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Chapter 1

Introduction

1.1 Justification of CFD

Fluid motion is governed by the Navier-Stokes equations, a set of coupled and nonlinear
partial differential equations derived from the basic laws of conservation of mass, momen-
tum and energy. The unknowns are usually the velocity, the pressure and the density (for
stratified fluids) and some tracers like temperature and salinity. The analytical paper
and pencil solution of these equations is practically impossible save for the simplest of
flows. The simplifications can take the form of geometrical simplification (the flow is in
a rectangle or a circle), and /or physical simplification (periodicity, homogeneous density,
linearity, etc...). Occasionally, it is possible to make headway by using asymptotic anal-
yses technique, and there has been remarkable success in the past O(100) year, like the
development of boundary layer theory.

Scientists had to resort to laboratory experiments when theoretical analyses was
impossible. Physical complexity can be restored to the system. The answers delivered
are, however, usually qualitatively different since dynamical and geometric similitudes
are difficult to enforce simultaneously between the lab experiment and the prototype. A
prime example is the Reynolds’ number similarity which if violated can turn a turbulent
flow laminar. Furthermore, the design and construction of these experiments can be
difficult (and costly), particularly for stratified rotating flows.

Computational fluid dynamics (CFD) is an additional tool in the arsenal of scientists.
In its early days CFD was often controversial, as it involved additional approximation
to the governing equations and raised additional (legitimate) issues. Nowadays CFD is
an established discipline alongside theoretical and experimental methods. This position
is in large part due to the exponential growth of computer power which has allowed us
to tackle ever larger and more complex problems.

1.2 Discretization
The central process in CFD is the process of discretization, i.e. the process of taking
differential equations with an infinite number of degrees of freedom, and reducing it

to a system of finite degrees of freedom. Hence, instead of determining the solution

9
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we will be satisfied with its calculation at a finite number
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Figure 1.1: Computation grid for a finite difference ocean model

everywhere and for all times,

of locations and at specified time intervals.

reduced to a system of algebraic equations that can be solved on a computer.

Errors creep in during the discretization process.

of the errors must be controlled in order to ensure that 1) we are solving the correct

equations (consistency property), and 2) that the error can be decreased as we increase

the number of degrees of freedom (stability and convegence). Once these two criteria are

established, the power of computing machines can be leveraged to solve the problem in

a numerically reliable fashion.

Various discretization schemes have been developed to cope with a variety of issues.
The most notable for our purposes are: finite difference methods, finite volume methods,

finite element methods, and spectral methods.
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1.2.1 Finite Difference Method

Finite difference replace the infinitesimal limiting process of derivative calculation

flz+Ax) — f(x)

/ o .
A v .
with a finite limiting process,i.e.
fiay s LET AA”“’; —IE) L oA (1.2)

The term O(Az) gives an indication of the magnitude of the error as a function of the
mesh spacing. In this instance, the error is halfed if the grid spacing, Ax is halved, and
we say that this is a first order method. Most FDM used in practice are at least second
order accurate except in very special circumstances. We will concentrate mostly on
finite difference methods since they are still among the most popular numerical methods
for the solution of PDE’s because of their simplicity, efficiency, low computational cost,
and ease of analysis. Their major drawback is in their geometric inflexibility which
complicates their applications to general complex domains. These can be alleviated by
the use of either mapping techniques and/or masking to fit the computational mesh to
the computational domain.

1.2.2 Finite Element Method

The finite element method was designed to deal with problem with complicated compu-
tational regions. The PDE is first recast into a variational form which essentially forces
the mean error to be small everywhere. The discretization step proceeds by dividing the
computational domain into elements of triangular or rectangular shape. The solution
within each element is interpolated with a polynomial of usually low order. Again, the
unknowns are the solution at the collocation points. The CFD community adopted the
FEM in the 1980’s when reliable methods for dealing with advection dominated problems
were devised.

1.2.3 Spectral Methods

Both finite element and finite difference methods are low order methods, usually of 2nd-
4th order, and have local approximation property. By local we mean that a particular
collocation point is affected by a limited number of points around it. In contrast, spectral
method have global approximation property. The interpolation functions, either polyno-
mials or trigonomic functions are global in nature. Their main benefits is in the rate of
convergence which depends on the smoothness of the solution (i.e. how many continuous
derivatives does it admit). For infinitely smooth solution, the error decreases exponen-
tially, i.e. faster than algebraic. Spectral methods are mostly used in the computations of
homogeneous turbulence, and require relatively simple geometries. Atmospheric model
have also adopted spectral methods because of their convergence properties and the
regular spherical shape of their computational domain.
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Figure 1.2: Elemental partition of the global ocean as seen from the eastern and western equa-
torial Pacific. The inset shows the master element in the computational plane. The location of
the interpolation points is marked with a circle, and the structuredness of this grid local grid is

evident from the predictable adjacency pattern between collocation points.

1.2.4 Finite Volume Methods
Finite volume methods are primarily used in aerodynamics applications where strong
shocks and discontinuities in the solution occur. Finite volume method solves an integral
form of the governing equations so that local continuity property do not have to hold.

1.2.5 Computational Cost
The CPU time to solve the system of equations differ substantially from method to
method. Finite differences are usually the cheapest on a per grid point basis followed
by the finite element method and spectral method. However, a per grid point basis
comparison is a little like comparing apple and oranges. Spectral methods deliver more
accuracy on a per grid point basis than either FEM or FDM. The comparison is more

meaningfull if the question is recast as ”what is the computational cost to achieve a given
The problem becomes one of defining the error measure which is a

error tolerance?”.
complicated task in general situations.
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1.3 Initialization and Forcing

The state of a system is determined by its intial state, (conditions at t=0), the forces
acting on the system (sources and sinks of momentum, heat, buoyancy), the boundary
conditions, and the governing equations. Given this information one can in principle
integrate the equations forward to find the state of the system at a future time. Things are
not so simple in practice. First, the initial state is seldom known accurately. In spite of
advances in measurements and instrumentations, data deficiencies still exist and manifest
themselves in either inadequate temporal or spatial coverage or measuring errors. The
situation is more diare in the ocean than the atmosphe because the dynamical scales
are smaller and require more measurement per unit area, and because of observational
difficulties. Furthermore, the fluxes between the ocean and the atmosphere are not well
known and constitute another modeling impediment. The discipline of data assimilation
is devoted to the task of integrating data and model in optimal fashion. This is topic we
will not touch upon in this course.

1.4 Turbulence

Most flows occuring in nature are turbulent, in that they contain energy at all scales
ranging from hundred of kilometers to a few centimeters. It is obviously not possible to
model all these scales at once. It is often sufficient to model the "large scale physics”
and to relegate the small unresolvable scale to a subgrid model. Subgrid models occupy
a large discipline in CFD, we will use the simplest of these models which rely on a simple
eddy diffusivity coefficient.

1.5 Examples of system of equations and their properties

The numerical solution of any partial differential equations should only proceed after
carefull consideration of the dynamical settings of the problem. A prudent modeler will
try to learn as much as he can about the system he is trying to solve, for ortherwise how
can he judge the results of his simulations? Errors due to numerical approximation are
sometimes notoriously hard to catch and diagnose, and an knoweldge of the expected
behavior of the system will go a long way in helping catch these errors. Furthermore, one
can often simplify the numerical solution process by taking advantages of special features
in the solution, such as symmetry or a reduction of the number of unknowns, to reduce
the complexity of the analytical and numerical formulations. In the following sections
we consider the case of the two dimensional incompressible Navier Stokes equations to
illustrate some of these points.

The incompressible Navier-Stokes equations is an example of a system of partial
differential equations governing a large class of fluid flow problems. We will confine
ourselves to two-dimensions for simplicity. The primtive form of these equations is:

1
Vi+v-Vv=——Vp+vV?  (momentum conservation) (1.3)
Po

V-v=0  (mass conservation) (1.4)



14 CHAPTER 1. INTRODUCTION

supplemented with proper boundary and initial conditions. The unknowns are the two
components of the velocity v and the pressure p so that we have 3 unknowns functions
to determine. The parameters of the problem are the density and the kinematic viscosity
which are assumed constant in this example. Equation ([.3)) expresses the conservation of
momentum, and equation ([L4]), also referred to as the continuity equation, conservation
of mass which, for a constant density fluid, amount to conservation of volume. The form
of equations (I3])-(T4]) is called primitive because it uses velocity and pressure as its
dependent variables.

In the early computer days memory was expensive, and modelers had to use their
ingenuity to reduce the model’s complexity as much as possible. Furthermore, the in-
compressibility constraint complicates the solution process substantially since there is
no simple evolution equation for the pressure. The streamfunction vorticity formulation
of the two-dimensional Navier Stokes equations addresses both difficulties by enforcing
the continuity requirement implicitly, and reducing the number of unknown functions.
The streamfunction vorticity formulation introduces other complications in the solution
process that we will ignore for the time being. Alas, this is a typical occurence where a
cure to one set of concerns raises quite a few, and sometimes, irritating side-effects. The
streamfunction is defined as follows:

U = —iby, v =Yy (15)

Any velocity derivable from such a streamfunction is that guaranteed to conserve mass
since

Ug + Uy = (_wy)x + (wx)y = _wyx + /l/}xy - 0

To simplify the equations further we introduce the vorticity ¢ = v, — u, (a scalar in 2D
flows), which in terms of the streamfunction is

V3 = (. (1.6)

We can derive an evolution equation for the vorticity by taking the curl of the momentum
equation, Eq. (L3). The final form after using various vector identities are:

G v = wvk
—— —— ——
time rate of change advection diffusion
UqQ v
T T T2
T L L (1.7)
ur vT
1 il el
L L2
. ) v 1
UL R,

Note that the equation simplifies considerably since the pressure does not appear in the
equation (the curl of a gradient is always zero). Equations (L6]) and (7)) are now a sys-
tem of two equations in two unknowns: the vorticity and streamfunction. The pressure
has disappeared as an unknown, and its role has been assumed by the streamfunction.
The two physical processes governing the evolution of vorticity are advection by the flow
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and diffusion by viscous action. Equation (7)) is an example of parabolic partial dif-
ferential equation requiring initial and boundary data for its unique solution. Equation
(CH) is an example of an elliptic partial differential equation. In this instance it is a
Poisson equation linking a given vorticity distribution to a streamfunction. Occasion-
ally the term prognostic and diagnostic are applied to the vorticity and streamfunction,
respectively, to mean that the vorticity evolves dynamically in time to balance the conser-
vation of momentum, while the streamfunction responds instantly to changes in vorticity
to enforce kinematic constraints. A numerical solution of this coupled set of equations
would proceed in the following manner: given an initial distribution of vorticity, the cor-
responding streamfunction is computed from the solution of the Poisson equations along
with the associated velocity; the vorticity equation is then integrated in time using the
previous value of the unknown fields; the new streamfunction is subsequently updated.
The process is repeated until the desired time is reached.

In order to gauge which process dominates, advection or diffusion, the vorticity evo-
lution, we proceed to non-dimensionalize the variables with the following, time, length
and velocity scales, T', L and U, respectively. The vorticity scale is then Q = U/L from
the vorticity definition. The time rate of change, advection and diffusion then scale as
Q/T, UQ/L, and vQ)/L? as shown in the third line of equation [L7l Line 4 shows the
relative sizes of the term after multiplying line 3 by 7'/Q. If the time scale is chosen to be
the advective time scale, i.e. T = L/U, then we obtain line 5 which shows a single dimen-
sionless parameter, the Reynolds number, controlling the evolution of (. When R, < 1
diffusion dominates and the equation reduces to the so called heat equation ¢ = vV2(. If
R, > 1 advection dominates almost everywhere in the domain. Notice that dropping the
viscous term is problematic since it has the highest order derivative, and hence controls
the imposition of boundary conditions. Diffusion then has to become dominant near the
boundary through an increase of the vorticity gradient in a thin boundary layers where
advection and viscous action become balanced.

What are the implications for numerical solution of all the above analysis. By care-
fully analysing the vorticity dynamics we have shown that a low Reynolds number sim-
ulation requires attention to the viscous operator, whereas advection dominates in high
Reynolds number flow. Furthermore, close attention must be paid to the boundary layers
forming near the edge of the domain. Further measures of checks on the solution can be
obtained by spatially integrating various forms of the vorticity equations to show that
energy, kinetic energy here, and enstrophy ¢?/2 should be conserved in the inviscid case,
R, = 0o, when the domain is closed.
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Chapter 2

Basics of PDEs

Partial differential equations are used to model a wide variety of physical phenomena.
As such we expect their solution methodology to depend on the physical principles used
to derive them. A number of properties can be used to distinguish the different type of
differential equations encountered. In order to give concrete examples of the discussions
to follow we will use as an example the following partial differential equation:

gy + DUyy + Clyy + dug + euy + f = 0. (2.1)

The unknown function in equation (Z1) is the function « which depends on the two inde-
pendent variables x and y. The coefficients of the equations a, b, ..., f are yet undefined.

The following properties of a partial differential equation are useful in determining
its character, properties, method of analysis, and numerical solution:

Order : The order of a PDE is the order of the highest occuring derivative. The order
in equation (Z1]) is 2. A more detailed description of the equation would require
the specification of the order for each independent variable. Equation 2.1]is second
order in both z and y. Most equations derived from physical principles, are usually
first order in time, and first or second order in space.

Linear : The PDE is linear if none of its coefficients depend on the unknown function.
In our case this is tantamount to requiring that the functions a,b, ..., f are inde-
pendent of u. Linear PDEs are important since their linear combinations can be
combined to form yet another solution. More mathematically, if © and v are solu-
tion of the PDE, the so is w = au + fv where o and 8 are constants independent
of u, z and y. The Laplace equation

Ugz + Uyy = 0
is linear while the one dimensional Burger equation
u +uug, =0

is nonlinear. The majority of the numerical analysis results are valid for linear
equations, and little is known or generalizable to nonlinear equations.

17
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Quasi Linear A PDE is quasi linear if it is linear in its highest order derivative, i.e.
the coefficients of the PDE multiplying the highest order derivative depends at
most on the function and lower order derivative. Thus, in our example, a, b and ¢
may depend on u, u, and u, but not on ., Uy, or uz,. Quasi linear equations
form an important subset of the larger nonlinear class because methods of analysis
and solutions developed for linear equations can safely be applied to quasi linear
equations. The vorticity transport equation of quasi-geostrophic motion:

2 2 2
av¢+<a_¢av¢_a_¢av¢>207 (22)

ot dy Oz dxr Oy

where V2 = 9, + yy is a third order quasi linear PDE for the streamfunction .

2.1 Classification of second order PDEs

The following classification are rooted in the character of the physical laws represented
by the PDEs. However, these characteristics can be given a definite mathematical class-
fication that at first sight has nothing to do with their origins. We will attempt to link
the PDE’s category to the relevant physical roots.

The first question in attempting to solve equation 21]is to attempt a transformation
of coordinates (the independent variables z and y) in order to simpplify the equation.
The change of variable can take the general form:

z = z(&n)
y = y(&mn) (2:3)

where ¢ and 7 are the new independent variables. This is equivalent to a change of
coordinates. Using the chain rule of differentiation we have:

Up = Ueo + UpTs (24)

Uy = ugky + uyny (2.5)

Uy = Uge2 + 2UenEatly + UpnM> + Ul + UnTas (2.6)

Uyy = u55§§ + 2ugn&yny + ummi T ugyy + Untlyy (2.7)

Ury = Ugebay + uen(Ealy + Eyne) + Unnnatly + Uebay + Uniey (2.8)
Substituting these expression in PDE [2.1] we arrive at the following equation:

Auge + Bugy + Cugy + Due + Euy + F = 0, (2.9)

where the coefficients are given by the following expressions:

A = a&l +b&8, + (2.10)
B = 2a&n, + b(&ny + Eyne) + 2¢€my (2.11)
C = an’+ bngny + cng (2.12)
D = d& +egy (2.13)
E = dn; +eny (2.14)
P (2.15)

= f
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The equation can be simplified if £ and n can be chosen such that A = C' = 0 which
in terms of the transformation factors requires:
al2 + b6+ = 0 (2.16)
an? + bngny + cnf/ =0 '
Assuming £, and 7, are not equal to zero we can rearrange the above equation to have
the form ar? + br + ¢ = 0 where 7 = &/, or 1,/n,. The number of roots for this
quadratic depends on the sign of the determinant b?> — 4ac. Before considering the
different cases we note that the sign of the determinant is independent of the choice of
the coordinate system. Indeed it can be easily shown that the determinant in the new
system is B2—4AC = (b*—4ac) (&, —&yn)?, and hence the same sign as the determinant
in the old system since the quantity (&1, — &n,) is nothing but the squared Jacobian

of the mapping between (z,y) and (§,n) space, and the Jacobian has to be one-signed
for the mapping to be valid.

2.1.1 Hyperbolic Equation: b*> — 4ac > 0

In the case where b> — 4ac > 0 equation has two distincts real roots and the equation is

—bEVb%2—4ac
2a

called hyperbolic. The roots are given by r = . The coordinate transformation

required is hence given by:

& —b+ Vb2 — dac

y
N —b— Vb?% — 4ac
y

The interpretation of the above relation can be easily done by focussing on constant &
surfaces where d§ = ¢, dx + &, dy = 0, and hence:

% _ _g_x _ b=vb2-dac (2.19)
da 5 2a :
3 Yy
dy N b+/B2—dac
E —_ —— = +T (220)
n Ty

The roots of the quadratic are hence nothing but the slope of the constant £ and constant
n curves. These curves are called the characteristic curves. They are the preferred
direction along which information propagate in a hyperbolic system.

In the (§,n) system the equation takes the canonical form:

BU@ + Du5 + Eu, +F =0 (2.21)
The solution can be easily obtained in the case D = F' = F = 0, and takes the form:
u=G(&) + H(n) (2.22)

where G and H are function determined by the boundary and initial conditions.
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Example 1 The one-dimensional wave equation:
Ut — KoUugy = 0, —o0 < 2 < 00 (2.23)

where k is the wave speed is an example of a hyperbolic system, since its b — dac =
4k? > 0. The slope of the charasteristic curves are given by

dx

— =4 2.24
%, (221)
which, for constant x, gives the two family of characteristics:

E=x—kKt, n=x+ kKt (2.25)

Initial conditions are needed to solve this problem; assuming they are of the form:

u(‘rv 0) - f(x)v ut(x70) - g(‘r)7 (2’26)

we get the equations:
F(z)+G(z) = f(x) (2.27)
—kF'(z) + kG'(z) = g(z) (2.28)

The second equation can be integrated in x to give

~&[P(@) = Fao)] + 5 [G(x) ~ Glao)) = [ gla) da (2.29)

o

where x¢ is arbitrary and « an integration variable. We now have two equations in two
unknowns, F' and G, and the system can be solved to get:

F(z) = @ - i /x: g(a) da — w (2.30)
G(x) = fo) - i /x: g9(a) da + w (2.31)

To obtain the final solution we replace x by x — xt in the expression for I’ and by = + kt
in the expression for G; adding up the resulting expressions the final solution to the PDE
takes the form:

u(:zgt) — f(l‘ — /{t) +f(33+lit) N 1 /x-i-nt

5 o g(7) dr (2.32)

—Kt

Figure 2.1] shows the solution of the wave equation for the case where k = 1, g = 0, and
f(x) is a square wave. The time increases from left to right. The succession of plots
shows two travelling waves, going in the positive and negative x-direction respectively
at the speed k = 1. Notice that after the crossing, the two square waves travel with no
change of shape.
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1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
-5 0 5 -5 0 5 -5 0 5
1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
-5 0 5 -5 0 5 -5 0 5

Figure 2.1: Solution to the second order wave equation. The top left figure shows the
initial conditions, and the subsequent ones the solution at ¢t = 0.4, 0.8, 1.2, 1.6 and 2.0.

2.1.2 Parabolic Equation: > — 4ac =0

If ¥ — 4ac = 0 then there is only one double root, and the equation is called parabolic.
The two characteristic curves then coincide:
—b

dy
7 2a

dx

_dy
g_dx

(2.33)

Since the two characteristic curves coincide, the Jacobian of the mapping 7y — §,n.
vanishes identically. The coefficients of the PDE become A = B = 0. The canonical
form of the parabolic equation is then

Cupy + Dug + Euy + F =0 (2.34)

Example 2 The heat equation is a common example of parabolic equations:

Up = KUy (2.35)
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where k now stands for a diffusion coefficient. The solution in an infinite domain can be
obtained by Fourier transforming the PDE to get:
—k*k%a (2.36)
where # is the Fourier transform of wu:
oo .
u(k,t) :/ u(z, t)e ™ da, (2.37)
—00
and k is the wavenumber. The transformed PDE is simply a first order ODE, and can
be easily solved with the help of the initial conditions u(z,0) = ug(x):

ik, t) = fige FH°t (2.38)

The final solution is obtained by back Fourier transform u(z,t) = F~'(#). The lat-

ter can be written as a convolution since the back transforms of ug = F~!(ig), and
2

—1( k%% _ 1 T .
F~'(e )= S/ C 7 are known:
@1) = e [ w375 (2.39)
u(z,t) = —— u a2t dX 2.39
’ 2k 7t J =00
W& ]
0.
0.8 q
0.6 4
0.4 q
0.2 q
0
s 4 s =2 o 1 2 3 4 s

Figure 2.2: Solution to the second order wave equation. The figure shows the initial
conditions (the top hat profile), and the solution at times ¢t = 0.01, 0.1, 0.2.

As an example we show the solution of the heat equation using the same square initial
condition as for the wave equation. The solution can be written in terms of the error
function:

= [ () ()],

1 Z—s

where erf(z) = = Jo €% ds. The solution is shown in figure[2.2] Instead of a travelling

wave the solution shows a smearing of the two discontinuities as time increases accompa-
nied by a decrease of the maximum amplitude. As its name indicates, the heat equation
is an example of a diffusion equation where gradients in the solution tend to be smeared.
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2.1.3 Elliptic Equation: b* — 4ac < 0

If b2 — 4ac < 0 and there is no real roots; the equation is then called elliptic. There are
no real transformation that can eliminate the second derivatives in & and 7. However, it
is possible to find a transformation that would set B =0 and A = C = 1. The canonical
form is then:

Uge + Upy + Dug + Fuy + F =0 (2.41)

Example 3 The Poisson equation in two space dimensions is an example of elliptic
PDE:
Ugz + Uyy = 0 (2.42)

2.2 Well-Posed Problems

Before attempting to compute numerical a solution to a PDE, we need to find out if its
analytical solution makes sense. In other words, we want to find out if enough information
is present in the problem formulation to identify the solution. The definition of a well-
posed problem addresses this issue. A well-posed problem is defined as where the solution
satisfies the following properties:

e the solution exists
e the solution is unique

e the solution depends continuously upon the data

Example 4 Consider the system of equations:

Uy +v, = 0
2.43
{ vy +yu; = 0 ( )
The system can be reduced to a second order PDE in 1 variable:

{ Uyy = Voo =0 (2.44)

Vyy — VVzz = 0

Clearly, the PDEs are hyperbolic if v > 0 and elliptic if v < 0. To solve this system
of equation we require boundary conditions. To continue with our example, we look for
periodic solutions in z and impose the following boundary condition:

sin(Nx)

u(z,0) = NZ v(z,0) =0 (2.45)
1. Ellipitic v=—-5%2<0
The solution for this case is then:
sin(Nx cos(Nzx) .
u(e.y) = O cosn(any), owy) = 50D sinn(aNy)  (2.46)
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Notice that even though the PDEs are identical, the two solutions u and v are
different because of the boundary conditions. For N — oo the boundary conditions
become identical, and hence one would expect the solution to become identical.
However, it is easy to verify that |u — v| — oo for any finite y > 0 as N — oc.
Hence small changes in the boundary condition lead to large changes in the solution,
and the continuity between the boundary data and the solution has been lost. The
problem in this case is that no boundary condition has been imposed on y — oo
as required by the elliptic nature of the problem.

2. Hyperbolic v = 32 >0
The solution is then

sin(Nz) cos(Nz)

—NT cos(BNy), v(x,y)= sin(BNy) (2.47)

u(x7y) -

Notice that in this case u,v — 0 when N — oo for any finite value of y.

2.3 First Order Systems

The previous classification considered a single, scalar (1 dependent variable), second order
partial differential equation, and two independent variables. In most physical systems
there are usually a number of PDEs that must be satisfied simultaneously involving higher
order derivative. We must then be able to classify these systems before attempting their
solutions. Since systems of PDEs can be recast into first order system, the classification
uses the latter approach. For example, the wave equation of the previous section can be
cast as two equations in two unknowns:

v = KM g v (0 &k 2 v
s = a)-()E0)  ew

where we have defined n = ku,, and v = u;. Note that it is possible to consider v and 7
as the component of a vector unknown w and to write the equations in vector notation as
shown in equation ([248]). In the next few section we will look primarily on the condition
under which a first order system is hyperbolic.

2.3.1 Scalar Equation

A typical equation of this sort is the advection equation:

ur+cu, =0, 0< < L
u(z,t =0) = up(a), u(z=0,t) = ult) (2.49)

where ¢ is the advecting velocity. Let us define ¢ = da/dt, so that the equation becomes:

ou ou
Edt+%dx_ du =0 (2.50)
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Figure 2.3: Characteristic lines for the linear advection equation. The solid lines are the
characteristics emanating from different locations on the initial axis. The dashed line
represents the signal at time ¢t = 0 and ¢t = 1. If the solution at (z,?) is desired, we first
need to find the foot of the characteristic xy = x — ct, and the value of the function there
at the initial time is copied to time t.

where du is the total differential of the function u. Since the right hand side is zero,
then the function must be constant along the lines dz/dt = ¢, and this constant must be
equal to the value of u at the initial time. The solution can then written as:

u(z,t) = up(xo) along i—j =c (2.51)
where xq is the location of the foot of the characteristic, the intersection of the char-
acteristic with the ¢ = 0 line. The simplest way to visualize this picture is to consider
the case where c is constant. The characteristic lines can then be obtained analytically:
they are straight lines given by x = xg + ¢t. A family of characteristic lines are shown
in figure 2.3.1] where ¢ is assumed positive. In this example the information is travelling
from left to right at the constant speed ¢, and the initial hump translates to the right
without change of shape.

If the domain is of finite extent, say 0 < x < L, and the characteristic intersects the
line z = 0 (assuming ¢ > 0), then a boundary condition is needed on the left boundary
to provide the information needed to determine the solution uniquely. That is we need
to provide the variation of u at the “inlet” boundary in the form:u(x = 0,t) = g(¢). The
solution now can be written as:

) up(x —ct) for x—ct>0
(@) = { gt —z/c) for x—ct <0 (2:52)

Not that since the information travels from left to right, the boundary condition is
needed at the left boundary and not on the right. The solution would be impossible
to determine had the boundary conditions been given on the right boundary = = L,
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2
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Figure 2.4: Characteristics for Burgers’ equation (left panel), and the solution (right
panel) at different times for a periodic problem. The black line is the initial condition,
the red line the solution at ¢ = 1/8, the blue at t = 1/4, and the magenta at t = 3/4.
The solution become discontinuous when characteristics intersects.

the problem would then be ill-posed for lack of proper boundary conditions. The right
boundary maybe called an “outlet” boundary since information is leaving the domain.
No boundary condition can be imposed there since the solution is determined from
“upstream” information. In the case where ¢ < 0 the information travels from right to
left, and the boundary condition must be imposed at = L.

If the advection speed ¢ varies in x and ¢, then the characteristics are not necessarily
straight lines of constant slope, but are in general curves. Since the slopes of the curves
vary, characteristic lines may intersects. These intersection points are places where the
solution is discontinuous with sharp jumps. At these locations the slopes are infinite and
space and time-derivative become meaningless, i.e. the PDE is not valid anymore. This
breakdown occurs usually because of the neglect of important physical terms, such as
dissipative terms, that act to prevent true discontinuous solutions.

An example of an equation that can lead to discontinuous solutions is the Burger
equation:

up + uuy =0 (2.53)

where ¢ = u. This equation is nonlinear with a variable advection speed that depend on
the solution. The characteristics are given by the lines:

dx

il (2.54)
along which the PDE takes the form du = 0. Hence v is constant along characteristics,
which means that their slopes are also constant according to equation (Z54]), and hence
must be straightlines. Even in this nonlinear case the characteristics are straightlines
but with varying slopes. The behavior of the solution can become quite complicated as
characteristic lines intersect as shown in figure 2.4l The solution of hyperbolic equations
in the presence of discontinuities can become quite complicated. We refer the interested

reader to Whitham! (1974); Durranl (1999) for further discussions.
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2.3.2 System of Equations in one-space dimension

A system of PDE in one-space dimension of the form

ow ow
— +A—=0 2.55
ot * ox (2:55)
where A is the so called Jacobian matrix is said to be hyperbolic if the matrix A has
a complete set of real eigenvalues. For then one can find a bounded matrix T whose
columns are the eigenvectors of A, such that the matrix D = T~'AT is diagonal.
Reminder: A diagonal matrix is one where all entries are zero save for the ones on the
main diagonal, and in the case above the diagonal entries are the eigenvalues of the
matrix. The system can then be uncoupled by defining the auxiliary variables w = Tw,
replacing in the original equation we get the equations
ow ow ow; ow;
— +D—=0+— +ANi—
ot ox ot " Ox
The equation on the left side is written in the vector form whereas the component form
on the right shows the uncoupling of the equations. The component form clearly shows
how the sytem is hyperbolic and analogous to the scalar form.

=0 (2.56)

Example 5 The linearized equation governing tidal flow in a channel of constant cross
section and depth are the shallow water equations:

0 ([ u 0 g\ 0 [u) (0 g
(o) Gt)a(n)-o a-(it) e

where u and 7 are the unknown velocity and surface elevation, ¢ is the gravitational
acceleration, and h the water depth. The eigenvalues of the matrix A can be found by
solving the equation:

det A =0 < det b

=\ —gh=0. (2.58)

The two real roots of the equations are A\ = +¢, where ¢ = \/gh. Hence the eigenvalues
are the familiar gravity wave speed. Two eigenvectors of the system are u; and us
corresponding to the positive and negative roots, respectively:

1 1
ulz(f),UQ:(_E). (259)
g g

The eigenvectors are the columns of the transformation matrix T, and we have

T:< _1§> T_1:%<i i) (2.60)

It it easy to verify that
D =T AT = < ¢ 0 ) : (2.61)

Qo =

0 —c
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Uz, t) = to(2a) Mz, t) = fo(zs)

wa fL'b x€X

Figure 2.5: Characteristics for the one-dimensional tidal equations. The new variables
w and 7 are constant along the right, and left going characteristic, respectively. The
solution at the point (x,t) can be computed by finding the foot of two characteristic
curves at the initial time, x, and x; and applying the conservation of @ and 7.

as expected. The new variable are given by

U\ 1w 1 2 u \ 2 c
<ﬁ>_T (77)_2(1%9)(")_ F(u-2 202
2 c
The equations written in the new variables take the component form:
o ot R dz
—+c— = 0 1 = constant along — =c
% % — o (2.63)
i Cﬁ_x =0 7 = constant along i

To illustrate how the characteristic information can be used to determine the solution
at any time, given the initial conditions, we consider the case of an infinite domain, and
calculate the intersection of the two characteristic curves meeting at (z,t) with the axis
t = 0. If we label the two coordinate x, and x; as shown in the figure, then we can set
up the two equations:

Ug + U —
u+% _ ud+% u = a2 b+g77a2c776
96,7 . gﬁb — Ug — Uy | Ta T M (2.64)
u— == = up— = n = c +
c c 2g 2

2.3.3 System of equations in multi-space dimensions

A system of PDE in two-space dimension can be written in the form:

— TAS B =0 (2.65)
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In general it is not possible to define a similarity transformation that would diagonalize
all matrices at once. To extend the definition of hyperbolicity to multi-space dimension,
the following procedure can be used for the case where A and B are constant matrices.
First we define the Fourier transform of the dependent variables with respect to =, y and
t:

where w can be interpreted as the vector of Fourier amplitudes, and k& and [ are wave-
length in the z and y direction respectively, and w is the frequency. This Fourier repre-
sentation is then substitute it in the partial differential equation to obtain:

[kA + B — wl] W = 0, (2.67)

where I is the identity matrix. Equation (2.67)) has the form of an eigenvalue problem,
where w represent the eigenvalues of the matrix kA + [B. The system is classified as
hyperbolic if and only if the eigenvalues w are real for real choices of the wavenumber
vector (k,l). The extension above hinges on the matrices A and B being constant in
space and time; in spite of its limitation it does show intuitively how the general behavior
of wave-like solution can be extended to multiple spatial dimensions.

For the case where the matrices are not constant, the definition can be extended by
requiring that the exitence of bounded matrices T such that the matrix T~!(kA +IB)T
is a diagonal matrix with real eigenvalues for all points within an neighborhood of (z,y).
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Chapter 3

Finite Difference Approximation
of Derivatives

3.1 Introduction
The standard definition of derivative in elementary calculus is the following

iy u(z+Ax) —u(z)
=TT

(3.1)

Computers however cannot deal with the limit of Az — 0, and hence a discrete analogue
of the continuous case need to be adopted. In a discretization step, the set of points on
which the function is defined is finite, and the function value is available on a discrete set
of points. Approximations to the derivative will have to come from this discrete table of
the function.

Figure Bl shows the discrete set of points x; where the function is known. We
will use the notation u; = u(x;) to denote the value of the function at the i-th node
of the computational grid. The nodes divide the axis into a set of intervals of width
Az; = x;41 — x;. When the grid spacing is fixed, i.e. all intervals are of equal size, we
will refer to the grid spacing as Az. There are definite advantages to a constant grid
spacing as we will see later.

3.2 Finite Difference Approximation

The definition of the derivative in the continuum can be used to approximate the deriva-
tive in the discrete case:
u(x; + Ax) —u(z;) w1 — u;

u(x;) ~ A = (3.2)

where now Az is finite and small but not necessarily infinitesimally small, i.e. . This is
known as a forward Fuler approximation since it uses forward differencing. Intuitively,
the approximation will improve, i.e. the error will be smaller, as Az is made smaller.

31
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i-1 i Xir1

Figure 3.1: Computational grid and example of backward, forward, and central approx-
imation to the derivative at point x;. The dash-dot line shows the centered parabolic
interpolation, while the dashed line show the backward (blue), forward (red) and centered
(magenta) linear interpolation to the function.

The above is not the only approximation possible, two equally valid approximations are:

backward Euler: () ( An)
(o NU.Z'Z‘ —u\r; — AT :ui—ui_l
u'(x;) ~ AL AL (3.3)

Centered Difference

N u(w; + Az) —u(w; — Aw) w1 — w1
wlzi) ~ 2Ax - 2Ax (34)

All these definitions are equivalent in the continuum but lead to different approximations
in the discrete case. The question becomes which one is better, and is there a way to
quantify the error committed. The answer lies in the application of Taylor series analysis.
We briefly describe Taylor series in the next section, before applying them to investigate
the approximation errors of finite difference formulae.
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3.3 Taylor series
Starting with the identity:
x) = u(z;) + /; u'(s) ds (3.5)
Since u(x) is arbitrary, the formula should hold with u(z) replaced by '(x), i.e.,
(@) = o (z1) + / 4 (s) ds (3.6)

Replacing this expression in the original formula and carrying out the integration (since
u(x;) is constant) we get:

w(x) = u(x;) + (v — z)u () / / ) ds ds (3.7)

The process can be repeated with

o (z) = o (23) + / T u(s) ds (3.8)

Ty

_ )2 T T T
u(@) = u(@:) + (& -z (@) + %um + / / / W(s) ds ds ds  (3.9)
This process can be repeated under the assumption that u(x) is sufficiently differen-
tiable, and we find:
(v — ;)2
2!

u(zi)+ -+ Mu(n)(@) + Rp4+1 (3.10)

u(z) = u(w;) + (x — @)’ (2;) + n!

where the remainder is given by:

Rpy1 = / / (D (2)( ds)™t (3.11)

Equation B0l is known as the Taylor series of the function u(z) about the point ;.
Notice that the series is a polynomial in (z — z;) (the signed distance of x to z;), and
the coefficients are the (scaled) derivatives of the function evaluated at x;.

If the (n 4 1)-th derivative of the function v has minimum m and maximum M over
the interval [z;x] then we can write:

/ /m (ds)"™ <R, < // M( ds)™ ! (3.12)

x _ xz)n—l—l (x _ xi)n+1
mi < R < -~ -

(n+1)  — 7= (n+1)!
which shows that the remainder is bounded by the values of the derivative and the
distance of the point z to the expansion point z; raised to the power (n + 1). If we
further assume that «(™ Y is continuous then it must take all values between m and M
that is

(3.13)

(x _ xi)n—l—l

Ry = U("H)(f)w

(3.14)

for some ¢ in the interval [z;x].
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3.3.1 Taylor series and finite differences

Taylor series have been widely used to study the behavior of numerical approximation
to differential equations. Let us investigate the forward Euler with Taylor series. To do
so, we expand the function u at x;+1 about the point x;:

ou Ax? 9*u Az} du
u(xl + sz) = u(a:,) + Ax; a—x . + o1 W B 31 w ) +... (315)
The Taylor series can be rearranged to read as follows:
u(z; + Az;) —u(w;))  Ou| _ Az @ Az? @ (3.16)
Ax; oxl,, 2! 022 . 3L o2 '

Truncation Error

where it is now clear that the forward Euler formula (3:2]) corresponds to truncating the
Taylor series after the second term. The right hand side of equation (BI8]) is the error
committed in terminating the series and is referred to as the truncation error. The
tuncation error can be defined as the difference between the partial derivative and its
finite difference representation. For sufficiently smooth functions, i.e. ones that possess
continuous higher order derivatives, and sufficiently small Ax;, the first term in the series
can be used to characterize the order of magnitude of the error. The first term in the
truncation error is the product of the second derivative evaluated at x; and the grid
spacing Axz;: the former is a property of the function itself while the latter is a numerical
parameter which can be changed. Thus, for finite %, the numerical approximation
depends lineraly on the parameter Ax;. If we were to half Ax; we ought to expect a
linear decrease in the error for sufficiently small Ax;. We will use the “big Oh” notation
to refer to this behavior so that T.E. ~ O(Az;). In general if Ax; is not constant we
pick a representative value of the grid spacing, either the average of the largest grid
spacing. Note that in general the exact truncation error is not known, and all we can do
is characterize the behavior of the error as Az — 0. So now we can write:

ou

ou Wit1 — U
o +0(Ax) (3.17)

The taylor series expansion can be used to get an expression for the truncation error
of the backward difference formula:

Az? | d%u

n Ax? | 9%
|y, 21 0x?

31 Ox3

(3.18)

Ty T

where Ax; 1 = x; — x;—1. We can now get an expression for the error corresponding to
backward difference approximation of the first derivative:

u(w;) —u(z; — Azi—q)  Ou

ou _ Al’i_l 62’&
A:Ei_l 8:E

o 21 Ox2

Az? | Bu
3! O3

+... (3.19)

T Ty

Truncation Error
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It is now clear that the truncation error of the backward difference, while not the same
as the forward difference, behave similarly in terms of order of magnitude analysis, and

is linear in Ax:
ou U — U

-1
Notice that in both cases we have used the information provided at just two points to
derive the approximation, and the error behaves linearly in both instances.

Higher order approximation of the first derivative can be obtained by combining the
two Taylor series equation ([B.I5)) and (3I8]). Notice first that the high order derivatives
of the function w are all evaluated at the same point x;, and are the same in both
expansions. We can now form a linear combination of the equations whereby the leading
error term is made to vanish. In the present case this can be done by inspection of
equations (BI6) and (3I9). Multiplying the first by Ax;_; and the second by Az; and
adding both equations we get:

N Al‘i_l Al‘l @
3! Ox3

T

1 Ui+1 — Ug U; — ui_l] ou
- Az Ax: -
Az; + Az il Ax; + AT Ax;_q Ox

;

(3.21)
There are several points to note about the preceding expression. First the approximation
uses information about the functions u at three points: x;_1, x; and x;41. Second the
truncation error is T.E. ~ O(Ax;_; Az;) and is second order, that is if the grid spacing is
decreased by 1/2, the T.E. error decreases by factor of 22. Thirdly, the previous point can
be made clearer by focussing on the important case where the grid spacing is constant:
Ax;_1 = Ax; = Az, the expression simplifies to:

Uj+1 — Ui—1 ou

2Ax ox

B Az? 9Pu

; 31 O3

(3.22)

T

Hence, for an equally spaced grid the centered difference approximation converges quadrat-
ically as Az — 0:

ou

ox
Note that like the forward and backward Euler difference formula, the centered differ-
ence uses information at only two points but delivers twice the order of the other two
methods. This property will hold in general whenever the grid spacing is constant and
the computational stencil, i.e. the set of points used in approximating the derivative, is
symmetric.

Uil — Ui—1 2
= oA, tols) (3.23)

T

3.3.2 Higher order approximation

The Taylor expansion provides a very useful tool for the derivation of higher order ap-
proximation to derivatives of any order. There are several approaches to achieve this.
We will first look at an expendient one before elaborating on the more systematic one.
In most of the following we will assume the grid spacing to be constant as is usually the
case in most applications.
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Equation (322 provides us with the simplest way to derive a fourth order approx-
imation. An important property of this centered formula is that its truncation error
contains only odd derivative terms:

uip1 —uisy  u | Ar® Pu N Az' OPu N Az 0" - Az2m  §m+l)y, N
2Ax - Or 3! O3 51 0xd 0027 T (2m+ 1) 9p(@mtD)
(3.24)

The above formula can be applied with Ax replace by 2Ax, and 3Ax respectively to get:

Ui+2 — Uj—2 o @ (2A:E)2 @ (2A:E)4 @ (QAJJ)G @ ]

hr — et T amt T a am T m g T OB)E2)
Uirs —ui—3 _ Ou (3Az)? @ (3Az)* @ (3Az)° @ 8

68r o 3 a5 am T m on TOBT)(3:26)

It is now clear how to combine the different estimates to obtain a fourth order approxi-
mation to the first derivative. Multiplying equation (3.24)) by 22 and substracting it from
equation (3:28]), we cancel the second order error term to get:

8(uip1 — ui—1) — (Uiy2 —ui—2)  Ou ANz Pu 20A28 07w

8
127z x5 o m aar TOB) (327)

Repeating the process for equation but using the factor 32 and substracting it from
equation ([3:20]), we get

27(uit1 — wi—1) — (Wiys —ui—3) _ Ou 9Az" 0°u  90AZ® ITu Lo (328)
48Ax Ox 5! Oxb 7" 027

Although both equations [B27)) and (B.28]) are valid, the latter is not used in practice

since it does not make sense to disregard neighboring points while using more distant

ones. However, the expression is useful to derive a sixth order approximation to the first

derivative: multiply equation ([B.28]) by 9 and equation ([B:28]) by 4 and substract to get:

45(ui+1 — ui_l) — 9(’LLZ'+2 — 'LLZ'_Q) + (’LLZ'+3 — ’LLZ'_3) ou 36Az5 07w 8
_ U BT O H(AS) (3.2
60Az gz T T gar TOBT) (329)

The process can be repeated to derive higher order approximations.

3.3.3 Remarks

The validity of the Taylor series analysis of the truncation error depends on the existence
of higher order derivatives. If these derivatives do not exist, then the higher order
approximations cannot be expected to hold. To demonstrate the issue more clearly we
will look at specific examples.

Example 6 The function u(z) = sin7x is infinitely smooth and differentiable, and its
first derivative is given by u, = mcos wz. Given the smoothness of the function we expect
the Taylor series analysis of the truncation error to hold. We set about verifying this claim
in a practical calculation. We lay down a computational grid on the interval —1 <z <1
of constant grid spacing Az = 2/M. The approximation points are then z; = iAx — 1,
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Figure 3.2: Finite difference approximation to the derivative of the function sin 7z. The
top left panel shows the function as a function of x. The top right panel shows the
spatial distribution of the error using the Forward difference (black line), the backward
difference (red line), and the centered differences of various order (magenta lines) for the
case M = 1024; the centered difference curves lie atop each other because their errors
are much smaller then those of the first order schemes. The lower panels are convergence
curves showing the rate of decrease of the rms and maximum errors as the number of
grid cells increases.
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i1 =20,1,...,M. Let ¢ be the error between the finite difference approximation to the
first derivative, u,, and its analytical derivative wu,:

€ = Ug(m;) — ugz(x;) (3.30)

The numerical approximation 4, will be computed using the forward difference, equation
BI7), the backward difference, equation ([3:20]), and the centered difference approxima-
tions of order 2, 4 and 6, equations ([3.22]), (3.27] and (3.29). We will use two measures
to characterize the error ¢;, and to measure its rate of decrease as the number of grid
points is increased. One is a bulk measure and consists of the root mean square error,
and the other one consists of the maximum error magnitude. We will use the following
notations for the rms and max errors:

lellz

Mo\
Ax <§ e$> (3.31)

leloe = max (i) (332)
The right panel of figure shows the variations of € as a function of = for the case
M = 1024 for several finite difference approximations to u,. For the first order schemes
the errors peak at +£1/2 and reaches 0.01. The error is much smaller for the higher order
centered difference scheme. The lower panels of figure show the decrease of the rms
error (||e]|2 on the left), and maximum error (||€||o on the right) as a function of the
number of cells M. It is seen that the convergence rate increases with an increase in
the order of the approximation as predicted by the Taylor series analysis. The slopes
on this log-log plot are -1 for forward and backward difference, and -2, -4 and -6 for the
centered difference schemes of order 2, 4 and 6, respectively. Notice that the maximum
error decreases at the same rate as the rms error even though it reports a higher error.
Finally, if one were to gauge the efficiency of using information most accurately, it is
evident that for a given M, the high order methods achieve the lowest error.

Example 7 We now investigate the numerical approximation to a function with finite
differentiability, more precisely, one that has a discontinuous third derivative. This func-
tion is defined as follows:

r<0| sinmzx T COSTTL —m?sinmx —73 cos
0<z|mre™ | m(l—222)e " | 2rz(222 — 3)e™ | —2m(3 — 1222 4 dat)e
x=0 0 T 0 —m3, —6m

Notice that the function and its first two derivatives are continuous at x = 0, but the
third derivative is discontinuous. An examination of the graph of the function in figure
B3 shows a curve, at least visually (the so called eye-ball norm). The error distribution
is shown in the top right panel of figure for the case M = 1024 and the fourth order
centered difference scheme. Notice that the error is very small except for the spike near
the discontinuity. The error curves (in the lower panels) show that the second order
centered difference converges faster then the forward and backward Euler scheme, but
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Figure 3.3: Finite difference approximation to the derivative of a function with discon-
tinuous third derivative. The top left panel shows the function u(x) which, to the eyeball
norm, appears to be quite smooth. The top right panel shows the spatial distribution
of the error (M = 1024) using the fourth order centered difference: notice the spike at
the discontinuity in the derivative. The lower panels are convergence curves showing the
rate of decrease of the rms and maximum errors as the number of grid cells increases.
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that the convergence rates of the fourth and sixth order centered schemes are no better
then that of the second order one. This is a direct consequence of the discontinuity in
the third derivative whereby the Taylor expansion is valid only up to the third term. The
effects of the discontinuity are more clearly seen in the maximum error plot (lower right
panel) then in the mean error one (lower left panel). The main message of this example
is that for functions with a finite number of derivatives, the Taylor series prediction for
the high order schemes does not hold. Notice that the error for the fourth and sixth
order schemes are lower then the other 3, but their rate of convergence is the same as
the second order scheme. This is largely coincidental and would change according to the
function.

3.3.4 Systematic Derivation of higher order derivative

The Taylor series expansion provides a systematic way of deriving approximation to
higher order derivatives of any order (provided of course that the function is smooth
enough). Here we assume that the grid spacing is uniform for simplicity. Suppose that
the stencil chosen includes the points: x; such that ¢ —1 < j < ¢+ 7. There are thus [
points to the left and r points to the right of the point ¢ where the derivative is desired
for a total of r + [ 4 1 points. The Taylor expansion is:

(mAx) (mAx)? (mAx)3 (mAx)* (mAx)®
Uj+m = u;+ 1! Ug 21 Uz 3 uxa:x""Tuxxxx"i_i'uxxxxx"i_ ..
(3.33)
for m = —1[,...,r. Multiplying each of these expansions by a constant a,, and summing
them up we obtain the following equation:
" " " Az Ou
2 amtipm ( > m) o= | X mm) T oal,
m=—I1,m##0 m=—1,m7#0 m=—1,m#0 : v
" Az? 0%u
DR
I 2
m=—1,m#0 2t O i
" Az® 9u
b3 ) S O
| 3
m=—1,m#0 3 O i
" Azt 0*u
ORI S
I 1
m=—1,m#0 AL Oz i
" Ax® 0°u
b3 wa ) B O
| 5
m=—1,m#0 5t Oz i
+ .. (3.34)

It is clear that the coefficient of the k-th derivative is given by by = 377, 10 mFa,,.
Equation ([B.34]) allows us to determine the 7+ coefficients a,, according to the derivative
desired and the order desired. Hence if the first order derivative is needed at fourth order
accuracy, we would set by to 1 and by 34 = 0. This would provide us with four equations,
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and hence we need at least four points in order to determine its solution uniquely. More
generally, if we need the k-th derivative then the highest derivative to be neglected must
be of order k£ 4+ p — 1, and hence k + p — 1 points are needed. The equations will then

have the form:
T

bg= >, miam=0g,q=12,....k+p—1 (3.35)
m=—Il,m#0

where 44 is the Kronecker delta 4, = 1 is ¢ = k and 0 otherwise. For the solution to
exit and be unique we must have: [ +r = k + p. Once the solution is obtained we can
determine the leading order truncation term by calculating the coefficient multiplying
the next higher derivative in the truncation error series:

s

b1y, m"Pay,. (3.36)
m=—1,m#0

Example 8 As an example of the application of the previous procedure, let us fix the
stencil to r = 1 and [ = —3. Notice that this is an off-centered scheme. The system of
equation then reads as follows in matrix form:

-3 —2 -1 1 a_s3 bl
(=3)> (=2 (-1)* (1)? a—z | _ [ b
(30 (<27 (-1F @ || aa || b (337
=3 =2 -1* ! al by
If the first derivative is desired to fourth order accuracy, we would set by = 1 and

ba 3.4 = 0, while if the second derivative is required to third order accuracy we would set
b134 = 0 and by = 1. The coefficients for the first example would be:

a_s3 —1
a_9 . i 12
a1 | 12| —18 (3.38)
(23] 3

3.3.5 Discrete Operator

Operators are often used to describe the discrete transformations needed in approximat-
ing derivatives. This reduces the lengths of formulae and can be used to derive new
approximations. We will limit ourselves to the case of the centered difference operator:

Uiz — U2

Sy = (3.39)
5 Gty — My O(Az? 3.40
Sopu; = —HL Ul 4 O(A2?) (3.41)

2Ax
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The second order derivative can be computed by noticing that

2us = 5y(Baus) = Gu(us + O(AZ2) (3.42)

Oz <%> = Uy + O(AZ?) (3.43)

A%« (00 tpy) = Ba(u;_3)) = e + O(20) (3.44)
Uiyl —Zigbci;- ’LLi—l) N ) (3.45)

The truncation error can be verified by going through the formal Taylor series analysis.
Another application of operator notation is the derivation of higher order formula.
For example, we know from the Taylor series that
Az? 4
52xui = Uy + Tszm + O(AJE ) (3.46)
If I can estimate the third order derivative to second order then I can substitute this
estimate in the above formula to get a fourth order estimate. Applying the d2 operator
to both sides of the above equation we get:

A 2
02 (8a017) = 02 (ug + 3—916“ + O(AZY) = tges + O(A2?) (3.47)
Thus we have
Az? 9
Oopll;y = Uy + T(Sx [525(;114 + O(Ax )] (348)
Rearranging the equation we have:
3
Uy e, = (1 — i—f&i) Sopui; + O(Az?) (3.49)

3.4 Polynomial Fitting

Taylor series expansion are not the only means to develop finite difference approximation.
An another approach is to rely on polynomial fitting such as splines (which we will
not discuss here), and Lagrange interpolation. We will concentrate on the later in the
following section.

