1k +Gjc1,k+Tj k=1 +Gj kt1) - (15.19)

~new

With this approach, we compute g RS all interior points using (I5.18)), and then replace
the “old” approximate solution by the new one. This procedure is repeated until conver-
gence is deemed adequate, but of course we have to ask whether or not convergence will
actually occur, and if so how rapidly. Conditions for convergence and factors that influence
the speed of convergence are discussed below.

Jacobi relaxation is well suited to parallelization, because we do exactly the same thing
at every grid point.

Suppose that your first guess is that g; x is uniform across the entire grid. Then, on
the first sweep, the four values of ¢ on the right-hand side of (I5.19) will all be the same

number, and those four terms alone will try to make q‘]‘.e% the same number again. It is true

that the d? f j, k term prevents this, but its effect is usually small in a single sweep, because
d < 1. As aresult, it can take many sweeps for the iteration to converge. The finer the grid,
the smaller the value of d? /i, k» and the more sweeps are needed. Later, we will return to
this simple but important point.

Let the error of a given approximation be denoted byE]

€ k=qj,k—4j k- (15.20)

2Caution: In contrast to the definition used here, [Fulton et al.| (1986) defines the error as the exact solution
minus the approximate solution; see the text above his equation (2.9). In other words, our error is minus his
error.
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Here again g; , is the exact solution of the finite-difference system. If we know the €
associated with our current value of g; x, then we can use (15.20) to calculate g. Using
(15.20) to eliminate all values of g in (I5.19)), we find that

new

€k T4j,k=
lrn
4 @ fj it (8-t k+ €1k + € o1+ € k1) + (@-1, 6 F 1,k + 4 k-1 + GG k1) ] -
(15.21)
Since the exact solution satisfies (I5.17), we can simplify (15.21) to
new 1
Ejk = 4 (81'—17k+8j+17k+8j,k—1+8j,k+1) . (15.22)

Eq. (I5.22) shows that the new error (after the sweep) is the average of the current errors
(before the sweep) at the four surrounding points.

One problem can be identified immediately. Suppose that the error field consists of
a checkerboard pattern of 1’s and -1’s. Suppose further that point (j, k) has a “current”
error of +1, i.e., €; x = 1. For our assumed checkerboard error pattern, it follows that the
errors at the neighboring points referenced on the right-hand side of (I5.22) are all equal
to -1. At the end of the sweep we will have €; , = —1. Then, on the next iteration, the
error will flip back to €; = +1. In other words, the checkerboard error pattern “flips sign”
from one iteration to the next, without any decrease in its magnitude. This means that the
checkerboard error can never be removed by Jacobi iteration. That’s bad.

Here is a more general way to analyze the method. First, rewrite (I5.22) as

1
€k = &kt 1 (€j—1 k+ €41,k + € ko1 T & kr1—4€ 1) - (15.23)

The quantity in parentheses in (15.23) is an “increment” which, when added to the “old”
error, €, gives the new error, €7, Eq. (15.23) looks like time differencing, which we
have already analyzed in some detail. We can use von Neumann’s method to calculate the
change (hopefully a decrease) in the error from one sweep to the next. First, write

g = goe!ldHkmad) (15.24)
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where [ and m are the wave numbers in the x and y directions, respectively. We also define
an “amplification factor” by

ey =Agj i . (15.25)

Substituting (15.24)) and (15.25)) into (I5.23)), we find that

+l U=l (1)l jik—Nmd | i(k+1ymd _ g

4 (15.26)
[cos (Id) 4 cos (md)] .

A=

1
1
2

Here we have used Euler’s formula. If A is negative, the sign of the error will oscillate from
one sweep to the next. To have rapid, monotonic convergence, we want

0<AK1. (15.27)

For “long” modes, with Id < 1 and md < 1, A is just slightly less than one. This means
that the error in the long modes goes away slowly; it will take many sweeps for the long
modes to converge. At the other extreme, for the checkerboard, which has Id = md = =,
we get A = —1. This corresponds to the oscillation already discussed above. The error
goes to zero after a single sweep for /d = md = m/2, corresponding to a wavelength (in
both directions) of 4d. In short, the 2d error never goes away, but the 4d error is eliminated
after a single sweep. In general, small-scale errors are killed faster than large-scale errors,
but the 2d-checkerboard is an exception.

The slow convergence of the long modes determines how many iterations are needed to
reduce the overall error to an acceptable level. The reason that the long modes converge
slowly is that, as you can see from the algorithm, each sweep shares information only
among grid cells that are immediate neighbors. Information travels across N grid cells only
after N sweeps. Many sweeps are needed for information to travel across a large grid. The
long modes are the ones most accurately resolved on the grid, but ironically they limit the
speed of convergence.
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15.8.2 Jacobi under-relaxtion

A strategy to overcome the checkerboard problem is to “under-relax.” To understand this
approach, we first re-write (15.19)) as

e

w -~ 1 -~ -~ -~ -~ -~
9k =4jk+ 1 (dzfj,k+qj'—1,k+qj'+1,k+q/',k—1 +Gj k1) =G k| - (15.28)

This simply says that arjlevlz is equal to g x plus an “increment.” For the checkerboard error,
the increment given by Jacobi relaxation tries to reduce the error, but the increment is “too
large,” and so “overshoots;” this is why the sign of Z]‘Jlel flips from one iteration to the
next. This simple observation suggests that it would be useful to reduce the increment by

multiplying it by a factor less than one, which we will call @, i.e., we replace by

o 1

~ 1 ~ ~ ~ ~ ~
4 r=9jkto 7 (@f k+ T,k + @itk +Tj k1 +Gj 1) —Gjk| - (15.29)

where 0 < @ < 1. For @ = 0, a sweep does nothing. For o = 1, (15.29) reverts to (15.28).
We can rearrange (15.23) to

@

1 (fik+Gi1k+ @itk +Tjok—1 + G ks1) - (15.30)

ik =qjx (1 - o)+

bl

Substitution of (15.20) into (15.30), and use of (I5.17), gives

w
8}1’62 = gj,k(l - ) +Z (8j717k+8j+17k+8j7k71 +8j,k+1) . (15.31)

Starting from (I5.31)), we can show that

A=1 —aH—%[cos(ld)—H:os (md)] . (15.32)

Compare with (15.26). Inspection of (15.32)) shows that the value of @ that makes A =
0 depends on the wave numbers / and m. For @ = 0.5, the checkerboard error will be
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destroyed in a single pass. This demonstrates that under-relaxation can be useful with the
Jacobi algorithm. On the other hand, using @ = 0.5 makes the long modes converge even
more slowly than with @ = 1. This suggests that the optimal value of ® is in the range
0.5 < w < 1. Values in the range 0.6 — 0.8 are often used.

Suppose that, on a particular sweep, the error is spatially uniform over the grid. Then,
according to (15.22), the error will never change under Jacobi relaxation, and this is true
even with under-relaxation, as can be seen from (15.31). When the error varies spatially,
we can decompose it into its spatial average plus the departure from the average. The argu-
ment just given implies that the spatially uniform part of the error will never decrease. This
sounds terrible, but it’s not really a problem because, as discussed earlier, when solving a
problem of this type the average over the grid has to be determined by a “boundary condi-
tion.” If the appropriate boundary condition can be applied in the process of formulating
the first guess, then the domain-mean error will be zero even before the relaxation begins.

Note, however, that if the error field is spatially smooth (but not uniform), it will change
only a little on each sweep. This shows again that the “large-scale” part of the error is
reduced only slowly, while the smaller-scale part of the error is reduced more rapidly. Once
the small-scale or “noisy” part of the error has been removed, the remaining error will be
smooth.

For a given domain size, convergence is slower (i.e., more sweeps are needed) when
the grid spacing is finer. Qualitatively, this seems fair, since a finer grid can hold more
information.

For errors of intermediate spatial scale, Jacobi relaxation works reasonably well.

15.8.3 Gauss-Seidel relaxation

Gauss-Seidel relaxation is similar to Jacobi relaxation, except that each value is updated
immediately after it is calculated. For example, suppose that we start at the lower left-hand
corner of the grid, and work our way across the bottom row, then move to the left end of
the second row from the bottom, and so on. In Gauss-Seidel relaxation, as we come to each
grid point we use the “new” values of all gs that have already been updated, so that (15.19)
is replaced by

cW 1 ew -~ ew ~
=7 (dzfj’kjua;,l’ﬁqjﬂ,k+a‘,‘-,k,1 +q,~,k+1) . (15.33)

This “sequential updating” immediately reduces the storage requirements, because it is not
necessary to save all of the old values and all of the new values simultaneously. More im-
portantly, it also speeds up the convergence of the iteration, compared to Jacobi relaxation.
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Sequential updating allows information to propagate rapidly through the system, giving the
Gauss-Seidel method an intrinsic acceleration relative to the Jabobi method.

Obviously does not apply to the very first point encountered on the very first
sweep, because at that stage no “new” values are available. For the first point, we will just
perform a Jacobi-style update using (I5.19). It is only for the second and later rows of
points that (I5.33) actually applies. Because values are updated as they are encountered
during the sweep, the results obtained with Gauss-Seidel relaxation depend on where the
sweep starts. To the extent that the final result satisfies exactly, it will be indepen-
dent of where the sweep starts.

For Gauss-Seidel relaxation, the error-reduction formula corresponding to (15.22)) is

new
8 ) —

ke (‘gﬁwlvk*'gf“%*'gﬁ—l+8j,k+1> ; (15.34)

B

and the amplification factor defined by (I5.25)) turns out to be a complex number, which
means that the error will oscillate in space as we move through a sweep.

Consider the following simple example on a 6 x 6 mesh. Suppose that f is identically
zero, so that the solution (with periodic boundary conditions) is that ¢ is spatially constant.
Exercising our second “boundary condition," we choose the constant to be zero. We make
the rather ill-considered first guess that the solution is a checkerboard:

4 = . (15.35)

Here the superscript zero denotes the first guess. After partially completing one sweep,
doing the bottom row and the left-most three elements of the second row from the bottom,
we have:

208



Revised Monday 8" December, 2025 at 23:38

S -1 1 -l
T (I
gy = oo - S (15.36)
-1 1 -1 I
—05 025 —0281 -1 1 -1
| 1 -05 0625 —0593 0.602 —0.60 |

Here the superscript “1, partial” means that the first sweep has been partially completed.
Inspection of (15.36) shows that although the solution is flipping sign from one point to
the next, the amplitude of the checkerboard is decreasing noticeably. You can finish the
exercise for yourself.

15.8.4 Gauss-Seidel over-relaxation

Because Gauss-Seidel relaxation uses new values as soon as they are available, the in-
crements tend to be smaller than with Jacobi relaxation. For this reason, convergence of
Gauss-Seidel relaxation can be speeded up by multiplying the increment by a factor greater
than one, i.e., by “over-relaxation.” By analogy with (15.30), we replace (15.33) by

wo__ o~ 0 w ~ w ~
4% =41 - o) t7 (dzfj,k+a?il,k+Qj+l,k+anj?k—l +Qj,k+1> : (15.37)

where this time we choose w > 1. Choosing m too large will cause the iteration to diverge.
It can be shown that the convergence of (15.37)) is optimized (i.e., made as rapid as possible)
if we choose

2

where L is the total width of the domain. According to (15.38), @ approaches 2 on very
fine grids. In practice, some experimentation may be needed to find the best value of ®.

The algorithm represented by (15.37) and (15.38) is called “successive over-relaxation,”
or SOR.
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15.8.5 The alternating-direction implicit method

Yet another relaxation scheme is the “alternating-direction implicit” method, often called
“ADI” for short. With ADI, the spatial coordinates are treated separately and successively
within each iteration sweep. We rewrite (15.17) as

(=qj—1,k+2qj,k—gjs1,6) + (=) k-1 +24,k — Gj, k41) = d*fj k. (15.39)

The first quantity in parentheses on the left-hand side of involves variations in the
x-direction only, and the second involves variations in the y-direction only. We proceed in
two steps on each sweep. The first step treats the x-dependence to produce an intermediate
approximation by solving

[_?fil,k +(Q2+7) g7 — a7, J =d’fj k= [~@j 1+ Q2 =r)qjk—Gjen] (1540

for the values with superscript “int.” Here r is a parameter used to control convergence,
as discussed below. Eq. (15.40) is a tri-diagonal system, which can easily be solved. The
sweep is completed by solving

TR+ CoNTY - | = [Tt @] (54D
as a second tridiagonal system. It can be shown that the ADI method converges if r is

positive and constant for all sweeps. The optimal value of r is

r=2sin (nfd) . (15.42)

This gives r < 1if d/L < 1, i.e., if many grid points are used to cover the domain. For the
shortest wave, with d/L =1/2, we get r = 2.
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15.9 The multigrid method

15.9.1 The basic idea

Fulton et al. (1986) summarize the important multi-grid approach to solving boundary-
value problems, which was developed by Achi Brandt (1973,|1977). The basic idea is very
simple and elegant, although implementation can be complicated.

As we have already discussed, with Jacobi and Gauss-Seidel relaxation the small-scale
errors are eliminated quickly, while the large-scale errors disappear more slowly. A key
observation is that the large-scale part of the error can be represented on a coarse grid.
Because a coarse grid has only a few grid points, the large-scale part of the error can be
removed quickly. In addition, of course, less work is needed to do a sweep on a coarser
grid.

Putting these ideas together, we arrive at a strategy whereby we use a coarse grid to
remove the large-scale errors, and a fine grid to remove the small-scale errors. In practice,
we use as many grids as possible; the “multi” in the multi-grid method is important.

We define M grids, each denoted by superscript /, such that M > [ > 1. The finest grid
is denoted by / = M, and the coarsest by / = 1. Typically, each grid is chosen to have half
as many points in each direction as the next finer grid, and is composed of a subset of the
points used in the next finer grid. With a two-dimensional domain, grid / would have 1/4
as many points as grid [ 4 1.

What we want is a solution for our unknown, g, on the finest grid, satisfying

—LMqM sz, and

. (15.43)
q = g on the boundary of the domain ,

where L is a linear operator (which could be the Laplacian). Eq. (15.43)) is a generalization

of (I5.16).

The approximate solution on grid / is denoted by g ‘. We create an f’ for each grid. The
error on grid [ satisfies

g =g'-¢!. (15.44)

Here is the idea in a nutshell, postponing all discussion of the details until the next
subsection.
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The multigrid method starts by creating an initial guess, ", on the finest grid. Several

sweeps are performed on that grid.

Data is then transferred to the next coarser grid, M — 1 by “injection,” which means
simply copying the fine-grid values onto the corresponding points of the coarse gri Ad-
ditional sweeps are performed on grid M — 1.

This process continues until the coarsest grid is reached. We then work our way back
up through the finer grids, one by one. Data is transferred from the coarser grids to the finer
grids by interpolatiorﬂ Additional relaxations are performed on each finer grid, until we
reach the finest grid with [ = M.

This sequential fine-to-coarse and course-to-fine procedure is called a “V-cycle.” It is
illustrated schematically in Fig. Usually, multiple V-cycles are needed to achieve
adequate convergence.

Finest grid

Interpolation
of error

Injection
of residual

Coarsest grid

Figure 15.1: Schematic illustration of a V-cycle. See text for details. The diagram is modeled after
Fig. 4 of |Fulton et al.| (1986).

Although the transfers between grids involve some computational work, the net effect
is to speed up the solution considerably beyond what can be achieved using only the finest

3More generally the transfer of data from the fine grid to the coarse grid is called “restriction.”
“More generally the transfer of data from the coarse grid to the fine grid is called “prolongation.”
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grid with Jacobi or Gauss-Seidel relaxation. In addition, the scaling improves, as discussed
below.

15.9.2 The details

The error on grid [ is denoted by

— (15.45)

M)
Il
)
|

N

Using (15.43) to eliminate g™ in (T5.43)), we find that

1! (z]\’—él) — 1l (15.46)

Since L is linear (by assumption), we know that

L (a’—§’> —lg —r'g!. (15.47)

With the use of (15.47) and (15.43), we can rewrite (15.46) as

L'el =/, (15.48)

where

=gt (15.49)

is called the “residual,” and Eq. (15.48) is called the “residual equation.”” The residual is
what comes out when the linear operator is applied to the error. We can also say that the
residual is the “forcing” in the residual equation. Eq. shows that when the error is
zero everywhere, the residual is also zero. In this sense, the residual is a measure of the
error.

Inspection of (15.49) shows that the quantities needed to compute ' are known. They
are the forcing function, f/, and the current partially converged solution, g ’. In contrast,
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the error itself is not known. Since the residual is known, the unknown in (15.48) is the
error, €. Tnstead of solving (15.43)) for g/, we can solve the residual equation (15.48) for
€', We perform a few sweeps with the residual equation to obtain an estimate of € /. We
can then correct g using

corrected
(67’) —gl-8!. (15.50)

We can then update the residual, using (15.49).

~ d . S
Next, we transfer / and (q l) €meee? to the next coarser grid, by injection. We then solve

the residual equation for the error on the coarser grid.

This process can be repeated until we reach the coarsest possible grid — say a 3 x 3 grid
as shown in Fig. [[5.2] On the coarsest grids, direct solves (e.g., matrix inversion) may be
preferable to relaxation sweeps.

Figure 15.2: Schematic illustrating three grids used by a multigrid solver, with the finest grid on top.
Source: http://ccma.math.psu.edu/ccma-wp/?page_id=237.

Having worked our way down to the coarsest grid, we then start back the other way,
towards the finer grids, by interpolation. See Fig. [I5.1] Interpolation works best if the
interpolated quantity is smooth. As the iteration converges, the distribution of the error
over the grid becomes smoother, because ultimately it approaches zero everywhere. In
contrast, the distribution of g;  may or may not become smoother, because the converged
solution might, in fact, be noisy. This motivates to interpolate the smooth error, instead of
the possibly noisy g .

The interpolated error on grid I+ 1 is used to correct ! Some relaxation sweeps may
be performed to further refine 7/*!. The new estimate of g can then be used to compute a
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new residual from (15.49). A sweep (or two) is performed to smooth the error on the finer
grid. The result is interpolated to the next finer grid, and so on, until we arrive back at the
finest grid. The error on the finest grid can be used to correct g, using

For further discussion of multi-grid methods, see the paper by [Fulton et al.| (1986).

As mentioned earlier, multi-grid methods can be difficult to program. Fortunately, there
are optimized multi-grid solvers available in libraries (e.g., https://github.com/
trifwn/mudpack_SP.

15.10 Summary

Boundary-value problems occur quite frequently in atmospheric science. The main issue is
the amount of work needed to find the solution. Fast solutions to one-dimensional problems
are very easy to obtain, but two- and three-dimensional problems are more challenging,
particularly when complex geometry is involved. Among the most useful methods avail-
able today for multi-dimensional problems are the multi-grid methods and the conjugate-
gradient methods (e.g., Shewchuk, |1994). Spectral methods are also excellent, and will be
discussed in a later chapter.

Table summarizes the operations counts and storage requirements of some well
known methods for solving boundary-value problems. The best possible scalings for the
operation count and storage requirement are O (Nz). Only the multi-grid method achieves
this ideal.

Table 15.1: Well known methods for solving boundary value problems, and the operation count and
storage. Here the total number of points is N?.

Method Operation Count Storage Requirement
Gaussian Elimination N* N?
Jacobi N* N?
Gauss-Seidel N* N®
Successive Over-Relaxation N? N?
Alternating Direction Implicit N*InN N*
Multigrid N? N?
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15.11 Problems

1. Prove that with periodic boundary conditions the domain-average of ¢ is not changed

by a sweep using
(a) Jacobi relaxation;

(b) Gauss-Seidel relaxation.

2. Use von Neumann’s method to analyze the convergence of

ew -~ 1 -~ -~ -~ -~ -~
i =4qjkt® 1 (dzfj,k+61j—1,k+61j+1,k+61j,k—1 +Gj kt1) —Clj,k] . (15.51)

3. Consider a square domain, of width L, with periodic boundary conditions in both x

and y directions. We wish to solve
4 4
Vig=f(xy) = (sin %) (Cos %) (15.52)

for the unknown function g, where

0<x<L,

(15.53)
0<y<L.

Assume that the domain-average value of ¢ is zero, and impose this condition on your
numerical solution. For simplicity, use L = 1. Use centered second-order differences
(with the + stencil) to approximate V?g. Use N = 100 points in both directions. The
periodic boundary conditions mean that j = 1 is the same as j = 101, and k =1 is
the same as k = 101.

(a) Find and plot the exact solution.

(b) Also find and plot the solution using each of the relaxation methods listed be-
low.

e Jacobi relaxation;
* Jacobi under-relaxation, with a suitable choice of the parameter @;

e Gauss-Seidel relaxation;
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* Gauss-Seidel over-relaxation, with a suitable choice of the parameter .

For each of the relaxation methods, try the following two initial guesses:

1) CIj,k = (_1)j+k7

(15.54)
2) qj x = 0 everywhere .

(c) Let n be an “iteration counter,”’ i.e., n = 0 for the initial guess, n = 1 after one
sweep, etc. Define the error after n sweeps by

e =V’ (f?’},k) —fik- (15.55)

Here V? <§7 k) is the finite-difference Laplacian of the the approximate solu-

tion, and f; ; is “forcing function” given in (15.25), as evaluated on the grid.
Let the convergence criterion be

maxV (j, k) {

&) 4|} <102 maxv (j, 0 {[5.4]} (15.56)

How many iterations are needed to obtain convergence with Jacobi, Jacobi with
under-relaxation, Gauss-Seidel, and Gauss-Seidel over-relaxation?

N N 2
(d) Plot the RMS error R" = %j;l kgl (87 k) as a function of n (or, if you
prefer, as a function of Inn) for all three methods.

4. Construct a subroutine that solves for the stream function, given the vorticity, in a
periodic domain with a hexagonal grid. Start from the code that you created for
the hexagonal-grid homework problem in Chapter Use the Jacobi method with
under-relaxation. Test your subroutine by feeding it distributions of the vorticity for
which you can compute the exact solution analytically. Show the results of your test
in your homework submission.

Note that in all cases the domain-average of the specified vorticity “forcing” must be
zero. Explain why that is true.

Ensure that the domain-average of the stream function is equal to zero in your solu-
tion. Explain how you do that.
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5. Construct a one-dimensional multi-grid solver. Test it by solving on a domain
with 48 equally spaced grid points and periodic boundary conditions. The coarsest
grid will have 3 points. For use in the test, invent a forcing f (x) that is sufficiently
complicated to be interesting. Remember that f (x) must be periodic. On each grid,
use an under-relaxed Jacobi solver, except that on the coarsest grids, you may choose
to use a non-iterative method. Provide a step-by-step written explanation of how your
multi-grid solver works.
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Chapter 16

It’s only dissipation (But | like it)

16.1 The diffusion equation

Diffusion is a macroscopic statistical description of microscopic advection. Here “micro-
scopic” refers to scales below the resolution of a model. In general diffusion can occur
in three dimensions, but often in atmospheric science only vertical diffusion, i.e., one-
dimensional diffusion, is the main issue. The process of one-dimensional diffusion can be
represented in simplified form by

dqg  IF,

%= ox (16.1)

Here g is the “diffused” quantity, x is the spatial coordinate, and F; is a flux of g due to dif-
fusion. Although very complex parameterizations for F;; are required in many applications,
a simple parameterization that is often encountered in practice is

0
Fy=— a—z, (16.2)

where K is a non-negative “diffusion coefficient,” which must be determined somehow.
Physically meaningful applications of are possible when

K>0. (16.3)

Substitution of (16.2) into (16.1)) gives
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dg 0 dq
2= (Ka) . (16.4)

Because (16.4) involves second derivatives in space, it requires two boundary conditions,
one of which might determine the value of F; at a wall. Here, we assume for simplicity
that the one-dimensional domain is periodic. It then follows immediately from that
the spatially averaged value of g does not change with time:

d
— d =0. 16.5
= / gdx (16.5)

patial domain

When (16.3) is satisfied, (16.4) describes “downgradient” transport, in which the flux
of g is from larger values of g towards smaller values of g. Such a process tends to reduce
large values of ¢, and to increase small values, so that the spatial variability of g decreases
with time. In particular, we can show that

d 2
— d <0. 16.6
o / Fdx | < (16.6)

patial domain
To prove this, multiply both sides of (16.4) by ¢:

9 (N _, 9 (%
o\ 2 ) 995\ " ox

9 dq g\ >
o (qKa)‘K@) |

When we integrate the second line of (16.7) over a periodic domain, the first term vanishes
and the second is negative (or possibly zero). The result (16.6) follows immediately.

(16.7)

Given the assumed periodic boundary conditions, we can expand ¢ in a Fourier series:

g(x,1) =Y Re [ak (t)eikx] . (16.8)
k
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Substituting into (16.4), and (temporarily) assuming spatially constant K, we find that the
amplitude of a particular Fourier mode satisfies

dgy 2~
— = —k°K 16.9

which is the decay equation. This shows that there is a close connection between the
diffusion equation and the decay equation, which is good to know because we have already
discussed time differencing for the decay equation. The solution of (16.9) is

G (t) =G (0)e KK . (16.10)

Note that higher wave numbers decay more rapidly, for a given value of K. Since

Gi (1 + A1) = G (0) e FKUHA) G (1) ¢ FKAL (16.11)

we see that, for the exact solution, the amplification factor is given by

A = e KA -1 (16.12)

16.2 A simple explicit scheme

A finite-difference analog of (16.1)) is

ai =i =Ky (@ = 4)) — K (€= d)0) (65

where for convenience we define the nondimensional combination

(16.14)
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Here we have assumed for simplicity that Ax is a constant. With periodic boundary condi-
tions, (16.13]) guarantees conservation of ¢ in the sense that

Zq?“Ax: Zq'}Ax I (16.15)
J J

The scheme given by (16.13]) combines forward time differencing with centered space dif-
ferencing. Recall that this combination is unconditionally unstable for the advection prob-
lem, but it turns out to be conditionally stable for diffusion. To analyze the stability of
(I6.13)) using von Neumann’s method, we have to assume that x is a constant. Then (16.13))
yields

A—1)=x [(e"kﬂx - 1) . (1 - e*i"AX)] , (16.16)
which is equivalent to

kA
A = 1 — 4xsin? (TX) <1 (16.17)

Note that A is real and less than one. Instability occurs for A < —1, which is equivalent to

kAx 1
. 2
e—_ —. 16.1
Ksin ( 5 )>2 (16.18)

The worst case is sin® (kAx/2) = 1, which occurs for kAx/2 = %, or kAx = 7. This is the
2Ax wave. We conclude that with (16.13])

1
K < 5 is required for stability. (16.19)

When the scheme is unstable, it blows up in an oscillatory fashion.

When the stability criterion derived above is satisfied, we can be sure that

2
Y () <X (@) (16.20)
J

J
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this is the condition for stability according to the energy method discussed in Chapter 2.

Eq. (16.20) is analogous to (16.6).

16.3 An implicit scheme
We can obtain unconditional stability through the use of an implicit scheme, but at the cost

of some additional complexity. Replace (16.13) by

J=2

n+1 n+1 n+1>

— 1 ntl
4 g = (4 - 4 (a7 —a11). (16.21)

We use the energy method to analyze the stability of (16.21)), for the case of spatially
variable but non-negative K. Multiplying (16.21)) by q?“, we obtain:

2 2 2
n+1\" _ n+l n __ n+1 _n+1 n+l\" _ n+l1 n+l1 _n+l1
(qj ) qj 4j = XKj119j+19; Kjtl (q] ) Kj-1 (q] ) T K _14;-149;

(16.22)
Summing over the domain gives
n+1 2 n+1 _n n+1_n+1 n+1 2
Z(q,- )—§q]— qj :g’%%‘lm%‘ _§’<j+;(qj )
. n—+1 2 n+1_n+1
Lx;,_1lq; ) TXK_19,714;
7 J—3\1J 7 j—31j—14j
2
—ri e T, (4) (16.23)
j J
_ZK | n+1 2+ZK | n+1 _n+1
A qj+1 - 34 4+
:_ZK ]< n+l n+1>2
=R\ T =45 )
which can be rearranged to
2 2
Zq?“q?zZ[(q’}“) +1cj+%<q’}ﬂ—q§?“) ] (16.24)
J J
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Next, note that

Z( n+l _ n) Z {( n+1) C],) _2qn+l n:| >0. (16.25)

J

Substitute (16.24)) into (16.23)), to obtain

Z{(qj‘+1>2+(q’})2—2[(q7“) ;0 (a1 - q?“)z]}zo, (16.26)

J

which can be simplified and rearranged to

) {(617“)2— (61?)2} < —2;{ (q;’ill q7+1>2] <0 (16.27)

J

2 2
Eq. (16.27) demonstrates that }, {( ”“) (q?) } is less than or equal to a not-positive

number. In short,
n+1 2 n\ 2
Y| (a) —(ap)?] <o. (16.28)

This is the desired result.

The trapezoidal implicit scheme is also unconditionally stable for the diffusion equa-
tion, and it is more accurate than the backward-implicit scheme discussed above.

n+1 n+1

Eq. (16.21) contains three unknowns, namely q’”’1 . 411> and ¢ We must therefore
solve a system of such equations, for the whole domaln at once. Assumlng that K is inde-
pendent of ¢ (often not true in practice), the system of equations is linear and tridiagonal,
so it is not hard to solve. In realistic models, however, K can depend strongly on multiple
dependent variables which are themselves subject to diffusion, so that multiple coupled
systems of nonlinear equations must be solved simultaneously in order to obtain a fully
implicit solution to the diffusion problem. For this reason, implicit methods are not always
practical.
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16.4 The DuFort-Frankel scheme

The DuFort-Frankel scheme is partially implicit and unconditionally stable, but does not
lead to a set of equations that must be solved simultaneously. The scheme is given by

n+1 n—1
q; —4; 1 [

2At (Ax)?

Kj1 (‘I?H ﬂl?“) —K;_1 (617’1 —qﬁ_l)] (16.29)

Notice that three time levels appear, which means that we will have a computational mode
in time, in addition to a physical mode. Time level n+ 1 appears only in connection with
grid point j, so the solution of can be obtained without solving a system of simul-
taneous equations:

—1 —1
1 9 2K K (q? _q?*)]
§H = . (16.30)
J 1+2K 1
J+3

To apply von Neumann’s method, we assume spatially constant k, and for convenience
define

oa=2x>0. (16.31)
The amplification factor satisfies
AV—1=a (leikAx—lz—l—i—/'Le_"kAx)? (16.32)
which is equivalent to
A% (14 a) — A2acos (kAx) — (1 — o) = 0. (16.33)

The solutions are
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_oecos (kAx) £/ a?cos? (kAx) + (1 — a?)
B 1+«

A

(16.34)
o cos (kAx) + \/1 — a2sin? (kAx)

N l+a

The plus sign corresponds to the physical mode, for which A — 1 as o — 0, and the minus
sign corresponds to the computational mode. This can be seen by taking the limit kAx — 0.

Consider two cases. First, if oZsin? (kAx) < 1, then A is real, and by considering the
two solutions separately it is easy to show that

1 A
+lacos(kAx)| (16.35)

Al < <
I+o

Second, if a?sin® (kAx) > 1, which implies that & > 1, then A is complex, and we find that

aZcos? (kAx) 4 a2sin? (kAx) — 1 21 a—1
A = v _ Vo =\/ <1 (1636)
I+o 1+ o+1

We conclude that the scheme is unconditionally stable.

It does not follow, however, that the scheme gives a good solution for large Af. For
o — oo (strong diffusion and/or a long time step), (16.36)) gives

A|— 1. (16.37)

We conclude that the Dufort-Frankel scheme does not damp when the diffusion coefficient
is large or the time step is large. This is very bad behavior.

16.5 Hyperdiffusion

Jiménez| (1994)
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16.6 Summary

Diffusion is a relatively simple process that preferentially wipes out small-scale features.
The most robust schemes for the diffusion equation are fully implicit, but these give rise to
systems of simultaneous equations. The DuFort-Frankel scheme is unconditionally stable
and easy to implement, but behaves badly as the time step becomes large for fixed Ax.

16.7 Problems

1. Prove that the trapezoidal implicit scheme with centered second-order space differ-
encing is unconditionally stable for the one-dimensional diffusion equation. Do not
assume that K is spatially constant.

2. Program the backward-implicit version of the one-dimensional diffusion equation.
Use a constant diffusion coefficient K = 1 and a grid-spacing of Ax = 1. Use a
periodic domain consisting of 100 grid points. To solve the equations, program an
under-relaxed Jabobi solver, with @ = 0.75. Let the initial condition be

g; =100, j € [1, 50], and g; = 110 for j € [51,100] .

Run the model twice out to + = 1000. In the first simulation use At = 0.5 and in the
second use At = 5.0. Compare the solutions at t = 100, t = 500, and = 1000.

3. Use the energy method to evaluate the stability of
n+l  n

" =i = w0 (df—4) — Ky (4 —d))

Do not assume that x is spatially constant.
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Chapter 17

The shallow-water equations

17.1 Introduction

The two-dimensional shallow water equations are very widely used to test horizontal dif-
ferencing schemes for atmosphere and ocean models. They are based on three assumptions
or idealizations. The first assumption is that the fluid is incompressible, and the density is
uniform everywhere and for all time. As discussed earlier, water is much less compressible
than air. The assumption of incompressibility has two important consequences. First, the
continuity equation (2.20) simplifies to

V.V=0. (17.1)

Because the three-dimensional divergence vanishes, convergence (divergence) in the hori-
zontal must be accompanied by divergence (convergence) in the vertical. We assume that
the fluid is bounded below by an impermeable surface (like the Earth’s surface) of possibly
variable height A7, and bounded above by a “free surface” (like the surface of a lake) at
height h7 + h. By definition, no mass crosses a free surface. See Fig. With these
assumptions, leads to a continuity equation of the form

oh
§+V-(hv):0, (17.2)

where £ is the depth of the fluid.

The second consequence of incompressibility is that the expansion-work term vanishes
in the mechanical energy and thermodynamic energy equations (see Chapter [2)), so that
there is no conversion between internal energy and mechanical energy. The internal energy
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z=h.+h

z=h;

Figure 17.1: Schematic illustrating shallow water flowing over a “mountain.”

can therefore be ignored, and there is no need for a thermodynamic energy equation, or
a temperature. Any kinetic energy that is dissipated is just “gone,” so when dissipative
friction is included the shallow water equations do not conserve total energy.

The second assumption is that there is no vertical shear of the horizontal wind. This is
where “shallowness” comes in.

The third assumption is that the motion is quasi-hydrostatic, so that the pressure at a
give level is proportional to the depth of the water above that level, which varies only due
to changes in the height of the free surface.

Using the first and third assumptions, the horizontal pressure-gradient force can be
written as

1
HPGF =—- -V hr +h
3V lep (i 1) .

where hr + h is the height of the free-surface. We can then write the shallow-water form of
the horizontal momentum equation as

D
FZ+fk><v+gV(h+hT):0. (17.4)

Here K is a unit vector pointing upward. A friction term can be added if desired. Here

f=2Qsin@ (17.5)
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is the Coriolis parameter. A second, equivalent form of the shallow-water momentum
equation is

%;+<£%f)kxmw+qu+gm+hﬂL=0. (17.6)

Here

=k - (VxvV) (17.7)

is the relative vorticity, and

K=v-v/2 (17.8)

is the kinetic energy of the horizontal wind, per unit mass. This form can be obtained using
a vector identity discussed in Appendix [A] In (17.6), we have multiplied and divided the
vorticity term by A, for reasons that will be explained later.

We will also need the shallow-water vorticity and divergence equations. The vorticity
equation can be derived by applying the operator k- Vx to each term of (I7.6). The result
is

d¢ C+f B
E%—k-Vx [(T)kx(hv)} =0. (17.9)
Here we have used
(hv) - {(%) k x (hv)} =0, (17.10)

which follows from the fact that the cross product of any two vectors is perpendicular to
both. With the use of additional vector identities, (17.9) can be rewritten as
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2L+ EHNI=0, (7.10

where

n=_¢+f (17.12)

is the absolute vorticity. Here we have assumed that f is independent of time. Comparison
of with shows that the absolute vorticity { + f and the mass 4 move in the
same way, i.e., they move together. This explains why vortices can carry tracers like smoke
and dust, and why they look like little creatures moving with the fluid. The vorticity is
much more interesting than the divergence.

Eq. (I7.11)) is equivalent to

2 (ha)+V - (hvg) =0, (17.13)

where

g=nh (17.14)

is the potential vorticity. As you know, conservation of potential vorticity is key to the
dynamics of balanced flows. Using (17.14), we can rewrite as

P
§;+qu0wy+VBquh+hﬂ]=0- (17.15)

The divergence equation can be derived by applying the operator V- to each term of
(I7.6). The result can be written as

%§—qk¢anwn+V%K+gm+hﬂ]=0, (17.16)
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where

0=V-v 17.17)

is the shallow-water divergence, and we have used identities from Appendix [A] Further
discussion of the divergence equation is given later in this chapter.

17.2 Energy conservation in shallow water

When we take the dot product of (I7.6) with &v, we obtain the advective form of the kinetic
energy equation, i.e.,

h%—lf+(hv)~V[K+g(h+hr)]:0. (17.18)

Combining with the continuity equation (17.2]), we can obtain the flux form of
the kinetic energy equation:

a%(hK) V- (hvK) + () -V [g (h+hr)] = 0. (17.19)

The potential energy equation for shallow water can be derived by multiplying the con-
tinuity equation, (17.2), by g (hr + h):

dh
g(hT—l—h)E+g(hT+h)V~(hV):0, (17.20)

This can be rearranged to

% [hg <hT + %h)} +V-[(hv)g(h+hr)]— (hv)-V]g(h+hr)] =0, (17.21)

which is the flux form of the potential energy equation.
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Notice that & has three different jobs in the shallow water equations. It is a measure
of mass, used in the continuity equation. It appears in the expression for the horizontal
pressure-gradient force, used in the momentum equation. And it appears in the expression
for the potential energy per unit mass.

By adding and (I7.21)), we obtain conservation of total energy:

% [hK+hg (hT + %hﬂ V- [hK+ (hv) g (h+hr)] =0 (17.22)

Here the energy conversion terms have cancelled.

17.3 Potential enstrophy conservation

Using the continuity equation, (17.2]), we can rewrite the PV equation, (17.13)), in advective
form:

dq
Ziv.vg=0. (17.23)

Multiplying each term of (17.23) by ¢, and using continuity to go to flux form, we obtain

2 (.4 Y\ _
r <h5> +V- (hv;) =0. (17.24)

The quantity g* /2 is called the potential enstrophy. According to (T7.24)), the shallow-water
potential enstrophy is conserved in the absence of friction.

17.4 The nondivergent barotropic vorticity equation

The nondivergent barotropic vorticity equation applies when

§=0, (17.25)

and there is no bottom topography. Here we treat (17.25) as an assumption. The continuity
equation, (17.2), reduces to
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oh

— =-v-Vh. 17.26

T \4 ( )
The vorticity equation, ((17.11)), reduces to

an

— =-v.V 17.27

5 v-Vn, ( )

where n = { = f is the absolute vorticity. Because the flow is nondivergent, the velocity
can be computed from a stream function:

v=kxVy. (17.28)

The stream function can be computed by solving

¢ =Viy, (17.29)

using the methods discussed in Chapter[13]
In view of (I7.23), the divergence equation, reduces to

—n¢+V*(K+gh)=0. (17.30)

Obviously this equation is not needed (and could not be used) to determine the divergence,
so what is it for? Using the methods discussed in Chapter[I3] it can be solved as a diagnostic
equation for the water depth, 4, which appears inside the Laplacian operator. According to
(I7.30), in a two-dimensional nondivergent flow the spatial distribution of % is whatever is
needed to maintain nondivergence over time.

The nondivergent barotropic vorticity equation will be used in Chapter 26|

17.5 Problems

1. Derive (17.2) by starting from (17.1]).
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Chapter 18

Conserving momentum and energy with the one-dimensional
shallow-water equations

18.1 Properties of the continuous equations

Consider the one-dimensional shallow-water equations, with bottom topography, without
rotation and with v = 0. The prognostic variables are the water depth or mass, 4, and the
speed, u. The equations can be written as

Iy =o, (18.1)
and
W LKt ghths)] =0 (18.2)
Here
K=lz2 (18.3)
2

is the kinetic energy per unit mass, g is the acceleration of gravity, and hg is the height of
the bottom topography. In Eq. (I8.2), the vorticity has been assumed to vanish, which is
reasonable in the absence of rotation and in one dimension. The effects of vorticity are of
course absolutely critical in geophysical fluid dynamics; they will be discussed in Chapter
26
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The design of the scheme is determined by a sequence of choices. We should welcome
the opportunity to make the best possible choices. The first thing that we have to choose
is the particular form of the continuous equations that the space-differencing scheme is
designed to mimic. Eq. (18.2)) is one possible choice for the continuous form of the mo-
mentum equation. An alternative choice is

d d d
3 (hu) + > (huu) +gh$ (h+hs) =0, (18.4)

i.e., the flux form of the momentum equation, which can be derived by combining (18.1])
and (18.2)). The momentum per unit area is hu.

The continuous shallow-water equations have important “integral properties,” which
we will use as a guide in the design of our space-differencing scheme. For example, if we
integrate (18.1]) with respect to x, over a closed or periodic domain, we obtain

d
— hd =0 18.5
dt / o ’ (185)

all x

which means that mass is conserved.

Using
oh 0 (Ih?
W2 (?) | (18.6)
we can rewrite (I8.4) as
d 0 h? dhs

If we integrate with respect to x, over a periodic domain, we obtain

d dhs
» /hudx _—/ghg dx (18.8)

all x all x
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This shows that in the absence of topography, i.e., if dhg/dx = 0 everywhere, the domain
average of hu is invariant, i.e., momentum is conserved. When /g is spatially variable, the
atmosphere and the “solid earth” can exchange momentum through the covariance of the
surface pressure, gh, with the slope of the topography, dhg/dx.

The flux form of the kinetic energy equation can be derived by multiplying (I8.1)) by K
and (18.2)) by hu, and adding the results, to obtain

0 0 )
E(hK)—i—a(huK)—l—hua lg(h+hs)]=0. (18.9)

The last term of (18.9) represents conversion between potential and kinetic energy.

The potential energy equation can be derived by multiplying (I8.1) by g(h+ hg) to
obtain

d 1 0
5 {hg (hﬁihﬂ +8 (ot hs) = (hu) =0, (18.10)

which can be rearranged to

d 1 d d
3 {hg (h5+ Eh)} + P [hug (h+hs)] — hua [g(h+hs)]=0. (18.11)

Here g (h5+ %h) can be interpreted as the potential energy per unit mass of a particle
that is “half-way up” in the water column. The middle term represents both advection of
potential energy and the horizontal redistribution of energy by pressure-work. The last
term represents conversion between kinetic and potential energy; compare with (18.9)). In
deriving (18.10), we have assumed that &g is independent of time. This assumption can
easily be relaxed, at the cost of an additional term in (I8.11).

We pause to observe that in the shallow water system the water depth, A, plays three
roles. It is proportional to the mass per unit area. It enters in the pressure-gradient force, as

seen in or (18.4)). Finally, it enters ino the potential energy, as seen in (18.10).

When we add (18.9) and (18.11)), the energy conversion terms cancel, and we obtain a
statement of the conservation of total energy, i.e.,

%{h {Kjug (hﬁ%h)] } +%{hu[l(+g(h+hs)]} =0. (18.12)
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Integration of (I8.12)) over a closed or periodic domain gives

d 1
— | h|K hs+ =h = 18.1
dt/ { -l-g(g-l—z >} dx=0, (18.13)

all x
which shows that the domain-integrated total energy is conserved.

18.2 The spatially discrete case

Now consider finite-difference approximations to and (I8.2). We keep the time
derivatives continuous, and explore the effects of space differencing only. We use a stag-
gered grid, with / defined at integer points (hereafter called mass points) and u at half-
integer points (hereafter called wind points). This can be viewed as a one-dimensional
version of the C grid. The grid spacing, Ax, is assumed to be uniform. Our selection of this
particular grid is a second choice made in the design of the space-differencing scheme.

The finite difference version of the continuity equation is

dhi | (hi)iy o= (hu)i_y
— =0. 18.14
dt + [ Ax ( )
It should be understood that
hi+1/2ui+1/2 = (h“)i+1/2 . (18.15)

The “wind-point masses,” e.g., h;, /2, are undefined at this stage, but of course we will
have to settle on a way to define them before we can actually use the scheme. The finite-
difference approximation used in (18.14]) is consistent with second-order accuracy in space,
although we cannot really determine the order of accuracy until the finite-difference form
of the mass flux has been specified. We have already discussed how the “flux form” used
in (I8.14) makes it possible for the model to conserve mass, i.e.,

% <Z h,-> 0, (18.16)

all x
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and this is true regardless of how 7; > is defined. Eq. (18.16) is analogous to (18.5)).

A finite-difference momentum equation that is modeled after (18.2)) is

du: Kiii—K; h+hg)., — (h+hs),
M1+1/2+( +1 z) tg {( +hs)ipy — (hths); —=0. (18.17)

dt Ax Ax

The kinetic energy per unit mass, K;, is undefined at this stage, but its integer subscript
shows that it resides at mass points. The finite-difference approximations used in (18.17)
are consistent with second-order accuracy in space, although we cannot really determine
the order of accuracy until the finite-difference forms of the mass flux and kinetic energy
are specified. Although Eq. is not in a “flux form,” we might (or might not) be able
to use the continuity equation to show that it is consistent with (i.e., can be derived from) a
flux form. This possibility is discussed further below.

Multiply by h; 11 /> to obtain

duir 12 Kiv1 —Ki (h+hs);yq — (h+hs),
hit1)2 ;t/ +hit12 (HFA—XZ)—thiH/z{ ZJZX ’} =0. (18.18)

In order to mimic the differential relationship (18.6)), we must require that

hiy1 —hi Wi —h
hiri/2 (A—) = (T ’ (18.19)

which can by satisfied by choosing

hist + hi
hisin = %J” (18.20)

This choice is required to ensure that the pressure-gradient force does not prod uce any net
source or sink of momentum in the absence of topography. In view of (18.20)), we can write

hiy1+h;
(h”)i+1/2 = (%) Uit1)2- (18.21)
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Combining (18.20) with the continuity equation (18.14), we see that we can write a

continuity equation for the wind points, as follows:

dhizip 1
dt 2Ax

()32 = () 5| =0, (18.22)

It should be clear from the form of (I8.22) that the “wind-point mass” is actually conserved
by the model. Of course, we do not actually use (I8.22) when we integrate the model;
instead we use (I8.14). Nevertheless, (18.22)) will be satisfied, because it can be derived

from (18.14) and (18.20). An alternative form of (18.22)) is

dhiv1p 1
ot () — () ] =0, (18.23)

where

[(hu)i+1/2+(h“)i—l/2 . (1824

SRR

1
(hit) iy = ) (h”)i+3/2+ (hu) iy /2] and (hu); =

Now add (18.18) and u;, times (18.23), and use (18.20), to obtain what “should be”

the flux form of the momentum equation, analogous to (18.4)):

7 (Ris1y2iv1/2) +higry ( M x D Ax

— ghi1)s [(hS)HA; (hs),} _

d Kiq _Ki) 4 Uir1)2 [(hut); ) — (hu),;] 4o <h52+1 _hi2>

(18.25)

Is this really a flux form, or not? The answer is: It depends on how we define K;. Suppose
that K; is defined by

1
Ki = Eui—i-]/Zui—l/Z . (1826)
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Other possible definitions of K; will be discussed later. Using (18.26]) and (18.24), we can
write

Kt — K 1
hit1)2 (%) i [(ha) = (hu),]

~ 2Ax {hi+1/2 (Mi+3/2ui+1/2 - Mi+1/2ui—1/2) T Uiy1)2 [(h”)i+3/2 - (h“)iq/z} } (18.27)

1 hig1/2+hiy3)2 hiv12 +hic1y2
e A R A A AR Vo A S e R S8 VR SR VoA B

This is, indeed, a finite-difference flux divergence. The momentum flux at the point i is

(hH—l/Z + hi—l/Z) Ui1/24iv1/2 5

| =

and the momentum flux at the point i + 1 is

(hiz1y2+hiys)n) uiisjotiiv ) -

| =

Because is a finite-difference flux divergence, momentum will be conserved by the
scheme if we define the kinetic energy by (18.20).

Note, however, that there are two big problems with (18.26). First, when u is dominated
by the 2Ax-mode, will give a negative value of K;, which is unphysical. The second
big problem is that when u is dominated by the 2Ax-mode, the momentum flux will always
be negative, i.e., momentum will always be transferred in the —x direction, assuming that
the interpolated masses that appear in the momentum fluxes are positive. These problems
are severe enough that the definition of kinetic energy given by is unacceptable.

OK, that’s not good, but let’s see what happens with the kinetic energy equation. For
this purpose, we return to the general form of K;; Eq. (18.26) will not be used. Recall that
the kinetic energy is defined at mass points. To begin the derivation, multiply by
(hut) 11/, to obtain

du,-+1/2 K'-H - K; (h+hS)'+1 - (I’l+hS)i
(h“)m/zT + (hu) i1/ (#) +g(hu)iyy ) { : Ax =0

(18.28)
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Rewrite (T8:28) for grid point i — 4, simply by subtracting one from each subscript:

duz 1/2 Ki—Ki— (h+hs); — (h+hs);_
(i) _yjp ——— / + (hu)i_y > (—Ax 1) +g(hu)i_y ) { Ax 1} =0.
(18.29)

Now add (T8:28) and (T8:29), and multiply the result by 3 to obtain the arithmetic mean:

duz+1/2
)z+l/2 dr + (hu);_ 1/2

1 — K Ki—K;_
{ (hi)i 112 ( A " > + (hu);_y <Tl)]

(h+hs); — (h+hs); (h+hs); — (h+hs);
{ ()i /2 { +ix + (hu)i_y 2 Ax L =0.
(18.30)

du;_ 1/21

| =

I\)IOQ l\)l'—‘

You should be able to see that this is an advective form of the kinetic energy equation.

Next we try to derive, from (18.30) and (18.14)), a flux form of the kinetic energy equa-
tion. If we can do that, then kinetic energy will be conserved. Begin by multiplying (18.14))

by K;:

dhy | ()i pp— ()| |
K,‘{Z—{— [ Ax =0. (18.31)

Keep in mind that we still do not know what K; is; we have just multiplied the continuity
equation by a mystery variable. Add (18.31]) and (18.30)) to obtain

dh; 1 dui 1)

)y — 2 4 () duirja
5 | VHik12 7 4 Wi1)27 45

d
hu). ).
0 ][]
+§{(hu)i+l/2 [(h+hs>l+ix (h+ hs),] + (s [(h+hs),-—Aih+hs>i_J o
(18.32)
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Eq. (18.32) “should be” a flux form of the kinetic energy equation. Is it really? To answer
this question, we analyze the various terms of ((18.32) one by one.

The advection terms on the second line of (18.32)) are very easy to deal with. They can
be rearranged to

1 1 1
A | i1 y2 5 (Kot +Ki) = (hu);_y o 5 (Ki+ K1) | (18.33)

This has the form of a “finite-difference flux divergence.” The conclusion is that these
terms are consistent with kinetic energy conservation under advection, simply by virtue of
their form, regardless of the method chosen to determine K;.

