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Chapter 1

Introduction

The main goal of the SWASH model is to solve the nonhydrostatic, nonlinear, shallow water
equations on a regular grid.

to be filled in...

1.1 Historical background

This section is under preparation.

1.2 Purpose and motivation

The purpose of this document is to provide relevant information on the mathematical
models and numerical techniques for the simulation of shallow water in coastal regions.
Furthermore, this document explains the essential steps involved in the implementation of
various numerical methods, and thus provides an adequate reference with respect to the
structure of the SWASH program.

1.3 Readership

This document is, in the first place, addressed to those, who wish to modify and to extend
mathematical and numerical models for shallow water problems. However, this material is
also useful for those who are interested in the application of the techniques discussed here.
The text assumes the reader has basic knowledge of analysis, partial differential equations
and numerical mathematics and provides what is needed both in the main text and in the
appendices.
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1.4 Scope of this document

SWASH is a general-purpose numerical tool for simulating unsteady, non-hydrostatic, free-
surface, rotational flow and transport phenomena in coastal waters as driven by waves, tides,
buoyancy and wind forces. It provides a general basis for describing wave transformations
from deep water to a beach, port or harbour, complex changes to rapidly varied flows, and
density driven flows in coastal seas, estuaries, lakes and rivers.

1.5 Overview

The remainder of this document is subdivided as follows: In Chapter [2| a review of
considerations from the Hamiltonian formalism and algebraic topology of the inviscid
shallow water equations is provided. This chapter explains why the Arakawa C-grid
discretization method was chosen as the basis for the design of SWASH. In Chapter [§ the
three-dimensional shallow water equations used in SWASH are presented. These underlying
equations and the derivation thereof, i.e. the layer-averaged equations, have been discussed
earlier in the Technical documentation of TRIWAQ-in-SIMONA [111] and was written by
Marcel Zijlema in 1998. After that this outline has been applied successfully in SWASH.
See also the papers [116], 117, 88| [11§]. In Chapter @] the main characteristics of the finite
difference method for the discretization of the governing equations in horizontal planes are
outlined. Various differencing schemes for spatial propagation are reported. Chapter [10)]is
concerned with discussing several boundary conditions and their implementation. Chapter
is devoted to the linear solvers for the solution of the resulted linear systems of equations.
Chapter deals with some consideration on parallelization of SWASH on distributed
memory architectures.

This document, however, is not intended as being complete. Although, this document
describes the essential steps involved in the simulation of waves, so that the user can see
which can be modified or extended to solve a particular problem properly, some subjects
involved in SWASH are not included. Below, a list of these subjects is given, of which the
information may be available elsewhere (e.g. journal and proceedings papers):

e wave damping induced by vegetation,
e partial reflection and transmission,
e subgrid approach for 3D wave-induced currents,

e floating objects.

1.6 Acknowledgements

The SWASH team are grateful to the original authors from the very first days of SWASH
which took place at the Delft University of Technology in Delft, The Netherlands in 2002:
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Guus Stelling and Marcel Zijlema.

We further want to acknowledge all contributors who helped us to improve SWASH, reported
bugs, and tested SWASH thoroughly: Pieter Smit, Dirk Rijnsdorp, Tomo Suzuki, Panagiotis
Vasarmidis, and Joao Dobrochinski.

We are finally grateful to all those other people working on the Public Domain Software
without which the development of SWASH would be unthinkable: Linux, Intel, GNU F95,

ETEX, MPICH, Perl and many others.
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Chapter 2

Physics-compatible discretizations on
simplicial and cubical meshes

2.1 Introduction

This chapter deals with the numerical solution of the two-dimensional nonlinear shallow
water equations that form the basis for SWASH. The spatial discretization is based on the
staggered Arakawa C-grid finite difference method for orthogonal triangular, rectangular and
curvilinear meshes. It is known for a long time that this method exhibits beneficial properties
in a wide range of shallow water applications, including nonlinear wave transformation as
characterized by energy transfer between the different wave components. This enhances the
robustness of the SWASH model. This chapter explains the reasons why this is so. In the
following sections below, we will set out a number of relevant topics in depth which are
crucial for the exposition of this chapter. The topics covered are related to Hamiltonian
formalism and algebraic topology.

There are two issues that play a key role. First there is the issue of the nonlinear
computational instability that frequently occurs in the numerical simulation of highly
nonlinear shallow water systems, and secondly, the importance of primary and secondary
conservation properties that appear naturally in physics and geometry. This dual role
underlies a growing body of literature which clearly demonstrates that mimicking the
conservation properties of the continuous partial differential equations (PDEs) at the
discrete level eliminates the problem of nonlinear instability.

One of the earliest studies on nonlinear computational instability of finite difference
schemes was conducted by Phillips in the 1950s [77]. This phenomenon contrasted with
the usual (linear) stability that can easily be controlled by reducing the time step. Phillips
explained this then new kind of instability in terms of aliasing. Numerical waves shorter
than two grid sizes are misinterpreted by the finite grid as long waves and thus create
spurious interactions towards high wavenumbers which, according to Phillips, cause the
observed instability. Since the nonlinear instability could not be eliminated by decreasing
the time step, Phillips applied a smoothing technique to diminish the instability.
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Although Phillips “aliasing” clarification could be a plausible one, however, in reality it
does not. The solution to the problem of nonlinear computational instability came from
Lilly [52] and Arakawa [I]. They demonstrated the cause of this instability to be the lack of
conservation of kinetic energy (and vorticity), despite the presence of aliasing errors. The
spectral analysis of Lilly [52] further substantiated that a correct redistribution of energy
over the scales of motion is closely related to the conservation of kinetic energy and, in turn,
eliminates the nonlinear instability. Arakawa later on showed that the staggered C-grid
approach has proven to be effective in eliminating the problem of nonlinear computational
instability 2] 3].

Later studies demonstrated that the form of the nonlinear momentum advection operator
is decisive for both the conservation of kinetic energy at discrete level and the alteration
of aliasing errors present in finite difference and finite volume methods [7), 46], 60] and
[18]. (The source of aliasing errors is the numerical evaluation of the product of two (or
more) field variables on a computational mesh.) Of the four usual and analytically (but
not numerically) equivalent formulations, namely, the divergence (or conservation) form,
the rotational form, the advective (or non-conservative) form and the skew-symmetric
form (defined as the average of the divergence and advective forms), the use of both the
skew-symmetric and the rotational forms of the advection terms, approximated with second
(or fourth) order central differencing, leads to the conservation of kinetic energy (locally
and globally) because these forms satisfy the integration-by-parts rule in a discrete sense
[46], [60]. Moreover, the analyses of Kravchenko and Moin [46] and Morinishi et al. [60] show
that neither the divergence form nor the advective form conserves kinetic energy in finite
difference computations, even on a uniform grid, unless they comply with a discrete product
rule of differentiation. In that case, these forms can be rewritten into a skew-symmetric
form, thus conserving kinetic energy locally.

Many numerical studies [37, 46| 25] 17, [70), [40] also revealed the outstanding performance
of the skew-symmetric form of momentum advection in terms of a strong reduction of
aliasing errors in finite difference calculations using central schemes while the (energy-
conserving) rotational form typically yields the highest aliasing error. Furthermore, the
simulations with the skew-symmetric form typically produce physically accurate and stable
results regardless of whether the flow is sufficiently resolved or not [101), 102]. We will
address the topics regarding the skew symmetry and energy conservation in detail later.

The shallow water equations involve a number of differential operators such as the
gradient and the divergence. Basically, such operators are mathematical constructs based
on the notion of limit (infinitesimal cube contracting to a point) and contain a number of
hidden geometrical and physical structures, such as symmetries and conservation properties.
The key purpose of algebraic topology in the present work is to reveal these mathematical
structures by studying geometric objects. This then forms the starting point for the
construction of discrete counterparts of the continuous differential operators, namely, the
gradient, curl, and divergence. These operators are referred to as grad, curl and div,
respectively.

While there ary many ways to approximate the PDEs and their associated operators, such
as the finite difference, finite volume, and finite element methods, algebraic topology offers a
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mimetic approach to their construction in the sense that discrete operators truly mimic the
behavior of the differential operators regardless of the mesh type and resolution [38]. Such
mimetic discretizations also preserve vector calculus identities, including curl grad = 0
and div curl = 0, and symmetry relations such as curl = curl’ and div = —grad”.
For instance, the latter antisymmetry property is closely related to the Hamiltonian
structure of the inviscid shallow water equations which means that the total energy of the
system is conserved. As we will see later, by embedding these discrete structures into a
discretization process, they obey a discrete version of integration-by-parts and product rules,
thus preserving the conservation properties of the PDEs. As a result, the corresponding
discretization captures the essential physics of the PDEs and generally has a stabilizing
effect on the solution of PDEs. This is advantageous mainly because it is not based on
asymptotic arguments to ensure consistency with the continuous (and smooth) PDEs in
the traditional sense. A mere consistency and linear stability check is often not sufficient,
especially for nonlinear under-resolved problems.

The development of mimetic discretizations is an active field of research where it is
linked to the high demand for physically reliable simulation models to describe and predict
complex systems arising in oceanographic and atmospheric flow problems, direct numerical
and large-eddy simulations of turbulent flows, but also computer graphics. Some of the
contributions in this area have come in the form of mimetic finite differences [, 02, 53], the
summation by parts (SBP) method [89], the support operators method (SOM) [38], mimetic
spectral elements [19], 20, [47], [69], discrete exterior calculus (DEC) [35] 23], 24] [36], 58], and
symmetry-preserving discretizations [78, 10T, B0, 102} 99, 05, [10]. Such numerical techniques
are especially useful when grid refinement or increasing the order of the discretization
accuracy is insufficient to resolve the wide range of scales of nonlinear motions (e.g. high-
Re turbulent flows, multi-scale atmospheric flows, nonlinear wave-wave and wave-current
interactions). In particular, sufficient control of aliasing errors is ensured in the numerical
simulations by these methods. Also, nonlinear energy transfer between scales is generally
respected by mimetic discretizations which not only promotes the physical fidelity but also
aids in the stability of the model simulation.

Let us put this into perspective by situating these mimetic discretizations in relation
to other conventional finite difference and finite volume methods. The latter methods
are widely adopted for approximating the shallow water equations on horizontal grids.
Arakawa and Lamb|[2] define five grid systems (A to E) based on the horizontal staggering
of the primitive variables (the velocity vector and the water level). Of these five grids,
the unstaggered (or colocated) Arakawa A-grid, the semi-staggered Arakawa B-grid and
the staggered Arakawa C-grid are the most prominent ones in CFD and computational
hydraulics. With the A-grid, the water level and the components of the velocity vector
are stored at the same grid vertices or cell centers. The B-grid places water levels at the
corners of cells and the velocity vector at the centers of cells or the other way around. The
C-grid evaluates the normal components of the horizontal velocity at the centers of the cell
faces and the water levels at the cell centers.

The usual strategy in the development of these discrete frameworks is that first a
discretization method is constructed in a mathematical fashion using high-resolution
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schemes but without an explicit reference to the physical properties that underlie the
continuous flow field problem. Next, certain numerical (mostly linear) analysis tools are
utilized to prove its accuracy, stability and convergence in the sense of the Lax’s equivalence
theorem. The hope is then that a numerical solution to the considered PDEs is obtained
that is physically realistic, especially when problems with strong nonlinearities [109) [T08]
are relevant. There are, however, three issues that complicate matters related to controlling
the convergence error by mesh refinement.

First, there are ambiguities regarding the validity of the equivalence theorem in the case
of nonlinear PDEs. At least, it seems that this theorem can only provide the necessary
conditions for convergence. A consistent and stable high order scheme can still fail to
capture physically consistent results for nonlinear PDEs.

Second, a high order accurate approximation is assumed to be better in the sense that
its solution converges faster compared to a low order scheme owing to the lower truncation
errors. However, this premise is exceptional, especially when nonlinearity plays a significant
role. A key aspect of this that is often overlooked is the necessity to have mesh spacing
substantially small to achieve the nonlinear solution convergent at best. For example,
the convergence tests of Verstappen and Veldman [I01] demonstrated that a fourth order
discretization is not more accurate than its second order equivalent on relatively coarse
grids.

Third, the numerical method established in this way may not obey some of the con-
servation laws, identities and symmetries and can thus act as a spurious source of mass,
momentum or energy. For example, both A-grid and B-grid discretizations ultimately build
on approximating the conservation of mass and energy. Furthermore, symmetry relations,
like div = —grad', may not be satisfied while the associated discrete operators support
spurious computational (or checkerboard pressure) modes [60] 34, 26]. These unphysical
modes are typically inert at the grid scale and can contaminate the numerical solution in the
long run as various nonlinear processes, including physics parametrizations and bathymetric
forcing, can excite them [50]. Though colocated (A-grid) and semi-staggered (B-grid)
discretization methods routinely suppress erroneous grid-scale oscillations by some degree
of non-physical dissipation, either upwind differencing or space-centred approximation
with artificial viscosity, such kind of regularization usually have difficulty to moderate the
stationary spurious modes as they do not propagate.

There is a scarcity of literature that discusses the development of colocated (A-)grid
discretizations of the inviscid shallow water equations on general meshes. By contrast,
the colocated central discretization method that employs the classical Von Neumann
and Richtmyer’s artificial viscosity [104] or its variants (e.g. the successful JST scheme
of Jameson [39]) for identifying shock waves is very useful for solving the compressible
Euler equations at high Mach numbers. This suitability is explained by the fact that the
associated physics typically involves a high energetic primary mode and relatively small
higher modes. In turn, the related nonlinear cascade of wave energy is less pronounced
than that of incompressible flows, which allows the use of less far-reaching discretization
methods, including the Lax-Wendroff type method [52] and the A-grid method.

The C-grid discretization is superior to both A-grid and B-grid regarding the accuracy
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and stability in solving the highly nonlinear shallow water equations. Staggered C-grid
schemes are practically stable as they exactly conserve discrete analogues of mass and
energy and do not typically generate spurious modes. An example is the celebrated finite
difference scheme of Arakawa and Lamb [3] for the rotating shallow water equations on
Cartesian staggered grids. It does not only conserve mass and energy exactly but also
vorticity and enstrophy. Furthermore, this staggered scheme is completely free of unphysical
pressure modes. In this sense, the Arakawa and Lamb scheme can be considered as one of
the earliest mimetic discretization methods for free surface flows.

Despite these advantages, staggered C-grid methods tend to have a low order of trun-
cation error, especially on nonuniform meshes. Yet, they often produce smaller global
discretization errors than other traditional (usually non-mimetic) methods of the same
or higher order even on nonuniform grids [101} 102]. This is because of the fact that the
associated discrete operators exactly represent conservation properties (mass and energy),
vector calculus identities, including the vanishing of the curl of the gradient of any scalar
field, and fundamental symmetries, most notably the divergence is the negative transpose of
the gradient. These specific properties permit to control aliasing errors and also contribute
at improving the physical accuracy of under-resolved problems. In essence, they generally
improve simulation fidelity and thus potentially increase physical reliability regardless of
the chosen resolution in the simulations.

Additionally, previous studies like Manteuffel and White [54] have demonstrated that
low order schemes can easily achieve second order accuracy on nonuniform meshes where
the mesh spacing is stretched by a bounded ratio. Still, high order acurrate schemes can be
desirable when one wants to avoid the use of excessively fine grids, especially Cartesian
grids. It should be noted, however, that unstructured mesh methods typically do not allow
for ease of implementation of high order discretizations as they do not take full advantage of
higher order accuracy that can be easily achieved on structured rectangular grids. On the
other hand, unstructured meshes have their unique quality to easily enhance the flexibility
by allowing local mesh refinements. For this reason, we will also present an extension of
the classical staggered C-grid approach to unstructured triangular grids. This extended
method is described in detail in Chapter [f

Over the years, successful staggered C-grid schemes have been developed for the simula-
tion of incompressible flows on curvilinear staggered grids [106], 97, [115] and on unstructured
triangular Delaunay-Voronoi meshes [29, [66, [67, [16], [72, 43], modelling of large-scale ocean
and small-scale coastal flows on both orthogonal curvilinear grids, see, e.g. [49, [85] 13, 83
80, 118], and unstructured triangular meshes, e.g. [14] [15] 27, 00 45, 41, [44) 33, 113]. Addi-
tionally, many papers have been published over the last few decades on the use of Arakawa
C-grid discretizations for large-scale atmospheric flows on the sphere using arbitrarily
structured (hexagonal) meshes, see, e.g. [9, 911 O3, [79] 82], 19, 02]).

This chapter provides support for a physically based strategy to develop numerical
methods that are capable of dealing with symmetries and conservation properties at a
discrete level. These methods do not discretize the continuous PDEs in the traditional
sense with scalars and vectors as fundamental entities of differential calculus. Rather, they
are driven by the topological interpretation of the physical fields as discrete differential
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forms. Such forms are the integrals of the physical quantities over the various geometric
elements (points, curves, planes and volumes) and constitute a discrete representation for
solution fields over discretized (mesh) objects (vertices, edges, faces, and cells).

The notion of discrete differential forms is at the heart of algebraic topology. The frame-
work of algebraic topology provides the basis for the development of mimetic discretizations
used in this work. As we will see later on, this goal serves as the basis and justification for
using staggered grids. The importance of the discrete forms becomes apparent in identifying
which parts of the PDEs are conservation laws that do not depend on any notion of a
metric, and which parts are relationships that are approximative by nature such as the
material constitutive relations and the local relationships between the various physical
quantities due to inhomogeneous media (e.g. nonuniform depth and fluid density). The
discretizations are then constructed to exactly satisfy the former, that is, without any
discretization error involved, and accurately approximate the latter. As a result, they aim
to mimic the fundamental properties of the continuous differential operators grad, curl and
div. Furthermore, certain crucial symmetry relations, like for instance div = —grad', are
respected at the discrete level, and these, in turn, contribute to the nonlinear computational
stability.

This chapter begins with the formulation of the inviscid nonlinear shallow water equa-
tions; they are covered in detail in Section Next, Section reveals the mathematical
structure of the governing equations, namely, the Hamiltonian which represents the total
energy of the system, and then deals with some theoretical aspects of the Hamiltonian
formalism. The use of the Hamiltonian form is beneficial since it provides conditions for
the stability of the spatial discretization of the shallow water equations.

Mimetic discretization methods aim to preserve essential geometrical and physical
structures in a discrete setting. The core rationale here is the agreement of the numerical
solution with physical measurements rather than convergence to an exact solution of
PDEs. As a preliminary to this approach, we informally introduce the two essential
notions of differential geometry, namely, differential forms and generalized Stokes’ theorem.
These physically based concepts are addressed in Section [2.4] This is then followed by
an extensive review of some fundamental concepts from algebraic topology, which is the
discrete counterpart of differential geometry. They serve as the building blocks of the
discretization infrastructure. Section [2.5| elaborates upon this matter.

Finally, Section discusses a general mimetic framework for the inviscid nonlinear
shallow water equations which will be used to derive the staggered Arakawa C-grid for
rectilinear grids in Chapter [3| for curvilinear grids in Chapter [ and for unstructured
triangular meshes in Chapter [5]

This chapter (and also Chapters , and |5) focusses on the spatial discretization in
the horizontal for both 2DH and 3D shallow water equations. Discretization in the vertical
dimension for 3D flow domains will be dealt with in Chapter [§|
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2.2 Inviscid shallow water equations

(Un)SWASH solves the two- and three-dimensional nonlinear shallow water equations. These
equations describe the behavior of a shallow incompressible fluid layer and are suitable
to model hydrodynamics in coastal seas, estuaries, lakes and rivers. They are derived
from the depth-integrated Euler or Navier-Stokes equations under the hydrostatic pressure
assumption. The equations of motion are commonly written in the language of vector
calculus.

For applications to water waves we deal with the barotropic flow of an incompressible
fluid in a two-dimensional bounded domain, denoted by Q C R2, with a thin layer of
water between a rigid bottom at z = —d(x) and a single-valued free surface ((x,¢) where
x = (x,y) € Q indicates the horizontal position. The inviscid shallow water equations in
the flux-form are given by

oh
oh
—at“ +V-(q@u) = —ghV( (2.2)

where h = ( + d is the water depth and u = (u,v) is the depth-averaged flow velocity
vector with the components u(x,t) and v(x,t) along the z and y coordinates, respectively,
as given by

1=

u(x,t)——/ v (x,z,t)dz

h z=—d
with v(x, z,t) the three-dimensional flow velocity. Furthermore, q = hu is the mass
flux, V = (0., 9,) is the two-dimensional gradient operator on €2, and finally, g is the
gravitational acceleration.

Both field functions h(x,t) and u(x,t) are at least piecewise continuous on €2. Note
that for water waves the three-dimensional flow is considered to be irrotational, that is,
Vip x v =0 with Vy, = (0, 0y, 0,). However, V x hu # 0. The governing equations are
combined with appropriate boundary conditions. This is discussed in Chapter [I0]

Egs. and naturally describe the water wave motion on top of the ambient
flow. The essential terms here are the pressure gradient term in the right-hand side of
Eq. and the divergence of the mass flux, the second term of Eq. . Mathematically,
they are adjoint to each other; see Section for further clarification.

The quantity hu in the first term of Eq. represents the depth-integrated velocity
along a path of fluid motion while the pressure gradient is a driving force due to the surface
slope along the flow line. The second divergence term of Eq. can be expanded as

V-(@®u)=(q-V)u+(V-q)u (2.3)

The first term on the right-hand side describes advection in the background flow while the
second term is linked to the wave dynamics. Additionally, the combination of the terms
V- (q®u) and ghV( in the momentum equation ([2.2)) characterizes the embedding of the
multi-scale interactions between the various wave components.
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As demonstrated above, the depth-averaged velocity u is transported by the mass flux q.
Although the reversed statement, that is, hu = q is the conserved quantity that is advected
by the velocity u, might makes sense, as suggested by Eq. , it is actually wrong from a
physical point of view. This is because hu is not the physical entity of a fluid particle, but
instead the quantity u is, or rather v, which is conserved by advection.

As a final note, Eqgs. — are written in the conservation form. The physical
meaning of this formulation relies on the inclusion of the formation of shocks and hydraulic
jumps. However, for large-scale applications in coastal and ocean engineering, the shallow
water equations are typically expressed in the non-conservation form. Thus, combining

Eq. (2.3) and Eq. (2.1), next substituting into Eq. (2.2)) while applying the product rule to
the term Ohu/dt, we obtain the following momentum equation

ou
— 4+ (u-V)u=—-¢V( (2.4)
ot
In this regard, relevant forces should be included, such as viscous stresses, frictional forces
(wind shear and bottom roughness) and the Coriolis force due to the Earth’s rotation. More

details about these forces are provided in Chapter

2.3 Hamiltonian formulation

In this section we demonstrate how, using the Hamiltonian formalism, we can systematically
derive conditions required for the conservation of energy that can be used to construct
mimetic discretizations of the inviscid nonlinear shallow water equations on non-Cartesian
orthogonal meshes. Though energy is usually not preserved in the majority of coastal water
systems, energy conservation conceived as a constraint is relevant in view of the spatial
discretization for two reasons. First, it can guarantee the stability of the discretization.
Second, on physical grounds, it ensures that energy is conservatively transferred from low
wave frequencies to high frequencies, which then causes waves to break, and dissipation of
wave energy. This nonlinear energy cascade requires certain contributions to the governing
equations — to be independently energy conserved, namely, the pressure gradient
and the advective transport of momentum. When mimicking this requirement at a discrete
level, it thus reflects the physical fidelity of the discretization.