Lagrange interpolation consists of fitting a polynomial of a specified defree to a given
set of (x;,u;) pairs. The slope at the point x; is approximated by taking the derivative
of the polynomial at the point. The approach is best illustrate by looking at specific
examples.

3.4.1 Linear Fit

The linear polynomial:

€T — Ty T — Ti+1
Iilw) = =5 wim = — 1,

x; << T (3.50)
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The derivative of this function yields the forward difference formula:

w ’ _ aLl(l‘) _ Ui+1 — Uy
v ox |y, Az

(3.51)

A Taylor series analysis will show this approximation to be linear. Likewise if a linear
interpolation is used to interpolate the function in ;1 < z < x; we get the backward
difference formula.

3.4.2 Quadratic Fit

It is easily verified that the following quadratic interpolation will fit the function values
at the points z; and z;41:

(z —z)(x —xit1) (z—zi)@—ziy1) | (@—mia)(@—x)
2Az2 i A2 Ui+ 2Az2 it
(3.52)

Differentiating the functions and evaluating it at x; we can get expressions for the first
and second derivatives:

Ly(z) =

0L, Uip1 — U1
— = — 3.53
oz |y, 2Ax (3:53)
9%Ly Uip1 — 2u; + U1
2 - .54
ox? | Ax? (3:54)

Notice that these expression are identical to the formulae obtained earlier. A Taylor
series analysis would confirm that both expression are second order accurate.

3.4.3 Higher order formula

Higher order fomula can be develop by Lagrange polynomials of increasing degree. A
word of caution is that high order Lagrange interpolation is practical when the evaluation
point is in the middle of the stencil. High order Lagrange interpolation is notoriously
noisy near the end of the stencil when equal grid spacing is used, and leads to the well
known problem of Runge oscillations @ (@) Spectral methods that do not use
periodic Fourier functions (the usual “sin” and “cos” functions) rely on unevenly spaced
points.

To illustrate the Runge phenomenon we’ll take the simple example of interpolating

the function .

A

in the interval || < 1. The Lagrange interpolation using an equally spaced grid is shown
in the upper panel of figure B4l the solid line refers to the exact function f while the
dashed-colored lines to the Lagrange interpolants of different orders. In the center of
the interval (near z = 0, the difference between the dashed lines and the solid black
line decreases quickly as the polynomial order is increased. However, near the edges
of the interval, the Lagrangian interpolants oscillates between the interpolation points.

(3.55)
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Equally-Spaced Lagrange Interpolation

Equally-Spaced Lagrange Interpolation
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Figure 3.4: Illustration of the Runge phenomenon for equally-spaced Lagrangian inter-
polation (upper figures). The right upper figure illustrate the worsening amplitude of
the oscillations as the degree is increased. The Runge oscillations are suppressed if an
unequally spaced set of interpolation point is used (lower panel); here one based on
Gauss-Lobatto roots of Chebyshev polynomials. The solution black line refers to the
exact solution and the dashed lines to the Lagrangian interpolants. The location of the

interpolation points can be guessed by the crossing of the dashed lines and the solid black
line.
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At a fixed point near the boundary, the oscillations’ amplitude becomes bigger as the
polynomial degree is increased: the amplitude of the 16 order polynomial reaches of value
of 17 and has to be plotted separately for clarity of presentation. This is not the case
when a non-uniform grid is used for the interpolation as shown in the lower left panel of
figure B4l The interpolants approach the true function in the center and at the edges of
the interval. The points used in this case are the Gauss-Lobatto roots of the Chebyshev
polynomial of degree N — 1, where N is the number of points.
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3.5 Compact Differencing Schemes

A major disadvantage of the finite difference approach presented earlier is the widening
of the computational stencil as the order of the approximation is increased. These large
stencils are cumbersome near the edge of the domain where no data is available to
perform the differencing. Fortunately, it is possible to derive high-order finite difference
approximation with compact stencils at the expense of a small complication in their
evalution: implicit differencing schemes (as opposed to explicit schemes) must be used.
Here we show how these schemes can be derived.

3.5.1 Derivation of 3-term compact schemes

The Taylor series expansion of w;,, where ;4. = u(zx; + mAz) about point z; can be
written as

= (mAz)™ .,
Witm = Z %U( ) (3.56)
n=0 :

where u(™ is the n-th derivative of u with respect to x at z;, with m being an arbitrary
number. From this expression it is easy to obtain the following sum and difference

s mAx)"
wimE iy = Y (1 (-1 Dy (3.57)
n=0 :
Uitm + Ui—m . (mA:E)n (n)
= n:ozz R u (3.58)
WUitm — Ui—m .- (mA‘T)n (n+1)
2mAx N n:()224 (n+1)! “ (3:59)

These expansion apply to arbitraty functions u as long as the expansion is valid; so they
apply in particular to their derivatives. In case we substitute u® for u in the summation
expansion we obtain an expression for the expansion of the derivatives:
(1) (1) 00 n
2 4 n!
n=0,2,4

Consider centered expansions of the following form

) ) (1)

u 2y A uy o) = ardazt; + a204u; + a306,U; (3.61)

where «a, and the a; are unknown constants. The Taylor series expansion of the left and
right hand sides can be matched as follows

g Z n! (n+1)!
n=0,2,4 n=0,2,4

or
Az = (3.63)

i (a1 4 2"ay + 3"a3) — (n 4 1)(0n0 + 200)

n=0,2,4 (n+ 1!
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Here 0, refers to the Kronecker delta: §,,, = 0 for n £ m and 1 if n = m. This leads to
the following constraints on the constants a; and a:

a1 +as+az =142« forn=20 (3.64)
a; +2"%2+3"%3 =2(n+1)a forn=24,...,N (3.65)

with a leading truncation error of the form:

ar + 2N-i-2a2 + 3N+2a3 — 2(N + 3)anN+2U(N+3)
(N +3)!

(3.66)

Since we only have a handful of parameters we cannot hope to satisfy all these constraints
for all n. However, we can derive progressively better approximation by matching higher-
order terms. Indeed with 4 paramters at our disposal we can only satisfy 4 constraints.
Let us explore some of the possible options.

3.5.2 Families of Fourth order schemes

The smallest computational stencil is obtained by setting as = ag = 0, in which case only
2 parameters are left to maximize the accuracy of the scheme, and only 2 constraints
can be imposed:

3.67
a — 2— o = _ ( )

ag — 2 o =1 a =
3! with solution
21 0 ar =

DN G| —

A family of fourth order schemes can be obtained if we allow a wider stencil on the
right hand side of the equations, and allow as # 0. This family of schemes can be
generated by the single parameter «

2
— a = =(a+2)
{ o+ 4 = B 1 —g 2a with solution 13 (3.68)
ar + az = « ay = 5(404—1)

The leading terms in the truncation error would then be

a1 + 2%y — 2 5aAw4u(5) n a; + 25as — 2 - T
5! 7!
4 -1 4(18a —
_ % Aztu® 4 w Ay (3.70)

TE =

AzSu(D (3.69)

This family of compact scheme can be made unique by, for example, requiring the scheme
to be sixth-order and setting o = 1/3; the leading truncation error term would then be
4/(7) AzSu(T),
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Figure 3.5: Convergence curves for the compact (solid ligns) and explicit centered differ-
ence (dashed lines) schemes for the sample function u = sin7mz, |x| < 1. The dash-dot
lines refers to lines of slope -2,-4,-6, and -8. The left panel shows the 2-norm of the error
while the right panel shows the co-norm.

3.5.3 Families of Sixth order schemes

Allowing the stencil on the right hand sides to expand, ag # 0, we can generate families
of sixth-order schemes easily. The constraints are given by

. a+9
a1 + as + a3 = 1+ 2« @ = 39 6 9
a + 2% as + 3% az= 6a with solution ag = o= (3.71)
ap + 2% ay + 3 a3= 10« _3%454_ 1
T

The leading terms in the truncation error would then be

TE — aj + 26CL2 +7?')6a3 —2-Ta A7) " ai + 28a2 +9Z?8a3 — 29
12(— 2(—2
w&nﬁum + WAQE%@) (3.73)

Again, the formal order of the scheme can be made eighth order if one chooses o = 3/8.

Az®u¥3.72)

3.5.4 Numerical experiments

Figure[Bhlillustrate the convergence of the various compact scheme presented here for the
sample function v = sinwx. For comparison we have shown in dashed lines the conver-
gence curves for the explicit finite difference schemes presented earlier. The dashed-dot
lines are reference curves with slopes -2,-4,-6 and -8, respectively. For this infinitly differ-
entiable function, the various schemes achieve their theoretically expected convergence
order as the order fo the scheme is increased. It should be noted that, although, the
convergence curves of the two approaches are parallel (the same slope), the errors of the
compact schemes are lower then those of their explicit differene counter-parts.



Chapter 4

Application of Finite Differences
to ODE

In this chapter we explore the application of finite differences in the simplest setting
possible, namely where there is only one independent variable. The equations are then
referred to as ordinary differential equations (ODE). We will use the setting of ODE’s to
introduce several concepts and tools that will be useful in the numerical solution of partial
differential equations. Furthermore, time-marching schemes are almost universally reliant
on finite difference methods for discretization, and hence a study of ODE’s is time well
spent.

4.1 Introduction

Here we derive how an ODE may be obtained in the process of solving numerically a
partial differential equations. Let us consider the problem of solving the following PDE:

U + CUy = VU, 0<ax<L (4.1)

subject to periodic boundary conditions. Equation (1] is an advection diffusion equa-
tion with ¢ being the advecting velocity and v the viscosity coeffficient. We will take
c and v to be positive constants. The two independent variables are ¢ for time and x
for space. Because of the periodicity, it is sensible to expand the unknown function in a

Fourier series:
o0

u = Z Gy (£) €™ (4.2)
k=—o00

where @, are the complex amplitudes and depend only on the time variable, whereas e***

are the Fourier functions with wavenumber k,. Because of the periodicity requirement
we have k,, = 2rn/L where n is an integer. The Fourier functions form what is called an
orthonormal basis, and can be determined as follows: multiply the two sides of equations
([E2) by e~**m® where m is integer and integrate over the interval [07] to get:

oo

L , L.
[umein £ oo e

0 Pt 0

49
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Now notice that the integral on the right hand side of equation (3] satisfies the or-
thogonality property:

ei(kn—km)L -1 ei27r(n—m)L -1

L — —
/ !B Thn)® Az = ¢ (o — Kin) ihe ) "7 (4.4)
0 L, n=m

The role of the integration is to pick out the m —th Fourier component since all the other
integrals are zero. We end up with the following expression for the Fourier coefficients:

N 1 L —ikmx
Uy = —/ u(z)e” """ do (4.5)
L Jo

Equation (43]) would allow us to calculate the Fourier coefficients for a known function
u. Note that for a real function, the Fourier coefficients satisfy

T (4.6)

where the * superscript stands for the complex conjugate. Thus, only the positive Fourier
components need to be determined and the negative ones are simply the complex conju-
gates of the positive components.

The Fourier series (£2]) can now be differentiated term by term to get an expression
for the derivatives of u, namely:

Up =Y iknly(t)e*n” (4.7)
k=—o00

Upg = Y —hidn(t)e™” (4.8)
k=—00
. diy, g

u = Z —e'nt (4.9)
L dt

Replacing these expressions for the derivative in the original equation and collecting
terms we arrive at the following equations:

o0 dAn .
3 [% + (ickn + uk,%)an] ehnt — (4.10)

k=—

Note that the above equation has to be satisfied for all  and hence its Fourier amplitudes
must be zero for all z (just remember the orthogonality property ([@4]), and replace u by
zero). Each Fourier component can be studied separately thanks to the linearity and the
constant coefficients of the PDE.

The governing equation for the Fourier amplitude is now

I
d—? = —(ick + vk?) (4.11)
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where we have removed the subscript n to simplify the notation, and have introduced
the complex number . The solution to this simple ODE is:

i = Gge™ (4.12)

where 1y = 4(t = 0) is the Fourier amplitude at the initial time. Taking the ratio of the
solution between time ¢ and t + At, we can get see the expected behavior of the solution
between two consquetive times:

u(t:’_ At) _ enAt _ eRe(n)AteiIm(n)At (4‘13)
a(t)

where Re(k) and Zm(k) refer to the real and imaginary parts of . It is now clear to
follow the evolution of the amplitude of the Fourier components:

i(t + At)] = |a(t)|eRerAt (4.14)

The analytical solution predicts an exponential decrease if Re(k) < 0, an exponential
increase if Re(k) > 0, and a constant amplitude if Re(k) = 0. The imaginary part of k
influences only the phase of the solution and decreases by an amount Zm(x)At. We now
turn to the issue of devising numerical solution to the ODE.

4.2 Forward Euler Approximation

Let us approximate the time derivative in ({11l by a forward difference approximation
(the name forward Euler is also used) to get:

n+1 n

u —Uu

— &~ ru" 4.1
A7 KU (4.15)

where the superscript indicates the time level:u™ = u(nAt), and where we have removed
the ~ for simplicity. Equation ([£I5]) is an explicit approximation to the original dif-
ferential equation since no information about the unknown function at the future time
(n 4+ 1)At has been used on the right hand side of the equation. In order to derive the
error committed in the approximation we rely again on Taylor series. Expanding u"*!
about time level nAts, and inserting in the forward difference expression (LI5) we get:

7 Uit (4.16)

truncation error ~O(At)

The terms on the right hand side are the truncation errors of the forward Euler ap-
proximation. The formal definition of the truncation error is that it is the difference
between the analytical and approximate representation of the differential equation. The
leading error term (for sufficiently small At) is linear in At and hence we expect the
errors to decrease linearly. Most importantly, the approximation is consistent in that
the truncation error goes to zero as At — 0.
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Given the initial condition u(t = 0) = up we can advance the solution in time to get:

ut = (1 + kAt)u°
u? = (14 kAt)u! = (1 + kAt)%u®
ud = (14 kAt)u? = (1 + kAt)3u (4.17)

u” = (1 + rkAt)u" ! = (1 + kAt)"u°

Let us study what happens when we let At — 0 for a fixed time integration t,, = nAt.
The only factor we need to worry about is the numerical amplification factor:(1 + kAt):

tn In(14+KAL) tn (RAt—Kk2AL24..)

lim (1+ KJAt)% = lim e~ &¢ = lim e At = efiln (4.18)
At—0 At—0 At—0
where we have used the logarithm Taylor series In(1 + ¢) = ¢ — €2 + ..., assuming that

kAt is small. Hence we have proven convergence of the numerical solution to the analytic
solution in the limit At — 0. The question is what happens for finite At?
Notice that in analogy to the analytic solution we can define an amplification factor
associated with the numerical solution, namely:
u’ﬂ

A= = |Ale® (4.19)

un—1

where 6 is the argument of the complex number A. The amplitude of A will determine
whether the numerical solution is amplifying or decaying, and its argument will determine
the change in phase. The numerical amplification factor should mimic the analytical
amplification factor, and should lead to an anologous increase or decrease of the solution.
For small kAt it can be seen that A is just the first term of the Taylor series expansion
of e"At and is hence only first order accurate. Let us investigate the magnitude of A in
terms of k, a problem parameter, and At the numerical parameter, we have:

|A]2 = AA* = 1+ 2Re(r) At + |k[2A2 (4.20)

We focus in particular for the condition under which the amplitude factor is less then 1.
The following condition need then to be fullfilled (assuming At > 0):

(4.21)

There are two cases to consider depending on the sign of Re(x). If Re(k) > 0 then |[A| > 1
for At > 0, and the finite difference solution will grow like the analytical solution. For
Re(k) = 0, the solution will also grow in amplitude whereas the analytical solution
predicts a neutral amplification. If Re(k) < 0, then |A| > 1 for At > —ZR‘ZES ) whereas
the analytical solution predicts a decay. The moral of the story is that the numerical
solution can behave in unexpected ways. We can rewrite the amplification factor in the

following form:

|A]? = AA* = [Re(2) + 1)* + [Im(2))? (4.22)

where z = xkAt. The above equation can be interpreted as the equation for a circle
centered at (—1,0) in the complex plane with radius |A|?>. Thus z must be within the
unit circle centered at (—1,0) for |A> < 1.
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4.3 Stability, Consistency and Convergence

Let us denote by u the exact analytical solution to the differential equation, and by U
the numerical solution obtained using a finite difference scheme. The quantity ||[U — ul|
is a norm of the error. we have the following definitions:

e Convergence A scheme is called to converge to O(AtP) if ||U — ul|| = O(AtP) as
At — 0, where p is a positive constant.

e Truncation Error The local difference between the difference approximation and
the differential equations. It is the error introduced if the exact solution is plugged
into the difference equations.

e Consistency The finite difference approximation is called consistent with the dif-
ferential equation if the truncation error goes to zero when the numerical parame-
ters are made arbitrarily small.

e Stability A method is called stable if there is a constant C independent of the
time step or the number of time steps such that:

™|l < Clio®| (4.23)

Equation (4.23]) is a very loose constraint on the numerical approximation to guar-
antee convergence. This constraint allows the solution to grow in time (indeed
the solution can still grow exponentially fast), but rules out growth that depends
on the number of time steps or the step size. In situations where the analytical
solution is known not to grow, it is entirely reasonable to put the restriction:

o™l < 1U°] (4.24)

4.3.1 Lax Richtmeyer theorem

The celebrated Lax-Richtmeyer theorem links the notion of consistency and stability for
linear differential equations. It maintains that for linear differential equations, a consis-
tent finite difference approximation converges to the true solution if the scheme is stable.
The converse is also true in that a convergent and consistent numerical solution must be
stable. We will show a here simplified version of the Lax-Richtmeyer equivalence theorem
to highlight the relationships between consistency stability, and justify the constraints
we place on the finite difference approximations. A general form for the integration of
the ODE U takes the form:

Ur =AU 4! (4.25)

where A is the multiplicative factor and b a source sink term that does not depend on .
If the exact solution is plugged into the above recursive formula we get:

u" = Ayt o T A (4.26)

where T"~! is the truncation error at time n. Substracting the two equations from
each others, and invoking the linearity of the process, we can derive an equation for the
evolution of the error in time, namely:

e = Ae" !t T IAL (4.27)
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where e = U™ —u" is the total error at time t,, = nAt. The reapplication of this formula
to "1 transforms it to:

€" = A(Ae" 2 — T"2AY) — TTUAL = (A)?en 2 — At [AT" 2 4 7] (4.28)

where (A)?2 = A.A, and the remainder of the superscript indicate time levels. Repeated
application of this formula shows that:

e = (A)"e? — AL (AT 4 (AT 4 AT T (4.29)

Equation (29 shows that the error at time level n depends on the initial error, on
the history of the truncation error, and on the discretization through the factor A. We
will now attempt to bound this error and show that this possible if the truncation error
can be made arbitrarily small (the consistency condition), and if the scheme is stable
according to the definition shown above. A simple application of the triangle inequality
shows that

e < 1A 1]+ At [| ()7 70 + (42| [T + ... + 4] |72+ [ | (4.30)

Now we define T' = max |T™| for all 0 < m < n — 1, that is T is the maximum norm
of the truncation error encountered during the course of the calculation, then the right
hand side of the above inequality can be bounded again:

n—1
"] < [A"] €] + AtT [Z \(A)m!] (4.31)

m=0

In order to proceed further we need to introduce also the maximum bound on the
amplification factor and all its powers. So let us assume that the scheme is stable, i.e.
there is a positive constant C', independent of At and n, such that

max (|JA™]) < C, for 0 <m <n (4.32)

Since the individual entries in the summation are smaller then C' and the sum involves n
terms, the sum must be smaller then nC. The inequality ([€32]) is then bounded above
by C|E°| + nTAtC, and we arrive at:

le"| < Cle°| + t, TC (4.33)

where ¢, = nAt is the final integration time. The right hand side of (£33]) can be made
arbitrarily small by the following argument. First, the initial condition is known and so
the initial error is (save for round-off errors) zero. Second, since the scheme is consistent,
the maximum truncation error T can be made arbitrarily small by choosing smaller and
smaller At. The end results is that the bound on the error can be made arbitrarily
small if the approximation is stable and consistent. Hence the scheme converges to
the solution as At — 0.
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4.3.2 Von Neumann stability condition

Here we derive a practical bound on the amplification factor |A| based on the criteria
used in the derivation of the equivalence theorem |A™| < C"

AT =14" < C (4.34)
Al < Cm=c (4.35)

S m = € m .
1Al < 1+ O0(A) (4.36)

where we have used the Taylor series for the exponential in arriving at the final expression.
This is the least restrictive condition on the amplification factor that will permit us to
bound the error growth for finite times. Thus the modulus of the amplification factor
maybe greater then 1 by an amount proportional to positive powers of |At|. This gives
plenty of latitude for the numerical solution to grow, but will prevent this growth from
depending on the time step or the number of time steps.

In practice, the stability criterion is too generous, particularly when we know the
solution is bounded. The growth of the numerical solution should be bounded at all
times by setting C' = 1. In this case the Von Neumann stability criterion reduces to

Al <1 (4.37)

4.4 Backward Difference

The backward difference formula to the ODE is

du ut Tl —yn

- — gun+tl 4
P A7 K (4.38)

tn+1

This is an example of an implicit method since the unknown «"*! has been used in
evaluating the slope of the solution on the right hand side; this is not a problem to solve
for «™*! in this scalar and linear case. For more complicated situations like a nonlinear
right hand side or a system of equations, a nonlinear system of equations may have to
be inverted. It is easy to show via Taylor series analysis that the truncation error for
the backward difference scheme is O(At) and the scheme is hence consistent and of first
order. The numerical solution can be updated according to:

n
n+1 u

“ T 1 kAL

(4.39)

and the amplification factor is simply A = 1/(1 — kAt). Its magnitude is given by:

1
1 — 2Re(r)At + |K|2At2

A]? = (4.40)

The condition under which this amplification factor is bounded by 1 is
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4.5 Backward Difference

The backward difference formula to the ODE is

d n+l _ ,n
d_Z‘ ~ % — guntl (4.41)

tnt1

This is an example of an implicit method since the unknown «"*!' has been used in

evaluating the slope of the solution on the right hand side; this is not a problem to solve
for w™*! in this scalar and linear case. For more complicated situations like a nonlinear
right hand side or a system of equations, a nonlinear system of equations may have to
be inverted. It is easy to show via Taylor series analysis that the truncation error for
the backward difference scheme is O(At) and the scheme is hence consistent and of first
order. The numerical solution can be updated according to:

n
n+1 u

b :1—/{At

(4.42)

and the amplification factor is simply A = 1/(1 — kAt). Its magnitude is given by:

1
AP = 4.4
14 1 — 2Re(r)At + |K|2At2 (443)
The condition under which this amplification factor is bounded by 1 is
At > o) (4.44)

K2

again depend on the sign of Re(k). If Re(k) < 0, then |A| < 1 for all At > 0; this
is an instance of unconditional stability. The numerical solution is also damped when
Re(k) = 0 whereas the analytical solution is neutral. The numerical amplitude factor
can be rewritten as:

1

[1 = Re(2)]” + [Zm(2)]” = TAR

(4.45)

and shows contours of constant amplitude factors to be circles centered at (1,0) and of
radius 1/]A].

4.6 Trapezoidal Scheme

The trapezoidal scheme is an an example of second order scheme that uses only two time
levels. It is based on applying the derivative at the intermediate time n + %, and using
a centered difference formula with step size At/2. The derivation is as follows:

du
dl,

= Utz (4.46)
%
_an n+1 n

ronr) = &N L o) (4.47)
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using simple Taylor series expansions about time n + % The truncation error is O(At?)
and the method is hence second order accurate. It is implicit since v is used in the

evaluation of the right hand side. The unkown function can be updated as:

1 + AL
un+1 _ 2

2
The amplification factor is
14+ 58014 Re(rAt) + BHAZ
A= PRy |A|* = (k2| A2 (4.49)
1— == 1 — Re(kAt) + =——
The condition for |A| < 1 is simply
Re(k) <0 (4.50)

The scheme is hence unconditionally stable for Re(At) < 0 and neutrally stable (|A| = 1)
for Re(k) = 0.

Example 9 To illustrate the application of the different scheme we proceed to evaluate
numerically the solution of u; = —iu with the initial condition u = 1. The analytical
solution in the complex u plane is a circle that starts at (1,0) and proceeds counterclock-
wise. We then proceed to compute the numerical solutions using the forward, backward
and trapezoidal schemes.

The modulus of the forward Euler solution cycles outward and is indicative of the un-
stable nature of the scheme. The backward Euler solution cycles inward indicative of a
numerical solution that is too damped. Finally, the trapezoidal scheme has neutral am-
plification: its solution remains on the unit circle and tracks the analytical solution quite
closely. Notice however, that the trapezoidal solution seem to lag behind the analytical
solution, and this lag seems to increase with time. This is symptomatic of lagging phase
erTors.

4.6.1 Phase Errors

Stability is primarily concerned with the modulus of the amplification factor. However,
the accuracy of the numerical scheme depends on the amplitude and phase errors of the
scheme. The phase error can be analyzed by inspecting the argument of the amplification
factor, the 6 term in equation (4£I9). The analytical change of phase for our model
problem is 6. = Zm(x)At, the ratio of the numerical and analytical phase is called the
relative phase error:

0
R=— 4.51
7 (451)
When R > 1 the numerical phase exceeds the analytical phase and we call the scheme
accelerating; if R < 1 the scheme is decelerating. For the forward differencing scheme

the relative phase is given by:

1 - Im(z)
= Im(z) ta (1 + Re(z)) (4.52)
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Figure 4.1: Solution of the oscillation equation using the forward (x), backward (+) and
trapezoidal schemes (o). The analytical solution is indicated by a red asterisk.
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Figure 4.2: Phase errors for several two-level schemes when Re(k) = 0. The forwad
and backward differencing schemes (FD and BD) have the same decelerating relative
phase. The Trapezoidal scheme (TZ) has lower phase error for the same kAt as the 2
first order schemes. The Runge Kutta schemes of order 2 and 3 are accelerating. The
best performance is for RK4 which stays closest to the analytical curve for the largest
portion of the spectrum.
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In general it is hard to get a simple formula for the phase error since the expressions often
involve the tan™! functions with complicated arguments. Figure shows the relative
phase as a function of kAt for the case where Re(k) = 0 for several time integration
schemes. The solid black line (R = 1) is the reference for an exact phase. The forward,
backward and trapezoidal differencing have negative phase errors (and hence the schemes
are decelerating), while the RK schemes (to be presented below) have an accelerating
phase.

4.7 Higher Order Methods

4.7.1 Multi Stage (Runge Kutta) Methods

One approach to increasing the order of the calculations without using information at
previous time levels is to introduce intermediate stages in the calculations. The most
popular of these approaches is referred to as the Runge Kutta methods. We will illustrate
their derivation for the second order scheme. For generality, we will assume that the ODE

takes the form
du

i flu,t),u(0) = ug (4.53)

The derivation of the second order Runge Kutta method starts with the expression:
ut = w4 ay At (4.54)

W = w4+ b AL (U™ ) + baALF (uD) t, + e AL) (4.55)

where as1, b1, by and cy are constant that will be determined on the basis of accuracy.
Variants of this approach has the constants determined on the basis of stability consid-
ertaion, but in the following we follow the accuracy criterion. The key to determining
these constants is to match the Taylor series expansion for the ODE with that of the
approximation. Expanding u as a Taylor series in time we get:

2 12
nl oy ppdu A 4

iR TR + O(AP) (4.56)

u

Notice that the ODE provides the information necessary to compute the derivative in
the Taylor series. Thus we have:

% = flu,?) (4.57)
_ U w59)
% = dd—? + dd—?f + fu% (4.60)
= fu+ fuf + fuf + Fuuf?+ fufe+ f2f (4.61)

= ftt+2futf+fuuf2+fuft+fu2f (462)
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Replacing these two derivatives in the Taylor series expression we get:

At3

T[ftt+2futf+fuuf2+fuft+f5f]+O(At4)

(4.63)

We now turn to expanding the expression for the proposed difference equations. We

have to proceed carefully to include the effects of changes in v and ¢ in our expansion.
We start by expanding the last term of equation ([A.53]) about the variable u".

(ag1 Atf)?
2!

el m . At?
U =u"+Atf(u ,tn)—i-T[fuf"‘ft]tn"’_

Fu+an Atf,ty+eaAt) = f(u™, ty+caAt)+an ALf fut FuutO(AL?) (4.64)

Now each term in expansion (£.64]) is expanded in the ¢ variable about time t,, to get:

2
F" ty + caA) = f(un,t“)+(:2mft+(62§t) fu+O(A2)  (4.65)

fu(u™ ty + coaAt) = fu(u™ tn) + fur(u™ tp)ca At + O(AL?) (4.66)
fuu(u" ty + c2At) = fuu(u”,t,) + O(At) (4.67)

Substituting these expressions in expansion ([L64]) we get the two-variable Taylor series
expansion for f. The whole expression is then inserted in (455 to get:

" = u" o (by + by) FAE + (boaoy f fu + baca fi) At (4.68)

c2 boa’
+ (b252ftt+b2a2lc2ffut+ 221

2

fuu> At? + O(At?)

Matching the expansions (£.68]) and ([£.G3]) term by term we get the following equations
for the different constants.

bo+b; = 1
2b2a21 =1 (4.69)
2[)202 =1

A solution can be found in term of the parameter by, and it is as follows:

by = 1—-b

az = ﬁ (4.70)
_ 1

(&) = %

A family of second order Runge Kutta schemes can be obtained by varying bs. Two
common choices are

e Midpoint rule with by = 1, so that by = 0 and a9 = ¢ = % The schemes
becomes:

ul) = u”+%f(u",tn) (4.71)
At

W = w4 Atf(uY t, + ) (4.72)

The first phase of the midpoint rule is a forward Euler half step, followed by a
centered approximation at the mid-time level.
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e Heum rule by = % and ao; = ¢ = 1.

u(l) — un—i-Atf(Un,tn) (473)
= S b )+ £ 8) (@70

The first step is forward Euler full step followed by a centered step with the averaged
sloped.

Higher order Runge Kutta schemes can be derived by introducing additional stages
between the two time levels; their derivation is however very complicated (for more
information see @) and see Dormand (1996) for a more readable account).
Here we limit ourselves to listing the algorithms for common third and fourth order
Runge Kutta schemes.

e RK3
@ = Atf(u" tn) u) =y 4+ 4
@ = Atf(ul b+ G = u® = ul) 4 g (4.75)
g3 = Atf(u® b, + &) — 1832 yntl = 4 (2) 4 36

e RK4 The fourth order RK scheme is the most well-known for its accuracy and
large stability region. It is:

Q= Atf(u”,tn)
©= A G )
g3 = Atf(u™+ £.t, + 8t) (4.76)
= Atf(u"+ g3, t, +Al)
1_ +2g2+2g3+
untl = u” + Q Q26 q3T44

4.7.2 Remarks on RK schemes
The following is a quick summary of the RK properties of different orders.
1. Implicit Runge Kutta time steps are possible.

2. Runge Kutta offers high order integration with only information at two time levels.
Automatic step size control is easy since the order of the method does not depend
on maintaining the same step size as the calculation proceeds. Several strategies
are then possible to maximize accuracy and reduce CPU cost.

3. For order less then or equal to 4, only one stage is required per additional order,
which is optimal. For higher order, it is known that the number of stages exceeds
the order of the method. For example, a fifth order method requires 6 stages, and
an eight order RK scheme requires a minimum of 11 stages.

4. Runge Kutta schemes require multiple evaluation of the right hand side per time
step. This can be quite costly if a large system of simultaneous ODE’s is involved.
Alternatives to the RK steps are multi-level schemes.
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Figure 4.3: Stability region for the Runge-Kutta methods of order 1, 2, 3, and 4 (left
figure), and for the Adams Bashforth schmes of order 2 and 3 (right figure). The RK2
and AB2 stability curves are tangent to the imaginary axis at the origin, and hence the
method are not stable for purely imaginary kAt.

5. A new family of Runge Kutta scheme was devised in recent years to cope with the
requirements of Total Variations Diminishing (TVD) schemes. For second order
methods, the Heum scheme is TVD. The third order TVD Runge Kutta scheme is

g2 = Atf(uM t, + At) u® = rid Zu(l) + 42 (4.77)
t = At + 5) 0= T+ Zu® 4 2

4.7.3 Multi Time Levels Methods

The Runge-Kutta methods achieve their accuracy by evaluating the right hand side
function at intermediate time levels. The cost of this accuracy is a multiple evaluation
of f for a an integration of size At. This may prove to be expensive if we are looking
at complicated right hand sides and/or systems of ODEs. An alternative is to use
information prior to t, to increase the order of accuracy at t,1.

Leap Frog scheme

The leap frog scheme consists of using a centered difference in time at level n:
" =" 2AL (U 1) (4.78)

It is easy to show that the truncation error is of size O(At?). Moreover, unlike the trape-

zoidal scheme, it is explicit in the unknown «"*!, and hence does not involve nonlinear
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complications, nor systems of equations. For our model equation, the trapezoidal scheme
takes the form:

u" =" 4 2k AU (4.79)

The determination of the amplification factor is complicated by the fact that two time
levels are involved in the calculations. Nevertheless, let us assume that the amplification
factor is the same for each time step, i.e. u” = Au""!, and u"+! = Au™. We then arrive
at the following equation:

A2 —22A-1=0 (4.80)

There are two solutions to this quadratic equation:
Ay =2+ V1 +22 (4.81)

In the limit of good resolution, |z| — 0, we have Ay — 1 and A_ — —1. The numerical
solution is capable of behaving in two different ways, or modes. The mode associated
with Ay is referred to as the physical mode because it approximates the solution to
the original differential equation. The mode associated with A_ is referred to as the
computational mode since it arises solely as an artifact of the numerical procedure.

The origin of the computational mode can be traced back to the fact that the leap-
frog scheme is an approximation to a higher order equation that requires more initial
conditions then necessary for the original ODE. To show this consider the trivial case
of k = 0 where the analytical solution is simply given by u, = wug; here ug is the initial
condition. The amplitude factors for the leap-frog schemes are Ay =1 and A_ = —1,
and hence the computational mode is expected to keep its amplitude but switch sign at
every time step. Applying the leap-frog scheme we see that all even time levels will have
the correct value: u?> = u* = ... = uy. The odd time levels will be contaminated by
error in estimating the second initial condition needed to jump start the calculations. If
u! = ug + € where € is the initial error committed, the solution at all odd time levels
will then be u?"*1 = yy + €. The numerical solution for the present simple case can be
written entirely in terms of the physical (initial condition) and computational (initial
condition error) modes:

n_ ,0 € n

Absolute stability requires that |A|+ < 1; notice however that the product of the
two roots is Ay A_ = —1, which implies that |A;||[A_|] = 1. Hence, if one root, say
Ay is stable |[A4| < 1, the other one must be unstable with |[A_| = 1/|A4| > 1; the
only exception is when both amplification factor have a neutral amplification |[Ay| =
|A_| = 1. For real z, Im(z) = 0, one of the two roots has modulus exceeding 1, and
the scheme is always unstable. Let us for a moment assume that z = ¢\ , we then have:
A=1i\++1— X2 If A <1 then the quantity under the square root sign is positive and
we have two roots such that |[A;| = |A_| = 1. To make further progress on studying the
stability of the leap frog scheme, let z = sinh(w) where w is a complex number. Using
the identity cosh?w — sinh?w = 1 we arrive at the expression Ay = sinhw + cosh w.
Setting w = a + ib where a,b are real, subsituting in the previous expression for the
amplification factor, and calculating its modulus we get: |AL| = e*®. Hence a = 0 for
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both amplification factors to be stable. The region of stability is hence z = isin b where
b is real, and is confined to the unit slit along the imaginary axis |Zm(z)| < 1.

The leap frog scheme is a popular scheme to integrate PDE’s of primarily hyperbolic
type in spite of the existence of the computational mode. The reason lies primarily in
its neutral stability and good phase properties. The control of the computational mode
can be effectively achieved either with a Asselin time filter (see (@)) or by
discarding periodically the solution at level n — 1 and taking a two time level scheme.

Multi-Step schemes

A family of multi-step schemes can built upon interpolating the right hand side of the
ODE in the interval [t,t,+1] and performing the integral. The derivation starts from the
exact solution to the ODE:

tni1
W =y 4 / Flu,t) dt (4.83)
tn
Since the integrand is unknown in [t,t,+1] we need to find a way to approximate it given
information at specific time levels. A simple way to achieve this is to use a polynomial
that interpolates the integrand at the points (t, uk), n —p < k < n, where the solution
is known. If we write:

fu,t) = Vp(t) + Ep(t) (4.84)
where V), is the polynomial approximation and F), the error associated with it, then the

numerical scheme becomes:

tn+1

tn
B / Vo(t) dt + / B dt (4.85)
tn tn

If the integration of V), is performed exactly, then the only approximation errors present
are due to the integration of the interpolation error term; this term can be bounded by
max(|Ep|At.

The explicit family of Adams Bashforth scheme relies on Lagrange interpolation.
Specifically,

Vo(t) = > R, (4.86)
k=0

wy = ] e (4.87)

m=0,m#k bk — th—m

t—1t t—t,_(k— t—tn—t— t—1t,—
- n (k1) nokol nP(4.88)
ln—k —ln ln—k — tn—(k—l) ln—k — tn—k—1 ln—k — 75n—p

It is easy to verify that h}(t) is a polynomial of degree p — 1 in ¢, and that A% (t,—p) =0
for m # k and h}(t,_x) = 1. These last two properties ensures that V(t,_x) = f"*.
The error associated with the Lagrange interpolation with p + 1 points is O(A#P*+!).
Inserting the expressions for V), in the numerical scheme, and we get:

p tn
= 3 < / P () dt> + AtO(AP*?) (4.89)
k=0 tn
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Note that the error appearing in the above formula is only the local error, the global
error is one order less, i.e. it is O(AtP+1),

We illustrate the application of this procedure by considering the derivation of its
second and third order variants. The second order scheme requires p = 1. Hence, we

write:
t—th—1 ., t—t,

B tn - tn—l tn—l - tn

Vi(t) ot (4.90)

The integral on the interval [t,,+1] is

tnt1 tnt1 ¢ — ¢ tntl  t — ¢,
/ Vi(t) dt = / RIS N T gt 401
tn tn ln —th—1 tn ln—1—1n

3 1
= At(=fr— ot 4.92
(3= (492
The final expression for the second order Adams Bashforth formula is:
n+1 n 3 n 1 n—1 3
U =u" + At §f —§f + O(AY) (4.93)

A third order formula can be designed similarly. Starting with the quadratic inter-
polation polynomial Va(t):

t— ] [t — tn] [t — tn—2]

[ ] [ n n—1
Va(t) =
) = f e T e
[t - tn] [t —ln— 1] n—2
+ 4.94
[tn 2_tn”tn 2_tn l]f ( )
Its integral can be evaluated and plugged into equation ([£.89) to get:

u = w4 At < - —f” 4+ %f"_z) (4.95)

The stability of the AB2 scheme can be easily determined for the sample problem.
The amplification factors are the roots to the equation

A2 (1+22)A+§=0 (4.96)

and the two roots are:

1
Ai:§

(1+3) 5 (13 - ] . (o)

Like the leap frog scheme AB2 suffers from the existence of a computational mode. In the
limit of good resolution, z — 0, we have Ay — 1 and A, — 0; that is the computational
mode is heavily damped. figured4lshows the modulus of the physical and computational
modes for Re(z) = 0 and Im(z) < 1. The modulus of the computational mode amplitude
factor is quite small for the entire range of z considered. On the other hand the physical
mode is unstable for purely imaginary z as the modulus of its amplification factor exceeds
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Figure 4.4: Modulus of amplification factor for the physical and computational modes
of AB2 when Re(r) = 0.

1. Note however, that a series expansion of |Ay| for small z = iA\At shows that |A,| =
1 4+ (AA#*)/4 and hence the instability grows very slowly for sufficiently small At. It
can be anticipated that AB3 will have one physical mode and two computational modes
since its stability analysis leads to a third order equation for the amplification factor.
Like AB2, AB3 strongly damps the two computational modes; it has the added benefit
of providing conditional stability for Im(z) # 0. The complete stability regions for AB2
and AB3 is shown in the right panel of figure

Like all multilevel schemes there are some disadvantages to Adams Bashforth meth-
ods. First a starting method is required to jump start the calculations. Second the
stability region shrinks with the order of the method. The good news is that although
AB2 is unstable for imaginary &, its instability is small and tolerable for finite integration
time. The third order Adams Bashforth scheme on the other hand includes portion of
the imaginary axis, which makes AB3 quite valuable for the integration of advection like
operators. The main advantage of AB schemes over Runge-Kutta is that they require
but one evaluation of the right hand side per time step and use a similar amount of
storage.

4.8 Strongly Stable Schemes

Occasionally we are interested in enlarging the stability region as much as possible,
while maitaining a high convergence order. The lowest order scheme of that sort is the
backward difference formula. We now look for equivalent higher order formula. The
common thread is to evaluate the derivative term at the next time level. The taylor
series expansion of "% about time level u"t! is:

n_k+1_un+1_(kAt) du (kA0 dPu (kADE dPu | (kAD* d'u

0 @ 2 a2 3 4B a4

u (4.98)
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b aq a2 a3 a4 Zzzl kay,
1 1 1
2 4/3 -1/3 2/3
318/11| —9/11| 2/11 6/11
4148/25 | —36/25 | 16/25 | —3/25 12/25

Table 4.1: Coefficients of the Backward Difference Formula of order 1, 2, 3 and 4.

where k£ = 1,...,p. Multiplying each of these expansion by a coefficient a; and adding
the individual terms, we get:

P _ P P EAt) du P EAt)? du
S gk~ <Zk> S (Z m) ( - >E+ <Z kzak>< 2'> il
b kAL)? d3u P (kAt)? d*u
- Z k:?’ak) ( — + Z ktay, — *
<k:1 3 de3 = 41 dt
p m qm
— [ kmay (Mt,) u (4.99)
= m!  dtm

For a p-th order expression, we require the higher order derivative, 2 through p, to vanish;
this yields p — 1 homogeneous algebraic equations. For a non-trivial solution we need
to append one more conditions which we choose to be that the sum of the unknown
coefficient is equal to one. This yields the following system of equations

p
dap =1 (4.100)
k=1
p
> K", = 0,m=2.3,...p (4.101)
k=1
for the p coefficients ay, ag, ..., a,. In matrix form we have
1 1 1 ... 1 ay 1
122 32 ... p? as 0
12 3 . p ag | =| 0 (4.102)
122 3 . pP ap 0

The solution of this system for p equal to 2, 3 and 4 is shown in table L1l The
corresponding expressions are:

4 1 2
u = cu = ST S At [T+ O(AR) (4.104)
n+1 18 9

2
u _ n _ _un—l + _un—2 + %At ut‘n—i-l + O(At?’) (4.105)

—u
11 11 11
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Figure 4.5: Stability regions for the Backward Differencing schemes of order 1, 2 and 3.
The schemes are unstable within the enclosed region and stable everywhere else. The
instability regions grow with the order. The stability regions are symmetric about the
real axis

1 12
n o 30mr 10 e 3 s 12 O(A#Y) (4.106)

ian gu U U
25 25 25 25 25

Notice that we have shown explicitly the time level at which the time derivative is
approximated. The BDF’s scheme lead to implicit expressions to update the solution at
time level u"*!. Like the Adams-Bashforth formula the BDF schemes require a starting
method. They also generate computational modes whose number depends on how many
previous time levels have been used. Their most important advantage is their stability
regions in the complex plane which are much larger then equivalent explicit schemes.

4.8.1 Stability of BDF

We investigate the stability of the BDF schemes for the simple case where f(u,t) = ku.
It has already been shown that the backward difference scheme is stable in the entire
complex plane save for the inside of the unit circle centered at (1,0). The equation for
the BDF2 amplification factor is easily derived:

2 4 1
1—Z2)A2——A+-= 4.1
( 3;,«) SA+2 =0 (4.107)
and admits the two roots:
2+vV1+2
A, 2=V T2 (4.108)

3— 2z

The positive roots is the physical mode while the negative root is the computational
mode. In the limit of z — 0, we have A, — 1 and A_ — 1/3, the computational mode
is hence naturally damped. Figure shows the stability regions for the BDF schemes.
The contours of |A] = 1 are shown in the figure. The schemes are unstable within the
regions shown and stable outside it. The instability region grows with increasing order.
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4.9 Systems of ODEs

The equations to be solved can form a system of equations:

i—? = Lu (4.109)
where now u represents a vector of unknown and L is a matrix. The preceding schemes
can be all made to work with the system of equations by treating all the components in a
consistent matter. The major problem is not computational per se, but conceptual and
concerns the stability of a system of equation. For example, a backward differentiation
of the system leads to the following set of equations for the unknowns at the next time
level:
—Qx - Lu™ oru"tl = Pu’, P=1-AtL (4.110)
If we denote the exact solution of the system as v, then the error between the numerical
and exact solutions is given by € = u” —v(t,,). A number of vector norms are usefull to
measure the error, namely, the 1, 2 or |infty-norms. The numerical solution converges
if |le]] — 0 as At — 0. The concept of stability also carries over. It is clear that the
solution, for a linear system at least, evolves as u” = P™u’. And hence the solution will
remain bounded if
[u"|| = [|P"u’l| < Cflu’| (4.111)

We now have to worry about the effect of the amplification matrix P. The problem
with the stability analysis is that it is hard to relate |P"| and || P||. The matrix norms
guarantee that ||P"|| < ||P||". Hence requiring that ||P|| < 1 will ensure stability. This
is a sufficient condition but not a necessary condition. Since the spectral radius is a
lower bound on the different matrix norms, it is necessary to require p(P) < 1. If P
can be made diagonal, such as when it possess a complete set of linearly independent
eigenvectors, then the requirement p(P) < 1 is sufficient and necessary.
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Chapter 5

Numerical Solution of PDE’s

5.1 Introduction

Suppose we are given a well-posed problem that consists of a partial differential equation

ou

where L is a differential operator, initial conditions
u(x,0) = up(x) (5.2)

and appropriate boundary conditions. We are now interested in devising a numerical
scheme based on finite difference method to solve the above well-posed problem.

Let v(x,t) be the exact solution of the problem. The numerical solution of these
equations via finite differences requires us to replace the continuous derivatives by discrete
approximations, and to confine ourselves with the solution of the problem at a discrete set
of space and time points. Hence the numerical solution, denoted by u will be determined
at the discrete space points x; = jAz, and time points nAt. We will use the notation
uj = u(zj,ty). The approximation must be consistent, stable, and convergent to
be useful in modeling physical problems. We will turn to the issue of defining these
important concepts shortly.

A simple example of this class of problem is the scalar advection equation in a single
space dimension
ug + cuy, =0, (5.3)

where ¢ is the advection speed. In this case L = —cu,, and an appropriate boundary
conditions is to specify the value of u at the upstream boundary. To make the discussion
more concrete let us illustrate the discretization process for the case mentioned above.
For simplicity we assume that c is constant and positive. A simple finite difference scheme
that would advance the solution in time for time level n to n+1 is to use a Forward Euler
scheme for the time derivative, and a backward Euler scheme for the space derivative.
We get the following approximation to the PDE at point (z;,t").

ntl _ g m u? —u?

j j j j
At te Az

u

=0 (5.4)
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Equation 5.4] provides a simple formula for updating the solution at time level n+ 1 from
the values at time n:
n+1 __ CAt

; (1 — p)uj + puf_y, where p = —— (5.5)

Y Az

The variable p is known as the Courant number and will figure prominently in the study
of the stability of the scheme. Equation can be written as a matrix operation in the
following form:

n+1

(75} 1 Ul
u pol—p ug
Uj—1 pool—p Uj—1
Uj = " 1—p Uj
Ujq1 poool—p Ujt1
UN—_1 peool—p UN-1
uN poo l—p un

(5.6)
where we have assumed that the boundary condition is given by u(x1,t) = up(x1).
The following legitimate question can now be asked:

1. Consistency: Is the discrete equation (0.4 a correct approximation to the con-
tinuous form, eq. (B.3]), and does this discrete form reduce to the PDE in the limit
of At, Az — 0.

2. Convergence Does the numerical solution uj — v as At, Az — 0.

3. Errors What are the errors committed by the approximation, and how should one
expect them to behave as the numerical resolution is increased.

4. Stability Does the numerical solution remained bounded by the data specifying
the problem? or are the numerical errors increasing as the computations are carried
out.

We will now turn to the issue of defining these concepts more precisely, and hint to
the role they play in devising finite difference schemes. We will return to the issue of
illustrating their applications in practical situations later.

5.1.1 Convergence

Let €] = u} — v} denote the error between the numerical and analytical solutions of the
PDE at time nAt and point jAx. If this error tends to 0 as the grid and time steps are
decreased, the finite difference solution converges to the analytical solution. Moreover,
a finite difference scheme is said to be convergent of order (p, q) if |le|| = O(AtP, Az?) as
At, Az — 0.
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5.1.2 Truncation Error

If the analytical solution is inserted in the finite difference scheme, we expect a small
residual to remain. This residual characterizes the error in approximating the continu-
ous form by a discrete form. By performing a Taylor series analysis we can derive an
expression of this residual in terms of higher order derivatives of the solution.

5.1.3 Consistency

Loosely speaking the notion of consistency addresses the problem of whether the finite
difference approximation is really representing the partial differential equations. We say
that a finite difference approximation is consistent with a differential equation if the
FD equations converge to the original equations as the time and space grids are refined.
Hence, if the truncation error goes to zero as the time and space grids are refined we
conclude that the scheme is consistent.

5.1.4 Stability

The notion of stability is a little more complicated to define. Our primary concern here
is to make sure that numerical errors do not swamp the analytical solution. One way
to ensure that is to require the solution to remain bounded by the initial data. Hence a
definition of stability is to require the following

[l < Cllu’l] (5.7)

where C' is a positive constant that may depend on the final integration time ¢, but not
on the time nor on the space increments. Notice that this definition of stability is very
general and does not refer to the behavior of the continuum equation. If the latter is
known to preserve the norm of the solution, then the more restrictive condition

™| < flu®ll (5.8)

is more practical, particularly for finite At.