Next, consider the energy conversion terms on the third line of (18.32), i.e.,

g{(hu),.ﬂ/z {(Hh‘?)ﬂ; (h+hs>’} +(hu);_y )y {(HhS)"_AihMS)"‘l” . (18.34)

We want to compare these terms with the corresponding terms of the finite-difference form
of the potential energy equation, which can be derived by multiplying (18.14) by g(h + hs);:

a {hig <h3+lh) J + g(h+ hs);

(18.35)

dt 2 Ax

(hit)iy 1/ — (h”)i—1/2] 0.

Eq. (I8.33) is analogous to (18.10). We want to recast (I8.35) so that we see advection of
potential energy, as well as the energy conversion term corresponding to ((18.34); compare
with (I8.11). To accomplish this, we “put in” the energy conversion term by hand, and
write the advection term symbolically, like this:

1

1

g{(hu)prl/z{(h—f-hs)ﬁi; (h+hS)i]+(hu>i1/2{(h+hs)i;ih+hs)” o

dt

(18.36)
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Here “ADV;” represents the advection of potential energy, which we hope will be in flux
form. At this point, we do not have an expression for ADV;, but we will let the equations tell
us how to compute it. The second line of (I8.36)) is a copy of the energy conversion terms
of (18.32)), but with the sign reversed. We require that (18.36) be equivalent to (18.35)), and
ask what form of ADV; is implied by this requirement. The answer is:

ADV; = % {(hu)iH/z [(h+hs)i g+ (h+hs),] = (hu);_y j [(h+hs);+ (h+hs); ] } :
(18.37)

This does indeed have the form of a finite-difference flux divergence, as desired.

What we have shown up to this point is that the conservation of potential energy and
the cancellation of the energy conversion terms are pretty easy. The form of K; is still up to
us.

We are not quite finished, however, because we have not yet examined the time-rate-
of-change terms of (18.32). Obviously, the first line of (18.32) must be analogous to
d/dt (hK). For convenience, we define

dh; 1

d d
(KE tendency)i = KIE + E |:(hu)i+1/2%l/li_‘_l/2 —|— (hu)ifl/Z Eui_l/2:| . (1838)

Substituting for the mass fluxes from (18.21]), we find that (18.38) can be rewritten as

dh; 1 d d
(KE tendency); = KiE + 3 [(hi+1 + hi) = (“1'2+1/2) + (hi+hi—1) o (u%_1/2>
(18.39)
The requirement for kinetic energy conservation is
d
Y (KE tendency); = Y = (hiK;) . (18.40)

all x all x

Note that only the sums over i must agree; it is not necessary that
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dh; 1 d (, d(p
Ki=+3 [(hiJrl +hi) ar <”i+1/2> +(hithic1) dt <u5_1/2>]

be equal to d/dt (h;K;) for each i. To complete our check of kinetic energy conservation,
we substitute for K; on the right-hand side of (18.40), and check to see whether the resulting
equation is actually satisfied.

The bad news is that, if we use (18.26), Eq. (18.40) is not satisfied. This means that,
when we start from the continuous form of (18.2)), we cannot have both momentum conser-
vation under advection and kinetic energy conservation. On the other hand, we didn’t like
anyway, because for the 2Ax wave it gives negative kinetic energy and a momentum
flux that is always in the negative x direction.

The good news is that there are ways to satisfy (18.40). Two alternative definitions of
the kinetic energy are

Ki= (u2i+1/2+”12—1/2>7 (18.41)

I

1
hiki= 7 (h,- it i /2> . (18.42)

With either of these definitions, K; cannot be negative. We can show that the sum over
the domain of A;K; given by is equal to the sum over the domain of /;K; given
by (18.42). Either choice allows (18.40) to be satisfied, so both are consistent with ki-
netic energy conservation under advection. On the other hand, neither is consistent with
momentum conservation under advection.

To sum up: When we start from the continuous form of (18.2), we can have either
momentum conservation under advection or kKinetic energy conservation under advection,
but not both. Which is better depends on the application.

An alternative approach is to start from a finite-difference form of the momentum equa-
tion that mimics (18.4). With that approach, it is possible to conserve both momentum
under advection and kinetic energy under advection. You are invited to demonstrate this in
a problem at the end of this chapter.

When we generalize to the two-dimensional shallow-water equations with rotation,
there are very important additional considerations having to do with vorticity, and the issues
discussed here have to be revisited. This is discussed in a later chapter.
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18.3 Summary

We have explored the conservation properties of spatial finite-difference approximations
of the momentum and continuity equations for one-dimensional non-rotating flow, using
a staggered grid. We were able to find a scheme that guarantees conservation of mass,
conservation of momentum in the absence of bottom topography, conservation of kinetic
energy under advection, conservation of potential energy under advection, and conservation
of total energy in the presence of energy conversion terms.

This chapter has introd uced several new things. This is the first time that we have
considered the full shallow water equations, including their nonlinear terms. This is the first
time that we have discussed energy conversions and total energy conservation. In addition,
the chapter illustrates a way of thinking about the trade-offs that must be weighed in the
design of a scheme, as various alternative choices each have advantages and disadvantages.

18.4 Problems

1. Show that if we use (18.26)) it is not possible to conserve kinetic energy under advec-
tion.

2. Starting from a finite-difference form that mimics (18.4)), show that it is possible
to conserve both momentum and total energy. Use the C grid, and keep the time
derivatives continuous.
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Chapter 19

Making waves

19.1 Inertia-gravity waves in shallow water

For the special case of small-amplitude gravity waves on a resting basic state, with no
topography, the linearized versions of Eqgs. (17.2)) and (17.4)) are

dh
— +HV.-v= 19.1
8t+ v=0, (19.1)
and
ov
E-i—kav—i-th:O. (19.2)

Here H is the mean depth of the shallow water. These equations have the steady, geostrop-
ically balanced solution

V.v=0, (19.3)

fkxv+gVh=0. (19.4)

From (17.9) and (17.16)) we can obtain the linearized shallow-water vorticity and diver-
gence equations:
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¢ B
5+ f8=0, (19.5)
%—f—f{—i—gvzhzo, (19.6)
Rewriting (19.1) as
oh
5, THE =0, (19.7)

we see that Egs. (19.3), (19.6) and (19.7) form a closed system for the three unknowns #,
£, and 0. Of these three equations, only (19.6) contains spatial derivatives, in the form of
our friend the Laplacian. We can write

Vih=_I2H (19.8)

tot )

where ki is the total (two-dimensional) wave number and H is the time-dependent ampli-
tude of 4. Similarly, the time derivatives can be written as

= ()=io(), (19.9)

where o is the frequency. Then Egs. (19.3), (19.6) and (19.7) reduce to a system of
algebraic equations, which can be written as:

ic+£8=0, (19.10)

ic8— fC—gkl H=0, (19.11)
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icH+HS =0. (19.12)

Setting the determinant of the coefficients to zero, we obtain the following dispersion equa-
tion:

o (—o+gHI2, +f*) =0. (19.13)
The simple case

o=0 (19.14)

corresponds to the geostrophically balanced steady solution discussed above. The two
remaining solutions are given by

0% = co ki + 17, (19.15)
where
Cow =\/gH (19.16)

is the phase speed of a pure gravity wave (i.e., a gravity wave that does not feel the effects
of rotation). Note that ¢, is independent of wave number, which means that pure gravity
waves are nondispersive.

The solutions given by (19.18) represent two “inertia-gravity waves,” i.e., gravity waves
modified by rotation. The frequencies of the two waves depend on the total wave number,
which means that they are dispersive. Eq. (19.135) shows that one effect of rotation is to
reduce the frequency of the waves. The phase speed of the waves, which is called c, is
given by

& =(0/ket)?

(19.17)
:céw +f2/kt20t .
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One effect of rotation is to cause the phase speed to depend on wave number, i.e., it makes
the waves dispersive.

It is convenient to rewrite (19.15)) as

(6/f)* = 1+rikd, (19.18)

where

rdefEng/f (1919)

is the radius of deformation, which can be interpreted as the distance that a pure gravity
wave propagates in one inertial period.

19.2 Red and black

For the special case of a one-dimensional, small-amplitude gravity wave on a resting basic
state, with no rotation or topography, Egs. (19.1)) and (19.2)) become

u oh

5 +g_8x =0, (19.20)
and

oh u

= +H—ax =0, (19.21)

respectively. By combining (19.20) - (19.21]) we can show that

’u  ,0%u

and
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0°h  ,9°h

— == 19.23
oz~ ¢ ox (1929
which are both examples of “the wave equation.”

Assuming solutions of the form ¢/(***9%) _and substituting into either (19.22)) or (19.23),
we obtain the dispersion equation

o2 = k2. (19.24)

There are two waves, one propagating in the positive x-direction, and the other in the neg-
ative x-direction.

Now consider the differential-difference equations

duj hj+1 —hj,1
— —— ] =0 19.25
dhj Ujr1 —Uj—1
—+H|——FF+F—— ] =0 19.26
a < 2d (19.26)

where d is the grid spacing. These are, of course, differential-difference analogs of the
one-dimensional shallow water equations, (19.20) - (I9.21)). We are temporarily neglecting
rotation. We keep the time derivatives continuous here because the issues that we are
going discuss next have to do with space differencing only. Consider a distribution of
the dependent variables on the grid as shown in Fig. [I9.1] Notice that according (19.25)
and (19.26)) the set of red quantities will act completely independently of the set of black
quantities, if there are no boundaries. With cyclic boundary conditions, this is still true if
the number of grid points in the cyclic domain is even. What this means is that we have two
families of waves on the grid: “red” waves that propagate both left and right, and “black”
waves that propagate both left and right. Physically there should only be one family of
waves.

A good way to think about this situation is that we have two non-interacting models
living on the same grid: a red model and a black model. That’s a problem. The red model
may think it’s winter, while the black model thinks it’s summer. In such a case we will have
tremendous noise at the grid scale.
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The two models are noninteracting so long as they are linear. If we include nonlinear
terms, then interactions can occur, but that doesn’t mean that the nonlinear terms solve the
problem.

Since we have two models, we have two solutions. One of the solutions is physical, and
the other is computational. In Chapter ] we encountered computational modes in time,
which arise from the time-differencing scheme. Here, for the first time, we are meeting
computational modes in space, which arise from the space differencing.

u u u u u u
L L ° ° L L >

h h h h h h

Figure 19.1: A-grid for solution of the one-dimensional shallow water equations.

Here is a mathematical way to draw the same conclusion. The wave solutions of (19.25])

and (19.20)) are

(j,h;) ~ kid=00), (19.27)
giving
in (kd
ouj;— g@% = 0,
sin (kd) (19:28)

Provided that u; and &; are not both identically zero, we obtain the dispersion relation

0% = k*gHsinc? (kd) . (19.29)

This shows that the square of the finite-difference phase speed is

¢* = gHsinc? (kd) . (19.30)
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In the exact solution, the phase speed ¢ = ++/gH is independent of wave number, but
the finite-difference phase speed depends on wave number, is generally less than the true
phase speed, and is zero for the shortest wave that fits on the grid. This is computational
dispersion again, but for wave propagation rather than advection.

Suppose that ¢ is given. We assume that ¢ > 0, so that the direction of propagation is
determined by the sign of the wave number, k, and we allow —7 < kd < 7.

Eq. (I9.29) is quadratic, so at first glance you may think that it describes two solutions,
but it actually has four solutions! To see why, let’s start by defining p = kd. Note that
—n < p <z If p= pg satisfies (19.29), then p = —pg, p =1 — pg and p = — (7w — pg) also
satisfy it. The two “extra” solutions are computational modes in space. They come from
the redundancy of the unstaggered grid. Earlier we encountered troublesome computational
modes in time. Now we find that computational modes in space can also cause problems.

The two solutions p = pg and p = —pg are approximations to the true solution, and
so could be considered as physical, while the other two, p = & — pg and p = — (7 — po),
could be considered as computational. This distinction is less meaningful than in the case
of the advection equation, however. For advection, the envelope of a computational mode
moves toward the downstream direction. For the wave equation, there is no “downstream”
direction. Although upstream-weighted schemes are best for advection, centered schemes
are best for wave propagation.

For a given value of o, the general solution for u; is a linear combination of the four
modes, and can be written as

uj= Ae'PoJ 4 BemiPoJ 4 Cei(=P0)i 4 pe—i(m=po)j| p—iot (19.31)
By substituting (19.31)) into the second of (19.28), we find that /; satisfies

_ Hsinpg

i AeiPoi _ Be—ipoj +Cei(ﬂ—Po)j — De {(m=po)j| ,—iot (19.32)
X

hj

Remember that we are assuming ¢ > 0, so that sin(po) = od/+/gH [see (19.29)]. Then
(19.32)) reduces to

hj= /E [Aeipoj — Be~iP0j 4 Cei(m=Po)j _De—i(ﬂ—Po)] e—iot (19.33)
g
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We now repeat the analysis for the case in which the red variables are “erased” in Fig.
The governing equations can be written as

du; hjiy1—h;j
Jj+1/2 jt+1 J
R R 19.34
dh; Ujr1/2 —Uj—1/2
—+H =0. 19.35
dt i ( d ( )

Here we use half-integer subscripts for the wind points, and integer subscripts for the mass
points. The solutions of (19.34)) and (19.35)) are assumed to have the form

Uiy = upe!lkli+1/2)d—ot] 1936
I’l] — hoei(kjdfdl) . ’
Substitution into (19.34)) and (19.33)) gives
—oduy+2ghgysin (kd/2) =0,
o+ 2ghosi (kd/2) (19.37)
—odhy+2Hugsin (kd/2) =0 .
The resulting dispersion equation is
0% = k*gHsinc? (kd /2) . (19.38)

Compare with (19.29), which applies when both the red and black variables are included
in the model. In (19.38)), there are only two solutions of for a given value of o,
because the range of kd/2 is —m/2 and 7 /2, rather than —7 to . This demonstrates that
omitting the red variables eliminates the spurious computational modes.

For a given o, the solution for u ;

fm is a linear combination of the two modes, and can
2

be written as

wi = AetPo(it3) 4 ge=iro(i+3)| g=iot (19.39)
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By substituting (19.39) into (19.33)), we find that /; satisfies

H o o ,
hj = —— (A€ —Be=™) 2sin (%) e~iot (19.40)

Since we are assuming ¢ > 0, so that 2sin(po/2) = od/+/gH, (19.40) reduces to

hj=—/H/[g (Ae'P0) — Be™P0J) ¢7i0" (19.41)

19.3 Inertia-gravity waves on two-dimensional staggered grids

19.3.1 The continuous equations

Consider the shallow water equations linearized about a resting basic state, in the following
continuous form:

du oh
= fv_f_ga =0, (19.42)
av dh
E‘f‘f”‘f‘ga_y—oa (19.43)
dh
E+H§ =0. (19.44)

Here H is the constant depth of the shallow water in the basic state,

:(9u v

=55 (19.45)

is the divergence, and all other symbols have their conventional meanings.
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From (19.42)) - (19.44), we can derive the dispersion relation

o 2
(7> SR (PP (19.46)

Here o is the frequency, and k and / are the wave numbers in the x and y directions, respec-
tively. The frequency and group speed increase monotonically with wave number and are
non-zero for all wave numbers. As discussed by AL, these characteristics of (19.46) are
important for the geostrophic adjustment process.

19.3.2 Staggering the wind components

Winninghoff (1968) and Arakawa and Lamb (1977) (hereafter AL) discussed the extent
to which finite-difference approximations to the shallow water equations can simulate the
process of geostrophic adjustment, in which the dispersion of inertia-gravity waves leads
to the establishment of a geostrophic balance, as the energy density of the inertia gravity
waves decreases with time due to their dispersive phase speeds and non-zero group velocity.
These authors considered the momentum and mass conservation equations, and defined five
different staggered grids for the velocity components and mass.

In their discussion of various numerical representations of (19.33]) - (19.37), AL defined
five-grids denoted by “A” through “E,” as shown in Fig. [19.2] For all of the grids, the mass
variable, A, is defined at the centers of the grid cells. The grids differ in the placement of
the velocity components, u and v. Fig. [19.2]also shows the Z-grid, which will be discussed
later. AL also gave the simplest centered finite-difference approximations to of -
(19.37), for each of the five gridsgrids A - E; these equations are fairly obvious and will
not be repeated here. The two-dimensional dispersion equations for the various schemes
were derived but not published by AL; they are included in Fig. [19.3] which also gives a
plot of the nondimensional frequency, ¢/ f, as a function of kd and Id, for the special case
raet/d = 2, where d is the grid spacing, assumed to be the same in the x and y directions.
The particular choice rg4ef/d = 2 means that the radius of deformation is twice as large as the
grid spacing, so that the radius of deformation is at least crudly resolved. The significance
of the choice rgr/d = 2 is discussed later.

Let’s start by considering grids A - E, one by one:

» The A-grid is arguably the simplest, because it is unstaggered. For example, the Cori-
olis terms of the momentum equations are easily evaluated, since u and v are defined
at the same points. The A-grid has a serious problem, however. In the sketch of the
A-grid in Fig. [19.2] some of the variables are colored red, some blue, some orange,
and some black. Each of these colors defines a C-grid, which will be discussed be-
low. The red winds are used to predict the red masses, and the red masses are used
to compute the red winds. Similarly, the blue winds interact with the blue masses,
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A B C
uv uv uv u,v v v v
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u, h,u,v u, h h h u h u h u h u
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Figure 19.2: Grids A-E and Z, on a square mesh. The A-grid is equivalent to four shifted C-grids.
The E-grid is equivalent to two shifted C-grids, which live in the overlapping blue and orange boxes.
The E-grid can also be interpreted as a B-grid that has been rotated by 45°, but note that the
directions of the wind components are not rotated. In the sketch of the E-grid, the mass variables
can be considered to live in the rotated gray boxes.

the orange winds interact with the orange masses, and the black winds interact with
the black masses. The only “mixing” of colors occurs with the Coriolis terms. As
you probably know the Coriolis terms have little effect on small-scale motions. If
we ignore the Coriolis terms, the the A-grid is home to “four independent models,”
which can do four independent things, even though they occupy the same space. In
such a case, the pattern of the variables on the A-grid is characterized by strong noise
at the smallest scales, i.e., a checkerboard pattern. As a result, the high-wavenumber
behavior of a model based on the A-grid is poor. This problem with the A-grid is
closely analogous to that of the unstaggered one-dimensional grid discussed above.

The plots in Fig. show how the nondimensional frequency varies out to kd = 7
and /d = m; recall that these wave numbers correspond to the shortest waves that can
be represented on the grid. The top “row” of the figure shows the continous case.
The plot of the dispersion equation for the A-grid, shown in Fig. [I9.3] indicates a
maximum of the frequency (group speed equal to zero) for some combinations of k
and /. As a result, solutions on the A-grid are extremely noisy in practice and must

257



Revised Monday 8" December, 2025 at 23:38

be smoothed, e.g., through artificial diffusion or filtering (Kalnay-Rivas et al., 1977).
Because of this well known problem, the A-grid is rarely used today. An example of
a current A-grid model is NICAM (Satoh et al., 2008)). It will be discussed later.

We conclude that the existence of “multipl models”can lead to computational modes.

Thinking of the formula for the vorticity in Cartesian coordinates, (19.47), d/v/dx
lives on the east-west cell walls of the A-grid, while du/dy lives on the north-south
walls. This means that the vorticity does not have a natural home on the A-grid. It
can only be defined by averaging. Similarly, the divergence does not have a natural
home, and can only be defined by averaging.

The B-grid puts both velocity components on the corners of the grid cells. Fig. [19.2]
shows that the velocity vectors are defined at the corners of the mass cells. The
velocity components, i.e., # and v, point along the directions of the walls that intersect
at the corners.

The Coriolis terms are easily evaluated, without averaging, since u and v are de-
fined at the same points. The averaging used to approximate the x-component of
the pressure-gradient force is in the y-direction. Therefore, an oscillation in the x-
direction, on the smallest represented scale, is not averaged out in the computation
of dh/dx; it can, therefore, participate in the model’s dynamics, and so is subject
to geostrophic adjustment. Similarly, an oscillation in the y-direction, on the small-
est represented scale, is not averaged out in the computation of dh/dy. A similar
conclusion holds for the convergence / divergence terms of the continuity equation.

Nevertheless, the averaging does do some harm, as is apparent in the plot of the B-
grid dispersion equation, as shown in Fig. [I9.3] The frequency does not increase
monotonically with total wave number; for certain combinations of k and [, the
group speed is zero. AL concluded that the B-grid gives a fairly good simulation
of geostrophic adjustment, but with some tendency to small-scale noise.

We conclude that averaging can lead to computational modes.

On the B-grid, d/v/dx lives on the north-south cell walls, while du/dy lives on the
east-west walls. Again, the vorticity does not have a natural home. As with the
A-grid, the divergence also does not have a natural home on the B-grid.

The C-grid makes it easy to compute pressure gradient terms, without averaging,
because & is defined east and west of u points, and north and south of v points.
Similarly, the mass convergence / divergence terms of the continuity equation can be
evaluated without averaging the winds. The divergence has a natural home, and, even
better, it coincides with 4 points. On the other hand, averaging is needed to obtain
the Coriolis terms, since u and v are defined at different points. This averaging can
lead to noise in the wind field.
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Figure 19.3: Grids, dispersion equations, and plots of dispersion equations for grids A - E and Z.
The continuous dispersion equation and its plot are also shown for comparison. For plotting, it
has been assumed that rqe/d = 2. This is a re-drawn version of a figure that appeared in |Randall

(1999).

It is natural to define the vorticity at cell corners. Since the mass is defined at cell
centers this complicates the definition of the potential vorticity, ({ + f) /h.

For very small-scale inertia-gravity waves, geostrophic balance is not expected and
the Coriolis terms are negligible; we essentially have pure gravity waves. This sug-
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gests that the C-grid will perform well if the horizontal resolution of the model is
fine enough so that the smallest waves that can be represented on the grid are in-
sensitive to the Coriolis force. More precisely, AL argued that the C-grid does well
when the grid size is small compared to rg, the radius of deformation, which was
defined in (19.19). A plot of the dispersion equation, given in Fig. [19.3] shows that
the frequency increases monotonically with wave number, as in the exact (contiuous)
dispersion equation, although not as rapidly. Recall, however, that this plot is for the
particular case rgr/d = 2. Other values of rqer/d are discussed later.

From Fig. you can see that the one-dimensional A-grid is equivalent to the
super-position of two one-dimensional C-grids, shifted with respect to each other.
The A-grid is equivalent to a super-position of four (shifted) two-dimensional C-
grids (blue, red, orange, and black).

The D grid allows a simple evaluation of the geostrophic wind, because the / points
are north and south of the u points, and east and west of the v points. Since geostrophic
balance is very important for large-scale motions, this sounds like a good thing. It
is also apparent, however, that considerable averaging is needed in the pressure-
gradient force, mass convergence / divergence, and even in the Coriolis terms. As
a result, the dispersion equation for the D grid, shown in Fig. [19.3] is very badly
behaved, giving zero phase speed for the shortest represented waves, and also giving
a zero group speed for some modes.

FV3, the dynamical core of the model used operationally by the U.S. National Cen-
ters for Environmental Prediction, uses what is called a “C-D” grid, but in practice it
behaves like the D-grid (Skamarock, [2008; Konor and Randall, 2018alb). It can only
be used with strong damping of the horizontal divergence, and gives poor solutions
when run with grid spacings of a few kilometers or finer (Carley et al., [2023}; Wicker,
2023).

The E-grid can be viewed as a modified B-grid, rotated by 45°. The rotation of the
grid does not change the meaning of the # and v components of the wind, however;
they point in the same directions as before, diagonally across the corners of the gray
cells surrounding the mass points; this is different from the B-grid, on which, as
mentioned above, the velocity components point along the directions of the walls
that intersect at the corners of the mass cells. The gray grid cells are the same size
as the B-grid cells, but rotated. The spatial “density” of 4 points is the same as in the
other four grids. Because the E grid can be interpreted as a rotated B grid, the grid
spacing for the E-grid is d* = v/2d.

At first, the E-grid seems perfect; no averaging is needed for the Coriolis terms, the
pressure-gradient terms, or the mass convergence / divergence terms. Note, however,
that the E-grid can be considered to live within the overlapping but unrotated orange
and blue boxes. From this point of view, the E-grid is the superposition of two C-
grids, shifted with respect to each other, so that the v points on one of the C-grids
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coincide with the u points on the other, and vice versa. One of the two C-grid models
is represented by the red variables in the figure, and the other by the black variables.

In [19.3] the nondimensional frequency for the E-grid is plotted as a function of
kd* and Id*, out to a value of /27 = 4.44: this corresponds to the shortest “one-
dimensional” mode. The group speed is zero for some combinations of kd* and Id*.

Fig. [19.3] also shows that the A-grid can also be viewed as a super-position of two
E-grids, in which one of the E-grids is shifted by one-half of the grid spacing. Since
each E-grid is equivalent to two superimposed but shifted C-grids, this is consis-
tent with our earlier statement that the two-dimensional A-grid is equivalent to four
shifted two-dimensional C-grids.

19.3.3 Dependence on the radius of deformation

Now recall the conclusion of AL, mentioned earlier, that the C-grid gives a good simulation
of geostrophic adjustment provided that ry.r/d > 1. Large-scale modelers are never happy
to choose d and rger S0 that r4.¢/d can be less than one. Nevertheless, in practice modes for
which rg/d << 1 can be unavoidable, at least for some situations. For example, Hansen
et al.| (1983) described a low-resolution atmospheric global circulation model, which they
called Model 11, designed for very long climate simulations in which low resolution was
a necessity. Model II used a grid size of 10 degrees of longitude by 8 degrees of latitude;
this means that the grid size was larger than the radius of deformation for many of the
physically important modes that could be represented on the grid. As shown by AL, such
modes cannot be well simulated using the C-grid. Having experienced these problems with
the C-grid, Hansen et al.| (1983)) chose the B-grid for Model II.

The radius of deformation for the ocean is much smaller than that for the atmosphere,
because the stratification of the ocean is weak due to the incompressibility of water. Ocean
models must, therefore, contend with small radii of deformation. As a result, very fine-
grids are needed to ensure that r4r/d > 1, even for external modes. For this reason, many
ocean models have used the B-grid (e.g., Semtner and Chervin, [1992). This has changed
in recent years, because faster computers have made it possible to use finer grids in ocean
models, for which rges/d > 1. Today’s ocean models use the C-grid.

In addition, three-dimensional models of the atmosphere and ocean generate internal
modes. With vertical structures typical of current atmospheric global circulation models,
the highest internal modes can have radii of deformation on the order of 50 km or less.
The same model may have a horizontal grid spacing on the order of 500 km, so that rg.¢/d
can be on the order of 0.1. Fig. [[9.4] demonstrates that the C-grid behaves very badly
for rges/d = 0.1. The phase speed actually decreases monotonically as the wave number
increases, and becomes very small for the shortest waves that can be represented on the
grid. Janji¢ and Mesinger (1989) have emphasized that, as a result, models that use the
C-grid have difficulty in representing the geostrophic adjustment of high internal modes.
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Figure 19.4: Dispersion relations for the continuous shallow water equations, and for finite-
difference approximations based on the B, C, and Z-grids. The horizontal coordinates in the plots
are kd and Id, respectively. The vertical coordinate is the normalized frequency, o/f. The left col-
umn shows results for rges/d = 2, and the right column for ryes/d = 0.1.

In contrast, the dispersion relation for the B-grid is qualitatively insensitive to the value of
F4et/d. The B-grid has moderate problems for rg.¢/d = 2, but these problems do not become
significantly worse for rg.t/d = 0.1.
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In summary, the C-grid does well with deep, external modes, but has serious prob-
lems with high internal modes, whereas the B-grid has moderate problems with all modes.
The C-grid’s problem with high internal modes can be avoided by using a sufficiently fine
horizontal grid spacing for a given vertical grid spacing.

19.3.4 The Z-grid

From (19.42)) - (19.44)), we can derive an equivalent set in terms of vorticity,

_dv du

C‘%‘a_y’ (19.47)
and divergence:

96 *h  9*h

E_fC'Fg(ﬁ‘i‘a—yz):O; (19.48)
a¢ B
E—I—fS—O, (19.49)
dh
E—FHS:O. (19.50)

Of course, (19.50)) is identical to (19.44).

Now consider an unstaggered grid for the integration of (19.48) - (19.50), which was
called the Z-grid by Randall (1994). The Z-grid is also illustrated in Fig. [19.2] Inspection
shows that with the Z-grid the components of the divergent part of the wind “want” to be
staggered as in the C-grid, while the components of the rotational part of the wind “want”
to be staggered as in the D-grid. This means that the Z-grid does not correspond to any of
the grids A through E.

No averaging is required with the Z-grid. The only spatial differential operator appear-
ing in (19.38)) - (19.40) is the Laplacian, which is applied to 4 in the divergence equation.
With the usual centered finite-difference stencils, the finite-difference approximation to
V2h is defined in the same place as £ itself. An unstaggered grid is thus a natural choice
for the numerical integration of (19.48) - (19.50).
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Fig. shows that the dispersion relation for the Z-grid is very close to that of the
C-grid, for rgr/d = 2, but is drastically different for rgr/d = 0.1. Whereas the C-grid
behaves badly for rg.r/d = 0.1, the dispersion relation obtained with the Z-grid is qualita-
tively insensitive to the value of rq/d; it resembles the dispersion relation for the continu-
ous equations, in that the phase speed increases monotonically with wave number and the
group speed is non-zero for all wave numbers. Since the Z-grid is unstaggered, collapsing
it to one dimension has no effect.

To implement the Z-grid, it is necessary to compute the normal velocity components
on the cell walls from the vorticity and divergence. To do this, we start by solving for the
stream function ¥ and the velocity potential )y using

Viy=1(, (19.51)

and

Vi =35. (19.52)

These equations can be solved using the methods of Chapter The stream function is
and velocity potential are defined at the cell centers. The outward normal component of the
divergent part of the wind on the cell walls can be obtained from

Vdiv = (Xneighbor — Xhome base) /d 5 (1953)

where d is the distance between cell centers. The outward normal component of the rota-
tional part of the wind on a cell wall is given by the tangential derivative of y along the
wall. To compute this, we first interpolate y to the cell corners. The we take the difference
of v between neighboring corners, and divide by the length of the cell wall. The total
outward normal component of the wind on the cell walls is the sum of the divergent and
rotational parts.

Experience shows that the procedure described above, involving the solution of two
two-dimensional Poisson equations, adds about 25% to the cost of a dynamical core.

264



Revised Monday 8" December, 2025 at 23:38

19.4 Shifting shapes

In order to define the grids A-E and Z for a square mesh, we have had to specify both
the locations and the orientations of the velocity components that are used to represent the
horizontal wind. As discussed in Chapter 4] triangles, squares, and hexagons are the only
regular polygons that tile the plane. Can we define grids A - E and Z so that the definitions
work on triangular and hexagonal meshes, as well as quadrilateral meshes? In Fig. we
repeat the upper portion of Fig.

JAVAN

Figure 19.5: A copy of the upper portion of Fig.

The A-Grid and Z-grid do not involve any staggering, so they can be unambiguously
defined on triangular or hexagonal meshes, or for that matter meshes of any other shape. In
the case of the A-grid, we need to define and predict two mutually orthogonal components
of the horizontal wind vector, usually the zonal and meridional components. In the case of
the Z-grid, only scalars are involved.

The B-grid can be generalized by defining it to have the horizontal velocity vectors at
the corners of mass cells. The vectors are represented using components that point along
the walls that intersect at the corners. On a triangular mesh, there are 6 intersecting walls
at each corner, on a quadrilateral mesh there are two, and on a hexagonal mesh there are
three. You would not wish to predict six (highly redundant) velocity components at the
corners of a triangular mesh, or three (still redundant) velocity components at the corners
of a hexagonal mesh. From this point of view, the B-grid is really only compatible with
quadrilateral meshes.

The C-grid can be generalized by defining the normal component of the velocity on the
edges of all mass-cells. This works on triangular, quadrilateral, and hexagonal meshes.

The generalized D-grid has the tangential velocity component on the edges of mass-
cells. This also works on triangular, quadrilateral, and hexagonal meshes.

Like the B-grid, the generalized E-grid has wind vectors on the corners of the mass-
cells. In contrast to the B-grid, however, the E-grid’s wind components point diagonally
across the cells, as shown for the gray cells in the illustration of the E-grid in Fig.

265



Revised Monday 8" December, 2025 at 23:38

There would be six such components on a triangular mesh, two on a quadrilateral mesh,
and three on a hexagonal mesh. With this definition, the E-grid cannot be defined for the
triangular mesh or hexagonal meshes.

Alternatively, we could try to define the E-grid as the superposition of multiple trian-
gular or hexagonal C-grids, such that two-dimensional velocity vectors, represented by the
tangential and normal components, are defined on each cell wall, as with the orange-grid
cells shown for the E-grid in Fig. [[9.2] It is not possible to create triangular or hexagonal
E-grids in this way, so again we conclude that the E-grid cannot be defined for triangular or
hexagonal meshes. It is possible, however, to create an E-grid by combining a hexagonal
C-grid with a triangular C-grid. Naturally, the resulting grid suffers from computational
modes.

From this point of view, the E-grid is really only compatible with quadrilateral meshes.

Table 19.1: The numbers of corners and edges per face, on the triangular, square, and hexagonal
meshes.

Triangles Squares Hexagons
Corners per face 12 | 2
Edges per face 32 2 3

19.5 The “degrees-of-freedom” problem

Table [I9.1] lists the numbers of corners and edges per face, on the triangular, square, and
hexagonal meshes. Table [I9.2] lists the number of prognostic degrees of freedom in the
wind field per mass point, for the generalized A-E and Z-grids, on triangular, square, and
hexagonal meshes. From a physical point of view, there should be two prognostic degrees
of freedom in the wind field per mass point. The A-grid and Z-grid achieve this ideal on all
three meshes. None of the other grids has two degrees of freedom in the horizontal wind,
per mass point, for all three mesh shapes.

Table suggests that, if C-staggering is desired, then a square (or quadrilateral)
mesh should be used. If squares are not used, then Z-staggering is best, but Z-staggering
works fine for squares (and triangles), too.

Computational modes exist when the number of wind components per mass point is
greater than or less than 2. We call this the “degrees-of-freedom” problem. With hexagonal
or triangular meshes, the degrees-of-freedom problem can be avoided by using the A-grid
(which has its own very serious issues) or the Z-grid.
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Table 19.2: The number of prognostic degrees of freedom in the horizontal wind field, per mass
point, on grids A-E and Z, and for triangular, square, and hexagonal meshes. For the Z-grid, the
vorticity and divergence carry the information about the wind field.

Grid Triangles Squares Hexagons
A 2 2 2
B I 2 4
C 3/2 2 3
D 3/2 2 3
E Does not exist 2 Does not exist
A 2 2 2

19.6 Time-differencing schemes for the shallow-water equations

19.6.1

Explicit schemes

Consider the one-dimensional (1D) case, with spatial coordinate x and velocity component
u. We neglect rotation and ssume that v = 0. This means that we have divergence (i.e.,
du/dx), but no vorticity. Linearizing about a state of rest, the continuous equations are

(19.20) and (19.21).

We use a staggered 1D grid, which for this simple problem can be interpreted as the 1D
C-grid, or the 1D B-grid, or the 1D Z-grid.

We can anticipate from our earlier analysis of the oscillation equation that forward time-
differencing for both the momentum equation and the continuity equation is unstable, and
that turns out to be true. We can also anticipate that a scheme that is centered in both space
and time will be conditionally stable and neutral when stable. Such a scheme is given by:

W'yl
Jt3 Jt

2At

1 )/ a— 1
2 J+1 J
+g< g

) -0,

(19.54)

(19.55)
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Here we have used the C-grid. Compare with (19.23) - (19.26). With assumed solutions

of the form u? 2T Wt elik(i+1/2)d] and h? = H" ¢*id) and the usual definition of the

amplification factor, we find that

(A% - l)m+l‘%4isin(kd/2)fl" =0, (19.56)

HAt .
A——disin (kd /2) " + (A*~1)H"=0. (19.57)
Non-trivial solutions exist for
2 dego At
(A2—1)"+22 <%) sin® (kd /2) =0, (19.58)

As should be expected with the leapfrog scheme, there are four modes altogether. Two of
these are physical and two are computational.

We can solve (19.58) as a quadratic equation for A2. As a first step, rewrite it as

(A2)2 422 (=2+b)+1=0, (19.59)

where, for convenience, we define

Aegy AL\
bz( ng t) sin® (kd/2) > 0. (19.60)

Obviously, for At — 0 with fixed d we get b — 0. The solution of (19.59) is

¢ —(b=2)+/(b—2)*—4

- 2 (19.61)
 —(b-2)x£\/b(b—4)
_ . .
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Inspection of (19.61) shows that for b — 0, we get |A| — 1, as expected. For A = |4]¢®
we see that

(b—2)+/b(b—4)
5 .

IA|% [cos (20) +isin (20)] = — (19.62)

First consider the case b < 4. It follows from (19.62)) that

IA|?cos (26) = — (%) ,and |4|%sin (20) = = bé _b), forb<4, (19.63)
from which we obtain
tan (20) = % forb <4, (19.64)
and
|/l]4:(b;2)2+b(44_b):1forb§4. (19.65)

The scheme is thus neutral for b < 4, as was anticipated based on our earlier analysis of the
oscillation equation.

Next, consider the case b > 4. Returning to (19.62), we find that

—(b—2)++/b(b—4)
2

sin(20) =0, cos (20) = +1 and |A|* = forb>4. (19.66)

You should be able to see that for b > 4 there are always unstable modes.
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We conclude that the scheme is stable and neutral for b < 4. This condition can also be
written as

(19.67)

| =

(228 inia2) <

The worst case occurs for |sin (kd/2)| = 1, which corresponds to kd = 7, i.e., the shortest
wave that can be represented on the grid. It follows that

CowAt

1
p < > is required for stability, (19.68)

and that the shortest wave will be the first to become unstable.

19.6.2 Implicit schemes

In atmospheric models, the fastest gravity waves, i.e., the external-gravity or “Lamb”
waves, have speeds on the order of 300 m s~! which is the speed of sound in the Earth’s
atmosphere. The stability criterion for the leapfrog scheme as applied to the wave problem,
i.e., (19.60)), can therefore be painful. In models that do not permit vertically propagating
sound waves (i.e., quasi-static models, or anelastic models, or shallow-water models), the
external gravity wave is almost always the primary factor limiting the size of the time step.
This is unfortunate, because the external gravity modes are believed to play only a minor
role in weather and climate dynamics.

With this in mind, the gravity-wave terms of the governing equations are often approx-
imated using implicit differencing. For the simple case of first-order backward-implicit

differencing, we replace (19.42)) - (19.43)) by

un—i—l —u"

3 ity 8 +1 +1) _
S5 8 ) o

n+1
hj B h? H ey n+
At d \ Jj*+z J=

. - }):o. (19.70)
2

This leads to
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(7L—1)L7”+7Lgd£2isin(kd/2)ﬁ”:0, (19.71)

~

AHTAtZisin(kd/Z)uA”Jr()L— NA"=0. (19.72)

The condition for non-trivial solutions is

2
(A—1)>+1% <C‘°’WTAI) sin® (kd /2) =0, (19.73)

which, using the definition (19.60), is equivalent to

A2(14b/4)—2A+1=0. (19.74)

This time there are no computational modes; the two physical modes satisfy

, 2+.\/A—4(14+b/4) 1+i\/b/4
A= 2(1+b/4)  1+b/4 (19.75)

The solutions are always oscillatory, and

1+b/4 1
A2 = = <1, 19.76
2 (1+b/4)*  1+b/4~ (1976

1.e., the scheme is unconditionally stable, and in fact it damps all modes.

The trapezoidal implicit scheme gives superior results; it is more accurate, and uncon-
ditionally neutral. We replace (19.61)) - (19.62) by

[/ hrg-i-l 4 hrH»l
<]+12 J+1>_<] 2/ :0, (1977)
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1 n n n+1 n n+1
G A N G a1 A VT R A N
At d 2 2 '
This leads to
I 1+A4)\ gAr . . ~
(l—l)u —+ T 72!811‘1(]((1/2)[{ :O,

(%) Hjtzis,in(kd/z)u“wr (A-1DA"=0.

For non-trivial solutions, we need

CowAt

2
(1—1)2+(1+A)2( ) sin? (kd/2) =0 .

Using (19.60) we can show that this is equivalent to
16—-b
A2 =2A(—— ) +1=0.
( 161 b) *

The solutions are

16—b\ 16—b\?
"—(m—wﬁl\/l—(m) '

(19.78)

(19.79)

(19.80)

(19.81)

(19.82)

(19.83)

It follows that |4 |2 = 1 for all modes, i.e., the trapezoidal scheme is unconditionally neutral.
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19.6.3 The forward-backward scheme

The disadvantage of implicit schemes is that they give rise to matrix problems, i.e., the
various unknowns must be solved for simultaneously at all grid points. A simpler alterna-
tive, which is conditionally stable but allows a longer time step, is the “forward-backward”
scheme, given by

+5 (it =ty =0, (19.84)

;%#—u?f%) ~0. (19.85)

This scheme can be called “partially implicit,” because the end-of-time-step mass field
predicted using (19.85)) is used to compute the pressure-gradient force in (19.84)). The
continuity equation uses a forward time step. There is no need to solve a matrix problem.

We know that the forward scheme for both equations is unconditionally unstable, and
that the backward scheme for both equations is unconditionally stable and damping. When
we “combine” the two approaches, in the forward-backward scheme, the result turns out to
be conditionally stable with a fairly long allowed time step, and neutral when stable. From

and (19.78), we get

A ~
(/'L—l)ﬁ”+).g7t2isin(kd/2)H":0, (19.86)
HA _
7tzisin(kd/2)ﬁ"+(z— 1)A"=0. (19.87)
This leads to
2 CawAt 2 )
(=1 +42 ( E20) sin? (kd/2) = 0., (19.88)

which is equivalent to
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224+ (b/4—2)A+1=0. (19.89)

The solutions are

(2—b/4)+/(2—b/4)* -4 .
A= 5 =(1—b/8)+i\/b/4— (b/8)*. (19.90)

The discriminant is non-negative for

b< 16, (19.91)
which corresponds to
ConAt 2
(%) sin® (kd/2) < 1. (19.92)
It follows that
wAt ) ) .
CgT < 1 1s required for stability . (19.93)

The time step can thus be twice as large as with the leapfrog scheme. When is
satisfied, we have |7L|2 = 1 for all modes, i.e., the scheme is neutral when stable (like the
leapfrog scheme). The forward-backward scheme is thus very attractive: It allows a long
time step, it is neutral when stable, it is non-iterative, and it has no computational modes.

Going to two dimensions and adding rotation does not change much. The Coriolis terms
can easily be made implicit if desired, since they are linear in the dependent variables and
do not involve spatial derivatives.
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19.7 Summary and conclusions

Horizontally staggered grids are important because they make it possible to avoid or min-
imize computational modes in space, and to realistically simulate geostrophic adjustment.
The Z-grid gives the best overall simulation of geostrophic adjustment, for a range of grid
sizes relative to the radius of deformation. In order to use the Z-grid, it is necessary to solve
a pair of Poisson equations on each time step.

Computational modes in space can be caused in several ways:

1. Multiple models on the same grid, as with the A- and E-grids.

2. Averaging, as with the B-, C-, and D-grids.

3. The degrees-of-freedom problem, as with C-staggering on a hexagonal grid.

The rapid phase speeds of external gravity waves limit the time step that can be used
with explicit schemes. Implicit schemes can be unconditionally stable, but in order to use
them it is necessary to solve the equations simultaneously for all grid points.
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19.8 Problems

1. Derive the dispersion equation for the C-grid, as given in Fig. [19.3]

2. Consider the linearized (about a resting basic state) shallow-water equations with-
out rotation on the one-dimensional versions of the A-grid and the C-grid. Let the
distance between neighboring mass points be d on both grids. Use the forward-
backward time differencing discussed in Section [I9.6.3] Derive the stability criteria
for both cases, and compare the two results.

3. Program the two-dimensional linearized shallow water equations for the square A-
grid and the square C-grid, using a mesh of 101 x 101 mass points, with periodic
boundary conditions in both directions. Use the forward-backward time differencing
discussed in Section Set f=10"%s"!, ¢g=01ms !, H=10"m, and d =
10 m. Use implicit time differencing for the Coriolis terms.

In the square region

45 <i <55,
. (19.94)
45 < j <55,
apply a noisy forcing in the continuity equation, of the form
oh L
(—) = (=1)""/ Nsin (wpnt) , (19.95)
8t noisy

and set (dh/dt)

1073 s7!; and N = 10~* ms~!. In addition, apply a smooth forcing to the entire
domain of the form

= 0 at all other grid points. Adopt the values wy = 27 X

noisy

oh 27 27
1 — ssin [ = ) sin | 22 sin (wst) (19.96)
at smooth L L

with wg = 27+/gH /L s~ and S = 10~* m s~!. Here L = 101 x d is the width of the

domain.

Finally, include friction in the momentum equations, of the form
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(5) =-wu
ot fric 7
(5) =«
ot fric ,

where K =2 x 107> s~!. Use implicit time differencing for these friction terms. Be-
cause the model has both forcing and damping, it is possible to obtain a statistically
steady solution.

(19.97)

(a) Using the results of Problem 2 above, choose a suitable time step for each
model.

(b) As initial conditions, put u =0, v =0, and & = 0. Run both versions of the
model for at least 10° simulated seconds, and analyze the results.

(c) Repeat your runs using f =3 x 1073 s~!. Discuss the changes in your results.

4. Show that there is no pressure-gradient term in the vorticity equation for the shallow-
water system on the C-grid.

5. Derive the form of the pressure-gradient term in the divergence equation for the
shallow-water system on the C-grid, and compare with the continuous case.
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Chapter 20

Up against the wall

20.1 Introduction

Boundary conditions can be real or fictitious, because boundaries can be real or ficti-
tious. With some vertical coordinate systems (such as height), topography imposes a lateral
boundary condition in an atmospheric model. Ocean models describe flows in basins, and
so (depending again on the vertical coordinate system used) have “real” lateral boundary
conditions. Limited area models have artificial lateral boundaries. Models in which the grid
spacing changes rapidly (e.g., nested-grid models) effectively apply boundary conditions
where the dissimilar grids meet.

The Earth’s surface is a “real wall” at the lower boundary of the atmosphere. Most
numerical models have “fictitious walls” or “lids” at their tops. Upper boundary conditions
will be discussed in a later chapter.

20.2 Real walls

No mass passes through a real wall, so the normal component of the velocity vanishes at
the wall. We should position and orient the walls so that they are located where the wind
component normal to the wall is predicted. If we use the C-grid, for example, a wall that
is oriented in the north-south direction should be located at a u point. See Fig. [20.1]for a
one-dimensional example.

20.3 Advection at inflow boundaries

Consider a fictitious wall in a limited-area model. We consider advection with the wind
blowing into our domain at the boundary.

Suppose that the initial condition is given only in a certain limited domain. Fig.
shows lines of constant x — ut, for u > 0. These are characteristics. If the initial condition is

278



Revised Monday 8" December, 2025 at 23:38

Figure 20.1: A one-dimensional staggered grid for solution of the shallow water equations, near a
wall where j=J+1.

specified between the points (x = xq ,# =0), and (x = x;, r = 0), then A (x,7) is determined
in the triangular domain ABC. To determine A (x, ¢) above the line x — ur = x(, we need
an “inflow boundary condition” at x = xo for + > 0. When this boundary condition and
the initial condition at = O between the points A and B are specified, we can obtain the
solution within the entire domain xo < x < x;. We say that the problem is well-posed. Note
that a boundary condition at x = x is of no use.

~

X — ut = constant

A B

X0 Xy

Figure 20.2: An initial condition that is specified between x = xyp and x = x; determines the solution
only along the characteristics shown.

At an inflow boundary, say at x = 0, we have to prescribe A (0, ¢) for all time. As an
example, suppose that A (0, ¢) is a simple harmonic function, with frequency . The value

of o is determined by the upstream boundary condition. We can choose ¢ any way we
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please.

Referring again to the continuous advection equation, i.e.,

OA  OA

Eﬁ‘ua—o,

we assume u# > 0 and write

A(x,1) = Re {X (x)e*im] for 6 #0,

where A (0) is a real constant. Then A at the inflow boundary satisfies

A(0,1) =A(0) Re (") = A(0)cos (o) .

Use of (20.2) in (20.1) gives

~ d
—icA+u— =0
l +udx ,

which has the solution

A(x) =A(0)e* .

The dispersion equation is obtained by substituting (20.5) into (20.4):

o — uk

The full solution is thus

A(x, 1) = Ag Re{exp|i (kx— o1)]}
— Ag Re {exp ik (x — ut)]}
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20.3.1 A space-centered scheme

Now consider the same problem again, this time as represented through the differential-
difference equation

dAj Aj+1_Aj—1
_0. 20.
di +”< 2Ax 0 (20.8)

We assume a solution of the form

o~

Aj(t) = Re{Aje} . (20.9)

Note that the frequency is given. For convenience, we now define the nondimensional ratio

GEGAX.

(20.10)
u

The frequency and wind speed imply a wave number. We obtain the dispersion relation

0 =sin (kAx) . (20.11)

For comparison, the exact dispersion equation, (20.6), can be written as

0 =kAx. (20.12)

Fig. gives a schematic plot, with 6 and kAx as coordinates, for the true dispersion
equation (20.6) and the approximate dispersion equation (20.11)). For a given 0 there is
only one k in the exact solution. In the numerical solution, however, there are two ks,
which we will call k; and k. As discussed below, for 8 > 0, k; corresponds to the exact
solution. The figure makes it clear that
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kyAx =17 —k1Ax . (20.13)

The group velocity is positive, as it should be, for kAx < 7 /2, but it is negative for kAx >
/2.

0
A
3 L
25160 =kAx
2 L
15l 6 = sin (kAx)
1 L
05+ ———pLm S
| |
| |
05 1 15 2 25 3 > kAx
| |
ki Ax k,Ax

Figure 20.3: A schematic plot, with kAx and @ as coordinates, for the true solution (20.6]) and
the approximate solution (20.11]). The dashed line illustrates that, for a given o, the approximate
solution is consistent with two different wave numbers.

When we studied computational modes in time with the leapfrog time-differencing
scheme in Chapter [6] we found two solutions with different frequencies, for a given wave
number. Here we have two solutions with different wave numbers, for a given frequency.
The solution corresponding to k; is a “physical mode” in space, and the solution corre-
sponding to kj is a “computational mode” in space. The wavelength that corresponds to &,
i.e., the wavelength of the computational mode, will always be between 2Ax (which cor-
responds to kAx = 1) and 4Ax (which corresponds to kAx = 1 /2). For kAx > /2, there
really is no physical mode. In other words, the physical mode exists only for wavelengths
longer than 4Ax. The figure makes it clear that when the physical mode has a very long
wavelength, the computational mode has a very short wavelength.

In view of (20.11]), the condition k;Ax < 7/2, which is required for a physical mode to
exist, corresponds to

sin™! (6Ax/c) < /2. (20.14)
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This condition can be satisfied by choosing Ax small enough, for given values of o and
c. In other words, for a given frequency and wind speed the grid spacing must be small
enough to represent the implied physical wavelength. This seems like common sense.