Like many physical systems, the inviscid, barotropic shallow water equations —
possess a Hamiltonian structure (see, e.g. [22]). In the absence of shocks and a horizontal
frictionless bed, this system conserves the total energy, or Hamiltonian, which is the sum of
the kinetic energy and gravitational potential energy per unit volume

z=(C 1
/dx/ dz {—u-u—i—gz}
Q z=—d 2

Since the equations of motion are described using the field variables h and u, their
Hamiltonion structure is of a non-canonical (or generalized) form. This is explained further
below.
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The exposition starts by first considering an infinite-dimensional real vector space V
of fields equipped with an inner product (called a Hilbert space) defined on some domain
x € 2 in R?. We establish the inner product (-,-) : V x V — R in the following way. We
have

()= [ radx (25)
for scalar fields f and ¢ on €2, and

(v, w) = /Qv w dx (2.6)

for vector fields v and w on €2 with - denoting the standard element-wise dot product. Note
that the inner product is positive definite and symmetric.

Next, a key assumption is made that the scalar and vector fields have a compact support,
that is, they vanish on the boundary of 2. Let us integrate the following vector calculus
identity over €2,

V-A(fv)=fV-v+(Vf)-v (2.7)

and subsequently apply the divergence theorem. We obtain

/QfVVdX—l—/Q(Vf)VdXZ/QV(fv)dXz deS

o0

with the last term indicating the surface integral of fv over the boundary of €2 and dS the
surface normal. Since the boundary term is zero, we infer

(f,V-v)=—=(Vfv) (2.8)

which implies that the adjoint of the divergence operator is minus the the gradient operator.

Eq. displays the property of skew (or anti) symmetry. A more general form of
this property that is useful to the discretization process is the following. Let be given a
real-valued operator (or tensor) A :V — V. This operator is called skew-symmetric when

(u, Av) = — (Au,v), VYu,vey (2.9)

As the inner product is symmetric, this implies (u, Au) = 0 for any u € V. The converse
is also true, that is, if for a given operator A, we have (u, Au) = 0, then this operator is
skew-symmetric. The importance of the antisymmetry relations and will be
discussed later in this section.

Below, we employ some relevant concepts of the Hamiltonian formalism that appear to
be useful for the analysis of conservation properties. For an introducton, see e.g. [81]. In
particular, the building blocks for a Hamiltonian formulation that might be most relevant
here are a functional, a functional derivative, and a Poisson tensor.

A functional F is a mapping F : V — R, so that its arguments are field variables which,
in turn, are functions of space and time, and it assigns a real number to them. An example
of such a functional is integration of a function. Suppose u € V, then we have, for instance,

F(u) = /QF(X,U, Vu) dx
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which yields a value of F depending on all the values taken by u on {2, provided that the
function F' is real-valued. (Note that F' is an ordinary function. Also note that Vu is
the derivative of u with respect to x, which is the Jacobian matrix.) We use calligraphic
capitals to denote functionals.

The functional (or variational) derivative of F with respect to u, denoted 6.F/du, is

defined by
. Fut+ev)—F(u) d OF
liy : =g e |y =G
Let us take the above example of the functional F(u). To compute its functional derivative
it is assumed that F'is continuously differentiable and v vanishes on the boundary of €.

Upon substitution yields

(2.10)

d F F
7 QF(x,u—i—ev,Vu—l—er)de:O = L(%'V+gfvﬁ'vv) dx
oF oF

Vv)

) Go) =17 () ¥

so that the functional derivative is
0F OF v OF
fu  Ou oVu
Note that the above derivation can be generalized to higher order derivatives [61].
Let p € V be a state vector of (non-canonical) field variables describing an infinite-

dimensional system. Then this system is said to be Hamiltonian if there exists a functional
H(p) and a Poisson tensor J with certain properties such that the system is represented by

op O0H
ot " op
This formulation is called the symplectic form. Note that this is just one of the many
equivalent ways of defining Hamiltonian both for canonical and non-canonical systems.
Let us elaborate further on the Hamiltonian description of Egs. —. We do this
by expressing it in Cartesian tensor notation. First, we denote the momentum density by
m = (my,m,)" = (hu,hw)T and the mass flux by q = (¢.,q,)" = (hu, hv)T. We also use
the expression for free surface ( = h — d. For the current shallow-water system, a suitable
Hamiltonian reads

(2.11)

1 m2 +m?
H(h,mx,my)=§ /Q [Tyﬂﬁ] dz dy

whose functional derivatives are

SH 1 ([ mi+m] L,y oH oM
<—T+29§)——§(u +v)+gC, %—u, 5my

=0

Sh 2
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while the associated dynamics is controlled by the following Poisson tensor [22]

0 O.h Oyh
J=—|h0, my0,+ Oymy; my 0y + Oymy, (2.12)
ho, mg0, + 0ym, my,0,+ Oym,

Like the Hamiltonian formulation, there are many known forms of the Poisson tensor. The
current tensor is of the Lie-Poisson form which means that it (a) is linear in the state vector
(p1,p2,p3)" = (h,mz,my,)T, (b) is skew-adjoint (or skew-symmetric), J;; = —Jj;, and (c)
satisfies the Jacobi condition [81], 22]

J; J, =0
lapl + Jj o + Jgi

opy
for i,5,k,1 =1,...,3 (the Einstein convention is used). With the help of the antisymmetry
relation (2.8]), it can be verified that the above three conditions are indeed met by the
tensor given by Eq. .
Now, if we use the components of the vector (hu,hv)T instead of (m,,m,)T, then
expanding the symplectic form in terms of the field variables h, ¢, hu and q results in

Ji

PRI [ 0 Ouh dyh 9¢ — 1 (u? +v?)
— |hu| = —|h0, hud,+ dyuh hvd, + Jyuh U
O o |hO, hud, + 0,vh hvd,+ O,vh v
—O0zQz — 8yQy
= _ghaxc - 896 (uqyc) - 8y (qu)
__ghayc — 0p (vq:) — Oy (UQy)

which are indeed the shallow water equations —.

For our purposes, we want to show that the Hamiltonian is conserved at all times.
To this end we consider a functional F(p) and examine variation of p to ¢, namely,
dp = p(x,t + dt) — p(x,t), so that in the limit 6t — 0, we have dp = 0t Ip/dt. Recall
Eq. (2.10)), then one has

i L (P+P) —F(p) _ Qf:((z 0_p>
5t—0 ot dt op’ Ot

which describes the time evolution of F. Owing to Eq. (2.11]) we observe that
dF <(5}" 57—[>
dt  ‘op’ " op

Since J is skew-symmetric we conclude that

dH  0H 5H

E_<E’ %>:0



16 Chapter 2

implying the conservation of the Hamiltonian. This is basically a rendition of a special
case of the classical Noether’s theorem that relates the symmetry of a Hamiltonian system
under translation in time to the conservation of energy.

Let us examine the time evolution of the total energy of the conservative shallow-water
system in detail. We first discuss the contributions to the kinetic energy balance, followed
by those of the gravitational potential energy. The total kinetic energy is

1 1
Hin = §/Qhu~ud>{: §<u,hu>

while its rate of change is given by

dein 5Hkin a_p 5%kin %

. . 6Hkin 6m
dt = op ’8t>_< Sh ’8t> <5m’at>

Evaluating the functional derivatives as dHy,/0h = —%u -u and Hy,/dm = u and
substituting Eq. (2.2) into the above equation yield

%%(u, hu) = —%(u,u%) —(u, V- (q®u)) —(q, Vg¢)

The last term converses kinetic energy into potential energy.
Next, the total gravitational potential energy reads

1 1 1
Moot =5 [ 9 ax = 50(6.0) = 50{h— d =)

The associated variational derivatives are then dH ot /0h = g(h—d) = g¢ and 6 Hpot/dm = 0.
The rate of change of potential energy is determined by the following expression

OHpot Oh OHpot Om
Y _ pot e pot el W .
Finally, the total energy is given by
1 1
H =5 (u, ) + 29 (C.0)

The two contributions above can be combined into the equation of total energy as

dH oh
0=—r=—3(wur)— (V- (@ou) - (Vg(,q) - (¢¢, V- q)
By virtue of Eq. (2.8)), the last two terms essentially cancel each other out, leaving only the

first two terms while their sum must be zero. This result can be written as

oh
(u, 15+ V- (@@ u) =0
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Let us define the operator A with
Au=V - (q®u)

and denote I as the identity tensor. (Note that we may write A=q-V + (V-q)I.) Now,
the following must holds

oh
(u, {A+%EI} u)=20

which implies that the operator

oh
A1t
NERT
must be skew-symmetric. To accomplish this, the tensor A may be expressed as
oh
1 1~T 1
A=io—jom 12 (213)
or, alternatively,
A=1C—-3CT+3(V-q) I (2.14)

so that C' is a skew-symmetric tensor. (An arbitrary tensor C' can be written as the sum of
two parts, one symmetric, the other skew-symmetric: C'=1(C+CT)+ 1(C - CT). If C'is
skew-symmetric, then the symmetric part is identically zero.)

We conclude this section by pointing out that an envisaged semi-discretization method
should also possess a Hamiltonian structure not only to ensure its computational stability but
also to respect the conservative cascade of energy from large to small scales through nonlinear
interactions. This is particularly significant for describing nonlinear wave transformation
in coastal regions. In this respect, some terms in the shallow water equations should also
be individually energy conserving, namely, the pressure gradient term and the advection
terms.

Conservation of energy by the pressure gradient term requires skew symmetry of the
associated operator. More specifically, a discrete analogue of Eq. is needed regarding
the pressure gradient Vg¢ and the divergence of mass flux V - q. In Section 2.5 we will
show how this desired mimetic property can be constructed by using the techniques from
algebraic topology.

Additionally, skew symmetry should also be taken into account when discretizing the
divergence term V - (q ® u) in the momentum equation , as indicated by Eq. .
This also prevents the accumulation of aliasing errors. However, to include the shock
formation as manifested in hydraulic jumps and tidal bores, some form of energy dissipation
must be added. We will return to this matter in Chapter [3]

2.4 Differential forms and the Stokes’ theorem

2.4.1 Introduction

The purpose of this section is to present a brief introduction to some of the main concepts
of differential geometry and to demonstrate their utility for the development of a numerical
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method for the solution of the shallow water equations on orthogonal meshes. These include
the differential forms, the exterior derivative and the generalized Stokes’ theorem [8] 24] 64].
Their discrete counterparts will be elucidated in detail in Section [2.5| which form the starting
point for the mimetic discretizations of Chapter [3] [4] and [5

2.4.2 Differential forms

The equations presented in the previous sections are expressed in terms of vector calculus.
The fundamental attributes are the scalar and vector fields. A field variable is a local
function that describe the variable at each point in space (and at each instant in time, but
we will not consider that here; see, e.g. [04]). This is also called a density and is essentially
the result of a limit process. For example, mass density, denoted as p(x,t), is the result of
the ratio of an infinitesimally small mass dm to an infinitesimally small volume 0V while
taking the limit 6V — 0. Obviously, such a scalar field does not make sense physically,
since a zero volume would contain no mass. It is a pure mathematical concept resulted
from the process of limit.

By contrast, differential forms are defined informally as physical variables that are
associated with a geometrically finite object, such as a curve, plane or volume. For example,

We can express mass as
m = / pdV
1%

which has a clear physical meaning irrespective of the size and shape of volume V. So, here
mass is defined as a volume integral and the quantity pdV is called a differential form.
Another example is the mass flux density which is defined as
I m
5530 65
with 7 = dm/dt the mass flow rate and J.S the infinitesimal area through which the mass
flows. This mathematically well-defined quantity is by itself physically meaningless: it only
provides a local measure of the mass current per unit cross area emanating from a point in
space.
Another view is that the mass flux density is a vector field, denoted q = pu where u is
the flow velocity vector, and the integral of this flux over a cross section S yields the total
amount of mass passing through the cross section in a unit of time. The surface integral is

expressed as
/ q-dS
S

where dS is the surface element pointing outward normal to the surface. Here, q - dS
represents the mass flux and is physically defined for any size and shape of section S. This
physical quantity is another example of a differential form. Note, however, that by Gauss’
divergence theorem in vector calculus, one has

/V-qu:f q-dSs
1% oV
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which provides a geometric interpretation of the divergence operator V- in the sense that
integrating this operator over a finite volume yields the total flux through the volume
boundaries.

Quantity pu can also be interpreted as the mass circulation density and is identified
with the curl of pu at a single point: V X pu. Indeed, by Stokes’ curl theorem, if A is a
finite surface in R? and dl is a curve element locally tangent to the boundary of A, then
the total circulation of the vector pu around the perimeter of A is computed as

f pu-dlz/(VXpu)dA
oA A

Thus, mass circulation is symbolized by the differential form pu - dl integrated on a finite
line segment.

There are also, however, quantities that can be sampled at single locations, such as
surface elevation, bed level and dynamic pressure. These are differential forms associated to
a spatial point. Such forms commonly manifest themselves as the argument of the gradient
operator V. This is clarified by the fundamental theorem of calculus for line integrals. Let
7 : R? — R be a differentiable function given on a continuous curve ¢ C R? that starts at
point p and ends at point q. Then the integral of the gradient of m over the curve ¢ is equal
to the total change in m between the two endpoints of ¢, that is,

/ZVW ~dl = 7(q) — 7(p)

Differential forms are characterized by the dimension of the underlying geometric objects.
A differential k—form integrates over a k—dimensional smooth (infinitely differentiable)
manifold embedded in a n—dimensional space (kK =0,1,...,n), and takes this to R. For
instance, in R? there are four types of differential forms, that is, 0—, 1—, 2— and 3—forms,
associated with points, curves, planes and volumes, respectively. It is important to note
that unlike scalar and vector fields, differential forms are independent of coordinate systems
and metric (e.g. length, area, angle).

In what follows, forms are denoted by lower case Greek letters with the superscript
indicating the dimension. Hence, with reference to the first example above, u® = pdV is
a 3—form which is a scalar. In the case of the flow velocity vector, there are two distinct
differential forms, namely, the 2—form ¢ = q - dS, that is, the normal to a plane, and
the 1—form v = pu - dl, which is the vector tangent to a curve. And in the last example,
function 7 is a 0—form, 7(*) = 7, which trivially gives a scalar.

2.4.3 Generalized Stokes’ theorem

The calculus of differential forms is based on the exterior derivative and the generalized
Stokes’ theorem which extend the notion of differentation and integration, respectively, to
arbitrary dimensions. Let d denotes the exterior derivative and let a*) be a k—form defined
on some manifold M of dimension k. The exterior derivative of a®) is a (k + 1)—form
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that is written as da®, for k =0,1,...,n — 1. Indeed, the action of exterior derivative on
differential forms provides us a coordinate invariant way to calculate the gradient, curl and
divergence operators of vector calculus. For example, da(? is the same as the gradient of
a scalar and the result is a 1—form, which represents a tangential component of a vector.
Likewise, da'") and da® are equivalent to the curl of a vector (tangent to a curve) and
the divergence of a vector (normal to a plane), respectively. The result of the former is a
2—form, which is actually the normal component of a vector, while the result of the latter
is scalar, a 3—form.

As we have seen in the above examples, the gradient, curl and divergence operators can
be linked to the corresponding geometric objects (curve, plane and volume, respectively)
with lower-dimensional boundaries (points, curves and planes, respectively) by means of
the corresponding integral theorems (the fundamental theorem of calculus for line integrals,
the Stokes’ curl theorem and the Gauss’ divergence theorem, respectively). In the same
vein, the exterior derivative can be connected to a (k + 1)—dimensional manifold M with
k—dimensional boundary dM through the generalized Stokes’ theorem, which is stated in
the following very elegant and simple formula

/ da® — / NG
M oM

for a given k—form o®). This theorem equates the integral of the exterior derivative of
a form on a manifold to the integral of this form on the boundary of the manifold. We
observe that the three key theorems of vector calculus as outlined above are all special
cases of the generalized Stokes’ theorem.

Differential forms are the essential building blocks in the study of differential geometry
[64]. This mathematical language allows one to express differential forms on smooth and
curved manifolds in a consistent manner, not dependent on a coordinate system. But most
relevant to our discussion is that the use of differential forms is motivated by the physical
fact that the measurements of physical quantities, e.g. mass, mass circulation, mass flux,
pressure, are typically linked to integration over geometrically finite manifolds. As such,
differential forms naturally lend themselves to a discrete representation. In particular,
different global variables can be represented as coordinate-free discrete differential forms
integrated on different mesh elements (vertices, edges, faces and cells). This is the approach
that we will use in the discrete setting.

Consider a three-dimensional computational mesh which consists of vertices, edges, faces
and volumes. Let a vertex, an edge, a face and a cell be denoted by o) with &k =0,1,2,3,
respectively. A discrete k—form is defined as the integral of a k—form over a k-dimensional
mesh element o), symbolized by

/ o ®)
(k)

and yields a single real number associated with o). Note that the discrete form is the whole
integral quantity, not the integrand as with differential forms. In this way, we distinguish
between 0-forms represented by their values at a set of vertices, 1-forms by their line
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integrals over a set of edges, 2-forms by their surface integrals over a set of faces, and
3-forms by their volume integrals over a set of cells. We use from now on Greek letters for
discrete forms, that is, 7(9) for the pressure at a vertex, v!) for the mass circulation along
a mesh edge, ¢ for the mass flux through a mesh face, u® for the mass in a cell, etc.

It is also apparent that the discrete forms serve as the degrees of freedom for our
numerical framework, rather than grid point values as used in finite difference methods
or cell averages in finite volume methods. Since these forms are topological, that is,
independent of metric, the intended numerical method can easily be extended to any type of
computational meshes embedded in two-dimensional Euclidean spaces, including rectilinear
meshes (Chapter , curvilinear meshes (Chapter [4)) and triangular meshes (Chapter [5)).

The generalized Stokes’ theorem reveals that differential forms and integral theorems
are intimately connected. More specifically, the integration of a differential form, or the
discrete form for that matter, can be used to establish any of the differential operators
such as gradient, curl or divergence. This is illustrated by Figure that shows the three
fundamental theorems with which the integral of the corresponding differential operator

(2)
(3

7(q) 4
7Y i |
i o
i = @)
. . __,*?z
¥, (2) !
1 LA
O , |
;
7(p) J'
o
ijr-dl:I(q)—ﬂ(p) j(pru)-dA:q‘)pU-dl:Z}/ﬁl) jv'qu:SBq'dSZZ¢,E2)
Ji 4 ad J vV av J

Figure 2.1: The evaluation of the gradient operator along a line segment by means of the
discrete 0—forms at the two endpoints as per the fundamental theorem of calculus for
line integrals (left), the curl operator in a triangle by summing the discrete 1—forms over
the triangle edges using the Stokes’ curl theorem (center), and the computation of the
divergence in a cube is the same as taking the sum of the discrete 2—forms on the six faces
according to the Gauss’ divergence theorem (right). The displayed arrows indicate the
orientation of the geometric object; see Section for further discussion.

over a finite geometric object is computed by a direct evaluation of the associated discrete
form over the boundary of that object. This observation is the central theme for the
mimetic discretizations used in this work. In Section 2.5 we will apply the Stokes’ theorem
to construct a discrete counterpart of the exterior derivative, with which the continuous
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differential operators, grad, curl and div can then be mimicked at the discrete level.

2.4.4 Vector-valued differential forms

In this section we briefly discuss another type of differential form that will not be applied in
our discretization process, but utilized as part of the rationale for our choice of associating
flow variables with appropriate geometric (mesh) objects. We will come back to this in
Section 2.4.5]

With differential k—forms integrals of scalar and vector fields over a finite k—dimensional
element can be described. Since scalars have no direction and vectors have a single direction,
the corresponding differential forms are therefore viewed as a linear map from scalars
or vectors to real numbers. Therefore, such differential forms are called a scalar-valued
differential form and examples of these include pressure (0—form), flow velocity (1—form),
mass flux (2—form), and mass (3—form).

There are also physical quantities where we need more than one direction to describe
their properties. Such quantities typically relate a vector to another vector and are known
as tensors. For example, a stress tensor describes fluid deformation normal to a plane but
also tangential to the same plane, and is thus a second order tensor with n? entries (4 in
R? and 9 in R?). In the same way as with scalars and vectors, we can also associate tensors
with geometric objects, and they are classified as vector-valued differential formd}

To clarify things, we use the conservation of momentum as an example. This fundamental
law is expressed by the following Navier-Stokes equation in integral form

2/mdwrf (u®m—r).ds_/fdv
at 14 [5)% 14

where m = pu is the momentum density of the fluid, u is is the flow velocity, 7 is the
(Cauchy) stress tensor and f represents body forces acting on the fluid. For Newtonian
fluids, the stress tensor reads

T =—pl+p(Vu+ (Vu)")

with u = pv the dynamic viscosity.

Now it is true that convective acceleration, pressure force and viscous stresses in one
direction can affect the momentum in another direction. The reason is that momentum
density is a vector quantity having both a magnitude and a direction. Yet, not only the
amount of momentum is conserved within a control volume, but also in all three spatial
directions — x, y and z — at the same time, viz.

/de
v

Here, quantity m dV is consistently defined for any volume V' and is termed a covector-
valued 3—form, that is, it is represented by a scalar-valued 3—form in each physical direction.

In the literature, they are also referred to as bundle-valued or covector-valued differential forms.
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In the same way, the stress vector 7 - dS is called a covector-valued 2—form (or, generally,
(n — 1)—form) where each component is associated with plane dS with either a normal or a
tangential direction. Finally, the convective part of the momentum flux and the body force
term are examples of a covector-valued 2—form and a covector-valued 3—form, respectively.

The use of vector-valued differential forms is particularly relevant for the discretization on
non-Cartesian meshes. For example, assembling a momentum balance for each component of
the momentum density would be rather complicated when the coordinate bases change from
point to point so that the momentum flux and stress tensor vary locally both in magnitude
and in direction. This requires knowledge on how the covariant (and contravariant)
base vectors change spatially which is commonly encoded in the covariant derivative and
Christoffel symbols known from tensor calculus [4]. In contrast to scalar-valued differential
forms, the mathematical theory of vector-valued differential forms is rather laborious —
this concept is defined without reference to a metric — and has not received great attention
so far in the CFD community. More discussion on this topic is provided in [48].

2.4.5 Revisiting shallow water equations

The present section concludes with a discussion on the associations of the variables in
the shallow water equations with suitable geometric elements (points, lines, surfaces, and
volumes). These associations are guided by the physical interpretation of the variables. The
outline in this section is largely intuitive but will serve as a starting point for a mathematical
exposition of the mimetic framework in the sequel of this chapter.

We revisit the inviscid shallow water equations (2.1)—(2.2)) or while examining
each variable in the respective equations individually in the following. Recall the continuity
equation. It is given by

oh

o V-q=0
The first variable is the water depth h that acts like a volume and so it is treated as a
3—form. Thereafter, the mass flux q is associated with a surface and hence viewed as a
2—form. It should be noted that taking the divergence of a 2—form results in a 3—form.
Thus, the continuity equation contains only 3—forms so that the contributions in the
equation are mutually consistent.

Next, we continue with the momentum equation which reads

g—ltl%—(u-V) u=—gV(
We note here that we are not considering Eq. but rather the equation above. We
come back to this point later. The first two terms represent accelerations (temporal and
advective, respectively) and are in the same direction as the pressure gradient (Newton’s
second law). This direction is tangent to the flow line. Consequently, the advection term
(u-V)u acts only with one component along this line. This term is thus described as a
scalar-valued 1—form. Furthermore, the velocity u in the unsteady term measures the fluid
flowing along the streamline and is identified as the velocity circulation. (Remember that
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the projection of u onto a line segment dl, that is u - dl, contributes to circulation.) Clearly,
this is characterized as a 1—form as well. Finally, the water level ( is sampled at a given
location and hence associated with a point. Therefore, it is seen as a 0—form. Since the
gradient of a 0—form produces a 1—form, the present equation of motion invariably involves
1—forms only. In this view, Eq. will be referred to as the flow equation.