5.1.5 Lax-Richtmeyer Equivalence theorem

The Lax-Richtmeyer equivalence theorem ties these different notions together. It states
the following ”Given a properly-posed linear initial value problem, and a finite difference
approximation to it that satisfies the consistency condition, stability is the necessary and
sufficient condition for convergence. This theorem’s value is that it guarantees conver-
gence provided two simpler conditions are satisfied, namely consistency and stability.
These two are considerable easier to check for general type problems then convergence.

5.2 Truncation Error

The analysis of the truncation error for the simple advection equation will be presented
here. Inserting the exact solution v in the finite difference form (.41 we get:
ntl _gn o — 7,

J J j j
At te Az

v

=0 (5.9)
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The Taylor series, in time and space yield the following:

At?

U;L-l-l = U]T-‘ + At Ut|? + T Utt|;-L + O(At?’) (5‘10)
A 2

vl = v —Ax vx]? + T:E vm\;‘ + O(Ax?) (5.11)

Substituting these expressions in equation [5.9 we get:

At A
[vs + cv| = —71)# + %vm + O(At2, Amz) (5.12)

T.E.

The terms on the left hand side of eq. are the original PDE; all terms on the
right hand side are part of the truncation error. They represent the residual by which
the exact solution fails to satisfy the difference equation. For sufficiently small At and
Az, the leading term in the truncation series is linear in both At and Az. Notice also
that one can regard equation as the true partial differential equation represented by
the finite difference equation for finite At and Ax. The analysis of the different terms
appearing in the truncation error series can give valuable insight into the behavior of the
numerical approximation, and forms the basis of the modified equation analysis. We
will return to this issue later. For now it is sufficient to notice that the truncation error
tends to 0 as At, Ax — 0, and hence the finite difference approximation is consistent.

5.3 The Lax Richtmeyer theorem
A general formula for the evolution of the finite difference solution is the following;:
u” = Au" 4+ bt (5.13)

where A is the evolution matrix, and b is a vector containing forcing terms and the
effects of boundary conditions. The vector u™ holds the vector of solution values at time
n. The truncation error at a specific time level can be obtained by applying the above
matrix operation to the vector of exact solution values:

vt = Av" b AL (5.14)

where z is the vector of truncation error at time level n — 1. Substracting equation [5.14]
from B.13], we get an evolution equation for the error, namely:

e = Ae" !+ 2" AL (5.15)

Equation shows that the error at time level n is made up of two parts. The first
one is the evolution of the error inherited from the previous time level, the first term on
the right hand side of eq. BI85 and the second part is the truncation error committed
at the present time level. Since, this expression applies to a generic time level, the same
expression holds for e

el = Ae" 2 4 2" AL (5.16)
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where we have assumed that the matrix A does not change with time to simplify the dis-
cussion (this is tantamount to assuming constant coefficients for the PDE). By repeated
application of this argument we get:

e" = AZe"? 4 (Az"_2 + z"_l) At (5.17)
= Ade" 3+ (A2z”_3 + Az"? + z”_l) At (5.18)
= A"+ (A"’ + A" A2 ) A (5.19)

Equation [5.19] shows that the error growth depends on the truncation error at all time
levels, and on the discretization through the matrix A. We can use the triangle inequality
to get a bound on the norm of the error. Thus,

le™|| < 1A €% + (HA"H I12°] + A" 12+ (A 22+ HZ’HH) At
(5.20)
In order to make further progress we assume that the norm of the truncation error at
any time is bounded by a constant e such that

€= max  (|lz"]) (5.21)

The right hand side of inequality can be bounded by

n—1
le™ ]| < |A™||[|e°]] + eAt <Z IIAmH> (5.22)

m=0

The initial errors and the subsequent truncation errors are thus modulated by the evo-
lution matrices A™. In order to prevent the unbounded growth of the error norm as
n — oo, we need to put a limit on the norm of the these matrices. This is in effect the
stability property needed for convergence:

|A™] < C = max (|A™]) (5.23)

where C'is a constant independent of n, At and Az. The sum in bracket can be bounded
by the factor nC'; the final expression becomes:

el < C (11e] + tue) (5.24)

where t,, = nAt is the final integration time. When Az — 0, the initial error ||€"|| can be
made as small as desired. Furthermore, by consistency, the truncation error ¢ — 0 when
At, Az — 0. The global error is hence guarateed to go to zero as the computational grid
is refined, and the scheme is convergent.
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5.4 The Von Neumann Stability Condition

The sole requirements we have put on the scheme for convergence are consistency and
stability. The latter took the form:

|A™] < C (5.25)
where C is independent of At, Ax and n. By the matrix norm properties we have:
[A™] < lA[™ (5.26)
hence it is sufficient to require that ||A||™ < C, or that

JA| < C7 =ein "¢ =14 I?—CAt—ir .. =1+0(At) (5.27)

m

The Von neumann stability condition is hence that
|A] <1+ O(At) (5.28)

Note that this stability condition does not make any reference on whether the con-
tinuous (exact) solution grows or decays in time. Furthermore, the stability condition is
established for finite integration times with the limit At — 0. In practical computations
the computations are necessarily carried out with a small but finite At, and it is fre-
quently the case that the evolution equation puts a bound on the growth of the solution.
Since the numerical solution and its errors are subject to the same growth factors via the
matrix A, it is reasonable, and in most cases essential to require the stronger condition
|A]| <1 for stability for non growing solutions.

A final practical detail still needs to be ironed out, namely what norm should be
used to measure the error? From the properties of the matrix norm it is immediately
clear that the spectral radius p(A) < ||A||, hence p(A) < 1 is a necessary condition
for stability but not sufficient. There are classes of matrices A where it is sufficient,
for example those that posess a complete set of linear eigenvectors such as those that
arise from the discretization of hyperbolic equation. If the 1 or oo-norms are used the
condition for stability becomes sufficient.

Example 10 In the case of the advection equation, the matrix A given in equation
has norm:

[A[[r = |Alloc = |p +[1 — 4l (5.29)

For stability we thus require that || 4+ |1 — | < 1. Two cases need to be considered:
1.0<p<I1:||Al|=p+1—p=1,stable.
2. u<0: [[A]| =1—2u > 1, unstable.
3. > 1 ||All =1+ 2 > 1, unstable.

The scheme is hence guaranteed to converge when 0 < p < 1.
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5.5 Von Neumann Stability Analysis

Matrix analysis can be difficult to carry out for complicated PDEs, particularly since
it requires us to know the entire spectrum, or norm of the matrix before we can derive
useful stability criteria. Von Neumann devised a substantially easier stability test, one
that does involve matrices per se but can be reduced to evaluating scalars. The idea is to
restrict attention to periodic problems and to consider the Fourier modes of the solution.
Since the solution is periodic it can be expanded into a Fourier series of the form:

u? = aletti (5.30)

where k is the wavenumber and 4} is its (complex) Fourier amplitude. This expression
can then be inserted back in the finite difference equation, and an expression for the
amplification factor A can be obtained, where A depends on k, Az and At. Stability of
every Fourier mode will guarantee the stability of the entire solution, and hence |A| <1
for all Fourier modes is the necessary and sufficient stability condition for non-growing
solutions.

Example 11 Inserting the Fourier series in the finite difference approximation for the
advection equation we end up with the following equation:

aptte T = (1 — pyape™®s + pageei (5.31)

Since z;_1 = x; — Az, the exponential factor drops out of the picture and we end up
with the following expression for the growth of the Fourier coefficients:

= (1= p) + pem ] ap (5.32)

A

The expression in bracket is nothing but the amplification factor for Fourier mode k.
Stability requires that |A| < 1 for all k.

AP = AAT = [(1 = )+ e B (1= )+ e (5:33)
= (1= )+ p(1 = p) (™7 4 e7*E7) 4 2 (5.34)
= 1—2u+2u(1 — p) cos kAz + 2> (5.35)
= 1—2u(1 — coskAx) + 21%(1 — cos kAx) (5.36)
kA
— 1 4sin? Tx(l — ) (5.37)

It is now clear that |A|> < 1if u(1 — ) > 0, i.e. 0 < p < 1. It is the same stability
criterion derived via the matrix analysis procedure.

5.6 Modified Equation

The truncation error series used to establish the consistency of the scheme can be used
to extract additional information about the expected behavior of the numerical scheme.
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This is motivated by the observation that the finite difference scheme is in fact solving a
perturbed form of the original equation. Equations and establish that the FTBS
scheme approximates the advection equation to first order, O(At, Ax) to the advection
equation. They also show that FTBS approximates the following equation to second
order in time and space:

[ve + cvg] = —%vtt + cATxUm + O(At?, Az?). (5.38)
The second term on the right hand side of equation has the form of a diffusion
like operator, and hence we expect it to lead to a gradual decrease in the amplitude
of the solution. The interpretation of the time derivative term is not simple. The way
to proceed is to derive an expression for vy in terms of the spatial derivative. This is
achieved by differentiating equation [5.38 once with respect to time and once with respect
to space to obtain:

At A

Vit + CUxt = _7vttt + %Utxx + O(At2 + Aa;2) (539)
At A

Vig + CUpye = _TUttx + %’U{E{E{E + O(At2 + Aﬂj‘2) (540)

Multiplying equation [5.40] by —c¢ and adding it to equation (.39 we get:

, At cAx
Vit = C Ugpyp—— (—’Uttt + C’Utxx) +

5 5 (Vgat — CUzaz) + O(AL?, Ax?) (5.41)

Inserting this first order approximation to vt back in equation [£.38] we obtain the fol-
lowing modified equation.

e+ cvp = g (Az — cAt) vyy + O(Az?, AzAt, A?) (5.42)

Equation [(£.42] is more informative then its earlier version, equation [1.38] It tells us that
the leading error term in At, Ax behaves like a second order spatial derivative whose
coefficient is given by the pseudo, or numerical, viscosity v, where

Uy = g (Az — cAt) . (5.43)

If v, > 0 we expect the solution to be damped to leading order, the numerical scheme
behaves as a advection-diffusion equation, one whose viscous coefficient is purely an
artifact of the finite difference discretization. If the numerical viscosity is negative,
v, < 0, the solution will be amplified exponentially fast. The stability condition that
vy > 0 is nothing but the usual stability criterion we have encountered earlier, namely
that ¢ > 0 and p = cAt/Azx < 1.

A more careful analysis of the truncation error that includes higher powers of At, Ax
yields the following form:

cAz?
6

Ve CUy = CAT:E(l—,u)vm— (202 =31+ 1) Ve +O(ALS, A2 Az, AtAz? Az®) (5.44)
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The third derivative term is indicative of the presence of dispersive errors in the numerical
solution; the magnitude of these errors is amplified by the coefficient multiplying the third
order derivative. This coefficient is always negative in the stability region 0 < p < 1.
One can expect a lagging phase error with respect to the analytical solution. Notice also
that the coefficients of the higher order derivative on the right hand side term go to zero
for 4 = 1. This “ideal” value for the time step makes the scheme at least third order
accurate according to the modified equation; in fact it is easy to convince one self on the
basis of the characteristic analysis that the exact solution is recovered.

Notice that the derivation of the modified equation uses the Taylor series form of
the finite difference scheme, equation [5.9] rather then the original partial differential
equations to derive the estimates for the high order derivative. This is essential to
account for the discretization errors. The book by Tannehill et all 1997 discusses a
systematic procedure for deriving the higher order terms in the modified equation.
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Chapter 6

Numerical Solution of the
Advection Equation

6.1 Introduction

We devote this chapter to the application of the notions discussed in the previous chapter
to investigate several finite difference schemes to solve the simple advection equation.
This equation was taken as an example to illustrate the abstract concepts that frame
most of the discussion on finite difference methods from a theoretical perspective. These
concepts we repeat are consistency, convergence and stability. We will investigate several
common schemes found in the literature, and we will investigate their amplitude and
phase errors more closely.

6.2 Donor Cell scheme

The donor cell scheme is essentially the FTBS scheme seen earlier. The only distinguish-
ing feature of the donor-cell scheme is that it allows the switching of the spatial finite
difference according to the sign of the advecting velocity ¢. A compact way of writing
the scheme is:
+1
woougetlduimui el —w

At 2 Az 2 Az =0 (6.1)

For ¢ > 0 the scheme simplifies to a FTBS, and for ¢ < 0 it becomes a FTFS (forward
time and forward space) scheme. Here we will consider solely the case ¢ > 0 to simplify
things. Figure shows plots of the amplification factor for the donor cell scheme. Prior
to discussing the figures we would like to make the following remarks.

6.2.1 Remarks

1. The scheme is conditionally stable since the time step cannot be chosen inde-
pendently of the spatial discretization and must satisfy At < Aty = ¢/Ax.
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Figure 6.1: Amplitude and phase diagram of the donor cell scheme as a function of the
wavenumber
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2. The wavelength appearing in the Von-Neumann stability analysis has not been
specified yet. Small values of k correspond to very long wavelegths, i.e. Fourier
modes that are well represented on the computational grid. Large values of k corre-
spond to very short wavelength. This correspondence is evident by the expression
kAxz = 2rAx/X, where X is the wavelength of the Fourier mode. For example, a
twenty kilometers wave represented on a grid with Ax = 2 kilometers would have
10 points per wavelength and its kAz = 272/10 = 27/5.

3. There is an lower limit on the value of the shortest wave representable on a discrete
grid. This wave has a wavelength equal to 2Az and takes the form of a see-saw
function; its kAx = w. Any wavelength shorter then this limit will be aliased
into a longer wavelegth. This phenomenon is similar to the one encountered in the
Fourier analysis of time series where the Nyquist limit sets a lower bound to the
smallest measurable wave period.

4. In the previous chapter we have focussed primarily on the magnitude of the amplifi-
cation factor as it is the one that impacts the issue of stability. However, additional
information is contained in the expression for the amplification factor that relates to
the dispersive properties of the finite difference scheme. The analytical expression
for the amplification factor for a Fourier mode is

Ay = e~ kAL (6.2)

Thus the analytical solution expects a unit amplification per time step, |A,| = 1,
and a change of phase of ¢, = —ckAt = —ukAxz. The amplification factor for the
donor cell scheme is however:

A = |Ale"?, (6.3)
kA

1A = 1—u(1—,u)4sin27x, (6.4)

6 — tan ! MSIMFAT (6.5)

1 — p(1 — cos kAx)

where ¢ is the argument of the complex number A. The ratio of ¢/¢, gives the
relative error in the phase. A ratio less then 1 means that the numerical phase
error is less then the analytical one, and the scheme is decelerating, while a ratio
greater then indicates an accelerating scheme. We will return to phase errors later
when we look at the dispersive properties of the scheme.

5. The donor cell scheme for ¢ positive can be written in the form:

ntl

u = (1 !+ gy (6.6)

which is a linear, convex (for 0 < p < 1), combination of the two values at the
previous time levels upstream of the point (j,n). Since the two factors are positive
we have

n—l) < u?—l—l < maX(“?)“?—l)) (67)
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In plain words the value at the next time level cannot exceed the maximum of the
two value upstream, nor be less then the minimum of these two values. This is
referred to as the monotonicity property. It plays an important role in devising
scheme which do not generate spurious oscillation because of under-resolved gra-
dients. We will return to this point several times when discussing dispersive errors
and special advection schemes.

Figure shows |A| and ¢/¢, for the donor cell scheme as a function of kAz for
several values of the Courant number p. The long waves (small KAz are damped the
least for 0 < p < 1 whereas high wave numbers kAxz — 0 are damped the most. The
most vigorous damping occurs for the shortest wavelength for y = 1/2, where the donor-
cell scheme reduces to an average of the two upstream value, the amplification factor
magnitude is then |A| = 0, i.e. 2Az waves are eliminated after a single time step. The
amplification curves are symmetric about p = 1/2, and damping lessens as p becomes
smaller for a fixed wavelength. The dispersive errors are small for long waves; they are
decelerating for all wavelengths for u < 1/2 and accelerating for 1/2 < u < 1; they reach
their peak acceleration for p = 3/4.

6.3 Backward time centered space (BTCS)

In this scheme the terms in the equations are evaluated at time (n + 1). For a two time
level scheme this translates into a backward euler difference for the time derivative. We
use a centered difference in space to increase the order of the spatial approximation. This

leads to the equations:

n+1 n+1 n+1
A Sk e (6.8)
At 20z '

6.3.1 Remarks

1. truncation error The Taylor series analysis (expansion about time level n + 1)
leads to the following equation:
At cAx? At?
Ut + Cly = — <—7utt + Tumx + T'Zﬁﬁ) + O(Atg, AI’4) (69)
The leading truncation error term is O(At, Az?), and hence the scheme is first
order in time and second order in space. Moreover, the truncation error goes to
zero for At, Ax — 0, and hence the scheme is consistent.

2. The Von Neumann stability analysis leads to the following amplification factor:

1 —dusinkAx
A = 6.10
1+ p2sin? kAx (6.10)
1
Al = < 1, for all p, kAx (6.11)
\/1 + p2sin® Az
o) tan~!(—psin kAz)

a - —’uk,‘Aﬂj (612)
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Figure 6.2: Amplitude and phase diagrams of the BTCS scheme as a function of the
wavenumber
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The scheme is unconditionally stable since |A| < 1 irrespective of the time step
At. By the Lax-Richtmeyer theorem the consistency and stability of the scheme
guarantee it is also convergent.

. The modified equation for BTCS is

At <cAa:2
Ut + ClUy = Ugpy —

63
5 + — A ) Uggr + - .. (6.13)

6 6

The numerical viscosity is hence always positive and lends the scheme its stable

and damping character. Notice that the damping increasing with increasing ¢ and
At.

. Notice that the scheme cannot update the solution values a grid point at a time,

since the values U?H and u;’Ll are unknown and must be determined simultane-

ously. This is an example of an implicit scheme which requires the inversion of a
system of equation. Segregating the unknowns on the left hand side of the equation
we get:
Hon+tl +1, Bontl _
_Eu?_l +uit + 5 o=y (6.14)
which consititutes a matrix equation for the vector of unknowns at the next time

level. The equation in matrix forms are:

n+1 n
(5] (75}
K 23 .
2 1 2 Uj—1 Uj—1
—n 1 . _ .
- 1 3 u; = w (6.15)
—u L . .
0 5 1 3 Uit Ujtr
un unN

The special structure of the matrix is that the only non-zero entries are those along
the diagonal, and on the first upper and lower diagonals. This special structure is
referred to as a tridiagonal matrix. Its inversion is far cheaper then that of a full
matrix and can be done in O(N) addition and multiplication through the Thomas
algorithm for tridiagonal matrices; in contrast, a full matrix would require O(N?)
operations. Finally, the first and last rows of the matrix have to be modified to
take into account boundary conditions. We will return to the issue of boundary
conditions later.

Figures 6.2l shows the magnitude of the amplification factor |A| for several Courant
numbers. The curves are symmetric about kAz = /2. The high and low wave
numbers are the least damped whereas the intermediate wave numbers are the
most damped. The departure of |A| from 1 deteriorates with increasing u. Finally
the scheme is decelarating for all wavenumbers and Courant numbers, and the
deceleration deteriorates for the shorter wavelengths.
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Figure 6.3: Phase diagrams of the CTCS scheme as a function of the wavenumber

6.4 Centered time centered space (CTCS)

A simple and popular explicit second order scheme in space and time is the centered
time and centered space scheme. This is a three time level scheme and takes the form:

n+1 o n—1 n _an
j uj n e |
2At 2Ax

u

=0 (6.16)

6.4.1 Remarks

1. truncation error The Taylor series analysis leads to the following equation:

At? Az?
Ut + Cly = — <—Tum + %umx> + O(At4, A:L'4) (6.17)

The leading truncation error term is O(At?, Az?), and hence the scheme is second
order in time and space. Moreover, the truncation error goes to zero for At, Ax —
0, and hence the scheme is consistent.
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2. The Von Neumann stability analysis leads to a quadratic equation for the amplifi-
cation factor: A% 4+ 2usinkAzA —1 = 0. Its two solutions are:

Ay = —ipsinkAz+ \/1 — p2?sin? kAx (6.18)
|[Ax| = 1, forall |u| <1 (6.19)
1) 1 1 —psinkAz

——tan~ (6.20)
—hkAz \/1 — u2sin® kAx

The scheme is conditionally stable for || < 1, and its amplification is neutral
since |A| = 1 within the stability region. An attribute of the CTCS scheme is
that its amplification factor mirror the neutral amplification of the analytical solu-
tion. By the Lax-Richtmeyer theorem the consistency and stability of the scheme
guarantee it is also convergent.

a

3. The modified equation for CTCS is

Ax? cAzt
5 (W = Dtwaa = 755

The even derivative are absent from the modified equation indicating the total
absence of numerical dissipation. The only errors are dispersive in nature due to
the presence of odd derivative in the modified equation.

(9u* — 1042 4 1 Uppzzs + - - - (6.21)

Ut + ClUy =

4. The model requires a starting procedure to kick start the computations. It also
has a computational mode that must be damped.

5. Figures shows the phase errors for CTCS for several Courant numbers. All
wave numbers are decelerating and the shortest wave are decelerated more then
the long waves.

6.5 Lax Wendroff scheme

The idea behind the Lax-Wendroff scheme is to keep the simplicity of two time level
schemes while attempting to increase the order of accuracy in space and time to second
order. This is possible if derivatives in time are translated to derivatives in space. The
Taylor series in time about time level n is:

At? At?

U;H‘l = ugz + Atug + Tutt + Tum (622)

From the PDE we know that u; = —cu,. What we need to complete the second order ac-
curacy in time is a second order expression for u. This can be obtained by differentiating
the advection equation with respect to time to yield:

U = —Cligy = —c(ty)y = —c(—cty)s = Ctigy (6.23)

The Taylor series in time takes the form:

2 A2 At3
L AU+ gy g (6.24)

u] J 2 6
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Figure 6.4: Amplitude and phase diagrams of the Lax-Wendroff scheme as a function of
the wavenumber
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All that remains to be done is to use high order approximations for the spatial derivatives
ug and u,x. We use centered derivatives for both terms as they are second order accurate
to get the final expression:

n+l u?

. no_an 2AF U, . — Uy
Y; j Uj+1 uJ—1+CAtuJ+1 2uj +uj

= —C

At 2Ax 2 Ax? (6.25)

6.5.1 Remarks

1. truncation error The Taylor series analysis (expansion about time level n + 1
leads to the following equation:
At? cAz?
Ut + ClUyp = — <—Tuttt + Tuxx:p + O(At4, AZE4) (626)
The leading truncation error term is O(At?, Az?), and hence the scheme is second
order in time and space. Moreover, the truncation error goes to zero for At, Ax —
0, and hence the scheme is consistent.

2. The Von Neumann stability analysis leads to:

A = 1—p?(1 —coskAz) —ipsin kAx (6.27)
A2 = [1—p?(1 — coskAx)]? + p?sin® kA, (6.28)
1) 1 1 —psin kAx
£z o= - 2
o —pkAzx tan 1 —p?(1 — coskAx) (6:29)

The scheme is conditionally stable for |u| < 1. By the Lax-Richtmeyer theorem
the consistency and stability of the scheme guarantee it is also convergent.
3. The modified equation for Lax Wendroff is

Az? cAx3
6 (N2 = Dtgge — 3

up + cuy = (1 — ) ugzzs + - - - (6.30)

4. Figures shows the amplitude and phase errors for the Lax Wendroff schemes.
The phase errors are predominantly lagging, the only accelerating errors are those
of the short wave at relatively high values of the Courant number.

6.6 Numerical Dispersion

Consistency and stability are the first issues to consider when contemplating the solution
of partial differential equations. They address the theoretical questions of convergence
in the limit of improving resolution. They should not be the last measure of perfor-
mance, however, as other error measures can be of equal importance. For hyperbolic
equations, where wave dynamics are important, it is critical to consider the distortion
of wave propagation by the numerical scheme. Although, we have looked at the phase
characteristic of the scheme derived so far, it was hard to get an intuitive feel for the
impact on the wave propagation characteristics. The aim of this section is to address the
issue of the numerical dispersion relation, and to compare it to the dispersion relation of
the continuous equations. We start with the latter.
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6.6.1 Analytical Dispersion Relation

The analytical dispersion relation for the wave equation can be obtained by looking for
periodic solutions in space and time of the form ae'**=«Y) where k is the wavenumber
and w the corresponding frequency. Inserting this expression in equation we get the

dispersion relation:
w=ck (6.31)

The associate phase speed, C), and group velocity, Cy, of the system is as follows
Cp _= = C (632)

c, = c (6.33)

e
The two velocities are constant and the system is non-dispersive, i.e. all waves travels
with the same phase speed regardless of wavenumber. The group velocity is also constant
in the present case and reflects the speed of energy propagation. One can anticipate that
this property will be violated in the numerical discretization process based on what we
know of the phase error plots; there it was shown that phase errors are different for the
different wave number. We will make this assertion clearer by looking at the numerical
dispersion relation.

6.6.2 Numerical Dispersion Relation: Spatial Differencing

To keep the algebra tractable, we assume that only the spatial dimension is discretized
and the time dimenion is kept continuous. The semi-discrete form of the following
schemes are:

1. Centered second order scheme

Uj+1 — Uj—1

ur + oAL

=0 (6.34)

2. Centered fourth order scheme

8(ujp1 —uj1) — (uj42 — uj9)
12Ax

up + =0 (6.35)

3. Centered sixth order scheme

A5(ujq1 —uj1) — Nujo —uj—o) + (ujp3 —uj-3)
w + L =0 (6.36)

4. Donor cell
Uj — Uj_l

up + =0 (6.37)

5. Third order upwind

2uj1 + 3uj — 6Uj_1) + uj_2
6Ax

=0 (6.38)
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The dispersion for these numerical scheme can be derived also on the basis of periodic
solution of the form u; = ae'kzi=9) The biggest difference is of course that the Fourier
expansion is discrete in space. The following expression for the phase velocity can be
derived for the different schemes:

o sin KAz
CD2 —=c— "
k k:,A% )
o 8sin KAz — sin 2kAx
Cbd EC Gk
o sin 3kAz — stin 2kAx + 45 sin kAx
CD6 —=c (6.39)
k . o 30kAx
o sin kAxz — i(1 — cos kAx)
Donor - =
, 8sin kA g 2kA i2(1 kAz)?
o sin kAz — sin z) —i2(1 — cos kAx
Third Upwind — =c¢ ( ) ( )
k kAx

Several things stand out in the numerical dispersion of the various schemes. First, all
of them are dispersive, and hence one expects that a wave form made up of the sum of
individual Fourier components will evolve such that the fast travelling wave will pass the
slower moving ones. Second, all the centered difference scheme show a real frequency,
i.e. they introduce no amplitude errors. The off-centered schemes on the other hand
have real and imaginary parts. The former influences the phase speed whereas the
former influences the amplitude. The amplitude decays if Zm(o) < 0, and increases for
Zm(o) > 0. Furthermore, the upwind biased schemes have the same real part as the next
higher order centered scheme; thus their dispersive properties are as good as the higher
order centered scheme except for the damping associated with their imaginary part (this
is not necessarily a bad things at least for the short waves).

Figure shows the dispersion curve for the various scheme discussed in this section
versus the analytical dispersion curve (the solid straight line). One can immediately see
the impact of higher order spatial differencing in improving the propagation character-
istics of the intermediate wavenumber range. As the order is increased, the dispersion
curves rise further towards the analytical curve, particularly near kAx > 7/2; hence a
larger portion of the spectrum is propagating correctly. The lower panel shows the impact
of biasing the differencing towards the upstream side. The net effect is the introduction
of numerical dissipation. The latter is strongest for the short waves, and decreases with
the order of the scheme.

Figure shows the phase speed (upper panel) and group velocity (lower panel) of
the various schemes. Again it is evident that a larger portion of the wave spectrum is
propagating correctly whereas as the order is increased. None of the schemes allows the
shortest wave to propagate. The same trend can be seen for the group velocity plot.
However, the impact of the numerical error is more dramatic there since the short waves
have negative group velocities, i.e. they are propagating in the opposite direction. This
trend worsens as the accuracy is increased.
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Numerical Dispersion of CD of 2, 4 and 6 order
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The upper panel

shows the real part of the frequency whereas the bottom panel shows the imaginary part
for the first and third order upwind schemes. The real part of the frequency for these
two schemes is identical to that of the second and fourth order centered schemes.
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Numerical phase speed of various spatial discretization
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Chapter 7

Finite Volume Method

This chapter focusses on introducing finite volume method for the solution of partial
differential equations. These methods are in wide-spread use for their robustness, their
intuitive formulation, and offer some clear advantages, primarily ensuring the conserva-
tion of a quantity of interest. We will take look at the formulation, discretization, and
coding of these methods.

7.1 The partial differential equation

The partial differential equation we will focus on is a scalar equation that represents the
transport of a substance under the influence of advection by the air flow and mixing.
The transport equation is frequently written in the advective form:

%—];—i—ﬁ-VT:V-(aVT) (7.1)
where T is the subtance transported, e.g. temperature, humidity or a pollutant concen-
tration, ¢ is the velocity field presumed known, and « is the diffusion coefficient and
which can represent either molecular diffusion or eddy mixing. The advective form can
be interpreted as the time evolution of the 7' field along characteristic lines given by
% = 4 (and in the absence of diffusive effects or source terms, T' is constant). The
advective form is thus closest to a Lagrangian description of the flow where one follows
individual particles.

A slightly different form of the equation called the conservative form can be derived
and forms the starting point for the derivation of finite volume methods. The connection
between the advective and conservation is mediated by a statement of conservation of
mass. Indeed, the velocity field cannot be arbitrary and must satisfy some sort of mass
conservation equation. Here we will assume the flow to be incompressible so that its

mass conservation equation reduces to:
V-7=0 (7.2)

Multiplying the continuity equation by T, adding it to the resultant equations to the
advective form, and recalling that @-VT'+TV i@ = V-(4T") we can derive the conservative

95
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form of the transport-diffusion equation:

%—Z +V.-@l)=V-(aVT). (7.3)

The advection and conservation forms are both valid statements at every point in
the domain. Although the two forms are equivalent in the continuum, they express
different aspect of physical laws. The advection form describes the evolution of T' along
fluid trajectories whereas the conservation form describe the conservation of T' at every
point in the domain (see section for an explanation of this point of view). It is
also important to remember that the two statements hold simultaneously thanks to the
conservation of mass.

Although the advection and conservation equation are equivalent in the continuum
case, the equivalency maybe broken in the discretization process. Hence discretizing
the advective or conservation form will lead to the approximate enforcement of slightly
different physical laws. In some application, the issue of conservation is essential, so
that the T is conserved for long simulation times. This concern stems not only from
physical considerations but also for the need to account for the sources and sinks of T
in long calculations, or in complex simulations. Examples include climate simulations:
their simulation time is centuries, and it is important to account for all the sinks of heat
or carbon dioxide. Another example are simulation of chemical reactions or combustion.
Hence, in situation where conservation is paramount it is natural to discretize the contin-
uous form starting from the conservation statement, and ensuring that the discretization
does not introduce spurious sources.

Finite volume methods are ideally suited to enforce conservation laws in the discrete
case. They have a further virtue: for solution that develop discontinuities and where the
spatial derivative may fail to exist at a number of location, the finite volume procedure
remains valid as it acts on an integrated form of the equations as we will see shortly.

7.2 Integral Form of Conservation Law

The partial differential equation is valid at all points in the domain which we could
consider as infitesimal volumes. Anticipating that infinitesimal discrete volumes are
unaffordable and would have to be ”inflated” to a finite size, we proceed to derive the
conservative form for a finite volume §V bounded by a surface 6.5 as shown in figure [.11
Integrating equation over the control volume 0V we get:

T
/ o 4+ / V.@ndv = [ V-(@VT)dv (7.4)
sv Ot 5V sV
i(/ TdV)+/ i-aT dv = / - aVT dv (7.5)
dt \Usv §S 55

Remarks

e We assume the volume dV to be fixed in space so we can interchange the order
of integration in space and differentiation in time. The interpretation of the first
integral on the left hand side of equation is now simple: it is the time rate of
change of the T" budget inside volume §V.
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Figure 7.1: Sketch of the volume V' and its bounding surface §5.

e We have used the Gauss-divergence theorem to change the volume integrals of the
flux and diffusion divergence into surface integrals. Here 7 is the outward unit
normal to the surface 5. The surface integral on the left hand side accounts for
the advective flux carrying 7" in and out of the volume 0V across the surface §5;
the one on the right hand side accounts for the diffusive transport of 1" across 9.5.

e Equation lends itself to simple physical interpretation: the rate of change of
the T budget in dV is equal to the rate of transport of 7' through 45 by advective
fluxes (transport by the flow, wind, current) and diffusive fluxes.

e If the volume 0V is closed to advection or diffusion: #.77 = 0 and VT - 77 = 0, then
the rate of change is zero and the budget of T' is conserved within §V.

e The volume §V is so far arbitrary and we have not assigned it a specific shape or
size. Actually equation applies to any volume dV whether it is a computational
cell, an entire ocean basin, or Earth’s atmosphere.

e If there are additional physical processes affecting the budget of T', such as sources
or sinks within 0V these should be accounted for also. No additional process is
considered here.

e The derivatives appearing in the diffential equation [l are: first order for the
advective term, and second order for the diffusion term, whereas the equivalent
terms in the integral form have only a zero-th order derivative and first order
derivative respectively. This lowering of the derivative order is important in dealing
with solution which change so rapidly in space that the spatial derivative does not
exist. FExamples include supersonic shock waves in the atmosphere or hydraulic
jump in water where fluid properties such as density or temperature change so fast
that it appears discontinuous. Discontinuous function do not have derivatives at
the location of discontinuity and mathematically speaking the partial differential
form of the conservation equation is invalid there even though the conservation
law underlying it is still valid. Special treatment is generally required for treating
discontinuities and reducing order of the spatial derivative helps simplify the special
treatment. For these reasons Finite volumes are preferred over finite differences to
solve problems whose solution exhibit local discontinuities.

A slightly different form of equation can be derived by introducing the average of T'
in 6V and which we refer to as T and is defined as:

_ 1
T=— T dV. .
5 )., T v (7.6)
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The integral conservation law can now be recast as a time evolution equation for 71

v o [ aiarav = / i aVT dV (7.7)
dt 59 5S

7.3 Sketch of Finite Volume Methods

Equation and [[7] are exact and no approximation was necessary in their derivation.
In a numerical model, the approximation will be introduced by the temporal integration
of the equations, and the need to calculate the fluxes in space and time. The traditional
finite volume method takes equation [Z.7] as its starting point. The domain is first divided
into computational cells §V; where the cell average of the function is known. The
advection and diffusion fluxes are calculated in two steps:

e Function reconstruction The advective fluxes require the calculation of the func-
tion values at cell edges, while the diffusive fluxes require the calculation of the
function derivative at cell edges. The latter are obtained from approximating the
function T with a polynomial whose coefficients are determined by the need to
recover the cell averages over a number of cells.

P

n=1
/ TdV = ViemTjem, m=0,1,2...,P—1 (7.9)
8Vjtm

where 6V, are P cells surrounding the cell 4V; and where the ¢, are P suit-
ably chosen interpolation functions (generally simple polynomials). The unknown
coeflicients a,, are recovered simply from the simultaneous algebraic equation

P
> Amnan = VigmTiym, Amn = / ¢ dV. (7.10)

Once the coefficients a,, are known it becomes possible to evaluate the function
on cell edges with a view to compute the flux integrals. The error in the spatial
approximation is primarily due to equation [Z.8]

e Evaluation of the integrals. The integrals are usually evaluated numerically
using Gauss type quadrature. The approximation function ¢,, generally determine
the number of quadrature points so that the quadrature is exact for polynomials of
degree P. No error is then incurred during the spatial integration. One can then
write:

Q
Fy=" |- iT13S;]]  w (7.11)
q=1 *a

where wy are the weights of the Gaussian quadrature (as appropriate for multi-
dimensional integration, Z, are the () quadrature points, and 4.5; are the mapping
factors of the surface 4.5;
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e Temporal integration The final source of error originates from the temporal
integration whereby the fluxes are used to advance the solution in time using a
time marching procedure a la Forward Euler, one of the Runge Kutta methods,
or the Adams-Bashforth class of methods. The time integration cannot be chosen
independtly of the spatial approximation, but is usually constrained by stability
considerations.

7.4 Finite Volume in 1D

| 1 | 2 | 3 | Ij_l | ] | j+1| IM_ll M |
[ I I I I I I I I I 1
1 3 5 7 . 3 : 1 : 3
2 2 2 Ioi-3 J-3 Jitg+t3
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cell j

Figure 7.2: Discretization of a one-dimensional domain into computational cells of width
0x. The cell centers are indicated by filled circles and cell edges by vertical lines |, the
cell number is shown above the cells while the numbers below the line indicate cell edges.

To illusrate the application of the procedure outlined in the previous section it is
best to consider the simple case of one-space dimension. In that case the cells are line
segments as shown in figure[[.2l The cell volumes reduces to the width of the segment dx
which we assume to be the same for all cells in the following. The flux integrals reduce
to evaluation of the term at the cell edges. The conservation law can now be written as:

dr; B~k N Dji1-Dj 1 219
dt ox ox (7.12)

where Fj +1=uT" and Dj 41 = aT} are the advective flux and diffusive fluxes at il
2 2 2

7.4.1 Function Reconstruction

The function reconstruction procedures can be developed as follows prior to time-integration.
Assume

P
N n B €T — Ty
T= nz::()anf , where { = ( 5z, ) (7.13)
Here a,, are the P+1 coefficients that need to be determined from P+1 conditions on the
averages of the polynomials over multiple cells. The origin and scale of the coordinate
system have been shifted to the centre of cell j and scaled by its width for convenience so
that the left and right edges are located at a scaled length of -1/2 and 1/2, respectively.
The entries of the matrix are now easy to fill since

z 1 [(T—T;_ 1 n—l1

Apn = / 2 <%> dx, forn=1,2,...,P+1 (7.14)

mmfé ':UJ
Oy | [Tl T T
N n 5:Ej

=

(7.15)

N
N———
3
|
/-~
&
i
>, SIS
SR
<.
8
<.
|
N
N———
3



100 CHAPTER 7. FINITE VOLUME METHOD

§r1 =& 1 Tyi1 — T
= gz ta 2, with &1 = % (7.16)
J

7.4.2 Pilecewise constant

| ° | ° | ° | ° ° ° ° ° | ° | ° |
LT, 4 M-1 M

Figure 7.3: Piecewise constant approximation.

The simplest case to consider is one where the function is constant over a cell as
shown in figure Then we have the approximation:

T = ag (7.17)

Since there is only one unknown coefficient, ag, we can only impose a single constraint,
namely that the integral of T over cell j yields ;T

T 1 o
/ e a dr = 5:EjTj (7.18)

i3

The solution is then simply ag = Tj. The function reconstruction at z j+1 can be done.

There are a couple of things to notice first with respect to 1mplement1ng the solution
algorithm:

e The edge point two approximations are possible, one from the left cell j and one
from the right cell 4 1. For the purpose of defining the advective flux, a physically
intuitive justification is that the information reaching the edge should come from
the upstream cell, i.e. the cell where the wind is blowing from. Thus we have:

T, (7.19)

<0

D=

T; ifu; 1 >0
={ _ 2
Tj+1 1fuj+%

e Piecewise constant function have a zero spatial derivative, and hence piecewise
constants are useless for computing the function derivation for the diffusion term.

7.4.3 Piecewise Linear

I I I I I 1
LT, j+1 M-1 M

Figure 7.4: Piecewise Linear Approximation.
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An improvement over the constant approximation is to assume linear variations for
the function over two cells as shown in figure [[4l Then we have the approximation:

T =ag+ a1& (720)

Since there are two unknown coefficient, ag and a;, we need to impose two integral
constraints. The choice of reconstruction stencil is at our disposal; here we choose a
symmetric stencil consisting of cells j and j + 1 so that x o1 S oSy s; equivalently

2 2
—% <EL % The two constraints become:

1

/21 ag+ar & d§ = Tj (7.21)
—3

/%a +a £ de = 0Tjsip (7.22)
: o+a = o j+1 .

Performing the integration we obtain the following system of equations for the unknowns:

T.
= i+1 7 7.23
() () (5, T
J

When the grid cells are of constant size the solution is simply:

ayg = Tj, a; = Tj+1 — Tj—l (724)
The linear interpolation is then
T = T+ (Tj+1 - Tj) § (7.25)

= (1=T; + T4, for — 5 <€ < (7.26)

DO | =

To evaluate the function at the cell edge & jal it is enough to set & = :l:%.

7.4.4 Piecewise parabolic

For parabolic interpolation centered on the cells j — 1, j and j + 1, the polynomial takes
the form

T — —Tj41+ 26T, — Tj—1‘| " [Tj—l—l - Tj—1‘| ¢+ [Tjﬂ —2T;+Tj ¢
24 2 2
3 3 T —x;
for —— << = €= J 7.27

At z i+l the cell edge value can now be computed by setting £ = 1/2 in the expression
2

above to get: B B B

_ T 5T+ 2T

B 6

(7.28)

(SIS
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7.4.5 Reconstruction Validation

The validation of the characteristics of the different reconstruction procedures will be
illustrated here by looking at some important examples. In order to characterize the
procedures accurately, we need to solve a problem with a known solution, and compare
the results to what the numerical scheme yields. The result is of course the error in the
reconstruction. We will look at several examples with distinct characteristics: function
with smooth variations, and functions with local kinks in the graphs. The kinks are
symptomatic of a break in the smoothness of the function, as in when the slope of
the graph changes abruptly (slope discontinuity) or when the value of the function itself
changes abruptly (function discontinuity). In all cases we will be interested in monitoring
the decrease of the error with increasing number of cells (decreasing dx) for different
functions, and for each of the reconstruction procedures.

Infinitely smooth profile

Our first example consists of reconstructing the function 7' = cos7z on the interval
—1 < x <1, starting from its analytical cell average over cell j:

. 1 /%41 sinwal — sinﬂa;j_;
T; = —/ 2 cosr do = - - (7.29)
or Ju. mox
=3

The result of the reconstruction using the piecewise constant, linear and parabolic recon-
struction are shown by the symbols in figures [LBH7.7] respectively, and the error at each
cell edge is given by the height difference between the solid curve (reference solution)
and the symbol.

Remarks

e The 4 cell discretization is obviously too coarse to represent the cosine wave prop-
erly, particularly for the piecewise constant case.

e There is a dramatic improvement in going from to linear to parabolic in the case of
the 8 cell discretication (top right panel of figures); whereas the piecewise constant
reconstruction still incurs substantial errors.

e The piecewise linear and parabolic reconstruction produce out of bound values
(i.e. outside the range of the initial data whose absolute value is bounded by 1) at
x = *£1 because extrapolation had to be used near the edges. This is a recurrent
theme in methods whose stencil exceed a single cell.

e The error decreases with increasing cell numbers (decreasing dx) for all three re-
construciton methods considered.

e It is visually apparent that the decrease in error is fastest for the piecewise parabolic
reconstruction then for the piecewise constant.

An important issue concerns the rate at which the error decreases for each method.
Figure [[.8 shows the convergence curves for the different methods as the number of cells
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Figure 7.5: Reconstruction at cell edges using piecewise constant reconstruction with 4
(top left), 8 (top right), 16 (bottom left) and 32 (bottom right) cells. The solid curved
line is the exact solution, whereas the staircases represent the cells and the cell averages.
In the present case we have assumed that the wind is blowing from left to right except at
the right most cell. The * symbols are the values of T' calculated by the reconstruction
procedure. The error is thus the height difference between the solid curve and the
symbols.
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Figure 7.6: Same as figure but using piecewise reconstruction interpolation across 2
cells. One-sided reconstruction was used at both end-edges.
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Figure 7.7: Same as figure[7.5] but using piecewise parabolic reconstruction across 3 cells.
One sided reconstruction was used for end-edges and for the first internal left edge.
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10 10 10° 10
number of cells=2 x

Figure 7.8: Convergence curves showing first, second, and third order convergence for
the piecewise constant (black), linear (red) and parabolic (blue) reconstruction proce-
dures, respectively. Reference slopes of N™!, N=2 and N~ are shown in dashed line for
comparison

0.5 - 0.5 \
?E \ /Sé \
* * |

0 0 *

¥ F4
-1 0 1 -1 0 1

Figure 7.9: Quadratic reconstruction for a function with discontinuity using, from left to
right, 10, 20 and 40 cells, respectively, with maximum errors of 0.25, 0.1623, and 0.1580.

is increased. The slope of the curves on this log-log plot shows the order of the method.
For small enough dz, the slope for the constant, linear and parabolic reconstruction
asymptotes to -1, -2, and -3 respectively, indicating a convergence of O(éx), O(6x2) and

O(6x3).

Reconstructing Functions with Discontinuities

The function

1 r+a T —a
T(x) = 5 (tanh 5 tanh 5 ) (7.30)

exhibit two transition zones at © = +a of width I as shown in figure[Z45l as 6l becomes
smaller then the grid spacing, the transition zones appear like discontinuities in the func-
tion. High order reconstruction of functions with discontinuities is problematic because
of spurious oscillations as shown in figure near the discontinuities. The maximum
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error norm decreases marginally as the number of cell is increased, and does not exhibit
the cubic decrease expected for smooth functions. Notice also that the quadratic re-
construction has produced function values outside the range of the original data (larger
then 1 at the left discontinuity and a negative value near the right discontinuity). These
oscillations are commonly known as Gibbs oscillations and their amplitude does not de-
crease with increasing resolution. These oscillations are a direct consequence of applying
the reconstruction across a stencil that includes a discontinuity. Notice that the first
and second order reconstruction cannot produce out of range values, and as such are
preferable near sharp transition zones.

Many remedies have been proposed to mitigate the generation of these oscillations.
Their common threads is to: first, test for the smoothness of the solution locally, and
second, vary the order of the reconstruction and/or the stencil to avoid generating these
discontinuities. In sharp transition zone low-order non-oscillatory schemes would be
used whereas in smooth regions, high-order reconstruction would be used for improved
accuracy. Here we explore one such procedure dubbed the Weighed Essentially Non-
Oscillatory scheme (WENO), proposed by Shu and colleagues.

7.5 Finite Volume Method for Scalar Advection in 2D

4 4 4 4 4
| | | | |
. () — [ ] — [ ] — [ ] — [ ] —
} } } } }
| | | | |
4 4 4 4 4
| | | | |
]{: — [ ] — [ ] —1 [ ] — [ ] — [ ] —
} } } } }
| | | | |
k _ 1 — Y — Y —l ) — o — o —
4 4 4 4 4
| | | | |
} } } } }
| | | | |
. o — (] — [ ] — [ ] — [ ] —
4 4 4 4 4
| | | | |
Jg—1 ] Jg+1

Figure 7.10: Cartesian finite volume grid with rectangular cells. The solid point repre-
sents the average of 1" over a cell while the arrows denote the x — y advective fluxes into
a cell through its 4 edges.

The spatial discretization proceeds by dividing the domain into finite volume cells
whose shape is left to the user. Finite volume codes have commonly used triangular cells
(eg FVCOM) or rectangular cells. In the former the grid can be made unstructured and
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resembling that used in finite element methods. In the rectangular case, the grids are
structured and look like finite difference grids. In recent year the atmospheric community
has spearheaded the development of hexagonal finite volume cells because they can be
used efficiently to discretize spherical surfaces. Here we focus exclusively on rectangular
cells as depicted in figure

We are now concerned with assigning the different terms appearing in equation [7.7}
Here we presume that diffusion is non-existent (o = 0). We have the following remarks:

e The cell volume is actually an area in 2D and we denote by dA = AxAy the area
of the cell where Az x Ay are the cell sizes in the x x y directions.

e The cells can be referenced by a pair of indices (7, k) along the (z,y) directions. The
cell center has coordinate (z;,yy) and the cell walls are located at (a:ji%, yki%).

e FEach cell has four edges with constant normal along each. The outward unit
normal to cell (j, k) at = x; + Az/2 points in the positive z-direction, and we
have @ - 71 = u; whereas at = x; — Az/2 it points in the negative z-direction and
we have @ - 77 = —u. Similarly along y = yi + Ay/2 we have @ - @ = v, whereas
along y = yp — Ay/2 we have @ - 71 = —v.

With these remarks we can now write down the finite volume equation for cell (74, k):

7 Ay
AT [ (o) T (po0) ~ o) (5 p0)]

LN

Az
[T b)) o o )T ()] 0

— 0 (7.31)

where Tjpl = T + %, and Ypsel = Yk + %. In this form we see that the equation is
nothing but an accounting of the flux entering/leaving cell j. For ease of notation we
denote the z, y-fluxes by (F,G) = (uT,vT), and the equation can be re-written as:

_ s
M% * /:i?; F(wpg00) = F(2,30)] dy

ZBJ-‘,-%
o [0 (ey) -6 ()] ar =0
An added wrinkle to the 2D finite volume formulation is the need to evaluate bound-
ary integrals (which were not encountered in the 1D case). The silver lining is that all
the integrals have the form:

zm—l—%
/ H(z) dz (7.32)

_Az
m 2

where H(z) is some function of z. Here we use a simple second order integration scheme,
the mid-point rule, and write

Zm+£
/ 7 H(z) de ~ H(zm)Az + 0(A22) (7.33)
m= 5
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Figure 7.11: The midpoint rule approximates the area under the black curve with the
area under the red rectangle. The rectangle height is determined by the function value
at the mid-point of the interval, the dashed red curve.

A geometric interpretation of the mid-point rule is shown in figure .11l The area under
the function H(z), shown in black is approximated by the area under the red triangle,
and whose height is defined by the function value at the mid-point z,,. The integration
reduces hence to an evaluation of the function at the edge center multiplied by the size
of the edge, Az.

Here we use a simple second order integration scheme, the mid-point rule, and write

yk-i-%
/y Ay F(xj-l—%’y) dy =~ F(xj+%7yk) Ay (7.34)

KT

L Az
/:_Z; G (1) da

J

G (xj,ykJr%) Az (7.35)

&

The above integration formula are exact if F' varies linearly across the cells. Higher order
integration formula could be used but would involve substantially more work. The final
form for the 2D FV advection equation becomes:

Ty P (wiepw) = F (2 0m) | A9+ (G (25, 5013) = G (w5m0-y) | A
dt SA

(7.36)
Equation is an ordinary differential equation governing the time evolution of the
cell-averaged tracer. Its time integration can be performed by one of the time-stepping
scheme discussed previously; an appropriate scheme is the third order Runge-Kutta
method (RK3). The right hand of this ODE requires simply the computations of the
flux divergence onto cell (j,k). The final piece missing is the reconstruction of the
function values at the cell edges prior to computing the fluxes, a topic we follow up on
in the next section.
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7.5.1 Function reconstruction in 2D

The flux integration requires simply the calculation of:

Ax Ax Ax
F<$j+77yk) = F]Jr%k Zu(xj"i‘Tayk) T<xj+77yk> (7.37)
A A A
G(omt ) = Gy =v(mrm+ L) T (spm+ 3L) @39

The scheme requires the evaluation of the 7" function from its cell averages in neighboring
cells. The 2D geometry now afford a number of cells over which to do the reconstruction.
One can divide finite volume methods in roughly two categories, one that uses a skewed
stencil to reconstruct the function and those that rely on a straightforward dimension-
by-dimension reconstruction. It is the latter that will be presented in these notes. Again
we will map our cells into a unit cell [¢], |n| < 3 according to

T Y=Yk

(7.39)
where (x;,yy) is the center of cell (j,k).