Referring back to (20.7) and (20.13), we see that the two modes can be written as

Physical mode: A; = Ko Re {exp [ikl (ij — kgt>} } , (20.15)
1

Computational mode: A; = A\o Re {exp {ikz ( JAXx — kgt)} }
2

— Ao Re{exp|i(jm —k jAx—o1)]} (20.16)
= (—1)%@0 Re{exp [—ikl <ij—|— kgt>} } .
1

Here we have used (20.13) and ¢'/™ = (—1)/. The phase velocity of the computational mode
is equal and opposite to that of the physical mode, and the computational mode oscillates

in space with wave length 2Ax, due to the factor of (—1)/. That’s just terrible.

—>

\

Figure 20.4: Schematic illustration of the solution of the advection equation in the neighborhood of
a “smokestack,” which acts as a time-dependent source of the advected quantity. In the numerical
solution, a computational mode appears in the domain j < 0, and a physical mode appears in the
domain j > 0.

In general, the solution is a superposition of the physical and computational modes.
For the case ¢ > 0, and if the point j = 0 is the “source of influence,” like a smoke stack,
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only a physical mode appears for j > 0 and only a computational mode appears for j < 0.
Fig. shows this schematically for some arbitrary time. The dashed line for j <0
represents (20.16]), without the factor (—1)”; the solid line represents the entire expression.
The influence of the computational mode propagates to the left. If the wave length of the
physical mode is very large (compared to Ax), the computational mode will appear as an
oscillation from point to point, i.e., a wave of length 2Ax.

Since we control o, Ax, and u, we also control the value of 6. Suppose that we give
0 > 1, e.g., by choosing a large value of Ax. In that case, k has to be complex:

k = ky+ ik; . (20.17)

To see what this means, we use the mathematical identity

sin (kAx) = sin (k,Ax) cosh (kjAx) + icos (k,Ax) sinh (k;Ax) | (20.18)

which can be derived from Euler’s formula. Here cosh and sinh are the hyperbolic co-
sine and sine functions. Substituting from (20.18) into the right-hand side of (20.10), and
equating real and imaginary parts, we find that

0 = sin (k,Ax) cosh (k;Ax) |

20.19
0 = cos (k,Ax) sinh (k;Ax) . ( )

We cannot accept a solution with sinh (k;Ax) = 0, because this would imply k;Ax = 0, and
we already know that k; # 0. Therefore we must take

cos (k;Ax) = 0, which implies that k,Ax = /2 . (20.20)

This is the 4Ax wave, for which

sin (k,Ax) =1, (20.21)

and so from (20.19) we find that

284



Revised Monday 8" December, 2025 at 23:38
kiAx = cosh™1(8)>0. (20.22)

The inequality follows because we have assumed that 6 > 1. We can now write (20.9)) as

Aj =Ry eIt Re |0 eriAx) (20.23)

Since k; > 0, the signal dies out downstream, as shown schematically in Fig. This is
unrealistic but will not make the model crash.

Figure 20.5: Sketch of a damped oscillation.

20.3.2 A space-uncentered scheme
Suppose that we use an uncentered scheme instead of the centered scheme (20.§), e.g.,
daj

e

(A -A) =0, (20.24)

with ¢ > 0. This scheme has no computational mode in space, because it involves only two
grid points. We will show that the uncentered scheme damps the solution regardless of the
values of o, Ax, and u. using

Aj = Ae 101 kAT (20.25)
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we obtain the dispersion equation

_ig+ (1 _ e*”‘AX> —0. (20.26)

First, assume that k is real. Setting the real and imaginary parts of (20.26)) to zero gives

cos (kAx) =1,and — 6 +sin (kAx) =0. (20.27)

Note that cos (kAx) = 1 implies that kAx = 0. This constant-with-x solution is not interest-
ing. We conclude that k must be complex when A varies with x. We therefore use (20.17)

in (20.26]) to obtain

_ig+ (1 _ e—fkrAxekaX> —0. (20.28)

Setting the real part to zero gives

1 —éfi%% cos (k,Ax) =0, (20.29)

and setting the imaginary part to zero gives

6 + €4 sin (k,Ax) =0 . (20.30)

These two equations can be solved for the two unknowns &, and ;. From (20.29) we see
that

MY = sec (k,Ax) > 1. (20.31)

Using this in (20.30)), we obtain
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krAx = —tan"1(0) . (20.32)

Then (20.31) gives

ehi4* = sec [tan~ ! (0)] > 1. (20.33)

From (20.33)), we conclude that k; > 0. Substituting back into (20.25]), we obtain

Aj=A e iR |¢iliaron] (20.34)

This shows that the signal weakens as j — oo.

20.4 Advection at outflow boundaries

20.4.1 Nitta’s 8 methods

Suppose that we are carrying out our numerical solution of the one-dimensional advection
equation over the region between j = 1 and j = J, as shown in Fig. using centered
space-differencing with a continuous time derivative, i.e.,

dA; A1 —Ai_
dt’ +u ( ]+12Ax / 1) =0. (20.35)
“ | } } ° o o . ! f \‘
j=0 1 2 3 J2 U1

Figure 20.6: A finite domain with boundaries on both sides.

We assume “without loss of generality” that u > 0, so that the inflow boundary is on the left
in the figure, and the outflow boundary is on the right. We need inflow boundary conditions
for both the continuous and finite-difference advection equations. With the finite-difference
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scheme, the inflow boundary condition essentially determines Ay as a function of time. At
Jj =1 we can write, using centered space differencing,

dA,  (Ay—Ag
AL (220 o, 20.36
dt +”( 2Ax ) (20.36)

We also need a “computational boundary condition” at the fictitious outflow boundary. At
Jj =J —1 our scheme gives

dAj—1 Aj—Aj2
—— | =0 20.37
a ( 2Ax ) ’ (20.37)
and at j = J we have
dAy Ajr1—As
=0. 20.38
a ( 2Ax ) (20.38)

Eq. (20.38) shows that in order to predict A, we need to know Ay, which is not avail-
able because it lies outside our domain. We need to give a condition that can be used to
determine Ay as a function of time. Ideally, this outflow boundary condition should not
affect the solution in the interior. Its only purpose is to limit the size of the domain. If
the computational outflow boundary condition is not chosen well, there is a possibility of
exciting a strong computational mode. Tsuyoshi |Nittal (1964) considered eight methods for
dealing with the outflow boundary condition. They are listed in Table 20.1}

Nitta (1964) integrated the advection equation with each of the eight methods, using
leapfrog time differencing. His paper deals mainly with space differencing, but as discussed
later his conclusions are influenced by his choice of leapfrog time differencing.

With Nitta’s Method 1, Ay is constant in time. This is obviously a bad assumption, and
it leads to bad results.

With Method 2, A} = A’_,, i.e., the first derivative of A vanishes at the wall. Method 3
1s similar, but in terms of the time derivatives.

With Method 4, A’} = A”]_,, so it looks similar to Method 2. Method 4 is just asking for
trouble, though, because A7 = A”}_, is characteristic of the 2Ax mode.
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Name of scheme Form of scheme
Method 1 Ay = constant in time
Method 2 A=A},
Method 3 dA;/dt = dA;_ /0t
Method 4 Al =A7 ,
Method 5 A =2A7 | —A,
Method 6 dA;/dt =0 (2Aj_1 —Aj_) /0t
Method 7 0A;/dt = —u (A% —AY_|) /Ax
Method 8 0A;/0t = —u (3A% —4A" | +A" ,) [2Ax

Table 20.1: A summary of the computational boundary conditions studied by Nitta (1964).

Method 5, on the other hand, sets A7 = 2A7_, —A’}_,. This is a linear extrapolation
from the two interior points to A7. It is equivalent to setting the second derivative to zero at
J—1.

Method 6 is similar to Method 35, but uses a linear extrapolation of the time derivative.

Method 7 predicts A ; by means of

— —— | =0 20.39
dt T < Ax ’ ( )

which uses uncentered differencing in space. It works well.

Method 8 is similar to Method 7, but has higher-order accuracy.

20.4.2 An analysis of Nitta’s methods

We now perform an analysis to understand Nitta’s results. We assume that the domain
extends far upstream towards decreasing j. We can use the results of our earlier analy-
sis. In general, the solution can be expressed as a linear combination of the physical and

computational modes. Recall that the physical mode is given by A; ~ e[ik' (j Ax*ﬁtﬂ and

the computational mode is given by A; ~ (—1) e[fik' (j AHH[” . Since the computational
mode propagates “upstream,” the outflow boundary for the physical mode is effectively

the inflow boundary for the computational mode. We examine the solution at the outflow
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T=100

Method

Method

Method

Method

Method

Figure 20.7: A summary of Nitta’s numerical results, with various computational boundary condi-
tions. Here leapfrog time differencing was used.

boundary in order to determine the “initial” amplitude of the computational mode that is
potentially excited there. Obviously we want that amplitude to be as small as possible.

Referring to (20.13) and (20.16), we can write

Aj —ARe {exp [ik (ij— %tﬂ +r(=1) exp [—ik (ij—i— %t)] } , (20.40)
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where k (now without a subscript) is the wave number of the physical mode and r is the
“virtual reflection rate” at the boundary for the computational mode, so that |r| is the ratio
of the amplitude of the computational mode to that of the physical mode. We would like to
make r = 0.

In Method 1, Ay is kept constant. Assume Ay = 0, for simplicity, and let J be even
(“without loss of generality”), so that (—1)” = 1. We then can write, from (20.40),

ARe {exp [ik (jax—Tt)] +rexp ik (jax+ )]}

Ay .

— Aexp (ik jAx) + rexp (—ik jAx)] exp (—iot) (20.41)
=0.
Since e~/°" # 0, we conclude that
— kijA
pm —SRUAY —exp (2ikjAx) (20.42)

~ exp(—ikjAx)

which implies that |r| = 1. This means that the incident wave is totally reflected. The
computational mode’s amplitude is equal to that of the physical mode - a very unsatisfactory
situation, as can be seen from Fig.

With Method 2, and still assuming that J is even, we put u; = uy_1. This leads to

exp (tkJAx) + rexp (—ikJAx) = explik (J — 1) Ax] —rexp[—ik (J—1)Ax] ,  (20.43)

which implies that

7| = tan (kAx/2) . (20.44)

For L = 4Ax, we get |r| = 1. Recall that L < 4Ax need not be considered. For large L, we
get |r| — 0, i.e., long waves are reflected only weakly. In Fig. 20.7 the incident mode is
relatively long.
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With Method 5, it turns out that |r| = tan® (kAx/2). Fig. is a graph of |r| versus
kAx for Methods 2 and 5. Because k is the wave number of the physical mode, the plot
shows only the region 0 < kAx < /2. Higher-order extrapolations give even better results
for the lower wave numbers, but there is little motivation for doing this.

In actual computations there will also be an inflow boundary, and this will then act as
an outflow boundary for the computational mode, which has propagated back upstream.
A secondary mode will then be reflected from the inflow boundary and will propagate
downstream, and so on. There exists the possibility of multiple reflections back and forth
between the boundaries. Can this process amplify in time, as in a laser? It can if there is a
source of energy for the computational mode, and such a source exists if the computational
mode is damped.

irl
1.0

T

L l=0 L=1/1=2

2015 10 8 6 a
Wave length in grid unit

Figure 20.8: A graph of |r| versus kAx for Methods 2 (labeled I = 0) and 5 (labeled I = 1). The curve
labeled I =2 corresponds to a scheme that is more accurate than any of Nitta’s schemes. From
Matsuno| (1966).

With Methods 2 - 8, the computational mode is damped. Recall from Chapter [] that
any damping process is unstable with the leapfrog scheme. This explains why |Platzman
(1954) concluded in an analysis based on the leapfrog scheme that Method 1 is necessary
for stability. But we don’t have to (and should not) use the leapfrog scheme.

If we use Method 1 with the leapfrog scheme, the domain is quickly filled with small
scale noise, but the noise remains stable. If we use Methods 5 or 7 with the leapfrog scheme,
the domain will be littered with noise after a considerable length of time (depending on the
width of the domain and u), but once the noise becomes noticeable, it will amplify and the
model will blow up. This problem can be avoided by avoiding the leapfrog scheme.
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With Method 1, all of the energy stays in the domain. With Methods 5 and 7 some of
the energy is lost due to incomplete reflection at the outflow boundary. This energy loss
paradoxically causes the leapfrog scheme to blow up. The situation is analogous to using
the leapfrog scheme with a damping term, which was discussed in Chapter[6] The bottom
line? Don’t use the leapfrog scheme.

A more complete model with a larger domain would in fact permit energy to pass out
through the artificial boundaries of the smaller domain considered here. Schemes that
permit such loss, such as Methods 5 and 7, are therefore more realistic, if used with a
suitable(i.e., non-leapfrog) time-differencing scheme.

20.4.3 Energy fluxes at outflow boundaries

The discussion above suggests that Nitta’s schemes can also be analyzed in terms of the
energy flux in the neighborhood of the outflow boundary. Multiplying the continuous one-
dimensional advection equation by 2A, we obtain

0A> 9, ,
thgc(A)_O. (20.45)

This shows that A% is advected. Defining A% as the “energy,” we see that uA? is the en-
ergy flux and d (uA?) /dx is the energy flux divergence. Now suppose that the advection
equation is approximated by the differential difference equation:

dAj Aj—i—l _Aj—l
_0. 20.46
d +”< 2Ax (20.46)

Multiplying (20.46) by 24 ;, we obtain

d UA ;A ; 1—MA'A'_1
Z A2 ST ) — ., 20.47
ar’i T ( Ax ( )

Comparing (20.47) with (20.45)), we see that uA jAj+1 and uAjA;_ are the energy fluxes
from grid point j to grid point j + 1, and from grid point j — 1 to grid point j, respectively.
Applying to the grid point j+ 1 (by adding one to each subscript) gives

d uA '+1A i+2 — uA ;A i+1
Z A2 S ket =0. 20.48
a1 ( Ax (20.48)
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Inspection shows that the energy flux between j and j+ 1 is given by uAjA;; . In the
differential case, the sign of the energy flux is the same as the sign of u. This is not
necessarily true for the differential-difference equation, however, because A;A;; is not
necessarily positive. When A A, is negative, as when A oscillates from one grid point
to the next, the direction of energy flow is opposite to the direction of u. This implies
a negative group velocity u;‘, for % < kAx < m, meaning that for short waves, for which
AjAj_1 <0, energy flows in the —x direction, i.e., “backward.” This is consistent with our
earlier analysis of the group velocity.

When we put an artificial boundary at j = J, and if we let A; = 0 as in Nitta’s Method
1, the energy flux from the point J — 1 to the point J is zero. This is possible only when a
computational mode, which transfers energy in the upstream direction, is superposed. This
is a tip-off that Nitta’s Method 1 is bad, but that is obvious anyway.

For Nitta’s Method 2, Ay = A;_1. This gives

UAJA; 1 = uA3 =uAj | >0. (20.49)

Since energy can leave the domain, there is less reflection. Of course, using the present
approach, the actual energy flux cannot be determined, because we do not know the value
of A J-

For Nitta’s Method 4, A; = Aj_». Then for short waves

UAJAj_ 1 =uAj_1A;_» < 0. (20.50)

Short-wave energy moves back upstream, and the computational mode is strongly excited.

For Nitta’s Method 5,

Ay =2A5_1—As s, (20.51)

SO

uAJjAj_1 = uAj_1(2A;-1 —Aj-2)

(20.52)
=u(2A7_1 —Aj_1A122) .
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As discussed above, for very short waves,

Aj_1A;2 <0, (20.53)

so that the flux given by (20.52)) is positive, as it should be. For very long waves,

Aj1Aj 2 =A1A-1, (20.54)
so the flux is approximately
UAJA; 1 =2 uA3 | > 0. (20.55)
For Nitta’s Method 7,
dA] Ay —A],I
= 7 ) =0 20.56
a ( Ax ) ’ ( )
so we find that
dA3 A2 —AjA;-
— 4+2u| — ) =0. 20.57
dt e ( Ax ( )

The energy flux “into J” is AjA;_1, while that “out of J” is A% > 0. Applying (20.47) to
J — 1, we find that

d o, AjAj-1—Aj-2A)-1
E(A,_1)+u< = ):o. (20.58)

Comparison of (20.57) and (20.58) shows that the energy flux out of J — 1 is the same as
the flux into J, which means that energy is conserved. This is good.
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20.5 Nested grids

If we use a nested grid in which the grid spacing changes discontinuously at the boundary
between a coarse grid and a fine grid, we will encounter a problem similar to the one met
at the boundaries; a reflection occurs because the fine portion of the grid permits modes
that are too short to be represented on the coarse portion of the grid. The problem can be
minimized by various techniques, but it cannot be eliminated.

d, 2

Figure 20.9: Schematic showing a change in the grid size at j = 0.

In this section, we consider the simple case in which the grid spacing changes discon-
tinuously at j = 0, from d to da, as shown in Fig. 20.9] The grid spacing is assumed to
be uniform elsewhere. This example corresponds to what are called “nested” grids. The
figure shows d> > d, but we will also consider the opposite case. We analyze the solution
of the one-dimensional advection equation with a positive and spatially constant advecting
current u. We use the following differential-difference equations:

dA; Ajp1—Aj :
=0 f 0 20.5
i —Ht( 2 or j <0, ( 9)
dAgp Ag—A_ A1 —Ay .
— _— =0 f =0 20.60
dt +u[a( d; )+B( ) )] o ’ ( :
dA Ajr1—Aj .
=0f 0. 20.61
T —|—u( 2 or j > ( )

In (20.60), o and B are weights, and we assume that

a+B=1. (20.62)
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If we choose dj = d; and oo = B = 1/2, then the scheme used at j = 0 reduces to the scheme
used at all of the other grid points. The method used in (20.60) is not completely general,
but it allows us to consider various choices for the weights o and f3.

As a shorthand notation, define

k]d] = k]d] , and k2d2 = kzdz, (20.63)

where k; is the known wave number of the incoming signal, moving in from the left, and
ky is the wave number for j > 0. Since the incident wave must have u, > 0 (this is what is
meant by “incident”), we see from Fig. [20.3] that

0<kd <m/2, (20.64)

1.e., the wavelength of the incident wave has to be at least as long as 4d.

Referring back to (20.40), we see that the solution for j < 0 is given by:

Ay = cl(ikidi—ot) _|_r(_1)je—i(jk1d1+ot) 7 (20.65)

where the frequency satisfies

ink,d
o= usmdl L (20.66)
1

In writing (20.65)), we have assumed for simplicity that the incident wave has unit ampli-
tude, and we define r as the amplitude of the reflected wave (relative to unity).

Similarly, the solution for j > 0 is

Ay = Re'likada—01) (20.67)

where R is the amplitude of the transmitted wave and the frequency must satisfy
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inkrd
o =% (20.68)
dr

Note that the frequency has to be the same throughout the domain. This allows us to
eliminate o between (20.66) and (20.68), giving

sink1d1 i Siﬂkzdz
d  d |

(20.69)

which relates k»d, to kid;, or kp to kj.

At j = 0, the solutions given by (20.63]) and (20.67)) have to agree. This implies that

1+r=R]. (20.70)

20.5.1 What does the downstream signal look like?
To determine the form of the solution for j > 0, we have to consider several cases:
1. dz/dl > 1.

Suppose that advecting current carries the signal from a finer grid onto a coarser grid.
This can be expected to cause problems. Define

Sil’lkzdz = (dz/dl) sink1d1 =a, (2071)

so that coskydr = £=v/1 — a?. From Euler’s formula, this implies that

ekt — g4 \/1—a? . (20.72)

Since we can choose d, dp, and k| any way we want, it is possible to make |a/| either
greater than one or less than one. We consider these two possibilities separately.
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a>1

In this case kpd; has to be complex. From (20.72)), we find that

ek — (a:l: Va?— 1)
—¢'7 (aj: Va2 — l) )

(20.73)

Using (20.73)), the solution for j > 0 can be written as

(ai Va2 ) (5i=91) for j >0 (20.74)

Note the exponent, j, on the expression in parentheses. Since a > 1 by assump-
tion, it is clear that a+va*—1>1and a — va?> — 1 < 1. To ensure that A;
remains bounded as j — oo, we have to choose the minus sign. Then (20.74)
reduces to

A :R<a— 2 1)’e"(%f—"’) forj > 0. (20.75)

Eq. describes a damped oscillation, as shown in Fig. 20.5] The wave-
length of the transmitted is 4d,, regardless of the wavelength of the incident
mode. The amplitude of the transmitted mode decreases as j increases. This is
similar to our earlier result for what happens at an inflow boundary when the
downstream grid is too coarse to be consistent with the imposed frequency and
wind speed.

a<l.

In this case k»>d» is real, and

lkadso| < 7/2 (20.76)

which means that the transmitted wave has a wavelength longer than four times
the grid spacing. The solution is
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Aj =R k=01 (20.77)

Since we are currently considering the case d»/d; > 1, (20.69) implies that
kody > kid;. We also have from (20.69) that

ky  sinc(kid)

=—" 20.78
k1 sinc (kzdz) ( )

Recall that sinc (x) is a decreasing function of x for 0 < x < /2. We conclude,
then, that kp /k; > 1. This means that the wavelength of the transmitted wave
is shorter than that of the incident wave, even though the transmitted wave is
being advected on a coarser grid.

2. dz/dl <1.

Next, suppose that the advecting current blows from a coarser grid to a finer grid,
which is a relatively benign situation. In this case, kpd; is always real. The analysis
is similar to (1b) above. It turns out that the wavelength of the transmitted wave is
longer than that of the incident wave. Using the fact that kxd, < sin~! (d, /d1), it can
be shown that the minimum wavelength of the transmitted wave, which occurs for
k1d1 =T / 2,18

27Td2

Lgn=——7—"—.
" sin (dy/dy)

(20.79)

As an example, for d» /d) = 1/2, the minimum wavelength is 12d,.

20.5.2 Reflection and transmission

Recall that the amplitudes of the transmitted and reflected signals are denoted by R and r,

respectively. We can use (20.65)) and (20.67) to substitute for A_j, Ag, and A; in (20.60).
The result is

_icR+c1 < {1 _eikidi g, (1 i eik‘dlﬂ LB (eikzdz _ 1) —0. (20.80)
d] d2

Next, use (20.70) to eliminate r in (20.80)), and solve for R:
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Zudﬂ COSk]dl
R= L . . (20.81)
—iC+u [d% (1+ekdr) 4 5—2 (etkad2 — 1)}
Now use to eliminate 6. Also use (20.62)) and (20.69). The result is
2coskid
Rl (20.82)

R:
1 +coskidy —y(1 —coskyds) ’

where we have defined

Y= <§) (Z—;) : (20.83)

Substituting (20.82)) back into (20.70) gives the reflection coefficient as

1— —y(-
i [ coskydy —y( COSkZdZ)} ‘ (20.84)

1 +coskid; —y(1 —coskyds)

Eq.s (20.82) and (20.84)) are basic results. Ideally, we want to have R = 1 and r = 0.

As a check, suppose that d; = d> and oo = f = 1/2. Then j = 0 is “just another point,”
and so there should not be any computational reflection, and the transmitted wave should
be identical to the incident wave. From (20.69), we see that for this case k, = k; and
kid; = kpd,. Then (20.82)) and (20.84) give R = 1, r = 0, i.e., complete transmission and
no reflection, as expected. So it works.

20.5.3 Choosing the weights at a seam

For oc — 0 with finite d; /dy, we get Y — oo, R — 0, and |r| — 1, unless coskyd, = 1, which
is the case of an infinitely long wave, i.e., kpdy = 0. This is like Nitta’s Method 1.

For B — 0 with finite d; /d>, ¥ — oo, so that

2COSk1d1 2 kldl
o SOOIy g2 (B
1+ coskidy a ( A

1— COSk1d1 2 k1d1
—— | ——— ) = —tan? [ = ).
' <1+cosk1d1) a ( 2 >
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This is like Nitta’s Method 5.

If both k1d; — 0 and kpdy — 0, we get R — 1 and r — 0, regardless of the value of 7y.
When k1d; and kyd, are small but not zero, we get

coskid) = 1 —kid? /2, coskadr = 1 —kod3 /2, and kods = (dr /d; ) ki d. (20.86)

Then we find that

I

2( —k'd%> 2 2 2
R ~ (M) (B0 25
5 hdi  ed ( 2 )( PR

- +r
bd? 2 (20.87)
4 4
V. kd? )
=l-— [1 —Y(d2/dv) } :
The choice
y=(di/d»)? (20.88)

gives R = 1+ O (kod3). Referring back to (20.69), we see that this choice of y corresponds
to

b_d
a

=—. 20.89
& ( )

This gives R close to one and |r| close to zero. It can be shown that (20.89) is the re-
quirement for second-order accuracy at the “seam” that connects the two grids. Since the
given equations have second-order accuracy elsewhere, essentially expresses the
requirement that the order of accuracy be the same everywhere on the grid.
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20.6 Boundary conditions for waves

What happens when a wave encounters a real wall? Consider an incident wave traveling to-
ward the right with a certain wave number kq, such that 0 < kod < 7. For & > 0, e'k0dj=i0!
represents such a wave. An additional wave, with p = —kyd, can be produced by reflection
at a boundary. We assume that the amplitude of the incident wave with wavenumber k is
1, and let r denote the amplitude of the reflected wave. In other words, we take A = 1 and

B = r. Then (19.39) and (19.41) can be written as

Uy 1= [eikod(ﬂ%) +re_ik°d(j+%)] e o (20.90)

P (ot — pehods) it (20.91)
8

Suppose thatat j =J + % we have a real, physical wall, as shown in Fig. m Since there is
no flow through the wall, we know that u 1= 0, for all time. This is a physical boundary

condition. Then (20.90) reduces to

0 = ¢*0d (1) 4 ppikod(I+5) (20.92)

which implies that

r|=1. (20.93)

This means that the reflected wave has the same amplitude as the incident wave. The
reflection is “complete.”

Recall from (19.22) that shallow-water gravity waves in one dimension (and without
rotation) are governed by

’u  ,9%u

303



Revised Monday 8" December, 2025 at 23:38

where c is the phase speed. Eq. actually applies to a wide variety of waves, includ-
ing but not restricted to gravity waves in shallow water. In Chapter we will apply it to
the study of sound waves. For any type of wave, c is the phase speed; the expression for ¢
will of course depend on the wave type.

We now demonstrate this second-order wave equation is equivalent to a pair of first-
order equations, each of which describes the flow of information in just one direction.

First, note that the solutions of (20.94) are constant along characteristics. The char-
acteristics can, and generally do, intersect boundaries. As with the advection equation,
f(x—ct) is a solution of the wave equation (19.22)), but g (x+ct) is a second solution.
Note that we are not assuming a single Fourier mode; the functions f and g can include
many Fourier components. The general solution of is given by a super-position of
the left- and right-propagating solutions:

u(x,t)=f(x—ut)+gx+ct) . (20.95)

The forms of f (x —ut) and g(x+ ct) are completely determined by the initial condi-
tions, which can be written as

u(x, 0) = f(x), (20.96)
M 0y = 20.97
5 @ 0)=g@). (20.97)

For the case of the shallow-water waves, g (x) contains information about %(x,0), so to-
gether these two initial conditions contain information about both the initial mass field and
the initial wind field.

Substituting (20.93)) into (20.96)), we find that

[ 0)+g(x, 0)=f(x),

20.98
—ef (x, 0)+cg (x, 0) = g (x) - (20.98)

Here a prime denotes differentiation. Differentiating the first of (20.98]), and then using the
second, we can solve for f/ (x, 0) and g’ (x, 0):
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£ 0= [Fw-£),

Z{Ff 2] o

| =

g (x,0)=
These can be integrated to obtain f(x) and g(x):

7 0)=3 | r0 -+ [e(@)ag| +ai
- : (20.100)

g (x, 0)=% f(x)+%/g(§)de§ +Cy.

Here & is a dummy variable of integration, and C; and C, are constants of integration.
Finally, we obtain u (x,¢) by replacing (x, 0) by x — ¢t and x + ct, respectively, in the ex-
pressions for f (x, 0) and g (x, 0) in (20.100)), and then substituting back into (20.93). This
gives

X+ct
u(x,t):% f(x—ut)+f(x+ct)+%/g(§)d§ . (20.101)

x—ct

Here we have set C; +C, = 0 in order to satisfy u(x,0) = f (x). As mentioned above, g (x)
contains information about /(x,0). Obviously, that information is needed to predict u (x,1),
and it is in fact used on the right-hand side of (20.10T]).

Once u (x,t) is known from (20.10T])), we can obtain dh/dx from the momentum equa-
tion, (19.20). The constant “background” value of & cannot be determined without addi-
tional information.

In order to make connections between the wave equation, (20.94)), and the advection
equation that we have already analyzed, we define

_ du

p= (20.102)

and
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q= —c% . (20.103)

Substitution of (20.102)) into the wave equation (20.94)) gives

dp  dq
Frest=o, (20.104)

and differentiation of (20.103) with respect to ¢, with the use of (20.102)), gives

dg dp
e = 0. (20.105)

If we alternately add (20.104) to (20.103)), and subtract (20.103)) from (20.104)), we obtain

dP  JP

4 =0 20.106
o Cox T (20.106)
and
20 20
X _ X220 20.107
o “ox ( )
respectively, where
P=p+gq, (20.108)
where
O0=p—q. (20.109)

Now we have a system of two first-order equations, namely (20.106) and (20.107), each
of which “looks like” an advection equation with an advecting current of magnitude |c|.
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Note, however, that the “advections” are in opposite directions! Assuming that ¢ > 0, P
is “advected” towards increasing x, while Q is “advected” towards decreasing x. From
(20.106)) and (20.107), it is clear that P is constant along the line x — ¢t = constant, and Q is
constant along the line x + ¢t = constant. Egs. (20.106)) and (20.107) are called the normal

forms of (20.104) and (20.105).

To apply these ideas to the shallow water equations, set p = u and g = \/g/H h. With
these substitutions, Eqs. (20.104) and (20.1035) reduce to the shallow water equations
(19.20) and (19.20), which are repeated here for your convenience:

u oh

8_t+g8_x_o’ (20.110)
and

oh du

E%—Ha—o. (20.111)

Note the similarity of (20.110) - (20.111) to (20.104) and (20.105). We can make the
similarity more complete by rewriting (20.110) - (20.111]) as

u 0

= gHa <\/g/H h) =0, (20.112)
and

0 u

E(Mg/Hh)—l—\/gHa:O. (20.113)

Setting P=u++/g/H hand Q = u— /g/H h, we find that the normal forms of the one-
dimensional shallow water equations without rotation are

d d
(E* gHa) (u+/e/H ) =0, (20.114)

and
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d d
(E—\/_gHa) (u— /el n) =0. (20.115)

Inspection of (20.114)) shows that u+ +/g/H h is carried towards positive x, and inspection
of (20.115) shows that u — /g/H h is carried towards negative x. Therefore, we must not
specify u+ /g/H h on a “right” wall, and we must not specify u — /g/H h on a “left”

wall. To prevent waves from propagating into the domain, the best option is to specify
u++/g/H h =0 on the left wall, and u — \/g/H h = 0 on the right wall. Then, if % is given
on the wall, we can solve for u, or vice versa.

20.7 The effects of a mean flow

We now generalize our system of equations to include advection by a mean flow U, in the
following manner:

J J oh
(E +U£) w5 =0, (20.116)
J J
(E +U$> A=0, (20.117)
J d Jdu

We have also added a tracer, A. The normal forms of these equations are

d d
[E—f—(U—h/gH) E] (u+ g/Hh) =0, (20.119)
d d
(a_t n U_ax> A=0. (20.120)
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d d
o+ (U—\/gH) - (u— o /H h) —0. (20.121)
X

We assume that \/gH > |U|, which is often true in the atmosphere. For (20.119) and
(20.121), the lines x — (U ++/gH)t = constant and x — (U — \/gH )t = constant are the
characteristics, and are shown as the solid lines in Fig. [20.10} Everything is similar to the
case without advection, except that now the slopes of the two characteristics differ not only
in sign but also in magnitude, because one wave is propagating with the wind and the other
is propagating against the wind.

We also have an additional equation, namely (20.120). This is an advection equation,
and so A is a constant along the lines x — Ut = constant, which are shown schematically by
the broken lines in Fig. [20.10} We should specify A only on the inflow boundary.

x-(U+c)t=constant

x-(U-c)t=constant

x-Ut=constant

Figure 20.10: Characteristics for the case of shallow water wave propagation with an advecting
current U.

20.8 Summary

20.9 Problems

1. Program the discontinuous-grid model given discussed in the text, i.e.,
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dA; Ajri—Aj
dt +”( 2d,

dAg Ag—A_, Al —Ag -
o +u{o¢( a >+ﬁ( & )] , a-+p , for j ,

)zO, for j <0,

dA; Aji1—Aj :
=0, fi 0
I +u( 2 , for j >0,
(20.122)
where
—od+Bdry=0and x+B=1. (20.123)

Replace the time derivatives by leapfrog time differencing. Consider the case d; =
2d,. Let u = 1/2 on the finer of the two grids. Use a periodic domain whose width
is 100 times the larger of the two grid spacings. The periodicity means that there
will be two discontinuities. Use a “square bump” initial condition that is ten points
wide on the finer grid. Run the model long enough for the signal to circle the domain
twice. Discuss the evolution of the results.
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Chapter 21

The sound of silence

21.1 How sound waves work

The simplest set of linearized equations that can support sound waves is this:

A
0l — vy .
P s Q21.1)
/
aa_f’ — 5V.V, 21.2)
0 =0. (21.3)

These equations describe linear, elastic, isentropic wave motions in a basic state in which

the potential temperature and density are the same everywhere. From (21.3)) and the equa-
tion of state, we can show that

21.4
T (21.4)

where
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y=L14, (21.5)

Using (21.4) in (21.2), we can rewrite the continuity equation in terms of the pressure
perturbation:

/
‘98—’; — _YpV-V. (21.6)

We can now combine (21.1)) and (21.6)) to obtain a wave equation:

2.0
O — KT V. (21.7)

We recognize YRT as the square of the phase speed, ¢, and conclude that the speed of sound
is given by

lc| = \/yRT . (21.8)

For y=1.4,R=287Jkg~' K~!, and T = 280 K, we find that |c¢| = 334 m s, which is
much faster than typical wind speeds, and also much faster than the phase speeds of other
waves.

If a model includes vertically propagating sound waves then, with explicit time differ-
encing, the largest time step that is compatible with linear computational stability can be
quite small. For example, with a vertical grid spacing on the order of 300 m, the allowed
time step will be on the order of one second. This may be acceptable if the horizontal grid
spacing is comparably small. On the other hand, with a horizontal grid spacing of 30 km
and a vertical grid spacing of 300 m, vertically propagating sound waves will limit the time
step to about one percent of the value that would be compatible with the horizontal grid
spacing. That’s hard to take.

21.2 Coping with acoustic waves

There are four ways to reduce or eliminate the time-step constraints associated with sound
waves. Two of them involve modifying the continuous equations to eliminate or “filter”
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sound wave solutions. The other two methods involve numerical approximations in the
discrete equations.

Nonhydrostatic system sof equations that filter sound waves are generically referred
to as “anelastic” systems, although one particular version is called “the anelastic system.”
Anelastic models of various types are very widely used, especially for high-resolution mod-
eling. There are several types of anelastic systems, developed over a period of fifty years or
so (e.g.,|Ogura and Phillips, |1962; Lipps and Hemler, |1982; Durran, 1989; Bannon, |1996;
Arakawa and Konor, 2009). Some of the systems filter both vertically and horizontally
propagating sound waves, while other “partially” anelastic systems filter only the vertically
propagating sound waves without affecting the horizontally propagating sound waves. Fil-
tering sound waves introduces errors and can also interfere with conservation properties.
Fortunately, the newest anelastic systems are both accurate and conservative.

A second approach is to adopt the quasi-static system of equations, in which the equa-
tion of vertical motion is replaced by the hydrostatic equation. The quasi-static system
filters vertically propagating sound waves, while permitting Lamb waves, which are sound
waves that propagate only in the horizontal. The quasi-static approximation has been
widely used in global models for both weather prediction and climate, but its errors be-
come unacceptably large for some small-scale weather systems, so its use is limited to
models with horizontal grid spacings on the order of about 10 km or larger, depending on
the particular application.

The third approach is to use implicit or partially implicit time differencing, which can
permit a long time step even when vertically propagating sound waves occur. There is a
family of schemes called “HEVI”, which stands for “horizontally explicit, vertically im-
plicit.”

The fourth approach is to “sub-cycle” Klemp and Wilhelmson| (1978)). This means that
small time steps are used to integrate the terms of the equations that govern sound waves,
i.e., the terms that gppear in Eqs. (21.1)) - (21.3), while longer time steps are used for the
remaining terms. This is also called “time-splitting.”

21.3 Acoustic filters

21.3.1 The anelastic and Boussinesq systems

In order to obtain the wave equation, (21.7) from the two first-order equations (21.1)) and
(21.2]), the time-derivative terms of (21.1)) and (21.2) are essential. If either one of the
time-derivative terms is neglected, the sound waves are eliminated.

The anelastic system neglects the time derivative term in the continuity equation, so

that (21.2) reduces to
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V-V =0, (21.9)

which says that the wind is nondivergent. Combining (21.9) with (21.1]), we find that

Vip' =0. (21.10)

This means that in order to ensure that the wind field remains nondivergent, as required
by (21.9), the Laplacian of the pressure field must vanish. It should be clear that the use
of (21.9) prevents the derivation of a wave equation; i.e., it filters sound waves. Versions
of the anelastic system were derived by (Ogura and Phillips| (1962) and |Lipps and Hemler
(1982).

Up to now we have used a highly simplified linearized system. Now consider the more
complete versions of the momentum and continuity equations, given by

d
5 (pV) = —Vp+other terms , (21.11)

and

aip

LoV (21.12)

In the full anelastic system, (21.11)) and (21.12) are replaced by

d
3 (poV) = —Vp + other terms , (21.13)

and

0=V-(poV), (21.14)
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where pg is a “reference state” density that depends only on height. The use of such a
reference state introduces errors and is one of the weaknesses of the anelastic system.

Taking the divergence of (21.13)), and using (21.14)) we find that

V2p = V- (other terms) . (21.15)

The physical interpretation is that the pressure field takes whatever shape is needed to
ensure that the three-dimensional mass flux remains non-divergent over time. The unknown
in (21.13) is the pressure. It can be solved for the pressure using the methods discussed in

Chapter

The anelastic continity equation can also be written as

0
Ve (pov) + 5 (pow) 0. (21.16)

Here V, acts on a constant-height surface, v is the horizontal wind vector, and w is the
vertical component of the velocity. An anelastic model predicts v, and uses (21.16)) to
determine w.

Bannon| (1995] 1996)) discussed other versions of the anelastic system. Durran| (1989,
2008) and Durran and Arakawal (2007) proposed an improved anelastic system, called the
“pseudo-incompressible system.”

For the case of shallow motion, such as eddies in the boundary layer, (21.14) can be
further simplified to

0=V.V. (21.17)

This is called the Boussinesq approximation (Spiegel and Veronis, 1960). It is essentially a
special case of the anelastic approximation. It is often used in boundary-layer models, and
in oceanography.

21.3.2 The quasi-static system

The quasi-static system drops the time-derivative term in the equation of motion, (21.1)),
but only for the vertical component of the velocity. The time-derivative term is retained for
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the horizontal momentum equation. The result is that vertically propagating sound waves
are eliminated, but horizontally propagating sound waves are retained.

With an appropriate boundary condition, the hydrostatic approximation,

dp/dz=—pg, (21.18)

allows us to compute p (z) from p (z). Even when the air is moving, the hydrostatic approx-
imation gives a good approximation to p (z), simply because Dw/Dt and the other terms
of the equation of vertical motion are almost always very small compared to g. The hy-
drostatic approximation is applicable to virtually all meteorological phenomena, including
even violent thunderstorms.

For large-scale circulations, the approximate pressure determined through the use of
the hydrostatic approximation can be used to compute the pressure gradient force in the
equation of horizontal motion. This is called the quasi-static approximation. It is accu-
rate for large-scale motions, but it distorts small-scale motions, such as thunderstorms and
gravity waves. When the quasi-static approximation is made, the effective kinetic energy is
due to the horizontal wind only; the contribution of the vertical component, w, is neglected.
For large-scale motions, the vertical motion is very weak compared to the horizontal wind
speed, so that this quasi-static kinetic energy is very close to the true kinetic energy. Further
discussion is given by Holton| (1973).

When the equation of vertical motion is replaced by the hydrostatic approximation,
there are two fundamental changes. First, we can no longer use the equation of vertical
motion to determine the vertical velocity. As discussed in a later chapter, the method that
is actually used to obtain the vertical motion depends on the vertical coordinate system
used. This is expected because the actual meaning of the mass flux across iso-surfaces of
the vertical coordinate also depends on the vertical coordinate used. For example, in the
case of pressure coordinates, the vertical motion is @ = Dp/Dt, which can be determined
using the pressure-coordinate version of the continuity equation, with the upper boundary
condition ® = 0 at p = 0. Further discussion is given in Chapter 23]

The Lamb wave is a horizontally propagating sound wave, and it is a solution of the
quasi-static system. Lamb waves are constantly present in the atmosphere, but usually
with small amplitudes. Large-amplitude Lamb waves are sometimes generated by volcanic
explosions, such as the eruption of Hunga Tonga-Hunga Ha’apai (Abbrescia et al., 2022
Dalal et al.l 2023)). Quasi-static models can simulate Lamb waves, but anelastic models
can’t.

The quasi-static system does not give accurate solutions for high frequencies and small
spatial scales, but it is very useful in atmospheric models with horizontal grid spacings
larger than about 20 km.
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21.4 The Unified System

Arakawa and Konor (2009) derived a nonhydrostatic system of equations that filters verti-
cally propagating sound waves, while allowing the Lamb wave. They called it the “Unified
System,” although |Dubos and Voitus|(2014)) call it the “semi-hydrostatic system.” The key
to the Unified System is to replace the density by the “quasi-static density.”

21.4.1 The quasi-static sounding

We can define a quasi-static density and a quasi-static pressure without actually using the
hydrostatic approximation. The use of the quasi-static pressure was also advocated by
Miller (1974) and Laprise (1992a). Here’s how it works:

Suppose that the potential temperature is predicted by a model that uses height as its
vertical coordinate. A convenient form of the hydrostatic system is

JIl g
=2 21.19
0z 6 ( )
where
p K
Il = cp (ﬁ) . (21.20)
Po

Eq. (2I1.19) is the definition of IT,. Eq. (2I.I9) can be used to compute py given a
boundary condition such as the surface value of II. Then py can be computed from

(21.20). We use

= P8 (21.21)

to determine pys. These quasi-static values of I, p, and p do not comprise a reference
state, because they are determined from the predicted value of 6, which can vary in any

way. By combining (21.19), (21.20)), and (21.21)), we find that

Pgs
KI1;0

Py = (21.22)
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As mentioned above, we need the value of (Hqs) 5 which is the surface value of I,
in order to determine Iy (z) by vertical integration of (21.19). Arakawa and Konor (2009)
show how to predict (Iy)¢ by using the vertically integrated mass budget.
21.4.2 The continuity equation for the quasi-static density
In height coordinates, the continuity equation for the Unified System is

9Py J _
55 Ve (pey) + 3 (Pgw) =0 (21.23)

Compare with (21.16). Eq. looks like it would be used to predict pgs, but that’s
not right! As discussed above, py can be computed diagnostically from 6 and I1. If pg
is known at two successive time levels, as it would be in the middle of a simulation, then
its finite-difference time-tendency can also be diagnosed, by subtraction. What, then, is
the unknown in (21.23)? It’s w. In the Unified System, just like the anelastic system, we
vertically integrate the continuity equation to diagnose the vertical velocity. This is the only
approximation of the Unified System. It filters vertically propagating sound waves, but not
horizontally propagating sound waves.

For further discussion of the Unified System see see |Dukowicz (2013)), Konor| (2014)
Dubos and Voitus| (2014), Voitus et al.[|(2019), and |Qaddouri et al.| (2021)).

21.5 Dispersion curves for the various systems of equations

Figure shows the dispersion curves for the various systems of equations discussed
in this chapter. In each case, the equations have been linearized about a resting basic
state in which the temperature is uniform with height. The index » is a nondimensional
vertical wave number, such that » = 1 means one node in the vertical, etc. The Lamb wave
corresponds to n = 0.

The figure shows that all four approximate systems omit the vertically propagating
sound waves. The quasi-static approximation gives unrealistic high-frequency inertia-
gravity waves for large values of k. The anelastic and pseudo-incompressible approxi-
mations omit the Lamb wave, and distort the frequencies of the inertia-gravity waves. The
Unified System retains the Lamb wave, and gives more accurate frequencies for the inertia-
gravity waves.
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Figure 21.1: The absolute frequencies |v| of normal modes on an f plane, as functions of horizontal
wavenumber k, for (a) the fully compressible, (b) anelastic, (c) pseudo-incompressible, (d) unified,
and (e) quasi-hydrostatic systems. The index n is a hondimensional vertical wave number. The

equations have been linearized about an isothermal resting basic state. From |Arakawa and Konor
(2009).
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Chapter 22

Stairways to heaven

To construct a numerical model, we have to make a lot of choices, including these:

* The governing equations: Quasi-static or not? Shallow atmosphere or not? Anelastic
or not?

The vertical coordinate system;

The vertical staggering of the model’s dependent variables;

* The properties of the continuous equations that we want the discrete equations to
mimic.

The first two choices can be discussed in the context of the continuous system. Chapter [21]

discussed the first choice. This chapter deals with second choice. Chapters [23]and [24] deal

with the remaining two choices, which involve the discrete system. As usual, every choice

will have strengths and weaknesses. We must also pay attention to possible interactions
between the vertical differencing and the horizontal and temporal differencing.

22.1 The third dimension is special

Up to now we have ignored the vertical structure of the atmosphere, because it brings
several issues that don’t come up in modeling the horizontal structure:

 Gravitational effects strongly control vertical motions, and gravitational potential en-
ergy is the source of atmospheric kinetic energy.

* The Earth’s atmosphere is very shallow compared to its horizontal extent, so that on
large horizontal scales vertical gradients are much stronger than horizontal gradients,
and horizontal motions are much faster than vertical motions. (On small horizontal
scales vertical and horizontal gradients can be comparable, and the horizontal and
vertical wind components can be comparable in magnitude.) Strong vertical gradi-
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ents can only be simulated accurately with a small vertical grid spacing. The small
vertical grid spacing can require short time steps to maintain computational stability.

* The atmosphere has a complex lower boundary that can strongly influence the cir-
culation through both mechanical blocking and thermal forcing. Surface fluxes of
momentum, energy, and moisture act at the lower boundary. Models have to enforce
appropriate lower boundary conditions.

* The density of the air decreases exponentially upward, gradually giving way to the
vacuum of space. Models have to deal with this by using upper boundary conditions.

For these reasons, it is important to consider the vertical structure of the atmosphere sepa-
rately from the horizontal structure.

22.2 Choosing a vertical coordinate system

The most obvious choice of vertical coordinate system is height. As you probably already
know, the equations of motion are frequently expressed using vertical coordinates other
than height, such as pressure, normalized pressure (usually called o), and potential tem-
perature.

The most basic requirement for a variable to be used as a vertical coordinate is that it
must change monotonically with height. Even this requirement can be relaxed, slightly.
For example, a vertical coordinate can be independent of height over some layer of the
atmosphere, provided that the layer is not too deep.

Factors to be weighed in choosing a vertical coordinate system for a particular applica-
tion include the following:

* the form of the lower boundary conditions (simpler is better);

* the form of the continuity equation (simpler is better);

the form of the horizontal pressure gradient force (simpler is better, and a pure gra-
dient is particularly good);

the form of the hydrostatic equation, which matters even for non-hydrostatic models
(simpler is better);

the method used to compute the vertical motion (simpler is better);
* the intensity of the vertical motion as seen in the coordinate system (weaker is better).
In Chapter 23] each of these factors will be discussed for particular vertical coordinates.

Kasahara (1974) published a detailed discussion of general vertical coordinates for
quasi-static models. A more modern discussion of the same subject is given by Konor
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and Arakawa|(1997). In this chapter, we discuss general vertical coordinates for nonhydro-
static models. Naturally, the quasi-static limit can be recovered as a special case.

22.3 The basic equations in height coordinates

In Chapter [2] we presented the basic equations that govern the atmosphere using the three-
dimensional velocity vector, V, and without using any vertical (or horizontal) coordinate
system. Given the unique character of the vertical coordinate, as discussed in Section
above, it is advantageous (I’'m tempted to say “necessary”) to treat the horizontal and
vertical motion separately. Therefore, in this section, we rewrite the basic equations using
height as the vertical coordinate, while still avoiding a horizontal coordinate system. We
adopt the usual symbol z for height relative to some reference level at or near the Earth’s
surface.

First, we separate the three-dimensional wind vector into a horizontal wind vector, v,
and the vertical velocity, wk:

V=v+wk. (22.1)

With the use of (22.1)), the Lagrangian time derivative can be written as

D 0 0
D _ (E)Z—kvvz—kwa—z. (22.2)

Here the partial derivative with respect to time means the time rate of change at a fixed
point in space, because z is a true spatial coordinate. With a different vertical coordinate,
the partial derivative with respect to time means the time rate of change at a fixed horizontal
location and on a particular isosurface of the vertical coordinate. As mentioned earlier,
the Lagrangian time rate of change operator, D/Dt, has a meaning that is independent of
coordinate system. Height coordinates have been used in Eq. (22.2)), but D/Dt can be
expressed in other coordinate systems too, as will be shown later in this chapter.

With this preparation, the equations of horizontal and vertical motion can be expressed
in z coordinates as

D
p <FZ +2€2 X V+2[2wcosq)e;L) =-V,p—V,-S, (22.3)
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and

Dw _ dp J
) (E 20 cos (pu) =L pg—esfer (V)] (22.4)

where u is the zonal component of the velocity. We will use these forms of the continuity
equation, the thermodynamic equation, and the latent heat equation:

ap d B
(E>Z +V.-(pv)+ a_Z (pw)=0 (22.5)
D) = poatplc—v. . R— 2L (R-e)+ps 226
th Cpl)=pwa—+pLL —V; T oz €)tpo, (22.6)
B(L )=—pLC (22.7)
th qv) = —pPLL . .

22.4 A general vertical coordinate

2241 Upisup

Consider an arbitrary vertical coordinate denoted by 7. We assume that Z is a monotonic
differentiable function of z. We also assume that Z can be differentiated with respect to time
and the horizontal coordinates. The dimensions of Z can be different from those of z. For
example, Z could be pressure or potential temperature. Of course, we include the possibility
that Z = z.