By connecting physical variables to geometric objects more unknowns have been obtained,
thus making the system indeterminate. Here, we have four differential forms, symbolically
given as h, q, u and ¢, and two governing equations, implying that two additional relations
are required to close the system. In the next section we will see that these so-called
constitutive relations are metric dependent and thus approximate in nature. Yet, the
distinct use of the differential forms and the constitutive relations allows an elegant way to
develop discretizations in a transparent manner by separating the process of approximation
from exact discretization. This will be discussed in greater detail in Section [2.6]

As pointed out earlier in this section, the non-conservation form of Eq. is utilized
to reveal the association between the flow variables and geometry. Let us now turn to the
momentum equation ([2.2)). The divergence term V - (q ® u) contains the tensor product
between two vectors, viz. ®. This implies that Eq. is a tensor equation and thus
requires the use of vector-valued differential forms like the Navier-Stokes equations (see the
previous section).

Yet, in the context of incompressible shallow water flows, it is assumed that the flow
moves gradually downstream as time evolves by which the momentum flux tensor q ® u
redirects the depth-integrated velocity hu towards the direction of the pressure force, with
little or no influence from the traversed velocity components. This allows us to stick to
Eq. while dealing with (vector) differential operators only, such as grad and div,
as we did previously. Nevertheless, to handle cases with bores and hydraulic jumps, we
will henceforth consider Eq. where all terms are integrated along a streamline, thus
treating them as scalar-valued 1—forms. This means that Eq. is interpreted as a flow
equation rather than a momentum equation. Note that the time derivative dhu/0t and the
pressure gradient term ghV( are clearly represented by a 1—form since the multiplication
of a vector or a gradient (1—form) by a scalar (0—form) is still a vector (1—form).

Another complication concerns the mimetic discretization of momentum advection. In
the language of differential forms the treatment of advection is usually by means of the
so-called Lie derivative. It expresses the advective transport of a differential form caused by
the action of a vector field. Yet, the discretization of the Lie derivative within the mimetic
framework is less straightforward. Nevertheless, in their paper [28] the authors showed
how for a number of relatively simple cases (e.g. flat domains, regular triangular meshes)
there are similarities between the DEC discretizations of the Lie advection of a differential
form and the traditional central and upwind schemes within the finite difference and finite
volume methods. We will not go into this further, but the interested reader is referred to
[23, 62, [48] and [28] for a detailed discussion.

In this work we will use a different approach, proposed by Perot [72] who first developed
a staggered mesh discretization of the Navier-Stokes equations in divergence form for
unstructured triangular meshes. Accordingly, we will develop a similar discretization for
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the term V - (q ® u) separately while adhering to the principles of mimetic discretizations
as much as possible. In this regard, this discretization obeys the Rankine-Hugoniot jump
relations and thus ensures the correct handling of discontinuities and shocks. A detailed
treatment of this approach is described in Chapter [5

2.5 Basic concepts of algebraic topology

2.5.1 Introduction

This section concerns with some of the essential definitions and tools of algebraic topology
for two-dimensional manifolds. They establish a formalization of the notion of discretization
of physical space in which physical laws are embedded. This formalism lay the foundation
for the numerical framework of SWASH in the next sections.

Algebraic topology is a branch of mathematics that essentially deals with the study of a
manifold (a geometric object) which is encoded by means of the (graph) connectivity. In turn,
algebra and discrete boundary relations determined by this connectivity are employed to find
topological invariants and symmetries of the manifold implied by differential geometry. As
we will see later on, it defines a clean separation between the process of exact discretization
of physical conservation properties and the process of approximation of constitutive relations
that should be implemented anyway. Original ideas about this approach were proposed two
decades ago by [55] 84], 56, 94].

A good introduction to algebraic topology is provided by [63]. Somewhat more abstract
is the book of [32]. Another good one on this topic is the (subject to change) lecture notes
of [21].

2.5.2 Cell complex and orientation

A manifold is a topological space living in n—dimensional Euclidean space R™ that is
equipped with a topological structure to allow defining mappings of (sub)manifolds, but not
measured by a metric. Such a structure refers to the essential relationships that describe
the connectivity between geometric objects and the integral relations that underlie certain
invariant and symmetry properties.

A finite dimensional manifold that we will consider here is a computational mesh. It
provides a means of partitioning a computational domain 2 C R™ into a collection of
distinct geometric objects (or submanifolds) called k—cells with £ = 0,1, ..., n indicating
their spatial dimension. The associated mesh is thus discretely represented by a finite
collection of vertices (0—cells), edges (1—cells), faces (2—cells) and cells (3—cells).

A k—cell is denoted by o) and its size or (intrinsic) volume is denoted |o()|. We
define |o(py| = 1. The collection of k—cells is a subset of R, denoted My, and is called a
k—dimensional manifold. This manifold is assumed to have a boundary. The boundary of
a k—cell, denoted Oo(y), is made up of (k — 1)—cells that are directly connected to. These
lower dimensional cells are elements of Mj_; (k= 1,...,n) and are referred to as the faces
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of the k—cell. Note that the boundary of a 0—cell is empty. The set {M,,..., M,} is
called the mesh.

A cell complex K on (2 is a finite set of k—cells, with £ = 0,1, ..., n, such that (i) the
n—cells cover 2, (ii) each face of a k—cell of K is in K, and (iii) the intersection of any two
k—cells of K is either a face of each of them or is empty. We simply write the cell complex
as K = {Mo,..., M,}, which is a mesh. Note that the converse is not necessarily true (see
below). Figure illustrates an example of a cell complex in a two-dimensional domain.
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Figure 2.2: Example of a two-dimensional cell complex with labeled 0—cells (vertices),
1—cells (edges) and (faces). The 2—cells, i.e. computational cells, are a mixed of
triangles and rectangles.

Manifolds are also endowed with an orientation which is a key element for identifying
the conservation properties in the construction of mimetic discretizations. Two types of
orientation can be distinguished for a manifold Mj: inner and outer orientation. The
first type defines the orientation in the geometric object, while the second designates the
orientation outside the geometric object embedded in space R"™.

Every k—cell is oriented and has exactly two directions. In this work, we choose a
positive orientation according to the right-hand rule. Consequently, the other is negative.
In particular, an inner-oriented 0—cell is positively oriented as a sink (into the vertex), an
inner-oriented 1—cell is oriented by a direction, pointing to the right, along the edge, an
inner-oriented 2—cell by a sense of rotation, in the counterclockwise direction, on its face
and an inner-oriented 3—cell by a right-handed screw inside its cell. Additionally, the inner
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orientation on doy) is induced by o). It is important to note that the inner orientation
on a k—cell is identical for each such cell embedded in an n—dimensional space.

Outer orientation, on the other hand, depends on the dimension of the embedding
space. The outer orientation specifies, for instance, a transverse direction through a vertex
embedded in R!, across an edge in R? and through a face for a 3D embedding space.
Here, a positive orientation is the one implied by the orientation of the embedded space
that is equipped with a right-handed coordinate system in R™. Another example is a
counterclockwise rotation around a vertex or an edge embedded in R? and R?, respectively.
Finally, the outer orientation of an n—cell in R™ is induced by the outer orientation of its
faces with outward normals. Thus, the same geometric object has different types of outer
orientation depending on the dimension of embedding space R™.

The concept of inner and outer orientation gives rise to a pair of meshes embedded in
R™, each endowed with a different type of orientation. Moreover, they are topologically dual
to each other in the sense that an inner-oriented k—cell corresponds to an outer-oriented
(n — k)—cell, and vice versa. The former is referred to as the primal mesh, denoted K, the
latter is called the dual mesh, denoted K. We will use the tilde throughout this chapter
to indicate a dual object. Here, K is inner oriented while K is outer oriented, but this
is merely a choice and either choice is equally fine. What is important is that all of the
k—cells in one particular mesh must have the same type of orientation (i.e. inner or outer).
Figure depicts a graphical representation of the orientation of the various primal and
dual cells in a 2D space.

The computational mesh is an oriented cell complex K that covers the domain €2. This
mesh is designated as the primal mesh. We denote by K its associated dual mesh. However,
not all faces of the (n — k)—cells in K (for k =1,...,n) are contained in K. Nevertheless,
as we will see later, the dual mesh is not required to be a cell complex in our discretization
method. Also, it does not need to be created or stored explicitly — only its metric will be
computed. This will be elaborated in detail in Section [2.5.7]

2.5.3 The computational mesh and its dual

The topology of the computational mesh is routinely described by means of simplices
(e.g. triangles, tetrahedrons) or cuboids (e.g. quadrilaterals, hexahedrons). One should
note, however, that both descriptions, though topologically equivalent, are geometrically
different; see Section [2.5.7] The present work is entirely devoted to polygonal meshes in
(z,y) € Q C R? even though the space dimension n is kept general in the present exposition.
Here, mesh edges are straight lines and mesh faces are planar. Note that, although there is
no difference between the edge and the face of a 2D mesh, their distinction will nevertheless
clarify the derivations to be presented.

A polygonal mesh consists of a finite number of polygons. A polygon is said to be cyclic
if it can be inscribed in a circle, that is, if there exists a circle so that every vertex of the
polygon lies on the circle. This circle is called the circumcircle. For example, all triangles
and all rectangles are cyclic. The center of the circumcircle is known as the circumcenter
and can be found as the intersection of the perpendicular bisectors of the edges of the
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4

k=0 k=1 k=2

(a) k—cells with inner orientation.

k=0 k=1 k=2
(b) (2 — k)—cells with outer orientation.

Figure 2.3: Oriented primal cells (a) and dual cells (b) embedded in R2.

polygon.
A polygon is well centered if its circumcenter is contained in its interior. A well-centered

computational mesh has all of its polygonal cells that are well centered. For example,
an acute triangulation is well centered. The mesh constructed by joining the primal cell
circumcenters is called the circumcentric dual mesh. Any well-centered primal mesh and
its dual are mutually orthogonal. A classic example is the Delaunay triangulation (primal
mesh) and the associated Voronoi tessellation (dual mesh).

Discretizations such as the finite volume and finite element methods benefit from well-
centered polygonal meshes because they display desirable conservation and symmetry
properties. This is the central theme of this chapter.

Rectangular and curvilinear (cyclic quadrilateral) meshes are always well centered. This
is not necessarily true for triangular cells. In particular, the circumcenter of a right-angled
triangle lies at the midpoint of the hypotenuse and the circumcenter of an obtuse triangle
lies outside the triangle. Nonetheless, one can proof that for every planar polygon there
exists a well-centered (nonobtuse) triangulation [5].

An alternative would be the use of the barycentric dual mesh. This mesh is formed by
connecting the cell centroids and the edge midpoints. The barycentric dual mesh greatly
facilitates flexibility in mesh generation and also in adaptive mesh refinement. However,
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the lack of orthogonality between the primal edges and their barycentric duals generally
increases the complexity of the discretization [35], 57, 68, 59] and may additionally affect
the numerical stability.

As will be demonstrated in Section [2.5.7] the circumcentric dual mesh is the preferred
one as it allows for computationally tractable and stable discretizations. For the present
SWASH applications, only orthogonal rectangular grids (Chapter [3)), orthogonal curvilinear
grids (Chapter {f) and Delaunay triangular meshes (Chapter [5]) are considered.

2.5.4 Chains and boundary operator

Let Cx(K') be a group generated by a basis consisting of all the k—cells of cell complex K.
An element of Cy(K) is called a k—chain and is a linear combination of oriented k—cells,

=D ¢ o

where oy ; is the ith k—cell in M;, and ¢* € {—1,0,1} is the ith component of ¢(). The
k—cells form the canonical basis for the vector space of k—chains. The dimension of Cj(K)
equals the number of elements of M, and is written as |Cy|. A k—chain c, is represented
as a row vector of length |Cy|. Furthermore, integer component ¢’ of ¢ refers to the
orientation of the cell in the chain with respect to its default orientation in cell complex K
(positive if they agree or negative if they disagree) or to the cell not being a part of the
chain, that is, ¢! = 0. Note that a k—cell is also named as an elementary k—chain.

Just like the boundary of a k—cell is an element of M, _;, so is the boundary of a
k—chain, denoted Oc), an element of Cj_;(K). In this regard, we define the boundary
operator as a linear operator d, : Cx(K) — Ci_1(K) which returns a (k — 1)—chain after
applying to the k—chain,

akC(k) = 8k; Z Ci O'(k),i = Z Ci aka‘(k),i

with Opo k), the boundary of o;),; which is a (k —1)—cell formed by the faces of the oriented
k—cell, as follows

OO (k)i = Z 03 O(k-1),j (2.15)
J

where o, ; equals +1 if o1y ; € Mj_; and the orientations of o(,_1); and o) ; agree, —1
if these orientations disagree, or 0 if o_1); is not a face of o) ;. Hence,

8I<:C(k) = ZZCZ 0; j U(kfl),j (216)
(]

The boundary operator has the important property that the boundary of a boundary is
empty, so that using the boundary operator twice to any k—chain gives a null value, that
is, Opr—10kcky = 0, Ve € C(K). The boundary operator is called nilpotent.
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Given a basis for the vector spaces Ci(K) and Cj_;(K), the boundary operator is
represented as an incidence matrix Dy of size |Ck| X |Cy_1|. Each row corresponds to each
element of Cy(K) and each column to each element of Cy_1(K). Owing to Eq. (2.15), the
entries of the matrix are given by

[Dk]z,] = Oi,j R k = 1, oo, n (217)

An entry is —1 or +1 (the sign depending on the orientation) if an element of Cj_1(K) is
incident with an element of Cy(K), or 0 if they are not related. Thus the action of boundary
operator J, on a chain c() amounts to the matrix-vector multiplication c¢(;) Dy, which is a
row vector of length |Cj_1]. We note that ¢ Dy Dy =07, Ve € C(K), k=2,....n

2.5.5 Cochains and coboundary operator

The vector space of chains Cy(K) of cell complex K coexists with a dual vector space of
linear functions yv* : Cy(K) — R. This dual space is denoted by C*(K) and its elements
are called k— Cochalns. Let ¢ be the k—chain of K and ~*) the k—cochain of K. We
write

(o, 7™y =1® (cay) €R

for the value of 4*) on (k- This linear mapping is called the duality pairing of k—cochain
with £—chain. As it will be clear shortly, the notion of duality pairing between cochains
and chains plays a centrol role in the discretization process.

Given a basis of Cy(K), {o@.i|i = 1,...,|Ck|}, there is a dual basis of C*(K),
{o®|i=1,...,|Ck|}, such that

(o), 0™7) =6

so that the 7th elementary k—cochain is associated with the ith k—cell only. By linearity, a
k—cochain v*) € C*(K) can be expressed as

= Z o™

and is represented as a column vector with its components v; € R. The length of this vector
is |Cy|. Duality pairing of a k—cochain y*) with a k—chain (k) can now be calculated as

C(k)s 7 ZZCJ% O(k),js O Z) = chj%éj- = Zci%‘ = C(k) V(k)
i i

This duality pairing is a metric-free operation. (This is not the inner product of Section
because ¢ and 7*) are not defined in one single vector space.)

A k—cochain acts as a function that associates to every k—chain of K a discrete real
number that is independent of any coordinate system. In particular, the value

<0(k),ia 'Y(k)> =%
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is a coordinate-free scalar evaluated on the ¢th k—cell. This function evaluation is interpreted
as the geometric integration of v*) over the k—cell of cell complex K. The integral of v*)
over an inner-oriented k—cell is symbolized by

/ Y® = (o), Y
(k)

and is referred to as an inner-oriented k—form, or inner k—form for short. By linearity, the
integral of ¥*) over a k—chain can be calculated as

/ =3¢ Y =" Hown ™) =D v = (e, ™)
C(k) i 7 i

Let c(z+1) be a (k + 1)—chain of cell complex K, then its boundary Opiic@p+1) is a
k—chain. Here, the orientation on Opyic(41) is induced by cg41y. The adjoint of this
boundary operator with respect to the duality pairing (-,-) is called the coboundary
operator 0% and is defined by

O (k)i

(i), 0"Y™) = (Bkricsn, ™), Vewsn) € Cra(K), V9™ e CH(K)

The coboundary operator 6% : C*(K) — C*1(K) is a linear operator that relates a
k—cochain to a (k + 1)—cochain. The above adjoint relation can also be written in the

following integral form
/ 5y — / ®)
C(h1) Ok+1C(k+1)

which can be viewed as the discrete counterpart of the generalized Stokes’ theorem. The
operator 8% is also called the kth discrete exterior derivative. Recall that the three theorems
of vector calculus, namely, the fundamental theorem of calculus for line integrals, the
Stokes’ curl theorem and the Gauss’ divergence theorem (cf. Figure are a special case
of the generalized Stokes’ theorem applied to oriented 0—forms, 1—forms and 2—forms,
respectively, in R3. This observation is key in constructing the mimetic discretization of
continuous differential operators grad, curl and div.

The operator 6% can be expressed as an incidence matrix D¥ of size |C,11| X |Cy| so that
the action of D* on a cochain ¥*) is the matrix-vector multiplication D*~y®) . Matrix D* is
the adjoint of matrix D, which can be demonstrated by the above theorem, namely,

i+ DFY® = cpoinyDiaiy™
which implies D¥ = Dy, for k=0,...,n — 1.

By virtue of the duality pairing between the boundary operator and coboundary operator,
the discrete exterior derivative is a metric independent operator, which additionally has the
property that

DFIDE =0T, Vk=0,...,n—2

reflecting the nilpotency of the coboundary operator, that is, 6+ §) = (.
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Let us choose an inner orientation for cell complex K in R2. Then the discrete exterior
derivative represents an exact discretization of grad if £ = 0 and curl if k£ = 1 such that
the Stokes’ theorem holds for the associated inner-oriented k—cells (cf. left and center
panels of Figure 2.1} respectively). In addition, we have that D'D° = 0T, which implies
curl grad = 0 (the curl of a gradient is zero). Exact representation of this vector calculus
identity is crucial for a physics-compatible and stable numerical scheme.

2.5.6 The dual mesh: discrete k—forms and exterior derivative

The notions of chains, the boundary operator, discrete forms and the discrete exterior
derivative can also be applied on the dual mesh. Let K be a primal mesh (or cell complex)
and K the associated dual mesh on Q C R?. Remember that the dual mesh is not a cell
complex, but we omit this feature here for simplicity as it does not change the exposition
in the following.

There exists a bijective map between the dual mesh elements and the primal ones,
namely, each (n — k)—cell of the dual mesh is dual to a primal k—cell, for k =0,...,n. We
denote the dual of k—cell by 7(,—) and the map by «, that is, *O (k) = 5(n k)- The set of
dual cells is denoted by M,,_x. The dual mesh is then given by K = {M,,..., Mo}. In
line with the choice of primal mesh K in Section “ K is outer oriented. Recall that the
outer orientation of a dual cell depends on the dimension of the embedded space R™.

We denote the vector space of dual k—chains by C,_(K) and its canonical basis
by {6 li=1,...,|Ck|}. Similarly, we have the space of dual k—cochains, denoted
C"k(K), generated by its dual basis {#(" %)% |i = 1,... |C|}. The elements of C"*(K)
are the dual discrete forms by which an outer (n — k)—form is dual to an inner k—form.

The boundary of an outer-oriented cell &(,_;+1) of the dual mesh, with £ = 1,...,n,
constitutes a number of connected faces (), for which not all of them are 1n the mesh.
By duality, we have the dual boundary operator dp_j41 : Cp_ps1(K) = Cp_i(K) obtained
as follows

571 k—l—lgn k+1),0 — ZOZ_] O(n—k), izla---7|Ck—1|> ]:1,,|Ck|

with 0;; indicating the outer orientation of 7,y induced by G (,—r41) (41 if they agree,
—1 if they disagree, and 0 otherwise). This orientation coefficient is related to that on the
primal mesh, viz. Eq. (2.15]), according to

0ij = (10, Vk=1,....n (2.18)

Here the sign coefficient follows from Figure 2.3] In particular, the orientation of the
inner-oriented 0—cell is the opposite of the orientation of the outer-oriented 2—cell while
those of the 1—cells have the same orientation.

The coeflicients 0; ; constitute an incidence matrix Dn_kH of size |Cy_1| x |Ck| that
represents the dual boundary operator 5n_k+1. Eq. is used to establish the relationship
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between the primal and dual boundary operators as follows
Dy = (—D)*M)", k=1,....n

Clearly, on the dual mesh we also have DDy =0,Vk=2,...,n.

A dual coboundary operator can be defined analogously. The dual coboundary operator
or k=1 O k1K) — C"*(K) is the adjoint of the dual boundary operator d,_j based
on the generalized Stokes’ theorem

Sn—k—l x (n—k—l))

5 ~(n—k—1)>

<E(n*k)7 = <5n—ké(nfk)v v

for all é,_g) € Cpi(K) and 3#=1 € 0"+=1(K). Note that, by virtue of the duality
pairing, the dual cochain ¥™%=1) is an outer form that is integrated over the outer-oriented
boundary of ¢,—xy. The dual coboundary operator is represented by a |Cy| X [Cjy1| matrix

D"+ and is given by
Dl = ()M (DY) k=0,...,n—1

since D" k1 =D, , (and D¥ = Dy) as per the Stokes’ theorem. Additionally, we have
DFDE=0,Vk=0,...,n—2.

By virtue of the Stokes’ theorem, the discrete exterior derivative defined on the dual
mesh is the same as the dual coboundary operator. The operator D**~! turns an integral
over a dual k—cell into a boundary integral, that is, over the boundary of the dual k—cell,
and maps a discrete outer (n — k — 1)—form to a discrete outer (n — k)—form. For
example, D" acting on the outer (n — 1)—form, that is, the flux through a mesh face,
yields an outer n—form (volume form). This is exactly the application of the divergence
theorem and operator D"~! is thus identified with the operator div (cf. right panel of
Figure . Furthermore, we observe that D" ' = —(D°)T which is the discrete version of
the antisymmetry relation div = —grad'. As demonstrated in Section , this property
plays a vital role in developing a physically consistent and stable numerical scheme. Since
this antisymmetry property is a result of integration by parts, its discrete counterpart is
identified as a summation-by-parts rule.

Another form of symmetry is found for & = 1, namely D"2 = (]Dl)T. For n = 2
and n = 3 this yields D° = (DY)" and D! = (D')", respectively. This is the discrete
representation of curl = curl', meaning that the curl operator is symmetric (aka self-
adjoint). Finally, it can be observed that expression D'D® = 0 for n = 2 or D?D' = 0 for
n = 3 discretely represents the identity div curl = 0 (the divergence of a curl is zero).

2.5.7 Discrete Hodge star operators

The duality between the primal and dual mesh elements suggests that we can define a
mapping between a primal k—form and a dual (n — k)—form. In algebraic topology, this
mapping is achieved with the help of the discrete Hodge star operator. This discrete
operator will be used later on in the discretization process. While the discrete exterior
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derivative is uniquely determined by the Stokes’ theorem, there is a great variety of discrete
Hodge star operators. In a nutshell, a choice of dual mesh induces a choice of discrete
Hodge star.

Given the vector space of discrete k—forms of primal mesh K on Q C R? C*(K)
and its dual, C"* (IN( ), the kth discrete Hodge star operator is defined as a linear map
HF . C*(K) — C"*(K) and is represented as a square matrix of size |Cy| x |Ck|. The
structure of the primal Hodge star matrix H* (for £ = 0,...,n) depends on the dual mesh.
In particular, the metric of the mesh geometry, such as the size and shape of the mesh
elements, is the key ingredient of the Hodge star operator.

As will be explained in Section [2.5.8] a required condition for numerical stability is
that the discrete Hodge star matrix is positive definite and symmetric. For this reason, we
will use the circumcentric dual for the construction of a primal discrete Hodge star matrix.
Particularly, the DEC (Discrete Exterior Calculus) approach of [35], 23| 24] is adopted in
the current work.