Piecewise constant 2D reconstruction

In this case the function T is a constant that does not vary with & nor n within the finite
volume cell. This constant must obviously enough be equal to the cell average, and we
have T = Tj,k. The reconstructed function on the cell edges become:

B Tng for uj-l—%,k > 0 T B Tng for ,Uj,k—l—% >

. (7.40)

0
Tk for uj7k+%<0

~

j+1,k for uj+%7k<0

Piecewise linear 2D reconstruction

In this case the function 7' is allowed to vary linearly with £ and 7. An obvious candidate
function is
T =ap+ a1&+bin (7.41)

where ag, a; and by are unknown coefficients that must be determined by imposed con-
ditions. For example by requiring that the cell averages of cells (j,k), (j + 1,k) and
(j, k + 1) be recovered. It is easy then to show that

ao=Tjp, a1 =Tjp16—Tjp, b1 =Tjps1— Tjk (7.42)

This reconstruction is second order. The edge values can now be recovered:

1 Tik+Tjt1k

Tiyip = TE=5m=0)=——F+— (7.43)
1 Tik+Tjrm

Tigpy = TE=01n=g)= =" (7.44)
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Piecewise bi-linear 2D reconstruction

The linear variation reconstruction proposed in [.41] is not the only one possible. An
alternative is a bilinear reconstruction:

T =ag+a1§+bin+c1én (7.45)

This function varies linearly along constant £ or 7 lines, and has a nonlinear (quadratic)
behavior along any other line. Four constraints are now needed to determine the four
constants: the recovery of the cell-averages over cells (j,k), (7 + 1,k), (j,k + 1) and
(j + 1,k +1). The associated system of equation would be

Y, _
/ 2 / (a0 + a1 +bin+cién) d dn =Ty prtq:0,q=0,1 (7.46)
Yy

This leads to the matrix equation and solution:

1 0 00 ag Tng ap 1 0 0 0 Tij
1100 ar | | Tjsk a | | -1 1 0 0 Tjs1k
1010 bi | | Tjpr |7l 00| | -1 0 1 0 Tkt
1 1 11 C1 Tj—i—l,k-l—l C1 1 -1 -1 1 Tj—i—l,k-l—l

(7.47)

It is now a simple matter of evaluating the function at the flux integration points:

1 T+ T

Ty+%,k = T(£:§,77:0):a0+§a1— 5 (7.48)
1 Tik~+ Tkt
Ty = TE=0m=1)=ap+ by = 24t Liknt (7.49)

Equations [.49] and [7.44] are identical at the center of cell edges, (actually they coincide
along the entire line £ = 0 and n = 0) but are different at other points. For example at
the corner of the cell (£,7) = (3, 3) the linear interpolation of [Tl yields

Ti1p+Tjrm
b= (7.50)

=

whereas the bilinear interpolation of [7.45] yields

Tix+T,; T, T,
Tj+%,k+% _ 14k + 41kt 4J,k+1 + 4 j+1k+1 (7.51)

Both linear and bilinear interpolations are valid and yields second order accuracy in the
grid spacing. The bilinear interpolation include information from corner neighbors in its
reconstruction. However, this information is not used when the flux is approximated only
with a single mid-point evaluation at the cell edges. For this information to flow through
the algorithm we need to modify the flux integral and evaluate it more accurately. This
would be useful to do when the flow is not aligned with grid lines.
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Q Zq Wy &q Wy

2 +3 1 3 !
V15 5 15 5

3 5= g % i3
0 9 0 18

4 || /250 | 0.347854845137454 | +
15—21/30
1/ 152230 | ,652145154862546 | +

Table 7.1: Table of Gauss-Lobatto quadrature points. Columns 2-3 shows the values for
the standard interval, while columns 3-4 shows the values for the interval || < %

1. /154230
§\/ -2 0.173927422568727
1/ 152230 | 0,326072577431273

Higher order 2D reconstruction

Higher-order reconstruction in multi-dimensions are possible, however, they require a
substantial increase in the amount of computations and coding. The first has to do with
an increased complexity of the reconstruction polynomials. This is relatively easy to han-
dle as it could simply be done by a dimension by dimension approach. The additional
complication is to replace the mid-point integration rule, equation [Z.35] by something
more accurate. One example is replacing the mid-point rule by Gauss quadrature for-
mula:

1 Q
/ f(2) dem S Flzg)w, (7.52)
—1 —1

where z, are the quadrature points, the w, are the quadrature weights, and @ is the
number of quadrature points. The approximation is exact if f(z) is a polynomial of
degree 2QQ — 1 in z. Gauss quadrature roots and weights are shown on the standard
interval [—1,1] and [—3, 3] in table [l Focussing on the integrals of the x-fluxes on the

right edge of the cells, we need to

yrt+ 5L A 1 1 Q .

zj+ 42
/m Ax G($’yk+%) dx:A;p/

WI= o)

MG <£,77 = %) d¢ ~ Az XQ:I G <gq, %) wg  (754)
=

J 2 2

These Gauss quadrature formula require the evaluation of the flux at multiple points
along the edges, hence the reconstruction should be capable of providing value for T(%, 7q)
and T'(&,, %) Note also that the velocities normal to the edge in question need to be
available at these points.

7.6 Algorithm Summary

We are now in a position to summarize the solution process.
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1. Read or Set the physical and numerical parameters of the problem.

2. Define the domain’s geometry including the number of cells in the x,y directions,
the grid sizes, and the cell areas. It would helpfull also to store the coordinates of
the cell centers as well as that of the cell edges.

3. Define the flow field. The code for the Stommel gyre will be provided.

4. Define the output units, and the output format of the files, and compute some
preliminary diagnostics, like the budget of 17" over the domain.

5. Define the initial distribution of the tracer T0 The cell averages at the initial time
can be also deduced. Here and keeping Wlth the second order accuracy philosophy;,
we will take the cell averages to be the value of T at the center of the cell. It
is easy to convince yourself using a two-dimensional version of the mid-point rule
that T = T(zj,yx) + O(Az?, Ay?).

6. Start a time loop that call a subroutine to perform a single time integration using
the RK3 routine.

7. The RK3 routine calls a function to compute the right hand side of the ODE,
equation [7.36l It needs to call three times for the 3 stages of the scheme. The right
hand side should accept the cell averages and return the flux divergence.

8. The right hand side computation requires the evaluation of the fluxes at cell edges
prior to performing the fluxes. These are obtained from reconstructing the function
values at the cell edges and multiplying by the velocity field.

9. Output some diagnostics, like the T" budget within the domain, and the extrema
of the field. The solution needs to be saved intermitently for examination.

7.7 Code Design

You should start with the one-dimensional finite volume code that was presented in class
as it already includes many of the elements listed above. What is required is to transform
the code from 1D to 2D. One sequence of modification is as follows:

7.7.1 Data Structure

It is obvious that the most efficient way to store the various data is in two dimensional
matrices. The dimensions of the matrices differ, the cell averages must be Tb (M, N) where
M, N are the number of cells in the x,y directions respectively.

7.7.2 Domain Geometry

The domain description needs to be upgraded to account for the multi-dimensionality
of the problem. The grid information is contained in module grid.f90. The following
information requires to be added to it:
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e The grid size in the y-direction.

e The y-coordinate of the cell edges: Yryl = (k —1)Ay, with £ = 1,2,...,N + 1,
where NN is the number of cells in the y-directions. The y-coordinates of the cell
centers may also be needed and should be stored.

7.7.3 Flow

The flow field information should be updated. The u velocity should be made two-
dimensional and the y component of the velocity should also be added. Notice that
u need to be defined at vertical cell edges, and consequently its dimension should be
declared as u(M+1,N) whereas v should be declared v(M,N+1). Refer to the figure for
further information about the grid.

7.7.4 T initiations

The setting of the initial condition was done in a subroutine included in module params.£90
that contains all the problem statements. This subroutine should be made two-dimensional,
and be passed the proper data in its argument list or via the modules it includes.

7.8 Tracer Advection in a Stommel Gyre

Here, we revisit the Hecht advection test problem @M (IL%H, 1998, M)) to

characterize the behavior of the high-order scheme in the under-resolved regime. The
Hecht advection test consists of advecting a passive tracer in a Stommel Gyre, and
in particular through an intense westen boundary current where the smooth looking
Gaussian Hill undergoes intense deformation. Under-resolved features in this regime
produce substantial noise in the solution and fail to propagate the solution downstream
and out of the boundary current region where the Hill reconstitute itself.

7.8.1 The flow field

The flow field is given by the so-called Stommel gyre model which is an idealized version
of the Gulf Stream system. The flow is characterized by an intense Western Boundary
current that moves waters northward in a narrow zone whose width depends on the /-
effect and the bottom friction value. The flow in the rest of the domain is slow and has
little shear. The streamline for this flow is given by:

¥ = \Ifsiny% [Per™ + (1= P)eP — 1 (7.55)
1 — eBe
Po= eAa _ gBa (756)

where a and b are the zonal and meriodinal size of the basin, respectively (the western
and southern boundaries are located at x = 0 and y = 0, respectively). The parameters
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Figure 7.12: Streamlines of Stommel gyre flow field. The flow is characterized by an
intense Western Boundary Current and a slow moving southerward current elsewhere in
the basin. The bull’s eye in the lower left corner is the initial distribution of 7.

A and B determine the width of the western boundary current region and these, in turn,
depend on the ratio of the 8 parameter, 3, and drag coefficient, C; as follows:

_ 8
a = c; (7.57)

1= 5()
o= 5(8)

The strength of the transport depends on the wind-stress, 7, the water density, p, the
drag coefficient and the meridional size of the basin:

T b\ 2
= oCab (}) (7.60)

The advective velocity components can be obtained by differentiating the streamfunction
and dividing by the depth of the basin D

:ﬂ U:—%
D’ D

S|

)2 (7.58)

>2 (7.59)

S|

u (7.61)

7.8.2 The initial condition

The initial condition for our tracer which we can think of as pollutant dumped in the
ocean is a circular Gaussian hill distribution with a decay length scale of [

T = exp <_ (z — :EC)Z;- (y — yc)2> (7.62)
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and the center of the profile is located at (x.,y.) = (%, %)

7.8.3 Expected result

The Gaussian hill will slowly makes its way to the western boundary region where it
will be sheared and deformed substantially. The fidelity of the simulation will depend
crucially on the spatial resolution used. The western boundary current with the current
parameter settings will have a width of about 70 km. If the grid spacing is not enough
to resolve the shear region, numerical noise will be generated and will manifest itself
in either large positive and negative values outside the bounds of the initial condition
(0 < T < 1). One of the aim of this exercise is to decide at what grid resolution,
compared the width of the western boundary current, can one consider the simulation
to be adequate. The report should thus include multiple runs with Az = 100, 50, 20, 10
km.

The integration should be carried out for 3 (1080 days or years taking snapshots
every month to record the time-evolution of 7. The maximum speed is about 1.5 m/s;
the time step should be scaled accordingly so that the Courant number, C' = uAt/Dx
does not exceed 1/2.

The solution after 3 years of integration is shown in figure

7.8.4 Support Code

A number of matlab scripts will be provided to help in visualizing the results in matlab.
The scripts are located in directory “mohamed/Project on metofis. Feel free to modify
them to fit your needs.
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Figure 7.13: Solution by a method of characteristics that tracks the solution after 1/2
(first), 1 (second), 2 (third) and 3 (fourth) years of integration.
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Chapter 8

Numerical Dispersion of
Linearized SWE

This chapter is concerned with the impact of FDA and variable staggering on the fidelity
of wave propagation in numerical models. We will use the shallow water equations as the
model equations on which to compare various approximations. These equations are the
simplest for describing wave motions in the ocean and atmosphere, and they are simple
enough to be tractable with pencil and paper. By comparing the dispersion relation of
the continuous and discrete systems, we can decide which scales of motions are faithfully
represented in the model, and which are distorted. Conversely the diagrams produced
can be used to decide on the number of points required to resolve specific wavelengths.
The two classes of wave motions encountered here are inertia-gravity waves, and Rossby
waves. The main reference for the present work is Dukowicz (1995).

The plan is to look at dynamical system of increasing complexity in order to highlight
various aspects of the discrete systems. We start by looking at 1D versions of the
linearized shallow water equations, and unstaggered and staggered versions of the discrete
approximation; in particular we constrast these two approaches for several high order
centered difference scheme and show the superiority of the staggered system. Second
we look at the impact of including a second spatial dimensional and include rotation
but restrict ourselves to second order schemes; the discussion is instead focussed on the
various staggering on the dispersive properties. Lastly we look at the dispersive relation
for the Rossby waves.

8.1 Linearized SWE in 1D

Since we are interested in applying Fourier analysis to study wave propagations, we need
to linearize the equations and hold the coefficients of the PDE to be constant. For the
shallow water equations, they are:

u+gn: = 0 (8.1)
e+ Hu, =
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8.1.1 Centered FDA on A-grid

The straight forward approach to discretizing the shallow water equation in space is
to replace the continuous partial derivatives by their discrete counter-parts. The main
question is what impact do the choice of variable staggering have on the dispersion
relationship. We start by looking at the case where u and 7 are co-located. We also
restrict ourselves at centered approximation to the spatial derivatives which have the
form:

M
w]; = Emstonipn _ton) 4 o(as) (8.3)
where M is the width of the stencil; the «,, are coefficients that can be obtained from the
Taylor series expansions (see equations B24I3.27] and The order of the neglected
term on an equally spaced grid is O(Az)*™. A similar representation holds for the 7
derivative. The semi-discrete form of the equation is then:

§ :m— A (Nj+m j—m

ut‘j—kg 1 (277J 1 ) 0 (81)
ZM . Ui

77t|j + H L ( J J ) =0 (85)

To compute the numerical dispersion associated with the spatially discrete system,
we need to look at periodic solution in space and time, and thus we set

Uj _ ei(kxj—a't)
(2)-(3)

>

Hence we have for the time derivative u; = —oae!*%i=9%  and for the spatially discrete
derivative
Ujpm — Ujep = U {ei(kxj+7’L_Ut) - ei(kxj””_at)} = ae'**i=) % sin mkAx; (8.7)

Hence the FDA of the spatial derivative has the following expression

M M
Z O (Wjpn, — W) = 20 0 ei(kzj—at) Z o SinmkAx (8.8)
m=1 m=1

Similar expressions can be written for the n variables. Inserting the periodic solutions in
we get the homogeneous system of equations for the amplitudes @ and 7:

it + gi %a simmkAz) . (8.9)
— O’ m — .
9| 2 ~ )7
M .
kA
Hi <n§1am%>a—iaﬁ =0 (8.10)

For non-trivial solution we require the determinant of the system to be equal to zero, a
condition that yields the following dispersion relation:

mmx) (8.11)

M .
O':j:C(Z OfmSIHT
X

m=1
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where ¢ = y/gH is the gravity wave speed of the continuous system. The phase speed is
then

in mk‘A:E) (8.12)

M
S1
Cam=e (Z v

m=1
and clearly the departure of the term in bracket from unity determines the FDA phase
fidelity of a given order M. We thus have the following relations for schemes of order 2,
4 and 6:
sin kAx

8sin kAx — sin 2kAx
Cas = c AT (8.14)
Cis — 45 sin kAx — 9sin 2kAz + sin 3kAx (8.15)

7 30kAx
8.1.2 Centered FDA on C-grid

When the variables are staggered on a C-grid, the spatially discrete equations take the
following form

>z Bm (114 1eom =1 1 1iom
utlji1+g ( QA; 2 ) =0 (8.16)

S B (ws 142m — w_1i2m)
ml; +H ’+A; Cht- ) (8.17)

where 3,,’s are the differentiation coefficients on a staggered grid. These can be obtained
from applying the expansion in[3:24]to grids of spacing (2«+m+1)Ax/2 withm = 0,1,2,...
to get:

4l U ou (Az/2)? 3u  (Az/2)* Pu  (Ax/2)5 07w

e ?j+T@+T%+TW (8.18)
The fourth order approximation can be obtained by combining these expressions to yield:
— A st - 2 M 21 onloe? %%22

Finally the above two expressions can be combined to yield the sixth-order approxima-
tion:

450Uy ~Uih 25 Yied — g 9 Mid s du| o (Ax/2)0 0Tu
384 Az 128 3Azx 384 5Azx I 7N 927

(8.23)
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Going back to the dispersion relation, we now look for periodic solution of the form:

. ilkx . 1 —ot)

Uy = de Itz and n; = fetkzi=at) (8.24)

which when replaced in the FDA yields the following

M M
. g . - 14+2m _s142m
Z ﬁm(uj+1+2;zm - uj_1+§m) = qellkzi—at) Z Bm {el T kAT omiT kA“(P%)
m=0
: 1 2
_ aeitno03; 5 g sin L kAr (3:26)
m=0

M . ( J+ Ut) M 1+277LkAx _i1+2m(@2
ngoﬁm(nﬁ%# —MjylolEm) = p: B { i > ?)

=0
M
= 7 ( Cird T ot)2zZﬁmsm ka‘AJE (8.28)

m=0

Inserting these expressions in the FDA for the C-grid we obtain the following equations
after eliminating the exponential factors to get the dispersion equations:

sin 2 EAL
—iol + g2i (Z 5’”T H o= 0 (8.29)
1+2m EA
<Z Brm i :C) i —ion = 0 (8.30)

The frequency and the phase speed are then given by

1+2m M s 142m
sin kAx sin == kA
+ —— 22— =+ y———2———— 31
ooM = CZB Aoz OOM szzjoﬂ AT/ (8.31)
We thus have the following phase speeds for schemes of order 2,4 and 6
kAx
s1n 5
- .32
702 k;Ax/2 (8.32)
B 27 sin “5% kAx — sin 3’“%—“"’ (8.33)
7ca = € 24/<;Ax/2 ‘
. kAz . kAx : kAx
s = ¢ 2250 sin 5% — 1258in 35 + 9sin 525+ (8.34)
’ 1920kAx /2

Figure compares the shallow water phase speed for the staggered and unstaggered
configuration for various order of centered difference approximations. The un-staggered
schemes display a familiar pattern: by increasing order the phase speed in the intermedi-
ate wavelengths is improved but there is a rapid deterioration for the marginally resolved
waves kAx > 0.6. The staggered scheme on the other hand displays a more accurate
representation of the phase speed for the entire spectrum. Notice that the second order
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Figure 8.1: Phase speed of the spatially discrete linearized shallow water equation. The
solid lines show the phase speed for the A-grid configuration for centered schemes of order
2, 4 and 6, while the dashed lines show the phase speed of the staggered configuration
for orders 2, 4 and 6.
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Figure 8.2: Configuration of 4 Arakawa grids

staggered approximation provides a phase fidelity which is comparable to the the fourth
order approximation in the intermediate wavelengths 0.27 < kAz < 0.67 and superior
for wavelengths KAz > 0.6. Finally, and most importantly the unstaggered scheme pos-
sess a null mode where C' = 0 which could manifest itself as a non-propagating 2Az
spurious mode; the staggered schemes do not have a null mode.

8.2 Two-Dimensional SWE

Here we carry out the dispersion relationship for the two-dimensional shallow water
equaions in the presence of rotation. We shall consider the two cases of flow on an f-
plane and flow on a S-plane. We will also consider various grid information that include
the Arakawa grids A, B, C, and D.

8.2.1 Inertia gravity waves

The linearized equations are given by

u— fo+gn, = 0 (8.35)
v+ futgn, = 0 (8.36)
ne+ H(ug +v,) = 0 (8.37)

Assuming periodic solutions in time and space of the form

where (k,[) are wavenumbers in the z — y directions, we obtain the following eigenvalue
problem for the frequency o:

—ioc  —f gik
fo—io gil | = —iw[-w+ 2+ AR +12)] =0 (8.38)
iHk iHl —io

Here ¢ = +/gH is the gravity wave speed. The non-inertial roots can be written in the
following form:
02 =1+ a? |(kd)* + (1d)?] (8.39)
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where o = w/ f is a non-dimensional frequency, d is the grid spacing assumed uniform in
both directions and « is the ratio of the Rossby number to the grid spacing, i.e. it is the
number of points per rossby radius:

R, gH

Although the continuous dispersion does not depend on a grid spacing, it is useful to
write it in the above form for comparison with the numerical dispersion relations. The

numerical dispersion for the various grids are given by Dukowicz (l19_9fj)

04 = 1+d* {Sin2 kd + sin® ld} (8.41)
0% = 1+ 2a*[1 — cos kdcosld] (8.42)
kd ld kd ld
2 _ 2 ka2 ld 2 |an2 Ke o2 ld
op = cos” —-cos” o + 4a [SIH 5 + sin 5 } (8.43)
0% = cos % cos? g + a? [cos2 % sin? Id + sin? kd cos? %d] (8.44)

8.3 Rossby waves

The Rossby dispersion relation are given by

~1
o = —a*kd{1+a? |(kd)* + (1d)*]} (8.45)
~1
o4 = —a’sinkd cosld {1 + a? {sin2 kd + sin® ld} } ; (8.46)
2 20 _ -t
op = —a’sinkd {1+2a [1 cosk:dcosld]} (8.47)
ld kd 5 1d kd ldn !
2 2 Ld g ka2 ld 2 |2 a2 ld
oc = —a“sinkd cos 5 {cos 5 Cos” 3 +4a [sm 5 + sin 2]} (8.48)
ld kd ld) !
op = —a’sinkd cos? B {1 + 4a® {Sin2 5 + sin? E] } ; (8.49)
where the frequency is now normalized by Ad. The normalized Rossby wave fre-

quencies, and their relative error for the various grids are displayed in figures for
various Rossby radius parameters a. Since contour plots are hard to read we also supply
line-plots for special | values [ = 0 and [ = k in figure BI3] From these plots one can
conclude the following;:

1. All grid configurations have a null mode at kAz =
2. The C and D grids have a null mode for all zonal wavenumber when Id = .

3. for a > 2 the B,C and D grids perform similarly for the resolved portion of the
spectrum kd < 27 /5.
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Figure 8.3: Comparison of the dispersion relation on the Arakawa A, B, C and D grids.
The top figure shows the dispersion relation while the bottom one shows the relative

error. The parameter a=8.
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Figure 8.5: Same as but for a=2.
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Chapter 9

Solving the Poisson Equations

The textbook example of an elliptic equation is the Poisson equation:
Viu=f,xc0 (9.1

subject to appropriate boundary conditions on 0f2, the boundary of the domain. The
right hand side f is a known function. We can approximate the above equation using
standard second order finite differences:

Ujp1p — 2ujp +uj — 1, k " Uj k1 — 2ujk +uj, k —

1
AZg A2y = fix (9:2)

The finite difference representation[@.2] of the Poisson equation results in a coupled system
of algebraic equations that must be solved simultaneously. In matrix notation the system
can be written in the form Ax = b, where x represents the vector of unknowns, b
represents the right hand side, and A the matrix representing the system. Boundary
conditions must be applied prior to solving the system of equations.

Figure 9.1: Finite Difference Grid for a Poisson equation.
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Example 12 For a square domain divided into 4x4 cells, as shown in figure @.1] subject
to Dirichlet boundary conditions on all boundaries, there are 9 unknowns u;j, with
(j,k) = 1,2,3. The finite difference equations applied at these points provide us with
the system:

—4 1 1 0 0 0 0 0 U2 2 fan Ug1 + U2
1 -4 1 0 1 0 0 0 O u3,9 f32 u3,1
o 1 -4 1 0 1 0 0 O Ug2 fao Ug,1
1 0 1 -4 1 0 1 0 O U233 fa3 0
o 1 0 1 -4 1 0 1 0 usz [ =A f33 [— 0
0 0 1 0 1 -4 1 0 1 Uy, 3 fa3 0
0 0 0 1 0 1 -4 1 0 U2 4 f24 uU2,5
0 0 0 0 1 0 1 —4 1 U374 f374 U375
0 0 0 0 0 1 0 1 —4 U4q,4 f474 U4,5 + Us,4
(9.3)

where Az = Ay = A. Notice that the system is symmetric, and pentadiagonal (5 non-
zero diagonal). This last property precludes the efficient solution of the system using the
efficient tridiagonal solver.

The crux of the work in solving elliptic PDE is the need to update the unknowns
simultaneously by inverting the system Ax = b. The solution methodologies fall under 2
broad categories:

1. Direct solvers: calculate the solution # = A~'b exactly (up to round-off errors).
These methods can be further classified as:

(a) Matrix Methods: are the most general type solvers and work for arbitrary
non-singular matrices A. They work by factoring the matrix into a lower
and upper triangular matrices that can be easily inverted. The most general
and robust algorithm for this factorization is the Gaussian elimination method
with partial pivoting. For symmetric real system a slightly faster version relies
on the Cholesky algorithm. The main drawback of matrix methods is that
their storage cost CPU cost grow rapidly with the increase of the number of
points. In particular, the CPU cost grows as O(M?), where N is the number
of unknowns. If the grid has IV points in each direction, then for a 2D problem
this cost scales like N6, and like N for 3D problems.

(b) FFT also referred to as fast solvers. These methods take advantage of the
structure of separable equations to diagonalize the system using Fast Fourier
Transforms. The efficiency of the method rests on the fact that FFT costs
grow like N?In N in 2D, a substantial reduction compared to the N® cost of
matrix methods.

2. Iterative Methods calculate an approximation to the solution that minimizes
the norm of the residual vector r = b — Az. There is a large number of iterative
solvers; the most efficient ones are those that have a fast convergence rate and low
CPU cost per iteration. Often times it is necessary to exploit the structure of the
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equations to reduce the CPU cost and accelerate convergence. Here we mention a
few of the more common iterative schemes:

(a) Fixed point methods: Jacobi and Gauss-Seidel Methods)
(b) Multigrid methods
(¢) Krylov Method: Preconditioned Conjugate Gradient (PCG)

9.1 Iterative Methods

We will discuss mainly the fixed point iterations methods and (maybe) PCG methods.

9.1.1 Jacobi method

The solution of the Poisson equation can be viewed as the steady state solution to the
following parabolic equation:
ug = Vu — f (9.4)

At steady state, t — oo the left hand side of the equation goes to zero and we recover the
original Poisson equation. The artifice of introducing a pseudo-time ¢ is usefull because
we can now use an explicit method to update the unknowns w;j individually without
solving a system of equation. Using a FTCS approximation we have:

At
Uik = Uikt A2 (1 + e+ Wy Wy — Ay ) — Atf (9.5)

where we have assumed Az = Ay = A. At steady state, after an infinite number of
iteration, the solution satifies

At

Uy = Uj g+ F (Uj+1,k Fuj 1k U1 U -1 — 4u§fk) — Atfjk (9.6)
Forming the difference of equations and we get;:
n+1 n At n n n n n
€k kT A2 (€j+1,k ekt €k T Epa — ej,k) ; (9.7)

where € = Ul — Ujk- Thus, the error will evolve according to the amplification factor
associated with the FDE We note that the initial conditions for our pseudo-time are
not important for the convergence analysis; of course we would like to start our initial
guess as close as possible to the right solution. Second, since we are not interested in
the transient solution, the time-accuracy is not relevant easier. As a matter of fact, we
would like to use the largest time step possible that will lead us to steady state. A
Von-Neumann stability analysis shows that the stability limit is At < %AQ, substituting
this time step in the equation we obtain the Jacobi algorithm:

n+1

n n n n
Wiy T UG T U T U

4

A2
- T (9.8)

A Von-Neumann analysis shows that the amplification factor for this method is given
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Figure 9.2: Magnitude of the amplification factor for the Jacobi method (left) and Gauss-
Seidel method (right) as a function of the (x,y) Fourier components.

by

cos KAx + cos KAy
2

where (k, \) are the wavenumbers in the (z,y) directions. A plot of |G| is shown in figure

It is clear that the shortest (kAz — ) and longest (kAx — 0) error components

are damped the least. The intermediate wavelengths (kAx = 7/2) are damped most

effectively.

G =

(9.9)

9.1.2 Gauss-Seidel method

A simple modification to the Gauss-Seidel method can improve the storage and con-
vergence rate of the Jacobi method. Note that in Jacobi, only values at the previous
iterations are used to update the solution. An improved algorithm can be obtained if the
most recent value is used. Assuming that we are sweeping through the grid by increased
j and k indeces, then the Gauss-Seidel method can be written in the form:

L — U T U e Hupfh

Jk 4

The major advantages of this scheme are that only one time level need be stored (the
values can be updated on the fly), and the convergence rate can be improved substantially
(double the rate of the Jacobi method). The latter point can be quantified by looking
at the error amplification which now takes the form:

e’ + ¢if P = 1+ cos(a — )
4 — (et  e—iB) 9 —4(cos a + cos ) + cos(a — f3)
where v = KAz, and 5 = AAy. A plot of |G| versus wavenumbers is shown in figure [0.2]
and clearly shows the reduction in the area where |G| is close to 1. Notice that unlike

the Jacobi method, the smallest wavelengths are damped at the rate of 1/3 at every time
step. The error components that are damped the least are the long ones: a, 5 — 0.

A2
— i (9.10)

G =

(9.11)
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Figure 9.3: Magnitude of the amplification factor for the Gauss-Seidel by rows (left)
and Gauss-Seidel method by rows and columns (right) as a function of the (x,y) Fourier
components.

9.1.3 Successive Over Relaxation (SOR) method

A correction factor can be added to the update of the Gauss-Seidel method in order to
improve the convergence rate. Let uf ik denote the temporary value obtained from the
Gauss-Seidel step; then an improved estlmate of the solution is

u;’?;l = uj g +w(ujp —ujy) (9.12)
where w is the correction factor. For w = 1 we revert to the Gauss-Seidel update, for
w < 1 the correction is under-relaxed, and for w > 1 the correction is over-relaxed. For
convergence, it can be shown that 1 < w < 2. The optimal w, w,, can be quite hard
to compute and depends on the number of points in each direction and the boundary
conditions applied. Analytic values for w, can be obtained for a Dirichlet problem:

2

m Az? T
1-V1-7 COS 77— T+ Ay? COS N1
Wo = 277 B = 1 + A.L'2 (913)

where M and N are the number of points in the  and y directions, respectively.

9.1.4 Iteration by Lines

A closer examination of the Gauss-Seidel method in equation [@Q.10Ireveals that an efficient
algorithm, relying on tridiagonal solvers, can be produced if the iteration is changed to:

+1 +1 2 +1
L Wiy gty (g g ) B szf’k (9.14)
ik 2(1+12) 470 '

where 7 = Ax /Ay is the aspect ratio of the grid. Notice that [0.14] has 3 unknowns only

at row j since u;”'lil would be known from either a boundary condition or a previous
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iteration, and u?k 41 1s still lagged in time. Hence a simple tridiagonal solver can be
used to update the rows one-by-one. The amplification factor for this variation on the
Gauss-Seidel method is given by:

r

2 _
G = [2(1 + 72 —cosa))? 4+ [2(1 + 72 — cos a)]2 cos B + r?

(9.15)

A plot of |G| for » = 1 is shown in figure The areas with small |G| have expanded
with resepect to those shown in figure In order to symmetrize the iterations along
the two directions, it is natural to follow a sweep-by-row by a sweep-by-columns. The
amplification factor for this iteration is shown in the left panel of figure and show a
substantial reduction in error amplitude for all wavelenths except the longest ones.

Example 13 In order to illustrate the efficiency of the different methods outline above
we solve the following Laplace equation

Vu = 0,0<z,y<1 (9.16)
u(0,y) = wu(l,y)=0 (9.17)
u(z,1) = sinmz (9.18)
u(z,1) = e 161" gin g (9.19)

We divide the unit square into M x N grid points and we use the following meth-
ods:Jacobi, Gauss-Seidel, SOR, SOR by line in the x-direction, and SOR by line in both
directions. We monitor the convergence history with the rms change in u from one
iteration to the next:

1 n n :
J.k

The stopping criterion is ||e||2 < 10713, and we limit the maximum number of iterarions
to 7,000. We start all iterations with v = 0 (save for the bc) as an initial guess. The
convergence history is shown in figure Q.4 for M = N = 65. The Jacobi and Gauss-Seidel
have similar convergence history except near the end where Gauss-Seidel is converging
faster. The SOR iterations are the fastest reducing the number of iterations required
by a factor of 100 almost. We have used the optimal relaxation factor since it is was
computable in our case. The SOR iterations are also quite similar showing a slow decrease
of the error in the initial stages but very rapid decrease in the final stages. The criteria
for the selection of an iteration algorithm should not rely solely on the algorithm’s rate
of convergence; it should also the operation count needed to complete each iteration.
The convergence history for the above example shows that the 2-way line SOR is the
most efficient per iterations. However, table shows the total CPU time is cheapest
for the point-SOR. Thus, the overhead of the tridiagonal solver is not compensated by
the higher efficiency of the SOR by line iterations. Table also shows that, where
applicable, the FFT-based fast solvers are the most efficient and cheapest.
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Figure 9.4: Convergence history for the Laplace equation. The system of equation is
solved with: Jacobi (green), Gauss-Seidel (red), SOR (black), Line SOR in z (solid
blue), and line SOR in z and y (dashed blue). Here M = N = 65.

33 65 129

Jacobi 0.161 | 0.682 | 2.769
Gauss-Seidel | 0.131 | 2.197 | 10.789
SOR 0.009 | 0.056 | 0.793

SOR-Line 0.013 | 0.164 | 1.291
SOR-Line 2 | 0.014 | 0.251 | 1.403
FFT 0.000 | 0.001 | 0.004

Table 9.1: CPU time in second to solve Laplace equation versus the number of points
(top row).
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9.1.5 Matrix Analysis

The relaxation schemes presented above are not restricted to the Poisson equation but
can be re-intrepeted as specific instances of a larger class of schemes. We present the
matrix approach in order to unify the different schemes presented. Let the matrix A be
split into

A=N-P (9.21)

where NV and P are matrices of the same order as A. The system of equations becomes:
Nx=Pxr+b (9.22)

Starting with an arbitrary vector (%), we define a sequence of vectors 2(*) by the recursion
Nz™ = Pz 4 b n=1,2,3, ... (9.23)

It is now clear what kind of restrictions need to be imposed on the matrices in order to
solve for x, namely: the matrix N must be non-singular: det(N) # 0, and the matrix N
must be easily invertible so that computing y from Ny = z is computationally efficient.
In order to study how fast the iterations are converging to the correct solution, we
introduce the matrix M = N~'P, and the error vectors e(™ = z(" — 2. Substracting
equation from equation [0.23] we obtain an equation governing the evolution of the
error, thus:

e — M= — pp2em=2) —  — pyme(0) (9.24)

where e is the initial error. Thus, it is clear that a sufficient condition for convergence,
ie. that lim,_ oo e™ = 0, is that lim,_oo M™ = O. This is also necessary for the
method to converge for all e(?). The condition for a matrix to be convergent is that its
spectral radius p(M) < 1. (Reminder: the spectral radius of a matrix M is defined as the
maximum eigenvalue in magnitude: p(M) = max; |A;|). Since computing the eigenvalues
is difficult usually, and since the spectral radius is a lower bound for any matrix norm,
we often revert to imposing conditions on the matrix norm to enforce convergence; thus

p(M) < M| < 1. (9.25)

In particular, it is common to use either the 1- or infinity-norms since these are the
simplest to calculate.
The spectral radius is also useful in defining the rate of convergence of the method.
In fact since, using equation [0.24] one can bound the norm of the error by:
0
le™] 12271 (9.26)

<
< [ (9.27)

le™ ]

Thus the number of iteration needed to reduce the initial error by a factor of « is
n > Ina/In[p(M)]. Thus, a small spectral radius reduces the number of iterations (and
hence CPU cost) needed for convergence.
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Jacobi Method

The Jacobi method derived for the Poisson equation can be generalized by defining the
matrix N as the diagonal of matrix A:

N=D, P=A-D (9.28)

The matrix D = a;;d;j, where d;; is the Kronecker delta. The matrix M = D YD-A) =
I — D7 'A In component form the update takes the form:

1 XK
T = — Z aijazg‘_l (9.29)
i 527
J#i
The procedure can be employed if a;; # 0, i.e. all the diagonal elements of A are different
from zero. The rate of convergence is in general difficult to obtain since the eigenvalues

are not easily available. However, the infinity and/or 1-norm of M can be easily obtained:

p(M) < min(|[M][1, || M) (9.30)
s
M|, = j <1 9.31
3 = maxg 32|20 < (9:31)
i#j
Qg4
M|« = maxi —l<1 (9.32)
Z;%j
j#i
(9.33)

Gauss-Seidel Method

A change of splitting leads to the Gauss-Seidel method. Thus we split the matrix into a
lower triangular matrix, and an upper triangular matrix:

a11
a21 a2

N=| 7 , , P=N-A4A (9.34)
K1 a2 -+ AKK

A slightly different form of writing this splitting is as A = D + L + U where D is again
the diagonal part of A, L is a strictly lower triangular matrix, and U is a strictly upper
triangular matrix; here N = D + L. The matrix notation for the SOR iteration is a little
complicated but can be computed:

™ = Mz™ '+ (I +aD L)y taD™ (9.35)
M = (I+aD'L)7'1 - )l —aD U] (9.36)
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9.2 Krylov Method-CG

Consider the system of equations Axr = b, where the matrix A is a symmetric positive
definite matrix. The solution of the system of equations is equivalent to minimizing the
functional:

O(x) = %JETAJJ — 2T, (9.37)

The extremum occurs for g—f = Ax — b =0, thanks to the symmetry of the matrix, and

the positivity of the matrix shows that this extremum is a minimum, i.e. %‘I} = A. The
iterations have the form:

Tp = Tp_1 + apg (9.38)

where zj, is the ith iterate, « is a scalar and p; are the search directions. The two

parameters at our disposal are o and p. We also define the residual vector r, = b — Axy,.
We can now relate ®(z) to ®(zk_1):

1
O(zy) = ix;{Aazk—az;{b

o?

= O(xp_q)+ oz:ng_lApk + < 5

P Apy — ap{b) (9.39)

For an efficient iteration algorithm, the 2nd and 3rd terms on the right hand side of
equation [0.39] have to be minimized separately. The task is considerably simplified if we
require the search directions p; to be A-orthogonal to the solution:

zl  Ap, = 0. (9.40)

The remaining task is to choose a such that the last term in [0.39] is minimized. It is a
simple matter to show that the optimal « occurs for

T
Dy b
= ) 9.41
p} Apy, (9.41)
and that the new value of the functional will be:
1 (ppb)?
CIka :(IJxk_ - = 9.42

We can use the orthogonality requirement [0.40] to rewrite the above two equations as:

T T 2
Dje Tk—1 1 (prk—1)
o= DRI ) = B y) — = PRI (9.43)
pF Apy, 2 plApy,

The remaining task is defining the iteration is to determine the algorithm needed to
update the search vectors pg; the latter must satisfy the orthogonality condition @.40]
and must maximum the decrease in the functional. Let us denote by P the matrix
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formed by the (k — 1) column vectors p;, then since the iterates are linear combinations
of the search vectors,we can write:

k-1
Tho1 = > aipi = Peyy (9.44)
i1
Per = | p1p2 - pk—l} (9.45)
o
Q2
y = | . (9.46)
A1

We note that the solution vector x;_1 belongs to the space spanned by the search vectors
pi,t =1,...,k — 1. The orthogonality property can now be written as yTPkT_lApk =0.
This property is easy to satisfy if the new search vector p; is A-orthogonal to all the
previous search vectors, i.e. if PkT_lApk = (0. The algorith can now be summarized as
follows: First we initialize our computations by defining our initial guess and its residual,;
second we perform the following iterations:

while ||| < e
1. Choose py, such that p! Apj = 0,Vi < k, and maximize p}ry_1.

T
2. Compute the optimal oy = DT

3. Update the guess xp = xp_1 + agpr, and residual r, = rp_1 — apApyg
end

A vector p, which is A-orthogonal to all previous search, and such that p{rk_l £ 0,
vectors can always be found. Note that if p;jfrk_l = 0, then the functional does not
decrease and the minimum has been reached, i.e. the system has been solved. To bring
about the largest decrease in ®(zy), we must maximize the inner product pgrk_l. This
can be done by minimizing the angle between the two vectors py and rj_1, i.e. minimizing
I75—1 = prll-

Consider the following update for the search direction:

Pr=Tp_1— APy_121_1 (9.47)
where z_1 is chosen to minimize J = |[rg_1 — APk_12H2. It is easy to show that the
minimum occurs for

P a"AP,_ 1z = PL ATy, (9.48)

and under this condition pL AP;_1 = 0, and ||pg—7|| is minimized. We have the following
property:
Pl =0, (9.49)

i.e. the search vectors are orthogonal to the residual vectors. We note that

Span{p17p27 s 7pk} = Span{r(b T1yee ,T’k_l} = Span{bv Ab, ... 7Ak_1b} (950)
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i.e. these different basis sets are spanning the same vector space. The final steps in the
conjugate gradient algorithm is that the search vectors can be written in the simple form:

Pk = Tk—1+ Brbr—1, (9.51)
T
pk_lATk—l

B = —Dhrflk1 9.52
pf_lApk—l ( )
T
Tp—1Tk—1

ap = -1kl (9.53)
Pl Apr

The conjugate gradient algorithm can now be summarized as
Initialize: 7 =b— Az, p=1r, p= ||r||*.
while p < e:

k< k+1

update guess: x < x + ap
update residual: r < r — aw
new residual norm: p’ < [|r[|
update search direction: 8= p'/p, p < r+ Bp
update residual norm: p « p'.
end

It can be shown that the error in the CG algorithm after k iteration is bounded by:

k
k—1
. — il < 20 — 2l (ﬁ 1) (9.54)

where k(A) is the condition number,

IH _ maxl(|)‘l|)

A(A) = IANIA™ = T

(9.55)

the ratio of maximum eigenvalue to minimum eigenvalue. The error estimate uses the
A-norm: ||w||4 = VwT Aw. Note that for very large condition numbers, 1 < &, the rate
of residual decrease approaches 1:

VEZT\ 2
<\/E+1>~1 ~1 (9.56)

Hence the number of iterations needed to reach convergence increases. For efficient
iterations x must be close to 1, i.e. the eigenvalues cluster around the unit circle. The
problem becomes one of converting the original problem Ax = b into AZ = b with

k(A) ~ 1.
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9.3 Direct Methods

9.3.1 Periodic Problem

We will be mainly concerned with FFT based direct methods. These are based on the
efficiency of the FFT to diagonalize the matrix A trough the transformation D = Q1 AQ,
where () is the unitary matrix made up of the eigenvectors of A. These eigenvector
depend on the shape, boundary conditions of the problem. The method is applicable to
seperable elliptic problems only. For a doubly periodic problem, we can write that:

M—-1N-1

wjp = Z Z U € —i T it (9.57)

mOnO

where 1i,,, are the Discrete Fourier Coefficients. A similar expression can be written for
the right hand side function f. Replace the Fourier expression in the original Laplace
equation we get:

M-1N-1

—]\41 Z Z umn e QTE\ZIm e_i%;\]fm (e_izﬂn + eizﬁn e_izﬂTn + elzﬂTn) =
m=0 n=0
1 M—LN-1 2mjm 2k
~ 3 _;42TTKkn
A2m fmne M eV N (958)
m=0 n=0

Since the Fourier functions form an orthogonal basis, the Fourier coefficients should
match individually. Thus, one can obtain the following expression for the unknowns

Umn.:
A? frnn

,m=0,1,....,M—1,n=0,1,....,N—1 (9.59)
2(COS 2T 4 os 2]7{,” —2)

Umn =

9.3.2 Dirichlet Problem

For a Dirichlet problem with homogeneous boundary conditions on all boundaries, the
following expansion satisfies the boundary conditions identically:

M-1N-1

. mjm . wkn
Uj = Z Z U SIN —— ST (9.60)

Again, the sine basis function are orthogonal and hence the Fourier coefficients can be
computed as

A2fmn

cm=1,....M—1,n=1,...,N -1 (9.61)
cos T + cos B — )

Again, the efficiency of the method rests on the FFT algorithm. Specialized routines for
sine-transforms are available.
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Chapter 10

Nonlinear equations

Linear stability analysis is not sufficient to establish the stability of finite difference
approximation to nonlinear PDE’s. The nonlinearities add a severe complications to
the equations by providing a continuous source for the generation of small scales. Here
we investigate how to approach nonlinear problems, and ways to mitigate/control the
growth of nonlinear instabilities.

10.1 Aliasing

In a constant coefficient linear PDE, no new Fourier components are created that are
not present either in the initial and boundary conditions conditions, or in the forcing
functions. This is not the case if nonlinear terms are present or if the coefficients of a
linear PDE are not constant. For example, if two periodic functions: ¢ = e**1%i and
1 = e™2%i  are multiplied during the course of a calculation, a new Fourier mode with
wavenumber ki + ko is generated:

Py = elkitha)zs (10.1)

The new wave generated will be shorter then its parents if ki have the same sign,
kfsz < % The representation of this new wave on the finite difference grid can
become problematic if its wavelength is smaller then twice the grid spacing. In this case
the wave can be mistaken for a longer wave via aliasing.

Aliasing occurs because a function defined on a discrete grid has a limit on the shortest
wave number it can represent; all wavenumbers shorter then this limit appear as a long
wave. The shortest wavelength representable of a finite difference grid with step size Ax
is Ay = 2Ax and hence the largest wavenumber is kyax = 27/As = 7/Az. Figure [0.1]
shows an example of a long and short waves aliased on a finite difference grid consisting
of 6 cells. The solid line represents the function sin fg—fc and is indistinguishable from
the function sin fx> (dashed line): the two functions coincide at all points of the grid
(as marked by the solid circles). This coincidence can be explained by re-writing each

Fourier mode as:

i.e.

ezkxj _ ezk]Ax _ ezijm [6227rn} — ez(k-‘r A )]Ax’ (102)

151



152 CHAPTER 10. NONLINEAR EQUATIONS

Figure 10.1: Aliasing of the function sin ffg—fc (solid line) and the function sinfg—fc (dashed
line). The two functions have the same values on the FD grid jAx.

where n = 0,£1,£2,... Relation is satisfied at all the FD grid points x; = jAz; it
shows that all waves with wavenumber k + 25—; are indistinguishable on a finite difference
grid with grid size Az. In the case shown in figure [[0.I] the long wave has length 4Axz
and the short wave has length 4Az/3, so that the equation applies with n = —1.
Going back to the example of the quadratic nonlinearity ¢, although the individual
functions, ¢ and 1), are representable on the FD grid, i.e. |ki 2| < 7/Az, their product
may not be since now |k; + ko| < 27/Az. In particular, if 7/Ax < |k + ko| < 27/Ax,
the product will be unresolvable on the discrete grid and will be aliased into wavenumber
k given by
HESIE B0t a0
1tk + 75, ik ke < —%5

Note that very short waves are aliased to very long waves: k — 0 when |k12] = A= The

ke k| k1 + ko

T 2
Ax Ax

Figure 10.2: Folding of short waves into long waves.

aliasing wavenumber can be visualized by looking at the wavenumber axis shown in figure
0.2} note that ki + k2 and \/;;] are symmetrically located about the point z—. There
exist a cut-off wavenumber k. whereby all longer wavelength are aliased to ]l;:\ > kc; thus
since k < k¢, then (k1 + ko) < 2k.. Thus if k1 + ko > kmax the product will be aliased
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into \/;;\ = kmax — (2kc — kmax), and the latter must satisfy ]l;:] > k., and we end up with

2
e < 3k (10.4)

For a finite difference grid this is equivalent to k. < A:c'

10.2 1D Burger equation

The 1D Burger equation is the simplest model of nonlinearities as found in the Navier-
Stokes momentum equations:
ou G ou
at " “ox
Multiplying the above equation by v where m > 0 we can derive the following conser-
vation law:

=0, 0<z<L (10.5)

aum+1 1 8um+2
_|_
ot m+2 Ox
The above equation is a conservation equation for all moments of the solution; in partic-
ular for m = 0, we have the momentum conservation, and for m = 1 energy conservation.
The spatial integral yields:

o (IL um+1d$) um+2|L o um+2|0
ot m+ 2

= 0. (10.6)

~0. (10.7)

which shows that the global budget of u™*! depends on the boundary values, and is zero
for periodic boundary conditions.

We will explore the impact of spatial differencing on the continuum conservation
properties of the energy (second moment). A central difference scheme of the advective
form of the equation, equation [I0.5] yields:

Quj _  Ujy1 = Uj-1

TR Y. (108)
Multiplying by u; and summing over the interval we get:
O3 gu3/2 1
]67 = —— Z u]’LLJ+1 ujuj—l)' (109)

Notice that the terms within the summation sign do not cancel out, and hence energy is
not conserved. Likewise, a finite difference approximation to the conservative form:

e P S (10.10)
ot 4Azx
is not conserving as its discrete energy equation attests:
0 Z Lo ui/2

1 N
o _ZZ wud g — uui o). (10.11)
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X

Figure 10.3: Left: Solution of the inviscid Burger equation at ¢t = 0.318 < 1/7 using
the advective form (black), momentum conserving form (blue), and energy conserving
form (red); the analytical solution is superimposed in Green. The initial conditions are
u(x,0) = — sin mz, the boundary conditions are periodic, the time step is At = 0.01325,
and Az = 2/16; RK4 was used for the time integration. Right: Energy budget for the
different Burger schemes: red is the energy conserving, blue is the momentum conserving,
and black is the advective form.

The only energy conserving available for the Burger equation is the following:

Ouj _ Uja1 Uy Ui Ui — U
= : 10.12
ot 3 2Ax ( )

where the advection velocity is a three-term average of the velocity at the central point.
Its discrete energy equation is given by:

oy u2/2 1
% _EZ wjuj(uj +ujsr) — ujug—1(uj + uj—1)] (10.13)

where the term inside the summation sign does cancel out. Figure shows solutions
of the Burger equations using the 3 schemes listed above. The advective form, shown
in black, does not conserve energy and exhibits oscillations near the front region. The
oscillations are absent in the both the flux and energy conserving forms. The flux form,
equation [I0.10Q] exhibits a decrease in the energy and a decrease in the amplitude of the

waves. Note that the solution is shown just prior to the formation of the shock at time
t=0.318 < 1/m.

10.3 Quadratic Conservation

It is obvious that building quadratic conserving schemes depends highly on the system
of equations considered. The remaining sections will be devoted to equations commonly
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found in the CFD/oceanic literature. We will concentrate on the following system of
equations:

vi+v-Vv+gVn = f (10.14)
ang+V-(hv) = 0 (10.15)

Equation M[0.14] is the momentum equation and is the continuity equation in a
fluid moving with velocity v and subject to a pressure 1. The parameter a controls the
compressibility of the system; for & = 0 we recover the incompressible equations, and for
« = 1 the shallow water equations. The parameter h is the thickness of the fluid layer,
and f is a term lumping momentum sources and sinks (including dissipation).

The system imply conservation laws for energy, vorticity and enstrophy
in the incompressible case, and for energy, potential vorticity and potential enstrophy in
the compressible case, when the source terms on the right hand sides are identically zero.
The question is: Is it possible to enforce the conservation of these higher order quantities
(mainly quadratic in the unknown variables) in the finite difference approximation? We
will look in particular at energy/enstrophy conservation in non-divergent shallow water
flow, and on energy /potential vorticity conservation in divergent shallow water equations.