In general, isosurfaces of 7 are not parallel to isosurfaces of z. The direction of K is
perpendicular to isosurfaces of z, and therefore not necessarily perpendicular to the iso-
surfaces of Z. The meaning and direction of k are not affected by the choice of vertical
coordinate system; regardless of the choice of Z, “up is up.” Similarly, the meanings of v
and the horizontal and vertical pressure-gradient forces are independent of the choice of
vertical coordinate system.
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22.4.2 The pseudodensity

We now define the “pseudodensity,” p;, which is given by

p: = pdz/dz. (22.8)

The pseuodensity is the amount of mass (per unit horizontal area) between two Z-surfaces.
Note that

pdz=p:0z, (22.9)
and

1d 1 d

—— == 22.10

p dz Pz 9z ( )

The actual form of the pseudodensity depends on the vertical coordinate system used. For
example, with height coordinates p, = p. If Z is the quasi-static pressure defined in Section

21.4] then we replace p by py, in (22.8)), and write

qus :pqsaz/apqs

(22.11)
=—1/g.

In this case, the pseudodensity is independent of height.

22.5 Transforming to a general vertical coordinate

The first step in transforming (22.3)) - (22.7)) to generalized vertical coordinates is to multi-
ply each of them by dz/d?%, and use (22.8)). The results are:

D 0 0
p: [ 2 120 x v 2Qweosge; | = — 22V, p— 22v..S, (22.12)
Dt 2z dz
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Dw dap d
p: (E—mcoscpu) =T e teler (V-8

8z ap &z 8

D 9z d
pepy, (epT) = p: @0+ p:LC — PF -R—a—z(R-eerzS,

D
pepy, (Lav) = —peLC.
Then, using (A.62), and (A.70), we can rewrite the equations as

s &+29xv+2(2wcos(peg =—1|V: Pa—f —i(PVQZ)
0% 02

Dt
. {vz- (sgz) ;A (S- vzz)} :

Dw _dp d
pz(ﬁ—mcowu)— P pig— T e (V8]

D dz 0
P (c7) = proa-+ il Ve (RGE ) + LR Vis (Ree)] 4 3.
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D
pﬁDl‘ (Lgy) = —p:LC . (22.21)
In @ZT9),
WE—% {(%> +V-V2Z—W:| . (22.22)
z |\ ot s

The product p;w is the rate at which mass is moving upward across the surface z = Z. For
Z =z Eq. (22.22) reduces to w = w. Notice that (22.22) can be rearranged to

Jz .0z
w= (E)2+V-V5z+wa—2 . (22.23)

This says that w is the Lagrangian change of z, expressed in Z coordinates.

22.6 ALE

Eq. (22.22)) is used in is called the “Arbitrary Lagrangian-Eulerian” (ALE) method (Hirt
et al.,|1974). ALE is arbitrar in the sense that any physically useful rule can be used to
determine (dz/dt),. ALE can be used in many ways:

* In the limiting “Lagrangian” case, we specify w = 0, This means that no mass crosses
the hatz surface, which is simply advected by the wind. We use (22.22) in the form

0z
(EL = —v-Viz+w, (22.24)

to predict the height of the advected Z surface.

* We could creatively modify (22.24) so that the advected surfaces don’t intersect the
lower boundary or the model top, and don’t get too close together or too far apart
(e.g., [Toy and Randall, [2009)). Here the motivation would be to let the hatz surfaces
be advected by the wind except when it causes problems.

T A better word (with a worse acronym) would be “flexible.”
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* If =0, then W is @, which is proportional to the parameterized heating rate per unit
mass. Given 6, we use (22.24) to predict z(0).

For practical reasons, we might choose to impose upper and/or lower limits on the height
of the Z surfaces. We might also want to enforce a minimum amount of mass between
neighboring Z surfaces. We can use to determine the value of W required to avoid
violating such rules. This is an application of the first approach. [Toy and Randall (2009)
present another example of the two approaches in combination.

ALE does not define a vertical coordinate system. Instead, it defines a vertical grid,
which can evolve with time. We have already discussed triangular and hexagonal horizon-
tal grids that are not associated with a coordinate system. Further discussion is given in

Chapter 28]

22.7 Boundary conditions on the continuity equation

Let Zg and Z7 be the values of Z at the Earth’s surface and the top of the model, respectively.
We allow the possibility that Z7 is at a finite height above the Earth’s surface. For example,
if Z is height, we might place the top of the model at 80 km above sea level. If  is pressure,
the corresponding isobaric surface would be close to 1 Pa. We also consider the possibility
that both Zg and Z7 vary with horizontal location and time.

Integration of (22.19) through the entire depth of the model, and use of Leibniz’s rule,
gives

dir dZg
/ pzdz—(pz)r — -+ (P2)s —;
A A 22.25
+V. / V) dZ— (PsV) - Vir +(p2v)g- Vis ( )
+(p:W)r — (pe)s =0
The condition that no mass crosses the top of the model can be written as
dir . R

(P2)r o +(p2v) - Vir — (psw)7 =0 (22.26)

If the top of the model is a surface of constant Z, which is usually the case, then (22.26))
reduces to

wr =0. (22.27)
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Similarly, the condition that no mass crosses the Earth’s surface is expressed by

03 A R
(P2)s a—f +(p2v)g- Vis — (p2w)g = 0. (22.28)

With the use of (22.26) and (22.28), Eq. (22.25)) simplifies to

0 2r r
4 / p:di+V- / (p=v) d2 =0, (22.29)
ot Zs Z

S
which expresses conservation of mass for the entire column of air.

22.8 The vertically integrated pressure-gradient force

22.8.1 The coordinate-free case

Let VIPGF be the vertical integral of the pressure-gradient term of (2.16). This integral
represents the effects of the pressure gradient on the whole column of air. The lower limit
of integration is the Earth’s surface, where z = zg, and the upper limit is z = z7, which is
the (possibly infinite) height of a model’s top. We can write

T
VIPGF=- [ " Vpa:
S (22.30)
==V (/ P dZ) —psVzs+prVar .
Z

S

Because of the vertical integration, each term of (22.30) is independent of height. On the
second line of (22.30) we take the integral inside the gradient operator, and allow for the
possible spatial variations of zg and z7.

We now integrate each term of around an arbitrary closed path, which could
be a circle of constant latitude. The first term on the right-hand side of the second line of
(22.30) is a gradient, and therefore does not contribute to the line integral. There are only
two non-zero terms:

fVIPGF-dl = —jl{pSst-dH—j{pTVzT -dl. (22.31)
C C C
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Here C is the closed path, and dl is a (vector) increment of distance along C. Eq.
shows under what conditions the vertically integrated pressure-gradient force and spin up
or spin down a circulation contained within C. The first or “surface” term on the right-hand
side of (22.31)) vanishes if either ps or zs is constant along C. This tells us that the surface
term vanishes in the absence of topography, i.e., if zg is constant along C. We conclude
that in the absence of topography the surface term cannot spin up or spin down a circulation
contained within C.

For z7 — o we have pr — 0, so the second or “top” term on the right-hand side of
(22.31) vanishes. In a model with a finite z7, the top term can potentially spin up or spin
down a circulation contained within C. It is important to prevent such a thing because
the real atmosphere has no top. We see that the top term vanishes if either pr or zr is
constant along C. We should, therefore, choose either 7T = constant or pr = constant.
Hydrostatically, the assumption pr = constant means that the amount of mass above the
model top is the same everywhere and at all times.

Further discussion is given later.

22.8.2 With the general vertical coordinate

From (22.17), we see that the with the general vertical coordinate the vertically integrated
horizontal pressure-gradient force is given by

A

<8

r dp . 3p> R ( 8p) )
= [(ZV —(zV +V —dz|—|z— ) Vir+|z—=— | Vis.
[(Z P)S (Z P)T] (/fs Z32 Z) (Z 97 . ir Z92 S s

VIHPGF = —/ZT i (zVzp) — V: za—lf dz
02 92
(22.32)

In order to obtain agreement with (22.30), the last two terms on the bottom line of (22.32))
must vanish, leaving

r 9
VIHPGF = [(zVp)s— (zVp);]+V ( / Tza—l; dz) . (22.33)
<

This will be the case if 27 and Zs are both constant. As discussed in Chapter 23] Z7 and
Zg are, in fact, both constant for o-coordinates, sigma-pressure coordinates, and the Klemp
vertical coordinate. A vertical coordinate for which Z7 and Zg are not both constant can
lead to a spurious spin-up or spin-down of the circulation enclosed by an arbitrary closed
curve.
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22.9 Energy conservation

22.9.1 The coordinate-free case

Energy conservation is a very important issue in numerical models, especially for long
simulations. Energy conservation also helps to maintain numerical stability. The two types
of energy that we will consider are mechanical energy and thermodynamic energy. The
sum of these is the total energy.

There are two distinct but closely related issues. The first is whether the total energy is
actually conserved by the model. The second is whether the change in mechanical energy
is exactly compensated by the change in thermodynamic energy.

To form the mechanical equation, we take the dot product of V with (2.16), giving

pFIt{:—pV~V¢—V~Vp—V-(V~S), (22.34)

where

(V-V) (22.35)

is the kinetic energy per unit mass. We now assume that the geopotential ¢ depends only
on r, the distance from the Earth’s center, and is independent of latitude and longitude. This
is not precisely true, but it is a good approximation that is used in virtually all atmospheric
models. If ¢ depends only on r, then

b \dr (22.36)
_D9¢
- Dt
Using (22.36)), we can rewrite (22.34) as
D
pr (K+9)=—V-Vp-V-(V-S), (22.37)
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This is a form of the “mechanical energy equation.”

The pressure-gradient term of (22.37)) can be rewritten as

—~V-Vp=—V-(pV)+pV-V

p Da
——V.(pV)+ £
(p )+06Dt
1[D Dp (22.38)
:—V- —_ | — — _
(pv)+a[Dt(pa) aDt]

=—V-(pV)+p {D%(RT)—aa)} :

To obtain the second line of (22.38), we have used the continuity equation in the form
(2.21). The term pDa /Dt represents the work done by expansion (Da /Dt > 0) or com-
pression (Da /Dt < 0). Note that a similar term appears in (2.22)).

In a similar way, the friction term of (22.3"/)) can be expanded to reveal two physically
distinct parts:

—V.(V-8)=-V-W—p§. (22.39)

Here

W=V.S (22.40)

is the (three-dimensional vector) flux of energy due to frictional work, and

pS=—(S-V)-V>0 (22.41)

is the (scalar) rate of kinetic energy dissipation. Because V - W is a divergence, it represents
a spatial redistribution of mechanical energy as friction causes neighboring air parcels to do
work on each other. It does not change the total amount of mechanical energy in the atmo-
sphere, except where friction does work on the lower boundary. In contrast, the dissipation
rate, 0, is a true sink of mechanical energy. As discussed in Chapter the dissipation rate
appears as a source of thermodynamic energy. It is, therefore, an energy conversion term.
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Substituting (22.38)) and (22.39) into (22.37/)), we obtain an alternative form of the me-
chanical energy equation:

pDBt(K+¢—RT)+V-(pV+W)=p(a)oc)—p5. (22.42)

Here we have placed the flux divergence terms on the left-hand side of the equation, along
with the Lagrangian time rate of change. The true sources and sinks of mechanical energy
appear on the right-hand side. We could cancel the p and « in the @ term, but choose not
to.

To complete our derivation of the total energy equation, we need the enthalpy form
of the thermodynamic equation, (2.23), and the latent energy equation, (2.32). These are
repeated here for convenience:

D
o (epT) —0a =LC~V R+, (22.43)
D

We now add (22.42), (22.43)), and (22.44) to obtain the total energy equation in the form

Dey,
;;t+V-(pV+W+R):O, (22.45)
where
et =K+ ¢+c,T+Lg, (22.46)

is the total energy per unit mass. The @« and dissipation terms of (22.43)) and (22.42)) have
cancelled, because those terms represent rates of conversion between mechanical energy
and thermodynamic energy. The condensation terms have also cancelled, because they
represent conversion between latent energy and thermodynamic energy.
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We can rewrite (22.45) in flux form, separating the horizontal and vertical velocity
terms, as

[% (pem)] [pvemt]+ ? (pwemt)JrV (pPV+S-V+R)=0. (22.47)

Z

22.9.2 Energy conservation with the generalized vertical coordinate

As shown in Appendix [C] for the non-hydrostatic case the total energy equation with the
general vertical coordinate is

E J ’
{E (Pzetot)] 5 + V- [pev (o + pa)| + 9z | PV (et po) <3j>j
=-V-(W+R).

(22.48)

When the quasi-static approximation is used, the result is rather different:

0 d d
2Pz (K+cpT+Lay)| +V:- [pzv(K+h)]+a— P (K+cpT—|—¢+qu)—z(af)J
g Z

V- (W+R) .
(22.49)

Compare with (22.48).

22.10 The vorticity equation

Let ¢; = (k- V; x V) + f be the vertical component of the absolute vorticity. Note that the
meaning of q: depends on the choice of Z, because the curl of the velocity is taken along a
Z-surface. Starting from the momentum equation, we can derive the vorticity equation in
the form

Jq: aQZ_

Iv 3 (22.50)
—qz (V V)+a—ZX(V A) k~|:V2X<V2p—a—IZ)V2Z>:| —Fk‘(VzXF).
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The first term on the right-hand side of (22.50)) represents the effects of stretching, and the
second represents the effects of twisting. When the HPGF can be written as a gradient, it
has no effect in the vorticity equation, because the curl of a gradient is always zero, provided
that the curl and gradient are taken along the same isosurfaces. In general, however, the
HPGEF is not simply a gradient along a Z-surface. When Z is such that the HPGF is not a
gradient, it can spin up or spin down a circulation on a Z-surface.

22.11 Segue

The next chapter surveys the vertical coordinates used in practice.
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Chapter 23

A survey of vertical coordinates

In this chapter, we discuss ten particular vertical coordinates:

height, z

pressure, p, and also log-pressure, z*, which is used in many theoretical studies and
some numerical models (e.g., |Girard et al., [2014)

o, defined by

(23.1)

which is designed to simplify the lower boundary condition;

a “hybrid,” or “mix,” of o and p coordinates, used in many global circulation models,
including the model of the European Centre for Medium Range Weather Forecasts;

a terrain-following height coordinate proposed by Klemp (2011);

N, which is a modified o coordinate, defined by

nz(p_”)ns, (23.2)
pPs —Pr

where 7y is a time-independent function of the horizontal coordinates;
potential temperature, 8, which has many attractive properties;

entropy, € = c,In(6/6p), where 6y is a constant reference value;
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* a hybrid o — 6 coordinate, which behaves like o near the Earth’s surface, and like 0
away from the Earth’s surface.

23.1 Height coordinates

The nonhydrostatic system in height coordinates is very straightforward. Here we discuss
the quasi-static system in height coordinates.

23.1.1 The continuity equation
In height coordinates, the hydrostatic equation is

9
a—p — _pg. (23.3)
Z

As discussed in Section [21.3.2] when we use the quasi-static system, we can only predict
(time-step) one thermodynamic variable. Choices include p, T, and 6.

The continuity equation in height coordinates is
d d

(_p) +V.-(pv)+=—(pw)=0. (23.4)
at ), dz

This equation has a clear physical interpretation, but it is nonlinear and involves the time
derivative of the density, which decreases exponentially with height.

The lower boundary condition in height coordinates is

P
§+vs.Vz5—wS:0. (23.5)

Normally we can assume that zg is independent of time, but (23.5)) can accommodate the
effects of a specified time-dependent value of zg (e.g., to represent the effects of an earth-
quake, or a wave on the sea surface). Because height surfaces intersect the Earth’s surface,
height-coordinates are relatively difficult to implement in numerical models. This com-
plexity is mitigated somewhat by the fact that the horizontal spatial coordinates where the
height surfaces meet the Earth’s surface are normally independent of time.
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23.1.2 The thermodynamic equation

The thermodynamic energy equation in height coordinates can be written as
or v-V,T + or +o0+pQ
C _ = —C . W— .
Pp al_ . pp Z az p

Here

By using (23.7) in (23.6), we find that

aT d
cpp (a—) = —cppv-Vit—pwec,Iy—T)+ {(_p) —|—V~V2p1 +pQ,
t), at ),

where the actual lapse rate and the dry-adiabatic lapse rate are given by

oT

=-3;

and

(23.6)

(23.7)

(23.8)

(23.9)

(23.10)

respectively. Eq. (23.8) is awkward because it involves the time derivatives of both T and
p- The time derivative of the pressure can be eliminated by using the height-coordinate

version of (23.94)), which is

ap\ T apr
(E)Z——gvf [ v+ ep @wio)+ 2L,
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Substitution into (23.8) gives

oT
cpp (E) =—cppv-Vit—pwc,(Iz—1T)
‘ (23.12)

T a
+{—gVZ-/ (pv)dz+gP(Z)w(z)+% +v-V.p+pQ.
Z

According to (23.12)), the time rate of change of the temperature at a given height is influ-
enced by the convergence of the horizontal wind field through the layer above. The reason
is that convergence above causes a pressure increase, which leads to compression, which
warms.

An alternative, considerably simpler form of the thermodynamic energy equation in
height coordinates is

20N\ 20\ 0
(5)1 _ (V-VZ9+wa—Z) 2 (23.13)

Given these choices, prediction of 8 looks like the best option.

23.1.3 Richardson’s equation

We need the vertical velocity, w, for vertical advection, among other things. In quasi-static
models based on height coordinates, the equation of vertical motion is replaced by the
hydrostatic equation, in which w does not even appear. How then can we determine w? It
has to be computed using “Richardson’s equation,” which is an expression of the physical
fact that hydrostatic balance applies not just at a particular instant, but continuously through
time. The derivation of Richardson’s equation is complicated. Here it comes:

As the state of the atmosphere evolves, the temperature, pressure, and density all change,
at a location in the three-dimensional space. Many complicated and somewhat independent
processes contribute to these changes, and it is easy to imagine that a hydrostatically bal-
anced initial state would quickly be pushed out of balance. Balance is actually maintained
over time through a process called hydrostatic adjustment (e.g., Bannon, |1995). The state-
ment that balance is maintained leads to Richardson’s equation. It can be derived by starting
from the equation of state, in the form

p=pRT. (23.14)
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“Logarithmic differentiation” of (23.14)) with respect to time gives

1/ap\ 1(/dp\ . 1(oT
;(E);E(W)ZW(W); @31

The time derivatives can be eliminated by using continuity (23.4)), the thermodynamic en-
ergy equation (23.8) and the pressure tendency equation (23.11]). Note that the derivation
of (23.11)) involves use of the hydrostatic equation. After some manipulation, we find that

d cy
CpTa_Z (pw) +pw [gE +cp(Ia _F)] = (=cppv-V T +v-V;p)

Cy e
— T Ve (W) + 63 Ver [ (p)dd+p0.
' (23.16)

where

ey =cp—R (23.17)

is the specific heat of air at constant volume.

Eq. (23.16) has been arranged so that the vertical velocity appears in both terms on the
left-hand side, but not at all on the right-hand side. Expand the first term on the left-hand
side using the product rule:

d (pw)
0z

8_p
a7’

aw

0z

cpT =pcpT == +wc,T (23.18)

A second logarithmic differentiation of (23.14)), this time with respect to height, gives

19p 1dp 10T

R (23.19)
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Using the hydrostatic equation again, we can rewrite (23.19) as

ldp  pg T

pa:  p T

p oz 11’ (23.20)
- (_8
_T< R+F)

Substitution of (23.20) into (23.18)) gives

d dw g
¢T3 (pw) = pe,T 5" +pwey (—E+F> . (23.21)

Finally, using (23.21) in (23.16)), and combining terms, we obtain

_ VT +v.-V
c;_w: ( PV Vel ¥V Zp)—lvz'(Pv)
Z pcpT
. i O (23.22)
YoV, £
+cpp {g z /z (pv) dz It 1 + cyT

This beast is Richardson’s equation. It can be integrated to obtain w(z), given a lower
boundary condition and the information needed to compute the various terms on the right-
hand side, which involve both the mean horizontal motion and the heating rate, as well
as various horizontal derivatives. A physical interpretation of (23.22)) is that the vertical
motion is whatever it takes to maintain hydrostatic balance through time, despite the fact
that the various processes represented on the right-hand side may (individually) tend to
upset that balance.

As a very simple illustration of the use of (23.22), suppose that we have no horizontal
motion. Then (23.22) drastically simplifies to

ow 1 (O ¢ dpr
8_Z = ¢ ( ) . (23.23)

If w = 0 at both the surface zg and the finite top height z7, then the pressure at the model
top changes according to
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Ipr _ I ar & 23.24
at - ZTle/ 9 ( . )
s p

This shows that the addition of heat causes the pressure at the model top to increase with
time, like the internal pressure acting on the lid of a pressure-cooker. The vertical velocity
satisfies

w(z):/(g— v aﬂ) d7 (23.25)
0

cpt  cpp Ot

which says that heating (cooling) below a given level induces rising (sinking) motion at
that level, as the air expands (or contracts) above the rigid lower boundary.

The complexity of Richardson’s equation has discouraged the use of height coordinates
in quasi-static models; one of the very few exceptions was the early NCAR GCM (Kasahara
and Washington, 1967). We are now entering an era of non-hydrostatic global models, in
which use of height coordinates is becoming more common, but of course Richardson’s
equation is not needed (and cannot be used) in non-hydrostatic models.

23.2 Pressure and log pressure coordinates

23.2.1 The hydrostatic pressure

In a non-hydrostatic model, the pressure can be literally “noisy,” because it plays an essen-
tial role in acoustic waves. For this reason, it is useful to define a “hydrostatic pressure”
that can be used as a vertical coordinate, even though the actual dynamics of the model are
non-hydrostatic. A method to do this was presented already in Chapter 21} We define the
non-hydrostatic “perturbation” pressure and density,  p and dp, by

P=pygs+0p (23.26)

and

P =pgs+6p, (23.27)
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respectively. Notice that 66 = 0 because, as discussed in Chapter we have assumed
that the model predicts (i.e., time-steps) the potential temperature.

23.2.2 The hydrostatic pressure as a vertical coordinate

In the following discussion we will drop the subscript “qs” on the hydrosatic pressure.

The hydrostatic equation in pressure coordinates is

1¢p

% =—0. (23.28)

Eq. (22.8)) tells us that the pseudodensity in pressure coordinates is

dz
=p— (23.29)
pP pap
which reduces to
pp=—1/g (23.30)

when the hydrostatic equation is used. With the hydrostatic pressure coordinate, the pseu-
dodensity is a negative constant! The continuity equation in hydrostatic pressure coordi-
nates is relatively simple; it is linear and does not involve a time derivative:

V, v+=—=0. (23.31)

On the other hand, the lower boundary condition is complicated in hydrostatic pressure
coordinates:

0
%—FVSHV])S—COS:O. (23.32)

Recall that pg can be predicted using the surface pressure-tendency equation, (23.93)). Sub-
stitution from (23.93)) into (23.32)) gives
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0 ps
W5 = % -V (/ Vdp> +vs-Vps, (23.33)
p

T

which can be used to diagnose ws. The fact that pressure surfaces intersect the ground at lo-
cations that change with time (unlike height surfaces), means that models that use pressure
coordinates are complicated. Largely for this reason, pressure coordinates are hardly ever
used in numerical models. One of the few exceptions was the early and short-lived general
circulation model developed by Cecil “Chuck” Leith! (1965b,a) at the Lawrence Radiation
Laboratory (now the Lawrence Livermore National Laboratory).

With the pressure coordinate, we can write

d (90\]  R[OT
5 =5 (5), @39

This allows us to eliminate the temperature in favor of the geopotential, which is often done
in theoretical studies.

Let Ty be a constant reference temperature, and H = RTy/g the corresponding (con-
stant) scale height. Define the “log-pressure coordinate,” denoted by z*, in terms of the
differential relationship

dz" = — dp . (23.35)

p

The minus sign is used to make z* increase upwards. Note that z* has the units of length,
so in that way it is “like” height. It is easy to show that

T
dz* = 2az, (23.36)
T
so that
d7* =dzwhenT (p)=Tp. (23.37)

Integration of (23.35)) gives
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Z=—Hln(p/po) . (23.38)

where pg is a reference pressure, at which z* = 0.

Obviously a surface of constant p is also a surface of constant z*. Nevertheless, the
equations take different forms in the p and z* coordinate systems. From (23.35]), we see
that

99" _ Ry
ap p’

(23.39)

where

0* = g7 . (23.40)

This looks like the hydrostatic equation, but it is really just a form of (23.38]), which is the
definitio of z*. Since z* is a constant along a pressure surface, ¢* is also constant. We do
of course have the true hydrostatic equation, which can be written as

A G (23.41)

Here the true (non-constant) temperature appears. Subtracting (23.39) from (23.41)), we
obtain a useful form of the hydrostatic equation:

I(@—0") _ R(T-T) (23.42)

Jdp p

Since ¢*, Ty, and p are all independent of time on z* surfaces, we see that

d(99\] _ R[OT
(5.5 @249
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This is a form of the thermodynamic equation that is used in quasi-geostrophic models.

The pseudo-density in log-pressure coordinates is given by

P
L=t 23.44
pe = pp (23.44)

The vertical velocity in log-pressure coordinates is

== (23.45)

Finally, the continuity equation in log-pressure coordinates is given by

dp- J
( gtz ) + V- (pz*v) + ﬁ (pz*wz*) =0. (23.46)
z* <

23.3 The sigma coordinate

23.3.1 Definition

The o-coordinate of Norman |Phillips| (1957) is defined in such a way that the Earth’s
surface and the model top are both surfaces of constant o

o= : (23.47)

where

T =ps—pr, (23.48)

which is independent of height. From (23.47) and (23.48)), it is clear that
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os=landor =0. (23.49)

This is by design, of course. Notice that if pr = constant, which is always assumed, than
the top of the model is an isobaric surface. Phillips| (1957)) discussed the case pr = 0.

Rearranging (23.47)), we can write

p=pr+orn. (23.50)

For a fixed value of 0, i.e., along a surface of constant o, this implies that

dp = cdr, (23.51)

where the differential can represent a fluctuation in either time or horizontal position. Also,

(23.52)

Here the partial derivatives are evaluated at fixed horizontal position and time. In view of
(23.52)), the hydrostatic equation in o-coordinates can immediately be written down as

190 _

e —-a, (23.53)

which is closely related to the hydrostatic equation in pressure coordinates.

23.3.2 The continuity equation in sigma coordinates

The pseudodensity in o-coordinates is

ps=—T7/g, (23.54)
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which is independent of height. The continuity equation in o-coordinates can therefore be
written as

=0. (23.55)

Although this equation does contain a time derivative, the differentiated quantity, 7, is
independent of height, which makes (23.53) considerably simpler than than the continuity
equation in height coordinates. The lower boundary condition in G-coordinates is very
simple:

6=0ato=1. (23.56)

This simplicity was in fact Phillips” motivation for the invention of o-coordinates. The
upper boundary condition is similar:

6=0atoc=0.. (23.57)

The continuity equation in o-coordinates plays a dual role. First, it is used to predict 7.
This is done by integrating (23.55)) through the depth of the vertical column and using the
boundary conditions (23.56) and (23.57), to obtain the surface pressure-tendency equation
in the form

on 1
v ( /0 nvdc) . (23.58)

The continuity equation is also used to determine 7S. Once d7/dt has been evaluated
using (23.58)), which does not involve &, we can substitute back into (23.55) to obtain

1
% (m6)=V- (/0 nvdc) — Vs (7v). (23.59)

This can be integrated vertically to obtain & as a function of o, starting from either the
Earth’s surface or the top of the atmosphere, and using the appropriate boundary condition
at the bottom or top. The same result is obtained regardless of the direction of integration.

347



Revised Monday 8" December, 2025 at 23:38

23.3.3 The horizontal pressure-gradient force

Starting from (22.17)), we find that in o-coordinates, the horizontal pressure-gradient force
takes the relatively complicated form:

1 | 1ap
V.p=—-vVypt-2Py
p T T TP T g Vot (23.60)

=—0oaVr—Vs¢ .

To obtain the second line of (23.60]), we have used the hydrostatic equation. Consider
the behavior of the two terms on the right-hand side of (23.60) near a steep mountain, as
illustrated in Fig. In such a situation, the spatial variations of pg and the near-surface
value of ¢ along a o-surface are strong and of opposite sign. For example, when moving
uphill pg decreases while ¢g increases. As a result, the two terms on the right-hand side of
(23.60) are individually large and opposing, and the horizontal pressure-gradient force is
the relatively small difference between them — a dangerous situation. Near steep mountains
the relatively small discretization errors in the individual terms of the right-hand side of
can be as large as the horizontal pressure-gradient force.

;[).\'
—<0
ox

s
ox

>0

Figure 23.1: Sketch illustrating the opposing terms of the horizontal pressure gradient force as
measured in o-coordinates.

Using the hydrostatic equation, (23.53)), we can rewrite (23.60) as

T B a¢
—EVZp =0 (%) Vr—1Vso . (23.61)

The problem with the horizontal pressure-gradient force in ¢-coordinates may appear to be
an issue mainly with horizontal differencing, because Eq. (23.60) involves only horizontal
derivatives, but Eq. (23.61) shows that vertical differencing also comes in. To see how,
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consider Fig. At the point O, the 0 = o* and p = p* surfaces intersect. As we
move away from point O, the two surfaces separate. Eq. shows that the horizontal
pressure-gradient force depends on both the horizontal change in ¢ along a o-surface, say
between two neighboring horizontal grid points (mass points), and the vertical change in
¢ between neighboring model layers, which depends, hydrostatically, on the temperature.
Compare with (23.53)). If the o-surfaces are very steeply tilted relative to constant height
surfaces, which is expected near steep mountains, the thickness needed on the right-hand
side of (23.61)) will depend on the temperatures of two or more o-layers, rather than a single
layer. If the temperature is changing rapidly with height, this can lead to large errors. It
can be shown that the problem is minimized if the model has sufficiently high horizontal
resolution relative to its vertical resolution (Janjic, 1977; Mesinger, |1982; Mellor et al.,
1994)), i.e., it is good to have

(23.62)

This is a condition on the aspect ratio of the grid cells. It means that the vertical grid spacing
must be large enough for a given horizontal grid spacing, or that the horizontal grid spacing
must be fine enough for a given vertical grid spacing. This implies that an increase in the
vertical resolution without a corresponding increase in the horizontal resolution can cause
problems, and it suggests that changes in the vertical grid spacing must be accompanied
by changes in the horizontal grid spacing, and vice versa. The numerator of the right-hand
side of (23.62) increases when the terrain is steep, especially in the lower troposphere. The
denominator increases when 7 is warm, i.e., near the surface, which means that it is easier
to satisfy (23.62)) near the surface.

20

0

~ - X

Figure 23.2: Sketch illustrating the pressure-gradient force as seen in o-coordinates and pressure
coordinates.
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23.3.4 The vertically integrated horizontal pressure-gradient force
Eq. (23.61)) can be rewritten as

(23.63)

Vertically integrating (23.63)) through the entire vertical column, and using (23.49), we find
that

1/ 1 1
/O <_Evzp) do = sV —V (/0 7r¢)) do . (23.64)

When integrated around any closed horizontal path, the first term gives the mountain torque,
and the second term vanishes.

23.3.5 The pressure vertical velocity

Finally, the Lagrangian time derivative of pressure can be expressed in o-coordinates as

Dp (dp . dp
Q] E— <E>G+V Vgp+6%
(23.65)

:G<a—n+v-V7r)+7r6.
ot

23.4 Hybrid sigma-pressure coordinates

The advantage of the o-coordinate is realized in the lower boundary condition. The disad-
vantage is the complicated and poorly behaved pressure-gradient force, which is realized
at all levels. This has motivated the use of hybrid coordinates that reduce to o at the lower
boundary, and become pure pressure-coordinates at higher levels. In principle there are
many ways of doing this. The most widely cited paper on this topic is by Simmons and
Burridge| (1981). They recommended the coordinate

2
op(p,ps)z<p pT)(” p>+<” pT) , (23.66)
po—PpPr ps—rpr Ps—Pr
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where p is a positive constant. It can be shown that ¢, is monotonic with pressure provided
that po > (ps+ pr) /2. Inspection of (23.66) shows that

(6p)y =0 and (0,)g=1. (23.67)

The boundary conditions on the vertical mass flux are just like with ¢ coordinates:

(6,); =0 and (6,)g=0. (23.68)

It can be demonstrated that 0),-surfaces are nearly parallel to isobaric surfaces in the upper
troposphere and stratosphere, despite possible variations of the surface pressure in the range
~1000 hPa to ~500 hPa. When we evaluate the horizontal pressure-gradient force with the
op-coordinate, there are still two terms, as with the o-coordinate, but above the lower
troposphere one of the terms is strongly dominant, regardless of the topography.

23.5 Terrain-following vertical coordinates based on height

A o-like vertical coordinate based on height (instead of pressure) is used in NICAM (Satoh
et al., 2008). Klemp| (2011) invented a different approach for use in the MPAS atmosphere
dynamical core (Skamarock et al., 2012). Let z be the height of a coordinate surface,
let 1 (A, @) be the terrain height, and let i (A, ¢, {) be a smoothed version of the terrain
height, such that s (A,¢,0) = h(A, ). MPAS uses

2= CHA)hs(A, 9, 0) . (23.69)

This is the definition of what I call the “Klemp coordinate.” {. Note that { = z where
hs — 0.

There are two smoothers at work in (23.69):

* The smoothed terrain height i, (A, ¢, {). The values of A are smoothed for £ > 0
using an iterative diffusion operator, before the model is started up. The number of
iterations is chosen to suit the planned simulation. The smoothing is done in such a
way that the fractional vertical grid spacing does not fall below a specified minimum
value.
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* The “hybrid attenuation profile,” A ({), controls the rate at which the coordinate tran-
sitions from terrain-following at the surface to constant height surfaces aloft. For
A =0 we get z={. MPAS uses A (0) = 1, which ensures that { = 0 at the surface.
It also uses A ({) = 0 for § > zp, where zg is specified, which ensures that the top
of the model is a surface of constant { = z = zy. Therefore { = constant at both the
surface and the model top. See |Klemp| (2011)) for further explanation.

Some issues with making the top of the model a surface of constant z are discussed by
Klemp and Skamarock| (2022).

23.6 The eta-coordinate

As a solution to the problem with the horizontal pressure-gradient force in ¢-coordinates,
Mesinger| (1984) and Mesinger and Janjic (1985) proposed the n-coordinate, which was
used operationally at NCEP (the U.S. National Centers for Environmental Prediction) from
1993 to 2006. The coordinate is defined by

n=07s, (23.70)

where

_ Pet(3s) —pr

et (0) = pr (23.71)

UN

Whereas ¢ = 1 at the Earth’s surface, Eq. shows that 11 = 7 at the Earth’s surface.
According to (23.71)), ng = 1 (just as o5 = 1) if zg = 0. Here zg is set to zero at or near “sea
level.” Only a finite number of discrete values of zg are permitted, which means that moun-
tains must come in a few discrete sizes, like off-the-rack clothing. The number of mountain
sizes increases as the vertical resolution of the model increases. This is sometimes called
the “step-mountain” approach.

The function p.s(zs) is pre-specified so that it gives typical surface pressures for each
value of zg. Because zg depends on the horizontal coordinates, 1g does too. Only a finite
number of discrete (and constant) values of ng are permitted. After choosing the function
Pret (zs) and the map zg (x, y), it is possible to make a map of ng (x, y), and of course this
map is independent of time.

When we build a o-coordinate model, we must choose values of ¢ to serve as layer-
edges and/or layer centers. These values are constant in the horizontal and time. Similarly,
when we build an n-coordinate model, we must specify fixed values of 1 to serve as layer
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edges and/or layer centers. The layer-edge values of 1 for the lower troposphere include
all of the values of ng. Fig. shows how this works. Note that, unlike o-surfaces,
n-surfaces are nearly flat, in the sense that they are close to being isobaric surfaces. The
circled u-points have u = 0, which is the appropriate boundary condition on the cliff-like
sides of the step mountains.

NN-1/2
u

MNs1/2=1

Figure 23.3: Sketch illustrating the n-coordinate.

In n-coordinates, the horizontal pressure-gradient force still consists of two terms:

V¢ =—Vyd—aVyp. (23.72)

Because the n-surfaces are nearly flat, however, these two terms are each comparable in
magnitude to the horizontal pressure-gradient force itself, even near mountains, so the prob-
lem of near-cancellation is greatly mitigated.

23.7 Potential temperature and entropy coordinates

23.7.1 Definition and attractions

The potential temperature is defined by
p K
0=T (—°> . (23.73)

The potential temperature increases upwards in a statically stable atmosphere, so that there
is a monotonic relationship between 6 and z. Note, however, that potential temperature
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cannot be used as a vertical coordinate when static instability occurs, and that the vertical
resolution of a 0-coordinate model becomes very poor when the atmosphere is close to
neutrally stable.

Potential temperature coordinates have highly useful properties that have been recog-
nized for many years:

In the absence of heating, 0 is conserved following a particle. This means that the
vertical motion in 8-coordinates is proportional to the heating rate:

0= iQ : (23.74)
cpt

in the absence of heating, there is “no vertical motion,” from the point of view of 6-
coordinates. It is also true that, in the absence of heating, a particle that is on a given
0-surface stays on that surface. This minimizes errors associated with vertical ad-
vection. Any quasi-Lagrangian system has this property. Eq. is equivalent to
(23.96)), and is an expression of the thermodynamic energy equation in 6-coordinates.

The pressure-gradient force is a gradient. This minimizes pressure-gradient errors
near topography, and spurious generation of vorticity.

The Ertel potential vorticity is easily computed from the wind vector and the isen-
tropic pseudo-density.

Wave momentum transport occurs via isentropic form drag.
It is easy to implement diffusion along 6-surfaces.

The available potential energy can be calculated exactly.
Both energy and entropy can be conserved.

The sharp inversion at the top of the boundary layer (or at a front) can be represented
by layers that have small pseudo-densities.

In fact, 6-coordinates provide an especially simple pathway for the derivation of many
important results, including the conservation equation for the Ertel potential vorticity. In
addition, O-coordinates have some important advantages for both observational and nu-
merical studies. Their utility has been endorsed by many scientists over the past century
(e.g., Rossby and Collaborators, |[193°/; Namias and Stone, [1940; [Starr, 1945} [Lorenz, 1955;
Danielsen, 1961}, Bleck, |1973; Uccellini and Johnson, (1979; Johnson and Uccellini, |[1983;
Hoskins et al., |1985; Hsu and Arakawal 1990; Benjamin et al., 2004)).

The continuity equation in 8-coordinates is
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dpe ) :
(7)9+Ve -(pgv)—i—% (pge) =0. (23.75)
For 6 = 0, (23.73)) reduces to
dpe _
=, ) Ve (pev) =0, (23.76)
t' /e

which is closely analogous to the continuity equation of a shallow-water model. In the
absence of heating, a model that uses 8-coordinates behaves like “a stack of shallow-water
models.”

23.7.2 Massless layers

Although 0-surfaces can intersect the lower boundary, we can consider, following
(1955)), that they actually follow along the boundary, like coats of paint. This leads to the
concept of “massless layers,” as shown in the middle panel of Fig. 23.4l The massless
layers exist in between coats of paint. Obviously, a model that follows the massless-layer
approach is susceptible to producing negative mass. This can be avoided, for example,
through the use of flux-corrected transport. Nevertheless, this practical difficulty has led
most modelers to avoid 8-coordinates.

Figure 23.4: Coordinate surfaces with topography: Left, the o-coordinate. Center, the 6-coordinate.
Right, a hybrid c-6 coordinate.

The massless layer approach allows us to use values of 0 that are colder than any
actually present in an atmospheric column, particularly in the tropics of a global model.
The coldest possible value of 0 is zero Kelvin. Consider the lower boundary condition on
the hydrostatic equation, (23.85). We can write

5(0)—s(0) = /n (0') a6’ (23.77)
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where 0 is a dummy variable of integration. From the definition of s, we have s (0) = ¢s.
For “massless” portion of the integral, the integrand, IT (6’), is just a constant, namely ITg,
1.e., the surface value of IT. We can therefore write

S+/n d6’+/H ) d6’
Os

— g + 1565 + / 1 (0') de’ (23.78)
95

—¢s+c,,TS+/H ) do’ .

s

It follows that

—sS+/H d@’ (23.79)

as expected.

We can take the lower boundary to be located at 0 = 0,;;, = constant, where Oy, is
smaller than any value of theta that we expect to encounter in our simulation. For example,
could choose 6, = 0 K. Note that <p9)9min = 0. It follows that

(peb), =0, (23.80)

Omin

This means that no mass crosses the 0 = 6,,,;, = surface.

23.7.3 The hydrostatic equation

Recall that, with a general vertical coordinate, Z, the hydrostatic equation can be expressed
as
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d
= b (23.81)
<

For the case of 0-coordinates, the hydrostatic equation, (23.8T]), reduces to
¢ _dp

50 = Oc% . (23.82)

Logarithmic differentiation of (23.71) gives

— K— . (23.83)

It follows that

ap oT T

L =y —Cp— . 23.84
%960 =30 o (2359
Substitution of (23.84)) into (23.82) gives
ds
9 23.85
30 ; ( )

where s is the dry static energy.

With the quasi-static approximation, the horizontal pressure-gradient force in 8-coordinates
can be written as

—aV,p=—aVep—Voo . (23.86)

From (23.83)) it follows that

Vop=c, (%) VoT. (23.87)
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Substitution of into (23.86) gives

—aV,p=—Vps. (23.88)

23.7.4 The isentropic potential vorticity

The dynamically important isentropic potential vorticity, ¢, is easily constructed in 6-
coordinates, since it involves the curl of v on a -surface:

00
g=(k-Vyg ><v+f)a—. (23.89)
p

The available potential energy is also easily obtained, since it involves the distribution of
pressure on O-surfaces.

The entropy coordinate is very similar to the 8-coordinate. We define the entropy by

e=c,In(6/6) , (23.90)

where 0y is a constant reference value of 0. It follows that

de =c,d6/6 . (23.91)

The hydrostatic equation can then be written as

ds

=T (23.92)

This is a particularly attractive form because the “thickness” (in terms of s) between two
entropy surfaces is simply the temperature.
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23.8 \Vertical mass flux for a family of vertical coordinates with the
quasi-static approximation

23.8.1 Preliminaries

In view of (23.81)), Eq. (22.29) is equivalent to

apS o i n apT
sy, ( [ pev dz) o (23.93)

which is the surface pressure tendency equation. Depending on the definitions of Z and Z7,
it may or may not be appropriate to set pr = constant as an upper boundary condition,
which would cause the dpr/dt term of to drop out. This was discussed already
in Chapter 22] Corresponding to (23.93)), we can show that the pressure tendency on an
arbitrary Z-surface satisfies

ap\ : .\ | 9pr R
(EL —_v. (/Z pvd z) + 22T pai(2) - (23.94)

The thermodynamic equation can be written as

oT oT
Cp l(g>2+(v-V5)T+wa—2} =wa+0. (23.95)
An alternative form is
PL:) 00 0

23.8.2 A family of vertical coordinates

Konor and Arakawa (1997)) derived a diagnostic equation that can be used to compute
the vertical velocity, W, for a large family of vertical coordinates that can be expressed as
functions of the potential temperature, the pressure, and the surface pressure, i.e.,

Z=F (0, p, ps) . (23.97)
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We are free to choose the form of F (6, p, ps), subject to the condition that Z is monotonic
with height. While not completely general, Eq. does include a variety of interesting
cases, namely:

¢ Pressure coordinates

» Sigma coordinates

The hybrid sigma-pressure coordinate of Simmons and Burridge (1981)

Theta coordinates

The hybrid sigma-theta coordinate of | Konor and Arakawal (1997).

The height coordinate and the normalized height coordinate are not included in (23.97).

23.8.3 The vertical velocity

By taking the partial derivative (23.97)) with respect to time, on a surface of constant Z, we
have

0
0= {EF“” p. psﬂ . (23.98)

4

The chain rule tells us that this is equivalent to

oF (06 JdF (dp JOF (dps\
5 (5). 7 5 (G). v o () =0 (2399

Substituting from (23.96), (23.94), and (23.93)), we obtain

oF N ANNY
F T [— ((V-Vg)@-FWa—f) -1-5}

JoF [dpr Z . n
+$ {7 —-V. < prdZ) + (pzw)f} (23.100)

oF apT s R o
Lot ¥ ([ o)) o

Eq. (23.100) can be solved for the vertical velocity, w:
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%(—(V«Vz)9+%)+a—5 [@—V(épﬂdﬁ)] + ok [aLf—V'(fTSpgvdﬁﬂ
F

(23.100)

As a check of (23.101), consider the special case F = p, so that p; = —1/g, and assume
that dpr/dt = 0, as would be natural for the case of pressure coordinates. Then (23.10T])
reduces to

P
w=_V. (/ Vdp) . (23.102)
pr

As a second special case, suppose that F = 6. Then (23.101)) becomes

6=0Q/II. (23.103)

Both of these results are as expected.

23.8.4 The upper boundary

We assume that the model top is a surface of constant Z, i.e., Z7 = constant. Then (23.99)
must apply at the model top, so that we can write

(a—F) %r (a—F) orr | (a—F) 9ps (23.104)
d6 or. pr ot dap or. pr Jt dps or. pr ot

Suppose that (6, p, ps) is chosen in such a way that (0F /dps)g, ,, = 0. This is a
natural choice, because the model top is far away from the surface, so that pg is expected
to be irrelevant. Then Eq. (23.104) simplifies to

(a_F) 90r (a_F> orr _ (23.105)
90 /g, ,, Ot Ip) ey py Ot

Now consider two possibilities:
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1. When the model top is both a surface of constant Z and an isobaric surface, so that
dpr/dt = 0, then the second term of goes away, and we have the following
situation: By assumption, [F (6, p, ps)] is a constant (because the top of the model
is also a surface of constant Z). Also by assumption, [F (60, p, ps)|; does not depend
on ps. Finally we have assumed that the top of the model is an isobaric surface. It
follows that, when the model top is an isobaric surface, the form of F (0, p, ps) must

be chosen so that (OF /dps), ,, = 0.

2. When the model top is an isentropic surface, d0r /dt = 0, so the last term of (22.104)
goes away. The form of F (6, p, ps) must be chosen so that (dF/dps)g, ,, = 0.
Recall, however, from Section [22.§] that to avoid unphysical momentum fluxes at
the model top, we should make the model top either a surface of constant height or
a surface of constant pressure. Making the model top a surface of constant potential
temperature is not a good idea.

23.9 Hybrid sigma-theta coordinates

Konor and Arakawa| (1997) discuss a hybrid ¢ - 6 vertical coordinate, which we will call
Zka, that reduces to 6 away from the surface, and to o near the surface. This hybrid
coordinate is a member of the family of schemes given by (23.97). It is designed to combine
the strengths of 6 and o coordinates, while avoiding their weaknesses. Hybrid o - 0
coordinates have also been considered by other authors, e.g., Johnson and Uccellini (1983)
and Zhu et al.[(1992)).

To specify the scheme, we must choose the function F (8, p, ps) that appears in (23.97).
Following Konor and Arakawa (1997), define

ka=F (0, p, ps) = f(0)+5(0)6, (23.106)

where 6 = ¢ (p, ps) is a modified sigma coordinate, defined so that it is (as usual) a con-
stant at the Earth’s surface, and (not as usual) increases upwards, e.g.,

pPsS—P (23.107)
Ps

o

Note that with this definition o5 = 0. If we specify f (o) and g (o), then the hybrid coor-
dinate is fully determined.

We require, of course, that Zx, itself increases upwards, so that
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a A
TKA S 0. (23.108)
do
We also require that
Zka = constant for 6 =0, (23.109)

which means that Zxa is o-like at the Earth’s surface, and that

Zxka = 0 for 0 = or s (23.110)

which means that Zx4 becomes 6 at the model top (or lower). These conditions imply, from

@3106). that

g(o)—>0asoc—0, (23.111)

f(o)—0and g(c) — 1as o — or . (23.112)

Now substitute (23.106) into (23.108)), to obtain

df dg 90
— 4+ -0 —>0. 23.113
d6+d6 +g8o - ( )

This is the requirement that Zx o increases monotonically upward. Any choices for f and g
that satisfy (23.111) - (23.113)) can be used to define the hybrid coordinate.

Here is a way to satisfy those requirements: First, we agree to choose g (o) so that it is
a monotonically increasing function of o, i.e.,

d
98 S 0forallo. (23.114)
do
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Obviously, there are many ways to do this. Since 6 also increases upward, the condition
(23.114) simply ensures that g (o) and 6 change in the same sense, and the middle term on
the left-hand side of is guaranteed to be positive. We also choose g (o) so that the
conditions (23.1T1) - (23.112)) are satisfied. There are many possible choices for g (o) that
meet these requirements.

Next, define 6, and (d60/d0)
that

as lower bounds on 6 and 90 /do, respectively, so

min

0 > 6,;, and 8—9 > 8_9 . (23.115)
do do /) .

min

When we choose the value of Onin, we are saying that we have no interest in simulating
situations in which 0 is actually colder than 6,,;,. For example, we could choose 6, = 10
K. This is not necessarily an ideal choice, for reasons to be discussed below, but we can be
sure that 0 in our simulations will exceed 10 K everywhere at all times, unless the model
is in the final throes of blowing up. Similarly, when we choose the value of (00/d0),..,
we are saying that we have no interest in simulating situations in which 0 /dc is actually
less stable (or more unstable) than (06 /9 0)

min*

Now, with reference to the inequality (23.113)), we write the following equation:

df  dg 20\
L b+ <%>mm ~0. (23.116)

Remember that we have agreed to specify g (o) in such a way that 1s satisfied. You
should be able to see that if the equality (23.116)) is satisfied, then the inequality (23.113))
will also be satisfied, i.e., Zxga Will increase monotonically upward. This will be true even
if the sounding is statically unstable in some regions, provided that 23.111)) is satisfied.
Eq. (23.116) is a first-order ordinary differential equation for f (o), which can be solved
subject to the boundary condition (23.112).

The vertical velocity is obtained using (23.101)).

That’s all there is to it. Amazingly, the scheme does not involve any “if-tests.” It is
simple and fairly flexible.
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23.10 Summary

There are many possible vertical coordinate systems, some old and some new. The hybrid
sigma-pressure coordinate and the hybrid sigma-theta coordinate are particularly attractive.

As mentioned in Chapter 22] the ALE method is not really a vertical coordinatem but it
is very useful and may be more widely used in the future.

23.11 Problems

1. Derive the form of the horizontal pressure-gradient force in 6, coordinates, and com-
pare with the corresponding formula in o coordinates.

2. Starting from dp/dz = —pg, show that d¢ /dIT = —86.

3. Prove that the method to determine w& with the ¢ coordinate, i.e.,
0 1
—(n6)=V- (/ nvdc)—Vc~(nv) (23.117)
Jdo 0

is consistent with the method to determine the vertical velocity for a general family
of schemes (that includes the o coordinate), as given by (23.101).

4. For the hybrid sigma-pressure coordinate of Simmons and Burridge|(1981), work out

(a) The form of the pseudo-density, expressed as a function of the vertical coordi-
nate.

(b) The condition for ¢, to be a monotonic function of height.
(c) A method to determine the vertical velocity, G),.
(d) The form of the horizontal pressure-gradient force.

You may use the hydrostatic equation, and you may assume that the model predicts
both ps and 6 (o).

Suggestion: Start by writing o), as a function of o, rather than as a function of p.