Matrix H* maps from a primal k—form to a dual (n — k)—form. This mapping must be
consistent in the sense that both the primal and dual quantities have the same density. For
example, for a given velocity vector field in R?, a primal 1—form characterizes the total
circulation along the primal edge while a dual 2—form represents the total flux through to
the dual face. To be consistent, the primal 1—form must be scaled by the size of the edge
while the dual 2—form by the size of the face. Thus we wish to have the following

1 ok = L - (®)
| x o) T (1) o)l (k)

where %o ) is the dual of the k—cell o) and xy*¥) is the dual of the k—form v*). Now any
primal cell o) and its circumcentric dual o) are mutually orthogonal. This implies that
for a particular primal cell and its dual, we have

1 1
~—<6 n—k ,i)*fy(k)> = —<U k)i k)>
(G pyal ol
and so,
*Yi _ i
Gn-r)il @)l

The kth circumcentric primal Hodge star is thus a diagonal matrix with the entries

0.l

[Hk]i’i— I{ZZO,...77L
[58

Hence, the action of H* on 4®) (a column vector) is obtained by the multiplication H¥~®*)
which is a dual (n — k)—form.

We also define the circumcentric dual Hodge star H™* which is the map from C"*(K)
to CF(K), with k = 0,...,n, and is simply the inverse of the primal Hodge star, that is,

HF = (]I-]Ik)fl. This inverse can be found immediately when a circumcentric dual mesh is
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employed, provided that the primal mesh is well centered. The choice for a circumcentric
dual mesh is considered as an advantage compared to a barycentric dual mesh because
barycentric primal Hodge matrices are not always invertible while dual Hodge matrices are
typically dense due to the loss of the orthogonality property [6]. This advantage will be
elaborated in Section 2.5.8

Let us continue with dimension n = 2. As an example, we consider a simplicial mesh
consisting of well-centered triangular cells. Figure illustrates the different primal and
dual k—cells of a 2—simplex. Their volumes are also indicated in the figure. Let N,, N,

Figure 2.4: The primal triangular cell with its circumcentric dual. On the top row are
shown three triangles with a 0—cell, 1—cell and 2—cell, respectively. Furthermore, [, is the
length of the primal edge and Ay is the area of the primal cell. By convention, the size of
the vertex is 1. The bottom row shows the respective dual (2 — k)—cells as highligted inside
the triangles and are constructed from the circumcentric subdivision. Quantities A, and d,
indicate the area of the whole dual cell and the length of the whole dual face, respectively
(they both are resided in adjacent primal cells as well). The symbol % signifies the Hodge
star that maps from the primal mesh to the dual mesh and conversely. Note that the dual
mesh is not explicitly used, only the volume of the dual mesh elements is stored.

and N, be the number of primal vertices, edges and cells, respectively. The corresponding
(circumcentric) primal Hodge star matrices are then given by

H°);;=A,, i=1,...,N, (2.19)
1 de .
[H ]iﬂ—l—, 221,...,]\[@ (220)
1

H?);;=—, i=1,...,N, (2.21)
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Clearly, the entries of the Hodge matrices are metric dependent and are generally not
dimensionless. It is interesting to note that the geometric interpretation of the action of
Hodge matrix H! is a rotation of a vector in R? counterclockwise by 90°. In addition,
matrix H° converts a scalar field to an area-integrated field while the action of H? is to get
a cell-averaged value of the cell-integrated field variable.

If the computational mesh is well centered, the above matrices are positive definite.
However, for a right-angled triangle, matrix H! is singular since the length of the edge dual
to its hypotenuse is zero. Moreover, the circumcenter of an obtuse triangle is located outside
the triangle, implying that H! is negative definite. To overcome these unwanted cases, with
SWASH the barycenter (or the centroid) is chosen locally instead of the circumcenter; see
Section . Note that in case of a Cartesian mesh, the matrices H* (k = 0,1,2) are
always positive definite.

2.5.8 Discrete inner products

A special feature of an invertible Hodge star matrix is that it induces a discrete inner
product. Let now a® and %) be the real-valued k—forms defined on primal mesh K. An
inner product of these two forms is defined by

(@®, g0y, = (aw))THk 5

This bilinear operator (-, )gx : C*(K) x C*(K) — R is symmetric and positive definite,
provided that HF is a symmetric positive definite matrix. Thus for such a matrix, its inverse
exists and is symmetric and positive definite as well. Consequently, another discrete inner
product can be provided in the following way,

T~

(@® 50y, = (a®)TErFH = (@k))T (Hk) &) <5<k>>Tde<k> — (B9, 4,
where &), %) € C*(K).
Next, let the following discrete forms be given
B(nfk) _ Hkﬁ(k) : Oé(k) _ ank &(nfk:)

then we have

and -
LN G (gm—k)) a®)

so that .
(an=h), B(n—k)mn_k — <Oé(k)75(k)>]ﬂllc

As a matter of notation, inner products of mixed forms can be written as

(@®, 3P = (o, B0
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and similarly, )
(@0, 8O g = (G, B g

An important aspect of inner products is related to the adjoint of linear operators.
Recall from functional analysis that every linear operator on a Hilbert space comes with an
adjoint operator, and they have a natural relation with respect to inner products. Let V¥
and V**! be inner product vector spaces and ¥ : V¥ — V¥*! be a linear operator. Then

this operator induces an adjoint operator (Lk)T : V1 5 VF in the following way

<H4ka(k),ﬁ(k+l)>Hk+l _ <O[(k)’ (Lk)Tﬁ(kH)>Hk : Va(k) c Vk’ vﬁ(kﬂ) c k!

with the inner products defined on the respective vector spaces.
Next, let us consider a linear map from V* to itself, denoted C* : V¥ — V*. This
operator is called self-adjoint (or symmetric) if

(C ), fW) g = (a®,C* W), Vo, p® e V!

implying that
) =
In addition, the operator is called skew-adjoint (or skew-symmetric) if

(C*a®, fW9) g = —(a™, C* W), Wal® ) e V*

and hence,
) - ¢

This operator has the special property that (a® CFa®))y = 0 for all o®) € V*,

The role of discrete inner products in the discretization process becomes clear by
considering the Hamiltonian of the inviscid shallow water equations (see Section [2.3)). In
particular, for a given discrete k—form a®), its energy norm (a®), a®)) s« is properly defined
by the symmetric positive definite Hodge star, making it possible to derive directly an
energy conserving (and thus stable) discretization. The above considerations will be useful
later on in Section 2.6

2.5.9 Discrete de Rham complexes

A cochain complex is a sequence of vector spaces and linear operators (V* IL*) such that
L*' Lk = 0. When these spaces refer to the spaces of discrete forms with the same
orientation while the linear operator is the discrete exterior derivative, then this cochain
complex is called the discrete de Rham complex.

Using the discrete exterior derivative and discrete Hodge star, a diagram can be composed
as illustrated in Figure [2.5] This diagram reflects on how the discretization process works.
The lower part of the diagram is the sequence of spaces of inner-oriented discrete forms
C*(K) connected with DF. This sequence is a cochain complex since D**'D¥ = 0. The
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C2(R) o (R > O(R)
HO [l HQ Hl [l Hl H2 {l HO
C°(K) 24 C(K) D C*(K)

Figure 2.5: The discrete double de Rham complex in two dimensions with the lower part
depicting the cochain complex of inner-oriented discrete forms and the upper part that
of the outer-oriented discrete forms. Let L* denotes either D* or D¥, then each of these
cochain complexes is a sequence of linear spaces of discrete forms connected with the
exterior derivative ¥ with the property L**'L*¥ = 0. The cochain complexes of inner- and
outer-oriented forms are linked by means of the Hodge star operators H* and H*.

upper part of the diagram constitutes a cochain complex of outer-oriented discrete forms
C’k([? ) with the operator D* that satisfies the property D1 DF = 0. These two oriented
cochain complexes are dual with respect to each other. Note that we have tacitly assumed
that the primal mesh K is endowed with inner orientation and the dual mesh K with outer
orientation, but this is rather an arbitrary choice. (In Section [2.6] we will choose this the
other way around.) Finally, the primal and dual complexes are connected by the Hodge
star operator, which completes the double de Rham complex as shown in Figure [2.5]

In the discrete setting, the horizontal links are encoded by the incidence matrices based
on the topological relations of mesh objects. The vertical links are constructed through the
Hodge star matrices that are completely metric (or local) dependent. It is precisely this
construction that is a determining factor in the development of the numerical framework to
be discussed in Section 2.6l

As a first example, the double de Rham complex can be employed to construct the
Laplacian of the pressure: Ap =V - Vp. We start at the bottom left of the diagram by
defining an inner 0—form, denoted 7(®. Next, we apply the matrix D° (the gradient) to
obtain an inner 1—form. This is followed by the Hodge matrix H! to convert the result to an
outer (n — 1)—form. (We could have written “1—form” since n = 2, but to emphasize this
outer form embedded in R”™ we use the space dimension.) Then, matrix D! (the divergence)
or D1 (again to emphasize its relation to outer forms) is applied to get an outer n—form.
Finally, this volume form is transformed back to a point value by means of the Hodge matrix
H? or here H”. (The Laplacian itself is a scalar field function.) Thus, the discretization of
the Laplace (or Poisson) operator of the pressure is given by

Hn I'D)nfl H! DO 7_‘_(0)

and is considered mimetic because it respects the vector calculus identities and symmetries.
This discrete scalar Laplacian can be implemented on arbitrary well-centered meshes, either
2D or 3D, provided that their metric is given.

The second example demonstrates how to discretize Au. The velocity vector u is
discretized as an inner 1—form. We denote by v this discrete form. We thus start at the
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bottom center of the diagram. We can walk through the diagram in two ways. We can first
apply the matrix D' (the curl), next the matrix H? followed by D"~2 (another curl) and
finally matrix H”~!. The other route is first H!, then D"! (the divergence), matrix H"
and lastly the matrix DY (the gradient). Now, these two operations together make up the
vector Laplacian. Hence, its discretized form reads

]DO HTL ]ﬁ)n—l Hl U(l) + Hn—l Dn—Q H2 Dl ’U(l)

which is precisely the vector calculus identity Au =V (V- u)—V x (V x u). Note, however,
that the appearance of the minus sign is enforced because vector calculus does not deal
with geometry and orientation.

The above examples demonstrate nicely the strength of the double de Rham complex
that provides a natural way to discretize first and second order differential operators while
mimicking vector calculus identities. This promotes the physical fidelity and accuracy of
the discretization.

2.5.10 Examples

In this section we provide some sample calculations to see how things work out in the case
of a square cell (or a rectangle), an equilateral triangle cell and a right-angled triangle cell
in R? as depicted in Figure Vertices, edges and the face (either square or triangle) are

l 3 l \/

S1

Vq V3

.
i - i

T e !

Figure 2.6: Primal computational cells with oriented k—cells (k = 0, 1,2): (a) square, (b)
equilateral triangle, and (c) right-angled triangle. Orientation is indicated with the gray
arrows.

denoted as v;, e; and s, respectively, for ¢ = 1,... p with p = 3 in case of triangles and
p = 4 in case of the square. The adopted convention for the inner orientation to these mesh
elements is shown in the figure, with the condition that the edges are oriented such that
they point toward the vertex index of greater value.
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Let us consider the square first as shown in Figure [2.6h. This square is a cell complex,
denoted K. The vertices of this square, {vy, va, v3,v4}, are the basis of the linear space of
O0—chains. Examples of 0—chains are

U1,

V2,

U3 + V4,

U1 + U9 + V4,
ete.

Similarly, the oriented edges of K, {€1, €2, €3, €4}, are the basis of C1(Ky,). A few examples
of 1—chains are

€1,
e+ ey — e,
—e1t ey

The corresponding row vectors are [1 0 0 O], [1 1 -1 O], and [—1 00 1]. Next,
we can take the boundary of such chains, namely,

Oreg = vy — (%0

O1(e1 + €2 —e3) = O1e1 + Or1eg — Ore3 = Vg — V1 + Uy — Vg + U3 — Vg = U3 — Uy,

O1(—e1 +eq) = —01e1 + Ore4 = v1 — V3 — V1 + U3 = U3 — Uy
Referring to Eq. (2.16)), the boundary of the second chain is made up of all 0—chains of cell
complex K, with coefficients ¢! =1, ¢* =1, ¢® = —1, and ¢* = 0, whereas the orientation
coefficients are 011 = =1, 012 =1, 091 = —1, 002 =1, 031 = —1, 032 = 1, and 041 = —1,
042 = 1.

There is only one oriented 2—chain which is s;. Its boundary equals
Ohs1 = €1+ ey —e3 —ey
The boundary of this boundary is zero, that is,
010251 = Oheg + Oreg — Oreg — O1eg = V9 — U1 + 0y — Vg +v3 — Vg + U1 —v3 =0

By virtue of Eq. (2.17)), the boundary operators 0; and J, are encoded, respectively, by
the following incidence matrices

-1 +1 0 0
0 -1 0 +1
Di=| o o _1 41| De=[+1 +1 -1 ]

-1 0 +1 0



Physics-compatible discretizations on simplicial and cubical meshes 41

For example, the boundary of the second 1—chain from the above example can be obtained
as follows

-1 1 00
0 -1 01
11 =10 5 4 .1 (/=010
-1 0 10
which implies 0;(e; +e2 — e3) = —v; 4+ v3. One can easily verify that the boundary operator

is nilpotent, that is, Dy D; = 0.
Since the coboundary operator is the dual of the boundary operator, we find

-1 +1 0 0
L
-1 0 +1 0

Note that these matrices are coordinate independent and hold for an arbitrary (curved)
quadrilateral mesh element.

Discrete k—forms maps an oriented k—cell to a real value. For instance, a 0—form
represents a scalar function that produces its value on vertices. Let us define the pressure p
on vertices v;, denoted m; = p(v;). This discrete inner 0—form is represented as a column
vector with 4 entries. We multiply this vector from the left by matrix D,

-1 +]_ 0 0 1 Tg — T
0 —1 0 —|—1 T2 | _ |T4 — T2
0 0 —1 41| |m| |74 — 7

-1 0 +1 0] |7y T3 — M1

This result stems from the generalized Stokes’ theorem, namely, evaluating the exterior
derivative of p on edge e; is identical to evaluating p on the edge boundaries as p(vy) — p(v1).
This is simply the classical fundamental theorem of calculus for line integrals. Thus, the
value of the 1—form §p is established as the integral quantity on oriented edges. Matrix
D° is therefore the discrete analogue of the gradient operator V.

As a second example, let v; be defined as the circulation along edge e;. Then operator
D! relates this inner 1—form to the inner 2—form, as follows

71
[+1 +1 -1 —1] zz =N+ =% —
V4

Here, the analogy with the Stokes’ curl theorem is obvious and D! is thus the discrete
version of the curl operator Vx. In addition, we find that D'D® = 0T, which is the discrete
analogue of the identity V x V = 0.
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To summarize, the discrete operators D° and D' represent exactly the continuous
gradient and curl operators, respectively, on a 2D primal mesh without reference to any
coordinate system.

Next, we turn to the equilateral triangle shown in Figure [2.6p. From this we can deduce
the following discrete version of the gradient and the curl, respectively,

-1 +1 0
D’=| 0 —1 +1|, D'=[+1 +1 —1]
-1 0 +1

Again, we observe that D'D° = 0. Since the boundary and coboundary operators are
defined purely topologically, the matrices found above also apply to the right-angled triangle
of Figure [2.6f.

In the following, we consider the dual of the square and the triangles as shown in
Figure 2.7 The labeling of the mesh elements are now indicated with a tilde. This time we

\ f f
- 5y - - §4—- -4—53—» 4—§3-b'
{ € | { |
.
4 2 [} &,
&, | ) )
e
1 8, } | i
-5, <—§2—- = 5y = 4—52--
{ ' ¥ {

Figure 2.7: Dual computational cells with oriented (2 — k)—cells (k =0, 1,2): (a) square,
(b) equilateral triangle, and (c) right-angled triangle. Orientation is indicated with the gray
arrows.

only have one vertex and multiple faces for each mesh cell. Moreover, all the 1—cells and
2—cells are open ended, and therefore the considered mesh cells are not a cell complex. We
also notice that one edge is “missing” (its length is zero) in the right triangle cell (Fig. 2.7).

The outer orientation on the dual cells is depicted in Figure 2.7} For the first example,
the dual of the square, the boundary operators acting on dual 1—cells and 2—cells are given
by, respectively,

€1 61 S1 él —+ é4
~ | €2 U1 5 |52 €y — €1
81 ~ == ~ y 82 ~ = ~ ~
€3 —U1 53 €3 — €4

€4 -0y S4 —€g — €3
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Subsequently, the coboundary operators can be found as follows

+1 +1 0 0 +1
|+l -1 410 0
DP=14l D=0 011 4
~1 0 -1 -1 0

Note that D! is the discrete analogue of the divergence operator V-. We also observed that
D' is the negative transpose of DP, that is, D' = —(D°)T, which is the discrete version of
the antisymmetry relation V- = —(V)T.

As illustrated by Figure , operator D? is identified with the curl operator. Moreover,
we also see that D° = (D')T, which implies Vx = (Vx)T. Finally, we find that D'D° = 0
which is the discrete representation of V- Vx = 0.

In the same vein, we can derive the coboundary operators for the triangles of Figure
and [2.7c, which are

[+ [+l 0 41
D°= [+1|, D'=|-1 +1 0
-1 0 -1 —1

Despite the missing edge é; in the right triangle of Figure 2.7c, one should remember
that the coboundary operators are topological, that is, independent of the shape of mesh
elements. Finally, one can observe that the above findings related to symmetries and
identities remain valid for triangular cells.

Thus far, we have seen that the discrete exterior derivative represents the exact dis-
cretization of the differential operators grad, curl, and div in the form of matrices that
are purely topological. Such matrices act on coordinate-free variables or physical quantities
(discrete forms) defined on vertices, edges and faces. Since the discrete exterior derivative
obeys the generalized Stokes” theorem by construction, the resulting discrete grad, curl,
and div operators naturally mimic the vector calculus identities curl grad = 0 and div
curl = 0 and the symmetry relations div = —grad’ and curl = curl'.

The discrete Hodge star operators, on the contrary, do not depend on the mesh topology,
but only on the metric (lengths, areas and volumes) of the various mesh elements. A
discrete Hodge star maps between variables living on an inner-oriented mesh and variables
living on an outer-oriented mesh. This map always involves some form of approximation.
Basically, a choice of discrete Hodge star is much like a choice of dual mesh. Here, we
adopted the circumcentric dual like in the examples above (cf. Figure which is desired
when considering the stability of a numerical scheme.

We now return to the examples to demonstrate how the circumcentric Hodge star
matrices are computed. Recall the square of Figure 2.7h. The size of this square is 1
and the circumcenter is (%, %) Hence, the intrinsic volume of the primal edges is |e;| = 1,
i=1,...,4, and the primal face is |s;| = 1. Note that |v;| = 1 by definition. Furthermore,
we have for the dual edges and faces inside the square, |¢;| = 5 and |5;| = 1, i=1,...,4.
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The Hodge star matrix that acts on 0—, 1— and 2—forms is then given by, respectively,

HC = , H'= , H*=[1]

DO | —

A~ =
e R R
oo~ o
S
— o oo
oo o
oo~ o
=
—_ o oo

We can conclude that all the three matrices are diagonal and positive definite.

Next, consider the equilateral triangle of Figure . Let vy = (—%\/5, 0), vy = (%\/3, 0)
and v3 = (0, 2) be vertices of the triangle. The circumcenter is then (0, 3) and the area of
the triangle is 2v/3. Furthermore, |e;| = /3, |&;| = 1, |s1| = 3v/3 and |5;| = 3v/3,i=1,2,3.
The corresponding Hodge star matrices are then given by

100 100
1
H0:£010,H1:£OIO,H2:$[1]

100 01 6 10 0 1

which are again symmetric positive definite.
For the final example the vertices of the right triangle of Figure are v; = (0,0),
vy = (1,0) and v3 = (0,1). Thus, with |s;| = 3, |51] = 1, |52 = |33 = £, we have

1 200
H°:§ 01 0|, H=][2]
00 1
which are positive definite. Now, the triangle is not well centered since the circumcenter
(3, 3) lies exactly on the longest side of the triangle, meaning that |é;| = 0. This implies
that matrix H' is not invertible because it is a singular matrix, namely,

H' =

o O =
O O O
_ o O

1
2

In SWASH, this is remedied by choosing the barycenter (the mean of the three vertices)
11

instead. In the current example, this center is (3,3). Consequently, |e;| = |es| = 1,

les] = V2, [&1] = [&s] = %2, |éa] = %2 and |5i] = §, i = 1,2,3, which yields

=]

100 V5 0 0
01 11 2
H =210 10, H =z 01 0 , H?=[2]
00 1 00 5

In particular, the use of this adapted matrix H! gives rise to a locally inconsistent calculation
of a dual 1—form from a primal 1—form and vice versa. (This also holds true for matrix
H°, but as will become apparent, it will not be used in our discretization method; see
Section ) Yet, in practice we see that the impact of the discretization error induced by
this local inconsistency is typically very limited. Note that, in this context, generation of
well-centered meshes is not strictly required for our discretization method (see also [59]).
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2.6 Mimetic framework for the inviscid shallow water
equations on orthogonal meshes

2.6.1 Introduction

Section addressed some key ideas that are invaluable for the discretization process,
namely, the discrete forms, the generalized Stokes’ theorem, the discrete exterior derivative
and the primal-dual meshes. The reason is threefold.

First, unlike vectors, discrete forms are coordinate and metric free and therefore have
the same form and properties in all coordinate systems. Since discrete forms are defined
by their values at discrete mesh elements, this also highlights their different roles in the
spatial discretization (e.g. mass circulation vs mass flux while both representing the velocity
vector).

Secondly, the main application of the generalized Stokes’ theorem is to construct the
discrete exterior derivative and, in turn, to derive discrete counterparts of the continuous
differential operators, viz. grad, curl and div. Like discrete forms, the associated discrete
operators are independent of the coordinate system. Moreover, they have an intrinsically
discrete nature that allows their exact representation in the numerical framework, including
the vector calculus identities curl grad = 0 and div curl = 0.

Finally, the two types of orientation (inner and outer) of the various mesh elements
reveal the primal-dual grid structure of the discretization. This naturally induces the layout
of staggered grids that lies at the root of the Arakawa C-grid finite difference method. More
importantly, the primal-dual framework enables to construct exact discrete expressions for
symmetry relations like div = —grad', which is required to prevent nonlinear computational
instability.

The main benefits of obeying identities and symmetry relations at the discrete level
include the compatibility with physics and conservation of energy. In particular, mimetic
methods possessing these properties are useful when not all scales of nonlinear motion can
be resolved without sacrificing physical accuracy, especially when grid refinement or high
order discretizations are insufficient. This means that mimetic methods construct physically
consistent numerical schemes that lead to high final accuracy, even though they may display
low rates of mesh convergence. This approach is an effective way to deal with under-resolved
flow problems such as rapidly varied flows and nonlinear wave transformations featuring
energy transfer between various wave scales. In addition, mimetic methods have favorable
stability properties and do not suffer from spurious modes. Especially, the Arakawa C-grid
method is best known for its stability and efficiency and has attracted great attention of
various researchers and engineers in the last five decades.