We first begin by defining the following operators:

u(z + 5%) — u(z — &%)

_ 2

Sou = - (10.16)
Ax Az

S ks )‘;“(”0 ) (10.17)

The operators defined above are nothing but the centered difference and averaging oper-
ators. It is easy to show that the following relationships holds for any 2 functions a and
b defined on a finite difference grids:

6,(@) = oa" (10.18)
a0,b = 0y(ab) —b"6,a (10.19)
adyb = 6,(@b) —boya" (10.20)
2
bt = amB%FAT‘””(axa) (5:b) (10.21)
2
T = ab" 46, <ATxb5wa> (10.22)

The first relationship shows that the differencing and averaging operators commute, the
second and third relations are the finite difference equivalent of product differentiation
rules, and the fourth and fifth are the finite difference equivalent of product averaging.
It is easy to show the additional relationships

a2
a2’ ~z Ax Ax
=T 2 -
abya’ = Oy ( 5 ) , a a (a:+ 5 ) a (a: 5 ) (10.24)
a2" az”

(10.25)

VRES]
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10.4 Nonlinear advection equation

The advection equation

DT

of a tracer T by a flow field v that is divergence-free:
V.v=0, (10.27)
is equivalent to the following conservation law:
T;+ V- (vT)=0. (10.28)

Equation is called the advective form, and equation is called the flux (or con-
servative) form. The two forms are equivalent in the continuum provided the flow is diver-
gence free. Note that the above statements holds regardless of the linearity /dimensionality
of the system. Integration of the flux form over the domain 2 shows that

4 (/ TdV) = —/ n-vIldS (10.29)
dt \Jo o0

where n is the unit outward normal, 02 the boundary of the flow domain, dS is an
elemental surface on this boundary, and the boundary integral is the amount of T’ entering
Q. Equation shows that the total inventory of 1" and €2 depends on the amount of
T entering through the boundary. In particular the total budget of T" should be constant
if the boundary is closed v - n = 0 or if the domain is periodic.

The above conservation laws imply higher order conservation. To wit, equation [0.26]
can be multiplied by 7™ (where m > 0) and the following equation can be derived:

aTm-i-l
ot

+v- VIt =, (10.30)

i.e. the conservation law imply that all moments of T are also conserved. Since the
above equation has the same form as the original one, the total inventory of T™ will also
be conserved under the same conditions as equation [10.29]

10.4.1 FD Approximation of the advection term

For a general flow field, the FD of the advection form will not conserve the first moment,
while the FD of the flux form will. This is easy to see since the flux is:

V- (VT) = 65(uT) + 6, (vT). (10.31)

The relevant question is: is it possible to come up with a finite difference scheme that will
conserve both the first and second moment? Let us look at the following approximation
of the flux form

V- (VT) = 6, (@T") + 6, (TT"). (10.32)
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Can the term TV - (vT') be also written in flux form (for then it will be conserved upon
summation). We concentrate on the z-component for simplicity:

—x I — 2- jw
s, (wT") = &, @ (T") | -wT"6,T (10.33)
2] 2\ "

= o, |a (T7)"| w3, <T7) (10.34)
o (2] ™\ T

= b (") | e (u7) ~ 5 G (10.35)
iz 27 —xﬁm sz T2 T2 Y
2 2

LAy, (6xu 5%) (10.36)
72" 72

Equality 00.33] follows from property [0.20] T0.34] from [0.23] from The
second and third terms of equation can rewritten with the help of equations [0.21]
and [[0.24] respectively. The third and fifth terms on the right hand side of equation
cancel. The final equation [[0.37] is obtained by combining the first and second
terms of equation (remember the operators are linear), and using equation
A similar derivation can be carries out for the y-component of the divergence:

727 2

76, (7T") = 5, [TTW] - T?ay (7¥) (10.38)

Thus, the semi-discrete second moment conservation becomes:

2 72" 72" 2
oT/2 = —0y lT—ﬂx] — 0y lT—vy o

+ - [0g (@) + 0y (V)] (10.39)

ot 2 2

The first and second term in the semi-discrete conservation equation are in flux form,
and hence will cancel out upon summation. The third term on the right hand side is
nothing but the discrete divergence constraint. Thus, the second order moment of 1" will
be conserved provided that the velocity field is discretely divergence-free.

The following is a FD approximation to v - V1" consistent with the above derivation:

0_T ouT 7 @
Yo Oz ox
= 5 (Uwa) — T4, (u®)
= T6, (@) +a°0,1 — T4, (")

= o, T

10.40

10.41

10.42

)
)
)
10.43)

(
(
(
(

Thus, we have

v-VT =35, T" +796,T" (10.44)
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10.5 Conservation in vorticity streamfunction formulation

Nonlinear instabilities can develop if energy is falsely generated and persistently chan-

neled towards the shortest resolvable wavelengths. Arakawa|Arakawa (Il%_d),

) devised an elegant method to eliminate these artificial sources of energy. His
methodology is based on the streamfunction-vorticity formulation of two dimensional,
divergence-free fluid flows. The continuity constraint can be easily enforced in 2D flow
by introducing a streamfunction, v, such that v =k x V; in component form this is:

U= —1y, V=1, (10.45)
The vorticity ( = V x v reduces to
(=g — uy = Y + Yy = V3 (10.46)

and the vorticity advection equation can be obtained by taking the curl of the momentum
equation, thus:

2
T 1) (10.47)
where J stand for the Jacobian operator:
J(a,b) = azby, — byay (10.48)

The Jacobian operator possesses some interesting properties

1. Tt is anti-symmetric, i.e.
J(b,a) = —J(a,b) (10.49)

2. The Jacobian can be written in the useful forms:

J(a,b) = Va-kxVb (10.50)
= V- (k x aVb) (10.51)
= —V-(kxbVa) (10.52)

3. The integral of the Jacobian over a closed domain can be turned into a boundary
integral thanks to the above equations

ob da
J(a,b)dA = a—ds = — b—ds 10.53
/Q (a,0) o0 Os o0 Os ( )
where s is the tangential direction to the boundary. Hence, the integral of the
Jacobian vanishes if either a or b is constant along 9€). In particular, if the boundary
is a streamline or a vortex line, the Jacobian integral vanishes. The area-averaged

vorticity is hence conserved.

4. The following relations hold:

aJ(a,b) = J(%,b) (10.54)
bJ(a,b) = J(aﬁ) (10.55)
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Thus, the area integrals of a.J(a, b) and bJ(a,b) are zero if either a or b are constant
along the boundary.

It is easy to show that enstrophy, ¢?/2, and kinetic energy, |V|?/2, are conserved if
the boundary is closed. We would like to investigate if we can conserve vorticity, energy
and enstrophy in the discrete equations. We begin first by noting that the Jacobian in
the continuum form can be written in one of 3 ways:

J(C, Tzz)) = Cm¢y - Cywm (10.56)
= (CYy)z — (Cha)y (10.57)
= UGy — (¥¢y)a (10.58)
We can thus define 3 centered difference approximations to the above definitions:
J1(<7 ¢) = 5aczm5y$y - 5yzy5max (10.59)
R(C¥) = 0. (0,07 ) =0, (¢o.47) (10.60)
J3(C,Y) = Oy (Mmfxy) — 0y (zﬁ@fgm) (10.61)

It is obvious that Jo and J3 will conserve vorticity since they are in flux form; J; can
also be shown to conserve the first moment since:

WGW) = 8 0,07 = T00,0" — 8, (0,87 + T0,0,0" (10.62)
2 2

The last equation above shows that J; can indeed be written in flux form, and hence
vorticity conservation is ensured. Now we turn our attention to the conservation of
quadratic quantities, namely, kinetic energy and enstrophy. It is easy to show that .J,
conserves kinetic energy since:

Gha(Cw) = 40, (07 ) — v, (Cav”) (10.64)
)

= 5 (TBT) by (FOT) ~ O 6.0 + 0T 6,0(10.65)

e AE—T14 A 2 —
= & [w GO0 — =86, (caywy)]
=y Ay? —
- 9 lwycw e R (R )] (10.66)

Similarly, it can be shown that the average of J; and Js conserves enstrophy:

=g Aa? _ = Ay .
=3, lc G807 — =€ & (caywy)] ~4, lcyccw B NN (X )]
(10.67)

Ji+ Jo
2

¢
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Notice that the finite difference Jacobians satisfy the following property:

Ji(¥, Q) = —Ji(Y) (10.68)

Hence, from equation [[0.66] (J3((,%) can be written in flux form, and from equation
10.67 w# can also be written in flux form. These results can be tabulated:

energy conserving | enstrophy conserving
J2 J3
J+ J3 J1+ Jo
2 2

Notice that any linear combination of the energy conserving schemes will also be energy
conserving, likewise for the enstrophy conserving forms. Thus, it is possible to find an
energy and enstrophy conserving Jacobian if we can find two constants o and f such

that:

J1+ J3 Ji+ Jo

=pJ3+ (1 - p) 5

Equating like terms in .JJ;, Jo and J3 we can solve the system of equation. The final
result can be written as:

Ja=als+ (1 —a) (10.70)

S+t T3
-
Equation M0.77] defines the Arakawa Jacobian, named in honor of Akio Arakawa who
proposed it first. The expression for Ju in terms of the FD computational stencil is a
little complicated. We give the expression for a square grid spacing:Axz = Ay.

Ja (10.71)

12A2AyJ4(C, )

Gtk + Gk) (Yj41h+1 + ikt — ¥j1k—1 — Yje—1
Gkt + Gik) (Wit k1 + Vi1 k — Vjp1 k1 — Vjr1k
i1k + Gik) (Wj—1 k=1 + Vjk—1 — Yj—1 k+1 — Vj k-1
CGik—1+Gr) Wjt1 -1+ Vjt16 — Vjti1h-1 — Vj—1k
Gt k1 + Gik) (k1 — Y1k
Ci—1ht1 + Gik) (Vj—16 — Vjkt1
Gi—1k—1+ Gg) (Wjk—1— Vj-1k
Cir1,k—1 T Gix) (

( )
( )
( )
( )
(
(
(
(

+ o+ o+ +

)
)
)
)

Vit k — Vjk—1 (10.72)

Note, the terms in (j ; cancel out, the expression for J4 can use &(j or no value at all.
An important property of the Arakawa Jacobian is that it inhibits the pile up of energy

at small scales, a consequence of conserving enstrophy and energy. Since both quantities

are conserved, so is their ratio which can be used to define an average wavenumber x:

s LalIVePda
fA(V2¢)2dA’

For the case of a periodic problem, the relationship between the above ratio and wavenum-
bers can be easily demonstrated by expanding the streamfunction and vorticity in terms

K (10.73)
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oY Y oY
Ug TGk Ueg
A Y W

Figure 10.4: Configuration of unknowns on an Arakawa C-Grid. The C-Grid velocity
points u, 1 and Uijl are located a distance d/2 to the left and top, respectively, of
pressure point 7; ;.

of the Fourier components:
1/} = Z Z qﬂm’neimxeiny (1074)
¢ o= =05 (P + 0Py e ™ e (10.75)

where TZJmn are the complex Fourier cofficients and the computational domain has been
mapped into the square domain [0, 27]?. Using the orthogonality of the Fourier modes,
it is easy to show that the ratio x becomes

o S (02
Yo 2o (m? 4 12) [t ]
The implication of equation [[0.76] is that there can be no one-way cascade of energy in

wavenumber space; if some “local” cascading takes place from one part of the spectrum
to the other; there must be a compensating shift of energy in another part.

(10.76)

10.6 Conservation in primitive equations

The Arakawa Jacobian enforces enstrophy and energy conservation when the vorticity-
streamfunction formulation is discretized. There are situatiions (in the presence of is-
lands, for example) where the vorticity-streamfunction formulation is not appropriate
and one must revert to discretizing the primitive equations (momentum and volume
conservation). The question becomes what is the appropriate FD discretization of the
nonlinear momentum advection that can guarantee conservation of kinetic energy and
enstrophy? The process to obtaining these differencing schemes is to backtrap the steps
that lead to the derivation of the Jacobian operator in the vorticity equation. The
Jacobian in the vorticity equation arises from the cross-differentiation of the nonlinear

advection terms:
ov ou 0 ov ov

ov - Vv B ov-Vu
ox dy
ov ov 0 ou ou

0

oz
0

oz
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In order to make use of the results obtained using the vorticity-streamfunction form,
it is usefull to introduce a fictitious streamfunction in the primitive variables using a
staggered grid akin to the Arakawa C-grid shown in figure [[0.4l The staggered velocity
are defined with respect to the “fictitious streamfunction”:

u=—0y, v=20%, (=0v—70u (10.79)

The energy conserving Jacobian can thus be written as:

J2(C,0) = —ba (ﬂyéw’” + ﬁyéyv“’) + 4, (chsmux + Wayu*’) (10.80)

Comparing equations [I0.80] and [I0.77] we can deduce the following energy conserving
momentum advection operators:

v-Vu = T0u" + Wdyu‘q
10.81
{ v-Vo = W + Eyéyfuy ( )
In a similar manner, the enstrophy conserving Jacobian can be re-written as:
Ji+ J
% = b, (WY, T + T, Y) + 6, (W6, " + vV, uY) (10.82)
and we can deduce the following enstrophy-conserving operators:
v-Vu = T%5,7% + v, uY
10.
{ v-Vu = w6, 0" + Y6, 0¥ (10.83)

If either [[0.8T] or is used in the momentum equation, and if the flow is discretely
divergence-free, then energy or enstrophy is conserved in the same manner as it is in the
vorticity equation through Jy or # Stated differently, only the divergent part of the
velocity field is capable of creating or destroying energy or enstrophy, in perfect analogy
to the behavior of the continuous equations.

We would like to have an operator that conserves both energy and enstrophy, which
means converting Js. This is considerably harder. We skip the derivation and show the

result, see Arakawa and Lamb for details |Arakawa and Lambl (1977)):

2 1 ey SN
. = = T TEVITY 25 (WY T* (oYY
V-vu = 3[5x(u ") + 0y (v u)]—l—g[éac (u T )+5y (v T )} (10.84)
2 1 ——— )
. _ “ —TTY—~T —xTY—y + L (7% N Y
V-vo = 3[5x(u 7)) + 6y (T v)]+3{5x (u T )+5y (v D )] (10.85)
T+ Y
W= b= (10.86)
T 4 Y
Vo= G =T (10.87)

V2

The (2/,y') coordinate system is rotated 45 degrees counterclockwise to the (z,y) coor-
dinate system; i.e. it is in the diagonal directions w.r.t. to the original axis.
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10.7 Conservation for divergent flows

So far we have dealt mostly with advection operators which handle conservation laws
appropriate for divergence-free flows. There are situations, such as flows over obstacles,
where the divergent velocity plays a significant role. Under such conditions, it might
be important to incorporate conservation laws appropriate to divergent flows. In the
following we will consider primarily the shallow water equations in a rotating frame:

ov

E—I—v-Vv—l—kav—l—gVn = 0 (10.88)
% +V-(hv) =0 (10.89)

where the fluid depth A is the sum of the resting layer thickness H and the surface
displacement 7. One of the more important conservation principles is the conservation
of potential vorticity, ¢:

9q _ S

8t+v-Vq:0, ="

The latter is derived by re-writing the nonlinear advection of momentum in the form

(10.90)

v Vv = v% —vx(k (10.91)

prior to taking the curl of the momentum equation [[0.88] to arrive at:

o+ f
ot

The potential vorticity conservation equation is obtained after expanding equation
and using the continiuity equation Equation is the flux form of equation
090, and shows that the area average of hq is conserved if the domain is closed.

The best configuration to solve the shallow water equations is that of the C-grid,
figure [Q.4} the vorticity, streamfunction, and potential vorticity are collocated. In terms
of the discrete operators we have

+V-[(¢+ v =0. (10.92)

¢+ /f

Y

¢ = 0,0 — dyu, q= (10.93)
The finite difference discretization of the continuity equation on the C-grid takes the
form:

oh

o T U +8,V =0 (10.94)

where U = h"u and V = h'v.

The purpose is to formulate FD expressions for the momentum advection terms com-
patible with the conservation of PV, equation With this in mind, we start by
averaging equation [[0.94] with ¥, to bring it to the ¢ collocation points, and multiply
the resulting equation by ¢ to obtain:

oah” | 5. (@T™) +6, (@V") = 1" [@

ot

1 /== T T
+ = (U Youq +V yayq*’)] (10.95)

ot B
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Equation [0.93]is a FD expression of the identity

dqh . Dgq
—p =V (ghv) = by (10.96)

If the right hand side of [0.95]is a FD expression for the PV equation [[0.90] the left hand
side is a FD analogue to the vorticity equation Carrying the steps backwards we
have the following component forms for —v x (¢ + f)k:

Continuum Discrete
—o(C+ f) Vg
u(C+ f) U
The remaining task is to find suitable forms for the V5¥. The choices available are ei-
ther squaring the space-averaged velocity components, or averaging the squared velocity.
The latter however leads to a straightforward FD analogue of the kinetic energy and is

therefore preferred. This leads to the following PV-conserving momentum advection and
Coriolis force operators:

1 o —

v-Vu— fv = 5590 (u2 + v2y) — oY (10.97)
1 —z  —

v-Vo+ fu = §5y (u2 + vzy) +ag" (10.98)

It can be shown that the above operator also conserves potential enstrophy hq?/2.
The derivation of schemes that conserve both PV and kinetic energy is very complex.

Arakawa and Lamb Arakawa and Lambl (1981)); |Arakawa and Hsu ) did derive such

a differencing scheme. Here we quote the final result:

1. =2 —y\ =y 1 1 o 1 =
- 2 2 . Y—r . ! / AV ! ! —x / 7 —.

50 (u +v ) Vg — 20 ((0)V)08'ya) + 50 (U &yq ) + —125mU<squ(ﬁo.99)
1. /—z —y\ ==—v 1 1 — 1 ———=—v

- 2 2 _ — !/ ! ! / _ ! Yl =Y\ _ 12 7

50 (u +v ) T + 20y (8.0)820'yq) — 750y (v &7 ) —125yv5xzfq”ﬁ.1oo)

where &’ is the discrete differential operator without division by grid distance.



Chapter 11

Quadratic Conservation Laws in
the Shallow Water Equations

11.1 Introduction

The Shallow Water Equations (SWE) obey a number of conservation laws that can be
derived in straightforward way. The aim of this chapter is show how to spatially discretize
these equations so as to enforce their discrete counterparts in the numerical solution. We
start by deriving the first and second moment conservation laws in the continuum and
then study two different discretizations that have been suggested in the literature.

11.2 Derivation of the conservation form

The inviscid shallow water equations in vector form are:

aa—ltl—l-u-Vu—kaxu—kgVn = 0 (11.1)
5}
a—Z+V-[(H—|—17)u] _— (11.2)

where u is the velocity vector, n the surface displacement, H the resting depth of the
fluid, f is the Coriolis parameter, k the unit vertical vector, H the resting depth of
the fluid, and g the gravitational acceleration. The instantaneous layer thickness is
h = H + n. The resting depth can be a function of space, but not time; The resting
depth can be a function of space, but not time; the continuity equation can thus be
written as % + V- -hu=0.

11.2.1 Rewriting momentum equation in rotational form

Many forms exist for the momentum equation. The one displayed in equation [T.2 is
commonly referred to as the advective form because the non-linear acceleration term is
written in advective form. The derivation of the conservation laws are however easier if
we can re-write the momentum equation in the so-called rotational form. To this

165
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end we define the vertical vorticity: (k =V x u = (v, — uy)k, and potential vorticity
q= % Here k is a unit vector pointing in the positive vertical direction.
The first order of business is to re-write the momentum advection term as

u-Vu = V(%)—ux(qu) (11.3)
u-u -
=V (T) + (V x u) x u flipping cross product (11.4)
u-u . . .
=V (T) + ¢k x u using definition of 2D vorticity (11.5)

The momentum equation can now be written in rotational form with the relative vorticity
added to the planetary vorticity, and the pressure replaced by the so-called dynamic
pressure; the final form is:

g—?—quxhu—FV(%—i—gn):O (11.6)

11.2.2 Volume conservation

This is trivial as the continuity equation is already in conservation form.

11.2.3 Energy conservation

Take the inner product of the momentum equation with Au

hu - g—?—l—quhu%—V(%—l—gn)]:O (11.7)

e The Coriolis and rotatioanl part of advective acceleration term.
Since k x hu is by definition orthogonal to u we have hu - (¢k x hu) =0 .

e The pressure gradient term.

hu-Vgn = V- (hugn)—gnV - (hu) (11.8)
= V- (hugn) + gn% from continuity (11.9)
o [ n?
= V- (hugn) + pn <97> (11.10)
e The local acceleration term.
hu-u, = h (ﬂ (11.11)
2 /4
u-u u-u
- () a(25) a1
- (hu) +V - (hu) <u> (11.13)
2/, 2
- (hH) 4V (huH> —hu-V <ﬂ> (11.14)
2 ), 2 2
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Summing the different term we can now write the energy equation in flux form as

follows: ,
0 u-u n u-u

11.2.4 Potential Vortcity Conservation
Take the curl of the momentum equation:

Ou

v
g

4 Vx (gk x hu) + VX V (% + g77> =0 (11.16)

e Curl of dynamic pressure The curl of a gradient is always zero and hence

Vx V (% +gn) =0 (11.17)

e Curl of local acceleration
VX uy = (VX u)t = (Ck)t = (tk (1118)

since k is time-independent. Finally since the coriolis parameter does not depend
on time (f; = 0) the curl of the local acceleration can be written as:

C+1,

Vu =+ k= (S

) k = (qh).k (11.19)

e Curl of coriolis and nonlinear acceleration term
V x (gk x hu) = ¢k (V - hu) — hu(V - ¢k) + (hu- V) ¢k — (¢k - V) hu (11.20)

Since hu is a horizontal vector that does not have any dependency on the vertical
direction the second and fourht terms on the right hand side of the equation above
are zero. The only component of the above vector quantity is in the vertical
direction and we have:

V x (¢k x hu) = [¢V- (hu) + hu- V¢ k = V- (hug) k (11.21)

Since the only non-zero component points in the k direction, the potential enstro-
phy conservation law can be rewritten as a scalar equation

(hq)t + V- (ghu) = 0 (11.22)
qlhy + V- (ha)] + kg +u-Vq = 0 (11.23)
¢+u-Vg = 0 (11.24)

Equation [[1.22]is the conservation form of the potential vorticity equation while equation
11.24]is the advective form.
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11.2.5 Potential Enstrophy Conservation

It is easiest to start with the advective form of the potential vorticity equation and
multiply equation [1.24] by hq to get:

(g +u-Vq] = 0 (11.25)

q ¢
h(—) Thu-VL = 0 (11.26)

2 9

q ¢
(_) b <_>+hu.v_ — 0 (11.27)

2 2

2 2 2

q q “

<h§> <7>+hu-vg =0 (11.28)

L)

2
<h5>t+v- <hu§> = 0 (11.29)

11.3 Discrete energy conservation

Forming the energy equation on the 7 points we must calculate the contribution of the z
momentum to the energy. We do it by multiplying the xz-momentum equation by u, takes
its x-average and then multiply by the layer thickness. A similar procedure is needed
for the y-momentum contribution before adding to the product of ® by the continuity
equation. The evolution equation for the energy looks like

— €z —0 T:L‘y -
WGt — hugV' + hud,®" + hoo + hoqU? + hudy @’ + @ (hy + 6,U + 6,V) =(D1.30)

Rearranging the terms we have the following:

2t L2
)
¢

The following intermediate steps are usefull in establishing the hidden flux form of the
implied energy equation.

T:L‘y —=x L R [
+ [thUy — huqV"" ] + [hud, @ + @0,U] + [hvd, & + @6, V| <(0131)

1. We start with the vorticity term, the second bracketted term in equation (IL31I):
T:vym -—x T{ny Ax2 —zY — - ALL2
h uqV = huqV" =90, Tu qV" ozh a*h” = ab” + 9, e bo,a
B Ar? —z -
- UV —4, <Txuqv y@h) U="n" (11.32)

= TV y—5y< U 5U> S <Tx v 6h> (11.33)

The last identity was derived the same way as the first one but applying it in the
y-direction; here -*¥ stands for an average in x and y. An analogous equation can
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be used for the y-component of the vorticity
hogi® = Tqve? —s, ( v’ U’ 5,V ) — 5, (Tyquy 5 h)ll 34)

Substracting equation (I1.33]) from (I1.34]), the term Uyqvmxy cancels out, and the
right hand side involves flux terms only:

TCEy —= T 2_7 2 —
thUy — huqV - dy (TqV o,U ) + 0y <—AZ uqV y%h)
. 2
5 <A”” a5,V ) — 5, <ATyv a0’ (5yh)11.35)

2. We now turn to the third bracketted term in equation (IL3I)):

hud,® = R udy® — 6, <AZ ub,® 6 h) (11.36)
2

— U3, — 0, <ATxu5x<1> m) (11.37)

o5, U = &, (FU) — U5, 0" (11.38)

Adding the above two equations, the Ud,®" cancel out and we end up with
" — Az?
5,U + hud, @ = 65, (q> U) 0y | =uba® 0h (11.39)

The fourth bracketed term can be treated similarly to yield:

2

@0,V + hi3, @ = b, (8'V) -4, (ATyuaxcp 5yh> (11.40)

3. We now turn to the first term in equation (IT.3I):

20 4 2Y 2% 4 2Y 20 4 2Y 2y
h<7u i >+<I>ht (hiu - )—htiu — +< i )m)
t t

2
2 2Y
_ (h“ ‘2“1 ) + gnhy (11.42)
t
27 2Y
u* +v
= (hiz ) + g (11.43)
t
2¢ 2Y 2
u* +v n
= |h—— — .
( 5 ) + (g 5 ) (11.44)
t t
27 2Y 2
u* +v n
- |p L 11.45
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The right hand side of equation (IT.43) is the time-derivative of the total energy,
kinetic and potential. Equations (IT35]), (IT39) and (IT.40) shows that the re-
maining terms in equation (IL3I]) are in flux form and hence cancel out upon
spatial integration.

11.4 Enstrophy conserving form

Sadourny’s enstrophy conserving discretization is:

u — VY45, = 0 (11.46)
v +7UTY +6,2 = 0 (11.47)
n+06,U+6,V = 0 (11.48)

The first step is to establish that the above form conserves potential vorticity. This is
fairly straight forward. Taking the (discrete) curl of the momentum equation we obtain:

(000 = Syu) + 0, (G T™) + 0, (@ V™) + 8:(6,9) — 6,(0,®) =0 (11.49)
The first term in parenthesis is nothing but the potential vorticity budget gh"? while the

last two terms cancel out since the operators J, and ¢, commute (6,6, = 6,0,). We thus
obtain the discrete version of the potential vorticity conservation:

(h™)i+ 6, (TT™) + 6, (@ V™) =0 (11.50)
Equation (IT50) is the point of departure to show potential enstrophy conservation;

multiplying the equation by ¢, the time-derivative can be manipulated to obtain:

t

We now manipulate the third term of equation [T.51] in order to write it in flux form.
We have:

a0, (TT™) = 5. [@)?T"] 7T 0. ad,b = 3,(a"b) — boya”
= &, [(51)2 U””y] — nyémq;x a®0,a = 51%2
5T 290_ T —~T px

ot 2 2T T ‘
= 4, <q U""’y> +Ls o™ +U$yax% ~ T, L 5,@b) = ad,b + boya”
< ) + L5 g™ (11.52)
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The properties in red are those relationships used to manipulate the potential enstrophy
terms. A similar equation can be obtained for the fourth term in equation (ILEI]) to

obtain —y
a0y (6yV y) =0y (—q2 v y) - %@V Y (11.53)

Substituting equations (I1.52) and (IT53) in (IT.51]) we obtain the following form:

¢y &Em FFLY ?y Y @ (rey FFTY Y

<7h ) + 0y <7U ) + 6, <7v ) +5 (7" + 6.0 +6,7™) =0 (11.54)
t

The last term in the above equation is nothing but the zy-average of the discrete conti-

nuity equation. Hence the potential vorticity will be conserved if the discrete continuity

is also satisfied.
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Chapter 12

Special Advection Schemes

12.1 Introduction

This chapter deals with specialized advection schemes designed to handle problems where
in addition to consistency, stability and conservation, additional constraints on the so-
lution must be satisfied. For example, biological or chemical concentration must be
non-negative for phsical reason; however, numerical errors are capable of generating neg-
ative values which are simply wrong and not amenable to physical interpretation. These
negative values can impact the solution adversely, particularly if there is a feed back
loop that exacerbate these spurious values by increasing their unphysical magnitude. An
example of a feed back loop is a reaction term valid for only positive values leading to
moderate growth or decay of the quantity in question; whereas negative values lead to
unstable exponential growth. Another example is the equation of state in ocean models
which intimately ties salt, temperature, and density. This equation is empirical in nature
and is valid for specific ranges of temperature, salt, and density; and the results of out
of range inputs to this equation are unpredictable and lead quickly to instabilities in the
simulation.

The primary culprit in these numerical artifacts is the advection operator as it is the
primary means by which tracers are moved around in a fluid environment. Molecular
diffusion is usually too weak to account for much of the transport, and what passes for
turbulent diffusion has its roots in “vigorous” advection in straining flow fields. Advection
transports a tracer from one place to another without change of shape, and as such
preserves the original extrema (maxima and minima) of the field for long times (in the
absence of other physical mechanism). Problems occur when the gradient are too steep to
be resolved by the underlying computational grid. Examples include true discontinuities,
such as shock waves or tidal bore, or pseudi-discontinuities such as narrow temperature
or salt fronts that are too narrow to be resolved on the grid, (a few hundered meters
whereas the computational grid is of the order of kilometers).

A number of special advection schemes were devised to address some or all of these
issues. They are known generically as Total Variation Diminishing (TVD) schemes. They
occupy a prominent place in the study and numerical solution of hyperbolic equations
like the Euler equations of gas dynamics or the shallow water equations. Here we confine
ourselves to the pure advection equation, a scalar hyperbolic equation.

173



174 CHAPTER 12. SPECIAL ADVECTION SCHEMES

12.2 Monotone Schemes

The properties of the pure advection operator to preserve the original extrema of the
advected field is referred to as the monotonicity property. Consider an initially discretized
initial condition of the form T0 > 719 1, then a scheme is called monotone if

™ > T, (12.1)

for all 7 and n. A general advection scheme can be written in the form:

q

T = > o T)y, (12.2)
k=—p

where the «; are coefficients that depend on the specific scheme used. A linear scheme
is one where the coefficients oy, are independent of the solution 7). For a scheme to be
monotone with respect to the 7}', we need the condition

aTn-i-l
0

>0 (12.3)
Tk

Godunov has shown that the only linear monotonic scheme is the first order (upstream)
donor cell scheme. All high-order linear schemes are not monotonic and will permit
spurious extrema to be generated. High-order schemes must be nonlinear in order to
preserve monotonicity.

12.3 Flux Corrected Transport (FCT)

The FCT algorlthm was originally proposed by Boris and Book Boris and Book

) and later modified and generalized to multidimensions by Zalesack
). Here we present the Zalesak version as it is the more common one and flexible one.

We will first consider the scheme in one-dimension before we consider its two-dimensional

extension.

12.3.1 One-Dimensional

Consider the advection of a tracer in one-dimension written in conservation form:
T+ (uT), =0 (12.4)

subject to appropriate initial and boundary conditions. The spatially integrated form of
this equation lead to the following:

T.. 1
/ J+2]—vtdx+f’(£, 1 _f’{E 1 :0 (125)
"Ej,% Jit+3 =3

where f|,
restatement Of the partlal differential equation as the rate at which the budget of T in

1

= [uT] , is the flux out of the cell j. This equation is nothing but the
-3
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cell j increases according to the advective fluxes in and out of the cell. As a matter of
fact the above equation can be reintrepeted as a finite volume method if the integral is

replaced by %Am where T'; refers to the average of T in cell j whose size is Az. We
now have: o s f
o itz ~Ji-3
=0 12.6
ot * Ax ( )
If the analytical flux is now replaced by a numerical flux, F', we can generate a family
of discrete schemes. If we choose an upstream biased scheme where the value within each

cell is considered constant, i.e. F +1 = u]+1T for u]+1 > 0 and F +1 = u]+1

Ujpi < 0 we get the donor cell Scheme Note that the two cases above can be re-written

ji+1 for

(and programmed) as:

w1+ |u, | w1 —|u;, 1|
J+ J+ J+ ]+
O Bl I e i L (127)

The scheme will be monotone if we were to advance in time stably using a forward Euler
method. If on the other hand we choose to approximate T} at the cell edge as the average
of the two cells:

Tj +Tjn

Fiy =y =t (12.8)

we obtained the second order centered in space scheme. Presumably the second order
scheme will provide a more accurate solution in those regions where the advected profile
is smooth whereas it will create spurious oscillations in regions where the solution is
“rough”.

The idea behind the flux corrected transport algorithm is to use a combination of
the higher order flux and the lower order flux to prevent the generation of new extrema.
The algorithm can be summarized as follows:

1. compute low order fluxes Fﬁr 1
2

2. compute high order fluxes F |, e.g. second order interpolation of T to cell edges

+ 1
or higher.
3. Define the anti-diffusive flux A il = FH il F . This flux is dubbed anti-diffuse
2
because the higher order fluxes attempt to correct the over diffusive effects of the
low order fluxes.

4. Update the solution using the low order fluxes to obtain a first order diffused but
monotonic approximation:

Fl,—FF,
T =T} — = 2 At (12.9)

5. Limit the anti-diffusive flux so that the corrected solution will be free of extrema not
found in 77} or Td The limiting is effected through a factor: AC = Cj 41 Aj e
2 2

2
where 0 < C’j+% <1.
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6. Apply the anti-diffusive flux to get the corrected solution

AC | —AC
e T (12.10)

n+1 __ d
Tj o Tj Az

Notice that for C = 0 the anti-diffusive fluxes are not applied, and we end up with
T;‘H = Tjd; while for C' = 1, they are applied at full strength.

12.3.2 One-Dimensional Flux Correction Limiter

In order to elucidate the role of the limiter we expand the last expression in terms of the

high and low order fluxes to obtain:

3P+ (1-Cy) By ]

H L
Crgity + (1= Ciy) iy

At

(12.11)
The term under the bracket can thus be interpreted as a weighed average of the low and
high order flux; and the weights depend on the local smoothness of the solution. Thus for
a rough neighborhood we should choose C' — 0 to avoid oscillations, while for a smooth
neighborhood C' =1 to improve accuracy. As one can imagine the power and versatility
of FCT lies in the algorithm that prescribe the limiter. Here we prescribe the Zalesak
limiter.

n+1 _ qmn
T =

1. Optional step designed to eliminate correction near extrema. Set A il = 0 if:

A1 (T =T ) <0

AL (T]H 7)) <0and { or (12.12)
d
A (T =T) <0
2. Evaluate the range of permissible values for Tj"H:

Tmax = max (Tn 17T'n7 ]n-‘rl’Tj 17Td T’]-i-l) (12 13)
T = min (T0,, T8, T8, T TE TE, )
3. Compute the anti-diffusive fluxes P]-Jr going into cell j:
_l’_ _ .
P = max (0, Aj_%) — min (0, AH%) (12.14)

These incoming fluxes will increase T;‘H.
4. Compute the maximum permissible incoming flux that will keep TJ’»H'1 < I
From the corrective step in equation 12.10] this given by

Az

X (12.15)

Qj— _ (fT]max Td)
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5. Compute limiter required so that the extrema in cell j are respected:

J (12.16)

6. Steps 3, 4 and 5 must be repeated so as to ensure that the lower bound on the
solution T7™" < Tj"H. So now we define the anti-diffusive fluxes away from cell j:

P;” = max (0, Aj+%) ~ min (0, Aj_%) (12.17)
-\ Az
- _ d _ min) 2
Q= (1 -1™) 5 (12.18)
Q-‘)
_ min | 1, == if P >0
Ry = < P; j (12.19)
0 it Pr=0

7. We now choose the limiting factors so as enforce the extrema constraints simulta-
neously on adjacent cells.

. + - .
L min (RjH,Rj ) if Aj+% >0 (12.20)
7| min (R, Ry ) i Ajyr <0

12.3.3 Properties of FCT

Figure [2.1] shows the advection of a function using a centered differencing formula of
order 8 using 50, 100, 200, 400 and 2000 points around a periodic domain of length 20.
The red and blue curves show the analytical and the numerical solution, respectively.
The time-stepping is based on an RK3 scheme with a fixed time step of At = 1073.
The function is composed of multiple shapes to illustrate the strength and weaknesses of
different numerical discretization on various solution profiles with different levels of dis-
continuities: square and triangular waves, a truncated inverted parabola with a smooth
maximum, and an infinitely smooth narrow Gaussian. The discontinuities in the profile
are challenging for high-order method and this is reflected in the solutions obtained in
211 where Gibbs oscillations pollute the entire solution and at all resolutions. One can
anticipate that in the limit of infinite resolution the amplitude of these Gibbs oscillations
will reach a finite limit independent of the grid size. The top solution with 50 points
is severely under-resolved (even the analytical solution does not look smooth since it is
drawn on the numerical grid). The situation improves dramatically with increased res-
olution for the smooth profiles where the smooth peaks are now well-represented using
Az =20/200 = 0.1. The Gibbs oscillations seen riding on the smooth peaks are caused
by the spurious dispersion of grid scale noise. The resolution increase does not pay off
for the square wave where the numerical solution exhibit noise at all resolutions.

In contrast to the high-order solution, figure shows the results of the same
computations using a donor-cell scheme to compute the fluxes. As anticipated from our
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Figure 12.1: Uncorrected Centered Difference of 8th order with RK3, At =1073.
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Figure 12.2: upwind 15 order scheme (donor-cell) with RK1, At = 1073,
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Figure 12.3: FCT-Centered Difference scheme of 8th order with RK3, At =1073.
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theoretical discussion of the donor-cell scheme the errors are primarily dissipative. At
coarse resolution the signals in the solution have almost disappeared and the solution
has been smeared excessively. Even at the highest resolution used here the smooth peaks
have lost much of their amplitudes while the discontinuities (of various strengthes) have
also been smeared. On the up-side the donor-cell scheme has delivered solutions that are
oscillations-free and that respect the TVD properties of the continuous PDE.

The FCT approach, as well as other limiting methods, aim to achieve a happy medium
between diffusive but oscillation-free and high-order but oscillatory. Figure I2.3] illus-
trate FCT’s benefits (and drawbacks). First the oscillations have been eliminate at all
resolutions. Second, at the coarseest resolution, there is a significant loss of peak accom-
panied by the so-called terracing effect where the limiter tends to flatten smooth peaks,
and to introduce intermediate "step” in the solution where previously there was none.
This effect continues well-into the well resolved regime of Az = 20/400 where the smooth
Gaussian peak has still not recovered its full amplitude and is experiencing a continuiing
terracing effect. This contrasts with the uncorrected solution where the smooth peak
was recoved with a more modest resolution of Az = 20/200. This is a testament to an
overactive FCT that cannot distinguish between smooth peaks and discontinuities. As
a result smooth peaks that ought not to be limited are flattened out. It is possible to
mitigate an overzealous limiter by appending a “discriminator” that can turn off the lim-
iting near smooth extrema. In general the discriminator is built upon checking whether
the second derivative of the solution is one-signed in neighborhoods where the solution’s
slope changes sign. Furthermore, the terracing effect can be eliminated by introducing a
small amount of scale selective dissipation flux (essentially a hyperviscosity). For further
details check out [Shchepetkin and McWilliams (1998) and [Zalesakl (2003).

The FCT procedure has advantages and disadvantages. The primary benefit of the
procedure is that it is a practical procedure to prevent the generation of spurious ex-
trema. It is also flexible in defining the high order fluxes and the extrema of the fields.
Most importantly the algorithm can be extended to multiple dimensions in a relatively
straightforward manners. The disadvantages is that the procedure is costly in CPU
compared to unlimited method, but hey nothing comes free.

12.3.4 Two-Dimensional FCT

In two dimensions the advection equation takes the form 7} + f, + g, = 0, where f = uT
and g = vT. The FCT algorithm takes the same form as before after taking account of
the extra flux G and extra spatial dimension. We thus have the low order solution:

GL

FEL FL | GL

1 Ti-1lk Jk-l-l_ jk—1
T =T, — Ap22r  ITet py TR 9T 12.21
and the following anti-diffusive fluxes:
A r=Fi i At =G0~ G (12.22)

The extrema of the solution are defined in two passes over the data. First we set 1}“}?" =
max(]}-”‘k, T]dk) The final permissible values are determined by computing the extrema
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of the previous fields in the neighboring cells:

max __ max rmax max
min __ . .: min min min :
Ty = min (T3 T, T )

Finally, the incoming and outgoing fluxes in cell (j, k) are given by:

Pl =max (0,4; 1 ) —min (0,4, 1) +max (0,4, 1) —min (0,4, ,1)(12:24)

P} = max (O’Aj-i—%,k) — min (O’Aj—%,k) + max (O,A,’k_i_%) — min (O’Aj,k—

; ; )(12.25)

1
2
12.3.5 Time-Differencing with FCT

A last practical issue with the implementation of FCT is the choice of time-differencing
for the combined low and high order scheme. In order to preserve the monotone property
the low order scheme must rely on a first order Forward Euler scheme in time. For the
high order flux it is desirable to increase the order of the time-differencing to match that
of the spatial differencing, and to increase the time-accuracy at least in smooth regions.
There is an additional wrinkle to this dilemna in that whereas Forward Euler in time
is stable for the donor-cell scheme, it is unconditionally unstable for centered in space
spatial differences.

The resolution of this dilemna can be addressed in several ways. One approach is
to use a Runge-Kutta type approach and to use the low and high order fluxes at each
of the substages of the Runge Kutta scheme. For the RK scheme to be stable to both
spatial differences; we need at least a third order scheme (their stability region includes
portions of the imaginary axis and the left hand complex planes). The drawback of such
an approach is an increase in CPU time since multiple evaluations of the right hand sides
is required. The CPU cost is exacerbated if the FCT limiter is applied at each of the
sub-steps.

Another approach consists of using a multi-level methods like the leap-frog trapezoidal
scheme. The low flux is first updated using the solution at time n. The high order fluxes
at time n are obtained with a traditional leap-frog trapezoidal step that does not involve
the low order solution (i.e. no limiter is applied): first the leap-frog step is applied:
P (T = P, ()

T =1 At
Ax

(12.26)

A second order estimate of the function values at the mid-time level is calculated:

1 " +Tn+1

T3 5 (12.27)
and then used to compute the high order fluxes
H _ pH +1
Fiy = Fll, (17+2). (12.28)

It is these last high order fluxes that are limited using the FCT algorithm.
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Figure 12.4: Graph of the different limiters as a function of the slope ratio r.

12.4 Slope/Flux Limiter Methods

The slope/flux limiter class of methods uses a similar approach to the flux correction
method, in that a low order and a high order flux is used to eliminate spurious oscillations.
The slope-limiter schemes however do not involve the computations of the temporary
diffused value. The limiting is instead applied directly to the flux based on the values of
the solution’s gradients. That the final flux used in the scheme takes the form:

H L
10, (FH% - FH%) (12.29)
where the limiting factor C' = C(r) is a function of the slope ratio in neighboring cells:
Tipl = S (12.30)
For slowly varying smooth function the slope ratio is close to 1; the slopes change sign

near an extremum and the ratio is negative. A family of method can be generated based
entirely on the choice of limiting function; here we list a few of the possible choices:

MinMod: C(r) = max(0, min(1,7))
Superbee:  C(r) = max(0, min(1, 2r), min(2,r))
r+|r| (1231)
Van Leer: C(r) = ]
MC: C(r) = max(0, min(2r, 112 2)

The graph of these limiters is shown in figure [2.41 The different functions have a
number of common features. All limiters set C' = 0 near extrema (r < 0). They all
asymptote to 2, save for the minmod limiter which asymptotes to 1, when the function
changes rapidly (r > 1). The minmod limiter is the most stringent of the limiters and
prevents the solution gradient from changing quickly in neighboring cells; this limiter is
known as being diffusive. The other limiters are more lenient, the MC one being the
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most lenient, and permit the gradients in neighboring cells to be twice as large as the
one in the neighboring cell. The Van Leer limiter is the smoothest of the limiters and
asymptotes to 2 for r — oo.

12.5 MPDATA

The Multidimensional Positive Definite Advection Transport Algorithm (MPDATA) was
presented by Smolarkiewicz (1983) as an algorithm to preserve the positivity of the field
throughout the simulation. The motivation behind his work is that chemical tracers
must remain positive. Non-oscillatory schemes like FCT are positive definite but are
deemed too expensive, particularly since oscillations are tolerable as long as they did not
involve negative values. MPDATA is built on the monotone donor cell scheme and on
its modified equation. The latter is used to determine the diffusive errors in the scheme
and to correct for it near the zero values of the field. The scheme is presented here in
its one-dimensional form for simplicity. The modified equation for the donor cell scheme
where the fluxes are defined as in equaiton [I2.7] is:

or ~ oul 0 oT 9

where k is the numerical diffusion generated by the donor cell scheme:

|u|Az — u?At
K=

The donor cell scheme will produce a first etimate of the field which is guranteed
to be non-negative if the initial field is initially non-negative. This estimate however, is
too diffused; and must be corrected to eliminate these first order errors. MPDATA data
achieves the correction by casting the second order derivatives in the modified equation
as another transport step with a pseudo-velocity u:

(12.33)

N oT
oT ouT E9 rso

__out o 12.34
ot or " " {gax T =0 (1234)

and re-using the donor cell scheme to discretize it. The velocity @ plays the role of an
anti-diffusion velocity that tries to compensate for the diffusive error in the first step.
The correction step takes the form:

2 Td, — T
Upn = ||u 1| Az —u? lAt) z 2 (12.35)
Itz (’ J+3 J+3 (@d+1+]}d+5)Ax
_ Ui 1+ (U1 U; 1 — Uiy 1
oy = j+3 2‘ j+3 T 4 j+3 2‘ +3 Ti, (12.36)
Fo1—F

T s R o

T = T LA (12.37)

where Tjd is the diffused solution from the donor-cell step, and € is a small positive
number, e.g. 10715, meant to prevent the denominator from vanishing when Tjd =
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TjdH = 0. The second donor cell step is stable provided the original one is too; and
hence the correction does not penalize the stability of the scheme. The procedure to
derive the two-dimensional version of the scheme is similar; the major difficulty is in
deriving the modified equation and the corresponding anti-diffusion velocity. It turns
out that the x-component of the anti-diffusion velocity remains the same while the y-
components takes a similar form with u replaced by v, and Az by Ay.

12.6 WENO reconstruction

The Weighed Essentially Non Oscillatory (WENO) schemes are based on a reconstruc-
tion of function values from cells averages using different stencils, and on combining the
different estimates so as to maximime accuracy while minimizing the impact of nons-
mooth stencils. We briefly describe the steps of a WENO calculation below, the details
can be found in Shu (1998); Jiang and Shul (1996).

Notice that for a FV linear reconstruction scheme 2 stencils are available to recon-
struct the function at edge j + % These candidate stencils are:
1. S1: T;_y, and T} with reconstruction TJ(}F)% = %

2. 52: T; and T4, with reconstruction Tj(i)l — Tj+g“j+1

The use of either stencils, S; and So would lead to a second-order linear reconstruction.
We exclude the stencil j + 1 and j + 2 as it would completely violate the characteristic
direction. The best 2-point stencil to use for reconstruction is the one with the smoothest
variation of the function, a smoothness measure would thus have to be devised.

A second point to notice is that the quadratic reconstruction procedure can be rewrit-
ten as a weighed average of the linear reconstruction on stencils S; and Ss:
2 337;'—271'—1 +27j+27j+1

= ; (12.38)

where Tj(i)l refers to the linear reconstruction on stencil s.
2

The WENO approach is built upon a similar sort of weighing estimates using weights

w1 and wsy and biasing the weights so that the smoother stencil contributes more then

the stencil with rough variations:

(1 =(2
Tjps =Ty + ol (12.39)

D=

We are now ready to put constraints on our weights:

1. for consistency we require that ws =1

2. to guard against worsening oscillations already present in the tilded estimates, we also
require that 0 < w,; < 1.

3. we would like the weights to approach the optimal one: (1/3,2/3) when the two
estimates are equally smooth so that we get an improvement in accuracy. This can
be acchieved if the weights differ from the optimal weight by an amount of O(Axz) for
the quadratic case.

4. we would also like the weight to approach zero when the stencil is not smooth.
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Consider the following formula for the weights:

Q@
ws = 275 (12.40)
=1%s
which trivially satisfies the consistency condition and positivity condition provided ag >
0. Furthermore, if we define the oy as:

ds
(E + ﬁs)2

where ds refers to the optimal weight and (s to the smoothness indicator, then the
other conditions would be fullfilled also. Here € is a small positive number included to
guard against dividing by zero, and can be taken to be 10~7. The smoothness indicator
should be small in smooth stencils and should increase as the variations in the function
increase. For the linear reconstruction procedure the smoothness indicator are nothing
but the square of the scaled slope across the two cells:

51 = (T] - Tj—1)27 52 ( j+1 — Tj)2 (1242)

g = (12.41)

12.6.1 WENO-5

Fifth-order WENO scheme can be devised using simply the three stencils available for
the quadratic reconstruction procedure: S; = (j — 2,5 — 1,5), So=(j — 1,4,7 + 1), and
S3 = (4,7 +1,7+2). These 3 3-point stencils, and the 5-point stencil yield the following
estimates for the edge value:

- 2T o —TT,;_1 + 11T
A e et (12.43)
Jt35 6
- ~Tj_1+5T; +2T ;41
7O -1 J it 12.44
its 6 (1244)
- 2T +5T ;1 —T;
AN B A B (12.45)
Jt35 6
2T o — 13T _1 +4TT; +27T ;11 — 3T ;12

T = J J J J J 12.4
ity 60 (12.46)

_ Ll 620 350
Tivy = 105+ T 1054 T 1005+ (12.47)

The optimal weights for the 3 stencils are given by d; = 1/10, dy = 6/10 and d3 = 3/10
and yield fifth-order accuracy if used.
The WENO-5 estimate on the other hand is as follows:

T.

I (C)) 7(2) 7(3)
]+% —w11}+%+w21}+%+w31}+% (1248)

with the weights given by equation [[2.41] except that the sum in the denominator runs
from over all three stencils. The general formula for the smoothness indicators is

B = Z /_ (2 g (12.49)
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Figure 12.5: Advection of several Shchepetkin profiles. The black solid line refers to the
analytical solution, the red crosses to the WENO3 (RK2 time-stepping), and the blue
stars to WENOS5 with RK3. The WENOS is indistiguishable from the analytical solution
for the narrow profile

The smoothness indicators include estimate of the slope and curvature now, and are
given by:

P P

b = T2+ T;)?*+ 1Tz = AT 1 + 3T;)? (12.50)
B3 1

B = (T =2T+Tin)*+ 4(Tja —Tjn)? (12.51)
T

Bs = 5(Tir2 = 2Tja + 1)) + 3 (Tjra = 4Tj11 + 3T;)° (12.52)

12.6.2 Numerical Experiments in 1D

I have coded up a WENO advection scheme that can use variable order space interpola-
tion (up to order 9), and up to 3rd order Runge-Kutta stepping. Figure shows the
advection of several standard initial conditions: a narrow profile (top left), wide profile
(top right), and hat profile, (bottom left). The high order WENO5-RK3 scheme has less
dissipation, and better phase properties than the WENO3-RK2 scheme. For the narrow
Gaussian hill the peak is well preserved and the profile is narrower; it is indistinguishable
from the analytical solution for the wider profile. Finally, although the scheme does not
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enforce TVD there is no evidence of dispersive ripples in the case of the hat profile; there
are however small negative values.