5. Assume that the surface elevation is given by dzg/dx = A[l +sin(27x/L)]. Also
assume that the temperature is independent of height, and equal to 250 K, and that
the horizontal temperature gradient is given by 97 /dx = 107> Km~! sin (27x/M) K
per meter at all levels throughout the atmospheric column. Set M = 10° m. Calculate
the x-component of the horizontal pressure gradient force using both the sigma coor-
dinate and the hybrid sigma-pressure coordinate of Simmons and Burridge| (1981).
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Chapter 24

Vertical differencing

24.1 \Vertical staggering

After the choice of vertical coordinate system, the next issue is the choice of vertical stag-
gering. Two possibilities are discussed here, and are illustrated in Fig. 24.1] These are the
“Lorenz” or “L” staggering (Lorenz, 1960), and the “Charney-Phillips” or “CP” staggering
(Charney and Phillips|, [1953). On both grids the mass and the horizontal wind are defined
at the same levels, which are called “layer centers,” and are represented by the horizontal
dashed lines in the figure. The vertical velocities are located at layer edges, which are rep-
resented by the horizontal solid lines in the figure The key difference between the two grids
is in the location of the potential temperature, 6. On the L grid, 0 is defined at the layer
centers, along with the mass and horizontal wind. On the CP grid, 0 is defined at the layer
edges. Note that the upper and lower boundaries are both located at layer edges.

Suppose that both grids have N wind-levels. The L-grid also has N 0-levels, while the
CP-grid has N+ 1 O-levels. On both grids, ¢ is hydrostatically determined on the wind-
levels, and

Q1= P11~ 61 (24.1)

On the CP-grid, 0 is located between ¢-levels, so (24.1) is convenient. With the L-grid,

6,1 must be determined by interpolation. For example, we might choose
2

1
91+1 = 5(91+91+1) . 24.2)

(8]
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Charney-Phillips Grid Lorenz Grid
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Figure 24.1: A comparison of the Lorenz and Charney-Phillips staggering methods.

Because (24.2) involves averaging, a vertical oscillation in 6 is not “seen” by ¢, and so has
no effect on the winds; it is dynamically inert. This is a problem because the “invisible”
oscillation can’t be removed by the model’s dynamics. No such problem occurs with the
CP-grid.

There is a second, less obvious problem with the L-grid. The vertically discrete poten-
tial vorticity corresponding to (23.89) is

00
g1=(k-Vo xv,+f) <a_p> . (24.3)
[

Inspection shows that (24.3]) “wants” the potential temperature to be defined at levels in
between the wind levels, as they are on the CP-grid. Suppose that we have N wind levels.
Then with the CP-grid we will have N 4 1 potential temperature levels and N potential
vorticities. This is nice. With the L-grid, on the other hand, it can be shown that we
effectively have N 4 1 potential vorticities. The “extra” degree of freedom in the potential
vorticity is spurious, and allows a spurious “computational baroclinic instability” (Arakawa
and Moorthi, |1988). This is a further drawback of the L-grid.

With the Charney-Phillips staggering, we need continuity equations at the layer edges
that are consistent with and actually implied by the continuity equations at layer centers. It
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is possible to construct a set of layer-edge continuity equations that are implied by the layer-
center continuity equations. In other words, given that we time-step the layer-center conti-
nuity equations, the layer-edge continuity equations are satisfied “automatically.” There is
no need to time-step them separately. Further discussion is given by Arakawa and Konor
(1996).

As [Lorenz| (1960) pointed out, however, the L-grid is convenient for maintaining to-
tal energy conservation, because the kinetic and thermodynamic energies are defined at
the same levels. Today, most models use the L-grid. Exceptions are the UK’s Unified
Model (Davies et al., [2005) and the Canadian Environmental Multiscale model (Girard
et al., 2014), both of which use the CP-grid.

24.2 Conservation of total energy with continuous sigma coordi-
nates

In Chapter we discussed conservation of total energy with the basic equations using
height coordinates and general coordintes. We now present the corresponding derivation
using ¢ coordinates, with the quasi-static approximation. The starting equations are

on d(ns6)
E—}—VG-(TEV)—F 36 =0, (24.4)
0="2"

t
_(9p _dp
= (§>G+V-Vap+c7% (24.5)
:G(a—n+v-V7r)+7rc'f,

ot

ov _ov B

<§>O——|—[f—f—k'<v(yXV)]kXV—f—G%‘FVo‘K—_Gavn_vﬁ¢7 (246)
li(ne)] Vg (1v8) + 2 (156) =0 (24.7)
ot s 0 MCRIFP - '
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¢

o —TTo . (24.8)

Using continuity, (24.7) can be expressed in advective form:

L) 00
(E)Gjuv-vceﬂy%_o. (24.9)

We can write (24.9) in terms of temperature, as follows:

T ¢,T
o
p _dp
K?) V'V"p“y%} (24.10)
_I_

_G_ﬂ
N dt

= 0o .

-V 4+ nc)

Continuity allows us to rewrite (24.10)) in flux form:

d d
{E (ﬂcpT)] +Vs-(wve,T)+ =— P

(m6cpT) =omo (8_7: +V-V7r+7rc'7) | (24.11)
- Jo

Here we have used

d
TOX =070 (8_7: +v-Vo+ nd) . (24.12)

To derive the kinetic energy equation in ¢ coordinates, we dot (24.6) with v to obtain

oK 0K
(a_z)G+V'V°K+ 65 =V (Vo +00VT) . (24.13)
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The corresponding flux form is

d (n6K)
Jdo

{3 (7K) =—nv-(Vop +oaVn) . (24.14)

Y ]G-I-VG-(EVK)—I—

The pressure-work term on the right-hand side of (24.14) has to be manipulated to facilitate
comparison with (24.11)). Begin as follows:

—nv- (Ve +0o0oVn)=—-Vs-(nvd)+ Vs (nv) —moQV-VTT

=-—Vs-(nv)—¢ [%—f—i— 8(87::7)} —nmoav-Vn
:_vc.(ﬂvq))_w_k a_i—q)&——ncav Vr
=—Vo-(nvp)— 8(;;’74)) <7T00“T+¢a—+7wo“’ v

(24.15)

To get the second line of (24.15) we have used continuity, and to get the final line we have
used hydrostatics. One more step is needed, and it is not at all obvious. We know that we
need m@o, where @ is given by (24.3). With this in mind, we rewrite the last three terms
(in parentheses) on the bottom line of (24.13) as follows:

orn an :
7woc7r+¢)—+7rcav Ve =noa—ro E—l—V-VﬂJ + 6

on
+rnoan+ ¢§ +rnoov-Vr

=TO0 — OO aﬂ +
B ao an
=Too+ <a o+ q)) Y

=00+ -~ 4 oan
N ¢ ot
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d orn
What is the 3% ((poa—t) term doing on the last line of (24.16)? It is a contribution to the
vertical pressure-work term. Substituting (24.16)) back into (24.15]), we conclude that

B d (o) { d ( 8%)]
—nv- (Vo +0aVr) = Vs (nve) — — |Too+=— | po—=—
Jo do ot (24.17)

=—Vs-(nvY) — % {(l) (7‘[6—}—688—7;)] —ToOo.

Using (24.17) in (24.14)), we obtain the kinetic energy equation in the form

{a(;ttK)}GJrVG-[nv(KqL(P)]wL% [EGK+¢ <ﬂ6+6%)}

(24.18)

on .
=—0onQ E—FV-VTC-FEG )

where (24.12) has been used.

We can now add (24.18) and (24.11]) to obtain the total energy equation in ¢ coordi-
nates:

{%[n(K—i—cpT)]} + Vo [nv(K+c,T+9)]
5 c P (24.19)
+% [nd(K+cpT)+¢ (m'ﬂ—cgﬂ =0.

24.3 Conservation of total energy in vertically discrete sigma-coordinate
models

We now investigate conservation properties of the vertically discrete equations, using G-
coordinates, and using the L-grid. The discussion follows Arakawa and Lamb| (1977),
although some of the ideas originated with Lorenz (1960). For simplicity, we keep both the
temporal and horizontal derivatives in continuous form.

We begin by writing down the vertically discrete prognostic equations of the model.
Conservation of mass is expressed, in the vertically discrete system, by
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Ve () + |25 —o, (24.20)
l

where

[6()), = ( )1+5 — )17%- (24.21)
Similarly, conservation of potential temperature is expressed, in flux form, by
d (76;) 5(n60)
——+1Vs- 0 —| =0. 24.22
or Ve (wvi6,) + so |, ( )

Here we omit the heating term, for simplicity. In order to use (24.22) it is necessary to
define values of @ at the layer edges, via an interpolation. In Chapter |11| we analyzed
the interpolation issue in the context of horizontal advection, and that same discussion
applies to vertical advection as well. As one possibility, the interpolation methods that
allow conservation of an arbitrary function of the advected quantity can be used for vertical
advection. As discussed later, a different choice may be preferable.

The hydrostatic equation is
0
(_(P) =Ty . (24.23)
!

This equation involves the geopotentials at the layer edges, and also the specific volume
in the layer center. These must be determined somehow, by starting from the prognostic
variables of the model.

Finally, the momentum equation is

% +[f+k- (Vo xv)kxv,+ (63—;) +VK =-V¢,— (o), Vr. (24.24)
!

Here we omit the friction term, for simplicity. The momentum equation involves the geopo-
tentials at the layer centers, which will have to be determined somehow, presumably using
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the hydrostatic equation. Note, however, that the hydrostatic equation listed above involves
the geopotentials at the layer edges, rather than the layer centers.

To complete the system, we need the upper and lower boundary conditions

('7% = 6L+% =0. (24.25)

We define the vertical coordinate, o, at layer edges, which are denoted by half-integer
subscripts. The change in ¢ across layer [ is written as d0;. Note that

L
Y Soi=1, (24.26)
=1

and

p[+% = 7[6[+% +pr, (2427)

where pr is a constant, and the constant values of o, L1 are assumed to be prescribed for
2

each layer edge. Eq. tells how to compute layer-edge pressures. A method to
determine layer-center pressures is also needed, and will be discussed later.

By summing (24.20) over all layers, and using (24.25]), we obtain

I 9 1Y vi(so)] b 0 (24.28)
ot = ! ! ’ '

which is the vertically discrete form of the surface pressure tendency equation. From
(24.28), we see that mass is, in fact, conserved, i.e., the vertical mass fluxes do not pro-
duce any net source or sink of mass. We can use (24.28)) with (24.20) to determine 76 at
the layer edges, exactly paralleling the method used to determine 7& with the vertically
continuous system of equations.

24.3.1 The horizontal pressure-gradient force

A finite-difference analog of (23.63) is
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0
_ (fvzp> _ [M} VI -V (n9) . (24.29)
! éc |,
Multiplying (24.29) by d0;, and summing over all layers, we obtain

L L L
— Z <Evzp)l(5(7)l = Z[ (c9)], Z (m¢y) (60),]

i=1 \P
. (24.30)
= ¢sVT — V{Z[(”‘Pl)( )]}-

This is analogous to our earlier result for the continuous system. Inspection of ([24.25))
shows that, if we use the form of the horizontal pressure-gradient force given by (24.29),
the vertically summed horizontal pressure-gradient force cannot spin up or spin down a
circulation inside a closed path, in the absence of topography (Arakawa and Lamb, |1977).

The idea outlined above provides a rational way to choose which of the many possible
forms of the horizontal pressure-gradient force should be used in a model. At this point the
form is not fully determined, however, because we do not yet have a method to compute
either ¢ or the layer-edge values of ¢ that appear in (24.29).

Eq. (24.29) is equivalent to

(o) ofeeme o

By comparison with (23.60), we identify

(o), =g — {5 ES?)L . (24.32)

An analogous equation is true in the continuous case. This allows us to write (24.31)) as
T
— (—Vzp> =-—n(oa),Vr—naVe . (24.33)
!

Eq. (24.33) will be used later.
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24.3.2 The thermodynamic energy equation

Suppose that we choose to predict 6; by using (24.22)), because we want to conserve the
globally mass-integrated value of 0 in the absence of heating. We relate the temperature to
the potential temperature using

c,Ty =16, . (24.34)

In order to use (24.34), we need a way to determine

K
H,ch(ﬂ) . (24.35)
Po
Norman Phillips| (1974)) suggested
1 6 (Ip)
I, = 24.36
= () 757, 2430

on the grounds that this form leads to a good simulation of vertical wave propagation.
Eq. gives us away to compute the layer-center value of the Exner function, and
the layer-center value of the pressure, from the neighboring layer-edge values. Tokioka
(1978)) showed that with (24.36), the finite-difference hydrostatic equation (discussed later)
is exact for atmospheres in which the potential temperature is uniform with height.

The advective form of the potential temperature equation can be obtained by combining

(24.22) with (24.20):

ot

06, (76), 1 (6.1 —0)+(n6),_1 (61— 6,_,
ﬂ( I+Vz-V91)+ HZ(HZ ) 12( lz> =0. (2437

A similar manipulation was shown way back in Chapter[7] Substitute (24.34) into (24.37),
to obtain the corresponding prediction equation for 7;:
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(91‘ al’
(76),41 (H191+% - c,,T1> +(16),_; (cpTl _ Hl@z%) B (24.38)
(60), -

CpT <@—|—Vl VT1> —71'91% (a—ﬂ:—FVl'Vﬂ')

_|_

The derivative dIT;/dm can be evaluated using (24.36). We now introduce the terms that

represent the vertical advection of temperature, modeled after the corresponding terms of
(24.37). These involve the layer-edge temperatures, i.e., T, 1 and 7;_;, but keep in mind
2 2

that a method to determine the layer-edge temperatures has not yet been specified. By
simply “adding and subtracting,” we rewrite (24.38) as

1] (w0)yyy (Tiny =11) + (50),_y (T -7,y
vt (W v VTI) T (60),

9% . vﬂ> (24.39)

+
N —

oI],
=m0

(”G)H% (CPTlJr% — 116,

~—

)
+ 10,y (Mo_y =)y

_|_

The layer-edge temperatures can simply be cancelled out in (24.33) to recover (24.32).
Obviously, the left-hand side of (24.39) can be rewritten in flux form through the use of the
vertically discrete continuity equation:

ot

cr{ 35 (BT)-+ V- (o) + [M]l} on (o

=n0— | =—+WV -VTL')
o0 on (24.40)

+(52), (®6)1y (Thy = TU0 )+ (20),y (6, — T,y )|

We now observe, by comparison of (24.40) with the continuous form (24.10), that the
expression on the right-hand side of (24.40) must be a form of Twa, i.e.,
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Il (drm
T(oa), = n@,a—ﬂl <8t +vl-V7r>
N (EG)H% (CPTH% *H191+%) + (”6)17% (Hlezf% *CpTzf%) ' (24.41)
(60),

Eq. (24.47)) is a finite-difference analog of the not-so-obvious continuous equation

__om (dxm d (n6c,T) d(n60)
nwa—neﬁ (E—i—v-Vn)—i— 5 —1II 56 (24.42)

which you should be able to prove is correct. We will return to (24.41)) below, after deriving
the corresponding expression from the mechanical energy side of the problem.

24.3.3 The mechanical energy equation

We now derive the mechanical energy equation using the vertically discrete system. Taking
the dot product of mv; with the horizontal pressure-gradient force for layer /, we write,
closely following the continuous case,

—nv;- [Vo + (o), V| = =V - (avi¢) + ¢,V - (nv;) —w(oa),v;-Vr

= —V'(ﬂW‘Pl)—(Pl{a;Jr [5(7;245)}[} —n(oa)v;-Vr

(m-,q,)} . [(no),ﬂ (61— 91) +(6),_, (¢,¢,;)] (24.43)
l

o
:_V'(ﬂ:vld)l)_ |: So (56)1

an
—q),w —n(oa),v;-Vr.
Continuing down this path, we construct the terms that we need by adding and subtracting

—m(Vor+ (000, =~ (avg) - [ 2G04 (a(oa), —a)
1

B e

ot n(80),

al
ot
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Using the continuity equation (24.20), we can rewrite (24.44)) as

o [(7:6+ G%) (p]
oo

—v - [Vo + (o), Va] = =V - (mvi¢)) —
I

(ﬂd)l—i—% (¢l+% - ¢l) + (7“'7)1_% <¢1 - ¢z-%)

on
—nl (ca), | — -Vr | —

(), ( ot v ) n(60),
(24.45)

By comparing with the continuous form, (24.17)), we infer that

0

m(oa),=rn(ocw), (8_7: +v;- Vﬂ:)

(24.46)

(60, [(HG)H% <¢z+% - ¢1> +(n6),_y <¢1 - ¢,,%)} .

24.3.4 Total energy conservation

We have now reached the crux of the problem. 7o ensure total energy conservation, the

form of T(war); given by (24.46) must match the form given by (24.41). Comparison of the
two equations shows that this can be accomplished by setting:

oIl
=6 — 24.47
(Ga)l 1 an_ ) ( )
¢l_¢l+%:CPTl+%_Hlel+%’ (24.48)
and
¢lf% - (Pl = Hleli% - CpT},% . (2449)
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As discussed below, all three of these equations are vertically discrete forms of the hydro-
static equation.

Eq. gives us an expression for (ca),. We already had one, though, in Eq.
(24.32). By requiring that these two expressions to agree, we obtain

6(09)| _ o9
o — [WL_M 3 | (24.50)

This is yet another a finite-difference form of the hydrostatic equation. It involves geopo-
tentials at both layer centers and layer edges. You should be able to derive the continuous
form of the hydrostatic equation that corresponds to (24.50).

By adding II;6; to both sides of both (24.48) and (24.49)), and using (24.34), we find
that

(epTras +9141) = (cpTi+90) =T (8,1~ 1) . (24.51)

and

(cpTi+ 1) — (c,,T,i% + ¢,7%> — (9, _ 9,7%> , (24.52)

respectively. These finite-difference analogs of the hydrostatic equation have the familiar
form ds/d 0 = I1. Add one to each subscript in (24.52)), and add the result to (24.5T)). The
layer-edge geopotential cancels out, and we get

Orr1— ¢ =—6_ 1 (I —IT) | (24.53)

This is a finite-difference version of yet another form of the hydrostatic equation, namely
d¢/dI1 = —6. What have we gained by the manipulation just performed? If the forms of
II; and 6, /, are specified, we can use to integrate the hydrostatic equation upward
from level / + 1 to level /.
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24.3.5 The problem with the L grid

n (24.53), the problem with the L grid becomes apparent. We must determine 6, ! by
some form of interpolation, e.g., the arithmetic mean of the neighboring layer-center values
of 6. The interpolation will “hide” a vertical zig-zag in the solution for 6. A hidden zig-zag
cannot influence the pressure-gradient force, so it cannot propagate, as a physical solution
would. The dynamically inert zig-zag can become a permanent, unwelcome feature of the
simulated temperature sounding. This problem does not arise with the CP grid.

The problem is actually both more complicated and more serious than it may appear at
this point. Although we can use (24.53) to integrate the hydrostatic equation upward, it is
still necessary to provide a boundary condition to determine the starting value, ¢, i.e., the
layer-center geopotential for the lowest layer. This can be done by first summing (§0),

times (24.50) over all layers:

L
Z — g5 = Z 76,20 a L(80), . (24.54)

Now we use the mathematical identity

L L
Y 0(80),= Y or(0ry 01y
=1

(24.55)

which applies for any quantity defined at layer centers. Substitution of (24.55) into the
left-hand side of (24.54)), and use of (24.53), gives

L oIl L-1
Op = ¢s+ Z ﬂ@la—nl (50’)1 — Z GI+% (I, — ITy) 91+% , (24.56)
=1 I=1

which can be used to determine the geopotential height at the lowest layer center. We can
then use (24.53) to determine the geopotential for the remaining layers above.

Eq. (24.56) is a bit odd, howver, because it says that the thickness between the Earth’s
surface and the middle of the lowest model layer depends on all of the values of 0;, through-
out the entire column. An interpretation is that all values of 6; are being used to estimate
the effective value of 6 between the surface and level L. Since we integrate up from ¢y
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to determine ¢ for [ < L, all values of 0; are being used to determine each value of ¢,
throughout the entire column. This means that the hydrostatic equation is very non-local,
i.e., the thickness between each pair of layers is influenced by the potential temperature at
all model levels.

To avoid this problem, Arakawa and Suarez (1983)) proposed an interpolation for 6, 1

in which only 6; influences the thickness between the surface and the middle of the bottom
layer. To see how this works, the starting point is to write local hydrostatic equation in the
form

O —Prr1=¢p (AH_%GI +Bl+%91+1) : (24.57)

where A, 1 and B, ; are non-dimensional parameters to be determined. Comparing with
2

(24.53)), Wé see that

(H,H—Hl) 91+% :Al+%91+Bl+%el+1 . (24.58)

In order that (24.58) have the form of an interpolation, we must choose A, 1 and B, 150
that

L B (24.59)
II 4 — 17 ' '

Eq. (24.58) essentially determines the form of 6, L if the forms of A, 1 and B, 1 are
specified.

After substitution from (24.57)), Eq. (24.56) becomes

L 3H1 L—1
o — g = 121 76,51 (80), - ZZI o1 <Al+%91 +Bl+%91+1> . (24.60)

Every term on the right-hand-side of (24.60) involves a layer-center value of 6. To eliminate
any dependence of ¢; on the values of 0 above the lowest layer, we “collect terms” around
individual values of 6;, and force the coefficients to vanish for | < L. This leads to
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oI];
n%(&r)l = GH%AH% +617%B17% for/ <L (24.61)

With the use of (24.61), (24.60) simplifies to

om;

oL = s+ Ly

(80), 0, 1B, 1| ¢b1]- (24.62)

Because the coefficient of each 6; has been forced to vanish for all / < L, only 6 influences
¢r. We have succeeded in making the thickness between the surface and the middle of
the lowest layer depend only on the lowest-layer temperature. Note, however, that the
thicknesses between the layer centers still depend on interpolated or averaged potential
temperatures, so we still have the L grid’s problem of the dynamically inert zig-zag in
temperature, although it is not as serious as before.

Once the lowest-layer geopotential has been determined from (24.62)), we can use either
(24.53)) or (24.57) to determine the geopotentials for the remaining layers; the result is the
same with either method.

Methods to choose A4, 1 and B | are discussed by |Arakawa and Suarez (1983). They
recommended

A HH—% — Hl and B Hl+1 — Hl (2463)

1y = 1 = o

which satisfy (24.59).

If we use (24.58)), we are not free to use the methods of Chapterm to choose 6, . in
2

such a way that some F (0) is conserved. A choice has to be made between these two
alternatives. It seems preferable to use (24.58).

24.4 Summary and conclusions

The problem of representing the vertical structure of the atmosphere in numerical models is
receiving a lot of attention at present. Among the most promising of the current approaches
are those based on isentropic or hybrid-isentropic coordinate systems. Similar methods are
being used in ocean models.
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At the same time, models are more commonly being extended through the stratosphere
and beyond, and vertical resolutions are increasing; the era of hundred-layer models is upon
us.
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Chapter 25

Aliasing instability

25.1 Scale interactions and nonlinearity

“Nonlinear” is a mathematical term. A more physical perspective is that the processes that
are described by nonlinear mathematical terms bring about interactions among scales in a
fluid system. Scale interactions arise when we try to solve either nonlinear equations or
linear equations with variable coefficients. For example, suppose that we have two modes
on a one-dimensional grid, given by

A (xj) = Ae™4¥ and B (x;) = Be'l/A* | (25.1)

respectively. Here the wave numbers of A and B are denoted by k and /, respectively. We
assume that k£ and / both “fit” on the grid in question. If we combine A and B linearly, e.g.,
form

oA+ BB, (25.2)

where a and B are spatially constant coefficients, then no “new” waves are generated; k
and / continue to be the only wave numbers present. In contrast, if we multiply A and B
together, then we generate the new wave number, k + [:

AB = ABe/k+DiAx (25.3)
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Other nonlinear operations such as division, exponentiation, etc., will also generate new
wave numbers. It can easily happen that (k+1)Ax > &, in which case the new mode
created by multiplying A and B together does not fit on the grid. What actually happens in
such a case is that the new mode is “aliased” onto a mode that does fit on the grid.

25.1.1 Aliasing error

Suppose that we have a wave given by the continuous solid line in Fig. 25.1] There are
discrete, evenly spaced grid points along the x-axis, as shown by the black dots in the figure.
The wave has been drawn with a wave length of (4/3) Ax, corresponding to a wave number
of ;’T’tx. Because (4/3) Ax < 2Ax, the wave is too short to be represented on the grid. What
the grid points “see” instead is not the wave represented by the solid line, but rather the
wave of wavelength 4Ax, as indicated by the dashed line (again drawn as a continuous
function of x). At the grid points, the wave of length 4Ax takes exactly the values that the
wave of (4/3) Ax would take at those same grid points, if it could be represented on the
grid at all. This misrepresentation of a wavelength too short to be represented on the grid
is called “aliasing error.” Aliasing is a high wave number (or frequency) masquerading as
a low wave number (or frequency). In the example of Fig. [25.1] aliasing occurs because
the grid is too coarse to resolve the wave of length (4/3) Ax. Another way of saying this
is that the wave is not adequately “sampled” by the grid. Aliasing error is always due to
inadequate sampling.

-1t

Figure 25.1: An example of aliasing error. Distance along the horizontal axis is measured in units
of Ax. The wave given by the solid line has a wave length of (4/3) Ax. This is shorter than 2Ax, and
so the wave cannot be represented on the grid. Instead, the grid “sees” a wave of wavelength 4Ax,
as indicated by the dashed line. Note that the 4Ax-wave is “upside-down.”
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25.1.2 Almost famous

Aliasing error can be important in observational studies, because observations taken “too
far apart” in space (or time) can make a short wave (or high frequency) appear to be a
longer wave (or lower frequency). Fig. is an example, from real life. The blue curve
in the figure makes it appear that the precipitation rate averaged over the global tropics
fluctuates with a period of 23 days and an amplitude approaching 1 mm day'. If this
tropical precipitation oscillation (TPO) were real, it would be one of the most amazing
phenomena in atmospheric science, and its discoverer would no doubt appear on the cover
of Rolling Stone. But alas, the TPO is bogus, even though you can see it with your own
eyes in Fig. [25.2] and even though the figure is based on real data.

How is that possible? The satellite from which the data was collected has an orbit
that takes it over the same point on Earth at the same time of day once every 23 days.
Large regions of the global tropics have a strong diurnal (i.e., day-night) oscillation of
the precipitation rate. This high-frequency diurnal signal is aliased onto a much lower
frequency, i.e., 23 days, because the sampling by the satellite is not frequent enough to
resolve the diurnal cycle.

TRMM PR vs VIRS
6 284
- 283 @
)
5 s
282 2
i g
—_ I 3
fnl It
£ &
24 - 281 g
E °
\‘: o z
g ‘ 1 N
£ - 280
2 \ {;
3 . I
- 279
E — T 1 L L — T 1 1 T ———T 278
1 61 121 181 241 301 361 421 481 541 601 661 721 781 84l

day (01/01/98-04/30/00)

Figure 25.2: An example of aliasing in the analysis of observations. The blue curve shows the
precipitation rate, averaged over the global tropics (20° S to 20° N), and the red curve shows a the
thermal radiation in the 11.8 um band, averaged over the same region. The horizontal axis is time,
and the period covered is slightly more than two years. The data were obtained from the TRMM
(Tropical Rain Measuring Mission) satellite. The obvious oscillation in both curves, with a period
close to 23 days, is an artifact due to aliasing. See the text for further explanation.
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25.1.3 A mathematical view of aliasing

In an earlier chapter, we saw that the shortest wavelength that a grid can represent is L =
2Ax, the maximum representable wave number is

Kmax = 70/ Ax . (25.4)

What happens when a wave with k > ky,,« 1s produced through nonlinear interactions? Since
2kpaxAx = 21, a wave with k > 2k, = 21 /Ax “fold s back.” We can therefore assume
that

2kmax > k > kiax - (25.5)

The expression sin (kjAx) can be written as as

sin [k jAx] = sin (kaaX 2hkmax + k) jAX]

[
= 2 2kmax — k) JA
027~ (2K — K) JAX 036
= sin|[— (kaax k) jAx]
= sin[k” (jAx)] ,
where
k*=k for |k| <kmax and k"= — (2kpa —k) for |k| > kipax - (25.7)
Note that 0 < |k*| < kpax because of (25.3)). Corresponding to (25.6), we have
cos (kjAx) = cos (kK" jAx) . (25.8)

gs- (25.6) and (25.8) show that a wave of wave number k > ky,x is interpreted (or misin-
terpreted) by the grid as a wave of wave number k*. The minus sign means that the phase
change per Ax is reversed, or “backward s .”
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Figure 25.3: The red line is a plot of k* on the vertical axis, versus k on the horizontal axis. The
dashed black line connects kAx =37r/2 with k*Ax = —n /2 (for a wavelength of 4Ax) , corresponding

to the example of Fig. [25.1]

Fig. [25.3|illustrates how k* varies with k. For —kp.x <k < kia, we simply have k* = k.
For k > kpax, we get 0 > k* > —knp,y, and so on.

In the example shown in Fig. 25.1, L = (4/3) Ax so k = 22 = 2% Therefore k* =

L — 2Ax’
2r 37w T
— (2kpax — k) = A Az AL which implies that L* = 4Ax, as we have already sur-
X X X
mised by inspection of the figure.

For k < ki, the phase change, as j increases by one, is less than 7. This is shown in
Fig. 25.4]a. For k > knay, the phase change, as j increases by one, is greater than 7. This
is shown in Fig. 25.4]b. For k > kmay, the dot in the figure appears to move clockwise,
i.e., “backward s .” This is a manifestation of aliasing that is familiar from the movies, in
which wheels appear to spin backward s when the frame rate is too slow to capture the true
motion. It also helps in understanding the minus sign that appears in Eq. (25.7).

25.2 Advection by a variable, non-divergent current

We now prepare for a discussion of aliasing errors in numerical models of the atmosphere.
Some background is needed on two-dimensional nondivergent flow.

Suppose that an arbitrary variable ¢ is advected in two dimensions, so that
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kAx <7t

kAx > 7

dhydh

Figure 25.4: The phase change per grid point for: a) kAx < &, and b) kAx > 7.

dq
E—I—V'VCI—O, (25.9)

where the flow is assumed to be non-divergent, i.e.,

V.-v=0. (25.10)

Two-dimensional non-divergent flow is a not-too-drastic idealization of the large-scale cir-
culation of the atmosphere. In view of (25.10), we can describe v in terms of a stream
function v, such that

v=kxVy (25.11)

In Cartesian coordinates, u = —dy/dy, and v = dy/dx. (These sign conventions are
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arbitrary, but is essential that one of the derivatives has a plus sign and the other a minus
sign.)

25.3 The Jacobian
Substituting (25.11]) into ([25.9)), we get

a—?—l—(kal//)~Vq:O. (25.12)

Using the identity

(V] XV2)~V3:V2'(V3XV1) s (25.13)

which holds for any three vectors, we set vi =Kk, v = Vy, and v3 = Vg, to obtain

(kx Vy) - Vg=k- (VyxVq) . (25.14)

This allows us to re-write (25.12) as

0
47 (v 9)=0, (25.15)
t
or alternatively as
dq
Fre J(q, ¥) . (25.16)

Here J is the Jacobian operator, which is defined by

J(A, B) =k (VA x VB)
— _K-V x (AVB) (25.17)
=k-V x (BVA) ,
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for arbitrary A and B. See Appendix [Al Note that

J(A, B)=—J(B,A) , (25.18)

which can be deduced from (25.17). Eq. (25.18) has been used to go from (25.15)) to
(25.16). From the definition of the Jacobian, it follows that J (p,q) = 0 if either A or B is

constant.

For the case of Cartesian coordinates, we can write J (A, B), in the following three
alternative forms, which are suggested by (25.17):

JAJB JAJB
d ([ 0A d ([ JA
Jd ( 0B Jd ( 0B

These will be used later.

Let an overbar denote an average over a two-dimensional domain that has no boundaries
(e.g., a sphere or a torus), or on the boundary of which either A or B is constant. You should
be able to prove the following:

J(A,B)=0, (25.22)

AJ(A, B)=0, (25.23)
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BJ(A, B)=0. (25.24)

Multiplying both sides of the advection equation (25.16)) by g, we obtain

194?
3o qJ (g, V)
| (25.25)
=J( ¢ .
(1)
Averaging over the entire domain, we find that
1 dg? 1,
2o ! (E" ! ‘*’)
_ . v%qz (25.26)

25.4 Aliasing instability

Scale interactions are an essential aspect of aliasing errors. Aliasing is particularly likely
when the “input” scales have high wave numbers, close to the truncation scale. It is pos-
sible for aliasing error to lead to a form of instability, which it seems reasonable to call
“aliasing instability.” It is more often called “non-linear” instability, but this 1s somewhat
misleading because aliasing instability can also occur in the numerical integration of a lin-
ear equation with spatially variable coefficients. Aliasing instability is caused by a spurious
growth of small-scale features of the flow, due in part to the aliasing error arising from the
nonlinear interaction of the finite-difference analogs of any two spatially varying quanti-
ties. Aliasing instability has nothing to do with time-differencing, and can happen even
in the time-continuous case. It is quite different from the linear computational instability
discussed in earlier chapters.

25.4.1  An example of aliasing instability

We now work through a simple example that illustrates the possibility of aliasing instability.
The example was invented by [Phillips (1959a); see also (Lilly, |1965). We keep the time
derivatives continuous.
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We begin by writing down a differential-difference version of (25.16), on a plane, using
a simple finite-difference approximation for the Jacobian. For simplicity, we take Ax =
Ay = d. We start by investigating

dq; j
dt

=[/1(g, ¥); ; (25.27)

where J] is a particular finite-difference form of the Jacobian, given by

Vi(g, vl = (941, = gi-1.5) (Vi jo1 _‘/’i7j1)4;2(6]i,j+1 —4i 1) (Virj = Vie1))

(25.28)

Note that J; is based on (25.19)). Later we are going to discuss several other finite-difference
approximations to the Jacobian. Combining and (25.28), we obtain

dqi, j _ (gis1,j—qi-1, ) (Wi, jo1 — Wi j—1) — (i, j+1 — @i, j—1) (Wi, j — Wie1, )

dt 4d?
(25.29)

We assume that the solution, g; ; (), has the form

gi j (1) = {c (1) cos (%) +§()sin (%)] sin (%) . (25.30)

This strange-looking assumption will be justified later. You should be able to show that
the x-wavenumber, k, of the sine and cosine functions in the square brackets satisfies kd =
7/2 < m, while the y-wavenumber, /, satisfies /d = 27/3 < m. Both k and [ correspond
to wavelengths slightly longer than 2d, which means that they are resolvable, but
describes a very noisy wind field. For all z, we prescribe the stream function y; ; as

o
y; j =¥ cos(mi)sin (%) . (25.31)
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This is a time-independent but spatially variable advecting current. The advecting current
was almost always prescribed in earlier chapters too, but until now it has been spatially
uniform. Because V; ; is prescribed, the model under discussion here is linear, but with
spatially variable coefficients. The forms of ¢; ;j and y; ; given by (25.30) and (25.31), are
plotted in Fig. 25.5] They are nasty functions.

Figure 25.5: Plots of the functions ¢; ;(r = 0) and v; ; given by (26.1)) and (26.2), respectively. For
plotting purposes, we have used C =S =W = 1. The functions have been evaluated only for integer
values of i and j, which gives them a jagged appearance. Nevertheless it is fair to say that they
are rather ugly. This is the sort of thing that can appear in your simulations as a result of aliasing
instability.

Because (25.31)) says that y; ; has a wavelength of 2d in the x-direction, we can sim-

plify (25.29) to

dgij 1
g:j vy (gi+1,7—gi-1,7) (Wi, jr1 — Wi, j-1) - (25.32)

From (25.30), we can show that

. . .
Giv1,j—qi-1,j =2 (—Csin% +Scos %) sin (%) . (25.33)

Here we have used some trigonometric identities. Similarly, we can use some trig identities
with (25.31)) to show that
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2rj 2
Vi i1 — Wi, j—1 = Pcos (mi) 2 cos <%) sin (;)

i (25.34)
= /3 U cos (mi) cos (?) .

As already mentioned, (25.34) holds for all z. The product of (25.33)) and (25.34)) gives the
right-hand side of (25.32)), which can be written, again using trigonometric identities, as

da: : ] ] dmj
Z’t’j = %‘P [Csin (%) +Scos (%)} sin (%) : (25.35)

Now we observe that in (25.35)) the wave number in the y-direction satisfies

4
Id = ?” > 1. (25.36)

This means that the product on the right-hand side of (25.32)) has produced a wave number
in the y-direction that is too short to be represented on the grid. According to our earlier
analysis, this wave will be interpreted by the grid as having the smaller wave number [* =

2
— (2max —1) = —ﬁ. Therefore (25.35) can be re-written as

dqi, __\/5‘1’
dt  4d?

. : i
<Csin% +Scos %) sin% . (25.37)

Rewriting (25.33)) as (25.37) is a key step in the analysis, because this is where aliasing
enters. Because we are doing the problem algebraically, we have put in the aliasing “by
hand.”

Next, we observe that the spatial form of dg; ;/dt, as given by (25.37), agrees with the
assumed form of ¢; ;, given by (25.30). This means that the shapes of the sine and cosine
parts of g; j do not change with time, thus justifying our the assumed form of (25.30), in
which the only time-dependence is in C (t) and S (t). In order to recognize this, we had to
take into account that aliasing occurs.

If we now simply differentiate (25.30) with respect to time, and substitute the result
into the left-hand side of (25.37)), we find that
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. T I
—COS— + —sin— = Csin— + Scosmt—

dC w dS . mi V3 i '
i ——Y¥ } 25.
dt 2 dt 2 442 ( 2 2) (25.38)

Note that time derivatives of C (¢) and S (r) appear on the left-hand side of (25.38)). Using
the linear independence of the sine and cosine functions, we find by inspection of (25.38))
that

dC V3 ds 3

—=——-¥¢S d —=—7-ZY¥YC. 25.39
dr 42> MY T T (25.39)
From (25.39), it follows that
a’c s
where
V3 W
= . 25.41
c 17 ( )

According to (25.40), C and S will grow exponentially. This demonstrates that the finite-
difference scheme is unstable. We note with horror that the growth rate actually increases

as the grid spacing becomes finer, so the problem gets worse with higher resolution. The
unstable modes will have the ugly form given by (25.30) and plotted in Fig. 25.5]

Nonlinear interactions

Aliasing

Figure 25.6: Sketch illustrating the mechanism of aliasing instability.
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Fig. summarizes the mechanism of aliasing instability. Nonlinear interactions feed
energy into waves that cannot be represented on the grid. Aliasing causes this energy to
“fold back™ onto scales that do fit on the grid, but typically these are rather small scales
that are not well resolved and suffer from large truncation errors. In the example given, the
truncation errors lead to further production of energy on scales too small to be represented.

Note, however, that if the numerical scheme conserved energy, the total amount of
energy could not increase, and the instability would be prevented, even though aliasing
would still occur, and even though the truncation errors for the smallest scales would still
be large. In the example discussed above, we used J;. Later we demonstrate that J; does
not conserve energy. As we will discuss, some other finite-difference Jacobians do conserve
energy. Instability does not occur with those Jacobians.

25.4.2 Analysis in terms of discretization error

Further general insight into this type of instability can be obtained by investigating the
discretization error of (25.29). This can be expressed as

dq -
<E)i,j =[h(g v ;
2[dq a3y dqd’y 83q8w 83q8w

_ i s i S | 4
=/ (g, ‘lf)]i,j‘f' T Oy o + 93 9y 9y ax -l—ﬁ(d ).
(25.42)

Here [J(q, y)]; ; is the exact Jacobian at the point (i, j). The second line of (25.42) is
obtained by Taylor-series expansion, and we see that the smallest term in the error is pro-
portional to d?, so the leading term in the error is proportional to d>. Multiplying (25.42) by
g, integrating over the whole domain, and using (25.26), we find, after repeated integration
by parts and a page or so of algebra, that the second-order part of the discretization error
(i.e., the leading term in the discretization error) causes the square of g to change at the rate

1d / 5 d* Py [ (dg\> (99
[ Pds == 79
2 dt 4 ) dxdy | \ dx dy

9’y du dv

ds + / o (d*) d (25.43)

2
Note that %y 9 Oy Eq. (25.43) means that, for gx—g’y > 0, ¢* will falsely grow
xXdy X y
2 2
with time if a—q is bigger than 8_q , in an overall sense. In such a situation, insta-
X y

bility will occur. The scheme will blow up locally, in the particular portions of the domain
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dq\> (9q\’
where % > 0, and the growing modes will have (8—1) — (_q) > (. Similarly,

92 9g\*> [9q\*
where 7Y < 0, there will be growing modes with 99y (% <O0.
dxdy dx

f Y
‘ P <Y, <Yy .
B A
e P2
> B
q(t;) /
) .
N SR )
N <o, (—1’— >0 q(t>) v3

ay axady

Figure 25.7: Schematic illustration of the mechanism of aliasing instability. The solid lines denote
the stream function, which is independent of time. The implied mostly zonal flow is from left to
right in the figure, and becomes weaker towards the right. The dashed lines show contours of the
advected quantity ¢, at two different times, denoted by 7, and #, > #;. As ¢ is carried towards the
right, its contours are stretched in the y direction.

Now look at Fig. In the figure, the streamlines are given such that y; < y» < ys3,

so that (dy/dy) < 0, which implies westerly flow. The figure shows that the westerly
2

flow is decreasing towards the east, as in the “exit” region of the jet stream, so that gx—g'y <

0. In fact, the solution of the differential-difference equation tends to prefer a positive

value of the integrand of the right-hand side of (25.43), as illustrated schematically in Fig.

25.71 Notice that at o, % becomes greater than it was at ¢, and the reverse is true for

‘3—3. The spatial distribution of ¢ is being stretched out in the meridional direction. This is

2 2
called “noodling.” Although the expression [ gjg’y [(%) — (g—;’) } ds vanishes at t1, it

has become positive at t,. From (25.43)), it can be seen that the area-integrated ¢ will then
tend to increase with time, due to the discretization error.

In contrast to the linear computational instabilities discussed earlier in this course, alias-
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ing instability has nothing to do with time truncation error. Making the time step shorter
cannot prevent the instability, which can occur, in fact, even in the time-continuous case.
The example we have just considered illustrates this fact, because we have left the time
derivatives in continuous form.

25.5 Discussion

A number of methods have been proposed to prevent or control aliasing instability. One
approach is to eliminate aliasing. As will be discussed in Chapter 13, aliasing error can
actually be eliminated in a spectral model, at least for terms that involve only “quadratic”
aliasing, i.e., aliasing that arises from the multiplication of two spatially varying fields.
Aliasing instability can also be prevented without eliminating aliasing, however.

Phillips| (1959a) suggested that aliasing instability can be avoided if a Fourier anal-
ysis of the predicted fields is made after each time step, and all waves of wave number
k > kpyax/2 are simply discarded. With this “filtering” method, Phillips could guarantee
absolutely no aliasing error due to quadratic nonlinearities, because the shortest possible
wave would have wave number ky,, /2 (his maximum wave number), and thus any wave
generated by quadratic nonlinearities would have a wave number of at most ky,.x. The filter
is strongly dissipative, however, because it removes variance.

Others have suggested that use of a dissipative advection scheme can suppress aliasing
instability. Dissipative schemes have undesirable side effects, however. They damp or
otherwise distort the solution.

A fourth way to eliminate aliasing instability is to use advection schemes that conserve
the square of the advected quantity. This has the advantage that stability is ensured simply
by mimicking a property of the exact equations. In particular, to prevent aliasing instability
with the momentum equations, we can use finite-difference schemes that conserve either
kinetic energy, or enstrophy (squared vorticity), or both. This approach was proposed by
Arakawa (1966). It is discussed in Chapter

25.6 Problems

1. A wagon wheel rotates at R revolutions per second. It is featureless except for a
single dot painted near its outer edge. The wheel is filmed at F' frames per second.

(a) What inequality must F satisfy to avoid aliasing?

(b) How does the apparent rotation rate, R*, vary as a function of F' and R? Assume
R>0and F > 0.
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Chapter 26

When the advector is the advectee

26.1 introduction

If the wind field is specified, as for example in the discussion of Chapter|[7} then the advec-
tion of a tracer can be considered as a linear problem; it is, at least, linear in the tracer. With
momentum advection, however, the wind field is both the “advector” and the “advectee.”
Momentum advection is thus unavoidably nonlinear. Up to now, we have mostly avoided
the subject of momentum advection, except for a brief discussion in Chapter[[8] which was
limited to the one-dimensional case, without rotation. We now consider the advection terms
of the momentum equation for the multi-dimensional case, including both Earth-rotation,
f, and the relative vorticity, ¢, that is associated with the wind field. Vorticity is key to
almost all atmospheric dynamics, on both large and small scales.

26.2 Fjortoft’s Theorem

Ragnar |Fjgrtoft (1953), a Norwegian meteorologist, arrived at some very fundamental and
famous insights regarding momentum advection in two-dimensional non-divergent flows.
When the flow is non-divergent, so that (25.2)) is satisfied, the vorticity equation, (25.3)),
reduces to

2= vV ). 6.1

This says that the absolute vorticity is simply advected by the mean flow. We also see that
only the sum (§ + f) matters for the vorticity equation; henceforth we just replace ({ + f)
by &, for simplicity. The vorticity and the stream function are related by

400



Revised Monday 8" December, 2025 at 23:38

{=k-(Vxv)=Viy. (26.2)

(This relationship was used as an example of a Poisson equation, back in Chapter[I3]) Eq.
(26.1) can be rewritten as

a¢ B
5, =V (v6), (26.3)
or, alternatively, as
a¢ B
ST J(C, v). (26.4)

From (26.4) and (25.22) we see that the domain-averaged vorticity is conserved:

2_22_0. (26.5)

¢ 5 = 0, (26.6)

from which it follows that the domain-average of the enstrophy is also conserved:

d (1=
4 (5‘32) 0. (26.7)

Similarly, from (26.4) and (25.24)) we find that

2
o =0. (26.8)
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To see what Eq. (26.8)) implies, substitute (26.2) into (26.8)), to obtain
4 2
VIEV v=0. (26.9)

Note, however, that

(26.10)

71,
—E(§|VW|>-

Taken together, Egs. (26.10) and (26.9) demonstrate that for two-dimensional nondivergent
flow the vorticity equation (26.4)) implies kinetic energy conservation. The derivation in
(26.10) goes through even if the d/dt operators are erased on each line. This means that,
for two-dimensional nondivergent flow,

K=—-vy(. (26.11)

This interesting result says that the domain average of the kinetic energy is equal to minus
the domain average of the product of the stream function and the vorticity.

Since both kinetic energy and enstrophy are conserved in frictionless two-dimensional
flows, their ratio is also conserved. It has the dimensions of a length squared:

kinetic energy ~ L%t~2

=17, 26.12
enstrophy t—2 ( )

The length L can be interpreted as the diameter of the most energetic vortices, and (26.12))
states that it is invariant. An implication is that energy does not cascade in frictionless
two-dimensional flows; it “stays where it is” in wave-number space.
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This argument is a little too simple. We now show that kinetic energy actually tends to
move “upscale” in two-dimensional nondivergent flow. The exchanges of energy and en-
strophy among different scales in two-dimensional turbulence were studied Fjgrtoft (1953).
Fjortoft’s results can be summarized in a simplified way as follows. Consider three equally
spaced wave numbers, as shown in Fig. (26.1)). By “equally spaced,” we mean that

Lh-—M=Ah—-A4=A1. (26.13)
The enstrophy, E, is
E=FE +E +Ej3, (26.14)
and the kinetic energy is
K=K +K +Kj3. (26.15)
It can be shown that
E,=A’K,, (26.16)

where A, is a wave number, and the subscript n denotes a particular Fourier component.

~<—— larger I I | smaller ——

scales )\‘1 }\2 )\3 scales

Figure 26.1: Diagram used in the explanation of [Fjgrtoft| (1953) analysis of the exchanges of energy
and enstrophy among differing scales in two-dimensional motion

Suppose that nonlinear processes redistribute kinetic energy among the three wave
numbers, i.e.,

K, — K, + 6K, , (26.17)
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while conserving both kinetic energy and enstrophy so that

ZSK,,ZO,

and
Y 6E,=0.
From (26.16)), we see that

SE, = A25K,.

It follows from (26.18)) that

0K+ 0Kz = —0K>,

and from (26.19) and (26.20)) that

AZSK| 4+ A38K3 = —A} 6K,

= 122 (5K1 + 5K3) .

Collecting terms in (26.22)), we find that

8Ky M —Af =0
8Ky A —-A3 7

(26.18)

(26.19)

(26.20)

(26.21)

(26.22)

(26.23)

The fact that K3 /3K is positive means that either both AK3 and AK| are positive, or both

are negative. Using (26.13), Eq. (26.23) can be simplified to

0K;3 . A+ <1

O<5K1_),3+2,2 '
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Eq. (26.24) shows that the energy transferred to or from higher wave numbers (AK3) is less
than the energy transferred to or from lower wave numbers (AK). This conclusion is based
on both (26.18)) and (26.19)), i.e., on both energy conservation and enstrophy conservation.
The implication is that kinetic energy actually “migrates” from higher wave numbers to
lower wave numbers, i.e., from smaller scales to larger scales.

We now perform a similar analysis for the enstrophy. As a first step, we use (26.20) and

(26.24)) to write

4 (hih)
O, N llz A+ A

(M2 +81)% (22— 582)

(26.25)

(M2 —824)* (A2 + 581)

To show that this ratio is actually greater than one, as indicated above, we demonstrate that
O0E3/8E| =a-b-c, where a, b, and c are each greater than one. We can choose:

M +AA _QLQ—%A)L A +AA

a="——2>1 b=—"-2">1 and c=———>1. 26.26
Ao — AL Ar— AL Ao+ 3AA (26:20)

The conclusion is that enstrophy cascades to higher wave numbers in two-dimensional
turbulence. Of course, such a cascade ultimately leads to enstrophy dissipation by viscosity.

When viscosity acts on two-dimensional turbulence, enstrophy is dissipated but kinetic
energy is (almost) unaffected. Then the denominator of (26.12)) decreases with time, while
the numerator remains nearly constant. It follows that the length scale, L, will tend to
increase with time. This means that the most energetic vortices will become larger. This
is an “anti-cascade” of kinetic energy. The implication is that two-dimensional turbulence
tends to remain smooth, so that the kinetic energy of the atmosphere tends to remain on
large, quasi-two-dimensional scales, instead of cascading down to small scales where it
can be dissipated.

In three dimensions, vorticity is not conserved because of stretching and twisting, and
enstrophy is not conserved because of stretching (although it is unaffected by twisting).
Vortex stretching causes small scales to gain energy at the expense of larger scales. As a
result, kinetic energy cascades in three-dimensional turbulence. Ultimately the energy is
converted (dissipated) from kinetic to internal by viscosity. This is relevant to mesoscale
and small-scale atmospheric circulations, such as turbulent eddies and convective cells.
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In summary, advection and rotation have no effect on the domain-averaged vorticity,
enstrophy, or kinetic energy in two-dimensional flows. Because two-dimensional flows
conserve both energy and enstrophy, they “have fewer options” than three-dimensional
flows. In particular, a kinetic energy cascade cannot happen in two dimensions. What
happens instead is an enstrophy cascade. Enstrophy is dissipated but kinetic energy is
(almost) not.