This section is devoted to deriving a general mimetic framework for the numerical
solution of the inviscid shallow water equations and on orthogonal meshes by
utilizing the concepts of algebraic topology. This derived framework forms the basis for the
classical Arakawa C-grid for rectilinear grids in Chapter [3] for curvilinear grids in Chapter
and for unstructured triangular meshes in Chapter
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2.6.2 General mimetic framework

Let Q C R? be a bounded domain on which Egs. — are given. This domain is
discretized by a well-centered polygonal mesh, either triangular or rectangular. Since the
mesh is generated by a mesh generator, its boundary edges are aligned with the domain
boundaries. Hence, this mesh is a cell complex, and for that reason, it is considered as the
primal mesh. On the other hand, its circumcentric dual is not a cell complex because the
boundary of dual cells is missing near the domain boundary. Figure shows an example
of a triangular mesh and its dual.

volume conservation flow equation

primal mesh dual mesh
(outer oriented) (inner oriented)

Figure 2.8: Parts of staggered orthogonal triangular mesh and the primary unknowns
involved for the shallow water equations. Left panel depicts the primal mesh (cell complex
shown as solid lines) with outer discrete forms v and ¢~ and right panel shows the
dual mesh (solid lines indicating not a cell complex) with inner discrete forms 7(*) and 5.
Definitions of discrete forms and mesh elements are provided in the text.

The computational mesh is composed of N, vertices, N, edges/faces and N, cells. Here,
we make an explicit distinction between edges as lines (1—cells) on the one hand, and
faces as planes ((n — 1)—cells) on the other, even though they are coincident lines in two
dimensions (n = 2). It should be noted that the orientation of primal faces induces the
orientation of dual edges. Furthermore, by duality, N., N, and N, also give the number of
vertices, edges and cells, respectively, in the dual mesh.
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Discretization of continuity equation

We start with the semi-discretization of the continuity equation . To enforce mass
conservation in every cell of the mesh, we choose the primal mesh to which the discretization
of Eq. will be associated. This equation contains two unknowns, namely, A and q. The
mass flux q is encoded by a discrete outer (n — 1)—form. It is represented by its surface
integrals over the outer-oriented faces of the mesh. Each integral value is constant per
planar face. For instance, there are three face values for each primal triangular cell (see left
panel of Figure . Also note that the outer orientation of the face defines a direction of
positive flux; see Figure [2.3b. The set of the integral values on faces provides a metric-free
representation of the flux field. This set is arranged as a column vector with N, entries
with each entry assigned to a mesh face. We denote this vector by ¢,

In the context of incompressible shallow water flows with free surface, mass is usually
expressed in terms of the volume of the water column, or the water height h(x,t), while the
water density is assumed constant throughout the flow field. Therefore, by mass we refer to
the area-integrated height and is treated as an outer discrete n—form. Its discretization is
thus defined on primal n—cells (here, computational mesh cells). It is an outer-oriented
volume form because the net change in the water column is due to the net outflow through
the boundaries of the n—cell (cf. Figure[2.3b). The associated discrete values are stored

as elements of a column vector of size N, denoted v™. (Each entry is given as Vc(n), see

Figure [2.8])

Clearly, the primal mesh is outer oriented; see left panel of Figure 2.8, Furthermore,
when we denote the discrete analogue of the divergence operator by the incidence matrix
D"~1 of size N, x N,, then the semi-discrete version of the continuity equation is given by

dp (™)
dt

which exactly conserves mass (or volume) in each cell of the mesh. Note that the action
of D" ! on ¢V results in an n—form so that Eq. (2.22)) consistently contains only outer
n—forms.

+ Dl = (2.22)

Discretization of flow equation

By duality, the spatial discretization of the flow equation is implemented on the
inner-oriented dual mesh. Starting with the temporal derivative term, the quantity hu is
discretized as an inner 1—form defined on the dual edges which measures the flow circulation
along the cell edges. It is denoted by () which is a column vector of length N,. Since the
dual edges are straight lines, each entry is constant per edge and also defines the flow along
the edge (as indicated by :yél) in the right panel of Figure . Accordingly, it describes
the flow field on the dual mesh, independent of the coordinate system.

We continue with the right-hand side of Eq. which is the depth-integrated pressure
gradient. It represents a driving force along the flow direction. For consistency reasons,
the discretization of the term hV({ must be an inner 1—form evaluated on the dual edges.
Here, we show how to derive its discretization in a mimetic way.
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Let € be a dual edge, v; be its left vertex and o, its right vertex, see right panel of
Figure According to the inner orientation of 1—cells (cf. Figure 2.3h), the boundary of
€ is given by 01€ = 0, — 7;. Next, let us denote the grid functions (discrete 0—forms) for
the free surface, the bed level and the water depth by (;, d; and h;, respectively, with ¢ the
index of dual vertex v;. By observing that

V igh® = ghV( + ghVd
the application of the dual coboundary operator 6° to % gh? on ¢ yields

1 1 1
§ghf — §9hl2 =359 (hr + hy) (hy — hy)

ghz (¢ — Q) + ghe (d. — dy)

where h; is the arithmetic mean of the two water depths, each on one side of the edge,
— 1
he = 5 (hi + hy)

Note that this average value, although associated with the dual edge, is a 0—form. (The
sum of two k—forms is a k—form.)

The above discretization is exact and provides a discrete expression for the product
term ghV( in terms of inner 0—forms. We first consider both operands separately and then
look into the product term.

First, we sample the discrete values of the water depth at the vertices of the dual mesh
to form a column vector 7(®) with N, elements (see also right panel of Figure [2.8)). We
compute the arithmetic mean of this inner 0—form on the dual edges as explained above.
We denote this mean by 77(?). We observe that this action of averaging returns a column
vector of length N.. It is important to note that the arithmetic averaging of an arbitrary
discrete form is completely unrelated to the metric.

Next, let us collect all the point values of the water level ¢; into a column vector (@ of
size N,. The discretization of V¢ on the dual mesh is then given by D°C(® which is the
inner 1—form defined on the dual edges. Here, the incidence matrix DO of size N, x N,
represents the discrete gradient operator 8% on the dual mesh. Note that by construction
D° = — (D" !)", which is required to ensure energy conservation (see below). It should also
be highlighted that D' D° = 07 which implies that the discrete pressure gradient is curl
free. Its practical importance is most evident for rotating flow conditions, as the pressure
gradient cannot act as a spurious source of vorticity V x hu.

Finally, the mimetic discretization of the pressure gradient ghV( is given by

g7© © D¢

where ® symbolizes the element-wise multiplication of two vectors of the same dimension.
This binary operation returns an inner 1—form of the same length. (The multiplication of
any k—form by a 0—form is a k—form.)

With respect to the second term on the left-hand side of Eq. , the conditions
imposed on the discretization of the term Au = V - (g ® u) are discussed in Section 2.3 In
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particular, its discretization must result in a matrix with skew-symmetric off-diagonal part,
as given by Eq. . This will be addressed in detail in Chapters and , but for now
it is designated as A0 which, for consistency, must be an inner 1—form living on dual
edges (see also Section . Here, A is the discrete version of A and is encoded as a square
matrix of dimension N, x N.. Note that A is not a topological operator and is therefore
dependent on the metric, which in turn emerges as a principal source of discretization
error. Furthermore, we define the inner 1—form o) as the discrete representation of the
depth-averaged velocity field u integrated along the dual edges. This form is given as a
column vector of size N,.
Putting this all together, the semi-discretization of the flow equation reads

a7
dt

+ A = —g 7O @ BOFO) (2.23)

The primary unknown here is the cell edge tangential velocity. Consequently, conservation
of momentum cannot be guaranteed by this discretization since the full momentum vector
is not directly available. (Remember that this would require the use of vector-valued
discrete forms.) However, like kinetic energy (see below), the momentum vector field can
be reconstructed out of the discrete 1—form and, in turn, a proof of discrete conservation
of momentum can then possibly be established.

For example, the 1—form 7" can be converted into the vector field hu by means of the
sharp (#) operator: (’y(l))Tj = hu (see, e.g. [48]). Alternatively, given a general coordinate
system & = (£',&?) and the associated unit covariant base vectors €(a) = a(a)/\/Jaa (1O
sum) with a,) = 0x/0* and (metric tensor) gaa = a(a) - A(a), the discrete momentum in

direction £ can be defined as <(e(a))b ,7(1))@11. Here, the flat operator b converts a vector
into a 1—form. For an introduction to the operators f and b, also known as the musical
isomorphisms, see the lecture notes of [21].

Another example is to derive the discrete momentum vector from the tangential velocity
on the cell edges and then subsequently to construct its discrete conservation equation.
This is the approach that we will follow in the present work, see Chapter [3]

Closure of the governing equations

At this point we observe that Eqs. (2.22) and (2.23]), with the exception of the second term
AW are ezact in the sense that they are independent of the metric. However, there are
more unknowns than equations. Five discrete forms can be distinguished of which two are
designated as the primary unknowns of the governing equations, namely, the water depth
7 on the dual vertices and the depth-averaged velocity ©(!) on the dual edges. Note that
the free surface 5 ©) can immediately be derived from 7(?. The other three discrete forms
are v (=1 and 4.

To close the system of equations it is required to relate these three discrete forms to the
prognostic variables. Such relations are commonly called constitutive relationsﬂ and are

2In physics, the concept of constitutive relations provides a hypothesized relationship between two
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established by making use of the Hodge star matrices. Note that they require the notion of
metric. Based on the de Rham complex diagram of Figure [2.5 we can relate discrete forms
defined on the dual mesh to those on the primal mesh, or vice versa, using the Hodge star
matrices.

In the following, we will treat the discrete forms ¢V, v and 34" in turn. First,
using the matrix H' we define the constitutive mapping from the depth-averaged velocity
circulation along the dual edge (with units of m-s™'-m) to the depth-averaged mass flux
velocity per unit cross area (given in units of m?-s™!-m~2) integrated over a primal face (in
m?) as

oD — m{t o

Recall that matrix H' is invertible if the computational mesh is well centered. This is thus
a critical part of the present method. Next, we define the outer mass flux as (n — 1)—form
¢ and it is computed via v~ according to

B S o 10) (2.24)

As will become apparent later on, Eq. (2.24)) is an essential step to achieve discrete energy
conservation (see below). This requirement also holds true for nonuniform meshes.
Another discrete constitutive equation takes the following form

V) — 0 50)

with HO relating the water depth (expressed in m) to the volume of the water column (in
m?). Since this matrix is always invertible (each polygonal cell has non-zero area), we will
use its inverse, that is, the primal Hodge matrix H".

Since the water depth is one of the variables that is computed explicitly, we wish to
express /M in terms of a product of h and u. To this end, the term hu must be considered
as a 1—form living on dual edges. Therefore, form 7(°) must thus be transformed onto edges.
This transformation is performed by means of an interpolation matrix of size N, x N,
and the result of this operation is a column vector of length N,. Note that this operator
is a linear map within the dual mesh and thus should not be confused with Hodge star
operators.

For the time being, it is not relevant how the interpolation of 7(°) to dual edges should
be done as it is not essential for the explanation of the present framework. Nevertheless, we
will see later that certain choices will be made regarding this interpolation and that these
are closely related to mass conservation. We will come back to this in Chapters [3] [4] and [

As said, form 7(© iﬁransformed by averaging onto dual edges and the result is indicated

with a tilde, that is, 7(*). (The two tildes should not be confused with each other.) This
is encoded as a column vector of length N,. Note that this discrete variable is metric

physical quantities related to a substance and so to make equations governing physical laws solvable.
Constitutive equations generally depend on the physical behavior of a particular material and are therefore
approximative in nature.
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dependent and thus involves some error, which is in contrast with the arithmetic averaging

like 7(©). We now arrive at the expression for 41 suitable for our framework, namely,
7 = 50 & 51 (2.25)

With the above discussed approximations, we obtain the following semi-discrete system
of equations written in terms of the unknowns 7(*) and o

dr©)
Zt +H D™ ™D = 0 (2.26)
a (70 © o) L
dt + AW = —g70 @ DO (2.27)

which are ultimately the discretizations of Eqs. —. Since the primitive variables
live on an inner-oriented dual mesh we call this type of discretizations the inner-oriented
discretization. As a side note, we could have chosen an outer-oriented discretization with
primitive variables v and v~V but we have decided not to.

The inner-oriented discretization is essentially a manifestation of the staggered Arakawa
C-grid type discretization on orthogonal meshes. Eqgs. — represent a suitable
basis for the development of the various SWASH discretization methods. As such, it can be
applied to simplicial meshes including triangular meshes (see Chapter [5) and to cubical
meshes including rectilinear grids (Chapter [3|) and curvilinear grids (Chapter [4]).

The compatible discretizations of the grad and div operators on primal-dual meshes
is key to developing a physically consistent and stable method. With this unique feature,
the conservation of the mass and the total energy are satisfied within round-off errors (see
below).

As for the discretization of the divergence (or advective) transport term V - (q ® u),
that is, A0 in Eq. , it is useful to note that it necessarily constitutes a discretization
error. Although it is desirable to make this discretization energy conserving, as will be
discussed below, there are applications that require some form of dissipation such as, for
example, the propagation of bores and wave breaking. The usual approach is to introduce
energy dissipation implicitly through the upwind approximation of the divergence term. As
demonstrated by e.g. [112] [114], this numerical treatment allows an accurate regularization
of the shock waves while stabilizing the semi-discretization. This will be further discussed

in Chapters [3| [4] and [f

Energy conservation

Here we proof that the system of equations (2.26)) —(2.27)), or alternatively Egs. (2.22)—(2.23)

is a Hamiltonian system. The discrete version of the total energy of the system is given by

1) oty i 1
H= Hkin + Hpot = §<U(n 1)7 ¢( 1)>H"*1 + §g<g(0)a §(0)>]ﬁ10
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and is well defined, provided that the discrete inner products are positive definite and
symmetric. We will regularly use the algebraic properties of these inner products as outlined
in Section Let us consider the two contributions of the discrete Hamiltonian separately,
first the kinetic energy part and then the potential energy part.
The discrete kinetic energy is defined by
1

5(@(1),0(1)>H1 — _<U(n—1),1~)(1)>Hn71

By analogy with its continuous equivalent, the rate of change of the discrete Hy;, reads

di® ep) 7Y

dHen 1
—Thdn e+ (WY, =) (2.28)

— (1) 21
dt 2<U U O

Note the use of column vector 7(9) for expressing the water depth on dual edges. This is
consistent with the fact that the kinetic energy part is associated to inner-oriented edges.
Here again, the exact definition of this form is not relevant to what follows.

By substituting Eq. , we obtain the following result

Mg 1 di7©
Phan _ Ly g 41

2 dt
and subsequently using Eq. (2.24)), we have

Vanot — (0D, ATy — (0D g 70 @ DOFOY s

A 1 a7
Phan Ly g g 4T

a2 dt

Note that the definition of ¢~V given by Eq. is required to arrive at the last term
of Eq. .

Next, we aim to expand the second term of the right-hand side of Eq. . Let us
denote the off-diagonal part of matrix A by C. We assume a proper discretization of A so
that matrix C is skew-symmetric. Based on Eq. the discretization of the second term
is given by

Yn1 — (0D, AT )1 — (607D, g DOCO) o (2.29)

1 1 d7©
(WD AT g = Z (o), C®(1)>Hn—l—§<v(n_1), CT@(1)>HTL71—§( (n—1), %
Note that the last term follows directly from Eq. (2.28)) which explains the irrelevance of
the averaging step associated with the tilde (see also Section [2.3). The sum of the first two

terms of the right-hand side reduces to

@@(1)>Hn71

c

by virtue of the skew-symmetry property of C, so that

(0
(U(”_l),Aﬁ(l))anl — —l(v(”_l), dz_i)

2 @ 6(1)>Hn71
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Then substitution of this result into Eq. (2.29) yields

dein

o <¢(n_1)» g D05(0)>H"*1

For the second contribution, the discrete analogue of the rate of change of H,et is given
by
dH ot x dy(n) quim > n—1 (n—
d—;) = (g, 7 Ygo = —<9C(0)7D Lol 1)>1F110
Finally, the rate of change of the discrete Hamiltonian reads

ﬁ o dein + deot
dt  dt dt

_<¢(n—1)’ g D05(0)>H"71 - <g§(0)7 Dn_1¢(n_1)>]ﬁlo
= (60, g B+ (g (BT O, 60y

= [0, g B ens — (gBED, )]
=0

where we have use the fact that the discrete gradient is minus the adjoint of the discrete
divergence.

In the context of the discretization of incompressible Navier-Stokes equations, Verstappen
and Veldman [102] demonstrated that, in the absence of viscosity, discrete kinetic energy is
conserved if two fundamental requirements are fulfilled:

1. The discrete convective operator is skew-symmetric.
2. The antisymmetry relation div = —grad’ is satisfied.

Based on the present analysis we can conclude that these requirements also apply to the
discretization of the inviscid shallow water equations. However, for the conservation of
discrete potential energy another essential condition must be added here, namely:

3. The mass flux at the cell face is defined as the product of the depth-averaged velocity
and the arithmetic average of the water depth, that is, Eq. (2.24]).
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Chapter 3

Mimetic discretization of shallow
water equations on Cartesian meshes

3.1 Governing equations

The governing two-dimensional, primitive variable equations for the depth-averaged, non-
hydrostatic, wind-driven, rotating, free surface flow of an incompressible fluid over a rough
bed are given by

¢

E—FV'QZO (31)

Ohu ¢ .

e +V-(q®u)+ghV( = —/ Vpdz+V - (v, hVu) — ¢f||lullu+ 7, — f2 x hu (3.2)
—d

with ¢ the time and the coordinate directions z, y and z aligning in the east, north, and

vertical directions, respectively. In addition, Z is the unit vector pointing upwards. The

gradient operator V used here operates in two dimensions and reads

o_(2 0 T
B (593’ 8y)

The bed level d(z,y) is measured from the reference level z = 0 (positive downwards),
whereas ((z,y,t) is the surface elevation with respect to the reference level (positive
upwards). The water depth is given by h(z,y,t) = ((x,y,t) + d(z,y).

Furthermore, u = (u,v) is the flow velocity with the depth-averaged components
u(z,y,t) and v(zx,y,t) along the x and y coordinates, respectively, q = hu is the mass flux,
and p(zx,y, z,t) is the non-hydrostatic pressure (normalised by the water density). Bear in
mind the difference between the mass flux q and the mass circulation level hu in Eq. .

Finally, the physical model parameters used here are the horizontal eddy viscosity
v (x,y,t), the dimensionless bottom friction coefficient c¢(x,y,t), the wind shear stress at
free surface 1, the Coriolis parameter f = 22 sin ¢ with € the angular speed of Earth’s
rotation and ¢ the geographic latitude, and the gravitational acceleration g.

95
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The wind shear stress is parametrized as follows

”;“||um||um (3.3)

Tw — Cq

where ¢, is the wind drag coefficient, p,;,, and p are the air and water densities, respectively,
and uyg is the wind speed at 10 m above the free surface.

The shallow water equations and are derived from integrating the mass
conservation and the momentum balance over the depth, respectively, whereas the total
pressure is decomposed into its hydrostatic and non-hydrostatic components (see, e.g.
[15], 27, 118]). In the case of a hydrostatic pressure distribution, i.e. p = 0, these equations
can be reformulated as a set of nonlinear hyperbolic equations, and may thus generate
discontinuous solutions featuring shock waves [51]. Such solutions can readily be understood
as weak solutions in the variational context.

Using Leibniz’ rule, a conservative expression for the gradient of non-hydrostatic pressure
is obtained [87]

¢ 1
/ Vpdz = §V (hpy) — ppVd (3.4)
—d

with p, the non-hydrostatic pressure at the bed. This pressure is associated with the vertical
motion that is governed by the following equation

Ows  2p,  Owy

ot h ot

where wy is the velocity in the z—direction at the free surface. This equation is derived
using the Keller-box method to further improve the dispersive behaviour of the waves
[87, [I18]. The vertical velocity at the bed w, can be found by means of the following
kinematic condition

w, = —u - Vd at z = —d

Finally, the system of equations is complete with the following equation

V-u+w:0 (3.5)

which ensures conservation of local mass.
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Mimetic discretization of shallow
water equations on curvilinear grids

This chapter is under preparation.
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Chapter 5

Mimetic discretization of shallow
water equations on triangular meshes

5.1 Introduction

This chapter presents the development of the discretization method for the shallow water
equations on unstructured triangular meshes. The approach to follow is broadly in line
with the one suggested by [55, 84] [75] and [94] in which a transparent separation between
the processes of exact discretization and approximation is established.

By exact discretization we mean the process of translating a system with an infinite
number of degrees of freedom, such as Egs. and (3.2), into a finite system of equations
and unknowns. This resulting system is exact because no approximations have been
introduced yet. However, it is underdetermined and its closure is commonly obtained by
the addition of a number of constitutive relations between the different degrees of freedom,
which involve some sort of approximation. Both the exact discretization and the process of
approximation are addressed separately in detail below.

A key element in the present approach is the primal-dual mesh framework. A classic
example is the Delaunay triangulation (primal mesh) and the associated Voronoi tessellation
(dual mesh). A successful numerical method that exploits the orthogonality properties of
the Delaunay-Voronoi mesh is the covolume discretization of [65], 66] 67, 68] and [29, [16]
and later popularized by [72]. Additionally, it has attracted great attention of various
researchers and engineers in the last two decades (see, e.g. [27, 00, 45, 41l 42, 33] and
[113]).

The covolume method is basically an extension of the Cartesian staggered C-grid
technique to orthogonal unstructured triangular and tetrahedral meshes and uses the
normal velocity component as the primary unknown. The covolume method typically
yields convergence of second order for regular meshes and first order otherwise [66, [72].
Another attractive feature of the covolume discretization is the local and global conservation
properties as first shown in [72]. In the context of the incompressible Navier-Stokes
equations, this discretization conserves mass exactly, but also (vector) derived quantities

29
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such as momentum, kinetic energy and vorticity, both globally and locally [74]. In this
sense, the covolume method belongs to the class of mimetic discretization methods.

This chapter presents the discretization method that is similar to the covolume method
(see also [I13]). The plan of this chapter is as follows. In Section the discretization
of a physical domain and the main characteristics of the associated computational mesh
are described. Section discuss the metrics of the mesh which is an essential part of
the discretization. In Section [5.4] the exact discretization of the inviscid shallow water
equations on orthogonal triangular meshes by using the concepts of algebraic topology is
outlined. Section deals with various interpolation schemes that are required to close the
exact semi-discrete system of equations. Section is concerned with providing a detailed
summary of the present method. Also, some statements are made about the accuracy of the
method. Finally, in Section the discrete conservation properties of the present method
are demonstrated by considering the discrete equation that conserves mass exactly and
the conservation of momentum and (mechanical) energy via certain combinations of the
discrete equations.

5.2 Domain discretization

Let Q C R? represents a simply connected polygonal domain with regular boundary 95).
This two-dimensional domain is covered by a mesh defined as a finite collection of non-empty
disjoint triangles. Each edge of a triangular cell is either uniquely shared by two adjacent
cells or belongs to 0f).

For each triangle vertex a polygon is constructed that constitutes a partition of 2
designated as a dual mesh. The common choices are the circumcentric dual and the
barycentric dual [75, 94, 57, 6]. The former dual mesh is constructed by joining the
cell circumcenters and the latter is formed by connecting the cell centroids and the edge
midpoints. Because of the mutual orthogonality between the primal and dual meshes that
allows for stable discretizations, we adopt the circumentric dual in the present method. The
motivation for this choice is also discussed in Section 2.5.8f However, a suitable triangular
mesh should be well centered, meaning that at least a large proportion of the triangular
cells contain their circumcenter, so that inaccurate results can be avoided. An example of a
triangle that is not well centered is demonstrated on page |44l

The process of discretization requires the location on the computational mesh where
one properly defines the physical variables. This is usually determined by the properties
of a nonuniform medium, through which the waves (surface waves, internal waves, etc.)
propagate, that affect the local flow conditions, either slowly or rapidly. In particular, the
bathymetry can change rapidly, especially in the shallow water regime. As such, the bed
level is assumed to be piecewise constant on the mesh cells with the discontinuity at the
cell faces. For this reason, the computational mesh is chosen as the primal mesh where its
boundary faces are aligned with the domain boundaries and internal faces are aligned with
bed discontinuities.