12.7 Utopia

The uniform third order polynomial interpolation algorithm was derived explicitly to be
a multi-dimension, two-time level, conservative advection scheme. The formulation is
based on a finite volume formulation of the advection equation:

(AVT) + F-ndS=0 (12.53)
OAV

where T~ is the average of T over the cell AV and F - n are the fluxes passing through
the surfaces AV of the control volume. A further integral in time reduces the solution

to the following:
g LY R nasdi—o (12.54)
= e -1n = .
AV Jo  Joav
A further definition will help us interpret the above formula. If we let the time-average
flux passing the surfaces bounding AV as FAt = fOA 'F dt we end up with the following
two-time level expression:

]

T

T =T %t/ [ Fonds (12.55)
UTOPIA takes a Lagrangian point of view in tracing the fluid particle crossing each
face. The situation is depicted in figure where the particles crossing the left face
of a rectangular cell, is the area within the quadrilateral ABCD; this is effectively the
contribution of edge AD to the boundary integral At faVAD F -ndS. UTOPIA makes
the assumption that the advecting velocity is locally constant across the face in space
and time; this amount to approximating the curved edges of the area by straight lines
as shown in the figure. The distance from the left edge to the straight line BC is uAt,
and can be expressed as pAx where p is the courant number for the z-component of the
velocity. Likewise, the vertical distance between point B and edge k + % is vAt = qAy,
where ¢ is the Courant number in the y direction.
We now turn to the issue of computing the integral of the boundary fluxes; we will
illustrate this for edge AD of cell (j,k). Owing to UTOPIA’s Lagrangian estimate of the

flux we have:

At 1
ot FondS= / T da dy.
AV Jovap AzAy JaBep Y

(12.56)

The right hand side integral is in area integral of T" over portions of upstream neighboring
cells. Its evaluation requires us to assume a form for the spatial variations of T'. Several
choices are available and Leonard et al [Leonard et all (Il&‘)_d) discusses several options.
UTOPIA is built on assuming a quadratic variations; for cell (j, k), the interpolation is:

_ 1, _ _ _ _
Tik(&n) = Tjk (Tj+1,k +Tjp—1+Tj1 e+ Tk — 4Tj,k)

24
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Figure 12.6: Sketch of the particles entering cell (j, k) through its left edge (j —
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Tiv1p—Tj- Tipp—2T6+ T
Tipsr1—Tin Tips1—2T;p+Tjp
4 Zaktt T gkt | Lkt ik Lk L2, (12.57)
2 2
Here, ¢ and 7 are scaled local coordinates:
% y
_ _ =7 _ 12.58
¢ Ax K Ay ( )

so that the center of the box is located at (0,0) and the left and right edges at (+3,0),
respectively. The interpolation formula is designed such as to produce the proper cell-
averages when the function is integrated over cells (j, k), (j£1,k) and (j,k£1). The area
integral in equation must be broken into several integral: First, the area ABCD
stradles two cells, (j —1,k) and (j — 1,k — 1), with two different interpolation for 7'; and
second, the trapezoidal area integral can be simplified. We now have

1
AxAy

[ Tdrdy=nG) - BGK) +BGE- 1) (12.50)
ABCD

where the individual contributions from each area are given by:

LG, k) /AEF T, () dn A€ = // Top(6n) dn e (12.60)

. 2 2
Bk = [ Taemands= 7 [T T dpde (261
AEB 3—uJnap(§)
The equation for the line AB is:

man€) =5+ 2 (6= 3) (12.62)
using the local coordinates of cell (j, k). Performing the integration is rather tedious; the
output of a symbolic computer program is shown in figure 12.7]

A different derivation of the UTOPIA scheme can be obtained if we consider the cell
values are function values and not cell averages. The finite difference form is then given
by the equation shown in figure [2.8]

12.8 Lax-Wendroff for advection equation

We explore the application of the Lax-Wendroff procedure to compute high-order, two-
time level approximation to the advection diffusion equation written in the form:

Ty + V- (uT) = 0. (12.65)
The starting point is the time Taylor series expansion which we carry out to fourth order:

At At? At? At
T =T 4 Trlet 5Tt 0 5y L + L + O(A#). (12.66)
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(fikr1r = 2f56 + fin—1) — (fje — 2fip—1+ fir—2) 3

Fj+%7k = o uv
n fik—1— 2]2,k + fj,k—i—luvz
. itk = 2fj6 + ficip — fj+1e—1 + 2fj0—1 — fj—l,k—lug
8
_ e = firw-1) = (fiw = fin-1)
3
(fik—2—2fjk—1+ fir) +2(fix1e — fjr1p-1)
* 12
2(fiee1 — fiw—1) + (Fik — fi—1) — (fip—1 — fj—l,k—l)}
+ 1 uv
(fj—l—l,k + fik  fi+1k —2fjk+ fj—l,k)
+ —_
2 6
_f]+1,k2 f;,kqu Jit1k Jgk +fj 1,ku2} " (12.63)

Figure 12.7: Flux for the finite volume form of the utopia algorithm.

The next step is the replacement of the time-derivative above with spatial derivatives
using the original PDE. It is easy to derive the following identities:

T, = —V-[uT] (12.67)
Ty = -V -[wT+uly

Ty = —-V-[wT—uV:(ul)] (12.68)
Twe = —V-[uuT—-2uV-(uT)—uV-(wT)+uV-(uV- (aT1))] (12.69)

12.9 2D Numerical experiments

We present here a number of numerical experiments to illustrate the effect of different
discretization schemes on multi-dimensional advection of a passive tracer. The flow is
a simple one and consist of a flow rotating inside a square cavity with angular speed
7. The initial condition is the famous grooved cylinder experiment that include tracer
features that cannot align with a square grid, and sharp discontinuities. The preservation
of the sharp features and the extrema is the goal of this exercise. The sharp features
in the solution do not favor high-order scheme because they will lead to severe Gibbs
oscillations, whereas the diffusive scheme will smear the sharp gradients unrealistically.

There are six schemes considered here: donor-cell (DC), fourth-order centered finite
difference (CD4), a FCT-limited CD4, a third-order UTOPIA scheme, a Universal limiter
based UTOPIA-ULim scheme, and a WENO scheme of order 5. There are 3 linear scheme
here (DC, CD4 and UTOPIA), and 3 non-linear ones (FCT-CD4, UTOPIA-ULim, and
WENOS5). Only the CD4 is free of numerical diffusion whereas, DC and UTOPIA inject
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fm,n—l - 3fm,n—2 + 3fm,n+l - fm,n ’LL’U3

(12.64)

Fivgr = 24
+ fm,n—l + fmén—i-l - 2fm,n ’LL’U2
+ |:_5fm,n—l - 3fm+1,n—l + 3fm,n+1 + 3fm+1,n + fm—l,n—l - fm—l,n + fm,n—Z + fm,n
16
+ _fm—l—l,n + fm,n +3fm+1,n—1 - fm,n—lu
+fm+1,n + fm—l,n - fm+1,n—1 - 2fm,n + 2fm,n—1 - fm—l,n—l 2

+ 3 u” | uv

+ |:+fm,n+1 - 3fm—1,n + 16fm,n + fm,n—l + gfm-‘rl,n
24
+fm,n _2fm+l,nu + fm-i—l,n - 2fg"b,n + fm—l,nu2 u

Figure 12.8: Flux of UTOPIA when variables represent function values. This is the finite
difference form of the scheme

second (laplacian-like diffusion) and fourth-order (biharmonic-like hyper-diffusion) spu-
rious dissipation. The WENOb5 scheme is also upwind biased but the oscillation control
is primarily due to the convex weighing of lower order stencils.

The numerical results are shown in figures in a convergence study form
for resolutions of 40, 80, 160, 320, and 640 cells in each direction. The lower right
plot shows the exact solution on the highest resolution grid (it does not reflect the
plotting distortion caused by the grid). A comparison among the different scheme at the
intermediate resolution of 160 cells is shown in figure The extrema of the field
at the final time-step are stamped for each experiment. The contour level shows are
equi-spaced between 0.1-1.0. We did not include the zero-contour as it leads to a lot of
noise because of tiny oscillations. Instead negative contours are shown in dashed black
lines for the two level 4hyin /5 and hpin /5.

The DC, UTOPIA, and UTOPIA-ULim schemes are single-stage two-time level schemes,

and hence sport the shortest computational cost. The CD4 and WENO5 flavors were
integrated with an RK3TVD scheme. The latter was slightly modified to run the FCT-
version of the CD4 scheme. In all cases the Courant number based on the corner velocity
was kept constant:

C = U“Z";At = WL\/LEKZ/M = ﬂw%’ = % =0.06 (12.70)
where N. and N; are the number of cells, and number of time-steps needed to perform
a single full rotation.

The Donor cell scheme shows a severe problem with excessive numerical diffusion.
The cylinder groove has been completely erased in the coarsest resolution run where one
sees an 77% loss of peak. The numerical damping improves with resolution, but even at
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Pmin =0.0006253
hmax =0.23878

Pmin =4.363e-06
hmax =0.39047

Pmin =2.9875e-10
hmax =0.54917

Pomin =1.5769e-18
hmax =0.63257

Pmin =6.347e-35
hmax =0.77175

-
&

hmin =0
hmax =1

Figure 12.9: Donor Cell with 40, 80, 160, 320, and 640 points
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the highest one, the groove is not restored and there is still a 33% loss of peak. On the
other hand the solution of oscillation-free.

CD4 on the other hand is plagued by oscillations as no numerical dissipation is
available to dissipate the small scale noise. The oscillations persist from the coarsest
to the finest grid, and remain at the grid-scale. Notice that in the unresolved case the
fourth-order scheme does a terrible job at capturing the solution features. Notice also
that the amplitude of the Gibbs oscillations of both under and over-shoots remains quite
high irrespective of resolution.

The FCT corrected CD4 solution, [[2.11] achieves its main goal of controlling the
Gibbs oscillations. Their amplitude now is of the order of machine precision. The shape
of the cylinder and its groove are still severely distorted in the under-resolved cases,
but improve quickly with resolution. The severe damping of the DC scheme has been
eliminated, only 29% loss of peak at the coarsest resolution, and the resolving power of
the high-order scheme is apparent even at a resolution of 80 points.

The UTOPIA scheme is a third-order scheme with a hyperviscous numerical dissipa-
tion which acts much more vigorously on short scale waves then it does on longer scale
ones. The scheme however, is not oscillation-free but their amplitude and extent is much
less then that of CD4. The benefits of scale-selective numerical diffusion are quite ap-
parent for this example: control of Gibbs oscillation while preserving solution gradients
for longer times. At the intermediate resolution of 160 cells, the spurious extrema have
a much smaller amplitude than those of CD4, but larger than those of FCT-CDA4.

UTOPIA-ULim shows the good impact of combining a high-order scheme with a
limiter. At the resolved scale the solution is quite good and oscillation-free. At coarse
resolution the distortion is not compounded by grid-scale noise. The universal limiter
does not belong to the class of FCT algorithm and has been designed to take multi-
dimensionality into account.

The WENOb5 scheme shown in [2.14] is not oscillation-free, but shows the impact of
resolution on the amplitude of these Gibbs oscillation: unlike CD4 where their amplitude
was independent of grid spacing, WENOS5 leads to a decrease of Gibbs amplitude as Az
decreases. Notice also that the grooved cylinder is decently represented even at the
coarse resolution of 80 cells. The WENO?5 is slightly upstream-biased and hence inject
a highly-scale selective numerical dissipation. This account for the limited extent of the
grid-scale noise. Notice also that the sharp gradient is maitained as soon as it becomes
resolvable on the computational grid.

These finding are summarized in where the different scheme are compared for
the single resolution of 160 cells in each direction. It is clear that a high-order, upstream-
biased scheme is almost optimal for this example as it strikes a good balance between
high-order and control of Gibbs oscillations. Limiters can enhance their performance by
removing unwanted noise. It should be pointed out that the cost of the scheme escalates
quite rapidly with the complexity of the algorithm. Although fidelity to the analytical
solution is the over riding concern of the purists, practical considerations can trump the
use of expensive schemes.



12.9. 2D NUMERICAL EXPERIMENTS 195

a Ty N -

- \\\5;3%&4 - O ¥ o
7 <Hin==0. - = :

| 7 =l , ,

min =-0.3355

hmin =0
hmax =1

Figure 12.10: Centered 4th order with 40, 80, 160, 320, and 640 points
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Pomin =4.567e-12
hmax =0.71853

i =2.1219¢-19
o =0.9012

Pomin =-7.3573e-18
hmax =0.99259

Pmin =-1.1295e-17
Pmax =0.99999

Amin =-1.3224e-17
hmax =1

hmin =0
hmax =1

Figure 12.11: Centered 4th order with 40, 80, 160, 320, and 640 points
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Figure 12.12: UTOPIA 40, 80, 160, 320, and 640 points
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Pomin =3.2358e-24 | Pmin =3.1356e-36
hmax =0.74802 hmax =0.9478

Bt =1.93946-59 Bt =8.6597e-154
hmax =1 hmax =1

Amin =8.3198¢e-196 hmin =0
hmax =1 hmax =1

Figure 12.13: Limited UTOPIA 40, 80, 160, 320, and 640 points
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Figure 12.14: WENOb5 with 40, 80, 160, 320, and 640 points
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Figure 12.15: DC, CD4, UTOPIA, WENO5, FCT-CENT4, LIM-UTOPIA at 160 x 160




Chapter 13

Fourier series

In this chapter we explore the issues arising in expressing functions as Fourier series. It
is extremely useful to recall some of the definitions of norms, inner products, and vector
spaces reviewed summarily in

13.1 Continuous Fourier series
As shown earlier, the set of functions
b)) = e k=0,+1,£2,... (13.1)

forms an orthogonal basis function over the interval [—m, 7]:
| o = 2m (13.2)

where the overbar denotes the complex conjugate. The Fourier series of the function

is defined as:

Su= > dyey. (13.3)

k=—0o0

It represents the formal expansion of w in the Fourier orthogonal system. The Fourier

coefficients 1wy, are:
1 7 ,
Uy, / u(x)e” ke dx. (13.4)

:%_ﬂ-

It is also possible to re-write the Fourier series in terms of trigonometric functions by
using the identities:

i0 | ,—if i0 _ —if
cosf = %, sinf = %, (13.5)
The Fourier series become:
[ee]
Su = ag+ Z(ak cos kx + by sin kx) (13.6)
k=1

201
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The Fourier coefficients of the trigonometric series are related to those of the complex
exponential series by
ﬁk = a|k‘ - Zb‘k| (137)

If u is a real-valued functions, a; and by are real numbers, and G_j = ;. Often it is
unnessary to use the full Fourier expansion. If u is an even function, i.e. u(—x) = u(x)
then all the sine coefficients, by, are zero, and the series becomes what is called a cosine-
series. Likewise, if the function w is odd, u(—z) = —u(x), by = 0 and the expansion
becomes a sine-series.

13.2 Discrete Fourier series

In practical applications, numerical methods based on Fourier series cannot be imple-
mented in precisely the same way as suggested in the earlier section. For example, the
Fourier coefficients of an arbitrary function may be too difficult to calculate using equa-
tion 134, either the integral is too complicated to evaluate analytically, or the function
u is only known at a discrete set of points; thus an efficient way must be found to con-
vert the function u from physical space to spectral space. Furthermore, nonlinearities
can complicate significantly the application of spectral methods. The key to overcoming
these difficulties is the use of a discrete Fourier series and its associated discrete Fourier
transform.

Consider the set of N points z; = 27j/N, for j = 0,1,...,N — 1. We define the
discrete Fourier coeffcients of a complex valued function v in 0 < z < 27 as

N—1
1 .
fin = 3 wje ", n==N/2,=N/2+1,..., N2~ 1. (13.8)
=0
Notice that 4/, = Z;-V:_Ol ujeﬂ%% = ;-V:_Ol(—l)juj, and so uy = u_n. The inver-
2 2

sion of the definition can be done easily, multiply equation [3.8] by e** and sum the
resulting series over n to obtain:

N-1 N-1 1 N-1 1 N-1 N—-1
Z aneinxk _ Z N Z ujein(xk—xj) — N Z uj lz ein(xk—xj)] (13_9)
n=0 n=0 7=0 7=0 n=0

The last sum can be written as as geometric series with factor e!(®**=%i). Its sum can
then be expressed analytically as:

N-1
Z ein(z—e)) 1 4 gilen—w) 4 gi2@i—a;) 4y Gi(N=1)(ee—e;)) (13.10)
n=0
_ JiN(zp—z;4) _ i2n(k—j)
S (13.11)
1 — eilze—2j) 1 — ei2n(k—35)/N

There are two cases to consider: if k& = j then all the terms in the series are equal to
1 and hence sum up to N, if k # j then the numerator in the last fraction is equal to
0. Thus we can write Zivz_ol em@e=T) = N ik The set of functions e is said to be
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discretely orthogonal. This property can be substituted in equation [I3.9] to obtain the
inversion formula:

N-1 ) N-1
> e =" uib, = uy (13.12)
n=0 7=0

13.2.1 Fourier Series For Periodic Problems

The structure of the discrete Fourier series can be justified easily for periodic problems.
In the continuous case they would take the form

u(z) = i lipe~Fn® (13.13)

n=-—oo

Here, and unlike the integral form, the wavenumbers k are not continuous but are quan-
tizied on account of periodicity. If the domain is 0 < z < a then the wavenumbers are
given by
Ky, = % n=0,1,23,... (13.14)
In the discrete case the domain would be divide into an equally-spaced set of points
xj = jAx with Az = a/N, where N + 1 is the number of points. The discrete Fourier
series would then take the form

NIIlaX
w(zj) =u; = Z lipe~ FnTi (13.15)

n=—Nmax

where Ny is the maximum wave mode that can be represented on the discrete grid.

Note that k,z; = 27an jaN = 2”% Since the smallest wavelength is 2Ax the maximum
wavenumber is then
2m 2m N, a N
Fmax = oAy ama" so that Nyax = Az =3 (13.16)

Furthermore we have that

. -2 N
e_lkiNmaxxj _ €$ZW?

I =e*imi = (1) (13.17)
Hence the two waves are identical and it is enough to retain the amplitude of one only.
The discrete Fourier series can then take the form:

w(zj) =u; = e "N (13.18)

__N
n=—s5

We now have the parity between the N degrees of freedom in physical space u; and
the N degrees of freedom in Fourier space. Further manipulation can reduce the above
expression in the standard form presented earlier:

J-1

— 2mnjg
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N
-1 2! .
.27n, -27n,
= Y e R Y e (13.20)
n:—% n=0
—1 2rnj o %_1 . 27nj
= ) Gpe N P4 Y e (13.21)
n:—% n=0
-1 an(ntN)j ——1
27r n+ 27rn
_ Z e L4 Z e (13.22)
n=—1%
N1 . 27ng %_1 . 27ng
= D Apne TN 4 ) dpe” N (13.23)
n:% n=0
N-1 _
~ _g2mng
= Upe "N (13.24)
n=0

where the new tilded coefficients are related to the old (hatted) coefficients by

{ iy = i 0<n<i -1

13.2
iy =tp-n §-1<n<N-—1 (13.25)

Sine transforms
For problems that have homogeneous Dirichlet boundary conditions imposed, one ex-
pands the solution in terms of sine functions:

N nmj
Z Ty, i (13.26)

nmwT; . nw ] Ax
E un sin = E un S1n Sin T

It is easy to verify that ug = uy = 0 no matter the values of ,,. To derive the inversion

formula, multiply the above sum by sin % and sum over j to get:
—1 . N-1 N—-1 ‘ .
Zu'sinw = U Zsin@ Sinw
s I N : "L N N
=1 Jj=1 n=1

_ oy
23

N-1 N—1
(n—m)m (n—m)m . (n4+m)m (n m)7r

_ Un . . LR iR 3)2r)

n=1 4 j=1
The terms in the inner series have the form
k k+1 k+1
rv—1 r —r r —1
Sk :7‘—|—r2—|-_._—|—7‘k :’r’(l—|—7"—|—..-+’f’k_1) =7 = - -1 (1328)

r—1 r—1 r—1



13.2. DISCRETE FOURIER SERIES

which for our trigonometric series become

N—-1 Z’Pﬂ'N iPT\' Z-p7r
prj €' N —e'N (=1)P —e'~
S(p) = E &R = —— = .
(p) j=1 elz;\? — 1 GZ% — 1

with p = £(n £ m). Note also that S(0) = (N — 1). Furthermore we have that

e N O

S S(— = o o
(p) +S(=p) ST T
N (=1)P [2cos Bf —2] — [2 — 2cos K]
2 —2cos 57
= —1— (-1

We can now estimate the four different sums:
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(13.29)

(13.30)

(13.31)

(13.32)

S(n—m)+S(—n+m)—Sn+m)—S(—n—m)=(-1)""" - (=1)""™ =0 (13.33)

since if n & m are even if n and m are both either odd or even, and n £+ m is odd if one

is odd and the other even. For the case where m = n we have

S(n—m)+S(—n+m)—Sn+m)—S(—n—m)=2(N —1)+1+(-1)*" = 2N (13.34)

In compact notation we would write
S(n—m)+S(—n+m)—Sn+m)—S(—n—m) =2Nun,

replacing the above expression in the discrete inner product we get

o2
Un:NZUjSlnT
j=1

(13.35)

(13.36)
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Chapter 14

Spectral Methods

14.1 Spectral Series

The approximation of a function u by a series of the form

N
u(@) = 3 iy () (14.1)
j=1

raises several questions:

1.

2.

3.

How many terms in the series should be kept to achieve a given error? Two related
questions are: how fast do the coefficients 4; decrease?, and what determines how
fast these coefficients decay?

How do we choose the basis functions ¢;(x)?

How do we compute the coefficients i;?

There are 4 main concepts that are central to the following discussion.

1.

The error in the approximation of a PDE comes from several sources, we however
assume that all of these decay to zero at rougly the same rate as N increases.

. The second concept is anchored in Darboux’s principle, which states that the rate

of convergence of a series is determined by its distance to the closest singularity of
the function. Two functions that are different by that share similar singularity (in
terms of location and strength) have spectral coefficients that decay at the same
rate. By studying a few simple examples, we can learn a lot about the strength
and weaknesses of spectral methods.

. From Darboux’s principle and a limited knowledge about the behavior of the func-

tion we can predict rates of convergence. Several rates are possible algebraic,
geometric, subgeometric and supergeometric.

. From Darboux’s principle and the model functions we can produce rules of thumbs

to decide how to pick V.
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14.2 Fourier Series

The Fourier series of a general function is

o o0
u(z) = ap + Z ap, COS NT + Z by, sin nx (14.2)

where the cosine and sine Fourier coefficients are:

1 /7 anp \ 1 (7 COS Nx .
ao_%/_wu(x)dg;, ( bn ) - 7T/_7ru(gc)< o )da;,n_1,2,... (14.3)

A more compact form to write the same equations makes use of complex notation, by
noting that e"™* = cos nx + ¢ sinnx:

s ) 1 ™ )
u(z) = Z N / u(z)e™ " dx (14.4)
n=—00 2 -

The coefficients of the two forms are related by:

- ) oap+ib, n>0
CO—GO,Cn—{ an_an n<0 (145)

Since the Fourier basis is periodic, it would be reasonable to assume that the basis is
solely useful for expanding periodic functions. This is partially true only. Fourier series
work best for periodic functions. However, the Fourier series will converge although very
slowly for quite arbitraty functions u(x).

Example 14 Consider the function u(z) = z, and let us find its Fourier coefficients.
Since the function is odd u(—x) = —z, all its cosine coefficients are zero, while its sine
coefficients are given by

1 /m . 2
by, = —/ rsinnzdr = (—1)"1= (14.6)

T Jon n
The amplitude of the coefficients decrease linearly with the mode number, and hence the
series converges slowly as n increases.

Figure [[4.1] shows a series of plot comparing the original function to the spectral
series with increasing truncation N. For low N the two curves are quite different but the
difference decreases as N increases. Notice that the oscillations, away from the discon-
tinuity, decrease with N while their amplitude remains constant near the discontinuity.
These oscillations are referred to as Gibbs oscillations produce an O(1) error near the
discontinuity since the function evaluates to m while the series sums up to 0. The damp-
ing of these oscillations requires a combination of techniques to damp their amplitudes,
such as “sum acceleration”, “filtering”, and “reconstruction”.

Example 15 Our second example consists of expanding the function u(z) = max(0, sin(z)
on 0 < 2 < 2w. Notice that this function is continuous but not differentiable at x = 0
and x = 7. The coefficients can be calculated as:

, an:% n >0

) bn:() n>1

Dl |

ao

o (14.7)
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N=18 N=36 N=72

Figure 14.1: Approximating the sawtooth function u(z) = = with a sine-spectral series
with increasing cut-off N. The solid black line is the original function and the blue line
the spectral approximation.

N=4
0.6}
N=8
0.4¢
0.2}
0 -
0 0.5 1 15 a 0.5 1 15 2

Figure 14.2: Approximating the function u(x) = max(0, sin(x) with a spectral series
with increasing cut-off N. The solid black line is the original function and the blue line
the spectral approximation. The z-axis has been scaled by 1/7.
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N=2 N=4 N=6

Figure 14.3: Approximating the function u(z) = 3/(5—4 cos « with a spectral series with
increasing cut-off N. The solid black line is the original function and the blue line is the
spectral approximation. The x-axis has been scaled by 1/m.

The spectral series is re-written as u = ag + by sinnz + Zﬁzz an cosne and its graph
is shown in figure One can visually notice that the series converges faster then the
previous example. The two curves almost overlap for N = 8, and the only noticeable
oscillations are near the kinks of the curve at x = 0 and 27. The faster convergence is
in fact due to the quadratic, O(n~2), decrease of the spectral coefficients, which in turn
is due to the increased smoothness of the function over the previous example.

Example 16 The function u(x) = 3/(5—4 cos ) is a periodic and infinitely differentible
function on the interval |z| < 7. It has the following Fourier expansion:

[ee]
u(z) =142 Z 27" cosnx (14.8)
n=1

Notice that for this case the Fourier coefficients decrease geometrically fast with a,,1/a, =

1/2. This rapid decrease in the amplitude of these coefficients translate into a rapid

convergence of the series. The curves for the original function and for the spectral ap-

proximations are shown in figure for several N, and the two curves overlap for

N = 6. The series exhibits exponential convergence as its coefficients’ decay by 1/2 as n

increases.

For the previous cases the decay of the coefficient is proportional to O(n~*) so that
an+1 nk

an (At 1)

k
~1- >k (14.9)

hence this ratio approaches 1 as n increases. In contrast the geometrically convergent
series has coefficients ratio bounded away from 1.

Figure [[4.4 shows the decay of the Fourier coefficients for the 3 examples presented
above on a log-log scale and on a semi-log scale. We notice that functions with finite
regularity exhibit an algebraic convergence rate which translates into a straight line
on a log-log scale and a decreasing curve with upward concavity on a semi-log scale.
Functions with infinite regularity, like example [[6] show faster decrease of their Fourier
coefficients then the algebraic rates, and their graphs are straight lines on semi-log scale
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Figure 14.4: log-log (left) and semi-log plots of the decay of the Fourier coefficients for
example [I4] (black curve), example [[5] (blue curve), and example [I6] (red curve).

plots. The two additional curves shown illustrate the phenomena of sub-geometric con-
vergence, when expanding a function which is infinitely differentiable but singular at
x = 0, and super-geometric convergence where the spectral coefficients decrease faster
then exponentially as in e~ "7,

14.2.1 Bounds on Fourier coefficients

To gain insight into the behavior of these coefficients we return to their complex form:
1 ™

o ) u(x)e " dx (14.10)

Cn

If the function w is differentiable on the interval |x| < m we can apply a single integration
by part to obtain:

Cn = % {(—1)"2% - %/_7; u'(:p)e_"mdaj} (14.11)

since "™ = e7" = cos(nm = (—1)".

continuous within the interval to get

u(m) —u(—m u' () —u(—m i\ ™ ,
Cp = % l(_l)n ( ) - ( ) o (_1)n22 ( ) — ( ) . (;) ‘/_ﬂ u//(x)e—znmdx‘|
(14.12)

The following equation can thus be obtained if the function u(z) is differentiable & times:
D Sy [0 ) (Z')Hl ! (Z')k“ [ uervgin
Cn = "5 ]z:;)( 1) [u (m) —uV/( 71)} - 5\ _Wu e dx
(14.13)

where u9) is the j-th derivative of u. We note first that if the u(9) is continuous and
periodic we have u) (1) = ul9) (—7) for all j < k, and hence the individual entries in the

The process can be repeated again if u/(x) is
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sum are all zero. The first term not to vanish, i.e. for which the above condition does
not hold stops this integration process.

This series allows us to bound the coefficients of the spectral expansion. If k is the
maximum number of time a function is diffentiable, and if u9) is periodic for j < k — 2,
then the Fourier coefficients decrease as

1
en~ 0| — 14.14
" (nk ) ( )
If the function w is infinitely differentiable and all its derivative are periodic, then the
process can be repeated an inifinite number of times. This implies that the coefficients
are decreasing faster then any finite power of n. This is the property of infinite order or
exponential convergence.

14.3 Equal Error Assumptions

Here we define the errors incurred in approximating the function « by a truncated series.
The error can be separated into several components which we define below:

1. Truncation Error E7(N) is defined to be the error made by neglecting all spectral
coefficients a,, with n > N.

2. Discretization Error Ep(N) is the difference between the first (N + 1) of the
exact solution and the corresponding terms as computed by a spectral or pseudo-
spectral method using (N + 1) basis functions.

3. Interpolation Error E;(N) is the error made by approximating a function by
(N + 1) term series w



Chapter 15

Finite Element Methods

The discretization of complicated flow domains with finite difference methods is quite
cumbersome. Their straightfoward application requires the flow to occur in logically
rectangular domains, a constraint that severely limit their capabilities to simulate flows
in realistic geometries. The finite element method was developed in large part to address
the issue of solving PDE’s in arbitrarily complex regions. Briefly, the FEM method
works by dividing the flow region into cells referred to as element. The solution within
each element is approximated using some form of interpolation, most often polynomial
interpolation; and the weights of the interpolation polynomials are adjusted so that
the residual obtained after applying the PDE is minimized. There are a number of
FE approaches in existence today; they differ primarily in their choice of interpolation
procedure, type of elements used in the discretization; and the sense in which the residual
is minimized. Finlayson |E1u]_a¥sm]| (llf)lﬁ) showed how the different approaches can be
unified via the perspective of the Mean Weighed Residual (MWR) method.

15.1 MWR

Consider the following problem: find the function u such that
L(u) =0 (15.1)

where L is a linear operator defined on a domain §2; if L is a differential operator,
appropriate initial and boundary conditions must be supplied. The continuum problem
as defined in equation [I[5.]] is an infinite dimensional problem as it requires us to find
u at every point of 2. The essence of numerical discretization is to turn this infinite
dimensional system into a finite dimensional one:

N
=Y i;0(x) (15.2)
=0

Here @ stands for the approximate solution of the problem, 4 are the N + 1 degrees
of freedom available to minimize the error, and the ¢’s are the interpolation or trial

213
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functions. Equation [I5.2] can be viewed as an expansion of the solution in term of a basis
function defined by the functions ¢. Applying this series to the operator L we obtain

L(@) = R(x) (15.3)

where R(x) is a residual which is different then zero unless 4 is the exact solution of the
equation [I[5.J] The degrees of freedom @ can now be chosen to minimize R. In order to
determine the problem uniquely, I can impose IV 4+ 1 constraints. For MWR we require
that the inner product of R with a N + 1 test functions v; to be orthogonal:

(R,v;) =0,5=0,1,2,...,N. (15.4)

Recalling the chapter on linear analysis; this is equivalent to saying that the projection of
R on the set of functions v; is zero. In the case of the inner product defined in equation
[[6.13] this is equivalent to

/Rvjdx:O,j:O,1,2,...,N. (15.5)
Q

A number of different numerical methods can be derived by assigning different choices
to the test functions.

15.1.1 Collocation

If the test functions are defined as the Dirac delta functions v; = 6(x—x;), then constraint

[I5.4] becomes:
R(x;) =0 (15.6)

i.e. it require the residual to be identically zero on the collocation points x;. Finite
differences can thus be cast as a MWR with collocation points defined on the finite
difference grid. The residual is free to oscillate between the collocation points where it is
pinned to zero; the oscillations amplitude will decrease with the number of of collocation
points if the residual is a smooth function.

15.1.2 Least Square

Setting the test functions to v; = % is equivalent to minimizing the norm of the
J

residual ||R||? = (R, R). Since the only parameters available in the problem are @;, this
is equivalent to finding @; that minimize ||R[|?. This minimum occurs for @; such that

)

T </QR2 dx) =0 (15.7)

(/ g2 dx> ~ 0 (15.8)
Q 8Uj

<R aR) =0 (15.9)

D
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15.1.3 Galerkin

In the Galerkin method the test functions are taken to be the same as the trial functions,
so that v; = ¢;. This is the most popular choice in the FE community and will be the one
we concentrate on. There are varitions on the Galerkin method where the test functions
are perturbation of the trial functions. This method is usually referred as the Petrov-
Galerkin method. The perturbations are introduced to improve the numerical stability of
the scheme; for example to introduce upwinding in the solution of advection dominated
flows.

15.2 FEM example in 1D

We illustrate the application of the FEM method by focussing on a specific problem.
Find u(x) in = € [0, 1] such that

2u
Ot f=0 (15.10)
subject to the boundary conditions
u(z=0) = 0, (15.11)
ou
— = 15.12
e q (15.12)

Equation [I5.17]is a Dirichlet boundary conditions and is usually referred to as an essential
boundary condition, while equation [[5.12] is usually referred to as a natural boundary
conditions. The origin of these terms will become clearer shortly.

15.2.1 Weak Form

In order to cast the equation into a residual formulation, we require that the inner
product with suitably chosen test functions v is zero:

L (9%
/0 <W Dt f) v dr=0 (15.13)

The only condition we impose on the test function is that it is zero on those portions
of the boundary where Dirichlet boundary conditions are applied; in this case v(0) = 0.
Equation [5.13] is called the strong form of the PDE as it requires the second derivative
of the function to exist and be integrable. Imposing this constraint in geometrically
complex region is difficult, and we seek to reformulate the problem in a “weak” form
such that only lower order derivatives are needed. We do this by integrating the second
derivative in equation by part to obtain:

L Ou v 1 ou ou
| 9oz + A\uv dz —/0 fv dx + [U%L - {Ug}o (15.14)

The essential boundary conditions on the left edge eliminates the third term on the right
hand side of the equation since v(0) = 0, and the Neumann boundary condition at the
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right edge can be substituted in the second term on the right hand side. The final form

is thus: L 9w d .
u v
/0 <%%+/\uv> dx—/0 fv dz+ qu(1) (15.15)

For the weak form to be sensible, we must require that the integrals appearing in the
formulation be finite. The most severe restriction stems from the first order derivatives
appearing on the left hand side of For this term to be finite we must require that
the functions % and % be integrable, i.e. piecewise continuous with finite jump discon-
tinuities; this translates into the requirement that the functions u and v be continuous,

the so-called C? continuity requirement.

15.2.2 Galerkin form

The solution is approximated with a finite sum as:

N
u(r) = i (15.16)
i=0

and the test functions are taken to be v = ¢;, j = 1,2,...,N. The trial functions ¢;
must be chosen such that ¢;~¢(0) = 0, in accordance with the restriction that v(0) = 0.
We also set, without loss of generality, ¢o(0) = 1, the first term of the series is then
nothing but the value of the function at the edge where the Dirichlet condition is applied:
u(0) = Gp. The substitution of the expansion and test functions into the weak form yield
the following N system of equations in the N + 1 variables ;:

N1 0g; 06, g
;0/0 (ax Br T 1% dx) s —/0 fo; da+qd;(1) (15.17)

In matrix form this can be re-written as

al 1 0¢; 0¢; !
E Kﬂu, = bj, Kj' = a— B + )\(bltb] dz, bj = / f(Zﬁ] dx + q(b](l) (1518)
i=0 0 O 0% :

Note that the matrix K is symmetric: Kj; = K;j;, so that only half the matrix entries
need to be evaluated. The Galerkin formulation of the weak variational statement
will always produce a symmetric matrix regardless of the choice of expansion function;
the necessary condition for the symmetry is that the left hand side operator in equation
be symmetric with respect to the w and v variables. The matrix K is usually
referred to as the stiffness matrix, a legacy term dating to the early application of the
finite element method to solve problems in solid mechanics.

15.2.3 Essential Boundary Conditions

The series has the N unknowns 1 <;<n, thus the matrix equation above must be modified
to take into account the boundaryicgndition. We do this by moving all known qunatities
to the right hand side, and we end up with the following system of equations:

N

> Kjiu; = ¢j, ¢; =bj — Kjouo, j=1,2,...,N (15.19)

i=1
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Had the boundary condition on the right edge of the domain been of Dirichlet type,
we would have to add the following restrictions on the trial functions ¢o<i<n—1(1) = 0.
The imposition of Dirichlet conditions on both sides is considerably simplified if we
further request that ¢g(1) = ¢n(0) = 0 and ¢o(0) = ¢n(1) = 1. Under these conditions
o = u(0) = up and 4y = u(l) = uy. We end up with the following (N — 1) x (N —1)
system of algebraic equations
N-1
> Kjui = c¢j, ¢j =bj — Kjoup — KjNuy, j=1,2,...,N -1 (15.20)
i=1

15.2.4 Choice of interpolation and test functions

To complete the discretization scheme we need to specify the type of interpolation func-
tions to use. The choice is actually quite open save for the restriction on using continu-
ous functions (to integrate the first order derivative terms), and imposing the Dirichlet
boundary conditions. There are two aspects to choosing the test functions: their locality
and their interpolation properties.

If the functions ¢; are defined over the entire domain, they are termed global ex-
pansion functions. Such functions are most often used in spectral and pseudo-spectral
methods. They provide a very accurate representation for functions that are smooth; in
fact the rate of convergence increases faster then any finite power of N if the solution is
infinitely smooth, a property known as exponential convergence. This property is lost if
the solution has finite continuity. The main drawback of global expansion functions is
that the resulting matrices are full and tightly couple all degrees of freedom. Further-
more, the accurate representation of local features, such as fronts and boundary layers,
requires long series expasions with substantial increase in the computational cost.

Finite element methods are based on local expansion functions: the domain is di-
vided into elements wherein the solution is expanded into a finite series. The functions ¢;
are thus non-zero only within one element, and zero elsewhere. This local representation
of the function is extremely useful if the solution has localized features such as boundary
layers, local steep gradient, etc... The resulting matrices are sparser and hence more effi-
cient solution schemes become possible. The most popular choice of expansion function
is the linear interpolation function, commonly referred to the hat functions which we
will explore later on. Higher order expansion are also possible, in particular the spectral
element method chooses expansion that are high order polynomial within each element.

The nature of the expansion function refers to the nature of the expansion coefficients.
If a spectral representation is chosen, then the unknowns become the generalized Fourier
(or spectral) coefficients. Again this is a common choice for spectral methods. The
most common choice of expansion functions in finite element methods are Lagrangian
interpolation functions, i.e. functions that interpolated the solution at specified points
x; also referred to as collocation points; in FEM these points are also referred to as
nodes. Lagrangian interpolants are chosen to have the following property:

bj(xi) = by (15.21)

where ¢;; is the Kronecker delta. The interpolation function ¢; is zero at all points x;;
at point x;, ¢j(x;) = 1. Each interpolation function is associated with one collocation
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®o o1 ¢2
o Uy Us

Figure 15.1: 2-element discretization of the interval [0, 1] showing the interpolation func-
tions

point. If our expansion functions are Lagrange interpolants, then the coefficients u;
represent the value of the function at the collocation points z;:

N
u(xj) =u; = ) Wp(xj) =15, j=0,1,...,N (15.22)
i=0
We will omit the circumflex accents on the coefficients whenever the expansion functions
are Lagrangian interpolation functions. The use of Lagrangian interpolation simplifies
the imposition of the C° continuity requirement, and the function values at the colloca-
tion points are obtained directly without further processing.

There are other expansion functions in use in the FE community. For example,
Hermitian interpolation functions are used when the solution and its derivatives must be
continuous across element boundaries (the solution is then C'* continuous); or Hermitian
expansion is used to model infinite elements. These expansion function are usually
reserved for special situations and we will not address them further.

In the following 3 sections we will illustrate how the FEM solution of equation
proceeds. We will approach the problem from 3 different perspectives in order to highlight
the algorithmic steps of the finite element method. The first approach will consider a
small size expansion for the approximate solution, the matrix equation can then be
written and inverted manually. The second approach repeats this procedure using a
longer expansion, the matrix entries are derived but the solution of the larger system
must be done numerically. The third approach considers the same large problem as
number two above; but introduces the local coordinate and numbering systems, and the
mapping between the local and global systems. This local approach to constructing the
FE stiffness matrix is key to its success and versatility since it localizes the computational
details to elements and subroutines. A great variety of local finite element approximations
can then be introduced at the local elemental level with little additional complexity at
the global level.

15.2.5 FEM solution using 2 linear elements

We illustrate the application of the Galerkin procedure for a 2-element discretization of
the interval [0,1]. Element 1 spans the interval [0, 3] and element 2 the interval [, 1]
and we use the following interpolation procedure:

u(z) = ugdo(x) + ur¢1(x) + uzga(x) (15.23)
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where the interpolation functions and their derivatives are tabulated below

do(@) | dr1(x) | polx) | 20 [T ] 0%
1—-2z 2x 0 -2 2 0 (15.24)
0 2(1 - 33‘) 2x — 1 0 -9 2

IA[IA
— Nl

xT
xT

o= O
IA[IA

and shown in figure [5.0l It is easy to verify that the ¢; are Lagrangian interpolation
functions at the 3 collocations points = 0,1/2,1, i.e. ¢;(x;) = 0;;. Furthermore, the
expansion functions are continuous across element interfaces, so that the C° continuity
requirement is satisfied), but their derivates are discontinuous. It is easy to show that the
interpolation [5.23] amounts to a linear interpolation of the solution within each element.

Since the boundary condition at x = 0 is of Dirichlet type, we need only test with
functions that satisfy v(0) = 0; in our case the functions ¢ and ¢ are the only can-
didates. Notice also that we have only 2 unknowns u; and wusg, ug being known from
the Dirichlet boundary conditions; thus only 2 equations are needed to determine the
solution. The matrix entries can now be determined. We illustrate this for two of the
entries, and assuming A is constant for simplicity:

1 1
Ky = /0 (%% + A¢1¢0> dz = /02 [—4 + A2z — 42?)] dox = -2+ % (15.25)
Notice that the integral over the entire domain reduces to an integral over a single element
because the interpolation and test functions ¢y and ¢; are non-zero only over element 1.
This property that localizes the operations needed to build the matrix equation is key
to the success of the method.
The entry Ki; requires integration over both elements:

[V (0¢1 091
1 1
_ /2 4+ Ma?] de+ [ 4+ M1 -2)?) do (15.27)
0 2
2\ 2\ 4\
= <2+ﬁ>+<2+ﬁ>_4+ﬁ (15.28)

The remaining entries can be evaluated in a similar manner. The final matrix equation
takes the form:

A 4\ A Ug
_2—|—ﬁ 4—|—§ —2+ﬁ u _ b1 (15'29)
0 2+ 2+% b
U2

Note that since the value of ug is known we can move it to the right hand side to obtain
the following system of equations:

(2 24)(2)-( ") o
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whose solution is given by

w1242 2- bt (2 75) o
<u2>_A<2—1—/\2 4+ (15.31)

where A = 8(1 + %)2 - (% —2)2 is the determinant of the matrix. The only missing
piece is the evaluation of the right hand side. This is easy since the function f and the
flux ¢ are known. It is possible to evaluate the integrals directly if the global expression
for f is available. However, more often that not, f is either a complicated function, or is
known only at the collocation points. The interpolation methodology that was used for
the unknown function can be used to interpolate the forcing functions and evalute their
associated integrals. Thus we write:

wiexg

1
bj = /quﬁj dz + q¢;(1) (15.32)
1 2
= [ S h00er do+ as,1) (15.33)
=0

= g (/01 Di; dﬂ?) fi+ad;(1) (15.34)

fo
1 1 4 1 0
_ = 15.
12(012) ;; +<q> (15.35)
The final solution can thus be written as:
+Af14 A
<U1>:i<2+% 2_§><f0 & f2+(2‘ﬁ)u°> (15.36)

If ug =0, A =0 and f = 0, the analytical solution to the problem is u = gx. The
finite element solution yields:

(1)=3 (3 8)(2)

which is the exact solution of the PDE. The FEM procedure produces the exact result
because the solution to the PDE is linear in x. Notice that the FE solution is exact at
the interpolation points x = 0,1/2,1 and inside the elements.

If f = —1, and the remaining parameters are unchanged the exact solution is
quadratic ue = 2%/2 + (¢ — 1)z, and the finite element solution is

-1 4q-3
()= O0E)-05) e

Notice that the FE procedure yields the exact value of the solution at the 3 interpolation
points. The errors committed are due to the interpolation of the function within the

QN

) (15.37)
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Figure 15.2: Comparison of analytical (solid line) and FE (dashed line) solutions for
the equation u,z + f = 0 with homogeneous Dirichlet condition on the left edge and
Neumann condition u, = 1 on the right edge. The circles indicate the location of the
interpolation points. T'wo linear finite elements are used in this example.
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elements; the solution is quadratic whereas the FE interpolation provide only for a linear
variation.
For f = —x, the exact solution is u, = 2%/6 + (¢ — 1/2)x, and the FE solution is:

_t s | = (15.39)
< Uy ) 4 < 2 4 -2 q _é

The solution is again exact at the interpolation points by in error within the element due
to the linear interpolation. This fortuitous state of affair is due to the exact evaluation
of the forcing term f which is also exactly interpolated by the linear functions.

For f = —z?, the exact solution is u = 2*/12 + (¢ — 1/2)x, and the FE solution is:

u 12 2 o 18410
_ - - 15.40
(5)-30 )07 ) -5 o

This time the solution is in error at the interpolation points also. Figure [[5.2] compare
the analytical and FE solutions for the 3 cases after setting ¢ = 1.

15.2.6 FEM solution using N linear elements

%o i1 oj Gj+1 ON
vg BT g i1 Az xj ATjt1 Tjt1 e DTN gy

Figure 15.3: An element partition of the domain into N linear elements. The element
edges are indicated by the filled dots.

In order to decrease the error further for cases where f is a more complex function,
we need to increase the number of elements. This will increase the size of the matrix
system and the computational cost. We go through the process of developing the stiffness
equations for this system since it will be useful for the understanding of general FE
concepts. Suppose that we have divided the interval into N elements (not necessarily of
equal size), then interpolation formula becomes:

N
u(r) = uigi() (15.41)
=0

Element number j, shown in figure 5.3} spans the interval [z;_1, 2;], for j =1,2,..., N;
its left neighbor is element j — 1 and its right number is element j + 1. The length of
each element is Azx; = x; — ;1. The linear interpolation function associated with node
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7 is
0 T < Tj

T—Tj—1

T=e, g T-1ST ST

¢j(x) =9 F % (15.42)
zmi=z; TiSTSTim

0 Tj41 <z

Let us now focus on building the stiffness matrix row by row. The jth row of K
corresponds to setting the test function to ¢;. Since the function ¢; is non-zero only
on the interval [z;_1,2;41], the integral in the stiffness matrix reduces to an integration
over that interval. We thus have:

Lo [T (99599
bj = /:Hl foj dz+qe;(1) (15.44)

Likewise, the function ¢; is non-zero only on elements i and 7 + 1, and hence K;; = 0
unless i = j — 1,7,j + 1; the system of equation is hence tridiagonal. We now derive
explicit expressions for the stiffness matrix entries for ¢ = 5,5 £ 1.

Tj 8¢ 8¢._1
K = R . ) 15.4
i = [ (G0 ) (15.45)
_ / ’ <_ NP Vet e R B ) de,  (15.46)
woa \ (@ —xj1) Tj = Tj-12j = Tj-1
1 A.Z'j
_ 15.4
A T (15.47)

The entry for K ;11 can be deduced automatically by using symmetry and applying the
above formula for j + 1; thus:

1 Az i+1
Kjj1 = Kj1j = N +A 6J (15.48)
The sole entry remaining is ¢ = j; in this case the integrals spans the elements ¢ and ¢+ 1
i (O¢; Op; 0¢; 09,

Kjj = /-le ((9 . o - +)\¢]¢]> dz +/ ((9 . o —Z +)\¢]¢J> (15.49)

1 /xj 9 1 Tjt+1 9
- L L+ Az — 25 1)2] da, 4o / 1+ A1 — 2)2] (@5:50)

a2 ), | vl S R TR

o 1 2A:Ej 1 2A3§‘j+1
N <Al’j+/\ 6 >+<A:Ej+1+>\ 6

Note that all entries in the matrix equations are identical except for the rows associated
with the end points where the diagonal entries are different. It is easy to show that we
must have:

1 2AJZ1
K()70 = (A—xl-i-)\ 6 ) (15.51)

1 QAI'N
KN,N = (AJIN + A 6 ) (15.52)
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The evaluation of the right hand sides leads to the following equations for b;:

bj = [Hlf% dz + q¢;(1) (15.53)
it Zj+1

= 3 [ ey dafitaon(on, (15.54)
i=j—17%i-1

1
= 5 [Azifj-1+2(Azj + Azj) fi + Azjia fim] + agn(1)dn; - (15.55)

Again, special consideration must be taken when dealing with the edge points to account
for the boundary conditions properly. In the present case by is not needed since a Dirichlet
boundary condition is applied on the left boundary. On the right boundary the right
hand side term is given by:

_1
6

Note that the flux boundary condition affects only the last entry of the right hand side.
If the grid spacing is constant, a typical of the matrix equation is:

1 VAV 1 20AAx 1 PVAN'
<_A—a: * T) U1t (A—;U * T) W <_A—a: * T) ikt =

Ax

— (i1 +4f+ fi1)  (1557)
For A = 0 it is easy to show that the left hand side reduces to the centered finite difference
approximation of the second order derivative. The finite element discretization produces
a more complex approximation for the right hand side involving a weighing of the function

at several neighboring points.

by [Az;fy-1+2(Aznfi] +q (15.56)

15.2.7 Local stiffness matrix and global assembly

We note that in the previous section we have built the stiffness matrix by constantly
referring to a global node numbering system and a global coordinate system across all
elements. Although this is practical and simple in one-dimensional problems, it becomes
very tedious in two and three dimensions, where elements can have arbitrary orientation
with respect to the global coordinate system. It is thus useful to transform the compu-
tations needed to a local coordinate system and a local numbering system in order to
simplify /automate the building of the stiffness matrix. We illustrate these local entities
in the one-dimensional case since they are easiest to grasp in this setting.