Because kinetic energy does not cascade in two-dimensional flows, the motion remains
smooth and is dominated by “large” eddies. This is true with the continuous equations, and
we want it to be true in our models as well.

26.3 Kinetic energy and enstrophy conservation in two-dimensional
non-divergent flow

We have shown that both kinetic energy and enstrophy are conserved in two-dimensional
non-divergent flows, and that this has profound consequences for the spectrum of kinetic
energy. Arakawal(1966) developed a method for numerical simulation of two-dimensional,
purely rotational motion, that conserves both kinetic energy and enstrophy, as well as vor-
ticity. His method has been and still is very widely used, and is explained below.

26.3.1 The vorticity equation

We begin by writing down a spatially discrete version of (26.18), keeping the time deriva-
tive in continuous form:

déi
W—Gz-]z(g I//)

= ZZCZ', i, i Ci' Y .

,il ,ill

G;
(26.27)

The bold subscripts are two-dimensional counters that can be used to specify a grid cell on
a two-dimensional grid by giving a single number, as was done already in Chapter 3] The
area of grid cell ¢ is denoted by o;. The ¢; ;# ;» are coefficients that must be specified to
define a finite-difference scheme, following the approach that we first used in Chapter [3]
For later reference, with double subscripts, would become

d
lj gltj ZZZZ Cl i, i j” Cl J 1 Win N (2628)

/ // //
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The second line of looks a little mysterious and requires some explanation. As
can be seen by inspection of (25.17)), the Jacobian operator, J ({, y), involves derivatives of
the vorticity, multiplied by derivatives of the stream function. We can anticipate, therefore,
that the finite-difference form of the Jacobian at the point z will involve products of the
vorticity at some nearby grid points with the stream function at other nearby grid points.
We have already seen an example of this in (25.28)). Such products appear in (26.27). The
neighboring grid points can be specified in by assigning appropriate values to 2’ and
1"/, As you can see from the subscripts, 2’ picks up vorticity points, and ¢’/ picks up stream-
function points. The c; ;» ;~ are “interaction coefficients;” their form will be chosen later.
By making appropriate choices of the c; ;- ;# we can construct an approximation to the
Jacobian. The double sum in essentially picks out the combinations of { and y, at
neighboring grid points, that we wish to bring into our finite-difference operator. This is
similar to the notation that we used in Chapter 3] but a bit more complicated.

Of course, there is nothing about the form of that shows that it is actually a
consistent finite-difference approximation to the Jacobian operator; all we can say at this
point is that has the potential to be a consistent finite-difference approximation to
the Jacobian, if we choose the interaction coefficients properly. The coefficients can be

chosen to give any desired order of accuracy (in the Taylor series sense), using the methods
discussed in Chapter

The form of is sufficiently general that it is impossible to tell what kind of grid
is being used. It could be a rectangular grid on a plane, or a latitude-longitude grid on the
sphere, or something more exotic like a geodesic grid on the sphere (to be discussed in

Chapter [28)).

As an example, consider the finite-difference Jacobian Ji, introduced in Eq. (25.28).
Applying J; to vorticity advection on a square grid with grid spacing d, we can write,
corresponding to (26.28)),

2dGi

d
dt

= { g G G ) = Vi) = Qoo = Gy (= W)

1
=1 (Giv1, jWi, j41 — Givr, Wi, j—1 — Git, j Wi, 1 + Gimt, jWi, j—1 — Gi 1 Wi, j+ G jr1 Vi1,

+&i im1 Wi, j— G -1Vt j) -
(26.29)

By inspection of the second line of (26.29)), and comparing with (26.28)), we see that for J;
each value of ¢; j.7 i jn is either +-1/4 or —1/4. The eight non-zero values of c, for Ji,
can be listed as follows:
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1
Ci, juit 1, jui 41 = T
1
Ciaj; l+17J’laJ71 = _Z’
1
1
Ci, jri=1, jii j=1 = T 26,30
1 (26.30)
Ci. i+ i1 ] = T
1
Ci i j+li=1,) = T
1
Ci, jiiy j=Liitl, =+
1

Look carefully at the subscripts. As an example, you should be able to see thatc; j.;v1, j;i, j+1
specifies the contribution of the vorticity east of the point (i, j) combined with the stream
function north of the point (i, j) to the time-rate-of-change of the vorticity at the point
(i, j). See Fig. Each coefficient involves three (not necessarily distinct) points. With
the uniform square grid on a plane, the forms of the coefficients are very simple, as seen
in (26.30). The same methods can be applied to very different cases, however, such as
nonuniform grids on a sphere.

Y+l

gi+1,j+l

gi’j S,-+ 1,j

Figure 26.2: Stencil used in the discussion of vorticity conservation for J;. See text for details.

26.3.2 Three basic requirements

Any finite-difference Jacobian should give zero if both of the input fields are spatially
constant. From (26.27)), this implies that
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0=YYc; i forall i, (26.31)

’i, i,/

i.e., the sum of the coefficients is zero for all 2. We require that our scheme satisfies (26.3T]).
This requirement would emerge automatically if we enforced, for example, second-order
accuracy of the Jacobian. You can easily confirm that J; satisfies (26.31).

Similarly, any finite-difference Jacobian should have the property that if the vorticity is
spatially uniform, it will remain so for all time. From (26.27), this requirement takes the
form

0=YY ciir,inwin forall . (26.32)

il i//

Eq. (26.32)) can be interpreted as the condition that the motion is non-divergent, i.e., V -
(k x Vy) = —k-(V x Vy) =0. Note that (26.32)) must be true regardless of how the stream
function varies in space. This is only possible if each grid-point value of y;» appears more
than once (in other words , at least twice) in the sum. Then we can arrange that the “total
coefficient” multiplying y;», i.e., the sum of the two or more ¢; 4 ;’s that multiply y;n,
is zero. In that case, the actual values of y;~ have no effect on the sum in (26.32). You
should confirm that J; satisfies (26.32).

In order to ensure conservation of the domain-averaged vorticity under advection, we
must require that

0= ZZZQ, it i it Wirr | (26.33)

,L'l ill

Here we have a triple sum, because we are taking a spatial average. In this way, Eq. (26.33))
is different in kind from (26.31)) and (26.32)). Eq. (26.33) has to be true regardless of how
the vorticity and stream function vary in space. This is only possible if each product ;s y;n
appears more than once in the sum, such that the sum of the two or more c¢; ;s ;s, that
multiply each ;s y;n» pair, is zero. In that case, the actual values of {;»y;» will have no
effect on the triple sum in (26.33), because in the end they are multiplied by zero.

We now demonstrate that J; satisfies (26.33)), i.e., it conserves vorticity. As pointed out
above, ¢; j.i+1, j.i, j+1 specifies the contributions of the vorticity at (i 4 1, j) and the stream
function at (i, j+ 1) to the time-rate-of-change of the vorticity at the point (i, j). See Fig.
Similarly, ¢iy1, j+1;i+1, j;i, j+1 specifies the contributions of the vorticity at (i + 1, j)
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and the stream function at (i, j+ 1) to the time-rate-of-change of the vorticity at the point
(i+1, j+1). The point here is that the vorticity at (i+ 1, j) and the stream function at
(i, j+ 1) are “paired up” twice, once to predict the vorticity at (i, j) and a second time to
predict the vorticity at the point (i+1, j+1). Therefore, when we sum over the domain,
this pair will appear twice, each time with a coefficient, c. Cancellation will occur if the
two coefficients sum to zero, or in other words if they satisfy

Ci, joit1, jii, j41 = —Citl, j1ii+1, jii, j+1 - (26.34)

How can we use (26.34) to choose the forms of the coefficients? The key is that we use
the same scheme for all points on the grid. We can “shift” the stencil for the scheme
from one grid cell to another by adding any (positive or negative) integer to all i subscripts
for each coefficient, and adding a (generally different, positive or negative) integer to all
J subscripts, without changing the numerical values of the coefficients. For example, the
value of ¢j11, j41;i+1, j i, j+1, Which appears on the right-hand side of (26.34)), has to remain
unchanged if we subtract one from each i subscript and one from each j subscript, thus
shifting left and down. In other words, it must be true that

Cit1, j+15it1, jii, jrl = Ci, jii, j—1si—1, j - (26.35)

Eq. allows us to rewrite (26.34)) as

|Ci ju i1, jii 41 = —Cijii, j—Lii=1,j | (26.36)

What has been accomplished here is that, in (26.36)), both of the coefficients are associated
with the time-rate of change of the vorticity at the same point, i.e., (i, j), and so both of
them are listed in (26.30). The meaning of is that the “right, up” coefficient is equal
to minus the “down, left” coefficient. Inspection of shows that is indeed
satisfied. Similar results apply for the remaining terms. In this way, it can be demonstrated
that J; conserves vorticity.

26.3.3 Conservation of enstrophy and kinetic energy

What we are going to do now 1is find a way to enforce finite-difference analogs of
and (26.8)), namely:

410



Revised Monday 8" December, 2025 at 23:38

0= ZGiCiJi (¢, v)

= ZZ:Q (Z;Ci,i',i”gi'llfi”> (26.37)

i

= Z (chi, it i GiGir ll/z'") )

i

0= ZGiWiJi(Ca V)

= ;‘lfi (chi,i’,i” Ci"/’i") (26.38)

’i, ’i”

= Z (ZZQ,@",i”Ci’WiWi") .

1:/ 1://

By enforcing these two requirements, we can ensure conservation of enstrophy and kinetic
energy in the finite-difference model (although to fully ensure kinetic energy conservation
we also need to attend to one additional issue, discussed later). We demonstrate below that
the requirements (26.37)) and (26.38)) can be satisfied by suitable choices of the interaction
coefficients. The requirements look daunting, though, because they involve triple sums.
How in the world are we ever going to figure this out?

Inspection of (26.37) shows that the individual terms of the triple sum are going to
involve products of vorticities at pairs of grid points. With this in mind, we go back to

and rewrite the scheme as

i (8, W) =YY ci it inGor War

7:, ill

(26.39)
= Zai, i Cir
i/
where, by definition,
a;, i = ZCZ‘, i, i Y . (2640)

ill
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Here a; ;s is a weighted sum of stream functions. It does not have a "/ subscript. This
simplifies things because, in going from the first line of to the second line, we
replace a double sum involving three subscripts with a single sum involving two subscripts.
The ¢ coefficients don’t appear on the second line of (26.39)), because they are buried inside

aig, q-

We can now write (26.39) times {; as

0;Cili (8, v) = Zai,i'CiCi' : (26.41)

Here we have simply taken {; inside the sum, which we can do because the sum is over 7,
not ¢. From this point it is straightforward to enforce (26.37)), which can be rewritten using
our new notation as

0=Y Y a; Gl - (26.42)

i i’

The value of a; ;s measures the influence of {;s on the time-rate-of-change of the enstrophy
at the point 4. Similarly, the value of a;s_; measures the influence of {; on the time-rate-of-
change of the enstrophy at the point #’. If these effects are equal and opposite, there will be
no effect on the total enstrophy. In other words, we can achieve enstrophy conservation by
enforcing

a; 0 = —ay forall 2z and 1:, . (2643)

This is a symmetry condition; it means that if we exchange the order of the subscript pairs,
and also flip the sign, there is no net effect on the value of the coefficient a. As a special

case, Eq. (26.43) implies that

a;; =0 forall 4. (26.44)

This means that the stream function at the point 2 has no effect on the time-rate-of-change
of the enstrophy at point 2.

With the definition (26.40)), we can rewrite the non-divergence condition (26.32) as
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0=Ya;; forall 3. (26.45)
il

Any scheme that satisfies (26.43)) and (26.44)) will also satisfy (26.43)). In other words , any
enstrophy-conserving scheme satisfies the non-divergence condition “automatically.”

Kinetic energy conservation can be achieved using a very similar approach. We rewrite

(26.27) as

i (8, W) =YY ciir,inGor Wan

il ill

(26.46)
= sz’ VAT
3!
where
bi, = Z Ci, i, i C,L'I (2647)
I

is a weighted sum of vorticities that does not have a subscript #’. The requirement for
kinetic energy conservation, (26.38), can then be written as

0= Z (Z bi, A Wi”) s (2648)

,L'II

which is analogous to (26.42)). Kinetic energy conservation can be achieved by requiring
that

bi,i”:_bi”,i all ¢ and ’l:”, (2649)

which is analogous to (26.43).

The results obtained above are very general; they apply on an arbitrary grid, and on a
two-dimensional domain of arbitrary shape. For instance, the domain could be a sphere.
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26.3.4 One more thing

As mentioned above, there is one more thing to check, with respect to kinetic energy con-
servation. We have to make sure that the finite-difference analog of (26.10) holds, i.e.,

Y (Gi‘l’idd_?) =-Y {c,-% G va\f)} , (26.50)

i %

so that we can mimic, with the finite-difference equations, the demonstration of kinetic
energy conservation that we performed with the continuous equations. In order to pursue
this objective, we have to define a finite-difference Laplacian. We will consider a square
grid with the “+” stencil for the Laplacian, discussed in Chapter 3] and grid spacing d:

Ci.,j = (VZI//)L].

1 (26.51)
=5 (Wi, j+ Wimr j+ Wi+ Wi o1 =4y )

Here we have reverted to a conventional double-subscripting scheme, for clarity. We also
define a finite-difference kinetic energy by

| =

2
K j |V‘//’i,j
1

o (Ve = i) (i = ¥0) 2 (v = v )+ (Vi = vim)) -
(26.52)

o

Here we have used the definition of the gradient operator given by (A.6). Because the
right-hand side of is a sum of squares, we are guaranteed that the kinetic energy
is non-negative. It should be clear that K; ; is defined in the same place as the vorticity
and stream function. (This is compatible with the C-grid staggering, although we are not
working with a staggered grid at the moment.) With the use of (26.51)) and (26.52)), it can
be demonstrated, after a little algebra, that (26.50) is actually satisfied.

26.3.5 Do we have a Jacobian?

This is all fine, as far as it goes, but we still have some very basic and important business
to attend to: We have not yet ensured that the sum in (26.27)) is actually a consistent finite-
difference approximation to the Jacobian operator. The approach that we will follow is to
write down three independent finite-difference Jacobians and then identify, by inspection,
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the ¢’s in (26.27). When we say that the Jacobians are “independent,” we mean that it is not
possible to write any one of the three as a linear combination of the other two. The three
finite-difference Jacobians are:

1
(1), ;= 1 [(Givr =G ) (Wi = Wi 1) = (G = Gijior) (Wi = Wi )]
(26.53)
1
(2);, ;= 442 [ (Gt gt = Girr, 1) Wit (Gt = Gimt 1) Wi, (26.54)
+ (Gt ot = Gim, 1) Wi et — (Gt o1 = Gt o) Wi ot
1
(3); ;= i [t j (Wiet, o1 = Wit j—1) = Gt j (Wi, 1 — Wi, 1) (26.55)

—Gi, j+1 (llfi+1,j+1 — ll/ifl,j+1) +&i i1 (WiJrl,jfl - lllifl,jfl)} .

These can be interpreted as finite-difference analogs to the right-hand sides of (25.19) -
(25.21)), respectively. We can show that all three of these finite-difference Jacobians vanish
if either of the input fields is spatially constant, and that all three conserve vorticity, i.e.,

they all satisfy (26.33)).

What we need to do next is identify (“by inspection”) the coefficients a and b for each
of (26.53) - (26.53), and then check each scheme to see whether the requirements (26.43))
and (26.49) are satisfied. In order to understand more clearly what these requirements
actually mean, look at Fig. The Jacobians Ji, J>, and J3 are represented in the top row
of the figure. The colored lines show how each Jacobian at the point (i, j) is influenced
(or not) by the stream function and vorticity at the various neighboring points. We can
interpret that a; ;» denotes {-interactions of point ¢ with point ¢/, while a;/ ; denotes {-
interactions of point ¢’ with point ¢. When we compare a;_; with a;s_;, it is like peering
along one of the red (or purple) lines in Fig. first outward from the point (i, j), to
one of the other points, and then back toward the point (i, j). The condition (26.43)) on
the as essentially means that all such interactions are “equal and opposite,” thus allowing
algebraic cancellations to occur when we sum over all points. The condition (26.49) on the
bs has a similar interpretation.

To check whether (J;); conserves enstrophy, we begin by rewriting as
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Jy Jz J3
j#t R R & jo1 W R ¥ jo1 Y R »
;e ;o | / " ] \ / l
2 L o1 h‘* jo1 / "'\\‘f
R B M0 i [ B
Ja

j+1 - . Ry
— y=connect \ / 1
;o W Ja= (Ji +Jdy+d3)
— {~connect / -
j1 {

- both-connect

Figure 26.3: The central point in each figure is (i, j). Stream function and vorticity are both defined
at each of the mesh points indicated by the black dots. The colored lines represent contributions to
Ji,j from y, §, or both, from the various neighboring points. For J; and J4, the red and blue lines
overlap, so you only see the pink lines.

0, j(J1);, j(, v) =
1
2 [Giv1, i (Wi 1 — Wi, j=1) = Gimt, (Wi 1 — WG, j—1) (26.56)
—&i, i1 (Wit j = Vic1, ) + G o1 (Wi, j— wie1, )|

Here we have collected the coefficients of the four distinct values of the vorticity. By
inspection of (26.36) and comparison with (26.40), we can read off the expressions for the

i, ji 1, "
1
i jrit1, ) = g (‘Ifi, jH1 ll/i,jfl) ; (26.57)
1
G, ji=1,j = "4 (Wz j+1— Vi j—l) ) (26.58)
1
iy ji, j+1= (Wit1,j— Wic1,j) (26.59)
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(Wis1, = Wie1,j) - (26.60)

FN.

Are these consistent with (26.43)? As a first step towards checking this, add one to each i
subscript in (26.58); this gives:

1
ai1, jii = =7 (Wiet, jr1 = Wi 1) - (26.61)

Now simply compare (26.61)) with (26.57), to see that the requirement (26.43)) is not satis-
fied by J;. We conclude that J; does not conserve enstrophy.

In this way, we can reach the following conclusions:
* Ji conserves neither enstrophy nor kinetic energy;
* J> conserves enstrophy but not kinetic energy; and
* J3 conserves kinetic energy but not enstrophy.

It looks like we are out of luck.

We can form a new Jacobian, however, by combining Ji, J>, and J3 with weights, as
follows:

Iy = oy + BJr+ 75 . (26.62)

Here

a+B+y=1. (26.63)

With three unknown coefficients, and only one constraint, namely (26.63)), we are free to
satisfy two additional constraints; and we take these to be (26.43)) and (26.49)). In this way,
we can show that J4 will conserve both enstrophy and kinetic energy if we choose

a=B=y=1/3. (26.64)

417



Revised Monday 8" December, 2025 at 23:38

The composite Jacobian, J4, is often called the “Arakawa Jacobian.” It is also called J.
a b

KINETIC ENERGY

MEAN SQUARE VORTICITY

1 1 1 1
0 500 7000 1500 2000 0 500 1000 1500 2000

TIME STEP TIME STEP
C
da

t

(wave number)?

Lmqj;.:..lllln L

(wove number)?

Figure 26.4: Results of tests with the various finite-difference Jacobians. Panel ¢ shows that the
initial kinetic energy is at a low wave number.

Fig. @ shows the results of tests with J;, J», and J3, and also with three other Ja-
cobians called Jy4, Js, and Jg, as well as with J4. The leapfrog time-differencing scheme
was used in these tests. The influence of time differencing on the conservation properties
of the schemes is discussed in the next subsection; it is minor, as long as the criterion for
linear computational instability is not violated. The various space-differencing schemes do
indeed display the conservation properties expected on the basis of the preceding analysis.

The approach outlined above yields a second-order accurate (in space) finite-difference
approximation to the Jacobian that conserves vorticity, kinetic energy, and enstrophy. Arakawa
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(1966) also showed how to obtain a fourth-order Jacobian with the same conservation prop-
erties.

In Chapter[7] we concluded that, by suitable choice of the interpolated “cell-wall” val-
ues of an arbitrary advected quantity, A, it is possible to conserve exactly one non-trivial
function of A, i.e., F(A), in addition to A itself. Conserving more than A and one F(A)
was not possible because the only freedom that we had to work with was the form of the
interpolated “cell-wall” value, which will be denoted here by A. Once we chose A so as
to conserve, say, AZ, we had no room left to maneuver, so we could not conserve anything
else.

We have just shown, however, that the vorticity equation for two-dimensional non-
divergent flow can be discretized so as to conserve two quantities, namely the kinetic energy
and the enstrophy, in addition to the vorticity itself. How is that possible?

The key difference with the vorticity equation is that we can choose not only how
to interpolate the vorticity (so as to conserve the enstrophy), but also the actual finite-
difference expression for the advecting wind itself, in terms of the stream function, because
that expression is implicit in the form of the Jacobian that we use. In choosing the form of
the advecting current, we have a second “freedom,” which allows us to conserve a second
quantity, namely the kinetic energy.

As discussed earlier, the constraint of enstrophy conservation is needed to ensure that
kinetic energy does not cascade in two-dimensional non-divergent flow. If kinetic energy
does not cascade, the flow remains smooth. When the flow is smooth, kinetic energy con-
servation is approximately satisfied, even if it is not exactly guaranteed by the scheme. This
means that a scheme that exactly conserves enstrophy and approximately conserves kinetic
energy will behave well.

These considerations suggest that formal enstrophy conservation is “more important”
than formal kinetic energy conservation.

26.4 The effects of time differencing on the conservation of squares

When time differencing is included, a family of finite-difference schemes for (25.16) can
be written in the generic form

q?fl —q(i ; .
By va N CRR R (26.65)

where ¢ is a generic scalar, and J; ; is a finite difference analog to the Jacobian at the point
(i, j). Different choices of q* give different time-differencing schemes. Examples are given

in Table
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Multiplying by g*, we get

q* <qn+1 _qn) :Atq*.](q*, w) ) (2666)

Here we drop the subscripts for simplicity. Eq. (26.66)) can be rearranged to

n+1 n
n 2 n q +q * n n * *
(@) (g )2=2<T—q ) (4" —d") +24147 (a", ) . (26:67)

The left-hand side of gives the change of ¢* in one time step. Let an overbar denote
a sum over all grid points, divided by the number of grid points. Applying this averaging

operator to (26.67), we find that

n+1 +qn

(¢"1)* = (¢")’ =2 (q 5 q*) (g™ —q") +241q"T (q", ) . (26.68)

We have already shown that we can choose our space differencing scheme in such a way
that ¢*J (¢*, v) = 0. Time differencing will not enter in that choice, because only one
“time level” of ¢, namely ¢*, appears in g*J (¢*, V).

The first term on the right-hand side of is where the time-differencing comes
in. For ¢* = ¢", the contribution of this term is positive and so tends to increase ¢>. For
g* = ¢!, the contribution of the first term is negative and so tends to decrease ¢2. With
the trapezoidal implicit scheme, i.e., ¢* = (¢"*! 4+ ¢") /2, which is absolutely stable and
neutral (in the linear case with constant coefficients), there is no contribution from the first
term. This means that the trapezoidal implicit scheme is consistent with (allows) exact en-
ergy conservation. This could be anticipated given the time-reversibility of the trapezoidal
implicit scheme, which was discussed earlier. Of course, the form of the finite-difference
Jacobian must also be consistent with conservation of ¢?.

In most cases, time truncation errors that interfere with exact energy conservation do
not cause serious problems, provided that the scheme is stable in the linear sense, e.g., as
indicated by von Neumann’s method.
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Table 26.1: Examples of time differencing schemes corresponding to various choices of ¢*.

Name of Scheme Form of Scheme
Euler forward ‘]* =q"
Backward implicit CI* = qn+1
Trapezoidal implicit q = E(CI" + QM)

Leapfrog, with time interval

1
At / 2 q* =q 2
« 3, 1 .
Second-order Adams Bashforth q = Ef] - Eq
* n A[ n
Heun 9 =9 +?J(q ’l"/)
Lax-Wendorff
* n At n
(here Sis a smoothing q =5q" + 71(61 ’W)
operator)
Matsuno q=q"+ Aﬂ(qn,‘,”)

26.5 Summary

We began this chapter by discussing two-dimensional advection. We showed in Chapter 23]
that when the advecting current is variable, a new type of instability can occur, which can be
called “aliasing instability.” In practice, it is often called “non-linear instability.” This type
of instability occurs regardless of the time step or time-differencing scheme, and cannot be
detected by von Neumann’s method. It can be detected by the energy method, and it can
be controlled by enforcing conservation of appropriate quadratic variables, such as energy
or enstrophy. It is particularly likely to cause trouble with the momentum equations, which
describe how the wind is “advected by itself.”

26.6 Problems

1. (a) Prove that J> conserves vorticity.
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(b) Prove that J3 conserves kinetic energy.

Work out the continuous form of the Jacobian for the case of spherical coordinates
(longitude, A, and latitude, ¢).

. For the case of two-dimensional non-divergent flow on a periodic domain, prove that

if the vorticity is an eigensolution of the Laplacian, then the time-rate-of-change of
the vorticity is zero.

. Using the form of the Laplacian for the hexagonal grid that you worked out earlier in

the semester, show that

lan)- glod (tvw)] o

%

can be satisfied. Note that this condition only has to hold for the sum over all grid
points, as shown.

. For a hexagonal grid on a plane, show that a finite-difference Jacobian of the form

_t i <‘Vl+1 ) (C‘);C’) (26.70)

conserves vorticity, enstrophy, and kinetic energy. Here subscript O denotes the cen-
tral point, the sum is over the six surrounding points (assumed to be numbered con-
secutively in a counter-clockwise fashion), A is the area of a hexagon, and As is the
length of a side.

(a) Make a finite-difference model that solves the non-divergent vorticity equation
on a doubly periodic plane, using an approximately square hexagonal grid with
about 8000 grid cells, like the one used in the Chapter [3lhomework. Use the Ja-
cobian given in Problem 7 above, with Matsuno time differencing. You should
check your Jacobian code by using a test function for which you can compute
the Jacobian analytically.

(b) Create diagnostics for the domain-averaged enstrophy and kinetic energy.

(c) Invent an analytical function that you can use to specify an initial condition
such that the periodic domain contains two pairs of (nearly) circular large-scale
vortices of equal strength but opposite sign — two “highs” and two “lows.” Be-
cause of the periodic boundary conditions, the solution will actually represent
infinitely many vortices. Run the model with this smooth initial condition and
discuss the results.
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(d) Run the model again using initial conditions that approximate “white noise,”
and examine the time evolution of the solution. Does it follow the behavior
expected for two-dimensional turbulence? You may have to run a thousand
time steps or more to see the expected evolution.
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Chapter 27

Conservative schemes for the two-dimensional shal-
low water equations with rotation

27.1 Kinetic energy conservation

In Chapter[26] we have shown how vorticity, kinetic energy and enstrophy can be conserved
under advection in numerical simulations of two-dimensional non-divergent flow. In prac-
tice, however, we have to consider the presence of divergence. When the flow is divergent,
vorticity and enstrophy are not conserved, but potential vorticity and potential enstrophy
are conserved. Conservation of potential vorticity is an extremely important dynamical
principle, as discussed in courses on atmospheric dynamics. Conservation of potential en-
strophy is key to determining the distribution of kinetic energy with scale. Schemes that
permit conservation of potential vorticity and potential enstrophy under advection therefore
provide major benefits in the simulation of geophysical circulations.

The approach outlined below follows Arakawa and Lamb|(1981). We adopt the C-grid,
as shown in Fig. Recall that on the C-grid, the zonal winds are east and west of the
mass points, and the meridional winds are north and south of the mass points. The diver-
gence “wants” to be defined at mass points, e.g., at point (i + %, J+ %), and the vorticity
“wants” to be defined at the corners of the mass boxes that lie along the diagonal lines
connecting mass points, e.g., at the point (i, j). The kinetic energy has to be defined by av-
eraging u> and v? to a central location. It can be defined at the mass points, or the vorticity
points, or both.

Note that in Fig. and in the equations below, the vorticity is at the integer points,
which is a departure from the indexing system used earlier.

The finite-difference form of the continuity equation is

dh (hu). .

il ey ) gy — () o 4 )irg, = )iy i

= 27.1
dt Ax Ay ( )

424



Revised Monday 8" December, 2025 at 23:38

i1 i i+1

Figure 27.1: The arrangement of the mass, zonal wind, and meridional wind on the C grid. In this
setup, the vorticity is at the integer points.

Here £ is defined at half-integer points. The various mass fluxes that appear in (27.1) have
not yet been defined, but mass will be conserved regardless of how we define them.

Simple finite-difference analogs of the two components of the momentum equation are

du; jo1 T/(C+f Kirg iy — K
—2 (=== () +

'(h—i_hs)i—i-%,j—i-% _(h_l_hs)i—%,j—&—;]

(27.2)

+8 =0,

Ax

and

(27.3)

+8

respectively. As in the one-dimensional case discussed in Chapter [I8] the kinetic energy
per unit mass, K;, 1 .. 1, is undefined at this stage, but the values used in (27.2) and (27.3))
22 2

Jt
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are defined at mass points. The potential vorticities (ﬂ) and <—) ,and
h )i ja i+3,J

the mass fluxes (hv 1 and (hu),, 1 ; are also undefined.

29

)zp J+
Note that the mass fluxes that appear in and are in the “wrong” places;
the meridional mass flux (hv) i that appears in the equation for the u-wind is evidently
at a u-wind point, and the zonal mass flux (hu),, 1 that appears in the equation for the
v-wind is evidently at a v-wind point. The vorticities that appear in (27.2) and (27.3) are
also in the “wrong” places. Obviously, what we have to do is interpolate somehow to obtain
mass fluxes and vorticities suitable for use in the vorticity terms of and (27.3)). Note,
however, that it is actually products of mass fluxes and vorticities that are needed.

There are two problems with the vorticity terms on the C grid. Both arise from the
averaging needed, and both can occur on Cartesian or longitude-latitude C grids, as well as
geodesic C grids. The first problem is that the averaging can lead to computational modes.
This was discussed already in Chapter[I9] in which the linearized equations included only
the Coriolis parameter, rather than the absolute vorticity. The second problem is that al-
though the vorticity terms do not affect the kinetic energy in the continuous system, we
have to work to make this true in the finite-difference system.

One important question is: Is there a finite-difference scheme that allows us to “mimic”
the relationship

(hv) - K%) k x (hv)} =07 (27.4)

Here k is a vertical unit vector that is perpendicular to v. Eq. is what makes the vor-
ticity term of the momentum equation drop out when we form the kinetic energy equation.
Its essence is

v-(kxv)=0, (27.5)

which is a purely mathematical identity. Our goal is to mimic the identity itself. Arakawa
and Lamb) (1981) constructed the finite-difference vorticity terms of and in
such a way that a finite-difference analog of is satisfied, regardless of the specific
forms of the mass fluxes and potential vorticities that are chosen. Their approach is to
write:
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(), -

(27.6)
O jidiird it )it o HB vt o )iy i+ % et ()i
Oyt j(V)n g g () g —€ 0 g ()
and
(), -

h o (27.7)
7.7

Yk, vt ek 0y jud 0y g gt (i) a0y gy ()

Bt i, ot )y 0 s () =0 s (V)1 5

In (27.6) and (27.7), the as, Bs, ¥s, s, €s, and ¢s are interpolated potential vorticities
whose forms are not yet specified. Each of these quantities has four subscripts, to indicate
that it links a specific u-wind point with a specific v-wind point. The as, fBs, ¥s, Js, €s,
and ¢s are somewhat analogous to the as and bs that were defined in the discussion of two-
dimensional non-divergent flow, in that the as and bs also linked pairs of points. In (27.6)),
the interpolated potential vorticities multiply the mass fluxes hu and hv.

When we form the kinetic energy equation, we have to take the dot product of the vector
momentum equation with the mass flux 4v. This means that we have to multiply by
(hu),, 1 and by (hv); ;. L and add the results. With the forms given by and
(27.7), the vorticity terms will combine to give

- (hu)l) j+3 K¥) (hV)]i, j+ +<hv>i+%’j K¥) (hu)} i+

§>j

i j+d | %, i,

2

V)it i T B bt i )iy i % e j(v)

6 b )i ey () o —€ 0 0 (hu) j+%]

1o (hu)

2

+(h">i+§,j ikl i1, 4l (h”)i+1,j+l + 6i+%,j; i, j+3 (), J+

T
2 Ll—2

=

Lo, j—

FBit i, ot )iy s+ ()1 s =1 <h")i+%7j—1}
(27.8)
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We want this long expression to sum to zero, over the whole grid, regardless of the numeri-
cal values assigned to the interpolated potential vorticies and the mass fluxes. We can make
much easier to look at by replacing the potential vorticities by 1s, and replacing hu
and hv by u amd v, respectively. The result is

U gl <vi+%7j+1 TVl TVl Vil Ty L= ui—Lj—k%) 27.9)

TVirl (”i+1,j+% T T T Wy VL _Vi+%,j71> :

An analysis of shows that all the terms cancel out when summed over the whole
grid. As a result, the vorticity terms will drop out of the finite-difference kinetic energy
equation, just as they drop out of the continuous kinetic energy equation. This cancellation
occurs regardless of the expressions that we choose of the mass fluxes, and regardless of
the expressions that we choose for the as, Bs, s, s, €s, and ¢s. The cancellation arises

purely from the forms of and (27.7).

The discussion above shows that the finite-difference momentum equations represented
by (27.2) and (27.3) with the use of and (27.7), will guarantee kinetic energy conser-
vation under advection, regardless of the forms chosen for the mass fluxes and the interpo-
lated potential vorticities as, s, vs, 0s, €s, and @s. From this point, the methods used in
Chapter 18| will carry through essentially without change to give us conservation of mass,
potential energy, and total energy.

Arakawa and Lamb (1981) went much further, showing how the finite-difference mo-
mentum equations presented above allow conservation of both potential vorticity and po-
tential enstrophy. The details are rather complicated and will not be presented here.

27.2 TRISK

Thuburn/ (2008), Thuburn et al.| (2009), and Ringler et al.|(2010) generalized the approach
of |Arakawa and Lamb (1981) for use an arbitrary C-grids, including spherical geodesic C-
grids. Their approach is called “TRiSK,” which stands for Thuburn, Ringler, Skamarock,
and Klemp. TRiSK is used in MPAS. It does not solve the degrees-of-freedom problem
with the geodesic C-grid.

27.3 Problems

1. As discussed in Chapter [19] the linearized shallow water equations can be written in
vorticity-divergence form as
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oh
E—FHS—O, (27.10)

¢ B
5+ f6=0, (27.11)

%—f—f@’+gV2h:0, (27.12)

(a) Program these equations on the same doubly periodic hexagonal grid that you
have used in the earlier homeworks. Use the unstaggered Z-grid, so that 4, 1,
and O are all defined at the cell centers.

(b) Use third-order Adams-Bashforth time differencing, which is discussed in Chap-
ter [5|and in the paper by Durran| (1991).

(c) Parameter settings:
i. Use a cell-center spacing of d = 10,000 m.
ii. Use H = 5000 m.
iii. Useg=0.1ms 2.
iv. Use f=10"%s"1.
(d) Initial conditions:

(e) Use { = 0 =0. Start the simulation with a bump in 4 near the center of the
domain. Make the bump smooth, with a maximum value of 4 = 100 m. Set
h = 0 everywhere else. Include a map showing the shape of the initial bump.

(f) Run the model long enough for the area-average of h” to approach a constant
value. Plot the area-average of 42 as a function of time.

(g) Make an animation of % that shows the wave propagation that occurs as the
model runs.

2. This problem includes nonlinearity, waves, diffusion, and the effects of bottom to-
pography. As discussed by |[Heikes and Randall|(1995a), the nonlinear shallow water
equations can be written in vorticity-divergence form as
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oh

E-I-V-(th)—J(h, V) =S, (27.13)
a—n+v (nVy)—J — DV? 27.14
3 -(nVx)—J(n, y)=DV-n, (27.14)
98 5
E—V(nVW)—J(n,xHV [K+g(h+hr)]=0. (27.15)

Here S, is a (positive or negative) source of mass, 1 is the absolute vorticity, and
D > 0 is a constant diffusion coefficient. Note that if the flow is nondivergent, so that
Vx = 0, then the vorticity equation given above reduces to the form used in Chapter
[26] except for the additional diffusion term.

(a)

(b)

()

(d)

Program these equations on the same doubly periodic hexagonal grid that you
have used in the earlier homeworks. Use the unstaggered Z-grid, so that 4, 1,
and 9 are all defined at the cell centers.

You will need to solve a pair of Poisson equations with the relative vorticity
and divergence as inputs. The solutions of the Poisson equations are the stream
function, y, and the velocity potential, . Present the results of a test demon-
strating that your Poisson solver is working properly.

Use the Jacobian shown in (26.70), which is repeated here for your conve-
nience:

1S (i — v +1i
I w)=7Y ("’“AS"’ 1) (”02 n )As (27.16)

i=1

Here As is the length of one side of a hexagon, and A is the area of a hexagon.
Present the results of a test demonstrating that your Jacobian is working prop-
erly.

The kinetic energy, K, is computed at the cell centers using
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|
K=o [V- (V) —yViy+V-((Va) =2Vl + (v, 1) . Q2717)

Present the results of a test demonstrating that your calculation of the kinetic
energy is working properly.

(e) Choose the grid-cell edge values of & as the arithmetic means of the neighbor-
ing cell-center values. Choose the grid-cell edge values of g so as to allow
conservation of ¢> under advection.

(f) Use third-order Adams-Bashforth time differencing, which is discussed in Chap-
ter [5|and in the paper by Durran| (1991).

(g) Parameter settings:
i. Use a cell-center spacing of d = 10,000 m.
ii. Useg=0.1m s72,
iii. Use f=10"%s"1.
iv. Use D=10° m? s~ L.

v. Give aridge bottom topography halfway out from the center of the domain,
on the north side only, such that the largest value of A7 is 100 m. Use
hr = 0 elsewhere. Make hy vary smoothly with a cross-ridge width of
several grid cells. Make the ridge five times as long as it is wide. Include a
map showing the distribution of /7 that you have specified.

vi. Give negative values of S;, near the center of the domain, with a largest
negative value of —A x 1074 m s~!. Give positive values of S, away from
the center. Make S;, vary smoothly across the domain, and remember that
it has to be doubly periodic. Make the area-averaged value of S;, zero, so
that there is no net source or sink of mass. This set-up will make mass flow
from the domain edges towards the domain center.

(h) Intial conditions:

Start the model with 2+ h7 = 5000 m everywhere. This is a flat free surface,
with no pressure-gradient. Start with ¢ = f/h and 6 = 0 (no motion).

(i) Run the model until it reaches a statistically steady state.

(j) Make an animation that shows how the circulation spins up, and what the wave
pattern looks like.

(k) Plot the area averages of q2 and K as functions of time.
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Chapter 28

Finite differences on the sphere

28.1 Introduction

Before we can use grid-point methods to discretize a model on the sphere, we must first
define a grid that covers the sphere, i.e., we must discretize the sphere itself. There are many
ways to do this, as discussed in the excellent review by |Staniforth and Thuburn (2012).

Perhaps the most obvious possibility is to generate a grid using lines of constant latitude
and longitude. With a grid based on such a “spherical coordinate system,” indexing can be
defined along coordinate lines, so that the neighbors of a particular cell can be referenced by
defining an index for each coordinate direction, and then simply incrementing the indices
to specify neighbors, as we have done many times when using Cartesian grids.

It is also possible to define grids without starting from a coordinate system. Examples
are planar hexagonal and triangular grids, and spherical grids derived from the icosahedron,
the octahedron, and the cube. These are often called “unstructured grids,” although the
term is not very descriptive, and seems almost pejorative. With an unstructured grid, the
locations of each cell and its neighbors are listed in a table, which can be generated once
and saved.

The governing equations can be written either with or without a coordinate system.
When a coordinate system is used, the components of the wind vector are defined along
the coordinate directions. On an unstructured grid, the orientations of the cell walls can be
used to define local normal and tangent components of the wind vector on the cell walls.
For example, a model that uses an unstructured C-grid will predict the normal component
of the wind on each cell wall.

432



Revised Monday 8" December, 2025 at 23:38

28.2 Spherical coordinates

28.2.1 Vector calculus in spherical coordinates

As discussed in Appendix in three-dimensional spherical coordinates (A, ¢,r), i.e., lon-
gitude, latitude, and radius, the gradient, divergence, and curl operators take the following
forms:

1 JdA 10A 0A
VA= <—ms¢ﬁ’ g’ E) : 8.1

1oy, 19 19

V.V= i 19 ) |
v rcos@ di +I’COS(p8(p (V¢COS¢)+r2 or (vers) (28.2)

1[0V, 0 10 1 9V, 1 [dVy O
vaz{ { (rVq,)},;E(er)— [ ‘p——(VACONP)]

20  or rcos@ oA’ rcos@ | dA  d@

r

(28.3)

For use with the two-dimensional shallow-water equations, we can simplify these to

1 JA 10A
VA — (acosq)ﬁ, 5%> , (284)

1 av, 19

VoV = o 94 T acospap 0089 (28.5)
1 [dV, @
k.(va)——aCOS(P W—%(Vlcosq)) : (28.6)

Here v is the horizontal velocity vector, and a is the radius of the spherical planet. Much
further discussion is given in Appendix
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28.2.2 The “pole problem”

In a spherical coordinate system, the lines of constant longitude converge at the poles, so
longitude is multivalued at the poles. Fig. [28.1] shows one eighth of a uniform latitude-
longitude grid. The zonal rows of grid points nearest the two poles consist of “pizza slices”
which come together at a point at each pole. The other zonal rows consist of grid points
which are roughly trapezoidal (i.e., quadrilateral) in shape.

Figure 28.1: One octant of the latitude-longitude grid. In this example, there are 72 grid points
around a latitude circle and 44 latitude bands from pole to pole. The longitudinal grid spacing is
globally uniform, and in this example is 5°. The latitudinal grid spacing is 4° except that the pizza
slices are 6° tall.

The components of the wind vector (and all other vectors) are discontinuous at the
poles, although of course the (real-world) wind vector itself doesn’t even know that there
is a pole. For example, consider a jet directed over the North Pole, represented by the
shaded arrow in Fig. [28.2] Measured at points along the prime meridian, the wind consists
entirely of a positive v component. Measured along the international date line, however, the
wind consists entirely of a negative v component. A discontinuity occurs at the pole, where
“north” and “south” have no meaning. Similarly, the # component of the wind is positive
measured near the pole along longitude 90°, and is negative measured along longitude
270°.

Such ambiguity does not occur in a Cartesian coordinate system centered on the pole.
At each point along a great circle that includes the pole, the components measured in such
a Cartesian coordinate system are well defined and vary continuously. But a Cartesian
coordinate system centered on the pole is not very useful far away from the pole.

The scales of meteorological action do not vary dramatically from place to place. This
suggests that average distance between neighboring grid points should not depend on lo-
cation, and also that the distances between grid points in the zonal direction should not
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Figure 28.2: For the wind vector shown in the sketch, points along the prime meridian have a strong
northward component. There is a discontinuity at the pole, and points along international date line
have a strong southward component. Points near 90° longitude have a positive zonal component,
while points near 270° longitude have a negative zonal component.

be substantially different from the distances in the meridional direction. Unfortunately,
latitude-longitude grids lack these two desirable properties.

In addition, the convergence of the meridians at the poles demands a short time step in
order to satisfy the Courant-Friedrichs-Lewy (CFL) requirement for computational stabil-
ity, as discussed in Chapters [7] (for advection) and [I9] (for wave propagation). The short
time step is a practical problem, so we often talk about “the pole problem.” There are
actually two pole problems: one for advection, and another for wave propagation. Semi-
Lagrangian advection schemes can eliminate the pole problem for advection. Semi-implicit
time-differencing schemes can eliminate the pole problem for wave propagation. Spectral
models make it easy to implement semi-implicit time differencing for wave propagation.
Further discussion spectral methods is given in Chapter 29

28.3 The shallow water equations in spherical coordinates

To show how filters can be used to address the pole problem for wave propagation, we use
the shallow water equations in spherical coordinates, which can be written as

du u Jdu vdu

u g 0 B
E+mﬁ+5%_(f+5tan¢>v+ = (h+hs) =0, (28.7)

acos @ dA

v u dv vadv

u g a B
5 +acos(p8l +a8(p+ <f+atan(p)u+a (p(h+h5) =0, (28.8)
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oh u Jdh voh h Ju 0

E+mﬁ+5%+m ﬁ%—%(\/cosq)) =0. (28.9)

The peculiar utan ¢ /a terms of (28.7) and (28.8)) are sometimes called the “metric terms.”
They arise from the use of spherical coordinates and do not appear in the vector form of
the equations. The metric terms vanish at the equator but can become large near the poles.

We linearize - (28.9) about a state of rest, neglecting rotation and bottom topog-
raphy:

du g Ooh
§+—acos(pﬁ_o’ (28.10)
dv godh
S ti5s=0. (28.11)
oh h_|ou + 2 (veos@)| =0. (28.12)

E—'— acos@ |[dA  Jo

Here H denotes the mean depth of the fluid. The linearization about a resting basic state
has eliminated the nonlinear metric terms. We spatially discretize (28.10) - (28.12)) using
the C-grid, as follows:

du., i : —h;
j+§,k g (h]+lyk h./7k)
_0 28.13
dt + acos QAL ( :
dv. 1 h; —h;
it 8 (hki—hix) 0. (28.14)

dt aA @
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Here j is the zonal index, k is the meridional index, and the time derivatives have been left
in continuous form. We look for solutions of the form

. 1 .
uH%’k:Re{ﬁkexp [zm (]+§> A/1+16t]} , (28.16)
Vi ees = Re{o, yexpli(mjAd +o1)]} | (28.17)
hj,k =Re{hgexpli(mjAd+ot)]} . (28.18)

Note that the zonal wave number, m, is defined with respect to longitude rather than dis-
tance, and that the “hat” variables depend on latitude. By substitution of (28.16]) - (28.18)

into (28.13)) - (28.13)), we obtain

m  sin(mAA/2) .
hy = 28.1
woosg, many SHmehk =0, (28.19)

A

Oty +

)
001 +g ("ZZ—(/)") =0, (28.20)

(Pcos (p)k+% — (Vcos (p)k_%

acos QA @

im sin(mAA/2)
acos@y mAL/2

Sk (m)ﬁk +

Y

ioizk+H{

(28.21)
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where Sy, (m) is an artificially inserted “smoothing parameter” that depends on zonal wave
number and latitude. The smoothing parameter has been inserted into the term of
corresponding to the zonal pressure gradient force, and also into the term of (28.21]) corre-
sponding to the zonal mass flux divergence. These are the key terms for zonally propagating
gravity waves. For now, just consider it S; () be equal to one.

By eliminating #; and ¥, 1 in (28.19) - (28.21), we can obtain a “meridional structure

2

equation” for fi:

in(mAA /2 2
2 |c| msin(mAA/ )Sk )|
acos @y mAA /2 189
c? . costpk_% . . cos<pk+% - (28.22)
(aA(p)2 [( k— M 1) coS O ( k1 k) o3 s ] X

Here ¢ = gH is the square of the phase speed of a pure gravity wave. For the shortest zonal
wavelengths, with mAA = m, the first term on the left-hand side of (28.22)) dominates the
second, so we can simplify to

~ |¢| sin(mAA/2)
~acos@p AL)2

Sk (m) . (28.23)

Although we have not used a time-differencing scheme here, we know that for a condi-
tionally stable scheme the condition for linear computational stability takes the form

At < g, (28.24)

where € is a constant of order one. Using (28.23), this criterion can be written as

lc| At sin(mAA/2)
acos @y AL/2

Si(m) <€, (28.25)

In view of (28.23) and (28.24)), the CFL criterion will place more stringent conditions on
At as acos yAA decreases, i.e., near the poles. In addition, the criterion becomes more
stringent as m increases, for a given latitude. The worst case is sin(mAA/2) = 1, which
happens for mAA = , i.e., the shortest possible wave length. For this worst case,
reduces to
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c| At

This shows that, as expected, the time step required for stability depends on latitude. For
the grid shown in Fig. with a longitudinal grid spacing of AA = 5° and a latitudinal
grid spacing of A@ = 4° (the values used to draw the figure), the northernmost row of
grid points where the zonal component of velocity is defined is at latitude 86°N. The zonal
distance between grid points there is Ax = 39 km, which is less than one-tenth the zonal
grid spacing at the Equator. Recall that the fast, external gravity wave has a phase speed
of approximately 300 m s~!. Substituting into (2Z8.26), we find that with that resolution
and Sy (m) = 1, the largest permissible time step near the pole is about 70 seconds. This is
about one tenth of the largest permissible time step at the Equator.

28.4 Polar filters

It would be nice if the CFL criterion were the same at all latitudes, permitting time steps
near the pole as large as those near the Equator. In order to make this possible, models
that use latitude-longitude grids typically employ “polar filters” that prevent computational
instability, so that a longer time step can be used.

The simplest method is to use a Fourier filter to remove the high-wave number compo-
nents of the prognostic fields themselves, near the poles. This can prevent a model from
blowing up, but it leads to drastic violations of mass conservation (and many other conser-
vation principles). The cure is as bad as the disease.

A better approach is to longitudinally smooth the longitudinal pressure gradient in the
zonal momentum equation and the longitudinal contribution to the mass flux divergence in
the continuity equation. This has the effect of reducing the zonal phase speeds of the gravity
waves sufficiently so that the CFL criterion is not violated. The smoothing parameter S, (1)
serves this function. This is how the smoothing paramter has been used in (28.19) and

(28.21).

To implement the smoothing parameter, we compute the Fourier coefficients of the
zonal pressure gradient and the zonal mass flux divergence, multiply the coefficients by
numbers less than or equal to one, and then do the inverse transform to construct the
smoothed tendencies on the grid.

It remains to choose the form of Sy (m). Our goal is to make the CFL criterion indepen-
dent of latitude. Inspection of (28.23) shows that this can be accomplished by choosing the
smoothing parameter Sy () so that
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Sg(m)sin(mAA/2) 1
acos QyAL dar’ (28.27)

where d* is a suitably chosen constant length scale, comparable to the zonal grid spacing
at the Equator. When S (m) satisfies (28.27), the stability criterion (28.23) reduces to

2|c|
= 28.28
o= ( )
and the CFL condition reduces to
lc|At €
bl 28.29
<3 (28.29)
so that the time step required is independent of latitude, as desired. If we choose
d* =aAl , (28.30)

i.e., the zonal distance between grid points at the equator, then, referring back to (28.27),
we see that Sy () must satisfy

COS (P

" sin(mAL/2) (28.31)

Sk (m)

Of course, at low latitudes (28.31)) can give values of S; (m) which are greater than one;
these should be replaced by one, so that we actually use

. COS
Sk(s) = mm{—sin HAATD) 1} . (28.32)

For modes with sin (mAA/2) < 1, smoothing occurs only near the poles. For the short-
est zonal wavelength, with sin (mAA /2) 11, smoothing is needed all the way down to the
Equator.
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We are free to choose d*. Eq. (28.30) is not the only possibility. Smaller values of d*
can eliminate filtering in low latitudes.

How is the filter implemented? First, the fields to be filtered are expanded in Fourier
series, to obtain an amplitude for each wave number. Then the amplitudes are multiplied
by Si (m). Finally, an inverse Fourier transform is performed.

The Fourier transforms involve all grid cells at a given latitude. This can be a slow
operation with domain-decomposition on parallel machines.