Let indices ¢, f, e and v enumerate cells, faces, edges and vertices, respectively, of the
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primal (computational) mesh. Those of the dual mesh are indicated by a tilde over the
corresponding indices. Furthermore, let k& be the dimension of a mesh element (from a
vertex having dimension 0 to a cell having dimension 3). Although there is no difference
between the edge and the face of a 2D mesh, their distinction will nevertheless clarify the
derivations to be presented below while directly applicable to three dimensions.

There is a bijective map (or duality pairing) between the different mesh elements of
primal and dual meshes. The dual of a primal cell ¢ is the vertex of the dual mesh o, the
dual of a primal face f is the edge of the dual mesh ¢, the dual of a primal edge e is the
face of the dual mesh f, and the dual of a primal vertex v is the cell of the dual mesh ¢.
See Section for further details. However, only the primal elements ¢ and f and their
respective duals © and é suffice for the discretization set out below.

5.3 Metrics

The duality between primal and dual mesh objects requires the use of metrics. We denote
A, the area of cell ¢, Sy the length of face f (or the face area in 3D), and [. the length of
edge e. Furthermore, we also use subscripts to indicate the center of gravity (or the centroid)
of a mesh element. For example, index ¢ refers to the primal cell centroid and index € to the
dual edge midpoint. Note, however, that there is, in general, no correspondence between
the centroid of a primal mesh element and that of its dual one. For instance, the centroid
of the primal face does not always coincide with the dual edge center and also the primal
cell center and the dual vertex position are not always the same. They would be, however,
if the triangular mesh is regular or uniform.

For the development of the discretization presented here, the main focus is on the dual
edge € as depicted in the right panel of Figure [2.8 Between the vertices 0, and 0, of this
edge is the intersection with the primal face f. This intersection is the centroid of face f
and is located at position xy. Let furthermore x; be the location of ©;. Note that x; also
refers to the cell circumcenters of the computational mesh. Next, we define the position
vector ry; from point x; to point xy,

I'fi = Xf — X;
and we denote its length by If; = ||ry;||. Owing to the orthogonality, we have

o L

= t;
I

where t; is the unit tangent to edge € pointing from x; to x,. Note that the length of edge
¢ can be computed as [z = I, + lf,. We can also regard this length as the distance between
the two neighboring cell circumcenters with the face located in between them. Because of
the one-to-one correspondence between the dual edges and the primal faces we denote by
Asy this distance. In addition, with Asf. we mean the distance from cell face midpoint f to
cell circumcenter c.
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5.4 Exact discretization

To construct discretizations of the differential operators an orientation to the mesh elements
must be provided first. The choice of orientation is arbitrary. Let us choose the primal
mesh to be outer oriented. With reference to the left panel of Figure 2.8 the right-hand
rule is adopted to specify the outer orientation of faces in R?, the unit normal to face f,
denoted ny, is oriented to the right/east or upwards/north. Note that its direction can
either be inward or outward with respect to cell ¢. Since the faces are straight the normal
vector is constant. Next, n. s denotes the unit vector pointing out of cell ¢ and normal to
face f. The mutual orientation of the unique normal ny and the outward normal n. ; at
face f of cell ¢ is indicated by s.; =n;-n.y = 1. Note that we also have ny = s. yn, s
and n.; = s. rny. Finally, the outer orientation of cell ¢ is determined by its faces with
outward normals.

As was observed in Section [2.4] scalar and vector fields are essentially local functions
and thus cannot be associated with a finite region of space. Instead, their integrals over a
set of k-dimensional mesh objects are employed as degrees of freedom known as discrete
k—forms. In what follows, discrete forms are denoted by lower case Greek letters.

On the condition that the water depth h(x,t) is piecewise continuous on the primal
mesh with the discontinuities at the faces and the normal component of mass flux q(x, )
is continuous across the faces of the primal mesh, their respective discrete forms are then
given by

V) (1) = / h(x,t)dA (5.1)

C

representing the volume of primal cell ¢ (dimension n), and
o6 = [ abx.t) nyas (52)
f

defining the integral of the normal component of the mass flux over face f (dimension
n — 1). Note that the mass flux tangent to the primal face can exhibit a discontinuity at
the face.

Since the boundary operator acting on cell ¢ is given by (see Eq. and Figure

Onc=fi—fa—f3
the associated coboundary operator then reads
D" =[+1 -1 -1]

This incidence matrix locally relates three primal face values to one primal cell value. Note
that this matrix only depends on the mesh topology and is thus coordinate invariant. For

example, the action of D"~ on ¢~V = | 5:11_1) gbgcz_l) ¢§:31—1)]T is given by

n—1 1(n—1) __ ,(n=1) (n—1) (n—1)
D ¢( )= ¢f1 o d)fz o ¢f3
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which represents the divergence of the mass flux at the discrete level. Hence, continuity of
volume in cell ¢ reads

dl/én)(t) n— n— n—
e AN CRX A OB O
or (n)
dve” .
—=- > sepol (5.3)
feoce

We proceed with the discretization on the dual mesh. This mesh is inner oriented and
the orientation of dual edge € is depicted in the right panel of Figure [2.8, Furthermore,
each dual vertex ¢; is oriented as a sink by default, so that 0,é = 0, — 0;. Hence, we have

D0 = [-1 +1]

which locally converts two dual nodal quantities into one dual edge quantity. This cobound-
ary operator is the discrete, coordinate-free implementation of grad. Note here that
seemingly the antisymmetry relation D° = — (D"~)" does not hold, but this is only the
case when we consider the entire mesh (Recall that the dual mesh is not a cell complex; see
also Section .

Next, the following discrete 0—forms defined on an inner-oriented dual mesh are consid-
ered in the present method
i (t) = ha(t) (5.4)

and

(0

G (1) = halt) — di = Gi(t)
representing the water depth and the water level, respectively, at vertex v;. Here, the
bed level d; is assigned to vertex ¢ of the dual mesh, which is the circumcenter of the

computational cells. In addition, integration of the depth-averaged velocity u and the
depth-integrated velocity hu along edge € are given as dual 1—forms, as follows

50 ) — / a(x, 1) - te di (5.5)

and

() = / h(x,t)u(x,t) -tz dl (5.6)

e

respectively. Note that the sign of ﬁél), and also of ’yél)7 indicates the flow direction.
With the above definitions, we can formulate the analogous expression to the flow

equation (2.23)) for each dual edge €, as follows

dyt)(t)

€

dt

+al" (1) + i, (V1) - 1)) =0 (5.7)
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with
70, —

é

N | =

() + i)
(1)

Furthermore, a; ’ represents the line integral of a nonlocal vector a that acts as a proxy for
V- (q® u) and is given by

a0 (t) = / a(x,t) - tadi (5.8)

In the perspective of rapidly varied flows, Eq. is conceived as integrating along a path
between the upstream and downstream points where a hydraulic jump may form at some
location between these two endpoints, depending upon the upstream state [114]. The term
dg) plays a key role in this. A mimetic discretization of this term is discussed in the section
below.

Right now we have one semi-disrete volume equation in each cell of the primal mesh,

Eq. (5.3)), and one semi-discrete flow equation at each edge of the dual mesh, Eq. (5.7)), but

six discrete k—forms at various locations on these meshes, namely, I/C("), gbgc"*l), 77(0) e

’yél) and dél). Closure of this system of equations requires to relate these integral variables
to each other and subsequently to evaluate them numerically. These aspects are presented

in more detail in the next section.

v; ) Ye

5.5 Interpolation and numerical integration

In this section we describe discrete operators by means of interpolation as they are invoked
to complete the system of equations and (5.7). These operators require the notion of
metric and also introduce a numerical error in the present method. A distinction is made
between operators that map one discrete form on the dual mesh to another discrete form
on the primal mesh, and operators that perform an interpolation on the dual edge only.
The first type of operators is known as discrete Hodge operators and the second type is
called the edge-based interpolations. We will treat them separately. Also, the numerical
evaluation of discrete forms by quadrature is provided.

5.5.1 Dual-to-primal interpolation

Since we have chosen for the inner-oriented scheme, the outer forms need to be replaced
by the inner forms. This will be done using the circumcentric dual Hodge (diagonal)
matrices. Basically, a dual k—form given on the dual k—cell is interpolated on the primal
(n — k)—cell to find an approximation of its corresponding primal (n — k)—form. Referring
to Sections [2.6.2 and [2.5.7] (including Figure [2.4), we have the following maps from the dual
vertex to the primal cell

s — A, 7O (5.9)
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and from the dual edge to the primal face

1y S
v = l—éfag” (5.10)

Both mappings are the result of the circumcentric dual mesh which is constructed by
connecting the primal cell circumcenters.

Let us rewrite the transform ([5.10)) as follows

The left-hand side represents the average of the normal flux vector at the center of the
primal face f while the right-hand side describes the average of the tangential velocity
vector at the center of the dual edge €. Both midpoint averaging are second order accurate.
Since the circumcentric dual mesh is employed, both these vectors are pointing in the same
direction. As a consequence, @él) /lz is considered as an interpolated value for v}"il) /Sy (or
vice versa). In general, the face center and the edge center are not the same so that the
dual-edge-to-primal-face interpolation is first order accurate. However, when the
triangular mesh is regular or uniform, it becomes second order accurate.

In a similar vein, the dual-vertex-to-primal-cell interpolation formula is first order
accurate in case that the centroid of the primal cell does not coincide with the position of
the dual vertex, otherwise it is second order accurate. However, we have assumed that the
water depth is constant within the cell implying that the interpolation remains first order
accurate.

Since every triangular mesh has a Voronoi dual, implying the presence of cell circumcen-
ters, the circumcentric dual interpolation can in principle always be applied. Yet, it may
become inaccurate when the mesh is strongly distorted. In particular, interpolation
becomes indefinite or incorrect when the circumcenter is not located within the cell itself: I;
can be zero or negative, respectively. So, in practice, it is desirable (though not necessary)
to use a well-centered triangular mesh, such that most of the cell circumcenters are close to
the cell centroids.

5.5.2 Discrete prognostic variables

The primary unknowns (or prognostic variables) of the shallow water equations and
are the depth-averaged flow velocity u and the water depth h. The discrete unknowns
of the present inner-oriented discretization method are defined based on the discrete inner
k—forms. These integral variables can be evaluated numerically by an m-point Gauss
quadrature rule with m the number of degrees of freedom per mesh element. Since the
discretization method is designed as a first order method we will commonly use the midpoint
rule (m = 1) to approximate the integrals, with some exceptions.
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Let us first consider the depth-averaged circulation velocity on dual edges as given by
Eq. (5.5). This line integral is approximated as

@él) = /u . tg dl = Ue l’é (511)

where u; is the depth-averaged edge-tangential velocity assigned to the center of edge é
and is designated to be the first prognostic variable of the present method.
On a primal face we have the following (n — 1)—form given

vj(cn_l) = /fu-nf dsS

which represents the depth-averaged mass flux velocity integrated over face f (see Sec-
tion [2.6.2)). Then employing the midpoint rule to calculate this integral yields

o = uy 8 (5.12)

with uy the depth-averaged face normal velocity at face center f. From Egs. (5.10) and

it follows that

Sf Ur = U](cn_l) = f—éfﬁél) = SfUé
so that u; = ue which is a first order approximation. Again, when the mesh is regular
then the midpoint of the dual edge and the center of the primal face are identical and
second order accuracy is obtained by this approximation. In practice, this means that these
velocity unknowns can be interchanged without affecting the accuracy of our first order
discretization method.

The second prognostic variable used in the discretization method is derived from the
water depth located at dual vertices. This inner 0—form is given by Eq. . The water
depth h; is thus located at cell circumcenter ¢. The present method assumes that the bed
level d is piecewise constant on the mesh cells. We will also apply this assumption to the
water depth. This is a first order approximation.

On the other hand, the integral of the water depth over the primal cell, that is, Eq. ,

is approximately evaluated in the following way
v = h, A, (5.13)

where h, is the cell average water depth at the centroid of cell ¢. From Eq. (5.9)) we have that
the indices i (for circumcenter) and ¢ (for centroid) for the water depth can be interchanged,
that is, h. = h;.

5.5.3 Edge-based interpolation

Part of the discretization concerns the calculation of the mass flux as given by Eq. ([2.24])
and the mass circulation velocity given by Eq. (2.25)). They are expressed here as

850 = o) 70, (5.14)
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in which the mass flux is evaluated over the face f, and
5O = 50, o (5.15)

whereby the velocity circulation is computed along the edge €. (Bear in mind that these
are the integral variables.) In both cases an average quantity is involved, namely, Wé and
7%70) s while the corresponding interpolations are performed entirely on the dual edge.

Let us start with the arithmetic (or simple) average. It is calculated as a point value in
the following manner

70, = % @gﬂ + ﬁé?) = % (hi+h,) = he (5.16)
Note that this interpolation is mesh independent as it should be because that is essential
for energy conservation, and in turn numerical stability. See Section for details.

Next, the zero-form 7(?; embodies the average volume or height that is linked with the
mass circulation velocity. It expresses the weighted average of the water depth between
two endpoints of the the dual edge €, namely, v; and v,. We first approximate the discrete
1—form ﬁél) on the dual edge ¢, Eq. 1} With reference to Section integration is
carried out using the endpoint values in the following way [73]

5/21) = /hu . té‘ dl ~ hllll Ty — hTuT T = (lfl hl u; + lfr hr uT) . té (517)

resulting in a first order approximation for the depth-integrated velocity. Then we assume
that the depth-averaged velocity u; is constant along the dual edge so that u;-t; = u,.-t; = us.
This first order approximation yields

A = (L + Ly ) ue = ls by ug (5.18)
with £ ¢ the weighted average water depth as defined by

. I
hy = lflhl+ lf hy

Because of Eq. (5.11]) while comparing Eq. (5.15)) to Eq. (5.18)), we conclude that 77 = hf.
This point value is located at face f. (Remember that thls is not necessarily the edge
center.) Alternatively, it can be expressed in terms of the distances between face and
neighboring cell circumenters,

iL ASfl h ASfr
F= ASf L ASy

h, (5.19)

What follows is the proof that the above construction of & 7 preserves the volume of
entire domain €2 with variable water height h. Since all the computational cells together
form the domain, the total volume is expressed as

ZAC h..

ceN)
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First, a rhombus is constructed by combining two isosceles triangles on either side of a
face. Each of these subtriangles is made up of three vertices, namely, the cell circumcenter
and the two endpoints of the face. So, the rhombus has two diagonals of which one is
the face f and the other is the edge €. Its area is given by 1/2 57l = 1/25f asy. Next, we
consider a rhombic prism where its bottom (bed) and top (free surface) are rhombuses.
Since the heights on each side of the face may not be equal, we insert the average height of
this prism at the face which reads h 7. Hence, the effective volume of the rhombic prism
equals 1/2 Sy Asy hy.

Next, the volume of water in the entire domain € is obtained by the sum of nonoverlap-
ping prisms over all the faces, as follows

%ZSfASfiLf: %ZSf(ASﬂhl—f-ASfrhr) :th Z%ASfCSf:thAC

feQ feqQ ceN f€dc ceN

where the second equality displays the conversion of the sum over the faces into the sum
over the cells.

The averaging operator is known as the volume-weighted averaging and is not the
usual linear interpolation [30, 08]. On uniform grids it is formally second order accurate
and becomes first order on arbitrary meshes. However, in their paper [30] the authors
demonstrated that the volume averaging operator is second order accurate on meshes that
are sufficiently smooth.

5.5.4 Mimetic discretization of advection term

This section presents the construction of a discrete version of the divergence term V- (q ® u).
In particular, we aim to approximate the line integral that contributes to the flow
equation . In terms of discrete forms, this line integral is represented as a 1—form on
the dual edge €, expressed as dél). The discretization of this nonlinear term on simplicial
meshes is not straightforward and usually requires the use of coordinate invariant operators
including the Lie derivative. Further discussion on this topic can be found in, e.g. [23] 62, 48]
and [28]. Instead, the approach developed by Perot [73], [75, [76] is adopted, which is not
based on the formalism of algebraic topology.

Since the momentum flux tensor q ® u can be naturally defined at cell faces, the obvious
way to compute the divergence term is to integrate it over the cell. We define the vector a,.
as the average of the divergence term over cell c,

1 1 1
aczA—c/CV-(q@@u)dA:Z 8C(Ol-nc,f) UdSZZ};&/f(q'nc,f) uds

Assume that the divergence of the tensor field q ® u is constant in a triangular cell so that
both the mass flux q and the depth-averaged velocity u vary linearly within the cell while
their normals are constant on cell faces [76]. (Bear in mind that the water depth is cell-wise
constant.) Then the integral of the momentum flux over the face can be calculated exactly
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as follows

n—1
/f(q'nc,f) udS = (qy -ney) up Sy = scr (qr -ny) uyp Sy = sc5 ¢§« S uy

with (see Eq. (5-2))
oy = /fq ‘nydS = (qy-ny) Sy (5.20)

the second order face-integrated mass flux at the face centroid f and uy the transported
flow velocity vector at the center of gravity of face f. Hence, the nonvolumetric advection
vector a,. at each cell center is approximated as

1 (n—1)
a, = A_C; Sep&f O uy (5.21)

and is first order accurate because of the above assumption.

Observe that the cell-based advection vector is constituted by the sum of face fluxes. It
turns out, as we will see shortly, that this is required by conservation of momentum. See
Section [5.7.2] for further details.

As last step, we continue by evaluating the discrete 1—form &g) on the dual edge ¢
with the two neighboring cell circumcenters as endpoints. The corresponding line integral
is approximated by utilizing the endpoint values as

dél) = /a . tédl ~ aj - Ty —a, T = (lfl a; + lfr ar) : té (5.22)
2

This integration is first order accurate regardless of any mesh. Note the similarity with
the volume-weighted average formula ((5.17). This completes the construction of the term
V- (g®u).

Before we conclude this section, we must note that the depth-averaged velocity vector
uy in Eq. still needs to be determined. If we were to calculate this vector at the
face centroid itself, we would only need to find its tangential component at the same
point. However, the tangent velocity can display a discontinuity at the face. On the other
hand, we should be reminded that the off-diagonal part of the discretization matrix of
V - (q ® u) must be skew-symmetric in order to construct discrete energy conservation
(for the discussion, see Sections and but also Section [5.7.3). For this reason, let
us consider two adjacent cells [ and r sharing the face f. To obtain a skew-symmetric
contribution to the advection term we must use the following interpolation

_ 1

W= ()
where u, is the depth-averaged velocity vector at cell center c. Like h; (see Eq. (5.16)),
this metric-independent averaging also turns out to be a necessary condition for energy
conservation. We will discuss this further later.
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We end this section by presenting the final expression for the advection vector,

= Z Ses OF (5.23)

¢ feoe

and by noting that a reconstruction is needed to obtain the cell-based velocity vector u..
This is covered in the next section.

5.5.5 Mimetic reconstruction of vector fields

Vectors are not a natural ingredient within the framework of algebraic topology. They
are, however, required for many purposes like computing the advection operator and the
Coriolis force, both involving a velocity vector. This section provides the derivation of a
vector reconstruction that approximates the vector field in the cell center by using the face
normal components.

A reconstruction of two cell vector components from the face normals is always possible
as long as each 2D computational cell has at least two nonparallel faces. However, it is
not unique. Various reconstruction methods can be found in the literature of which the
common ones are the least squares reconstruction of vector fields [67, 80, [T03], [7T], Whitney
forms [107, 11] and the method of Perot using Gauss’ divergence theorem [72, [76].

Least squares approximations typically reconstruct the cell-based vector through the
polynomial interpolation from the vector components at the surrounding cell faces. Though
these algorithms provide full control over the accuracy of their reconstructions, they are
rather involved and computationally demanded [71].

Whitney forms are widely used in computational electromagnetism and can also be
applied to construct Hodge star matrices on simplicial meshes [57].

The interpolation method of Perot is a rather intuitive approach and makes no reference
to algebraic topology. However, as we will see later, this method is mimetic in the sense
that it conserves local kinetic energy (see Section . Another advantage is that it can
be applied to arbitrary polygons. For these reasons, we adopt the interpolation method as
described in [76].

The starting point is an arbitrary two-dimensional vector field u and a 2DH mesh with
polygonal cells that are all cyclic (e.g. triangular, rectangles). Furthermore, the projection
of this vector on the directions normal to a cell face f is specified, that is, uy - ny = uy.
(Recall that the normal vector components are well defined on the polygonal faces.) The
aim is to reconstruct a cell-centered vector u, out of the face normals u;.

We do this first by considering the volume integral of the divergence of the tensor field
u®r over a cell and subsequently applying the divergence theorem,

/V-(u@r)dA:]{ (u-n.p) rdS = Z/ u-n.s) rds
c Oc

fe€oc

where r = x — x,. is the position vector. The position x. might be the center of gravity or
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the circumcenter. Expanding the first term, we have

/ (V- u)dA+/(u V)rdA = Z/ u-n.;) rds

¢ ¢ feoc

Next, we assume that vector u is constant over cell ¢, so that V - u = 0. By observing
that (u-V)r = u and subsequently using the single-point Gauss quadrature to calculate
both the volume and face integrals, we obtain

u. A, = Zsc,f (uf-nyg) re Sy = ZSCJ'U/]CSJCI'}CC (5.24)
feoc feoce

with ry. = x; — X, the vector from the cell center to the face centroid.

Now, let us take the cell center as the circumcenter, then we have ry. = asg.n.r. We
obtain the final expression for the interpolation of the cell vector u, from the face normal
values uy,

U, = —(— Z SfASfCUf ng (525)
¢ fede

This interpolation is first order accurate because of the assumed constancy of u.
What follows below is the derivation of two geometric identities that we will need later

on. Recall Eq. (5.24). We have

Acue =Y sesSp(up-mp)re =Y Srrye (nl;uy)
feoc feoc

Now, let the vector u be a constant, say u = (1,0)". Then inserting yields
(AC,O (Z Sfrfc®ncf> (1,0)T
feoc
In the same way we have
(O A (Z Sfrfc®ncf) (O,l)T
fe€dc

Thus, we have our first geometric identity

ACI = Z Sfl‘fc X l’lc7f
feoc

We can also take the transpose of this identity to get

ACI = Z Sf ngr & Tye (526)
feoc
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The second geometric identity to be used is obtained in the following way. With a
constant vector u we have the following exact expression

0—/V udA = Z/ u-n.;)dS=u- Z/ncde
f€dc feoc
Assume that the cell faces are straight, then we obtain the identity
> n. Sy =0 (5.27)
feoc
5.6 Mimetic discretization of the shallow water equa-
tions on orthogonal triangular meshes

5.6.1 Discrete shallow water equations

The previous sections elaborated on the exact discretization of the inviscid shallow water
equations (Section along with the interpolation approximations (Section which
yield a semi-discrete system of equations. This section presents a detailed summary of the
numerical methodology that is part of the SWASH software package.

We start with a semi-discretization of the continuity equation (2.1]). From Egs.
and we have the final discrete form of this equation,

Sy Y e (5.28)

feoc

This Cell based discretization is generally first order accurate. It must be noted that
sc f (b s negative if q; directs into cell ¢, otherwise, it is positive. Using Eqs. (5.12)),

and - the mass flux is calculated as follows
¢§Zl—1) = Uj(cn_l) Wé = Sf Eg Up = Sf Ef Uy (529)

Here, for convenience, we can write hy for hs to emphasize the association with the face.
Hence,

— 1
Ry =5 (b + ) (5.30)

Let us proceed with a semi-discrete version of the flow equation (2.2). Substituting

Egs. (5.16)), (5.18) and (5.22) into Eq. (5.7)), the final first order edge-based discretization
of this equation is obtained

diLng

l~
< dt

+(lpar+lpra,) te+ghe (G —G)=0 (5.31)

with ¢(; the water level located at dual vertex i (or cell circumcenter). Furthermore, Bf is

given by Eq. (5.19) and a; by Eq. (5.23)).
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Alternatively, Eq. (5.31]) can be expressed in terms of the metrics with respect to the
cell faces of the orthogonal mesh, as follows

d il Fu

dt
where it is noticed that wu is the primary unknown and that both vectors t; and ny are
pointing in the same direction, that is, t; - ny = 1 (see also Figure .