For each element we introduce a local coordinate system that maps the element j
defined over z;_1; < o < z; into —1 < ¢ < 1. The following linear map is the simplest
transformation that accomplishes that:

r — Ti-q
=2——— 1 15.58
£= 2" (15.58)
This linear transformation maps the point z;_; into { = —1 and x; into £ = 1; its inverse
is simply
1
T = ij£+ +Tj-1 (1559)

2
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hi(§) ha(€)
u] D j u)
&1 Az; &2

Figure 15.4: Local coordinate system and local numbering system

We also introduce a local numbering system so the unknown can be identified locally.
The superscript j, whenever it appears, indicate that a local numbering system is used to
refer to entities defined over element j. In the present instance the u] refers to the global
unknown uj_; and u} refers to the global unknown wu;. Finally, the global expansion
functions, ¢; are transformed into local expansion functions so that the interpolation of
the solution u within element j is:

() = ulha (€) + uha(€) (15.60)
where the functions hq o are the local Lagrangian functions

MmO =155 k@) = 5%, (15.61)

It is easy to show that hi should be identified with the right limb of the global function
¢j—1 while hy should be identified with the left limb of global function ¢;(z).

The operations that must be carried out in the computational space include differen-
tiation and integration. The differentiation in physical space is evaluated with the help
of the chain rule: ' , ,

ouw  ou 9 oul 2
ou _ow 0f _ ow 2 (15.62)
ox 0§ 0xr 0§ Ax;
where % is the metric of mapping element j from physical space to computational space.
For the linear mapping used here this metric is constant. The derivative of the function

in computational space is obtained from differentiating the interpolation formula [15.60]

oul _ gom 0 15.
5 ulGe Tl (15.63)
J_ ]
= “22“1 (15.64)

For the linear interpolation functions used in this example, the derivative is constant
throught the element.

We know introduce the local stiffness matrices which are the contributions of the
local element integration to the global stiffness matrix:

; i (Ohy, Ohy,
Kin :/m (W% +Ahm(§)hn(§)) dz, (m,n) =1,2 (15.65)

j—1

Notice that the local stiffness matrix has a small dimension, 2 x 2 for the linear inter-
polation function, and is symmetric. We evaluate these integrals in computational space
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by breaking them up into 2 pieces Dfnm and Mﬂnn defined as follows:

: i Ohy, Ohy, L Oh,y, Oy, (OEN? Oz
DI — ZmZ = — [ =] = 15.
mn /x Frar ) N T <8x) o & (15.66)
. T 1 Ox
M%==/ M%m:/hmw—% (15.67)
’ Zj-1 -1 35

The integrals in physical space have been replaced with integrals in computational space
in which the metric of the mapping appears. For the linear mapping and interpolation
function, these integrals can be easily evaluated:

j_ Azt (1= (187 Az (201
e _1<<1—§2> <1+s>2> d5—7<1 2> (15.68)

Similarly, the matrix D7 can be shown to be:

: L A | 1 1 -1
J — -
b _'2ij/C1< -1 1 ) dg_’Amj< -1 1 ) (15.69)

The local stiffness matrix is K7 = DJ + AM7. The matrix M7 appears frequently in
FEM, it is usually identified with a time-derivative term (absent here), and is referred
to as the mass matrix.

Having derived expressions for the local stiffness matrix, what remains is to map
them into the global stiffness matrix. The following relationships hold between the
global stiffness matrix and the local stiffness matrices:

Kjjo1 = Ki; (15.70)
Kj; = Kj,+K{}' (15.71)
K = K{}' (15.72)

The left hand sides in the above equations are the global entries while those on the
right hand sides are the local entries. The process of adding up the local contribution is
called the stiffness assembly. Note that some global entries require contributions from
different elements.

In practical computer codes, the assembly is effected most efficiently by keeping
track of the map between the local and global numbers in an array: imap(2,j) where
imap(1,j) gives the global node number of local node 1 in element j, and imap(2,j)
gives the global node number of local node 2 in element j. For the one-dimensional case
a simple straightforward implementation is shown in the first loop of figure where P
stands for the number of collocation points within each element. For linear interpolation,
P = 2. The scatter, gather and assembly operations between local and global nodes can
now be easily coded as shown in the second, and third loops of figure

15.2.8 Quadratic Interpolation

With the local approach to stiffness assembly, it is now simple to define more complicated
local approximations. Here we explore the possibility of using quadratic interpolation to
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integer, parameter :: N=10 ! number of elements

integer, parameter :: P=3 ! number of nodes per element
integer :: Nt=N*x(P-1)+1 I total number of nodes
integer :: imap(P,N) ! connectivity

real*8 :: ul(P,N),v1(P,N) | local variables

real*8 :: u(Nt), v(Nt) ! global variables

real*8 :: K1(P,P,N) ! local stiffness matrix
real*8 :: K(Nt,Nt) I global stiffness matrix

! Assign Connectivity in 1D
do j =1,N I element loop
dom=1,P ! loop over collocation points
imap(m,j) = (j-1)*(P-1)+m ! assign global node numbers
enddo

enddo
! Gather/Scatter operation
do j =1,N I element loop
dom=1,P ! loop over local node numbers
mg = imap(m,j) ! global node number of node m in element j
ul(m,j) = u(mg) ! local gathering operation
v(mg) = v1(m,j) I local scattering
enddo
enddo
! Assembly operation
K(1:Nt,1:Nt) = 0 I global stiffness matrix
do j =1,N ! element loop
don-=1,P
ng = imap(n,j) ! global node number of local node n
dom=1,P
mg = imap(m,j) ! global node number of local node m
K(mg,ng) = K(mg,ng) + Kl(m,n,j)
enddo
enddo
enddo

Figure 15.5: Gather, scatter and stiffness assembly codes.
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improve our solution. The local interpolation takes the form

w(€) = ufhi(€) + udha(€) + uhhs(€) (15.73)
hi(§) = —é% (15.74)
ha(6) = 1-¢° (15.75)
h3(§) = 1T+§ (15.76)

It is easy to verify that h;(§) are Lagrangian interpolants at the collocation points &; =
—1,0,1. These functions are shown in top right panel of figure Notice that there
are now 3 degrees of freedom per elements, and that the interpolation function associated
with the interior node does not interact with the interpolation functions defined in other
elements. The local matrices can be evaluated analytically:

N 4 2 -1 ‘ 1 7 =8 1
M = 3—03 2 16 2|, D= N -8 16 -8 |, (15.77)
-1 2 4 i 1 -8 7

The assembly procedure can now be done as before with the proviso that the local node
numbers m runs from 1 to 3. In the present instance the global system of equation is
pentadiagonal and is more expensive to invert then the tridiagonal system obtained with
the linear interpolation functions. One would expect improved accuracy, however.

15.2.9 Spectral Interpolation

Generalizing the approach to higher order polynomial interpolation is possible. As the
degree of the interpolating polynomial increases, however, the well-known Runge phe-
nomenon rears its ugly head. This phenomenon manifests itself in oscillations near the
edge of the interpolation interval. This can be cured by a more judicial choice of the
collocation points. This is the approach followed by the spectral element method, where
the polynomial interpolation is still cast in terms of high order Lagrangian interpola-
tion polynomials but the collocation points are chosen to be the Gauss-Lobatto roots
of special polynomials. The most common polynomials used are the Legendre poly-
nomials since their Gauss-Lobatto roots possess excellent interpolation and quadrature
properties. The Legendre spectral interpolation takes the form

P
WE) = Y whn(€) (15.79)
m=1

I ) S N Ay S
hm(g) - P(P — 1)LP—1(§m)(§ - fm) - n=117_n[75m &m = n’

m=1,2,...,A5.79)

Lp_; denotes the Legendre polynomial of degree (P —1) and L»_; denotes its derivative.
The P collocation points £, are the P Gauss-Lobatto roots of the Legendre polynomials
of degree P — 1, i.e. they are the roots of the equation:

(1—&)Lp 1 (&) =0, (15.80)
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! ‘N3 3
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Figure 15.6: Plot of the Lagragian interpolants for different polynomial degrees: linear
(top left), quadratic (top right), cubic (bottom left), and fifth (bottom right). The
collocation points are shown by circles, and are located at the Gauss-Lobatto roots of
the Legendre polynomial. The superscript indicates the total number of collocation
points, and the subscript the collocation point with which the polynomial interpolant is
associated.

&1 &2 Em &p

Figure 15.7: Distribution of collocation points in a spectral element. In this example
there are 8 collocation points (polynomial of degree 7).
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and are shown in figure I5.71 Equation shows the two different forms in we can
express the Lagragian interpolant; the traditional ] notation expresses h,, as a product
of P — 1 factors chosen so as to guarantee the Lagragian property; the second form is
particular to the choice of Legendre Gauss-Lobatto points B (IMQL \Canuto et all
). It is easy to show that h,,(&,) = dmn, and they are polynomials of degree P — 1.
Note that unlike the previous cases the collocation points are not equally spaced within
each element but tend to cluster more near the boundary of the element. Actually the
collocation spacing is O(1/(P —1)?) near the boundary and O(1/(P — 1)) near the center
of the element. These functions are shown in figure for P =4 and 6. The P — 2
internal points are localized to a single element and do not interact with the interpolation
function of neighboring elements; the edge interpolation polynomials have support in two
neighboring elements.
The evaluation of the derivative of the solution at specified points 7, is equivalent to:

P
Ul(??n) = Z h;n(nn)um (15.81)
m=1

and can be cast in the form of a matrix vector product, where the matrix entries are the
derivative of the interpolation polynomials at the specified points n,.

The only problem arises from the more complicated form of the integration formula.
For this reason, it is common to evaluate the integrals numerically using high order
Gaussian quadrature; see section [5.2ZT0lL Once the local matrices are computed the

assembly procedure can be performed with the local node numbering m running from 1
to P.

15.2.10 Numerical Integration

Although it is possible to evaluate the integrals analytically for each interpolation poly-
nomial, the task becomes complicated and error prone. Furthermore, the presence of
variable coefficients in the equations may complicate the integrands and raise their order.
The problem becomes compounded in multi-dimensional problems. It is thus customary
to revert to numerical integration to fill in the entries of the different matrices.

Gauss quadrature estimates the definite integral of a function with the weighed sum
of the function evaluated at specified points called quadrature points:

Q
[ @) d6=3 oleen + o (15.52)

=1

where @ is the order of the quadrature formula and fg are the Gauss quadrature points;
the superscript is meant to distinguish the quadrature points from the collocation points.
Rg is the remainder of approximating the integral with a weighed sum; it is usually
proportional to a high order derivative of the function g.

Gauss Quadrature

The Gauss quadrature is one of the most common quadrature formula used. Its quadra-
ture points are given by the roots of the ch degree Legendre polynomial; its weights
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and remainder are:

G _ 2 _

wp - (1 _6127)[[/@(65)]2’ p 1,2,-..,@ (1583)
- 22Q+1(Q!)4 82Qg

o = Lo DT 9 £=‘§’ <1 (15.84)

Gauss quadrature omits the end points of the interval £ = +1 and considers only interior
points. Notice that if the integrand is a polynomial of degree 2Q) — 1; its 2Q-derivative is
zero and the remainder vanishes identically. Thus a ) point Gauss quadrature integrates
all polynomials of degree less then 2(Q) exactly.

Gauss-Lobatto Quadrature

The Gauss-Lobatto quadrature formula include the end points in their estimate of the
integral. The roots, weights, and remainder of a Q-order Gauss-Lobatto quadrature are:

[1—(5,5”)2} L&) =0 (15.85)
GL _ 2 B
S (1778 (15.:56)
o = B e €] <(15.87)

eQ-DEQ-2P  oe@ |,

A @ point Gauss-Lobatto quadrature of order () integrates exactly polynomials of degree
less or equal to 2Q) — 3.

Quadrature order and FEM

The most frequently encountered integrals are those associated with the mass matrix,
equation [5.67] and diffusion matrix, equation We will illustrate how the order
of integration can be determined to estimate these integrals accurately. We assume for
the time being that the interpolation polynomial h,, is of degree P — 1 (there are P
collocation points within each element), and the metric of the mapping is constant. The
integrand in equation is of degree 2(P — 2), and the in equation is of degree
2(P—1).

If Gauss quadrature is used and exact integration is desired then the order of the
quadrature must be ¢ > P — 2 in order to evaluate exactly and @ > P in order to
evaluate [[5.67 exactly. Usually a single quadrature rule is chosen to effect all integrations
needed. In this case Q = P + 1 will be sufficient to evaluate the matrices M and D in
equations Higher quadrature with @ > P + 1 may be required if additional
terms are included in the integrand; for example when the metric of the mapping is
not constant. Exact evaluation of the integrals using Gauss-Lobatto quadrature requires
more points since it is less accurate then Gauss quadrature: @ > (2P + 3)/2 Gauss-
Lobatto points are needed to compute the mass matrix exactly.
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Although the order of Gauss quadrature is higher, it is not always the optimal choice;
other considerations may favor Gauss-Lobatto quadrature and reduced (inexact) inte-
gration. Consider a quadrature rule where the collocation and quadrature points are
identical, such a rule is possible if one chooses the Gauss-Lobatto quadrature of order P,

where P is the number of points in each element; then &, = §,C{;L form=1,...,P. The
evaluation of the local mass matrix becomes:
7 1 &T
1 &
- ox
~ hm(&p)hm(gp) 8_5 Wp (15.89)
p=1 &p
P
0
= Z [5m,p5n,p 8_:E Wp‘| (1590)
p=1 5 &p
ox
= 5m n A~ Wm 15.91
© O, (15.91)

Equation [[5.971] shows that mass matrix becomes diagonal when the quadrature and col-
location points are identical. This rule applies equatlly well had we chosen the Gauss
points for quadrature and collocation. However, the Gauss-Lobatto roots are preferred
since they simplify the imposition of C° continuity across elements (there are formulation
where C¥ continuity is not necessary, Gauss quadrature and collocation becomes sensi-
ble). The implication of a diagonal mass matrix is profound for it simplifies considerably
the computations of time-dependent problems. As we will see later, the time-integration
requires the inversion of the mass matrix, and this task is infinitely easier when the mass
matrix is diagonal. The process of reducing the mass matrix to diagonal is occasionally
referred to as mass lumping. One should be carefull when low order finite elements are
used to build the mass matrix as the reduced quadrature introduces error. For low order
interpolation (linear and quadratic) mass lumping reduces the accuracy of the finite ele-
ment method substantially; the impact is less pronounced for higher order interpolation;
the rule of thumb is that mass lumping is terrible for linear element and has little impact
for P > 3.

Example 17 We solve the 1D problem: ., —4u = 0in 0 < x < 1 subject to the bound-
ary conditions u(0) = 0, and u, = 1. The analytical solution is u = sinh2z/(2cosh2).
The rms error between the finite element solution and the analytical solution is shown
in figures [[5.8] as a function of the number of degrees of freedom. The plots show the
error for the linear (red) and quadratic (blue) interpolation. The left panel shows a
semi logarithmic plot to highlight the exponential convergence property of the spectral
element method, while the right panel shows a log-log plot of the same quantities to
show the algebraic decrease of the error as a function of resolution for the linear and
quadratic interpolation as evidenced by the straight convergence lines. The slopes of the
convergence curves for the spectral element method keeps increasing as the number of
degrees of freedom is increased. This decrease is most pronounced when the degrees of
freedom as added as increased spectral interpolation within each element as opposed to
increasing the number of elements. Note that the spectral element computations used
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Figure 15.8: Convergence curves for the finite element solution of u,, — 4u = 0. The
red and blue lines show the solutions obtained using linear and quadratic interpolation,
respectively, using exact integration; the black lines show the spectral element solution.

Gauss-Lobatto quadrature to evaluate the integrals, whereas exact integration was used
for linear and quadratic finite elements. The inexact quadrature does not destroy the
spectral character of the method.

15.3 Mathematical Results

The following mathematical results are presented without proof given the substantial
mathematical sophistication in their derivation.

15.3.1 Uniqueness and Existence of continuous solution

The existence and uniqueness of the solution to the weak form is guaranteed by the
Lax-Milgram theorem:

Theorem 1 Laz-Milgram Let V' be a Hilbert space with norm || ||y, consider the bilinear
form A(u,v) : V xV — R, and the bounded linear functional F(v) : V. — R. If the
bilinear form is bounded and coercive,i.e. there exists positive constants p and [ such
that

e continuity of A: |A(u,v)| < Bllullv ||[v]lv Yu,v eV
e coercivity of A: pllully < A(u,u) YueV
Then there exists a unique . € V' such that
A(t,v) = F(v) YveV (15.92)

The continuity condition guarantees that the operator A is bounded: |A(u,v)| <
Bllul|?;,. This, in combination with the coercivity condition guarantees that A is norm
equivalent to |||y The above theorem guarantees the existence and uniqueness of the
continuous solution. We take the issue of the discrete solution in the following section.
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15.3.2 Uniqueness and Existence of continuous solution

The infinite-dimensional continuous solution #, must be approximated with a finite di-
mensional approximation uy where N characterizes the dimensionality (number of de-
grees of freedom) of the discrete solution. Let Vv C V' be a finite dimensional subspace
of V providing a dense coverage of V' so that in the limit N — oo, limy_,o Vi = V.

Since Vi is a subset of V' the condition of the Lax-Milgram theorem are fullfilled and
hence a unique solution exists for the discrete problem. The case where the discrete space
VN C V (Vi is a subset of V) is called the conforming case. The proofs of existence
and uniqueness follow from the simple fact that Vjy is a subset of V. Additionally, for
the Galerkin approximation the following stability condition is satisfied:

lunllv < C|f] (15.93)

where C' is a positive constant independent of N. One has moreover that:
. B .
|lun, —ally < = inf ||a—o||v (15.94)
VN

The inequality (I5.93) shows that the V-norm of the numerical solution is bounded by
the Lo-norm of the forcing function f (the data). This is essentially the stability criterion
of the Lax-Richtmeyer theorem. Inequality (I5.94]) says that the V-norm of the error is
bounded by the smallest error possible v € Vi to describe @ € V. By making further
assumptions about the smoothness of the solution # it is possible to devise error estimates
in terms of the size of the elements h. The above estimate guarantees that the left hand
side of (I5.94) goes to zero as N — oo since Vx — V. Hence the numerical solution
converges to the true solution. According to the Lax-Richtmeyer equivalence theorem,
since two conditions (stability and convergence) hold, the third condition (consistency)
must follow; the discretization is hence also consistent.

15.3.3 Error estimates

Inequality (I5.94) provide the mean to bound the error in the numerical solution. Let
u; = Iyt be the interpolant of @ in V. An upper bound on the approximation error
can be obtained since

lun — 4|y < s inf [jv—allly < C|lar —al||V (15.95)
p vEVN

Let h reflect the charateristic size of an element (for a uniform discretization in 1D, this
would be equivalent to Az). One expects ||u, — 4|y — 0 as h — 0. The rate at which
that occurs depends on the smothness of the solution .

For linear intepolation, we have the following estimate:

1
2

1
m — @l g1 < Chlitlge, |ilge = </ umdzn> (15.96)
0

where |42 is the so-called H? semi-norm, (essentially a measure of the “size” of the
second derivative), and C is a generic positive constant independent of h. If the solution
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admits integrabale second derivatives, then the H'-norm of the error decays linearly with
the grid size h. The Lo-norm of the error however decreases quadratically according to:

- 1 2
o — @ll g1 < C B2 [it] ]t o = (/ (um)2dx) (15.97)
0

The difference between the rate of convergences of the two error norms is due to the
fact that the H'-norm takes the derivatives of the function into account. That the first
derivative of 4 are approximated to first order in h while @ itself is approximated to
second order in h.

For an interpolation using polynomials of degree k the Lo-norm of the error is given
by

A g k+1 b ’

provided that the solution is smooth enough i.e. the k + 1 derivative of the solution is
square-integrable.

For the spectral element approximation using a single element, the error depends on

N and the regularity of the solution. If & € H™ with m > 0, then the approximation
error in the Lo norm is bounded by

llup, — 4l < CN7™ |G| grm (15.99)

The essential difference between the p-version of the finite element method and the
spectral element method lies in the exponent of the error (note that h N~!). In the
p-case the exponent of N is limited by the degree of the interpolating polynomial. In
the spectral element case it is limited by the smoothness of the solution. If the latter is
infinitely smooth then m ~ N and hence the decay is exponential N~

15.4 Two Dimensional Problems

The extension of the finite element methods to two-dimensional elliptic problems is
straightforward and follows the same lines as for the one-dimensional examples, namely:
transformation of the PDE to a variational problem, restriction of this problem to a
finite dimensional space (effectively, the Galerkin step), discretization of the geometry
and spatial interpolation, assembly of the stiffness matrix, imposition of boundary con-
ditions, and finally solution of the linear system of equations. Two dimensional problems
have more complicated geometries then one-dimensional problems. The issue of geom-
etry discretization becomes important and this will be explored in the present section.
We will take as our sample PDE the following problem:

Viu—M+f=0 xeQ (15.100)
u(x) = up(x), x € 'p (15.101)
Vu-n=gq, xely (15.102)
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where €2 is the region of interest with 02 being its boundary, I'p is that portion of
0 where Dirichlet conditions are imposed and I'y are those portions where Neumann
conditions are imposed. We suppose the I'p + 'y = 0€2.

The variational statements comes from multiplying the PDE by test functions v(x)
that satisfy v(x € I'p) = 0, integrating over the domain 2, and applying the boundary
conditions; the variational statement boils down to:

/ (Vu-Vo+ duw) dA = / fvdA + / vq ds, Vv € H} (15.103)
Q Q r

N

where H} is the space of square integrable functions on € that satisfy homogenous
boundary conditions on I'p; ds is the arclength along the boundary. The Galerkin
formulation comes from restricting the test functions to a finite set and interpolation
functions to a finite set:

N
u=> udi(x), v=¢;,j=12,...,N (15.104)
i=1

where the ¢;(x) are now two dimensional interpolation functions (here we restrict our-
selves to Lagrangian interpolants). The Galerkin formulations becomes find w; such that

N
;A(V@-WHA@@) dAu; z/quﬁj dA + /FN ¢jqds, j=1,2,...,N (15.105)

We thus recover the matrix formulation K« = b where the stiffness matrix and forcing
functions are given by:

Ky = /Q(V¢i'v¢i+)\¢i¢j) dA (15.106)

b = /qubj dA + /FNquq ds (15.107)

In two space dimensions we have a greater choice of element topology (shape) then in
the simplistic 1D case. Triangular elements, the simplex elements of 2D space, are very
common since they have great flexibility, and allow the discretization of very complicated
domains. In addition to triangular elements, quadrilaterals elements with either straight
or curved edges are extensively used. In the following, we explore the interpolation
functions for each of these elements, and the practical issues needed to be overcome in
order to compute the integrals of the Galerkin formulation.

15.4.1 Linear Triangular Elements

One of the necessary ingredient of FE computations is the localization of the computa-
tions to an element which requires the development of a natural coordinate system in
which to perform the computations. For the triangle, the natural coordinate system is
the area coordinate shown in figure The element is identified by the three nodes
i, j and k forming its vertices; let P be a point inside the triangle with coordinates x.
By connecting P to the three vertices i, j, and k, we can divide the elements into three
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k

Figure 15.9: Natural area coordinate system for triangular elements.

small triangles with areas A;, A; and Ay, respectively with A; + A; + A, = A, where
A is the area of the original element. Notice that if the point P is located along edge
j —k, A; = 0, whereas if its located at ¢ we have A; = A and A; = Aj, = 0; the nodes j
and k have similar property. This natural division of the element into 3 parts of similar
structure allows us to define the area coordinate of point P as:

A; A;

a; = — aj:

A
< = ditajtap=1 (15.108)

Z’ak_A’

The area of a triangle is given by the determinant of the following matrix:

1 =z oy
Tz oy

The other areas A;, A; and Aj can be obtained similarly; their dependence on the
coordinate (z,y) of the point P is linear. It is now easy to verify that if we set the
local interpolation functions to ¢; = a; we obtain the linear Lagrangian interpolant
on the triangle, i.e. that ¢;(x,) = 0;, where m can tak the value i, j, or k. The
linear Lagrangian interpolant for point ¢ can be easily expressed in terms of the global
coordinate system (z,y):

1

$i(z,y) = o7 (a+Biz+7y) (15.110)
Qp = TjYg — TkYj (15.111)

Bi = yj— Uk (15.112)

vi = —(x— ) (15.113)

The other interpolation function can be obtained with a simple permutation of indices.
Note that the derivative of the linear interpolation functions are constant over the ele-
ment. The linear interpolation now takes the simple form:

w(x) = uidi(x) + ujd;(x) + updp(x) (15.114)
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Figure 15.10: Linear interpolation function over linear triangular elements. The triangle
is shown in dark shades. The three interpolation functions are shown in a light shade
and appear as inclined planes in the plot.

where u;, u; and uy, are the values of the solution at the nodes 7, j and k. The interpo-
lation formula for the triangle guarantees the continuity of the solution across element
boundaries. Indeed, on edge j — k for example, the interpolation does not involve node
1 and is essentially a linear combination using the functions values at node j and k, thus
ensuring continuity. The linear interpolation function for the triangle are shown in figure
as a three-dimensional plot.

The usefullness of the area coordinates stems from the existence of the following
integration formula over the triangle:

/ Pala; dA = 24— DT (15.115)
A p+qg+r+2)!

where the notation p! = 12...p stands for the factorial of the integer p. It is now easy
to verify that the local mass matrix is now given by

Gidi G ik g (211
Me:/ idi Qjd; Dok dA:E 121 (15.116)
AN\ opdi drd; dror 11 2

The entries of the matrix arising from the discretization of the Laplace operator are
easy to compute since the gradients of the interpolation and test functions are constant
over an element; thus we have:

Vo -Vo; Vo -Vo; Vo Vo
e = / Vo, Vi Vo, Vo, Vo, Veér | da (15.117)
AN\ Vor Vo Vo Vo, Vi Vo
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Figure 15.11: FEM grid and contours of the solution to the Laplace equation in a circular
annulus.
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BrBi + i BrBi + i BrBr + ek

As an example of the application of the FEM element method we solve the Laplace
equation in a circular annulus subject to Dirichlet boundary conditions using a FEM with
linear triangular elements. The FEM grid and contours of the solution are shown in figure
[I5.11l The grid contains 754 nodes and 1364 elements. The boundary conditions were
set to cosf on the outer radius and sinf on the inner radius, where 6 is the azimuthal
angle. The inner and outer radii are 1/2 and 1, respectively. The contour lines were
obtained by interpolating the FEM solution to a high resolution (401x401) strutured
grid prior to contouring it.

15.4.2 Higher order triangular elements

It is possible to define higher order interpolation formula within an element without
changing the shape of an element. For example the quadratic triangular elements with
collocation points at the triangle vertices and mid-points of edges are given by

u(x) = wdf (%) + ;5 (x) + upei (x)

+ “i—j(ﬁ?—j (x) + Uj—k¢§_k(x) + up— i (%) (15.119)
o7 = 2ai(a; — %) (15.120)
¢ = 2a;(a; — %) (15.121)
o = 2ax(ay — 1) (15.122)

2
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Figure 15.12: Mapping of a quadrilateral between the unit square in computational space
(left) and physical space (right).

o7, = daa; (15.123)
¢7 p = dajag (15.124)
or_, = daga (15.125)

where ¢ — k denotes the midpoint of edge i — k. There are 6 degrees of freedom associated
with each quadratic triangular element. Although it is possible to define even higher order
interpolation in the triangle by proceeding as before; it is not so simple to implement.
The alternative is to use a mapping to a structured computational space and define
the interpolation and collocation function in that space. It is important to choose the
collocation points appropriately in order to avoid Gibbs oscillations as the polynomial
degree increases. Spectral triangular elements are the optimal choice with this regard.
We will not discuss spectral element triangles here; we refer the interested reader to

(1999).

15.4.3 Quadrilateral elements
Change of Coordinates

The derivation of the interpolation and integration formula for quadrilateral finite el-
ements follows the line of the previous section. The main task resides in defining the
local coordinate system in the master element shown in figure For straight edged
elements the mapping between physical and computational space can be easily effected
through the following bilinear map:

1-&(1—n 1+7n ) 1—|—£<1—77 1+n )
x(&m) = 5 ( 5 X1 + 5 X3 |+ 5 5 X2 + 9 X4

(15.126)

In order to derive all the expressions needed to express the Galerkin integrals in
computational space, it is useful to introduce a basis in computational space (e¢,e;)
tangential to the coordinate lines (£, 7); we denote by (z,y) the coordinate in physical
space. Let r = xi + yj denotes a vector pointing to point P located inside the element.
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We define the basis vectors vectors tangent to the coordinate lines as

Oor ) ) or . .
e =g = Tty e =5 =ayi+ ] (15.127)

where r denotes the position vector of a point P in space and (i,j) forms an othonormal
basis in the physical space. Inverting the above relationship one obtains

where J = x¢y, — x,y¢ is the Jacobian of the mapping. The norms of e; and e,, are given
by
|e5|2 = €€ = ($£)2 + (yf)z, |e77|2 =€, e = (5577)2 + (%)2

The basis in the computational plane is orthogonal if e¢ - e, = x¢x, +yey, = 0; in general
the basis is not orthogonal unless the element is rectangular.

It is now possible to derive expression for length and area segements in computational
space. These are needed in order to compute boundary and area integrals arising from
the Galerkin formulation. Using the definition ( ds)? = dr- dr with dr = re A+, dn,
we have:

(ds)? = |e¢ A€ + e, dn|* = |e¢|* d€* + |e,|* dn® + 2e¢ - e, A€ dn (15.128)

The differential area of a curved surface is defined as the area of its tangent plane
approximation (in 2D, the area is always flat.) The area of the parallelogram defined by
the vectors dfe¢ and dne, is

i j k
dA = || d§eg x dney|| = || z¢ ye 0 || d§ dn = |zeyy — zyye| A€ dn = [J]| A€ dn
Ty Yy O

(15.129)
after using the definition of (e¢,e;) in terms of (i,j).
Since x = x(§,n) and y = y(§,n), the derivative in physical space can be expressed
in terms of derivatives in computational space by using the chain rule of differentiation;
in matrix form this can be expressed as:

Uz — gm Nz Ug
< Uy ) N ( Ey Ny ) ( u,, ) (15.130)

Notice that the chain rule involves the derivatives of £, 7 in terms of x,y whereas the
bilinear map readily delivers the derivatives of x, y with respect to &, 7. In order to avoid
inverting the mapping from physical to computational space we derive expressions for
V¢, and Vn in terms of x¢,x,, etc... Applying the chain rule to x and y we obtain
(noticing that the two variables are independent) the system of equations:

S M Te Ye \ [ @z Yo\ (1 0
(En)u)-(mn)-6r)  wm
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The solution is

T T 1 -
(gy n >:j< Yn y5>7 J = Teyy — Tnye (15.132)

Ty —Iy Te

For the bilinear map of equation [5.126] the metrics and Jacobian can be easily
computed by differentiation:

l—nxo—z1  l+nzg—m L—ny2—y1  1+nys—y
_ _ 15.133
TeT Ty 2 2 2 =5 g Ty gt )
1-8xz—a1  1+8zg— 1-8ys—vy1  1+&ys—yy
_ _ 15.134
=Ty T 2 2 W= g Ty g ¢t )

The remaining expression can be obtained simply by plugging in the the various expres-
sions derived earliear.

15.4.4 Interpolation in quadrilateral elements

The interpolation of the solution within quadrilateral elements is easily accomplished
if tensorized product of one-dimensional Lagrangian interpolants are used to build the
two-dimensional formula. For the bilinear map shown in figure [5.12] for example we
can use the collocation points located at the vertices of the quadrilateral to define the
following interpolation:

4
w(én) =D umbm(&,n) = u1d1 + uzdy + uzds + usdy (15.135)

m=1

where the two-dimensional Lagrangian interpolants are tensorized product of the one-
dimensional interpolants defined in equation I5.61k

¢1(§,TI) = hl(f)hl(n)v ¢2(§=77) = hg(f)hl(n)7
d3(&,m) = h1(E)ha(n), @4(&,m) = ha(E)ha(n), (15.136)

and shown in figure Note that the bilinear interpolation function above satisfy
the O continuity requirement. This can be easily verified by noting first that the in-
terpolation along an edge involves only the collocation points along that edge, hence
neighboring elements sharing an edge will interpolate the solution identically if the value
of the function on the collocation points is unique. Another important feature of the
bilinear interpolation is that, unlike the linear interpolation in triangular element, it
contains the term of second degree: &n. Hence the interpolation within an element is
non-linear; it is only linear along edges.

3

Before proceeding further, we introduce a new notation for interpolation with quadri-
laterals to explicitely bring out the tensorized form of the interpolation functions. This
is accomplished by breaking the single two-dimensional index m in equation into
two one-dimensional indices (4,j) such that m = (j — 1)2 + i, where (i,5) = 1,2. The
index ¢ runs along the ¢ direction and the index j along the 7 direction; thus m =1
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Figure 15.13: Bilinear shape functions in quadrilateral elements, the upper left hand
corner is hy(§)hi(n), the upper right hand side panel shows hy(§)h1(n), the lower left
panel shows hi(€)ha(n) and lower right shows ha(&)h1(n).
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Figure 15.14: Collocation points within a spectral element using 8 collocation points per
direction to interpolate the solution; there are 82=64 points in total per element.

becomes identified with (i,7) = (1,1), m = 2 with (i,7) = (2, 1), etc... The interpolation
formula can now be written as

2 2
u(&,n) = Zzuz’jhi(f)hj(n) (15.137)
j=1i=1

where u;; are the function values at point (¢, 7).

With this notation in hand, it is now possible to write down arbitrarily high order La-
grangian interpolation in 2D using the tensor product formula. Thus, a 1-D interpolation
using N points per 1D element can be extended to 2D via:

N N
) =3 ughN (Y (n) (15.138)

j=1i=1

The superscript N has been introduced on the Lagragian interpolants to stress that
they are polynomials of degree N — 1 and use N collocation points per direction. The
collocation points using 7th degree interpolation polynomials is shown in figure I5.141

Note, finally, that sum factorization algorithms must be used to compute various
quantities on structured sets of points p, ¢ in order to reduce the computational overhead.
For example, the derivative of the function at point (p, ¢), can be computed as:

N th
us‘fpynq Z Z uz]
=1 &p

) 3 (ng). (15.139)

First the term in parenthesis is computed and saved in a temporary array, second, the fi-
nal expression is computed and saved; this essentially reduces the operation from O(N*)
to O(N3). Further reduction in operation count can be obtained under special circum-
stances. For instance, if 1, happens to be a collocation point, then hév (ng) = 0j4 and the
formula reduces to a single sum:

N th

uf |£P »Tlq Zl uzq
(2

(15.140)
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15.4.5 Evaluation of integrals

The integrals needed to build the stiffness matrix for two dimensional quadrilateral ele-
ments are a bit more complicated then those encountered in triangular elements. This
is primarily due to the lack of magic integration formula, and the more complex (non-
constant) mapping between physical and computational space. We start by considering
the calculation of the elemental mass matrix M,,, = [ 4 Pm®n dA; in computational
space and using the 2-index notation introduced earlier, this integral becomes:

1 1
M= [ [ € him (@ b ] ¢ dy (15.141)

where m = (j — 1)P 4+ i, and n = (k — 1)P + [. In order to bypass the tediousness
of evaluating integrals analytically for each term that may be present in the Galerkin
formulation, it is common practice to evaluate the integrals with Gauss quadrature.
The order of the quadrature needed depends of course on the polynomial degree of the
integrand and on whether exact integration is required.

We now proceed to determine the quadrature order needed to integrate the mass
matrix exactly. In the case of the bilinear map of equation [5.126] the Jacobian varies
bilinearly over the element, hence it is linear in the variable £ and 1. Assuming the
Lagrange interpolation uses P points in each direction, the integrand in the mass matrix
is a polynomial of degree 2(P — 1) 4+ 1 in each of the variables £ and 7. Thus, Gauss
quadrature of order ) will evaluate the integrals exactly provided QQ > P:

Q Q
Mijp = >3 hi(€5) hi(nS) hi(€5) (0 | T [y (15.142)

m=1n=1

where J,,, denotes the Jacobian at the Gauss quadrature points (£5,75), and wS are
the Gauss quadrature weights. The only required operations are hence the evaluation of
the Lagrangian interpolants at the points 5,%, and summations of the terms in If
Gauss-Lobatto integration is used, the roots and weights become those appropriate for
the Gauss-Lobatto quadrature; the number of quadrature points needed to evaluate the
integral exactly increases to Q > P + 1.

Like the one-dimensional case, the mass matrix can be rendered diagonal if inexact
(but accurate enough) integration is acceptable. If the quadrature points and collocation
points coincide, hy(£G) = dim, and the expression for the mass matrix entries reduces to:

M;ij 11 = dixdsiwpwi| il (15.143)
The integrals involved in evaluating the discrete Laplace operator, the matrix D,
is substantially more complicated in the present instance. Here we continue with our

reliance on Gauss quadrature and derive the terms that must be computed. Keeping
with our 2 index notation, we have

Dij = /A Vij - Vo dA. (15.144)
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Most of the work comes from having to express the inner product in the integrand in
computational space:
0¢i; Opr1 | 0¢ij Opri

Voij - Vou = 5% oz T 9 oy (15.145)

_ (8¢ijv§+ 8<Z5z'jvn) . (8¢klv§+ 9ni & ) (15.146)

23 on o€ on
a(bu a(bkl a(bu %
o0& 0¢ e VeVeT on 0On V-V

n <3¢zg Odr n 0di; Oi

e %)vg-vn. (15.147)

Setting ¢;; = hi(§)h;(n) and ¢r = hi(§)hi(n), and evaluating the integrals using Gauss
quadrature, we get:

Mo
Mo

Dijii hg(gm) hj(nn) h;f(gm) hi(mn) [VE- VS\JHm,n WmWn

3
Il
—
3
Il
—

T
™Me
™Me

hi(&m) h;‘ () hi.(&m) h;(nn) [V - Vn|‘]|]m,n Wmn

S
I
s
3
I
-

i
Me
Me

R (&m) b (n) P (&) P () [V€ - VT[], 0 Wi

3
Il
—
3
Il
—

™Me
™Me

+ hi(Em) W (0n) P (Em) a () [VE - V| T[], Wintwn (15.148)

S
I
H
3
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where the expressions in bracket are evaluated at the quadrature points (&,,7n,) ( we
have omitted the superscript G from the quadrature points). Again, substantial savings
can be achieved if the Gauss-Lobatto quadrature of the same order as the inteporlation
polynomial is used. The expression for D;; ;; reduces to:

Diju = 65 Z i (&m) he(&m) [VE - VET]],,, j wmw;
m=1
Q
+ Ok Y B(mn) hi(nn) [V - VnlJ]];, wiwn
n=1
+ by (&) hi(ny) [VE- V||l wiw;
b RLE) K ) [VE - Tl i (15.149)

15.5 Time-dependent problem in 1D: the Advection Equa-
tion

Assume we attempt to solve the 1D constant-coefficient advection equation:

ug + cuy, =0,z € Q (15.150)
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subject to appropriate initial and boundary conditions. The variational statement that
solves the above problem is: Find u such that

/ (ut + cug)vde = 0,V (15.151)
)

The Galerkin formulation reduces the problem to a finite dimensional space by replacing
the solution with a finite expansion of the form

N
u="> ui(t)p;(x) (15.152)
=1

and setting the test functions to v = ¢;, 7 = 1,2,...,N. Note that unlike the steady
state problems encountered earlier u;, the value of the function at the collocation points,
depends on time. Replacing the finite expansion in the variational form we get the
following ordinary differential equation (ODE)

du
M—+Cu=0 (15.153)

dt
where u is the vector of solution values at the collocation points, M is the mass matrix,
and C' the matrix resulting from discretization of the advection term using the Galerkin

procedure. The entries of M and C' are given by:

L

M;; = / ¢i¢; dx (15.154)
0
L 0di

We follow the procedure outlined in section [5.2.7] to build the matrices M and C.
We also start by looking at linear interpolation functions as those defined in equation
The local mass matrix is given in equation I5.68 here we derive expressions for
the advection matrix C' assuming the advective velocity ¢ is constant. and advection
matrices are

zj dh; 1 dh;(&) cf -1 1
= hi—dy = h; I g, =_ 15.1
< /mjl id ™ c/_1 O—=g % =31 -1 1 (15.156)
After stiffness assembly, the global system of equations becomnes:
Ax d c
?E (Uj_l + 4’LLj + ’LLj+1) + 5(—Uj_1 + Uj+1) =0 (15.157)

The approximation of the advective term using linear finite element has resulted in a
centered-difference approximation for that term; whereas the time-derivative term has
produced the mass matrix. Notice that any integration scheme, even an explicit ones
like leap-frog, would necessarily require the inversion of the mass matrix. Thus, one can
already anticipate that the computational cost of solving the advection using FEM will
be higher then a similarly configured explicit finite difference method. For linear elements
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Numerical phase speed of various spatial discretization

Group velocity

1 ————_ : : 1 —
0.9F BTN g .
. 0.5
0.8F
07 <\ BEL 0
N
0.6 . CD -0.5
o% DN
\éi,) 5 cD4, o -1
© \\ \\
0.4F
N -15
0.3f 2
N\ \\ _2,
0'27 \\\\
R -25
0.1t .
N
0 ‘ ‘ ‘ ‘ 3 ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 .
kA Xt KA X/t

Figure 15.15: Comparison of the dispersive properties of linear finite elements with
centered differences, the left panel shows the ratio of numerical phase speed to analytical
phase speed, and the right panel shows the ratio of the group velocity

in 1D, the mass matrix is tridiagonal and the increase in cost is minimal since tridiagonal
solvers are very efficient. Quadratic elements in 1D lead to a pentadiagonal system and
is hence costlier to solve. This increased cost may be justifiable if it is compensated by
a sufficient increase in accuracy. In multi-dimensions, the mass matrix is not tridiagonal
but has only limited bandwidth that depends on the global numbering of the nodes; thus
even linear elements would require a full matrix inversion.

Many solutions have been proposed to tackle the extra-cost of the full matrix. One
solution is to use reduced integration using Gauss-Lobatto quadrature which as we saw in
the Gaussian quadrature section leads immediately to a diagonal matrix; this procedure
is often referred to as mass lumping. For low order elements, mass lumping degrades
significantly the accuracy of the finite element method, particularly in regards to its phase
properties. For the 1D advection equation mass lumping of linear elements is equivalent
to a centered difference approximation. For high order interpolation, i.e. higher then
degree 3, the loss of accuracy due to the inexact quadrature is tolerable, and is of the
same order of accuracy as the interpolation formula. Another alternative revolves around
the use of discontinuous test functions and is appropriate for the solution of mostly
hyperbolic equations; this approach is dubbed the Discontinuous Galerkin method, and
will be examined in a following section.

The system of ODE can now be integrated using one of the time-stepping algorithms,
for example second order leap-frog, third order Adams-Bashforth, or one of the Runge-
Kutta schemes. For linear finite elements, the stability limit can be easily studied with
the help of Von Neumann stability analysis. For example, it is easy to show that a leap-
frog scheme applied to equation will result in a stability limit of the form p = cAt/Ax <
1/4/3; and hence is much more restrictive then the finite difference scheme which merely
requires that the Courant number be less then 1. However, an examination of the phase
property of the linear FE scheme will reveal its superiority over centered differences.
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We study the phase properties implied by the linear finite element discretization by
looking for the periodic solution, in space and time, of the system of equation I5.157k
u(z,t) = ¢ikzi=ot) We thus get the following dispersion relationship and phase speed:

3¢ sinkAx
7T Az2 + cos kAx (15.158)
cp 3sin kAx
¢ kAz(2+ coskAx) (15.159)

The numerical phase speed should be contrasted to the one obtaiend from centered second
and fourth order finite differences:

CCD2 sin kAx
- 7 15.160
c kAx ( )
ccps 1 [ sinkAx  sin2kAx
c 3 ( kEAz  2kAx > (15.161)

Figure compares the dispersion of linear finite element with that of centered dif-
ference schemes of 2, 4 and 6 order. It is immediately apparent that the FE formulation
yields more accurate phase speed at all wavenumbers, and that the linear interpolation
is equivalent, if not slightly better then, a sixth-order centered FD approximation; in
particular the intermediate to short waves travel slightly faster then in FD. The group
velocity, shown in the right panel of figure [[5.15] shows similar results for the long to
intermediate waves. The group velocity of the short wave are, however, in serious errors
for the FE formulation; in particular they have a negative phase speed and propagate up-
stream of the signal at a faster speed then the finite difference schemes. A mass-lumped
version of the FE method would collapse the FE curve onto that of the centered second
order method.

15.5.1 Numerical Example

As an example of the application of the FEM to the the inviscid 1D advection equation
we solve the following problem:

256(a+1)
u+uy;=00n —1<z<1, u(—1,t) =0, u(zr,0) =e (e+3) (15.162)

The initial condition consists of an infinitely smooth Gaussian hill centered at z = —1/2.
The solution at time ¢ = 1 should be the same Gaussian hill but centered at = 1/2. The
FEM solutions are shown in figure where the consistent mass (exact integration)
and “lumped” mass solutions are compared, for various interpolation orders; the number
of elements was kept fixed and the convergence study can be considered an p-refinement
strategy. The number of element was chosen so that the hill is barely resolved for
linear elements (the case m = 2). It is obvious that the solution improves rapidly as m
(the number of interpolation points within an element) is increased. The lumped mass
solution is very poor indeed for the linear case where its poor dispersive properties have
generated substantial oscillatory behavior. The situation improves substantially when
the interpolation is increased to quadratic; the biggest discrepancy occuring near the
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Figure 15.16: Solution of the advection equation with FEM. The black lines show the re-
sult of the consistent mass matrix calculation and the red lines show that of the “lumped”
mass matrix calculation. The discretization consisted of 40 equally spaced elements on
the interval [0 1], and a linear (m=2), quadratic (m=3), cubic (m=4) and quartic (m=>5)
interpolation. The time stepping is done with a TVD-RK3 scheme (no explicit dissipation
included).
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Figure 15.17: Consistent versus lumped solution of the advection equation with FEM
for a coarse resolution with the total number of degrees of freedom fixed, N = 61. The
black and red lines refer to the consistent and lumped mass solutions, respectively.
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Figure 15.18: Consistent versus lumped solution of the advection equation with FEM
for a coarse resolution with the total number of degrees of freedom fixed, N ~ 121. The
black and red lines refer to the consistent and lumped mass solutions, respectively.
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upstream foot of the hill. The lumped and consistent mass solutions are indistinguishable
for m = 5.

One may object that the improvements are solely due to the increased resolution.
We have repeated the experiment above trying to keep the total number of degrees of
freedom fixed; in this case we are trying to isolate the effects of improved interpolation
order. The first case considered was an under-resolved case using 61 total degrees of
freedom, and the comparison is shown in figure [5.171 The figure shows indeed the
improvements in the dispersive characteristics of the lumped mass approximation as the
degree of the polynomial is increased. The consistent and lumped solutions overlap over
the main portion of the signal for m > 4 but differ over the (numerically) dispersed waves
trailing the hill. These are evidence that the two approximations are still under-resolved.

The solution in the resolved case is shown in figure [[5.18 where the total number of
degrees of freedom is increased to 121. In this case the two solution overlap for m > 3.
The two solutions are indistinguishable for m = 5 over the entire domain, evidence that
the solution is now well-resolved. Notice that the dispersive error of the lumped mass in
the linear interpolation case is still quite in error and further increase in the number of
elements is required; these errors are entirely due to mass-lumping as the consitent mass
solution is free of dispersive ripples.

The lesson of the previous example is that the dispersive properties of the lumped-
mass solution is quite good provided enough resolution is used. The number of elements
needed to reach the resolution threshold decreases dramatically as the polynomial order
is increased. The dispersive properties of the lumped-mass linear interpolation FEM
seem to be the worse, and seem to require a very-well resolved solution before the effect
of the mass-lumping is eliminated. One then has to weigh the increased cost of a mass-
lumped large calculation versus that of a smaller consistent-mass calculation to decided
whether lumping is cost-effective or not.
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15.6 The Discontinuous Galerkin Method (DGM)

A major drawback of the continuous Galerkin method is the requirement to maintain C°
continuity; a requirement that leads to a tight coupling between neighboring elements.
In particular, it causes the mass matrix to be global which necessitates matrix inversion
to time-step the solution. There are classes of problem where the C° continuity is not
necessary; test and trial functions can then be made discontinuous, and the solution
process becomes considerably more cost effective. This new formulation of the Galerkin
method has been dubbed the Discontinuous Galerkin Method (DGM). It is most suitable
to compute the solution to problems governed primarily by hyperbolic (like the pure
advection equation or the shallow water equation) or predominantly hyperbolic (like the
advection-diffusion equation with high Peclet number).
In the following we describe the formulation of DGM for the simple case of a pure
advection equation:
T,+v-VT =0 (15.163)

where v is the advective velocity field. If v is divergence-free, that is V - v = 0, the
advection equation can be written in the conservative form

T, +-VF=0, F=vT (15.164)

where F is the flux and is a function of T’; equation [5.164] is written in the form of a
conservation law. We suppose that the domain of interest has been divided into elements.
Then the following variational statement applies inside each element:

/ (T, + -VF)w dV = 0 (15.165)
E

where w are the test functions, and F is the element of interest. If w is sufficiently smooth,
we can integrate the divergence term by part using the Gauss theorem to obtain:

/ (Thw — F - Vw) dV + wF-ndS =0 (15.166)
E OF

where OF is the boundary of element E, n is the unit outward normal. The boundary
integral represent a weighed sum of the fluxes leaving/entering the element. The dis-
cretization steps consist of replacing the infinite dimensional space of the test functions
by a finite space, and representing the solution by a finite expansion T},. Since T}, is dis-
continuous at the edges of elements, we must also replace the flux F(7T') by a numerical
flux G that depends on the values of T}, outside and inside the element:

G =G(T",T°) (15.167)

where T° and T° represent the values of the function on the edge as seen from inside
element, and from the neighboring element, respectively. Physical intuition dictates that
the right flux is that obtained by following the characteristic (Lagrangian trajectory).
For the advection equation that means the outside value is used if n-v < 0 and the
inside value is used if n-v > 0.
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Figure 15.19: Flow field and initial condition for Gaussian Hill experiment

Proceeding as before and defining the local /elemental approximation to T}, as

N
T(x) = Ti(t)pi(x) (15.168)
i=1
and the degrees of freedom T; are determined by the following ODE:
dr
M— + G=0 (15.169)
dt
Mj; = / ¢ip; AV (15.170)
E
E

where M is the local mass matrix; no assembly is required. The great value of DGM
is that the variational statement operates one element at a time, and hence the mass
matrix arising from the time-derivative is purely local. The only linkage to neighboring
elements comes from considering the fluxes along the boundary. Thus, even if the matrix
M is full, it is usually a small system that can be readily inverted, and the process of time
integration becomes considerably cheaper. Another benefit of DGM is that it satisfies the
local conservation property so dear to many oceanographic/coastal modeler, since the
fluxes defined on each edge are unique. Finally, by dropping the continuity requirements
it becomes quite feasible to build locally and dynamically adaptive solution strategies
without worrying about global continuity of the function. In the next section we compare
the performance of the DGM with that of the continuous formulation on several problems;
all simulations will be performed using the spectral element interpolation.