Polar filters are a solution to the pole problem for wave propagation. They work, but
they are not ideal. They can have undesirable side effects on the simulation. They do not
solve the pole problem for advection.

28.5 The Kurihara grid

Many authors have sought alternatives to the latitude-longitude grid, hoping to make the
grid spacing more uniform, still within the “latitude-longitude” framework.

For example, Kuriharal (1965) proposed a grid in which the number of grid points along
a latitude circle varies with latitude. By placing fewer points at higher latitudes, he was
able to more homogeneously cover the sphere. The grid is constructed by evenly placing
N +1 grid points along the longitude meridian, from the North Pole to the Equator. The
point at the North Pole is given the label j = 1, the next latitude circle south is given the
label j = 2, and so on until the Equator is labeled j = N + 1. Along latitude circle j there
are 4 (j — 1) equally spaced grid points, except at each pole, where there is a single point.
One octant of the sphere is shown in Fig. [28.3] compare with Fig. [28.1] For a given N, the
total number of grid points on the sphere is 4N> + 2. The Southern Hemisphere grid is a
mirror image of the Northern Hemisphere grid.

Kurihara built a model using this grid, based on the shallow water equations. He tested
it in a simulation of the Rossby-Haurwitz wave, with zonal wave number 4 as the initial
condition. EI Kurihara’s model was run with a variety of time-stepping schemes and with
varying amounts of viscosity. Each simulation covered 16 simulated days, with N = 20.
The Rossby-Haurwitz wave should move from west to east, without distortion. In several
of Kurihara’s tests, the wave spuriously degenerated to higher wave numbers.

Conceptually similar “skipped” grids were discussed by James Purser (1988)), and by
Halem and Russell (1973) as described by Herman and Johnson (1978]) and Shukla and
Sud! (1981]).

IThis set of initial conditions was also used by |Phillips| (1959a), and later in the suite of seven test cases
for shallow water models proposed by [Williamson et al.|(1992).
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Figure 28.3: Kurihara grid on one octant of the sphere. Compare with Fig.

28.6 Displaced poles

The important eddies of the ocean circulation are an order of magnitude smaller than those
of the atmosphere. Consequentially, the horizontal grids of ocean models have, historically,
been finer than those of their coupled atmosphere models. Ocean models have also used
grids with shapes different from those of their coupled atmosphere models. The land model
almost always runs on the same grid as the atmosphere.

In order to avoid the pole problem, and also to allow more uniform resolution in the
Arctic Ocean, some ocean models have modified the longitude-latitude grid near the North
Pole. In particular, MOMS6 uses a tri-polar grid (Murray, 1996, Fig [28.4) in which the
North Pole of the longitude-latitude system is “split in two,” and the two resulting poles are
displaced onto the continents, away from the pole of the Earth’s rotation. The third pole is
on the Antarctic continent and so lies outside the domain of an ocean model.

Today, the grid spacings used in some global atmosphere and ocean models are on the
order of 25 km or finer, and the trend to increasing resolution seems likely to continue.
Grids with spacings of a few kilometers can resolve mesoscale convective systems and
gravity waves in the atmosphere, and mesoscale eddies in the ocean, as well as large moun-
tains, lakes, some rivers, many cities, and various other features on the land surface. With
such fine grid spacing there is no motivation to increase complexity by using different grids
for the different model components. The use of identical grids for all components brings
architectural simplicity, eliminates the need for interpolation and averaging as the atmo-
sphere and ocean models exchange information, and increases computational efficiency.
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Figure 28.4: A tri-polar grid used in an ocean model. One pole can be seen in northern Europe,
and a second occurs in northern North America. The third pole is the conventional South Pole, in
Antarctica.

28.7 Grids based on map projections

An early approach to numerically solving the shallow water equations on the sphere was to
project the sphere onto a plane, and solve the equations on a regular grid using a coordinate
system defined in the plane. The surface of a sphere and that of a plane are not topologically
equivalent, however. Distances and areas can be badly distorted near the singular points of
the projections. Nevertheless, we can use a projection to map the piece of the sphere away
from the singular points. An approach to map the entire sphere using projections is the
composite mesh method, discussed later.

We can derive the equations of motion in various map projections if we first express
them in a general orthogonal coordinate system (x, y). Here x and y do not necessarily have
the dimensions of length; for example, they could be angles. Define the metric coefficients
o, and ¢, so that the distance increment satisfies

di* = aldx* + ody” . (28.33)
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The metric coordinates convert coordinate increments (whatever their dimensions might
be) into true distances. In the (x, y) coordinate system, the horizontal velocity components

are given by

(28.34)

(28.35)

Williamson| (1969) gives the equations of motion in terms of the general velocity compo-

nents:

g d

Du 1 doy,  Joy
E_{f—koc)ﬂy <v ox _uay) 04 dx

Dt o0y \ Ox ! dy oy dy

The Lagrangian time derivative is given by

The continuity equation can be written as

oh 1 d

ot 0,0 | dx dy

As an example, with spherical coordinates we have
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— (oyhu) + 9 (axhv)| =0.
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x=A and y=¢, (28.40)

and the corresponding metric coefficients are

0 =acos® and oy =a. (28.41)

Then, by (28.34)) and (28.35)), we have

DA D
u=acosp—"  and v:aﬁf. (28.42)

Substituting (28.41)) and (28.42) into (28.36), (28.37) and (28.39) gives (28.7), (28.8) and

(28.9), which are the shallow water equations in spherical coordinates.

The Polar Stereographic and Mercator projections are sometimes used in modeling the
atmospheric circulation. Both are examples of conformal projections, that is, they preserve
angles, but not distances. Also, in both of these projections the metric coefficients are
independent of direction at a given point, i.e., @ = . The effects of these projections on
the outlines of the continents are shown in Fig. 28.5]

The polar stereographic projection can be visualized in terms of a plane tangent to the
Earth at the North Pole. A line drawn from the South Pole that intersects the Earth will also
intersect the plane. This line establishes a one-to-one correspondence between all points on
the plane and all points on the sphere except for the South Pole itself. In the plane, we can
define a Cartesian coordinate system (X,Y ), where the positive X axis is in the direction of
the image of A = 0 (the Greenwich meridian), and the positive Y axis is in the direction of
the image of A = /2. Obviously, similar mappings can be obtained by placing the plane
tangent to the sphere at points other than the North Pole. Haltiner and Williams| (1980)
give the equations relating the projection coordinates (X,Y) and the spherical coordinates

(A, @)

¥ — 2acos?cosl’ (28.43)
1+sing

y 2acosq.)sinl. (28.44)
1+sing
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Figure 28.5: Map projections of the continents: a.) Mercator projection, in which the surface of
the sphere is projected onto a cylinder that has its axis aligned with the poles, and the poles are
stetched out into lines. b.) North polar stereographic projection, in which a hemisphere is projected
onto a plane centered at the pole.

Note that there is a problem at the South Pole, where the denominators of (28.43) and

(28.44)) go to zero. From (28.43)) and (28.44)) we find that

aX :< 2a > —cos@sinA —cosA dA (28.45)

dy 1 +sing cos@cosA  —sink do

The metrics of the polar stereographic map projection can be determined as follows:
Substituting x = A, y = ¢, and the metrics for spherical coordinates into (28.33) gives

dI* = (acos @)2dA? +d*d >, (28.46)

Solving the linear system ([28.43) for d¢, and dA, and substituting the results into (28.46),
we obtain

1 . 2 1 . 2
di? — <$> dx2 4 (@) dy2. (28.47)
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Comparing (28.47) with (28.33)), we see that metric coefficients for the polar stereographic
projection are given by

__l+sing

o = 0y . (28.48)

We define the map factor, m (@), as the inverse of the metric coefficient, so that, for

example, m (@) =2/ (1+sing@). Using ([28.36), (28.37), and (28.39), we can write the

shallow water equations in north polar stereographic coordinates:

DU uY —vX 0
D+ ) v em(e) g () =0, (28.49)

D Y —vX J

D_: (f - zazv >u+gm((p)ﬁ(h+hs):0, (28.50)
oh ) pa) U p) v B

5 tm ((p)H{a—X {m((p)} +7 [m<(p)”_o. (28.51)

The total derivative is given by (28.38).

28.8 Composite grids

As discussed above, a finite region of the plane will only map onto a piece of the sphere,
and vice versa. One technique to map the entire sphere is to partition it, for example, into
hemispheres, and project the pieces separately. Each set of projected equations then gets
its boundary conditions from the solutions of the other projected equations.

For example, |Phillips| (1957) divided the sphere into three regions: a tropical belt, and
extratropical caps to the north and south of the tropical belt. On each region, the shallow
water equations are mapped to a new coordinate system. He used a Mercator coordinate
system in the tropics, a polar stereographic coordinate system fixed to the sphere at the
North Pole for the northern extratropical cap, and similarly, a polar stereographic coordi-
nate system fixed to the sphere at the South Pole for the southern extratropical cap. When
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a computational stencil required data from outside the region covered by its coordinate
system, that piece of information was obtained by interpolation within the neighboring co-
ordinate system. The model proved to be unstable at the boundaries between the coordinate
systems.

Browning et al.| (1989) proposed a composite-mesh model in which the Northern and
Southern Hemispheres are mapped to the plane with a polar stereographic projection. The
equations used for the northern projection are just (28.49), (28.50), and (28.51)). The equa-
tions for the southern projection are the same as those for the northern, except for a few
sign differences. This model is different from Phillips’ in that the regions interior to the
coordinate systems overlap a little bit as shown in Fig. Values for dependent variables
at grid points not covered by the current coordinate system are obtained by interpolation
in the other coordinate system. The overlapping of the coordinate systems made Brown-
ing’s model more stable than Phillips’ model, in which the coordinate systems were simply
“bolted together” at a certain latitude.

Composite grids are rarely used today, although the idea does occasionally resurface,
as in the Yin-Yang grid, which is briefly described later in this chapter.

28.9 Unstructured spherical grids

Fig. shows seven alternative discretizations of the sphere. The left-most panel shows
the latitude-longitude grid. Some ocean models use a modified latitude-longitude grid in
which the north pole is replaced by two “displaced” poles — one in northern North America,
and a second in northern Europe (Murray, [1996). The grid within the Arctic ocean is then
free of singularities and relatively uniform. Grids of this type are called “tri-polar.”

The second and third panels of Fig. show triangular and hexagonal-pentagonal
grids, respectively; both of these are generated by starting from the icosahedron. They will
be discussed further below.

The fourth panel shows a “cubed sphere” grid, generated from the sphere (e.g., Ronchi
et al.| (1996); [Nair et al.| (2005)); Putman and Lin| (2007);Lauritzen and Nair (2008)); Ullrich
et al.[|(2009)). The cells of the cubed sphere grid are quadrilaterals.

The fifth panel shows the “Ying-Yang” grid proposed by |Kageyama and Sato| (2004),
and Kageyamal (2005). The grid is composed of two “sleeves” that overlap like the two
leather patches that are stitched together to cover the outside of a baseball. The sleeves
overlap slightly, and an interpolation is used to patch them together, giving a composite
grid.

The sixth panel shows a spiraling “Fibonacci grid” (Swinbank and Purser, 2006).

The last panel shows the HEALpix grid (Calabretta and Roukemal, 2007). This recnet
idea was developed for use in astrophysics but has attracted interest by geophysical mod-
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Figure 28.6: Composite grid method grid. Two such grids are used to cover the sphere. Points

labeled with o are the boundary conditions for the points labeled with +. Values at the o points are

obtained by interpolation from the other grid. The big circle is the image of the Equator. Points

labeled * are not used. From [Browning et al.|(1989).

HEALpix

-Yang Fibonacci

Yin

Icosahedral-hexagons Cubed Sphere

Icosahedral-triangles

Lat-Lon

Figure 28.7: Seven grids on the sphere.

elers (Chang et al.,[2023). All cells of the Healpix grid cover exactly the same area on the

sphere. The cells are arranged along lines of constant latitude, facilitating fast and effi-
cient zonal averaging, Fourier analysis, and spherical harmonic analysis. Healpix supports

a multi-resolution, hierarchical tree structure that enables local operations and fast range
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queries on the sphere.

28.9.1 Wandering electrons

This is just for your amusement: One idea for constructing a mesh that homogeneously
covers a sphere is to calculate the equilibrium distribution of a set of electrons confined to
the surface of the sphere. Because each electron is repelled by every other electron, we
can hypothesize that the electrons will position themselves so as to maximize the distance
between closest neighbors, and thus distribute themselves as evenly as possible over the
sphere. We can then associate a grid point with each electron. It seems advantageous to
constrain the grid so that it is symmetric across the Equator. An Equator can be defined
by restricting the movement of a subset of the electrons to the equatorial great circle. We
can also fix an electron at each of the poles. The remaining electrons can be paired so
that each has a mirror image in the opposite hemisphere. Experience shows that unless
the positions of some of the electrons are fixed, their positions will continue to wander
indefinitely. Fig. [28.8]shows a grid constructed using this “wandering electron” algorithm.
Most cells have six walls, but some have five or seven walls. While this approach does
more or less homogeneously cover the sphere, it is not very satisfactory.

Figure 28.8: Wandering electron grid. White cells have five edges, blue cells have six edges, and
red cells have seven edges.

28.9.2 Spherical grids based on the Platonic solids
28.9.2.1 The cube

Cubed sphere grids are generated by projecting the faces of a cube onto a circumscribed
sphere, creating six adjoining grid faces that cover the sphere seamlessly. Grid points from
each of the six cube faces are projected onto the spherical surface. This is often done using,
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gnomonic projection, which maps straight lines on each cube face to great circles on the
sphere. A cubed-sphere grid consists of six curved quadrilateral faces mapped from the
cube sides. Coordinate lines do not extend continuously across cube face boundaries, so
special numerical techniques are needed to handle connections between faces, especially
where three faces of the cube come together. Some variants improve uniformity or orthog-
onality by slightly adjusting the initially projected grid points. Nesting can be done on the
cubed sphere by subdividing faces into smaller cells for higher resolution.

28.9.2.2 The octahedron

There have been attempts to use grids based on octahedrons (e.g., McGregor| (1996); Purser
and Ranccic|(1998)).

28.9.2.3 The icoasahedron

Grids based on the icosahedron (20 faces and 12 vertices) offer an attractive framework for
simulation of the global circulations of the atmosphere and ocean. Their advantages in-
clude almost uniform and quasi-isotropic resolution over the sphere. Such grids are termed
“geodesic,” because they resemble the geodesic domes designed by Buckminster Fuller.
Williamson| (1968)) and Sadourny et al.| (1968) simultaneously proposed using geodesic
grids based on equilateral spherical triangles that are nearly equal in area. Because the
grid points are not regularly spaced and do not lie in orthogonal rows and columns, al-
ternative finite-difference schemes are used to discretize the equations. Initial tests using
the grid proved encouraging, and further studies were carried out. These were reported by
Sadourny et al. (1968)),|Sadourny and Morel (1969)), Sadourny| (1969), Williamson| (1970),
and Masuda and Ohnishi (1986).

A conceptually simple scheme for constructing a spherical geodesic grid is to divide the
edges of the icosahedral faces into equal lengths, create new smaller equilateral triangles
in the plane, and then project onto the sphere. See Fig. One can construct a more
homogeneous grid by partitioning the spherical equilateral triangles instead. Williamson
(1968) and Sadourny et al. (1968) use slightly different techniques to construct their grids.
However, both begin by partitioning the spherical icosahedral triangle. On these geodesic
grids, all but twelve of the cells are hexagons. The remaining twelve are pentagons. They
are associated with the twelve vertices of the original icosahedron.

Arbitrarily fine grids can be constructed using the recursive procedure described above.
Figure [28.10] lists some of the possible grid spacings.

Geodesic grids are Voronoi grids. A Voronoi grid is a way of dividing a space into
regions based on distance to a specific set of points, called seeds or generator points. Each
region, called a Voronoi cell, consists of all points that are closer to the region’s seed than
to any other seed. This leads to a tessellation of the domain into polygons (or polyhedra in
3D). The concept is named after the Russian mathematician Georgy Voronoi, who defined
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Icosahedron Bisect each edge Pop out onto
and connect the dots the unit sphere

And so on, until we reach our target resolution...

Figure 28.9: A spherical geodesic grid is generated recursively by starting from an icosahedron

No. of grid Avg grid

Grid points N distance ¢ (km)
GO 12 6699.1
G1 42 3709.8
G2 162 1908.8
G3 642 961.4
G4 2562 481.6
G5 10242 240.9
Go6 40962 120.4
G7 163842 60.2
G8 655362 30.1
G9 2621442 15.0
G10 10485762 7.53
Gl11 41943042 3.76
G12 167772162 1.88
G13 671 088 642 0.94

Figure 28.10: Some of the geodesic grids that can be generated through recursive subdivision of
the faces of an icosahedron.

and studied the general n-dimensional case in 1908.

Williamson| (1968)) chose the non-divergent shallow water equations to test his geodesic
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grid. He solved the non-divergent barotropic vorticity equation discussed in Chapter 26| It
is repeated here for your convenience:

98 _

5 = J(n,v), (28.52)

where ( is relative vorticity, 71 = { + f is absolute vorticity and v is the stream function,
such that

¢ =Viy. (28.53)

For arbitrary functions o and 3, it follows from the form J (@, B) =k -V x (V) that
the Jacobian satisfies

J(a, B) _%5%( ?f ) , (28.54)

where A is the area of a grid cell, and s measures distance along the curve bounding A, i.e.,
the perimeter of the grid cell. Integrating (28.52)) over the area A, and using (28.54), we get

d B v
E/ACdA—?ingds. (28.55)

This can be discretized with reference to Fig. [28.11] We approximate the line integral along
the polygon defined by the path P, Ps,...Px. Let {j be the relative vorticity defined at the
point Fy, and let 1; be the absolute vorticity defined at the point P,. We can approximate

(28.55) by

dC_ s Vit1 — Yi-1 Mo+ MN;

i=1

We must also discretize the Laplacian. Consider the smaller, inner polygon in Fig.
28.11} Its walls are formed from the perpendicular bisectors of the line segments PyF;. We
can use Gauss’s Theorem to write

453



Revised Monday 8" December, 2025 at 23:38

/ac dA = — 7{ (Vy)-nds', (28.57)

N

where A is the area of the small polygon, s’ is its boundary, and n is the outward-normal
unit vector on the boundary. Eq. is approximated by

Z TR P| —v0) (28.58)

where |PyP| is the distance from Py to P, and /; is the length of wall i. Eq. (28.58) can be
solved for y; by relaxation, using the methods discussed in Chapter [I3]

Figure 28.11: Configuration of grid triangles for the case of a pentagon. The pentagon is bounded
by the line segments labeled 7, to Is. Each vertex of the pentagon is surrounded by a triangle.

Williamson showed that his scheme conserves kinetic energy and enstrophy, as the
exact equations do. When applied to regular grid on a plane, the scheme is second-order
accurate. Williamson performed a numerical experiment, using a Rossby-Haurwitz wave
as the initial condition. A run of 12 simulated days produced good results. |Sadourny et al.
(1968)) discussed a nondivergent model very similar to Williamson’s. Also, Sadourny and
Morel (1969) developed a geodesic-grid model based on the free-surface shallow water
equations.

Masuda and Ohnishi (1986)) developed an elegant spherical shallow water model, based
on the Z-grid (see Chapter[I9). Like Williamson, Masuda chose the Rossby-Haurwitz wave
with wave number 4 as his initial condition. Heikes and Randall| (1995aljb) and Heikes et al.
(2013) extended Masuda’s work by introducing a multi-grid method to compute the stream
function and velocity potential from the vorticity and divergence, respectively. |Heikes
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and Randall (1995b) also showed that the grid can be “optimized,” to permit consistent
finite-difference approximations to the divergence, Jacobian, and Laplacian operators that
are used in the construction of the model. They tested their model using certain standard
test cases for shallow water on the sphere |Williamson et al. (1992)), and obtained good
results. |Ringler et al. (2000) constructed a full-physics global atmospheric model using
this approach.

28.10 Summary

In order to construct a numerical model on the sphere, it is necessary to map the sphere onto
a computational domain. There are various ways of doing this. The most straightforward is
to use latitude-longitude coordinates, but this leads to the pole problem for both advection
and wave propagation. The pole problem can be dealt with by using filters, which come
with their own set of problems. Semi-implicit differencing can be used to avoid the need
for filtering.

Another approach is to use a regular grid on the sphere. A perfectly regular grid is
mathematically impossible, but geodesic grids come close.

A third approach, discussed in the next chapter, is to use the spectral method, with
spherical harmonics as the basis functions.

28.11 Problems

1. Suppose that you are running a model in which the phase speed of the fastest gravity
wave is 300 m s ~!. Design a filter that makes it possible run the model with a 10-km
grid spacing and a time step of 1000 s. Plot the coefficients of the filter as a function
of wave number.
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Chapter 29

Spectral methods

29.1 Introduction

Spectral models represent the horizontal structure of a field by using “functional expan-
sions,” rather than finite differences. An elementary example of a functional expansion is
a Fourier series. In the first part of this chapter we will use Fourier series to explain some
of the basic concepts of spectral models. In practice, most spectral models use spherical-
harmonic expansions on the global domain. For reasons that will be explained below, most
spectral models also make use of grid-point representations, and go back and forth between
“wave-number space” (the functional expansion) and “physical space” (the grid-point rep-
resentation) as the model runs.

29.2 Transform pairs
Consider a function ¢ (x, ¢) with one spatial dimension, x, and also time dependence. We

assume that g (x, ) is real and integrable. If the domain is periodic, with period L, we can
express the spatial structure of ¢ (x, 7) exactly by a Fourier series expansion:

g(x, 1)="Y Ge(r)e™. (29.1)
k=—c0

The complex coefficients gy (¢) can be computed using
x+L/2

i (t) =~ / g(, 1) e ™ dy' | (29.2)
x—L/2
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Recall that the proof of (29.1) and (29.2) involves use of the orthogonality condition

{ x+L/2
; / e dx' = 8§ (29.3)
x—L/2
where
1, k=1
Ok | = (29.4)
0, k1

is the Kronecker delta. Egs. (29.1) and (29.2)) are a “transform pair.” They can be used to
go back and forth between physical space and wave-number space.

29.3 Differentiation

From (29.1)), we see that the x-derivative of ¢ satisfies

0 > .
a—z (v, 1) =Y ikge(r)e™ . (29.5)

k=—oo

Inspection of (29.5) shows that dg/dx does not receive a contribution from §o; the reason
for this should be clear.

29.4 Truncation

A spectral model uses equations similar to (29.1), (29.2)), and (29.5)), but with a finite set of
wave numbers, and with x defined on a finite mesh:

q(xj, 1) =2 Y Ge(t)e™, (29.6)
k=—n
| M .
() =7 Y q(xj, t)e ™ —n<k<n, (29.7)
=1
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9 n -
HOUDED W IROELS (29.8)
k=—n

The sums in (29.6) and (29.8) are truncated, in that they do not include wave numbers
outside the range £n. The value of n is chosen by the modeler. The sum that appears in
is over a grid with M points. Note that we have used “approximately equal signs” in

(29.6) and (29.8), but not in (29.7). Why?

A key point is that for each wave number the derivative in (29.8)) is exact. The approx-
imation in (29.8)) comes from the truncation.

There should be some relationship between M and n, because M measures the amount
of information available on the grid, and n measures the amount of information available
in the spectral coefficients. Apart from the effects of round-off error, the transform (29.6))
is exactly reversible by the inverse transform (29.7)), provided that M is large enough, i.e.,
provided that there are enough points on the grid.

So how many points do we need? To see the answer, substitute (29.6)) into to
obtain

C?k(f)zﬁl/[;

j=1 I=—n

{ [ Zn: 4 (1) €ile] eik"f} for —n<k<n. (29.9)

This is, of course, a rather circular substitution, but the result serves to clarify some basic
ideas. If expanded, each term on the right-hand side of (29.9)) involves the product of two
wave numbers, [/ and k, each of which lies in the range —n to n. The range for wave number
[ is explicitly spelled out in the inner sum on the right-hand side of (29.9); the range for
wave number k is understood because, as indicated, we will evaluate the left-hand side
of (29.9) for k in the range —n to n. Because each term on the right-hand side of (29.9)
involves the product of two Fourier modes with wave numbers in the range —n to n, each
term includes wave numbers up to +2n. We therefore need 2n + 1 complex coefficients,
i.e., 2n+ 1 values of the gi (¢). In general, this is the equivalent of 4n + 2 real numbers,
which suggests that we need M > 4n + 2 in order to represent the real-valued function
q (xj, t) on a grid.

The required value of M is actually much smaller, however, for the following reason.
Because ¢ is assumed to be real, it turns out that
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G-k =4d; . (29.10)

where the superscript * denotes the conjugate. This helps because §_ and §; together
involve only two real numbers, rather than four. To see why (29.10) is true, consider the
combined contributions of the +k and —k coefficients to the sum in (29.6). Define T} (x;, 1)
by

Ti (%), 1) = qi (1) €™ + g (t) ™
= Rpe'?e™i + R_ oM ek (29.11)

:Rkei(9+kx*i) +R,k€i(’u_kxj) )

Here Rie'® = gy (t) and R_e'* = §_; (t), where R; and R_; are real and non-negative.

With this definition, we can rewrite (29.6)) as
n
q(xj, 1) =Y T (xj, 1) . (29.12)
k=0

Our assumption that g (x s t) is real, combined with the linear independence of distinct
Fourier modes, implies that the imaginary part of 7 (x j) must be zero, for all x;. With the
use of Euler’s formula, it follows that

Rysin (6 +kx;) +R_ysin (1 — kx;) =0 for all x; . (29.13)

The only way to satisty (29.13)) for all x; is to set

Ri=R_; (29.14)

and

0 +kx;=— (U —kx;) =—p+kx;. (29.15)
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From (29.13)), we see that 6 = —u. Eq. (29.10) follows from (29.14)) and (29.13).

As mentioned above, because g and §_; are complex conjugates of each other, they
involve only two distinct real numbers. If you know §; you can immediately write down
G—r. In addition, it follows from (29.10) that g is real. Therefore, the 2n+ 1 complex
values of g actually embody the equivalent of only 2n+ 1 distinct real numbers, rather than
4n + 2 real numbers. The Fourier representation up to wave number 7 is thus equivalent
to a representation of the real function ¢ (x, ¢) using 2n+ 1 equally spaced grid points, in
the sense that the information content is the same. We conclude that, in order to use a grid
of M points to represent the amplitudes and phases of all waves up to k = +n, we need
M > 2n+1; we can use a grid with more than 2n + 1 points, but not fewer. If M > 2n+1,

the transform pair (29.6) - (29.7) is perfectly reversible.

As a simple example, a Fourier representation of ¢, including just wave numbers zero
and one, is equivalent to a grid-point representation of g using 3 grid points. The real values
of g assigned at the three grid points suffice to compute the coefficient of wave number zero
(i.e., the mean value of ¢) and the phase and amplitude (or “sine and cosine coefficients”)
of wave number one.

29.5 Spectral differentiation in terms of finite-differences

Substituting (29.7) into (29.8) gives

n 7, M
% (xj 1) = k_Z [;—];l_f,lqm, t)e""’] e (29.16)

Reversing the order of summation leads to

dq ~ & I
5, (1) = ) gl 1), (29.17)
X =1
where we define
1 & .
di=—"Y ike*li—n), (29.18)
Mk:—n

A problem at the end of this chapter invites you to prove that the aﬂ- are real numbers.
The point of this exercise is that (29.17)) can be interpreted as a member of the family of
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finite-difference approximations discussed many times in this course, starting with (3.23).
The scheme given by is somewhat special in that it involves all grid points in the
domain. From this point of view, spectral models can be regarded as a class of finite-
difference models.

29.6 Solving linear equations with the spectral method

Now consider the one-dimensional advection equation with a constant current, u:

dg  dq
o =l (29.19)

Substituting (29.6) and (29.8)) into (29.19) gives

Yy kg Y gt (29.20)
k=—n dt k=—n

By linear independence, we obtain

4o
% = —ikug, for —n<k<n. (29.21)

Note that dgo/dt will be equal to zero; the reason for this should be clear. We can use
(29.21)) to predict g (). When we need to know ¢ (xj, t), we can get it from (29.6).

Compare with

, o
A _ g, [S0KAD) ] (29.22)
kAx

which, as discussed in earlier chapters, is obtained by using centered second-order space
differencing. For a spatially uniform advecting current, the spectral method gives the ex-
act speed for each Fourier mode, while the finite-difference method gives a slower value,
especially for high wave numbers. Similarly, spectral methods give the exact phase speeds
for linear waves propagating through a uniform medium, while finite-difference methods
generally underestimate the phase speeds.
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Keep in mind, however, that the spectral solution is not really exact, because only a
finite number of modes are kept. In addition, the spectral method does not give the exact
answer, even for individual Fourier modes, when the advection speed (or a wave’s phase
speed) is spatially variable.

Another strength of spectral methods is that they make it very easy to solve boundary
value problems. As an example, consider

Vig=f(xy) (29.23)
as a problem to determine ¢ for given f(x,y). In one dimension, (29.23) becomes
=fx). (29.24)

We assume periodic boundary conditions and compute the Fourier coefficients of both g

and f, using (29.7). Then (29.24) can be written as

Y (k) g™ =Y fre™, (29.25)

Gr=—2% for —n<k<n (unlessk=0). (29.26)

Eq. can be used to obtain gy, for k = 1, n. Then ¢ (x) can be constructed using
(29.6). This completes the solution of (29.24), apart from the application of an additional
“boundary condition” to determine §y. The solution is exact for the modes that are in-
cluded; it is approximate because not all modes are included.

29.7 Solving nonlinear equations with the spectral method

Now consider a nonlinear problem, such as momentum advection, i.e.,

Ju  du

o =g (29.27)
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again with a periodic domain. Fourier expansion gives

n

Yy i _ f iye™ f imilye"™ (29.28)
, dt " '

k=—

Our goal is to predict i () for k in the range —n to n. Wave numbers outside that range are
excluded by our choice of truncation. The right-hand-side of (29.28) involves products of
the form e/*e™ where [ and m are each in the range —n to n. These products can generate
“new” wave numbers, some of which lie outside the range —n to n. Those that lie outside
the range are simply neglected, i.e., they are not included when we evaluate the left-hand

side of (29.28).

For a given Fourier mode, (29.28) implies that

dﬁk X X . A~ i(l4+m)x —ikx
ool Y X im|ade ] e for —n<k<n.  (2929)

dr [=—a m=—u

Figure 29.1: Cartoon “table” of I + m, showing which (I, m) pairs can contribute to wave numbers
k in the range —n to n in Eq. (29.29). The pairs in the triangular regions marked by X’s do not
contribute.

In (29.29)), the quantity in curly braces involves sums over wave numbers and is therefore

defined at grid points. The summations on the right-hand side of (29.29) are over the range
To.
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In order to get the exact value of dii; /dt for all k in the range —n to n, we must choose
o large enough so that we pick up all possible combinations of / and m that lie in the range
—n to n. See Fig. [29.1] The circled Xs in the figure denote excluded triangular regions.
The number of points in each triangular region is

—1
1+2+3~-~+(n—1):—”(”2 ). (29.30)
The number of points retained is therefore given by
—1
2n+1)2 -2 {M} = (4n* +4n+1) — (n* —n)
2 (29.31)

—=3n2+5n+1.

This is the number of terms that must be evaluated inside the square brackets in (29.29).
The key point is that the number of terms is of order n?, i.e., it grows quadratically as n
increases. As a result, the amount of computation also grows rapidly as n increases, and of
course the problem is “twice as hard” in two dimensions. At first, this poor scaling with
problem size appeared to make spectral methods prohibitively expensive for nonlinear (i.e.,
realistic) problems. Note that the same issue would arise in a linear problem with spatially
variable coefficients.

29.8 The transform method

A way around this practical difficulty was proposed independently by Orszag| (1970) and
Eliasen et al.| (1970). They suggested a “transform method” in which (29.6)) and (29.8)) are
used to evaluate both u and du/dx on a grid. The product udu/dx is computed on the grid,
and the result is transformed back into wave-number space.

We can obtain an exact result exact up to wave number n by making the number of
grid points used large enough to allow the exact representation, for wave numbers in the
range —n to n, of quadratic nonlinearities like udu/dx. Here “exact” means “exact up to
wave number n.” Because the solution is exact for wave numbers up to n, there is no error
for those wave numbers, and in particular, there is no aliasing error. Therefore, a model
of this type is not subject to aliasing instability arising from quadratic terms like udu/dx.
Aliasing can still arise, however, from “cubic” or higher-order nonlinearities.

To analyze the transform method, we proceed as follows. By analogy with (29.7), we
can write
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( @) _1 Z { { )4 x])} e—ka.f}, n<k<n. (29.32)

Here we are computing the spectral coefficients of the product udu/dx, by starting from
u (x;) du/dx (x;), which is the grid-point representation of the same quantity. Using (29.6)
and (29.8), we can express u (x;) and du/dx (x;) in terms of Fourier series:

— | = 3 h,e™i ; imige™i | e il —n<k<n. (29.33)
|=— m=—n

It is important to note that, in (29.33)), the derivative, i.e., du/dx, has been computed using
the spectral method, rather than a grid-point method. The grid is being used to allow
efficient implementation of the spectral method. Eq. (29.33) is analogous to (29.9).

When expanded, each term on the right-hand side of (29.33)) involves the product of
three Fourier modes (k, [, and m), and therefore includes zonal wave numbers up to +3n.
We need 3n+ 1 complex coefficients to encompass wave numbers up to +3n. Because
udu/dx is real, those 3n+ 1 complex coefficients actually correspond to 3n+ 1 independent
real numbers. Therefore, we need

M>3n+1 (29.34)

grid points to represent udu/dx exactly, up to wave number n. This is about 50% more than
the 2n+ 1 grid points needed to represent u itself exactly up to wave number n. Obviously,
the number of grid points needed, i.e., 3n+ 1, scales linearly (not quadratically) with n.

Because wave numbers higher that £n are not included in (29.33), aliasing does not
occur. This eliminates the possibility of aliasing instability. The grid with 3n4- 1 points is
sometimes called a “non-aliasing” grid.

In practice, the transform method to solve (29.27)) works as follows:

1. Initialize the spectral coefficients i, for —n < k < n. Of course, this would nor-
mally be done by using measurements of u to initialize u on a grid, and then using a
transform to obtain the spectral coefficients.

2. Evaluate both u and du/dx on a grid with M pomts where M > 3n+ 1. Here 2 o is
computed using the spectral method, i.e., Eq. (29.8)), and the result obtained is used
to compute grid-point values of du/dx.
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3. Form the product udu/dx on the grid.

4. Using (29.33)), transform udu/dx back into wave-number space, for —n < k < n.
This gives the coefficients (udu/dx),.

5. Predict new values of the i, using diy /dt = —(umx)k.
6. Return to Step 2, and repeat this cycle as many times as desired.

Note that the grid-point representation of u contains more information (3n + 1 real values)
than the spectral representation (2n + 1 real values). For this one-dimensional example
the ratio is approximately 3/2. The additional information embodied in the grid-point rep-
resentation is thrown away in Step 4 above, when we transform from the grid back into
wave-number space. Therefore, the additional information is not “remembered” from one
time step to the next. In effect, we throw away about 1/3 of the information that is repre-
sented on the grid. This is the price that we pay to avoid errors (for wave numbers up to
=+n) in the evaluation of quadratic nonlinearities.

As described above, the transform method uses a grid to evaluate quadratic nonlineari-
ties. The same grid is used to implement complicated and often highly nonlinear physical
parameterizations.

The transform method was revolutionary; it made spectral models a practical possibil-
ity.

29.9 Spectral methods on the sphere

29.9.1 Spherical harmonics

Spectral methods on the sphere were first advocated by Silberman| (1954). A function F
that is defined on the sphere can be represented by

Fh, o)=Y Y E''A W), (29.35)

M==°p=|m|
where the

Y (A, p) =™ P () (29.36)

are spherical harmonics (see Appendix D),
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U =singQ, (29.37)

and the P}’ (1) are the associated Legendre functions of the first kind, which are given
by

P (sing) = —Znn!((zﬁ i (1) e = Zq()z(:__f;_ U o2
(n—m)(n—m—1)(n—m—-2)(n—m—73)
2-4(2n—1)(2n—3)

(29.38)

n—m—4

Here m is the zonal wave number and n — m is the “meridional nodal number.” As discussed
in Appendix [D] we require

n>m. (29.39)

The spherical harmonics Y, are the eigenfunctions of the Laplacian on the sphere:

VY = ———Y)" (29.40)

a

Here a is the radius of the sphere. See Appendix |D|for further explanation.

We can approximate F by a truncated sum:

F =

| M=

N(m)
Y E'y (29.41)
M n=|m|

m

Here the overbar indicates that F is an approximation to F. In (29.41), the sum over m
from —M to M ensures that F is real. The choice of N (m) is discussed below. For smooth
F, F converges to F very quickly, in the sense that the root-mean-square error decreases
quickly towards zero.

Why should we expand our variables in terms of the eigenfunctions of the Laplacian on
the sphere? The Fourier representation discussed earlier is also based on the eigenfunctions
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of the Laplacian, in just one dimension, i.e., sines and cosines. There are infinitely many
differential operators. What is so special about the Laplacian? A justification is that:

* The Laplacian can be defined without reference to any coordinate system;

* The Laplacian consumes scalars and returns scalars, unlike, for example, the gradi-
ent, the curl, or the divergence;

* The Laplacian is isotropic, i.e., it does not favor any particular direction on the
sphere;

* The Laplacian is simple.

29.9.2 Truncation

How should we choose N (m)? This is called the problem of truncation. The two best-
known possibilities are rhomboidal truncation and triangular truncation. In both cases,
we can choose the value of M, i.e., the highest zonal wave number to be included in the
model, and the value of N follows.

Rhomboidal truncation: N = M + |m|, and (29.42)

Triangular truncation: N =M . (29.43)

Rhomboidal and triangular truncation are illustrated in Fig. With rhomboidal trun-
cation, the value of N (the maximum value of n to be included in the sum) increases with
the value of m, in such a way that the highest meridional nodal number is the same for all
values of m. In the case of triangular truncation, the “two-dimensional wave number” N is
a the same for all of the spherical harmonics that are included in the model, so the highest
meridional nodal number is smaller for the larger values of m.

Fig. [29.2] also shows that, for a given value of M, rhomboidal truncation includes
more spectral coefficients than triangular truncation. The numbers of complex coefficients
needed are

(M + 1)2 + M? + M for rhomboidal truncation , (29.44)

and
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X X
X X n X X
n X X X X X X
1 X X X X X X X X
X X X X X X X X X X X X X X X X X X
X X X )‘( X X X X X X )l( X X X
X X )I( X X X X )I( X X
X )I( X X )I( X
)I( » m )l( » m
Triangular truncation Rhomboidal truncation

Figure 29.2: Rhomboidal and triangular truncation, both illustrated for the case M = 4. From Jarraud
and Simmons|(1983). In both cases, n > m. For a given value of M, rhomboidal truncation includes
more spherical harmonics than triangular truncation.

(M + 1)? for triangular truncation . (29.45)

You can count the X in Fig. [29.2]to persuade yourself that these formulas are correct.

Finally, the figure shows that, with both types of truncation, choosing the value of M is
enough to determine which spectral coefficients are included. It is conventional to designate
the resolution of a spectral model by designating the type of truncation by “R” or “T,” and
appending the value of M, as in “T106.” The equivalent grid-point resolution of a spectral
model is discussed later in this chapter.

Triangular truncation has the beautiful property that it is not tied to a coordinate system,
in the following sense: In order to actually perform a spherical harmonic transform, it is
necessary to adopt a spherical coordinate system (A, ¢). There are, of course, infinitely
many such systems, which differ in the orientations of their poles. There is no reason,
in principle, that the coordinates have to be chosen in the conventional way, in which the
poles of the coordinate system coincide with the Earth’s poles of rotation. The choice of a
particular spherical coordinate system is, therefore, somewhat arbitrary. Suppose that we
are given an analytical function on the sphere. We choose two different spherical coordinate
systems (tilted with respect to one another in an arbitrary way), perform a triangularly
truncated expansion in both, and then transform the results back to physical space. It can
be shown that the two results will be identical, i.e.,

F (A1, @) =F (A, ¢2) , (29.46)
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where the subscripts indicate alternative spherical coordinate systems. This means that the
arbitrary orientations of the spherical coordinate systems used have no effect whatsoever
on the results obtained. The coordinate system used “disappears” at the end. Triangular
truncation is very widely used today, in part because of this beautiful property, which is not
shared by rhomboidal truncation.

As shown in Fig. [29.3] triangular truncation represents the observed kinetic energy
spectrum more efficiently than does rhomboidal truncation (Baer, [1972)). The thick lines
in the figure show the observed kinetic energy percentage that comes from each compo-
nent. The thin, straight, diagonal lines show the modes kept with triangular truncation.
It looks like nature uses triangular truncation! With rhomboidal truncation the thin lines
would be horizontal, and more modes would be kept, but they would not add much useful
information.

29.9.3 Spherical harmonic transforms

In order to use (29.41)) we need a “spherical harmonic transform,” analogous to a Fourier
transform. From (29.36), we see that a spherical harmonic transform is equivalent to the
combination of a Fourier transform and a Legendre transform. The Legendre transform is
formulated using a classical method called “Gaussian quadrature.” The idea is as follows.
Suppose that we are given a function f(x) defined on the interval —1 < x < 1, and we wish
to evaluate

1
I= [ F(x)dx, (29.47)
/

by a numerical method. If f(x) is defined at a finite number of points, denoted by x, then
N
12Y f(xi)wi, (29.48)

where the w; are “weights.”

Consider the special case in which f(x) is itself a weighted sum of Legendre polynomi-
als, as in a Legendre transform. We want the transform to be “exact,” within the round-off
error of the machine, so that we can recover f(x) without error. Gauss showed that for
such a case gives the exact value of I, provided that the x; are chosen to be the
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roots of the highest Legendre polynomial used, i.e., the latitudes where the highest Leg-
endre polynomial passes through zero. In other words, we can use to evaluate the
integral (29.45)) exactly, provided that we choose the latitudes so that they are the roots of
the highest Legendre polynomial used. These latitudes can be found by a variety of iter-
ative methods, and of course this only has to be done once, before the model is run. The
Gaussian quadrature algorithm is used to perform the Legendre transform. A grid that uses
these “Gaussian latitudes” is called a “Gaussian grid.”

01 005

15

Figure 29.3: Percentage of total kinetic energy in each spectral component. From [Jarraud and
Simmons| (1983), based on|Baer| (1972).

With the transform method described earlier, the number of grid points needed to avoid
errors in the evalution of quadratic nonlinearities exceeds the number of degrees of freedom
in the spectral representation. The number of grid points around a latitude circle must be

> 3M + 1. The number of latitude circles must be > % for triangular truncation, and

so the total number of grid points needed is > w Referring back to (29.48), we see
that, for large M, the grid representation uses about 2.25 times as many equivalent real
numbers as the triangularly truncated spectral representation. A similar conclusion holds
for rhomboidal truncation. The physics is often computed on a “nonaliasing grid,” but
doing so is wasteful.

29.9.4 How it works
In summary, the spectral transform method as applied to global models works as follows:

First, we choose a spectral truncation, e.g., T42. Then we identify the number of grid
points needed in the longitudinal and latitudinal directions, perhaps with a view to avoiding
aliasing due to quadratic nonlinearities. Next, we identify the highest degree Legendre
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polynomial needed with the chosen spectral truncation, and find the latitudes where the
roots of that polynomial occur. At this point, we can set up our Gaussian grid.

The horizontal derivatives are evaluated in the spectral domain, essentially through
“multiplication by wave number.” When we transform from the spectral domain to the grid,
we combine an inverse fast Fourier transform (in the zonal direction) with an inverse Leg-
endre transform (in the meridional direction). The nonlinear terms and the model physics
are computed on the grid. Then we use the Legendre and Fourier transforms to return to the
spectral domain. The basic logic of this procedure is very similar to that described earlier
for the simple one-dimensional case.

We have a fast Fourier transform, but no one has yet discovered a “fast Legendre trans-
form,” although some recent work points towards one. Lacking a fast Legendre transform,
the operation count for a spectral model is of & (N3) , where N is the number of spherical
harmonics used. Finite-difference methods are, in effect, of & (Nz). This means that as the
resolution increaess, spectral models become increasingly expensive, relative to grid-point
models. Further comments are given later in this chapter.

29.10 Semi-implicit time differencing

As we have already discussed in Chapters [19]and28] gravity waves limit the time step that
can be used in a primitive-equation (or shallow water) model. A way to get around this is
to use semi-implicit time differencing, in which the gravity-wave terms of the equations are
treated implicitly, while the other terms are treated explicitly. This can be accomplished
much more easily in a spectral model than in a finite-difference model.

A detailed discussion of this approach will not be given here, but the basic ideas are
as follows. The relevant terms are the pressure-gradient terms of the horizontal equations
of motion, and the mass convergence term of the continuity equation. These are the same
terms that we focused on in the discussion of the pole problem, in Chapter 28 The terms
involve horizontal derivatives of the “height field” and the winds, respectively. Typically
the Coriolis terms are also included, so that the waves in question are inertia-gravity waves.

Consider a finite-difference model. If we implicitly difference the gravity-wave terms,
the resulting equations will involve the “n + 17 time-level values of the heights and the
winds at multiple grid points in the horizontal. This means that we must solve simulta-
neously for the “new” values of the heights and winds. This can be done, of course, but
it can be computationally expensive, especially on very large grids. For this reason, most
finite-difference models do not use semi-implicit time differencing.

In spectral models, on the other hand, we prognose the spectral coefficients of the
heights and winds, and so we can apply the gradient and divergence operators simply by
multiplying by wave number (roughly speaking). This is a “local” operation in wave-
number space, so it is not necessary to solve a system of simultaneous equations.
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The use of semi-implicit time differencing allows spectral models to take time steps
several times longer than those of (explicit) grid-point models. This is a major advantage
in terms of computational speed, which compensates, to some extent, for the expense of
the spectral transform.

29.11 Conservation properties and computational stability

Because the spectral transform method prevents aliasing for quadratic nonlinearities, but
not cubic nonlinearities, spectral models are formulated so that the highest nonlinearities
that appear in the equations (other than in the physical parameterizations) are quadratic.
This means that the equations must be written in advective form, rather than flux form. As
a result, spectral models do not exactly conserve anything — not even mass — for a general,
divergent flow.

It can be shown, however, that in the limit of two-dimensional non-divergent flow, spec-
tral models do conserve both kinetic energy and enstrophy. Because of this property, they
are well behaved computationally. Nevertheless, all spectral models need some artificial
diffusive damping to avoid computational instability. In contrast, it is possible to formulate
finite-difference models that are very highly conservative and can run indefinitely with no
damping at all.

29.12 The accuracy of spectral models

With either triangular or rhomboidal truncation, the resolution of a spectral model increases
as n increases. How does the accuracy of the spectral representation of a field increase as
n increases? This is analogous to asking how the accuracy a grid-point representation of a
field increases as the number of grid points increases. As discussed by Orszag| (1974) and
Jarraud and Simmons| (1983), the root-mean-square error of the spectral representation of
an infinitely differentiable field decreases to zero faster than any finite power of 1/n. At
first, this impressive rate of spectral convergence suggested that for a given level of accu-
racy spectral models could use fewer prognostic degrees of freedom than finite-difference
models. Experience has not supported this idea; the flaws in the argument are that the
atmosphere is subjected to discontinuous and “spikey” boundary conditions, such as to-
pography, and the atmosphere itself produces nearly discontinuous fields associated with
fronts and precipitating cloud systems. Spectral truncation of these not-so-differentiable
fields produces oscillations that are often called “spectral ringing.” In fact, in the vicinity
of discontinuities such as sharp mountains (most famously the Andes) the spectral method
produces errors that do not go to zero as n — oo. This is called Gibbs’ phenomenon (Got-
tlieb and Shul, (1997)).

Recall that in many models, e.g., those that use the ¢ coordinate, it is necessary to take
horizontal derivatives of the terrain height in order to evaluate the horizontal pressure gra-
dient force. The terrain heights have to be expanded to compute spectral coefficients, and
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of course the expansion is truncated at some finite wave number. Given spikey topogra-
phy and flat oceans as input, spectral truncation can lead to “bumpy” oceans (Fig. [29.4).
Various approaches have been suggested to alleviate this problem (Hoskins, |1980; Navarra
et al., [1994; Bouteloup, [1995; |[Holzer, [1996; [Lindberg and Broccoli, [1996).

h,#0

Figure 29.4: The Earth is bumpy.

The question remains, “What is the equivalent grid-spacing of a spectral model?” Laprise
(1992b) offered four possible answers:

1. One might argue that the effective grid spacing of a spectral model is the average
distance between latitudes on the Gaussian grid. With triangular truncation, this
is the same as the spacing between longitudes at the Equator, which is L = 312‘/;1“1.
Given the radius of the Earth, and using units of thousands of kilometers, this is
equivalent to 13.5/M. For a T31 model (with M = 31), we get L; = 425 km. An
objection to this measure is that, as discussed above, much of the information on the
Gaussian grid is thrown away when we transform back into spectral space.

2. A second possible measure of resolution is half the wavelength of the shortest re-

solved zonal wave at the Equator, which is Ly, = %, or about 20/M in units of

thousands of kilometers. For a T31 model, L, = 650 km.

3. A third method is based on the idea that the spectral coefficients, which are the prog-
nostic variables of the spectral model, can be thought of as a certain number of real
variables per unit area, distributed over the Earth. A triangularly truncated model
has the equivalent of (M + 1)2 real coefficients. The corresponding resolution is then

4ma®  _ 2+/Ta

3=\ Garap = ML which works out to about 725 km for a T31 model.

4. A fourth measure of resolution is based on the equivalent total wave number associ-
ated with the Laplacian operator, for the highest mode. The square of this total wave

. M(M+1
number is K = %

lent total wave number on a square grid, i.e. K? = k,> 4 k,2, and let k, = v = k for

simplicity. One half of the corresponding wavelength is Ly = 7 = %, which is

equivalent to 28.3 /M in units of thousands of kilometers. For a T31 model this gives
about 900 km.

. Suppose that we equate this to the square of the equiva-
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These four measures of spectral resolution range over more than a factor of two. The
measure that makes a spectral model “look good” is L, and so it is not surprising that
spectral modelers almost always use it when specifying the equivalent grid spacing of their
models.

29.13 Physical parameterizations

Because most physical parameterizations are highly nonlinear, spectral models evaluate
such things as convective heating rates, turbulent exchanges with the Earth’s surface, and
radiative transfer on their Gaussian grids. The tendencies due to these parameterizations
are then applied to the prognostic variables, which are promptly transformed back into
wave-number space.

Recall that when this transform is done, the spectral representation contains less in-
formation than is present on the grid, due to the spectral truncation used to avoid aliasing
due to quadratic nonlinearities. This means that if the fields were immediately transformed
back onto the grid (without any changes due, e.g., to advection), the physics would not
“see” the fields that it had just finished with. Instead, it would see spectrally truncated
versions of these fields.