Eqgs. , (5.29) and are the discretizations of the inviscid shallow water
equations and and lay the foundation for the present orthogonal unstructured
staggered mesh discretization method. This method is also described in [27, 00, 45, 41, [42]
and [I13]. The underlying approach is best known for the work of Perot [72] and also has its
origins in the covolume method of Nicolaides [65]. An important limitation of this method,
however, is that the triangular mesh should be orthogonal and preferably well centered.
Note that this limitation is not essential as the method can in principle be extended to
non-orthogonal grids, see, e.g. [73, [6].

The present method belongs to the family of staggered C-grid discretizations and they
are renowned for their physical accuracy and stability due to their symmetry properties
such as the discrete divergence is the negative transpose of the discrete gradient and the
discrete curl of a discrete gradient is zero and also their conservation properties, namely,
conservation of mass, momentum and energy (see Section . Another attractive property

of such schemes is that they are free of stationary spurious modes. (For further explanation,
see Chapter [7])

ASf ! + (ASﬂ a; + ASfp ar) -y + gﬁf (Q — Cl) =0 (532)

5.6.2 A note on accuracy

The present mimetic staggered C-grid scheme is formally first order accurate on orthogonal
triangular meshes because the primal face centroids do not necessarily coincide with the dual
edge midpoints. The metric-dependent interpolations discussed earlier are based on this
specific feature. Also, the interpolation of a vector quantity from its face components is first
order accurate. The exception are the uniform triangular meshes where these interpolations
display second order accuracy just like the classical Cartesian staggered finite difference
schemes.

According to Manteuffel and White [54], the local order of (Taylor series) truncation
error of a scheme for varying meshes only provides a lower bound for the global truncation
error and may thus not reflect the actual error of the scheme. This is especially true
for a well-behaved scheme like the mimetic one. This means in practice that such a
scheme tends to converge with a higher rate on slowly nonuniform grids (having low mesh
stretching rates) than predicted based on its local truncation error. This phenomenon
is known as supraconvergence and has been widely analysed in the literature, see e.g.
[541, 96, [105, 100}, 102, 34] and [95].

Nearly second order convergence on reasonably smooth grids is indeed observed for
unstructured staggered mesh schemes since the first order errors are routinely very small
[110], 76l [75]. (These errors will be dominant when these grids are extremely refined.)



74 Chapter 5

Furthermore, the convergence study described in [6] has revealed that the mesh convergence
rates of staggered schemes are not strongly influenced by the Hodge star interpolations and
for that reason these schemes show better convergence behavior than expected. Another
example is given in [34] in which it is pointed out that misalignments between the face and
cell centroids have usually no adverse effect on the discretization error.

But there are other considerations for using low order mimetic discretizations. A naive
increase of the order of truncation of a numerical scheme is often not sufficient to enhance
the quality of the results, in particular for nonlinear flow problems exhibiting a wide range
of spatial scales. Other properties such as preserving symmetries and conservation of the
PDEs in a discrete sense need to be considered.

Mimetic discretizations typically do not minimize the local truncation error on nonuni-
form grids, unlike the traditional discretization methods, but are designed to respect the
conservation and symmetry properties of the underlying PDEs at the discrete level and,
in turn, to minimize the aliasing error due to quadratic nonlinearities. This also concerns
the mimetic interpolations discussed in Section as opposed to linear (or high order
Lagrangian) interpolations.

Another feature of low order schemes is that they are better protected against aliasing
errors than high order central schemes regardless of whether they are mimetic or not [46].
Especially the latter ones suffer from the unbounded growth of the aliased energy at high
wavenumbers and are thus required to apply some form of smoothing or regularization
to prevent the numerical solution from being unstable, which in practice can be very
challenging to achieve [39]. This justifies the use of low order mimetic schemes instead of
order-of-truncation-optimized (often non-mimetic) schemes, especially for under-resolved
nonlinear problems [101], 102].

In general, higher accuracy can be achieved by adding more degrees of freedom to the
discretization. This is usually done by decreasing the mesh size (h-refinement), particularly
in regions giving the largest contribution to the solution error, or by increasing polynomial
order (p-refinement). In the latter case, the computational stencil is kept small, albeit
with a larger number of unknowns per mesh element. Polynomial reconstruction typically
requires the solution of a least squares problem.

Another approach to enhance the order of accuracy of the discussed discretizations while
preserving their conservation properties is by means of the Richardson extrapolation. See
the works of Morinishi et al. [60] and Verstappen and Veldman [102] for details.

It is our view that the present first order discretization combined with the h-refinement
is preferred since it requires low memory storage, uses compact discretizations, and takes
full advantage of the built-in mimetic properties while minimizing aliasing errors. The latter
also ensures that the use of dissipative filters or artificial viscosity is kept to a minimum.
Finally, the present method is better suited to capture small-scale features such as flow
discontinuities.
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5.7 Conservation properties

5.7.1 Conservation of mass

A unique feature of the staggered C-grid methods is the intrinsic satisfaction of local and
global conservation of mass. Local mass conservation is essential to capture hydraulic jumps
and global conservation of mass ensures numerical stability.

Let us reconsider the continuity equation . This equation is rewritten such that
the rate of change of mass (or volume) inside cell ¢ equals the sum of the mass fluxes into
or out of the cell, as follows

Ahc n—1
s

feoce

with the mass flux gb;n_l) given by Eq. (5.29). Note that this mass flux is unique between
the adjacent mesh cells of each interior face. Furthermore, there is no need for interpolation
of the normal face velocity u;.

At the boundary faces of €2, the mass flux can be imposed or is otherwise given. By
virtue of Eq. (5.20), the outward pointing mass flux at boundary face f € 99 is given by

Ses 0V Y = sep (ap -ny) Sy = (af -nay) Sy

where the index cb refers to the cell adjacent to boundary face f.

Local conservation of mass is guaranteed because the right-hand side is written in the
flux form (or divergence form). Notice that this holds for any discretization of the the mass
flux gbgcn_l) .

Next, global mass conservation is obtained by summing over all the cells of the domain

Q). Hence, ddoh,
dt dtZAh ZZScf?bM !

ceN ceN ceQ fede

Since each interior face is shared by two triangular (left and right) cells and each boundary
face touches one boundary cell, summation over all the cells in the computational mesh
can be converted into the addition of the sum over all interior faces and the sum over all
boundary faces,

ZZSC,m(f”‘“ = Z (s1s + $rs) @5 )+Z (ay mey) S

ceQ feoe FEQNO feon
n—1
= Z (ng ;s +mn,5) -1y ¢§c Lt Z (qy “naf) Sy
FEQ\OQ feon
= > (a5 nay)S;
feon

Observe how in the second line the two contributions from each interior face cancel each
other out, leaving only the net effect of the mass flux on the boundary. Hence, the rate of
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change of the total volume in the domain is determined solely by the boundary fluxes, that

is,
d
EZAchc == (a5 nap) S

ceQ feon

5.7.2 Conservation of momentum

A general feature of a staggered mesh method is the lack of a discrete equation for the
momentum vector. (Colocated discretization methods, in contrast, have a well-defined
discrete momentum vector field.) The purpose of this section is to construct an equation
for discrete momentum and subsequently to show both local and global conservation of
momentum. We follow the procedure of Perot [76].

We start with the definition of discrete momentum by recalling Eq. . Hence, we
have

iél) :/hu-tédl:myrﬂ—mr-rﬂ

with m,. = h.u,. the momentum per unit cell area in cell center. For the time being, the
definition of this cell center (either centroid or circumcenter) is not relevant. This also
applies to the position vector ry. = x; — X.. Similarly, we leave aside the definition of u..
By means of our inner-oriented discretization scheme we will derive a discrete equation
for the derived quantity m, in the following steps below. Instead of Eq. , we consider
the following edge-based momentum equation
% Ty — @ Ty +a; - g —ap - Typ + 1g (hz — h?) = gﬁf (dr - dl> (533)
t dt 2
where we have used (. = h. — d. and Eq. . The pressure gradient terms are rewritten
in the following way

1 1
Lo nt) = a0 m3) (3 D)

and
ghy (dp —di) = ghy [(dy — df) + (dy — dy)]

with h; and dy the water depth and the bed level at face f, respectively. The exact definition
of these face values is not relevant in the exposition below. Additionally, they will not be
used in the present discretization method.

Eq. can be viewed as the sum of two separate equations, each of which is associated
with the segment of the dual edge e within a cell. Hence, for each cell ¢ adjacent to face f
we have the following equation

dm,. 1 _
(%0 o) xye 30 (08— 12) = gy (4~ ) (534)

We have now found an equation that provides the basis for proofs of conservation of both
momentum (this section) and energy (Section|5.7.3). The rest of this section will be devoted
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to the derivation of the equation for momentum conservation for each individual mesh cell
(local conservation) and the entire domain (global conservation).

To begin with, Eq. is multiplied by the outward normal of the face n.; and its
size Sy, and subsequently summed over the faces of cell ¢

dm, 1 _
Z ngy Sf (W + ac) -rfc+§g Z Ny Sf (h?c — hg) =g Z ngy Sf hf (df — dc) (535)
fede fe€oce feoc

We continue with further simplifications of Eq. (5.35]). First, this equation is rewritten as

feoc feoc feoc feoce

Next, using the geometric identities (5.26]) and (5.27)), we have

dm, 1 7
A, (7 i ac) +59 > ey Sphi=g> nepSphy (dy —d.)
fede feoe

Now we finalize the construction of the momentum vector equation by reviewing the
right-hand side. Since dy — d, is the bed slope in direction ry., we can write this slope as
Vd-rs.. Hence,

Z anSfEf (df — dc) = Z IlcnyfEf vd - Ire
fe€dc fe€oce

Assume that vector Ef Vd is constant in cell ¢, then a first order discretization of h Vd is
obtained in the following manner

S Syl hyVd= (hyvd)' Y Synes@rp = Ay Vd
feoc feoce

Thus, we have developed a discrete form of the term g h Vd which is the reaction force per
unit mass exerted by the bed slope onto the fluid.
To sum up, the discrete version of the momentum vector equation for each mesh cell is

given by
dm, 1 (n—1) — Y 2 7
i +A_c];86807f¢f Uf—l-QAC];acnc’fohf:gthd

which shows that the discrete momentum per unit area in each individual mesh cell can
change as a result of the momentum flux (advection plus pressure) through the cell faces
and of the bed slope force. This establishes local conservation of momentum. Note that
the amount of momentum itself is immaterial, only its rate of change is important. It is
also important to note that the momentum flux between two adjacent cells is unique which
ensures the convergence to a weak solution in presence of discontinuities. In this regard, we

have made used of Eq. ((5.23)).

dm, T 1 1 _
( 7 + ac> Z Sf Ilc,f®1‘fc—§gh3 Z Ilc7fo—|—§g Z ng s Sf h?x =g Z Ilcnyf hf (df —
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As a final step, we demonstrate global conservation of the discrete momentum. Here,
we assume that the bed is uniform, that is, Vd = 0. Let us take the sum of the cell-based
momentum equation over all the cells of domain 2. Thus,

ZA ZZSCf¢f uy + = QZZanthf—O
ceq) ce) fede ce) fede

We treat the advection and pressure term in turn. For the advection term we get

SN sepetVa = > (Sl,f o Uy + 5001 f) + > (g nay) Sy

ceQ fedc FEQ\O0Q feon
= > () n el VT + > (apnay) Si;
FEQ\IQ Fean
= ) (a5 nay) Sy
feon

where the internal fluxes cancel out, leaving only the net advection of momentum through
the boundary faces.
We continue with the pressure term. We have

1 1 1
§gZch,foh?c = 59 Z (nl,fohfc—i—nr,fohfc)+§ancb7foh?

ce) fede FEQ\OQ fEOQ

1 1
= 5 (nhf —f-l’lT,f) Sf hfc + §g Z Nep r Sf hfc
FEQ\OQ feon
1
= =g Z ncb,fohf

where the pressure fluxes at internal faces balance out.
We conclude that the total momentum in the entire domain €2 can vary only due to the
momentum fluxes through the boundary of the domain, namely,

d 1
%ZACmC = — Z |:(qf . ncb,f) Sfllf + §gSf h?” ncb,f

ceN feo

We note, however, that global momentum conservation is rarely the case in practice due to
nonuniform bathymetries but also due to the presence of external forces such as wind shear
stress, bed friction and Coriolis force (see Section [5.8.2)).

We conclude this section with three remarks. First, conservation of momentum only
requires the advection term to be written in flux form, that is, Eq. . Second, there
is no need for defining the location of the cell-based momentum vector m,.. Therefore,
the computational mesh does not need to be orthogonal. (This is the primary reason
why in practice we can allow some not well-centered triangular cells.) Finally, momentum
conservation does not put any restriction on the discretization of m., u,, Ef and £ ¢ (the
last one was not even included here).
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5.7.3 Conservation of energy

While in Section only global conservation of energy was proven, in this section
both local and energy global conservation are considered. Local conservation can now be
demonstrated because the discretization of the advection term has been established (see
Section [5.5.4)).

The aim is to derive a discrete energy equation in the flux form from Egs. and
(5.34)) which provides the proof of discrete energy conservation, both locally and globally.
In order to achieve this, we will first derive the continuous form of the energy equation and
then we will do the same for the discrete energy.

Conservation of energy is obtained by combining the continuity and momentum equations
in the following way. (See also Section ) Basically, we take the inner product of the
momentum equation (2.2) with u and add this result to the product of the continuity
equation (2.1)) with g¢ — u - u/2. More specifically,

8h_u+<<_ )@ Gh_u_u-u@_i_ Cah 0 1h 8 %
o 2o o o Do a2 T g
kinetic‘renergy potentlal

energy

which is the rate of change of the sum of the depth-integrated kinetic energy hu - u/2 and
potential energy g¢?/2. The final expression for the potential energy is obtained under the
assumption of stationary bed level, that is, dd/0t = 0. Substitution of the remaining terms
of the shallow water equations yields

Q(hu'qugC?

u-u
T 5 )——u-(V(Q®U)+ghVC)+TV-q—gCV~q

With q = hu and rearranging the equation gives us the following

a (hu-u+g§2>

u-u
T 5 —u-[Ve(@@u)+—=V-a-9q-V(-9(V-q

_ _u-[u(v-q)+(q-V)u]+¥V-q—gV-(qC)

- ——V a-q- V( 2u)—9V-(qC)

= =-V- (q%) —gV-(q()

Therefore, the final expression for the equation of energy reads

2(hu-u+g§2

gy 5 ) +V - (qghe) =0 (5.36)

where u-u
he = - -
=(+ %
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is the energy head.

This section continues with the derivation of the divergence form of the discrete energy
equation. To this end, we reconsider Eq. and multiply this cell-based equation by the
outward pointing normal velocity integrated over the cell area s, ruys Sy and then summed
over the cell faces. Hence,

dh.u, —
> sesurSy ( 7 +ac) Tre+ g Y SepusSphy (Cr—C) =0

feoc feoc

where (; = hy — dy is the water level at face f. Again, the location of the cell center c
and the actual implementation of (; are irrelevant. Furthermore, we also reconsider the
continuity equation ({5.28]) which is multiplied by ¢{. — u. - u./2 so that we have

o= 25 G = = (o= ) B sl

feoc

Let us first proceed with the combination of the temporal derivative terms only. This is
given by

dh.u u,. - u.\ dh
. S C C . . AC ( . _ C C> C
g;cs SUpOp g Te Tt g€, 5 i
and is subsequently rewritten as
dh.u 1 dh dh
c. c c _Ac c ' Ue — Ac c —
di ZSJUfoI‘f 5 U, - u di +g C dt

fedc

Then using the vector interpolation ([5.24)), we get

dhou, 1 dh, dhe d (1 d (1 ,
Acuc' dt _EAcuc'ucE_’_gAcch - Ac |:dt (2 hcuc uc) + dt (2 ggc):| (537)

Note that the vector reconstruction is thus required to define the depth-integrated kinetic
energy at the cell center. Also note that the discrete bed level is constant in time.

What remains to be done is to substitute the following expressions for the time derivatives
into the left-hand side of the equation above,

dh. (n—1)
Aot = > Ses oy (5.38)
feoc
and
dhcuc (n—1) — N
Acuc- dt = —U.- Zschﬁf llf—gZSC’fothf (Cf_<6> (539)
feoc feoc

where we have used Egs. (5.24)) and (5.23]). We will perform the analysis for each contribution

separately or for a certain combination of terms.
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We consider the first two terms of Eq. (5.37)) and then substitute both Eq. ((5.38) and
the first term of the right-hand side of Eq. (5.39)). We have

n—1) — 1 nl
_uc'zsc,fgbgf )uf+§uc'uczsc ¢ )

feoc feoc

Referring to Section , quantity u; must be a simple average of the cell-based velocity
vectors u, and u,., with indices ¢ and nc denoting the neighboring cells sharing the face
f. This condition leads to a skew-symmetric advection operator of the discrete energy
equation, as follows

1 n—1 1 n—1) n—1 1
_UCZ§SC,f¢§c ) (uc+unc)+2uc U, Z Scf¢( ——qufqﬁgc )éuc.unc

fé€de feoc f€de

The term on the right-hand side is in flux form and is thus conservative. Note that
arithmetic averaging in the first term causes the contribution from the continuity equation,
the second term in the left-hand side, to vanish due to the equal contribution of the diagonal
coefficient of u, - u./2. Furthermore, according to the term on the right-hand side, the
off-diagonal coefficients whose corresponding cells ¢ and nc share the face f are equal in
magnitude but opposite in sign as the face flux is unique (S, s = —s¢ ). The resulting
skew symmetry of the discrete advection operator prevents spurious kinetic energy gains or
losses [102]. This also minimizes the aliasing error [46]. Finally, it must be noted that mass

flux ¢§c”_1) in Eq. (5.23]) is identical to the one in the continuity equation ([5.28). However,
its discretization is not relevant here. (As we will see below, it becomes crucial for the local
conservation of discrete potential energy.)

Next, we consider the third term on the left-hand side of Eq. where we substitute
Eq. and adding to that we reconsider the first term of Eq. (5.37)) while substituting
the second term of the right-hand side of Eq. . Thus, we have

—9C Y e T =9 sepupSihy (G =)

feoc feodc

Then substitution of Eq. (5.29)) yields

—gzscfﬁbf Cr

feoc

which is expressed in the flux form. It is notice that this result is obtained from

Z Se, f ¢§fn71) Cf = Cc Z Se,f ¢§f Y + Z Se,f ¢f Cf - Cc) (540)

fé€de feode feoe

which is the discrete version of the identity V- (q{) =(V -q+ q- V( (see also Eq. (2.7))
and also associated with the antisymmetry relation div = —grad’ (see also Eq. (2.8))).
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The relationship between the discrete product rule and antisymmetry follows from
summation by parts [60].

The antisymmetry property ensures that the pressure term conserves discrete potential
energy. The prerequisite for this, however, is the discretization of the mass flux, namely,
Eq. , and in turn Ef via Eq. .

By putting together all the terms, we obtain the final discrete energy equation for each
cell ¢ in the divergence form,

d (heu,-u, + g2 (n-1)
A ( 2 + ) serdf Vghey =0 (5.41)
f€0e
with
U.-u
he — C nc
J=C %

the discrete energy head at the cell face f. Eq. (5.41]) is the discrete counterpart of
Eq. (5.36).

Global conservation of the discrete energy follows from the summation over all mesh
cells of the computational domain, which is then given by

Z Ac% (hcuc : 1;c + g<c2> + g Z Z Sc,f ngcn_l) he,f =0

ceN ceQ fede

Now, the second nested sum is rewritten as

S>> sl Vhey = >0 (siptsn)dF Vher+ Y (ar Deg) Sphey

ceQ fede FEQOQ feon
n—1
= > (ytng) ol Vhes+ > (ap nay) Sihey
FEMQ feon
= Y (ay - May) Sthey
fEON

which displays the internal cancellation of fluxes. Hence, the rate of change of the discrete
energy in the entire domain is due only to the boundary fluxes. This confirms global energy
conservation. This is also a statement of numerical stability because the total energy (or
energy norm) cannot increase, at most decrease due to (physical or numerical) dissipation.

In summary, the following key requirements must be met to guarantee conservation of
discrete energy, both locally and globally.

1. The cell velocity reconstruction of Perot [76]. However, this is a non-essential
requirement because it is a direct consequence of the discretization of the advection
term as shown in Eq. . Other advection discretizations might impose other
restrictions arising from the need for conservation of energy.
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2. The choice of Ty defined as a simple average and used in Eq. (5.23). This interpolation
is the only possible one for the required skew symmetry and therefore must be applied
to any arbitrary mesh.

3. The discrete mass flux is defined as the product of the arithmetic average of the
neighboring cell-center water depthts (5.30) and the depth-averaged face normal
velocity. This definition is expressed by Eq. ((5.29).

4. The discrete product rule (or discrete integration by parts) must be employed to
maintain local conservation of potential energy. Note that this constraint is equivalent
to the pressure gradient and the divergence of the mass flux being each other’s negative
transpose.

5.8 Discretization of momentum forces

This section deals with the spatial discretization of the momentum forces in the right-hand
side of momentum equation (3.2)). They are recalled here

Ohu
ot
Here, we have used the expanded form of the non-hydrostatic pressure term, Eq. (3.4).
The contributions in the right-hand side are divided into two groups, namely, the terms

that conserve momentum and the terms that do not. Section treats the first group
and Section considers the second group.

1
+oe= —§V (hpy) + poVd+V - (1, hVU) — ¢||lu|lu+ 7, — fZ X hu

5.8.1 Discretization of momentum-conserving forces:
non-hydrostatic pressure gradient and viscous stress

In this section we restrict ourselves to the contributions that conserve momentum, namely,

%Ltu +e = —%V (hpy) + V - (v, AV u)
with the right-hand side containing the non-hydrostatic pressure gradient and the viscous
stress term, respectively.

Section presented the edge-based discretization of the momentum equation without
forces that is given by Eq. . Here, we include the contributions on the right-hand side
by integrating them along the dual edge € (see Figure .

We will use the dual coboundary operator §° to discretize the pressure gradient term on
é (see for details Sections [2.5.6)and [2.6.2)). Similar to the advection term (see Section [5.5.4),
we introduce the vector d. which represents the average of the divergence of the viscous
stress tensor over cell ¢,

1
o=+ /v - (n, hVu) dA
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The extended edge-based discretization of the flow equation then reads

dhyug 1
ls a{tu +e= ) (hepr — lypy) + (L dy + U dy) - te (5.42)

where p. and h. denote the non-hydrostatic pressure at bed and the water depth located at
the circumcenter of cell ¢, respectively. Note that subscript b has been dropped from the
pressure variable. Also note that pressure p is associated with a point (a zero-form) and,
like the water level, is defined at the cell circumcenter. It is left to the reader to verify that
the above discretization of both the pressure gradient term and the viscous stress term
ensures momentum conservation, locally and globally.

What remains to be done in this section is to approximate the viscous stress term. Using
the Gauss’ divergence theorem, we have

1

1
dczzc/cv.(ythu)dA =}

1
l/hh(ncvf.V)udS:ZZ/V},h(an-V)udS
¢ fede f

It is assumed that the divergence of the viscous stress tensor is constant within cell ¢ so
that both the horizontal eddy viscosity coefficient 14, and the gradient of the velocity Vu
vary linearly within the cell. (We have already assumed that the water depth is constant
per cell.) Then the exact expression for the integral of the viscous flux over face f is given

by

/l/}]h(an : V)udS = W, f ilf[(an : V) ll]fo
f

Here we have used the volume-weighted average for the water depth. Furthermore, v, f is
the viscosity coefficient evaluated at face center f. We will come back to this in more detail
later.