15.6.1 Gaussian Hill Experiment

The first experiment is designed to establish the convergence property of the different
methods. To this end we choose the classical problem of advecting a passive tracer in
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the unit square domain (0 < x,y < 1) by a rotating non-divergent flow given by:
u=—-w(y—1/2), v=w(x —1/2). (15.172)

where w is set to 2w. The initial condition is infinitely smooth and given by a Gaussian

distribution
2 1 2 1 2
p=e 12, r= <x— Z) + <y—§> (15.173)

with an e-folding length scale | = 1/16. Periodic boundary conditions are imposed on
all sides. All models were integrated for one rotation which time the solution should be
identical to the initial condition.

The convergence curves for the lo norm of the error are displayed in for the
different formulations. The time integration consists of RK4 for traditional Galerkin
method ( which we will refer to as the CGM), and DGM; the time step was chosen so
that spatial errors are dominant. The convergence curves for CGM, and DGM are similar
and indicate the exponential decrease of the error as the spectral truncation is increased
for a constant elemental partition.

In order to compare the benefits of h versus p refinements, we plot in the right panels
of figure the ls error versus the total number of collocation points in each direction.
The benefits of p-refinement for this infinitely smooth problem is readily apparent for
CG: Given a fixed number of collocation points, the error is smallest for the smallest
number of elements, and hence highest spectral truncation. (The number of collocation
points is given by K (N —1)+1, where N is the number of points per element and K is the
number of elements). The situation is not as clear for DGM where the different curves
tend to overlap. This is probably due to the discontinuous character of the interpolation:
adjacent elements are holding duplicate information about the solution, and the total
number of degrees of freedom grows like K'N.

15.6.2 Cone Experiment

The second experiment is designed to establish the behavior of the different methods in
the presence of “mild” discontinuities. The flow field is the same as for the Gaussian hill,
but the initial profile consists of a cone:

u(z,y,t =0) = max(0,1 — 8r), r= \/(33 — i)z + (y - %)2 (15.174)

The cone has a peak at r = 0 which decreases linearly to 0; there is a slope discontinuity
at r = 1/8. The initial conditions contours are similar to the one depicted in figure [5.191
The same numerical parameters were used as for the Gaussian Hill problem.

The presence of the discontinuity ruins the spectral convergence property of the
spectral element method. This is born out in the convergence curves (not shown) which
display a 1/N convergence rate only in the Il norm for a fixed number of elements;
h refinement is a more effective way to reduce the errors in the present case. In the
following, we compare the performance of the different schemes using a single resolution,
10x10 elemental partition with 6 points per element. Figure[I5.21] compares the solution
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Figure 15.20: Convergence curve in the L2 norm for the Gaussian Hill initial condition using, from top
to bottom, CGM, and DG. The labels indicate the number of elements in each direction. The abcissa on
the left graphs represent the spectral truncation, and on the right the total number of collocation points.
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Figure 15.21: Contour lines of the rotating cone problem after one revolution for CG (left), and DG
(right), using the 10x6 grid. The contours are irregularly spaced to highlight the Gibbs oscillations.

for the 4 schemes at the end of the simulations. We note that the contour levels are
irregularly spaced and were chosen to highlight the presence of Gibbs oscillations around
the O-level contour.

For CG, the oscillation are present in the entire computational region, and have
peaks that reaches —0.03. Although the DG solution exhibits Gibbs oscillations also,
these oscillations are confined to the immediate neighborhood of the cone. Their largest
amplitude is one third that observed with CG. Further reduction of these oscillation
require the use of some form of dissipation, e.g. Laplacian, high order filters, or slope
limiters. We observe that CG shows a similar decay in the peak amplitude of the cone
with DG doing a slightly better job at preserving the peak amplitude. Figure
shows the evolution of the largest negative T' as a function of the grid resolution for CG
and DG. We notice that the DG simulation produces smaller negative values, up to a
factor of 5, than CG at the same resolution.
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Figure 15.22: Min(T) as a function of the number of element at the end of the simulation. The red
lines are for DG and the blue lines for CG. The number of points per element is fixed at 5, 7 and 9 as
indicated by the lables.
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Chapter 16

Linear Analysis

16.1 Linear Vector Spaces

In the following we will use the convention that bold roman letter, such as x, denote
vectors, greek symbols denote scalars (real or complex) and capital roman letters denote
operators.

16.1.1 Definition of Abstract Vector Space

We call a set V of vectors a linear vector space V if the following requirements are
satisfied:

1. We can define an addition operation, denoted by ‘+’, such that for any 2 elements
of the vector space x and y, the result of the operation z = (x +y) belongs to V.
We say that the set V is closed under addition. Furthermore the addition must
have the following properties:

commutative Xx +y =y + x

(a
(

)
b) associative (x +y)+z=x+ (y +2)
(c¢) neutral element: there exist a null zero vector 0 such that x + 0 = x
(d) for each vector x € V there exist a vector y such that x +y = 0, we denote

this vector by y = —

2. We can define a scalar multiplication operation defined between any vector x € V'
and a scalar « such that ax € V, i.e. V is closed under scalar multiplication. The
following properties must also hold for 2 scalars o and 3, and any 2 vectors x and

y:
(a) a(fx) = (af)x
(b) Distributive scalar addition: (a + f)x = ax + fx
(c) Distributive vector addition: a(x +y) = ax + ay
(d) Ix=x
(e) 0

261
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16.1.2 Definition of a Norm

In order to provide the abstract vector space with the sense of length and distance, we
define the norm or length of a vector x, as the number ||x||. In order for this number to
make sense as a distance we put the following restrictions on the definition of the norm:

L Jax|| = |af [Ix]
2. Positivity ||x]| > 0,Vx # 0, and [|[x =0|| ©x =10
3. Triangle or Minkowski inequality ||x +y|| < ||x]| + [ly]|

With the help of the norm we can define now the distance between 2 vectors x and
y as ||[x — y||, i.e. the norm of their difference. So 2 vectors are equal or identical if
their distance is zero. Furthermore, we can now talk about the convergence of a vector
sequence. Specifically, we say that a vector sequence x,, converges to x as n — oo if for
any € > 0 there is an N such that ||x, — x| <€ Vn > N.

16.1.3 Definition of an inner product

It is generally usefull to introduce the notion of angle between 2 vectors x and y. We
thus define the scalar (x,y) which must satisfy the following properties

1. conjugate symmetry: (x,y) = (y,x), where the overbar denotes the complex con-
jugate.

2. linearity: (ax + fy,z) = a(x,z) + 5(y, z)
3. positiveness: (x,x) >0, Vx # 0, and (x,x) =0 if x =0.

The above properties imply the Schwartz inequality:

|(x, )] < 4/ (x,%) \/(y,) (16.1)

This inequality suggest that the inner product \/(x,x) can be defined as a norm, so that
|x|| = (x,x)"? With the definition of a norm we call 2 vectors orthogonal iff (x,y) = 0.
Moreover iff (x,y) = [|x]| ||y]| the 2 vectors are colinear or aligned.

16.1.4 Basis

A set of vectors ey, e, ..., e, different from O are called a basis for the vector space V if
they have the following 2 properties:

1. Linear independence:
N

> oie; =0 < q; = 0Vi (16.2)
i=1
If at least one of the «; is non-zero, the set is called linearly dependent, and one of
the vectors can be written as a linear combination of the others.
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2. Completeness Any vector z € V can be written as a linear combination of the
basis vectors.

The number of vectors needed to form a basis is called the dimension of the space V.
Put in another way, V' is N dimensional if it contains a set of IV independent vectors
but no set of (N + 1) of independent vectors. If N vectors can be found for each N, no
matter how large, we say that the vector space is infinite dimensional.

A basis is very usefull since it allows us to describe any element x of the vector space.
Thus any vector x can be “expanded” in the basis e1,eo,...,e, as:

N
X = Zaiei
7
= o1e1 +agey + ...+ aye, (163)

This representaion is also unique by the independence of the basis vectors. The question
of course if how to find out the coefficients a; which are nothing but the coordinates of
x in e;. We can take the inner product of both sides of the equations to come up with
the following linear system of algebraic equations for the «;:

aj(er,er) +as(eg,er) +... +ay(e,,er) = (x,e1)
ai(er, es +ag (e, e +... Fop(en, e = (X, e
' ( ) ( ) n(€n,e2) (x,e2) (16.4)
aj(er,e,) +as(es,ey) +... Fanlen,e,) = (x,e,)

The coupling between the equations makes it hard to compute the coordinates of a
vector in a general basis, particularly for large N. Suppose however that the basis set
is mutually orthogonal, that is every every vector e; is orthogonal to every other vector
e;, that is (e;,e;) = 0 for all i # j. Another way of denoting this mutual orthogonality
is by using the Kronecker delta function, d;;:

1=
521_{0 P2 (16.5)

The orthogonality property can then be written as (e;,e;) = d;j(e;,€;), and the ba-
sis is called orthogonal. For an orthogonal basis the system reduces to the uncoupled
(diagonal) system

(ej, €j)a; = (x,€;) (16.6)

and the coordinates can be computed easily as

(x,€;)  (x,€)) (16.7)

o, = =
T (i) el

The basis set can be made orthonormal by normalizing the basis vectors (i.e. rescaling
e; by such that their norm is 1), then o; = (x, e;).
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16.1.5 Example of a vector space

Consider a set V whose elements are defined by N tuples, i.e. each element x of V
is identified by N scalar fields (£1,£&2,...,&,) Let us define the addition of 2 vectors x,
defined as above, and y defined by the N-tuples (n1,72,...,m,) as the vector z whose
N-tuples are o; = & + ;. Furthermore, we define the vector z = «a by its N-tuples
o; = a&;. It is then easy to verify that this space endowed with the vector addition and
scalar multiplication defined above fullfill the requirements of a vector space.

A norm for this vector space can be easily defined by the so-called p norm where

N 7
x|l = (Z rs\p> (16.8)
=1

A particularly usefull norm is the 2-norm (p = 2), also, called the Euclidean norm. Other
usefull norms are the 1-norm (p = 1) and the infinity norm:

Il = Jimn [, = max. ;| (16.9)

An inner product for this vector space can be defined as:

N
(x,y) => &, (16.10)
i=1

It can be easily verified that this inner product satifies all the needed requirements.
Furthermore, the norm introduced by this inner product is nothing but the 2-norm
mentioned above.

An orthonormal basis for the vector space V' is given by;

e; = (1,0,0,0,...,0)
e; = (0,1,0,0,...,0)

: (16.11)
e, = (0,0,0,0,...,1)

is a complete and independent vector set. Thus V' is N-dimensional.

16.1.6 Function Space

Spaces where the vectors are functions occupy an important place in linear analysis.
Their properties as linear spaces are harder to manipulate as they are infinite dimensional
spaces. For example the space of all continuous functions defined on the interval a <t <b
and which we denote by C(a,b) is a linear vector space where vector addition and scalar
multiplication are defined in an obvious way. The inner product on this vector space is
the continuous analogue of the inner product defined for the N-tuple space. Suppose for
a moment that the functions x(t) and y(¢) are defined on N equally spaced points on
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the interval [a,b] (i.e. discrete space) by their pointwise values x; and y; at the points
t;, and let us define the discrete inner product as the Riemann type sum:

b—a

(x, Z Xy, (16.12)

In the limit NV tends to infinity the above discrete sum become

(oy) = Jim T2 Y iy, = /abx(t)y(t) dt. (16.13)

Two functions are said to be orthogonal if (x,y) = 0.
Similarly we can define the p-norm of a function as:

b
Ixll, = [ la(®) (16.14)

The 1-norm, 2-norm and oo norms follow by setting p = 1,2. and oo.

The main difficulties with function spaces are twofold. First they are infinite dimen-
sional and thus require an infinite set of vectors to define a basis; proving completeness
is hence difficult. Two, functions are usually defined in a continuum where limits may
be in or outside the vector space. Some interesting issue arise. Consider for example the
sequence of functions

0, -1<t<0
x(t)=4 nt, 0<t<i (16.15)
1, f<e<a

defined on C(—1,1). This sequence converges to the step function, also known as the
Heaviside function, H(t) which does not belong to C(—1,1) since it is discontinuous.
That although the sequence x, is in C(—1,1), its limit as n — oo is not; we say that
the space does not contain its limit points and hence is not closed. This is akin to the
space C(—1,1) having holes in it. This is rather unfortunate as closed spaces are more
tractable.

It is possible to create a closed space by changing the definition of the space slightly
to that of the Lebesgue space Ls(a,b), namely the space of functions that are square
integrable on the interval [a, b], i.e

b
1|2 :/ l2(8)|? dt < oo (16.16)

Lo(a,b) is an example of a Hilbert space — a closed inner product space with the
x|l = (%, x)% — a closed inner product space with the ||x|| = (x, x)%

The issue of defining a basis function for a function space is complicated by infinite
dimension of the space. Assume I have an infinite set of linearly independent vectors, if
I remove a single element of that set, the set is still infinite but clearly cannot generate
the space. It turns out that it is possible to prove completeness but we will defer the
discussion until later. For the moment, we assume that it is possible to define such a
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basis. Furthermore, this basis can be made to be orthogonal. The Legendre polynomials
P, are an orthogonal set of functions over the interval [—1,1], and the trigonometric
functions €™ are orthogonal over [—,7].

Suppose that an orthogonal and complete basis e;(¢) has been defined, then we can
expand a vector in this basis function:

x=> ae; (16.17)
=1

The above expansion is referred to as a generalized Fourier series, and the «; are the
Fourier coefficients of x in the basis e;. We can also follow the procedure outlined for the
finite-dimensional spaces to compute the «;’s by taking the inner product of both sides
of the expansion. The determination of the coordinate is, again, particularly easy if the
basis is orthogonal
(x,€;)
(e, i)
In particular, if the basis is orthonormal «; = (x,€;).
In the following we show that the Fourier coefficients are the best approximation to
the function in the 2-norm, i.e. the coefficients a; minimize the norm ||x — Y, c;e;l|2.
We have:

HX_ZaieiH% = X—ZOZZQZ,X—ZO(ZQZ (1619)
)
= ZOZZ X, el Zai(ei,x) + ZZaiaj(ei,ej(ﬂG.ZO)

The orthogonality of the basis functions can be used to simply the last term on the right
hand side to 3", |a;|?. If we furthermore define a; = (x, e;) we have:

HX — ZO‘ZGZH% = ||X||2 + Z ;0 — A; 00 — 52'042'] (16.21)
7

(16.18)

oy =

x|l + Z — ;)@ — @) — @] (16.22)
= xll2 + Z ja;i — cq* = |af? (16.23)
7 i

Note that since the first and last terms are fixed, and the middle term is always greater
or equal to zero, the left hand side can be minimized by the choice a;; = a; = (x,e;). The
minimum norm has the value ||z||2 — 3, |a;|?. Since this value must be always positive
then

> lail < lz[la, (16.24)
)

A result known as the Bessel inequality. If the basis set is complete and the minimum
norm tend to zero as the number of basis functions increases to infinity, we have:

> Jail = |22, (16.25)
i

which is known as the Paserval equality; this is a generalized “Pythagorean Theorem”.
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16.1.7 Pointwise versus Global Convergence

Consider the 2 functions x(¢) and y(t) defined on [—1, 1] as follows:
x(t) = [t (16.26)

B lt|, for [t| >0
y(t) = { . 0 (16.27)

Both functions belong to C(—1,1) and are identical for all ¢ except ¢t = 0. If we use the
2-norm to judge the distance between the 2 functions, we get that ||x — y|j2 = 0, hence
the functions are the same. However, in the maximum norm, the 2 functions are not
identical since ||x — y|lcc = 1. This example makes apparent that the choice of norms
is critical in deciding whether 2 functions are the same or different, 2 functions that
may be considered identical in one norm can become different in an another norm. This
is simply an apparent contradiction and reflects the fact that different norms measure
different things. The 2-norm for example looks at the global picture and asks if the 2
functions are the same over the interval; this is the so-called mean-square convergence.
The infinity norm on the other hand measures pointwise convergence.

16.2 Linear Operators

An operator or (transformation) L, we mean a mapping from one vector space, called
the domain D, to another vector space called the range R. L thus describes functions
operating on vectors. As with functions, we require L to be uniquely valued although
not necessarily one-to-one, i.e. we may have Lx = Ly = z for x # y. However,
Lx = Ly = z implies x = y, we say that L is one-to-one, i.e. each vector z in ‘R has a
single corresponding x such that Lx = z. Two operators A and B are equal if they have
the same domain and if Ax = By,Vx,y. Finally, we say that [ is the identity operator
if Ix = x,Vx and @ is the null operator if ¥x = 0Vx.

Operation addition and multiplication by a scalar can be defined. The operator
C = A+ B is defined as Cx = Ax + By, and C' = oA is defined as Cx = a(Ax). The
product of two operators C' = AB is defined as Cx = A(Bx). We can easily see that
operator addition commutes (since vector addition must commute), whereas AB need
not equal BA, when they do, we say that A and B commute.

We call an operator linear if

L(ax + By) = aLx + BLy (16.28)

An operator is bounded if there is a positive constant ¢ such that |[Lx| < ¢,Vx € D.
The smallest suitable bound is called the norm of the operator, thus:

[Lx]|

|L|| = lubx.o
0]

(16.29)

An adjoint to the operator L is the operator L* such that

(Lx,y) = (x,L7y),Vx,y (16.30)
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It is easy to show the following properties:

(L) = L (16.31)
(A+B)* = A*+B* (16.32)
(AB)* = B*+ A* (16.33)

If L* = L we call the operator self adjoint.

16.3 Eigenvalues and Eigenvectors

Non trivial solutions x # 0 to the equation
Lx = \x, (16.34)

are called eigenvectors, the scalars A are called eigenvalues. The statement above asks
essentially if there are special vectors which when transformed by L produce parallel
vectors, the ratio of lengths of these two vectors is the eigenvalue. The above equation
can be restated as find the non-trivial solution to the homogeneous equation

(L — AI)x = 0. (16.35)

Usually the eigenvalues and eigenvectors occur in pairs. If the operator L is a matrix
the A’s can be determined by solving the characteristic equations det(L — AI) = 0.
The following results are very important:

1. The eigenvalues of a self adjoint operator are all real, and the eigenvectors corre-
sponding to distinct eigenvalues are mutually orthogonal.

2. For self-adjoint operator L on a finite dimensional domain V', £ mutually orthogonal
eigenvectors can be found for each eigenvectors of multiplicity k.

3. The 2 properties above imply that the eigenvectors of a self-adjoint operators form
a basis for the finite-dimensional space V. The situation is substantially more
complicated for infinite dimensional spaces, and is taken care of by the Sturm
Liouville theory.

16.4 Sturm-Liouville Theory

We will change our notation and drop the bold face of the vector notation. Given the 2
functions f and g on the interval a < t < b, we define first an inner product of the form:

b
(f.9)= [ 1®glty(t)dt (16.36)

where w(t) > 0 on a < ¢t < b (this is a more general inner product that the one defined
earlier which correspond to w(t) = 1). Let the operator L be defined as follows:

Ly= ﬁ {% [p(t)%} +r(t)] (16.37)

ay(a) + By'(a) = 0,7y (b) + dy'(b) = 0 (16.38)
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Figure 16.1: Left: step function fit f = 1; blue line is for N = 1, black line for N = 7,
and red line for N = 15. Right: Fourier expansion to f = ¢S blue line is for N = 1,
red for N = 2, and black for N = 3; the circles show the function f

In the present case L is a differential operator subject to homogeneous boundary con-
ditions. It is easy to show that the operator L is self adjoint under the inner product
defined in [[6.36l Furthermore, the eigenvalue problem defined by

Ly+X\y=0 (16.39)

is called a Sturm-Liouville system. Sturm-Liouville systems have the crucial theorem
that

Theorem 2 If both p(t) and w(t) are analytic and positive over the interval [a,b], where
a and b are finite, then the eigenfunctions of the Sturm-Liouville system are complete

over La(a,b).

Completeness is also known to hold under other circumstances. For example if p(t)
vanishes at one or both end points, then the boundary conditions can be replaced with
the requirement that y or ¢’ be finite there. If it happens that p(a) = p(b) we can replace
the boundary conditions by periodicity conditions y(a) = y(b) and y'(a) = y'(b).

Note carefully that the domain of the Sturm Liouville system is the set of function
that are twice differentiable and that satisfy certain boundary conditions, and yet the
theorem asserts completeness over a much broader space Lo, which contains functions
that need not be even continuous and that need not satify the boundary conditions.

The various special forms of the Sturm Liouville problems gives rise to various com-
monly known Fourier series. For example the choice of w = p = 1 and r = 0 gives rise
to the Fourier trigonometric series. For w = 1, p = 1 — t? we get the Fourier Legendre
series, etc...

Example 18 The function y(¢) =1 on 0 < ¢t < 1 can be expanded in the trigonometrics
series YN_ | £ sin(mmz). It is easy to verify that

1 1
(sinmmx,sinkrr) = / sin krx sinmrzdr = §5km (16.40)
0
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m A B,,
0 0.000000000000000 0.532131755504017
1 1.13031820798497 | 4.097072104153782x10~17
2 | 4.968164449421373x10~ 18 -0.271495339534077
3 | -4.433684984866381x 10792 | -5.790930955238388 x 10~ 17
4 | -3.861917048379140x 10717 | 5.474240442093724x 10~
5| 5.429263119140263x1079% | 2.457952426063564x 10~ 17
6 | -3.898111864745672x 10710 | -4.497732295430222 % 10~%
7 | -3.198436462370136x10~% | 5.047870580187706x 10~ 17
8 | 3.363168791013840x 1016 | 1.992124806619515x 1007
9| 1.103677177269183x107% | -1.091272736411650x 1010
10 | -4.748619297285671x 10717 | -5.505895970193617x 1010
11 | -2.497959777896152x 10~ | 1.281761515677824x 1010
Table 16.1: Fourier coefficients of example
and that the Fourier coefficients are given by: f,, = 0, for even m, and f,, = %, for

odd m. Figure [G.1] illustrates the convergence of the series as the number of Fourier
functions retained, N, increases.

Example 19 The function f = "7 is periodic over the interval [~1,1] and can be

expanded into a Fourier series of the following form:

N
flz)= Z Ay, cosmmr + B, sinmnz (16.41)
m=0
The Fourier coefficients can be determined from:
1 _sin7wzx 1 _sinwz o
e cos mmxdx e sin mrxdx
Amzﬂl m:L1 (16.42)

[t cos?mradz [t sin? mrade
Since the integrals cannot be evaluated analytically, we compute them numerically using
a very high order methods. The first few Fourier coefficients are listed in table [I6.11
Notice in particular the rapid decrease of |A,,| and |B,,| as m increases, and the fact
that with 3 Fourier modes the series expansion and the original function are visually
identical.

16.5 Application to PDE

The method of separation variables relies on the Sturm Liouville theory to generate a
basis made up of eigenfunctions for the function space where the solution is sought.
The problem boils down to finding the Fourier coefficients of the solution in that basis.
The type of eigenfunctions used depends on the geometry of the domain, the boundary
conditions and the partial differential equations.
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Example 20 Let us take the example of the Laplace equation V* = 0 defined on the
rectangular domain 0 < z < a and 0 < y < b, and subject to the boundary conditions
that w = 0 on all boundaries except the top boundary where u(z,y = b) = v(x). Sepa-
ration of variables assumes that the solution can be written as the product of functions
that depend on a single independent variable: wu(z,y) = X(z)Y (y). When this trial
solution is substituted in the PDE, we can derive the identity:

= (16.43)
Since the left hand side is a function of xz-only, and the right hand side a function of y
only, and the equality must hold for arbitrary « and y the two ratios must be equal to a
constant which we set to —\2, and we end up with the 2 equations

X + XX =0 (16.44)
Yy — MY = 0 (16.45)

Notice that the 2 equations are in the form of a Sturm-Liouville problem. The solutions
of the above 2 systems are the following set of functions:

X = AcosAz+ BsinAx (16.46)
Y = C('cosh\y+ Dsinh \y (16.47)

where A, B, C' and D are integration constants. Applying the boundary conditions at
2 =0 and y = 0, we deduce that A = C' = 0. The boundary condition at x = b produces
the equation

BsinAa =0 (16.48)

The solution B = 0 is rejected since this would result in the trivial solution u = 0, and
hence we require that sin Aa = 0 which yields the permissible values of \:

A= n=1,2,.... (16.49)
a

There are thus an infinite number of possible A which we have tagged by the subscript
n, with correponding X, (x), Y, (z), and unknown constants. Since the problem is linear
the sum of these solution is also a solution and hence we set

o0
u(z,y) = Z E, sin \,x sinh A,y (16.50)
n=1
where we have set E,, = B,, *x D,,. The last unused boundary condition determines the
constants F, with the equation

v(z) = Z E,, sin A,z sinh A\,b (16.51)

n=1

It is easy to show that the functions sin A,z are orthogonal over the interval 0 < z < a,
i.e.

b
/ sin A,z sin \,,x dx = 5’””% (16.52)



272 CHAPTER 16. LINEAR ANALYSIS

which leads to ,
2
E, = —/ sin A\px v(x) dz. (16.53)
a Ja
The procedure outlined above can be reintrepeted as follows: the sin A,z are the
eigenfunctions of the Sturm Liouville problem [16.44] and the eigenvalues are given by
[[6.49} the basis function is complete and hence can be used to generate the solution as

in equation [I6.50k the coordinates of the solution in that basis are determined by 16.53]

The eigenvalues and eigenfunctions depend on the partial differential equations, the
boundary conditions, and the shape of the domain. The next few examples illustrate
this dependence.

Example 21 The heat equation u; = v(ugzy + uyy) in the same domain as example
subject to homogeneous Dirichlet boundary conditions on all sides will generate the eigen-
values eigenfunction pairs sin (222), in the z-direction and sin (*3¥) in the y-direction.

The solution can be written as the double series:

> & T . NTY . m2n?  n’r?
u(z,y,t) ZZ mnsm smTe O, = — 5+ 72 (16.54)

a

Changing the boundary conditions to homogeneous Neumann conditions in the y-direction
will change the eigenfunctions to cos(“3¥). If the boundary conditions is homogeneous
Neumann at the bottom and Dirichlet at the top, the eigenpairs in the y-directions

become cos (M) .

Example 22 Solution of the wave equation uy; = ¢?V?u in the disk 0 < r < a using
cylindrical coordinates will produce the following set of equations in each independent
variable:

Ty + k2T = (16.55)
Opg + \°O = (16.56)
r?Re + 1R+ (12 = AR = 0 (16.57)

Since the domain is periodic in the azimuthal direction, we should expect a periodic
solution and hence A must be an integer. The radial equation is nothing but the Bessel
equation in the variable kr, its solutions are given by R = A, J,,(kr)+ B, Y, (kr). B, =0
must be imposed if the solution is to be finite at » = 0. The eigenvalues k are determined
by imposing a boundary condition at r = a. For a homogeneous Dirichlet conditions,
the eigenvalues are determined by the roots &, of the Bessel functions .J,,(&,,) = 0, and
hence Ky = {mn/a. Note that K, is the radial wavenumber. The solution can now be
expanded as:

u(r, 0,t) Z Z In(EmnT) [(Amn cosnf + By, sinnf) cos opnt  +

n=0m=0

(Crn €08 1l + D,y sin nf) sin oy, ] (16.58)
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where 0., = Kmnc is the time frequency. The integration constants must be determined
from the initial conditions of which there must be 2 since we have a second derivative
in time. In the present examples the radial eigenfunctions are given the Bessel functions
of the first kind and order n and the eigenvalues are determined by the roots of the J,,.
Notice that the Bessel equation is also a Sturm Liouville problem and hence the basis
Jn(Kmnr) must be complete and orthogonal. Periodicity in the azimuthal direction yields
the trigonometric functions, and quantizes the eigenvalues to the set of integers.
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Chapter 17

Rudiments of Linear Algebra

17.1 Vector Norms and Angles

We need to generalize the notion of distance and angles for multi-dimensional systems.
These notions are intuitive for two and three dimensional vectors and provide a basis for
the generalization. This generalization does not prescribe a single formula for a norm
or distance but lists the properties that must be satisfied for a measure to be called a
distance or angle.

17.1.1 Vector Norms

A vector norm is defined as the measure of a vector in real-number space, i.e. it is a
function that associated a real (positive) number for each member of the vector space.
The norm of a vector u is denoted by ||u|| and must satisfy the following properties:

1. positivity: |lul| > 0, and if ||u|| = 0, then u = 0. All norms are positive and only
the null vector has 0 norm.

2. Scalar multiplication: ||au|| = |a|||u||, for any scalar «.
3. triangle inequality: ||u+ v|| < |lu| + ||v]| for any two vectors u and v.

For a vector u = (ug,ug,...,un) an operator that defines a norm is the so-called L,
norm defined as:

N v

[ull, = (Z !m\”) (17.1)
i=1

The following are frequently used values for p:

1-norm: p=1, luf; = 2N, |ul;

2-norm: p =2, ||ulz = N )25

max-norm: p = o0, ||uljc = max; |u;].

275
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17.1.2 Inner product

An inner product is an operation that associates a real number between any two vectors
u and v. It is usually denoted by (u,v) or u-v; and has the following properties:

1. commutative: (u,v) = (v,u).

2. linear under scalar multiplication: (au,v) = a(u,v).

3. linear under vector addition: (u,v +w) = (u,v) + (u,v).
4. positivity (u,u) > 0, and (u,u) = 0 implies u = 0.

The norm and inner product definition allow us to defined the cosine of an angle between

two vectors as:
(u,v)

cosl) = ———
[l [v]]

(17.2)

The properties of the inner product allows it to defined a vector norm, often called the
inner-product induced norm: [ju|| = (u,u).

17.2 Matrix Norms

Properties of a matrix norm:
e positivity: ||L| > OYL, |L|| = 0 implies L = 0.
e scalar multiplication: |aL|| = |a|||L||, where « is a scalar
e triangle inequality: ||[L + M| < |L| + || M]|
o [|LM]| < |ILI[[[M]|

Since matrices and vectors occur together, it is reasonable to put some conditions on
their respective norms. Matrix and vector norms are compatible if:

[ Lull < IL lull¥]lull # O (17.3)

It is possible to use a vector norm to define a matrix norm, the so-called, subordinate
norm:

L
Eull _ o (L (17.4)

[ L] = max =
o flul] full=1

Here are some common matrix norms some satisfy the compatibility and can be regarded
as subordinate norms:

1. 1-norm ||L|j; = max; (X1, |l;;|) This is also referred to as the maximum column
sum.

2. oo-norm ||L||s = max;( ;-Vzl lij|) This is also referred to as the maximum row
sum.

3. 2-norm ||L||2 = y/p(LT L) where p is the spectral radius (see below). If the matrix
L is symmetric LT = L, then ||L|j2 = /p(L%) = p(L).
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17.3 Eigenvalues and Eigenvectors

Eigenvalues and eigenvectors of a matrix L are the pairs (A\,u) such that
Lu=MXu, u#0 (17.5)

The eigenvalues can be determined by rewriting the definition as (L — A\;I)u; = 0, and
requiring that the solutions to this equation have non-trivial solution. The condition is
that the determinant of the matrix be zero: det(L — AI) = 0. This is the characteristic
equation of the system. For an NV x N matrix, the characteristic equation is an n-degree
polynomial that admits n complex roots. These roots are precisely the eigenvalues of the
system.

Assuming, the eigenvalues of the matrix L are A; and u;, then the following properties
hold:

e The transpose of the matrix, LT has the same eigenvalues and eigenvectors as the
matrix L.

e The matrix L? = LL has the same eigenvectors as L and has the eigenvalues A\?.

e If the inverse of the matrix exist, L™!, then its eigenvectors are the same as those
of L and its eigenvalues are 1/\;.

e If B=ag+aL+al?+...+ apLP, is a polynomial in L, then it has the same
eigenvectors as L and its eigenvalues are ag + a1\ + as\> + ... + apAP.

e If L is a real symmetric matrix, (L7 = L), then eigenvectors corresponding to
distinct eigenvalues are mutually orthogonal, and all its eigenvalues are real.

17.4 Spectral Radius
The spectral radius, p(L), of a matrix L is given by its largest eigenvalue in magnitude:
p(L) = max(|]\;) (17.6)

The spectral radius is the lowest for all compatible matrix norms. The proof is simple.
Let the matrix L have the eigenvalues and eigenvectors A;, u;. Then

(| L] <L g | (17.7)
——
[Aiw || = [N [Jug]]

and hence |\;| < ||L||. This result holds for all eigenvalues, and in particular for the
eigenvalue with the largest magnitude, i.e. the spectral radius:

p(L) = max(|\)) < |12 (178)

The above result holds for all matrix norms. For the case of the 1 or co-norms, we
have Gershgorin first theorem, that the spectral radius is less then the largest sum of the
absolute values of the row or columns entries, namely: p(L) < ||L||; and p(L) < ||L||oc-
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Gershgorin’s second theorem puts a limit on where to find the eigenvalues of a matrix
in the complex plane. Each eigenvalue is within a circle centered at [;i, the diagonal entry
of the matrix, and of radius R:

N
N —Ligl < D Mgl = il + ol + - i | + g | + - - [l (17.9)
=1

17.5 Eigenvalues of Tridiagonal Matrices

A tridiagonal matrix is a matrix whose only non-zero entries are on the main diagonal,
and on the first upper and lower diagonals.

lip Lipg O 0 0
log lao a3 0 :
L= 0 13,2 l373 13,4 0 (17.10)
0 - 0 Ivn-1 INN

Tridiagonal matrices occur often in the discretization of one-dimensional partial differ-
ential equations. The eigenvalues of some of these tridiagonal matrices can sometimes
be derived for constant coefficients PDE. In this case the matrix takes the form:

a b

c a b
c a b
L= ) (17.11)

T

N = 2vV'b ,
a+ \/_CCOSN+1

(17.12)

U; =

fori=1,2,...,N.
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For periodic partial differential equations, the tridiagonal system is often of the form

a b c
c a b
c a b
L= ) (17.13)
c a b
b c
The eigenvalues are then given by:
2m(i — 1 2m(i — 1
i :a+(b+c)cosw+i(c—b)sin% (17.14)

A final useful result is the following. If a real tridiagonal matrix has either all its off-
diagonal element positive or all its off-diagonal element negative, then all its eigenvalues
are real.
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Chapter 18

Programming Tips

18.1 Introduction

The implementation of numerical algorithm requires familiarity with a number of soft-
ware packages and utilities. Here is a short list of the minimum required to get started
in programming:

1. Basics of the Operating System such as file manipulation. The RSMAS library has
UNIX: the basics. The library has also a bunch of electronic books on the subject.
Two titles I came across are: Unixz Unleashed, and Learning the Unix Operating
System: Nutshell Handbook

2. Text editor to write the computer program. Most Unix books would have a short
tutorial on using either vi or emacs for editing text files. There are a number of
simpler visual editors too such as jed. Web sites for vi or its close cousin vim are:

e http://www.asu.edu/it/fyi/dst/helpdocs/editing/vi/
This is actually a very concise and fast introduction to vi. Start with it and
then go to the other web sites for more in-depth information.

e http://docs.freebsd.org/44doc/usd/12.vi/paper.html
e http://www.vim.org/

To learn about emacs, and its visual counterpart, xemacs, visit

e http://www.math.utah.edu/lab/unix/emacs.html
This seems like a good and brief introduction so that you can be editing files
with simple commands.

e http://cmgm.stanford.edu/classes/unix.emacs.html
e http://www.lib.chicago.edu/keith/tclcourse/emacs-tutorial.html-

e http://www.xemacs.org/
This is the Grapher User Interface version of emacs. It is much like notepad
in WINDOWS in that the commands can be entered visually.

281
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3. Knowledge of a programming language. Fortran is still the preferred language for
numerical programming, although C and C++ have been used in certain appli-
cations requiring sophisticated data structures. Section has an example to
introduce various elements of the language.

4. Compiler to turn the program into machine instructions. Section [I8.3] discusses
compiler issues and how to use the compiler options in helping you to track errors
in the coding.

5. Debugger to track down bugs in a computer program.
6. Visualization software to plot the results of computations.

7. Various mathematical libraries such as LAPACK for linear algebra routines and
FFTPACK for Fast Fourier Transform.

18.2 Fortran Example

The following is a simple fortran 90 code that makes use of simple language syntax such
as declaring variable, looping, opening a file, and writing data out. You should type
in the program to practice the editor commands, compile it and run it. Then use a
visualization package to plot the results.

! This is a sample fortran program to introduce the language.

! It divides the interval [-1 1] into M points and computes the
! functions sin(x) and cos(x). The results are written to the
! terminal and to a file called waves.dat

! Comments are marked with an exclamation mark; the compiler
| ignores all characters after the "!" sign.

I A fortran statement that does not fit into a single line can
! be continued on the next one by terminating it with a "&" sign.
program waves ! name of program unit

implicit none ! prevents compiler from assigning default types
! and forces user to declare every variable

I.Variable Declaration starts here
integer, parameter :: M=21 ! declares the value of a constant
I that does not change throughout
! the calculation
integer :: i I declares an integer counter

real, parameter :: xmin=-1.0, xmax=1.0 ! single precision constants
real :: £(M) | real array with M entries
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real ::

pi,x,y,dx
I .End of Variable Declaration

Executable statements are below

Unit 6 is the terminal also called stdout
write(6,*) ’Hello World’

Open a file to write out the data.

open(

pi
dx
do i

unit=9, & ! file unit is number 9

file=’waves.out’, & ! output file name is waves.out

form=’formatted’, & ! data written in ASCII

status=’unknown’, & ! create file if it does not exit already
action=’write’) I file meant for writing

2.0*asin(1.0) ! initialize pi

(xmax-xmin) /real (M-1) ! grid-size

=1,M ! counter: starts at 1, increments by 1 and ends at M

...indent statements within loop for clarity

x = (i-1)*dx + xmin ! location on interval

y = sin(pi*x) ! compute function 1

f(i) = cos(pi*x) ! compute function 2

write(6,*) x,y | write two columns to terminal

write(9,*) x,y,f(i) ! write three columns to file
enddo ! end of do loop must be marked.
close(9) ! close file (optional)

write(6,*) ’Done’

stop

end program waves

Compiling the program and creating an executable called waves:
$ £90 waves.f90 -o waves

If "-o waves"

by de

fault.

is ommited the executable will be called a.out
The fortan 90 compiler (£90) may have a different name

on your system. Possible alternatives are pgf90 (Portland Group
compiler), ifc (Intel Fortran Compiler), and x1f90 (on IBMs).

Running the program

$ waves



284 CHAPTER 18. PROGRAMMING TIPS

! Expected Terminal output is:
! Hello World

I -1.000000 8.7422777E-08
I =0.9000000 -0.3090170
I -0.8000000 -0.5877852
I =0.7000000 -0.8090170
I -0.6000000 -0.9510565
I -0.5000000 -1.000000
I -0.4000000 -0.9510565
I -0.3000000 -0.8090171
I -0.2000000 -0.5877852

I -9.9999964E-02 -0.3090169

I 0.0000000E+00 0.0000000E+00
I 0.1000000 0.3090171

I 0.2000000 0.5877854

I 0.3000001 0.8090171

I 0.4000000 0.9510565

I 0.5000000 1.000000

I 0.6000000 0.9510565

I 0.7000000 0.8090169

I 0.8000001 0.5877850

I 0.9000000 0.3090170

! 1.000000 -8.7422777E-08
! Done

| Visualizing results with matlab:

! $ matlab

!> z = load(’waves.out’); % read file into array z

> size(z) % get dimensions of z

I> plot(z(:,1),z(:,2),’k’) % plot second column versus first in black
I> hold on; % add additional lines

1> plot(z(:,1),z(:,3),’r’) % plot third column versus first in red
I> xlabel(’x’); % add labels to x—axis.

1> ylabel (P£(x)?); % add labels to y-axis.

I> title(’sine and cosine curves’); % add title to plot

I> legend(’sin’,’cos’,0) % add legend

I> print -depsc waves % save results to a color

> % encapsulated postscript file

1> % called waves.eps. The extension

1> % eps will be added automatically.

I Viewing the postscript file:
! $ ghostscript waves.eps
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! Printing the file to color printer

$ lpr -Pmpocol waves.eps

18.3 Debugging and Validation

Errors are invariably introduced when implementing a numerical algorithm in a computer

code.

1.

There are actually two kinds of errors to watch for:

Algorithmic Errors: are conceptual in nature and are independent of the actual
computer code. These kinds of errors can usually be studied theoretically when the
algorithm is devised. Examples include stability and convergence of a numerical
scheme to its mathematically continuous form. It is usually very hard to solve
algorithmic problems with computer experimentation. The latter can only be a
guide and/or a confirmation of theory.

. Programming Errors: are introduced when translating an algorithm into actual

computer code. These errors are often referred to as bugs and there are techniques
that makes tracking them simpler. This is what we will concentrate on in this
section.

18.3.1 Programming Rules

The following are rules of thumb devised to help a programmer write “good” code. The
primary advice is to write clear readable code that is easy to validate and maintain.
Other advice towards that goal are:

Write modular programs with clearly defined functional unit. By separating the
different steps of an algorithm, it becomes easier to “abstract” the code, and to
make connections with the theory.

Each modular unit should be validated. By gaining confidence in the basic working
of the building units it becomes easier to cobble together more complicated pro-
grams. Moreover, some basic units can be reused in new programs without having
to rewrite them.

Comment the program to explain the different steps. Choose meaningfull names
for variables. Document the input and output of subroutines and their basic tasks.

Write clear code, and do not worry about efficiency in either CPU or memory.
Modern computers are vastly superior to the ones common during the early years
of computing. Memory and CPU speed constraints forced programmers to use
coding tricks that obfuscated the code.

Improve the readability of the code. Do not be afraid to leave white spaces. Indent
do loops, logical statements, and functional units so they are easy to identify.

Last but not least make sure you are using the appropriate algorithm for what you
intend to do.



286 CHAPTER 18. PROGRAMMING TIPS

18.3.2 Coding tips and compiler options

If you write programs in the “right” way, you will have few syntax errors, a good compiler
(called with the right options) will flag them for you, and you will correct them easily. It
is important to emphasize that most compilers are rather lenient by default, and must
be invoked with special options in order to get many useful warnings.

Some of these compiler options enable compile-time checks, i.e. the compiler will spot
errors during the translation of the code to machine language and prior to executing the
program. Examples include: disabling implicit type declarations, and flagging standard
language violations. Others options enable various run-time checks (when the code is
actually executed) such as: checking array bounds, trapping floating-point exceptions,
and special variable initializations that are supposed to produce floating-point exceptions
if uninitialized variables are used.

The following is a list of programming tips that will help minimize the number of
bugs in the code.

e Do not used implicitly declared types. In fortran variables whose name start with
the letters 1,j,k,1,m,n are integers by default and all others are reals by default.
Use the statement implicit none in your code to force the compiler to list every
undeclared variable, and to catch mistyped variables. It is also possible to do that
using compiler options (see the manual pages for the specific options, on UNIX
machines it is usually -u).

e Make sure every variable is initialized properly before using it, and do not assume
that the compiler does it automatically. Some compiler will allow you to initialize
variables to a bogus value, a Nan (short for not a number, so that the code trips if
that variable is used in an operation before overwriting the Nan.

e Use the include header.h statement to make sure that common blocks are iden-
tical across program units. The common declaration would thus go into a separate
file (header.h) which can be subsequently included in other subroutines without
retyping it.

e Check that the argument list of a call statement matches in type and number the
argument list of the subroutine declaration.

e Remarks on the pitfalls list The improved syntax of Fortran 90 eliminates
some common programming pitfalls. Note that a Fortran 90 compiler will often
only be able to help you if you make use of the stricter checking features of the
new standard:

. IMPLICIT NONE
. Explicit interfaces

1
2
3. INTENT attributes
4

. PRIVATE attributes for module-wide data that should not be accessible to
the outside
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e Use list files to catch compiler report. When compiling the compiler throws rapidly

a list of errors at you, being out of context they are hard to understand, and even
harder to remember when you return to the editor. Using two windows one for
editing and one for debugging is helpful. You can also ask the compiler to generate
a LIST FILE, that you can look at (or print) in a separate window.

e Use modules and interface to double check the argument lists of calling subroutines.

18.3.3 Run time errors and compiler options

Some bugs cannot be caught at compile time and produce errors only when the code is
executed. The compiler switches can help you catch some common bugs. Here is again
a list of tips.

1.

5.

6.

Do not optimize the code in the first run. Rather compile it with a debugging
option (usually -g) to produce trace back information. The program can then let
you know the statement number that caused the fatal error.

. Do array bound checking. The code will crash if you are trying to access memory

beyond that available for an array. The common flag for this is -C but changes
from compiler to compiler. This flag will slow down the performance of the code.
However, you first concern should be a correct code rather then fast code.

. Some floating point operations can result in a Nan. The code should stop then and

issue an error report. Various switches trap different floating point exceptions.
You want to catch division by zero, overflows (where the number is too large
to be represent in the machine precision), underflows (similar but for very small
numbers). Underflows are not as problematic as overflows and can usually be
ignored. Check the manual for the right compiler switches.

. Test routines individually to check if they are working according to their specifica-

tion. Try first “trivial” cases where you know the answers to check the results you
get.

Use print statements liberally to spot check the value of variables.

Use a symbolic debugger to trace the execution of your program.

The first rule about debugging is staying cool, treat the misbehaving program as an
intellectual exercise, or as a detective work.

1.

2.

You got some strange results that made you think there is a bug. Think again, are
you sure they are not the correct output for some special input?

If you are not sure what causes the bug, DON'T try semi-random code modifi-
cations, that’s seldom works. Your aim should be to gather as much as possible
information!
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3. If you have a modular program, each part does a clearly defined task, so prop-
erly placed ’debug statements’ can ISOLATE the malfunctioning procedure/code-
section.

4. If you are familiar with a debugger use it, but be careful not to be carried away by
the many options and start playing.

18.3.4 Some common pitfalls

e Data-types

NS e W

Using implicit variable declarations

Using a non-intrinsic function without a type declaration
Incompatible argument lists in call and the routine definition
Incompatible declarations of a common block

Using constants and parameters of incorrect (smaller) type
Assuming that untyped integer constants get typed properly

Assuming intrinsic conversion-functions take care of result type

e Arithmetic

® N oo

1. Using constants and parameters of incorrect type
2. Uncareful use of automatic type promotions

3.
4

. Assuming integer exponents (e.g. 2*x*(3)-) are computed as floating-point

Assuming that dividing two integers will give a floating-point result.

numbers

Using floating-point comparisons tests, .EQ. and .NE. are particularly risky
Loops with a REAL or DOUBLE PRECISION control variable

Assuming that the MOD function with REAL arguments is exact

Assuming real-to-integer assignment will work in all cases

e Miscellaneous

1.

Code lines longer than the allowed maximum

2. Common blocks losing their values while the program runs

. Aliasing of dummy arguments and common block variables, or other dummy

arguments in the same subprogram invocation

Passing constants to a subprogram that modifies them

5. Bad DO-loop parameters (see the DO loops chapter)

6.

TABs in input files - what you see is not what you get!

e General
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o

A T

. Assuming variables are initialized to zero

Assuming variables keep their value between the execution of a RETURN
statement and subsequent invocations

Letting array indexes go out of bounds

Depending on assumptions about the computing order of subexpressions
Assuming short-circuit evaluation of expressions

Using trigonometric functions with large arguments on some machines

Inconsistent use of physical units
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Chapter 19

Debuggers

A debugger is a very useful tool for developing codes, and in finding and fixing bugs
introduced in the code development. Most compiler providers include a debugger as
part of their software bundle. Since we are using the Portland Group compiler for the
class, the discussion here will center on its debugger primarily, even though a lot of the
information applies equally to other compiler/debugger systems. Check the manual for
the specific compiler/debugger in case of problems.

19.1 Preparing the code for debugging

A debuggable executable must have extra information embedded in it for debugging
purposes. The debugger then makes use of this information to report the values of
variables, and allow the programmer to follow the execution of the program line by line.
Compiler options must be used to instruct the compiler to embed this information in the
object files. Here is a useful subset of these options pertinent to the PG compiler:

1. —g Generate information for the debugger, this is necessary on most computers to
enable the printing of useful debugging information. Avoid using any optimization
in the code development phase (so avoid the -0 options). Occasionaly you want to
debug with optimization on, the ~gopt would then be necessary.

2. -C or -Mbounds: generate code to check array bounds

3. -Ktrap=list-of-options: helps trap floating point problems. The list is a comma
separates list of strings that controls which floating point operations to catch. These

include:
(a) -Ktrap=divz: trap divide by zero.
(b) -Ktrap=ovef: trap floating point overflows.
(¢) -Ktrap=unf: trap underflow (number too small to be representable).
(d) -Ktrap=inv: trap invalid operands (e.g. square root of negative numbers).

A commonly useful subset is to set -Ktrap=divz,inv,ovf
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4. -Mchkptr: Check if code mistakenly references NULL pointers.

5. -Mchkstk: Check the stack for available space upon entry to and before the start
of a parallel region. Useful when many private variables are declared.

Compiler PGI Intel gce IBM Pathscale
Enable Debugging -g -g -g -g -g
Bounds Checking -C -CB -C -C

Uninitialized variables | NA -ftrapuv -ginitauto

Floating point trap -Ktrap -fpel -ffpe-trap | -qflttrp

Floating point stack -Mchkstk | -fpstkchk

19.2 Running the debugger

The command pgdbg executable wil run the code executable under the control of the
debugger. The default is to start the debugger under a Graphical User Interface (GUI).
If you have a slow connection, the GUI can slow down your work because of the graphics
overhead. Most debugger include a command, text line interface. For PG it is invoked
with the —text option”. The command will start the debugger which in turn will “load”
the executable and all its pertinent information. The debugger then passes control to
the user and waits for further instructions. Most debuggers come with an on-line help
facility to allow users to learn the command list interactively, the command to initiate
is usually called help. Here we list briefly a subset of these commands and that have
proved to be most useful for the author.

The debugger GUI is fairly intuitive; it will open up at least one window to display
source lines, and another one for I/O operations. The GUI and text versions of the
debugger can be controlled via command lines. Here we will cover some the most useful
one, and we refer the user to the manual for further information.

1. run Will cause the code to start executing.

2. 1list 10,40 will list the lines 10,40, 1list without argument will list lines 10 to
20 from the current statement.

3. stop at xyz will put a breakpoint at line xyz. Execution will stop at the line so
the user can examine variables.

4. print sn will print the value of the variable sn.

5. assign sn=expression assigns the expression expression to the variable sn.
6. whatis sn will report the data type of variable sn.

7. where will report the current statement.

8. step will execute the next source line, including stepping into a function or sub-
routine.
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9.

10.

11.

12.
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stepi will execute a single intruction (as opposed to the entire source line. step
jcount;, will execute jcount; instructions.

display list the expressions being printed at breakpoints. display <expl>,<exp2>
prints <expl> and <exp2> at every breakpoint.

next will cause the debugge to skip over a function or subroutine, i.e. executing

it in its entirety.

continue will cause the execution to resume from the point it stopped to the next

breakpoint.
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