For example, suppose that the physics package includes a convective adjustment that
is supposed to modify the soundings of convectively unstable columns so as to remove
the convective instability. Suppose further that on a certain time step this parameterization
has done its work, removing all instability as seen on the Gaussian grid. After spectral
truncation, some convective instability may re-appear, even though “physically” nothing
has happened!

In effect, the spectral truncation that is inserted between the grid domain and the spec-
tral domain prevents the physical parameterizations from doing their work properly. This
is a problem for all spectral models. It is not an issue when the physics is evaluated on a
“linear” grid that has the same number of degrees of freedom as the spectral representation.

29.14 Moisture advection

The mixing ratio of water vapor is non-negative. In Chapter|[12] we discussed the possibility
of spurious negative mixing ratios caused by dispersion errors in finite-difference schemes,
and we also discussed the families of finite-difference advection schemes that are “sign-
preserving” and do not suffer from this problem.

Spectral models have a very strong tendency to produce negative water vapor mixing
ratios (e.g., Williamson and Rasch|(1994)). In the global mean, the rate at which “negative
water” is produced can be a significant fraction of the globally averaged precipitation rate.
Negative water vapor mixing ratios can occur not only locally on individual time steps, but
even in zonal averages that have been time-averaged over a month.
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Because of this very serious problem, many spectral models are now using monotone
semi-Lagrangian methods for advection (e.g. Williamson and Olson| (1994)). This means
that they are only “partly spectral.”

29.15 Linear grids

When non-spectral methods are used to evaluate the nonlinear advection terms, the motiva-
tion for using the high-resolution, non-aliasing grid disappears. Such models can then use
a coarser “linear grid,” with the same number of grid points as the number of independent
real coefficients in the spectral representation. The physics is of course evaluated on the
same linear grid. Linear grids lead greatly reduce the computational cost of a model.

29.16 Reduced linear grids

The cost of the spherical-harmonic transforms can be reduced by decreasing the numbers
of grid points around latitude circles, near the poles (Hortal and Stmmons| (1991))). Recall
from Chapter 28] that a similar idea was tried with grid point methods. The approach works
with spectral methods because with high resolution the spectral coefficients corresponding
to the largest values of m are very close to zero near on the poles.

29.17 Summary

In summary, the spectral method has both strengths and weaknesses:
Strengths:

* Especially with triangular truncation, it eliminates the “pole problem” associated
with wave propagation, although it does not elimiinate the pole problem for zonal
advection.

* It gives the exact phase speeds for linear waves and advection by a constant current
such as solid-body rotation.

* It converges very rapidly, in the sense that it can give good results with just a few
modes.

* Semi-implicit time-differencing schemes are easily implemented in spectral models.
Weaknesses:
* Spectral models do not exactly conserve anything - not even mass.

* Partly because of failure to conserve the mass-weighted total energy, artificial damp-
ing is needed to maintain computational stability.

* Spectral models have bumpy oceans.
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* Because of truncation in the transform method, physical parameterizations do not
always have the intended effect.

* Moisture advection does not work well in the spectral domain.

* At high resolution, spectral methods are computationally expensive compared to grid
point models.

29.18 Problems

1. Write subroutines to compute Fourier transforms and inverse transforms, for arbi-
trary complex g (x j). The number of waves to be included in the transform, and the
number of grid points to be used in the inverse transform, should be set through the
argument lists of subroutines. Let

q (x;) = 14cos (kox;) + 6icos (kix;) +35, (29.49)
where

2 X

ko = L—ﬂ and Ly = 7
0 (29.50)

L 27 JL X

= — dan = —,

! Ly =3

Here X is the size of the periodic domain. Compute the Fourier coefficients starting
from values of x; on a grid of M points, for M =3, M =9, M =17, and M = 101.
Discuss your results.

2. Consider a periodic step function H (x). The step function is defined by

H (x) =—1 when the integer part of x is odd,
H(x) =+1 when the integer part of x is even.

With this definition, H (x) is discontinuous at integer points, and infinitely differ-
entiable elsewhere. Let x take values in the range 0 < x < 4. Compute approximate
versions of H (x) based on Fourier expansions up to wave numbers n = 10, 100, 1000,
and 10000. Plot the approximate versions of H (x), for each value of n, with special
attention to the discontinuities. Make a table that shows both the root-mean-square
error and the maximum absolute error as functions of n.
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3. Prove that the ai- that appear in (29.18)) are real numbers.

4. For the transform method with a one-dimensional problem, many grid points would
be needed to give the exact answer up to wave number n for the case of cubic non-
linearities?

5. You are given the values of u at 21 points, as listed below:

1,2,4,5,4,3,4,7,8,5,3,1,—-1,-3,—4,-3,—4,-2,—1,—1,0
The points are 1000 km apart, and the domain is periodic. In the following sub-
problems, use n = 10.
(a) List the spectral coefficients of u and du/dx.

(b) Work out the numerical values of the finite-difference coefficients that appear
in Eq. (29.17).

(c) Show a plot that compares du/dx obtained using the spectral method with the
corresponding result based on second-order centered finite-differences.

(d) Compute —udu/dx with both the direct method (29.28) and the transform
method. Do the two methods agree?
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Chapter 30

Finite-Element Methods

McRae (2015); Maynard et al.| (2020)

Like spectral methods, finite-element methods are used to approximate derivatives as
weighted sums the derivatives of a finite set of basis functions. With spectral methods the
basis functions are global (e.g., spherical harmonics), while with finite-element methods
the basis functions are local. The domain of a model is partitioned into a finite set of
non-overlapping subdomains, called “elements.” The basis functions are defined on the
elements, and can be either continous or discontinuous at points shared by neighboring
elements.

Giraldo| (2020))
Gassner and Winters| (2021))
Souza et al.|(2022))

atb=c. (30.1)

h,

0 /~~-—/' T\ h.o=0

Figure 30.1: A figure about finite-element methods.

Our goal is
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(2n+1)*> =2 [@} = (4n2—}—4n—{— 1) - (nz—n)

(30.2)
=3n*+5n+1.
Last bit of text.
30.1 Problems
1. Write subroutines to compute Fourier Let
a=b+c. (30.3)

2. Consider a periodic step function, defined by
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Chapter 31

Concluding discussion

The end

481



Appendix A

Vectors, Coordinates, and Coordinate Transformations

A.1  Physical laws and coordinate systems

For the present discussion, we define a “coordinate system” as a tool for describing po-
sitions in space. Coordinate systems are human inventions, and therefore are not part of
physics, although they can be used to describe physics. For obvious reasons, spherical
coordinates are particularly useful in geophysics.

Any physical law should be expressible in a form that makes no reference to any par-
ticular coordinate system; we certainly do not expect that the laws of physics change when
we switch from spherical coordinates to cartesian coordinates! Nevertheless, it is useful
to understand how physical laws can be expressed in different coordinate systems, and in
particular how various quantities “transform” as we change from one coordinate system to
another.

A.2 Scalars, vectors, and tensors

Tensors can be defined without reference to any particular coordinate system. A tensor is
simply “out there,” and has a meaning that is the same whether we happen to be working
in spherical coordinates, or Cartesian coordinates, or whatever. Tensors are, therefore, just
what we need to formulate physical laws.

The simplest kind of tensor, called a “tensor of rank 0,” is a scalar, which is represented
by a single number — essentially a magnitude with no direction. An example of a scalar is
temperature. Not all quantities that are represented by a single number are scalars, because
not all of them are defined without reference to any particular coordinate system. An ex-
ample of a (single) number that is not a scalar is the longitudinal component of the wind,
which is defined with respect to a particular coordinate system, i.e., spherical coordinates.

A scalar is expressed in exactly the same way regardless of what coordinate system
may be in use to describe non-scalars in a problem. For example, if someone tells you
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the temperature in Fort Collins, you don’t have to ask whether they are using spherical
coordinates or some other coordinate system, because it makes no difference at all.

Vectors are “tensors of rank 1;” a vector can be represented by a magnitude and one
direction. An example is the wind vector. In atmospheric science, vectors are normally
either three-dimensional or two-dimensional, but in principle they have any number of
dimensions. A scalar can be considered to be a vector in a one-dimensional space.

A vector can be expressed in a particular coordinate system by an ordered list of num-
bers, which are called the “components” of the vector. The components have meaning only
with respect to the particular coordinate system. More or less by definition, the number of
components needed to describe a vector is equal to the number of dimensions in which the
vector is “embedded.”

We can define “unit vectors” that point in each of the coordinate directions. A vector
can then be written as the vector sum of each of the unit vectors times the “component”
associated with the unit vector. In general, the directions in which the unit vectors point
depend on position.

Unit vectors are always non-dimensional; here we are using the word “dimension” to
refer to physical quantities, such as length, time, and mass. Because the unit vectors are
non-dimensional, all components of a vector must have the same dimensions as the vector
itself.

Spatial coordinates may or may not have the dimensions of length. In the familiar
Cartesian coordinate system, the three coordinates, (x,y,z), each have dimensions of length.
In spherical coordinates, (4, @, r), where A is longitude, ¢ is latitude, and r is distance
from the origin, the first two coordinates are non-dimensional angles, while the third has
the dimension of length.

When we change from one coordinate system to another, an arbitrary vector V trans-
forms according to

vV =MV. (A.1)

Here V is the representation of the vector in the first coordinate system (i.e., V is the list
of the components of the vector in the first coordinate system), V' is the representation the
vector in the second coordinate system, and M is a “rotation matrix” that maps V onto V’.
The rotation matrix used to transform a vector from one coordinate system to another is a
property of the two coordinate systems in question; it is the same for all vectors, but it does
depend on the particular coordinate systems involved, so it is not a tensor.

The transformation rule (A.1) is actually part of the definition of a vector, i.e., a vector
must, by definition, transform from one coordinate system to another via a rule of the form
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(A.1) . It follows that not all ordered lists of numbers are vectors. For example, the list
(mass of the moon, distance from Fort Collins to Denver)
is not a vector.

Now let V be the a vector representing the three-dimensional velocity of a particle in
the atmosphere. The Cartesian and spherical representations of are

V=rxit+yj+zk (A.2)

V=2Arcospe,+rpey+ie (A.3)

Here a “dot” denotes a Lagrangian time derivative, i.e., a time derivative following a mov-
ing particle, i, j, and Kk are unit vectors in the cartesian coordinate system, and e,, €y, and
e, are unit vectors in the spherical coordinate system. Eqs. (A.2)) and (A.3) both describe
the same vector, V, i.e., the meaning of V is independent of the coordinate system that is
chosen to represent it.

Vectors are considered to be tensors of rank one, and scalars are tensors of rank zero.
The number of directions associated with a tensor is called the “rank” of the tensor. In prin-
ciple, the rank can be arbitrarily large, but in atmospheric science we rarely meet tensors
with ranks higher than two.

A tensor of rank 2 that is important in atmospheric science is the advective flux of
momentum, which has a magnitude and “two directions.” One of the directions is associ-
ated with the advected momentum itewslf, and the other is associated with the direction in
which the momentum is being transported. The advective flux of momentum can be written
as pV®V, where p is the density of the air, V is the wind vector, and ® is the dyadic or
outer product.

Like a vector, a tensor of rank 2 can be expressed in a particular coordinate system, i.e.,
we can define the “components” of the tensor with respect to a particular coordinate system.
The components of a tensor of rank 2 can be arranged in the form of a two-dimensional
matrix, in contrast to the components of a (column or row) vector, which form an ordered
one-dimensional list. When we change from one coordinate system to another, a tensor of
rank 2 transforms according to

T=MTM! (A.4)
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where T is the representation of a rank-2 tensor in the first coordinate system, T’ is the rep-
resentation of the same tensor in the second coordinate system, M is the matrix introduced
in Eq. (1) above, and M~ is its inverse.

A.3 Differential operators

Several familiar differential operators can be defined without reference to any coordinate
system. This makes them more fundamental than, for example, d/dx, where x is a partic-
ular spatial coordinate. The coordinate-independent operators that we need most often for
atmospheric science (and for most other branches of physics) are:

* the gradient, denoted by V, where « is an arbitrary scalar;

* the divergence, denoted by V -V, where V is an arbitrary vector;
* the curl, denoted by V x V, and

« the Laplacian, given by V2A =V - (VA).

Note that the gradient and curl are vectors, while the divergence is a scalar. The gradi-
ent operator accepts scalars as “input,” while the divergence and curl operators consume
vectors.

In discussions of two-dimensional motion, it is often convenient to introduce an addi-
tional operator called the Jacobian, denoted by

J(a,B)= k- (VaxVp)
= k-Vx(aVB) (A.5)
— k- Vx(BVa).

Here the gradient operators are understood to produce vectors in the two-dimensional
space, a and 3 are arbitrary scalars, and k is a unit vector perpendicular to the two-
dimensional surface. The second and third lines of (A.5)) can be derived with the use of
vector identities found in a table later in this appendix.

A definition of the gradient operator that does not make reference to any coordinate
system is:

1
Vo = lim —j{na ds| , (A.6)
V=0 |V
S

where S is the surface bounding a volume V, and n is the outward normal on S. Here the
terms “volume” and “bounding surface” are used in the following generalized sense: In a
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three-dimensional space, “volume” is literally a volume, and “bounding surface” is literally
a surface. In a two-dimensional space, “volume” means an area, and “bounding surface”
means the curve bounding the area. In a one-dimensional space, ‘“volume” means a curve,
and “bounding surface” means the end points of the curve. The limit in (A.6) is one in
which the volume and the area of its bounding surface shrink to zero.

As an example, consider a Cartesian coordinate system on a plane, with unit vectors i
and j in the x and y directions, respectively. Consider a “box” of width Ax and height Ay,
as shown in Figure[A.T] We can write

1 Ax Ay
(Ax,ir;;ﬁo { AXAy |: <XO + ) ,)’O) N —+ (Xo,yo + > ) Xj

Ax ) A )
—A (XO — 7,)’0) Ayi—A (Xo,yo - %) AXJ} } (A.7)

_a_A‘_|_a_A'
~ox ady"

This is the answer that we expect.

L.

Ay °
(x’y) = (xo,yo)

Ax

Figure A.1: A rectangular box in a planar two-dimensional space, with center at (xo,yo), width Ax,
and height Ay.

Definitions of the divergence and curl operators that do not make reference to any co-
ordinate system are:

V-Q= lim éj{n-QdS (A.8)

V—=0
S
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R
VxQ= lim anxods (A.9)
S

It is possible to work through exercises similar to (A.7) for these operators too. You might
want to try it yourself, to see if you understand.

Finally, the Jacobian on a two-dimensional surface can be defined by
J(a,B) = lim [7{ oV -tdl} , (A.10)
Cc—=0|Jc

where t is a unit vector that is tangent to the bounding curve C.

A.4 \Vector identities

Many useful identities relate the divergence, curl, and gradient operators. Most of the
following identities can be found in any mathematics reference manual, e.g., Beyer (1984).
As before, let o and B be arbitrary scalars, let A, B, and C be arbitrary vectors, and let T
be an arbitrary tensor of rank 2. Then:

Vx(Va)=0 (A.11)
V- (VxA)=0 (A.12)
AXB=-BxA (A.13)
V- (0A) = (V-A)+A-Va (A.14)
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V. (AxB)=(VxA)-B—(VxB)-A

Vx(aA)=VaxA+oa(VxA)

A-BxC)=(AxB)-C=B-(CxA)

Ax(BxC)=B(C-A)—C(A-B)

Vx(AxB)=A(V-B)—B(V-A)—(A-V)B+(B-V)A

V(A-B)=(A-V)B+(B-V)A+Ax (VxB)+Bx(VxA)

J(o,B)=k-(VaxVB)= k-Vx(aVp)
=—-k-Vx(BVa)
= —k- (VB x Va)

VA= (V-V) A=V (V-A)—Vx(VxA)

V. (A®B)=(A-V)B+(B-V)A
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V-(aT)=(Va)- T+a(V-T) (A.24)

In (A.23), ® denotes the outer or dyadic product of two vectors, which yields a tensor of
rank 2.

A special case of (A.20) is

%V(A.A):(A-V)A+AX(V><A) (A.25)

This identity is used to write the advection terms of the momentum equation in alternative
forms.

Identity (A.22)) says that the Laplacian of a vector is the gradient of the divergence of
the vector, minus the curl of the curl of the vector. The first term involves only the divergent
part of the wind field, and the second term involves only the rotational part. Eq. can
be used, for example, in a parameterization of momentum diffusion.

A.5 Spherical coordinates

A.5.1 Vector operators in spherical coordinates

The gradient, divergence, curl, Laplacian, and Jacobian operators can be expressed in
spherical coordinates as follows:

1 Jda l1da Jda
1 A, 19 19 ,, 5
VA= rcos@ dA * rcos @ 0Q (4pcos9) +,,_2§, (A7) (A-27)
1[0dA, 0 10 1 JA, 1 JdAp 0
VXA_{; [8(p _E(m(p)] ’ ;E(ml)_ rcos@ dA’ rcos@ | dA _%(AACOS(P)}}
(A.28)
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o1 Pa 10 (da N 10 (00
Vie = r2cos2 @ dA? * rrZcos@ dp \ do s )t e\ or ) (A.29)
1 dadB dBIa
J(a,B) = —rzcosq) (ﬁ% — ﬁ%) ) (A.30)
The divergence operator can be expanded as
1 JdA 1 d JdA, 2A,
V.A_rcosq) 3 +rcos¢%(Aq,cos(p)+ + . (A.31)

or

Because the Earth’s atmosphere is very thin compared to the radius of the Earth, the last
term of (A.31) is negligible, and the divergence operator can be approximated by

- 1 0dA 1 0 9A,
V'A:acosq) BY) +acos¢%(AquOS<p)+ e (A.32)

Note that r has been replaced by a in the first two terms. In this book, we normally use
(A.32) rather than (A.3T)), largely because it is conventional to do so, although it is not clear
that the approximation (A.32)) actually makes our work simpler. The approximation would
not be applicable to a deep atmosphere, such as that of a star, or of Jupiter.

A.5.2 Horizontal and vertical vectors in spherical coordinates

The unit vectors in spherical coordinates are denoted by e, pointing towards the east, e,
pointing towards the north, and e, pointing outward from the origin (in geophysics, outward
from the center of the Earth).

A useful result that is a special case of (A.19) is

e, [V x (ate, x H)| = aV-H, (A33)

where H is an arbitrary horizontal vector. Similarly, a useful special case of (A.15)) is
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V-(ae, xH)=—ae,- (VxH) (A.34)

If a three-dimensional vector V is separated into a horizontal vector and a vertical vec-
tor, as in

V=v+iwe, (A.35)

then (A.28))) can be written as

Vx(v+we,)=V,xv+te X E% (rv) — er] i (A.36)

In case V is the velocity, the first term on the right-hand side of (A.36)) is the vertical
component of the vorticity, and the second term is the horizontal vorticity vector. Eq.
(A.36) shows that the curl of a purely vertical vector is minus e, crossed with the hori-
zontal gradient of the magnitude of that vector. The three-dimensional curl of a purely

horizontal vector has both a vertical part, given by V,. X v, and a horizontal part, given by
e, X [%% (rv) — V,w|. The two-dimensional curl of a horizontal vector has only a vertical

component, namely V, X v.

Finally, the 3D curl of the 3D curl of a 3D vector is given by

VX [Vx(v+we)]=V,xn+e X E%(m)—v,g} , (A.37)
where
n=e,x B% (rv) — V,w] , (A.38)
and
=e-(V,xV). (A.39)
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A.5.3 Derivation of the gradient operator in spherical coordinates

Consider how the two-dimensional version of (A.26) can be derived from (A.6)). Figure[A.2]
illustrates the problem. Here we have replaced r by a, the radius of the Earth. The angle
0 depicted in the figure arises from the gradual rotation of e; and ey , the unit vectors
associated with the spherical coordinates, as the longitude changes; the directions of e)
and ey in the center of the area element, where VA is defined, are different from their
respective directions on either east-west wall of the area element. Inspection of Figure |A.2]

shows that 0 satisfies

—1lacos (¢ +de) —acos @]dA

sinf@ = ad
—— Lo cos@ | dA (A.40)
2\do
=—sin@dA
e‘P
L.
acos(@+dp)dA
adg

acos pdA

Figure A.2: A patch of the sphere, with longitudinal width acos ¢dA, and latitudinal height ad¢.

The angle 0 is of “differential” or infinitesimal size. Nevertheless, it is needed in the
derivation of (A.26)). The line integral in can be expressed as
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Area j{A azcosgodld(p [ epAjacos dA +ejArcos Oad +epArsinBad @

+ epAzacos (@ +d@) —e;A4cos Oad @ + epAssin Oad @]
e (Ap —A4)cos

acos @dA

[Azcos (@ +dp) —Ajcos@|dA + (A +Ay)sinOd @
{ acos pdAd¢ }

+ep
(A.41)

Note how the angle 0 has entered here. Put cos@ — 1 and sin6 — % sin @dA to obtain

J— _A A A .
%andl:elw_i_%{[A3cos(‘P+d(P) 1C0s<p}+( >+ 4) sin @ }

Area acos pdA acos pdo 2 acos @
1 0JA 1 4 Asin @
= A
_)eAaCOS(p A Tey [aCOS(p X0 (Acosg) + acosq)}

1 0JA 1 dA

:elacosq)ﬁ +e¢5% ’

(A.42)

which agrees with the two-dimensional version of (A.26).

Similar (but more straightforward) derivations can be given for - (A.30).

A.5.4 Applying vector operators to the unit vectors in spherical coordinates

Using (A.TT) - (A.13)), we can prove the following about the unit vectors in spherical coor-
dinates:

V.e, =0, (A.43)

Veey=——o", (A.44)
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Ve — % (A.45)
Vxe, = e_(p_‘_ta%(pe“ (A.46)
Vxep= —e%, (A47)
Ve =0. (A.48)

The following relations are useful when working with the momentum equation in spher-
ical coordinates:

(v-V)e, = usm(pe(P — MCOS(Per ) (A.49)
r r

usin @ vsin @
R e —_

(v-V)ep = e, (A.50)

A
r r

(v-V)e,=—. (A.51)

Here v is the horizontal wind vector.

A.6 Solid body rotation

As an example of the application of (A.28)), the vertical component of the vorticity is
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1 Jdv 0

For the case of pure solid body rotation of the atmosphere about the Earth’s axis of rotation,
we have

u=Arcos@and v =0, (A.53)

where A is independent of ¢ (because that is what "solid body rotation" means). Substitu-

tion of (A.33)) into (A.52)) gives

-1 d /. ’
= — <lrcos (p)
rcosQ dQ (A.54)
=2\ sin o,
which looks just like the familiar Coriolis parameter.
A.7 Formulas that are useful for two-dimensional flow
Consider the special case of two-dimensional flow. Two useful identities are
V, x (e, x V,a) = e,VZa, (A.55)
and
V,-(e,xV,o) =0. (A.56)

Also for two-dimensional flow, the Laplacian of a vector can be written in a very simple
way. Let {e, =V, xvand 6 =V, -v. Then (A.22) reduces to

Viv=V,8 -V, x (e, (A.57)
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Using (A.28)), we can write

(198 1 d¢
Vi) ={1 S g ) (A58)
=—exV,(
Then becomes
Viv=V,5+e,xV,{. (A.59)

A.8 \Vertical coordinate transformations

€6 [1¥-%2)

Consider two vertical coordinates, denoted by “z” and “Z,” respectively. Although the sym-
bol z suggests height, no such implication is intended here; z and Z can be any variables
at all, so long as they vary monotonically with height (and with each other). For example,
z could be pressure and Z could be potential temperature. We assume that we have a rule
telling how to compute Z for a given value of z, and vice versa. For example, we could
define Z = z — zg (x,y), where zg (x,y) is the distribution of z along the Earth’s surface.

Now consider the variation of an arbitrary dependent variable, f, with the independent
variables x and z, as sketched in Figure Our goal is to relate (df/dx); to (df/dx)..
Here x is not necessarily a spatial coordinate; it could be time. With reference to Fig.
we can write

h—ﬂ:(k—ﬂ>_(k—ﬁ)

Xy — X Xy — X1 X2 — X1
fe—=fa\ (fe—JfB\ (22—
Xy — X1 22 —1721 X2 — X1 '
Taking the limit as the increments become small, we find that

of\  (of of\ [0z
(x)z - (%){ (a—)x (a)f | (oD
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V4
A
e
c| =2
Z2
A B
i /
X1 X2 X

Figure A.3: A sketch used in the derivation of (A.61)). The black horizontal lines have z = constant.
The blue line has z = constant.

It is useful to rewrite this as

dz (df\ _dz[[df af dz _8 dz
8_2(5)2_8_2{(5)2_(8_z>x($>j 3x)
0z 0z
Z (fax) AT (a )
dz d dz
(fa_2>2_ d2 (fax)
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= |~
~~
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N——
|
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8]
=

(A.62)

Alternatively, we can write
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5 (5e) ~521(50),- (3), (50) ] =52 (5), - (32), (55)
dz\dx/), JZ[\dx/, dz ) \dx);] 9dZ\dx/; dZ ) \dx/;
d [ 0 d (df af dz
-5 (5) % (5).- (3).(5
d [ df d [(df af dz
5 (5), 5 (5) - (52) (5
d [ df 0 af
=5 (5e), e (58) .
(A.63)
From (A.61)), we see that
V.f=Vsf— g—fvzz . (A.64)

Note that d f/dz term is still a horizontal vector. By analogy with (A.62)) and (A.63)), we
can rewrite (A.64) as

0z 0z 0
FF (Vo.f)=V: (fa_g) ~ 32 (fV:z), (A.65)
or
0z _d n o ﬂ
3_2VZf = 3_2 (szf) V: (Z (92) . (A.66)

The gradient terms on the right-hand sides of these equations vanish when integrated
around any closed path, including a latitude circle. The other terms can be interpreted
as vertical flux divergences.

Similarly, the curl of a horizontal vector can be written as

v

V., xv=V:xv+
Jz

X Vsz. (A.67)
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All terms are vertical vectors. Multiplying by dz/d?2, we find that

0z 0z
(9_2(VZ X V)= FE

v

(fov—I— 9z

0z ov
XV2Z> :8_2(% XV)—‘;—— XVfZ

92
0z d dz
_8—2(% ><V)+a—2(v><V2z)—V><V2 <8_2)

dz d
=V; x (Va—z) + PE (vxVzz) .

(A.68)
Finally, the divergence of a horizontal vector can be written as
Vz-v:VE-V—g—Z-ng. (A.69)
Multiplying by dz/dz, we find that
%(Vz-v) =V;. (Vj—;) - % (v-Vsz) . (A.70)

A.9 Concluding summary

Scalars, vectors, and tensors have meanings independent of any particular coordinate sys-
tem, although they can be expressed using coordinate systems.

This brief overview is intended mainly as a refresher for students who learned these
concepts once upon a time, but may have not thought about them for awhile. We have also
included many useful equations that are not readily available elsewhere, even on the Web.
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Appendix B

A Demonstration that the Fourth-Order Runge-Kutta
Scheme Really Does Have Fourth-Order Accuracy

We wish to obtain an approximate numerical solution of the ordinary differential equation

dq

— = t). B.1

o =@ (B.1)
Here, as indicated, the function f depends on both ¢ and ¢, but q itself depends only on 7.

As discussed earlier, the fourth-order Runge-Kutta scheme is given by

n

—q
At

(ky,+2ko +2k3 +kg4) (B.2)

N =

where

ki = f(¢",nAt),

k1At 1
k2:f|:(]n+17, <n+§> Al} ,

ko At 1
k3 :f [q"—l—T, (n—f—E) At:| ,

ky=flq"+k3At,(n+1)Ar].

(B.3)
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To demonstrate thathas fourth-order accuracy, we substitute the exact solution into[B.2]
- and rearrange the result, to obtain

1
— 6 (k1,+2k2 + 2k3 +k4) =€ (B.4)

where € is the discretization error of the scheme.

Taylor-series expansion allows us to write

¢ —q" dq 1 d’q 1, »d’q 1, 3d% 4
— =E+5(At)ﬁ+§(m)F%—E(At)ﬂ%—O[(At)]. (B.5)

Each term on the right-hand side of of can be expressed in terms of f(q,t) and its
derivatives, as follows. The fotal time rate of change of an arbitrary function A(q,?) that
depends on both ¢ and ¢ is given by

dA _ 0Ad  0Adg
dt  Jdtdt OJdqdt

JdA

_ 0A (B.6)
=3 + fa_q

=6(A).

Here a partial derivative with respect to ¢ is taken while holding ¢ constant, and vice versa.
As a special case of B.6

_df , Of
‘Sf:EJ’fa_q' (B.7)
We can now write
dg
T Sl (B.8)
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dzq

2 =0f (B.9)

and

>] f+ (3—5) (5f)+ai (g’;) . ?;{
|+ (G on 3 (5) 7+ 5
| (

&2
- p a—f)f+ 81‘{ (B.10)

so that

d3
3= (8N +£50)|. (B.11)

Here we have used the notation f, = f Fmally 4 is given by

502



Revised Monday 8" December, 2025 at 23:38

4
=815 +1,(81)]
= f% (62f)+%(62f)}+[f§q (fq)+§,(fq)] (8f)+ 14 [f (0f)+ ( f>]

(B 12)

This is a bit messy. To break the analysis of into steps, we first manipulate the first
term in square brackets, separately. Expanding, we find that

a 2 a 2
fa—q(5f)+g(5f)

0 0% f of\ 9*f] 9% f of\ 9*f
15017 (58) 2 (o) a1 () 2 (5) + 52
[ 0f (9 AN 2 f 2 f
‘f{zfa_< )*f( )“aq (aqar)“f(aqzar)*(aﬂaqﬂ

O (PL\ o PN (0 (2 AR
s (G )+ o) 2 (5) () 20 (3o )+

(B.13)

The terms can be collected and grouped as follows:

Jd o Jd o 3(9°f 2 Pf 2’ f 2’ f
17 @0+ 5@ n=|P(55) w3 (g )+ () + 5]
f(d%f of ( I*f af (d*f df 9%f
f[fa ( )“a_q(aqar)}“fﬁ(a?)“(ﬁ) (aqat)

=8 f+2(81)(81,)-
(B.14)

Substituting into we find that
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f;ilz fil(szf) 5(6%‘)] [f;q(fq)‘i'aat(fq)](Sf)-i—fq[f (87)+ (f)]
[f(fn af] [f(fq)+af]}
= @) +360 6+ | (15 ) 1 (1) 45 (5)+ (%) v+ %+ 5]
= @) +365) 60+ U (1 + ) [r (552 ) o () s+ 2f ]

2
= (8%1) +3(85,) (1) + (£)* (55) + f, [f (f%@) copa ‘”]

= [(8%1) +2(51) (31,)] + (B () + 1, {f i

Jat  or?
(B.15)
which can be written as
d4 3 2 2
i = (8°f)+3(81y) (81)+ (fy) (1) + f4(8°f) |- (B.16)
Next, we express k| - k4 in terms of f(g,) and its derivatives. We write
ki=f], (B.17)

and

o f{q-l—kA—(n—i-l)At
-+ |(3
wal(3)

which is equivalent to

()
)(f q+8t }f ®.15)
(5 3) 73 ((%) (% 3)] ool
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B At 1 (AN, 1 (A
o (3) 5f+5(7) 5 f+3,(2) 5°f+0](ar)] (B.19)

Here we have used a two-dimensional Taylor’s series expansion, because we have two
independent variables, namely ¢ and 7. Similarly,

k3 f{q—l—szzt(—F%)A}
At/ 9 9 1[Aac /. 9 a\1?
~re [ (e 3))eals (eged)] o e

1 | At 0 d 4
5 {— (k a_+5>] f—l—O[(At) ]
From[B.6)and [B.20] we see that
At AR
(3)ore5(5) o0 5(5)
Substituting [B.9]into [B.10] we obtain

= /+ (%) {5f+ (%)SH%(%) (52f)] ‘32}
Yo (§> {5]” (%) Sfaa—qrer%(%f(63f)+0[(At)4].

Expand, and combine terms:

Jd d

0
ky—+—=—=686+

a—q+o[( ) ] (B.21)

(B.22)
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= (3)fore [(3)r5(5) ] )
+1<§>ﬂgmmwwghwﬁﬁ+0Umﬂ}+% %)?$ﬁ+0kmf

21\ 2 !
At At 1 /A2
At

)
1 (At 1

e (8) wen () @) (%) 5o @]

(B.23)

Here we have included only the terms of k; that contribute up to O [(At)3] ; the remaining

terms have been tossed onto the O [(At)4] pile at the end of |B.23| Collecting powers of At,

we conclude that

B SF\ | (M) [(8f)fy,  8f
k3—f+At<7>+ 5 { 5+ 4}

3 52 501 (5 53 (B.24)
_QN)F(ﬁE+NfNEXJ /)

3! 8 4 s | T© [(Atﬂ

It remains to assemble k4. We start with the two-dimensional Taylor series expansion:

ky = fq" +ksAt, (n+1) At]
9 9 1 9 d\]*, 1 d d\]° A
:f+At(k3a_q+5)f+ﬂ{m(k3%+@ﬂ f+§{At(k3%+E>} f+O[(At)].

(B.25)

Next, use and to write
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* 8 4

5 +{A, (6_f) L (@7 {(SJ;)fq éﬂ +(A3t')3 [3(62f) LA

(B.26)

Substituting [B.26into [B.25] we obtain

8 At)’ (5 52
k4=f+At{5f+At<2f>fq+ (2!) [( ];)f"+4f]f[,}

+(A2') [5+Az<62f) ]f+( /) (8°r) +0](an]

.
:f+At{6f+At< f)fq ( t.) (SJ;)f"ﬁjf] fq}

()’
2!

5 A)* [N, &
:f+At{5f+At(2f)fq+ (21) _(f2)fq+4f]fq}

(B.27)

- 3
+ {1 ) + a8 (8£,)] + O (an?] b+ (A;!) (8%F) +0 ] (an)*]

2 3
(Azt!) [(82f) + 4t (81)(81,)] + (A;!) (8%f) +0 [(AI)“} _

_l’_

As before, we have written only terms that contribute up to O [(At)3] . Now collect powers
of At:

(A )2
ko= f+ (A SF+ -2 [(8£) £+ (8%1)]
) 3(5f)(f) 3 (5%) 1 (B.28)
LA 3O U 3O 5) (51 +(5%7) | 0 (an)].
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The final step is to substitute the various boxed relations above into Everything
cancels out, and we are left with € = O [(At)4] . This completes the proof.
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Appendix C

Total energy conservation with the genralized vertical

coordinate

C.1 The general case

We now derive a statement of total energy conservation with the generalized vertical coor-
dinate, without using the quasi-static approximation. The first step is to form the kinetic
energy equation, by taking v- each term of (22.17), and adding the result to w times each

term of (22.18). The result can be written as

DK d dap ap
“pr -V {&_2 (z2Vzp) —V: (Za_f)} +w (_8_2 _ng)

_. {vf. (sg_z) +%(S-V2z)] —wa% e,-(V-8)],

where

is the kinetic energy per unit mass. We can show that

Z

dz d d
\& |:V2- (88_2) ~|—a—2(S-ng)} +w&—A [e,-(V-S)]=V-W+6.

Using (22.22) to eliminate w in (C.1]), we find that
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0 dp dz .0z dp
iy = e =u(:57) [+ [(5) rv v oG] (5 o)

~V.W-3§,

which can be simplified and rearranged to

D R e ) AN R v 92] (9P
Py (K+9) =—v {az(zvd’) VZ(%@” [(a:)fv VZ”Waz](%)

-V-W-9¢.
(C.5)
The terms involving v mostly cancel:
d d d
—5; @Vip) + Ve (Z8_§> —Viz (—I;)
dz d ap Jdp dp
=—Vip—z7=—(V; o7 [ = 5 —Viz | =— C.6
anZp T (Vip)+Vzz (82) +2V:; ( 82> sz(82 (C.6)
dz
= _8_2pr
With the use of (C.6)), (C.5) simplifies to
D 0z adp dz dp
Using
_(9p .Ip
a)—((9—t)24—v-V219—|—v11a—27 (C.8)
we can rewrite as
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D B dz (dp 9z op
PZE(K+¢)——pzwa+a—2(E)2—(§>2<8—2>—V-W—5, (C.9)

where, as a reminder, & = 1/p. In general, we can write

9z (9p\ _[9 (,92\] _ |2 (%
9z\ar ), |ar\Paz)|. P\or\oz
?

(C.10)

and

Jz\ dp 0 0z o T/9z
(87)28_2_8_2 [p (E)J Pz Ka—,)j : (C.11)

Combining these, cancellation occurs, and we find that

dz (dp Jdz\ dp [0 0 0z
a(5) - (5). 5 aeen| -5 (5)) en

Now we substitute (C.12) into (C.9), and rearrange, to obtain

D B ) d Jz
pepy, (K+9) = —p:oo+ b (szT)k— 9 [p (E)j -V-W-§. (CI13)

In flux form, this can be written as

d d d
5o lpe(K 0BT+ Ve- oy (+0) + 5 oo (6 +0) +0 (57 |

=—p:000—V-W—-5.

(C.14)

511



Revised Monday 8" December, 2025 at 23:38

Now we turn to the thermodynamic energy equation in terms of enthalpy, Eq. (2.23).
Using the general vertical cordinate, it can be written in flux form as

ot

0 J .,
= (pzcpT )+ V- (psvepT) + =5 (pae,T) = pr0t+ p; (LC—V-R+6) .

92

The latent energy equation can be written in flux form as

Adding (C.14)), (C.15)), and (C.16) gives a statement of total energy conservation:

where

d d R
[E (Pquv)} +V:-(psvLgy) + EF (pswLqy) = —p:LC.
2 Z

0
ot [Pz€101] 3

Ve fory (K4 )]+ 5 [pzvf»<f<+h>+f’ (%H

=—-V-W+p:—V-R,

h=c,T+¢+Lg,

is the moist static energy. Eq. (C.17) can also be written as

|

)

ot

d d
(psew)| Ve [pev e po0] 5 poi et p 4 (57
2 < 1)
— _V.(W+R).
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C.2 The energy equation with the quasi-static approximation

To derive the energy equation using the quasi-static approximation, we start from

Pz% =vV- (—%Vzp—}—a—png) -V-W-6, (C.20)

where the kinetic energy is approximated by neglecting the contribution from the vertical
velocity:

K= —-v-v. (C.21)

Notice that (C.20) does not involve the vertical pressure-gradient force; compare with (C.T)).
Despite this rather different starting point, a derivation leads to (C.13) again:

D 0 0 dz
e (K+9) = —p:o0+ b (szT)} 5 {p (E)J ~V-W-§. (C22)

<

There is no change from the fully compressible case, except that K has been approximated
as shown in (C.21)). However, with the use of the hydrostatic equation we can write (C.13))
in a different way that has been used in the design of quasi-static models. Start with

o[22 o (2
P&\ 5 ;02 \dr),

N A N R
82_p ot ) ;] Pz [\ o s
a9 (3z\1. [0 (oz
b))
9 (= 2,02 _o(op
9z \P\ar ). " lor\Paz)|. 9z \ar ).
9 (2 412 9|, (o 9 [(2or
(5 ) e -5 (5) ]+ (7).
BCANCAYNE [ (ap 9
“55 P (E)Z + 8_( ZRT)}A_a_z {Z (E)j -z {E (Pzg)L
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Rearranging gives

3B )]G o] 3L e

Substitution into (C.22) gives

D N . 3 [ (o
pZEI (K+ (P) = —p: 00+ |:E (ngZ):|2+ 8—2 |:Z (E)J -V-W-§. (C25)

Compare with (C.22)). In (C.25)) there is a “new” p:gz term, the p:RT term is gone, and the
pressure work term is in terms of +zdp/dt instead of —pdz/dt. Converting (C.25) to flux
form, we obtain

B <pr>L+v2- pev (K +0)] + 5[ poi (k-+.9) (g—’j)]

=—p:000—V-W—-5.

(C.26)

Compare with (C.14). The time-tendency terms involving ¢ and RT are both gone. Adding
(C.13) and (C.16)) to (C.26), we obtain total energy conservation in the form

0 d 0
Epg(K—FCpT-i—qu) +V2~[p5V(K—|—h)]+y p2W(K+cpT+¢+qu)—z(a—p) ]
2 < 1)

=-V-(W+R).

(C.27)

Compare with (C.19).
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Appendix D

Spherical Harmonics

The spherical surface harmonics are convenient functions for representing the distribution
of geophysical quantities over the surface of the spherical Earth.

We consider a three-dimensional space and look for solutions of Laplace’s differential
equation, which is

Vis=0. (D.1)

Using spherical coordinates, the operator V2 can be expanded as:

V2§ = 19 (ﬂ%) +Vi§=0 (D.2)

Here r is the distance from the origin, and V% is the Laplacian on a two-dimensional surface
of constant r, i.e., on a spherical surface. The form of V,% is discussed below. Inspection of
suggests that S should be proportional to a power of r, as in

S=r"Y,. (D.3)

The Y, are called spherical surface harmonics of order n. We assume that they are inde-
pendent of radius. This is a “separability” assumption. The subscript n is attached to ¥;, to
remind us that it corresponds a particular exponent in the radial dependence of S.

In order for S to remain finite as r — 0, we need n > 0. Since n = 0 would mean that S
is independent of radius, we conclude that n must be a positive integer. Using
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o (75 = "0 Y

which follows immediately from (D.3), we can rewrite (D.2) as

nn+1)
2

VY, + Y, =0. (D.5)

Before continuing with the separation of variables, it is important to point out that
all of the quantities appearing in (D.5) have meaning without the need for any particular
coordinate system on the two-dimensional spherical surface. We are going to use spherical
(i.e., longitude and latitude) coordinates below, but we do not need them to write down

At this point we make an analogy with a trigonometric functions. Suppose that we
have a “doubly periodic” function W (x,y) defined on a plane, with the usual Cartesian
coordinates x and y. As an example, let

W (x, y) = Asin (kx)cos (ly) . (D.6)

where A is an arbitrary constant. In Cartesian coordinates the two-dimensional Laplacian
of Wis

ViW + (B +1*)W =0. (D.7)

Comparing and (D.7)), we see that they are closely analogous. In particular, n (n + 1) /r?
in corresponds to k% + {2 in (D.7). This shows that n (n4 1) is proportional to a “total
horizontal wave number” on the sphere. For a given value of r, larger n means larger total
horizontal wave number, which implies a smaller horizontal scale.

We now expand the “horizontal Laplacian” in spherical coordinates as

a1 s
VhS_rzcosgt)&(p COS(p&(p +r20052q)812’ D3)
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where A is longitude and ¢ is latitude. Then can be rewritten as

cosQ dQ

2
! a( aY") L o nn+1)Y,=0. (D.9)

cos® X * cosz @ A2 +

Factors of 1/r? have cancelled out in (D.9)), and as a result r has disappeared. Nevertheless,
n, the exponent of r, is still visible, like the smile of the Cheshire cat. In the following
discussion, remember where n came from.

Next, we separate the longitude and latitude dependence in the Y, (¢, A1), i.e., we as-
sume that

Y, ((pa l) = ¢(¢)A ()L) ) (D.10)

where A (1) and @ (@) are to be determined. By substitution of into (D.9)), we find
that

cosz(p{ 1 d 1 d’A

dd
& Cosq)%(cosqo%) +n(n+1)¢} =X (D.11)

The left-hand side of (D.T1)) does not depend on A, and the right-hand side does not depend
on ¢, so both sides must be equal to a constant, c. Then the longitudinal structure of the
solution is governed by

2

d-A
W—FCA:O. (D.12)

It follows that A must be a trigonometric function of longitude, i.e.,

A =Aj exp(imA) where m = ++/c, (D.13)

and A, is an arbitrary complex constant. The cyclic condition A (A +27) = A (A1) implies
that m is an integer. We refer to m as the zonal wave number. It is non-dimensional, and
can be either positive or negative.
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Notice that m has meaning only with respect to a particular spherical coordinate system.
In this way m is less fundamental than n, which comes from the radial dependence of
the three dimensional function S, and has a meaning that is independent of any particular
spherical coordinate system.

The equation for @ (¢), which determines the meridional structure of the solution, is

1 d dd m?
Cos(p%<cos(p%)+ {n(n—i—l)—cosz(p b =0, (D.14)

Note that the zonal wave number, m, appears in this “meridional structure equation,” as
does the radial exponent, n. The longitude and radius dependencies have disappeared, but
the zonal wave number and the radial exponent are still visible.

For convenience, we define a new independent variable to measure latitude,

U =sin@, (D.15)

so that du = cos @ d@. Then (D.14) can be written as

_[(I—LLZ)%]-I—{n(n—i-l)—lTuz =0. (D.16)

Eq. (D.16)) is simpler than (D.14)), in that (D.16)) does not involve trigonometric functions
of the independent variable. This added simplicity is the motivation for using (D.I5]). The
solutions of are called the associated Legendre functions, are denoted by P (i),
and are given by

B () = 2”n!((2:)—!m)! (1) |- (n_g?z(:—_f;_l)
(n—m)(n—m—1)(n—m—2)(n—m—3)

2-4(2n—1)(2n—3)

n—m—2

u

(D.17)

n—m—4

The superscript m and subscript n on PJ" (u) are just “markers” to remind us that m and
n appear as parameters in (D.16), denoting the radial exponent and zonal wave number,
respectively, of S(r,A, ¢). The sum in (D.I7) is continued out as far as necessary to include
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all non-negative powers of u. The factor in square brackets is, therefore, a polynomial of
degree n —m, and that is why we must require that

nzm, (D.18)

Substitution can be used to demonstrate that, when (D.18) is satisfied, the associated Leg-
endre functions are indeed solutions of (D.16).

In view of the leading factor of (1 — ,uz)m/ % in (D.T7), the complete function P (1) is

a polynomial in u for even values of m, but not for odd values of m. The functions P, (1)
are said to be of “order n”” and “rank m.” Figure A7.1 gives some examples of associated
Legendre functions, which you might want to check for their consistency with (D.17). It
can be shown that the associated Legendre functions are mutually orthogonal, i.e.,

1

[Py pr ) du =0, for nand
—1

X (D.19)

2 (n+m)!

P (W) du = .

/l[nw du (Ml)(n_mﬁ

It follows that the functions
2n+1\ (n—m)!

P" = 1 2.... D.2
\/< 5 )(Hm)!n(u), n=m, m+1, m+2, (D.20)

are mutually orthonormal for —1 < u <'1.

Referring back to (D.7)), we see that a particular spherical surface harmonic can be
written as

Y7 (1, X) = P (i) exp (imA) (D21

It is the product of an associated Legendre function of u with a trigonometric function of
A. Note that the arbitrary constant has been set to unity. For a given value of n, there are
2n+ 1 spherical harmonics, correspoinding tom = 0,1,...n.
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1]
—_

R (1)

o5k

-10 05 05 10 -10 05

o 0, 5 1o

P (n)=3uy1- 1 10f

10 “05 05 0

Figure D.1: Algebraic forms and plots of selected associated Legendre functions.

Fig. shows examples of spherical harmonics of low order, as mapped out onto the
longitude-latitude plane. Fig. [D.3] gives similar diagrams for n =5 and m = 0, 1, 2,....5,
plotted out onto stretched spheres. Fig. [D.4] shows some low-order spherical harmonics
mapped onto three-dimensional pseudo-spheres, in which the local radius of the surface of
the pseudo-sphere is one plus a constant times the local value of the spherical harmonic.

By using the orthogonality condition for the associated Legendre functions, and
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(2.2

Figure D.2: Examples of low-resolution spherical harmonics, mapped out onto the plane. The
horizontal direction in each panel represents longitude, and the vertical direction represents latitude.
The numbers in parentheses in each panel are the appropriate values of n and m, in that order.
Recall that the number of nodes in the meridional direction is n —m. The shading in each panel
represents the sign of the field (and all signs can be flipped arbitrarily). You may think of “white” as
negative and “stippled” as positive. From |Washington and Parkinson| (2005).

also the orthogonality properties of the trigonometric functions, we can show that

//Pn (w)exp (imA) P (u)exp (im'A) dp dA =0 (D.22)

unless n=1 and m=m',

The mean value over the surface of a sphere of the square of a spherical surface harmonic
is given by

1 2z
1 m . 2 _ 1 (n4+m)!
E/IO/[Pn (Wexp(mA))* dpdl = 5 s iy for s£0. (D23)

For the special case m = 0, the corresponding value is 1/ (2n+1).

For a given n, the mean values given by (D.23) vary greatly with m, which is inconve-
nient for the interpretation of data. For this reason, it is customary to replace the P’ by the
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Figure D.3: Alternating patterns of positives and negatives for spherical harmonics with n =5 and
m=0,1,2,...,5. From Baer (1972).

“semi-normalized associated Legendre functions,” denoted by P (). These functions are
identical with P)" when m = 0. For m > 0, the semi-normalized functions are defined by

(D.24)

The mean value over the sphere of the square of P (i) is then 1/ (2n+ 1), for any values
of n and m.

The spherical harmonics can be shown to form a complete orthonormal basis, and so
can be used to represent an arbitrary function, F (A, ¢) of latitude and longitude:

FA, @)=Y Y T'N"(%, 9). (D.25)

=eon=n|

Here the 7, are the expansion coefficients. Note that the sum over m ranges over both
positive and negative values, and that the sum over # is taken so that n — ||m/|| > 0.
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Figure D.4: Selected spherical harmonics mapped onto three-dimensional pseudo-spheres, in
which the local radius of the surface of the pseudo-sphere is one plus a constant times the lo-
cal value of the spherical harmonic.

The sums in range over an infinity of terms, but in practice, of course, we have
to truncate after a finite number of terms, so that (D.23)) is replaced by

M
F= Y T"y™ (D.26)

Here the overbar is a reminder that the sum is truncated. The sum over n ranges up to
N (m), which has to be specified somehow. The sum over m ranges from —M to M. This
ensures that the final result is real.

The choice of N (m) fixes what is called the “truncation procedure.” There are two
commonly used truncation procedures. The first, called “rhomboidal,” takes

N(m) =M+ |m| . (D.27)

The second, called “triangular,” takes
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N(m)=M . (D.28)

Triangular truncation has the following beautiful property: In order to actually perform a
spherical harmonic transform, it is necessary to adopt a spherical coordinate system (A, @).
There are of course infinitely many such systems. There is no reason in principle that the
coordinates have to be chosen in the conventional way, so that the poles of the coordinate
system coincide with the Earth’s poles of rotation. The choice of a particular spherical
coordinate system is, therefore, somewhat arbitrary. Suppose that we choose two different
spherical coordinate systems (tilted with respect to one another in an arbitrary way), per-
form a triangularly truncated expansion in both, then plot the results. It can be shown that if
triangular truncation is used the two maps will be identical. This means that the arbitrary
orientations of the spherical coordinate systems used had no effect whatsoever on the re-
sults obtained. The coordinate system used “disappears” at the end. Triangular truncation
is very widely used today, in part because of this nice property.

Fig. shows an example based on 500 hPa height data, provided originally on a 2.5°
longitude-latitude grid. The figure shows how the data look when represented by just a few
spherical harmonics (top left), a few more (top right), a moderate number (bottom left) and
at full 2.5° resolution. The smoothing effect of severe truncation is clearly visible.
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Figure D.5: A demonstration of the effects of various horizontal truncations of 500 hPa geopotential
height (m) data. Th e original data are provided on a 2.5° longitude-latitude grid. From|Washington
and Parkinson| (2005).
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