The vector [(n. - V)u]; is the gradient of the velocity vector u in the direction of the
outward pointing normal at cell face f. This vector is constant along each cell face and
therefore continuous across the face [76]. So the straightforward discretization is then given
by

u, —

[(nc,f . V) ll]f = SC7f [(nf . V) u}f ~ Sc,f Asf

with u, the cell-based velocity vector evaluated at cell circumcenter ¢ € {I,r} of face f
by means of Eq. (5.25). This discretization is generally first order accurate unless the
triangular mesh is regular.

Finally, the first order discretization of the viscous stress term at cell center c is given by

u, —

dc = A_ Z Se,f Un,f ilf Sf (543)

AS
¢ feoe I
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5.8.2 Discretization of non-conserving momentum forces:
non-hydrostatic reaction force through bed slope,
bed friction, wind shear and Coriolis force

We reconsider the momentum equation ({3.2) with the focus on the forces that do not
conserve momentum, that is,

a((;l—tujt--- =pVd — cslju|lu+ 71y, — f2Z X hu
where the terms on the right-hand side include the non-hydrostatic reaction force due to a
sloped bottom, bed friction, wind shear stress and Coriolis force, respectively.
The edge-based discretization of the momentum equation without forces is given by
Eq. (5.31). Then the source and sink terms are integrated along the dual edge é and added
to the discrete flow equation which yields

l~dﬁf Ue
Cdt

e (d— ) —|-/[—cf||uHu+Tw ~faxhul ted (5.44)

e

where the bed slope term is discretized in the same way as the hydrostatic counterpart in
the right-hand side of Eq. (5.33)). So,

_ 1

Pe =Dy =5 (p+pr) (5.45)
2

(cf. Eq. (5.16)). Alternatively, the volume-weighted average of the pressures of the two cells
adjacent to face f can be employed,

- ASfy ASy
b= — -

ASf ASf

Several tests have shown that there are virtually no differences between these two averages.
The latter was chosen as it will also be used for other purposes (e.g. postprocessing).
Referring to Eq. ((5.33)) and for consistency with the terms on the left-hand side, the

remaining source terms are distributed over the two cells adjacent to face f. In particular,
the last three source terms are defined as a vector at the center of cell ¢,

Sc = —cycllucl|ue + Ty — foZ X heu,

with ¢ and f, the bed friction coefficient and the Coriolis parameter, respectively, evaluated
at the cell center. Furthermore, h., u, and 7, are the cell-based water depth, velocity
vector and wind shear stress, respectively. Like Eq. , integration of the last three
terms of Eq. along ¢ is done as follows

/|:—CfHqul—|-’Tw - fﬁ X hu] 'tédl ~ Sl Iy — ST'I‘fr = (lfl Sl —i—lfr Sr)‘té
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Note that this volume-weighted average of the momentum forces is consistent with that of
the rate-of-change of momentum, see Eqs. (5.17)), (5.18) and (5.31)). For further elaboration,
we will discuss each term separately.

The approximation of the bed friction term is given by

[Cf||u|| u-tedl = (g cpp |lwllw + g cpp [0yl y) - te

This first order discretization is evaluated at the center of the face of the orthogonal mesh
in the following way

/ erllullu - tedl & (ssgrep il + s cgr ul) g
e

with u. the cell velocity vector as calculated by Eq. ((5.25)).
The line integral of the wind friction term is approximated as follows

/T'w ctadl = (ASﬂ Tw,i + ASgr Tw,r) Ry

e

under the assumption of mesh orthogonality. However, since the wind stress acts as a
boundary condition, it is more straightforward to calculate it at the cell face rather than in
the cell circumcenter. Hence, the line integral is approximated using the midpoint rule,

/Tw'tgdl%ASfTwVf'l’lf
é

where T, ; is the wind shear stress evaluated at cell face f. In addition, the parametrization
of 1,5 is given by Eq. and thus the wind speed uy is evaluated directly at the cell
face.

Finally, let the cell-based Coriolis vector be given by

Cc = fcz X hcu,

then integration of the Coriolis force along the dual edge € is calculated as
/(fﬁ X hu) -te dl ~ (ASfl c; + AS fp Cr> -y (547)

In turn, the cell-based Coriolis vector c. is computed with the help of Eq. (5.24). We now
have the following expression

1
hcuc = A_C Z Se,f hf Uy Sf Tge
feoc
with ry. = x; — x.. Hence,
1

. . 1
Z X hcllc = X ZSthfoSfZ X T = A_ Zsc,fhfufsftfc
Cfeac Cfeac
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where t;. = (y.—ys, v —x.)". Note that t;. is tangent to face f of cell ¢ in counterclockwise
direction by which n.; x ty. = ass.. Thus, we finally have

R e
Cc:fCZX hcuczzc fezasc’fthfotfc (548)

while the Coriolis parameter f. = 2 sin ¢. is calculated at the circumcenter of cell c.
We also note that the resulting discretization of the Coriolis force, that is, Eq. (5.47)

has no effect on the energy balance. This can be seen as follows. Recall Eq. (5.34]). By

adding the contribution of the Coriolis force, the following momentum equation for each

cell ¢ is obtained
dm,

dt
where the other contributions have been omitted because they are not relevant here. Next,
this equation is multiplied by s. ¢ uy Sy and then summed over the cell faces. Thus,

‘et o= —Ce-Tyc+ ...

dm
Zsc,fufsfﬁc Tt =— ZSCJUfoCC'I'fC—F...
feoc fe€dc

Using the interpolation formula (5.24)), we get the following
dm,
dt

Since the vectors c. and u, are perpendicular to each other, we have u. - c. = 0 so that
the right-hand side vanishes. Therefore, the discretization of the Coriolis force, Eq. (5.47)),
conserves the depth-integrated kinetic energy both locally and globally.

A.u, - +.o=A.u.-c.+ ...

5.8.3 Summary

We conclude this section with the extension of the mimetic discretization of the flow
equation ([5.32)) on orthogonal triangular meshes to include the effects of non-hydrostatic
pressure, frictional forces and Coriolis force as given by

dilf Uf
dt

(aspra;+Aspa,) -nyp+ gﬁf (G —G) =
— Y (hepr — lupr) + Dy (dy — dy)
+ (aspd;+ asp-d,) -ny
— (aspeplwll + asgcpp [ l]) uy
+ AS§ Ty Ny
— (aspc;+aspc,) - ny (5.49)

ASf

and is thus the first order discretization of Eq. 1) The quantities h I3 Ef, Df, Ue, a., dg,
c. and 7, s are computed by Eqs. (5.19), (5.30), (5.46), (5.25)), (5.23)), (5.43)), (5.48)) and
(13.3]), respectively.
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Time integration

For the time integration the explicit leapfrog scheme of [31] is employed. The normal
velocity component uy is evaluated at a half time step (n + 1/2)At while the surface
elevation (. at a whole time step (n + 1)At, with n indicating the time level " = nAt.
Note that the size of the time step At is appreciable. This staggered variant of the leapfrog
scheme shares with the classical leapfrog scheme the advantages of second order accuracy
in time and no wave damping. For further details on the time integration, see [112].

To avoid to solve the system given by Eq. (??7) due to the non-diagonal matrix M, at
each time step, we propose to simplify the discretization by lumping this mass matrix into
a diagonal matrix. We reconsider the first order approximation of vz, Eq. (?7). We assume
that the dual edge tangential and unique face normal point in approximately the same
direction, that is, tz - ny ~ 1, so that

Ve R b he e, — 6 he Ve, = Lo he U - b + Lo he e, - te & (e he, + Lo, he,) up  (6.1)

with [, = ||x; — X.||, the length of the segment of the dual edge residing inside cell ¢. The
last approximation in Eq. is obtained by lumping the cell-based velocity vector of each
side of the face into the face-based velocity vector uy. It should be noted that Eq. is
exactly what a finite difference approximation would give on meshes using a circumcentric
dual mesh (see, e.g. [113]).

With [z = 4., + lf,, we define h 7 as the cell-weighted average of the water depths of
the two cells ¢, and ¢, adjacent to face f (the tilde above the letter hy does not refer to the
dual mesh),

7 lc lc
hf:%hcl—i_%hcr

Hence,

Vg R~ léiNquf

We finalize this section by presenting the full discretization of the inviscid shallow water
equations for arbitrary polygonal meshes that emerges from the above analysis and how to
solve them.
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We first solve the momentum equation. Now, let us consider two adjacent cells ¢, and
¢, sharing the face f, and assume uy > 0. Then we end up at the following momentum
equation

n n+1/2 In-1, n-1/2
h —h Uy

At A,

—_

) Y sehpup 7 Spug, + ghy (G —¢2) =0 (6.2)
k€dc

where .
hy =5 (b + i)

and u, is the cell velocity vector of the cell upstream of face k of cell ¢;. The velocity
vector in each cell is calculated through the interpolation of the face normal components
defined on the cell faces,

te h Z sphjuy ™ Sy (xp = xc)

A similar momentum equation can be derived for the case with negative flow (u; < 0).
Next, the scheme for the continuity equation that we arrive at is given by

Cn+1 _ Cn n41/2
f

Note that the bed level is time independent. The water depth h ¢ at the face is defined as

~ CCI + min (dcladcr) y if Uy >0
hy =
e +min (dg, de,) , fup<0

Due to this upwind-biased interpolation, the water depth in the outgoing mass flux of a
cell is that of the cell itself and thus guarantees a non-negative water depth in cell ¢ if the
following condition is satisfied for all cell faces f with outgoing mass flux [45]

AtSf |Uf| S Ac

Note that the surface elevation is taken upwind instead of the water depth. As the bed
level does not vary in time, it must not vary with the flow direction.

For stability reasons, however, At is changed after each time step according to a CFL
condition based on the wave celerity. This condition is given by

At (WJF |u"+1/2|>

le

Cf: <1

with Cy the Courant number evaluated at the face centroid. This completes the solution
procedure.
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Dispersion analysis of staggered mesh
discretizations

7.1 Introduction

The Fourier analysis tool is employed to examine the discrete dispersion properties of the
spatial discretization schemes.

7.2 Fourier analysis of continuous shallow water equa-
tions

7.2.1 Governing equations

We restrict ourselves to the two-dimensional, depth-averaged shallow water equations
without viscous effects. Let x = (z,y) be Cartesian coordinates in the horizontal plane, the
governing equations are given by

¢
E—Fv-hU—O
and 5
u
EJr(u'V)u——gVC

with ((z, y, t) the surface elevation with respect to the reference level z = 0, u(x, y,t) = (u,v)
the depth-averaged velocity field, h(z,y,t) the water depth and the spatial differential
operator given by V = (0/0x,0/dy).

The nonlinear governing equations represent the motion of an irrotational, incompressible,
inviscid two-dimensional fluid and additionally support gravity wave propagation. The
wave length is assumed to be much larger than the fluid depth. For the purpose of Fourier
analysis and the study of (physical and spurious) wave modes of various discretization
schemes, a linearized form of the inviscid shallow water equations is required that will be
presented in the next section.
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7.2.2 Dispersion relation and free modes

In the linearization, the wave motion is perturbed around a state of rest with a small
amplitude while the bed is uniform. The final form of the linearized equations reads

¢ o
E+HV-U—O (7.1)
ou —

E‘FQVC—O (72)

where the depth h is taken constant and denoted as H. Also note that the advection term
(u- V) u has been discarded from the momentum equations because of small second order
perturbative velocity amplitude. Equations — describe a first order hyperbolic
system of equations while its linear solution (Z, u) represents physically the gravity waves
with various lengths and periods. Mathematically, these are the free modes of the unforced

problem associated with Eqs. (7.1)—(7.2)).

In the following sections we study the characteristic (spectral) behaviour of the spatial
discretizations of Eqs. ((7.1))—(7.2]) and for that reason we first consider the time-periodic
solution of the continuous equations ([7.1))—([7.2)) of the form

BB [ax)]

u(x,t)]

u(x)

where 5 and 1 = (@, ?) are the space varying amplitudes and w is the angular frequency.
Substitution yields the following continuous system

—iwC+HV-a=0 (7.3)

—iwit+ gV{ =0 (7.4)

The free modes of these equations are considered as the perturbed motion around the
equilibrium state ( =u =0 = 0.
We begin by seeking a wave-like solution to Eqgs. ((7.3)—(7.4) that moves at a phase

speed w/|k|k in a periodic (infinite) domain, and so is of the form

(z,y)
(z,y)| = |u|e
(x, v

,Y)
with k = (k,[) the wavenumber vector while k and [ are the wavenumbers in the z— and
y—directions, respectively. The equations of perturbed motion then reduce to the following
algebraic system of equations for the constant amplitudes ¢, v and v

i ikx+ily
v

—w HEk HI| |C 0
gk —w 0 ul = |0
gl 0 —w| |v 0
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To get a non-trivial solution the determinant of the corresponding matrix must vanish
which yields a third order polynomial in w, as follows

w(gH (K +12) —w?) =0
We distinct three free, neutrally stable modes
wi =0, w=+VgHVE+12, wy=—\gHVE+?

(The fact that w;, i = 1,2 and 3 are real implies neutral stability.) The first mode is the
stationary (hydrostatic) mode while the other two modes are the progressive free-surface
gravitational modes.

7.3 Semi-discrete Fourier analysis

7.3.1 Free modes on a mesh with square-shaped cells

Just as the continuum case, the dispersion relation for the discretization is found through a
Fourier expansion. The discrete periodic solutions is of the following form

Cm o
fllm — lu e1 kxm~+ilym
Um, v

where Q:m, Uy, and 7, are the unknowns in their own points of definition and ¢, v and v are
the Fourier amplitudes. The coordinates x,, and vy,, are expressed in terms of a distance to
a reference node.

Substitution yields the following system of equations for the amplitudes

[ - iw eikd/2 _ e—ikd/2 eild/Z _ e—ild/Z-
H ¢ 0
v 0

L g d

By setting the determinant of the matrix to zero, the discrete dispersion relation is then
obtained. Here, it is a third order polynomial equation and the associated roots are

VoH
w =0, wy3= iﬁ%\@ —cos kd — cosld

Note that the roots are real implying that the computational modes are neutrally stable. We
consider the roots in the limit of mesh spacing d — 0 (the waves are sufficiently resolved),
as follows

W1 = O, Wa3 = + gH\/ k2 + [2 + O(dQ)

These roots are thus the principal roots.
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7.3.2 Free modes on a mesh with equilateral triangular cells

Let d be the mesh size of the equilateral triangle. The triangle height is denoted as
h =+/3d /2. See Figure 7?7 where the position of each of the Fourier amplitudes is indicated.
Note that two surface elevations associated with the two triangles are required because of
the difference in the orientation of these triangles, that is, one pointing upward (or north)
and one pointing downward (or south). Together with three normal velocities, one on each
face of the triangle (either upward or downward), this leads to five unknowns. Discretization

yields the following system

- T

—1 ﬁw 0
h
0 i
1 QHW
eilh/3 _e—ilh/3

_p—ikd/A=ilh/6  ikd/A+ilh/6

eikd/4—=ilh/6  _ —ikd/4+ilh/6

_eilh/3  ikd/A+iln/6 _pikd/4+iln/6
[Cn | 0]
eilh/3 _p—ikd/4—ilh/6  ikd/4—ilh/6
Cs 0
. 2h
—1 5&] O O Up, — 0
2h Uy 0
0 —1—w 0
39
_ul_ _0_
2h
0 0 —1—w
39

For a non-trivial solution to exist, the 5x5 determinant of the matrix above must vanish.
This condition implies w; = 0 and four additional roots given by

kd kd
Wo 3 = :|:2—\ 3 — \/1—1-4(3087 (C087 —l—coslh)

2

VogH kd kd
Wyp = iQ%\ 3+ \/1 +4cos — <0037 + Coslh>

For infinitesimal mesh spacing d — 0 we have

wlz(), W2,3:j:\/gHVk2+l2+O(d2), w45—:|:—\/gH +—+O(d)

Clearly, roots wq, wo and ws are the principal roots while wy and ws are the spurious roots.
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7.4 Why discretization of momentum advection in
advective form instead of divergence form?

In my paper [112] I demonstrated that the Stelling-Duinmeijer scheme [86] for the following
nonlinear advection term of the 1IDH momentum equation

(7.5)

conserves momentum flux which is important for shocks and discontinuities, including
broken waves. This momentum flux conservation constitutes the continuity of momentum
flux across a shock wave. (This is slightly different from the usual momentum conservation
whereby the amount of momentum is conserved.)

One may wonder why we do not prefer to discretize the following advection term in
divergence (or conservation) form

dqu

dx
In this section I will explain why we would rather employ the discretization of the advection
operator and not that of the divergence operator . The bottom line is that the
former has generally a smaller discretization error than the latter. I will demonstrate this
using Fourier analysis.

Consider a uniform mesh with Az = L/M in a domain 0 < z < L and M is the number
of grid cells. Based on the discrete Fourier transform (DFT) a discrete function u,, at the
mesh vertices x,,, = mAx for m =0,..., M — 1 can be represented by a finite set of Fourier
modes as [12]

(7.6)

M/2-1
Uppy = Z ﬁjeikﬂm

j=—M/2

with 4, and
219

ki =—

I L
the Fourier coefficient and the wavenumber of the jthe harmonic, respectively. Note that
Uy, is assumed to be periodic over the domain [0, L], that is, uy; = wg. (Since w,, is real, it
is sufficient to consider positive wavenumbers only for calculation purposes.) In addition,
the inverse discrete Fourier transform (IDFT) is given by

M-1
/&. — i U e_ikam
M "
m=0

Furthermore, the first derivative of w,, to x generates a discrete function with Fourier
coeflicients ik;u; (j = —M/2,...,M/2 — 1), as follows

p M/2-1

U T
= E 1kjujelkﬂr’"
dx

j=—M/2
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However, a finite difference approximation of this derivative induces a truncation error in
physical space while in Fourier space the associated Fourier coefficients are ik}i; where k]
is the jth modified wavenumber. This wavenumber is modified in the sense that it deviates
from the wavenumber associated with the exact differentiation. Thus, the truncation error
and the modified wavenumber are closely intertwined.
As an example, we consider the following second order central differences
AU Upg1 — U

m—1 2
G oA o)

Substitution yields

] M/2-1
Um41 — Um—1 ik . e
m+ m _ 2 : ujeﬂc]zm [elk]Aa: —e 1k:]A:p]
2Ax 20z
j=—M)/2
] M/2—-1
_ .o o kT,
= A E isin(k;Az)u e
j=—M/2
M/2-1
_ 1 ik Tm
= E ikuze™

j=—M/2

Therefore, the modified wavenumber of central differences is given by

sin(k;Ax)

Ax
and is plotted in Figure [7.1] Thus, in the framework of DFT, a finite difference scheme
is represented by a specific function &’(k) which is typically periodic. Note that exact
differentiation is given by k' = k (not periodic).

So far we have discussed linear expressions and operators. Now we will examine Fourier
transform of a nonlinear expression and its first derivative. Consider a finite Fourier
expansion of a pointwise product w,, = ¢, U, as follows

K =

M/2-1 M/2—1 M/2-1
_ _ ~ o~ W(kitk))Tm ~  iknpnTm
Wy = Gl = D d Gyt =N e
j=—M/21=—M/2 n=—M/2

with k,, = k; + k; and w,, are the Fourier coefficients associated with the product term wy,.
The double sum suggests there are products of Fourier modes with wavenumbers k; + k;
that lie within the range of resolved wavenumbers but also modes whose wavenumbers are
not in the resolved wavenumber range. As a result, these unresolved high-wavenumber
modes are aliased to resolved lower wavenumber modes. This aliasing effect is simply a
result of the quadratic nonlinearity. Since the wavenumber of an aliased mode differs from
that of the unresolved one by 2w M /L, the Fourier coefficients of w,, may be written as [12]

. R o M M
wn:quul—l— Z g, n=——, ..., ——1 (7.7)

27 2
Jj+l=n jHl=ntM
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k' Ax

k]Ax

Figure 7.1: Modified wave numbers of second order central differences to approximate a
first derivative. The colored markers indicate the following modes with wavenumbers k;,
j = —10 (blue dot), 24 (red dot) and 30 (green dot) with M = 64. Their meaning is
explained in the example below. Note for the purpose of the example below both negative
and positive wavenumbers are displayed here.

Note that the second term on the right-hand side represents the aliasing error in the Fourier
coefficient w,,. However, the evaluation of the discrete product g, u,, at grid points in
physical space is not affected by aliasing and therefore remains exact. (If we would remove
the second sum — an act that is called de-aliasing — and transform w,, back to physical
space, we would not obtain the product w,, = g,u,, at the grid vertices.)

Now let us look at what happens to the derivative of a product. Let

dg Um
U =
dx

Applying DFT, one obtains

M/2—1 M/2—1 M/2—1

j=—M/21=— M/2 n=—M/2
where M Y,

’l}nzlknz%ﬂl—f—lk’niM Z Qjﬂla n:—?,...,?—l

jH+l=n JjHl=ntM
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We thus see that for the modes that contribute to the aliasing error, their Fourier coefficients
are multiplied by the resolved (low) wavenumber of the aliased mode rather than its true
(unresolved) wavenumber. This also applies to the spatial discretization of the derivative of
the product, except that the Fourier coefficients are now multiplied by modified wavenumbers.
Consider the following second order central differences

deum —~ Am+1Um4+1 — Um—1Um—1

~

dx 2Ax

By Fourier transforming this conservative expression, we obtain the following Fourier

coefficients
ik, Y dyin ik, Y Gy (7.8)
j+l=n jHl=ntM

whereby noting that k], = k’(k,) is periodic with period M. Clearly, aliasing errors are
altered by the truncation error of the above discretization. Depending on the function
k'(k,), the effect of aliasing can either be small or large within the resolved wavenumber
range.

Let us examine the modified wavenumbers of central differences as shown in Figure [7.1]
We observe that they tend to reduce or even suppress the aliasing errors in the region near
the ends of the positive wavenumber range kAzx € [0, 7]. However, the modified wavenumber
of an aliased mode is typically intermediate and may thus slightly reduce aliasing errors.
As an example, suppose that M = 64 and consider the modes j = 24 and [ = 30 (see red
and green dots in Figure respectively). These two modes are interacting and produce
a third mode n = j + [ = 54 which will alias mode —10. Since k’(k,,) is periodic we have
K (ksa) = K'(k_10) (see blue dot). Referring to Figure [7.1] this results in a reduction of
aliasing error by roughly 20%.

Now we consider the momentum advection in advective form as appeared in Eq. .
Thus, we evaluate the following expression at the grid point m,

di,,
Zm = Qm%

The corresponding Fourier transform is given by

M/2—1 M/2-1 M/2—1
Im= Y > Gk R = N plknrm
j=—M/21=—M/2 n=—M/2

where

. S C M M
Zn = Z q; ik 4y + | Z q; ik uy nZ_?"“’f_l
jHl=n jH=ntM
Notice that the aliasing error is scaled by ik; due to the derivative du,,/dz.
Next, we consider the following second order discretization of the advection operator

q Um+1 — Um—1
" 20z
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The corresponding Fourier coefficients are thus given by

S Gikja+ Y Gk (7.9)

Jjt+l=n JjH=ntM

Let us revisit the previous example for this discretization. Mode [ = 30 has a relatively
small modified wavenumber and according to Figure the aliasing error is reduced by
as much as 80% (see green dot). So we see in this specific example that the discretization
of the momentum advection in advective form results in a smaller aliasing error than the
discretization in divergence form.

So far we have not discussed the resolvable part of the Fourier coefficients of ¢,,u,,, that
is, the first convolution sum of Eq. (7.7). We hereby assume that |j], I[,|n| < M/2. We
will analyze the effect of the discussed discretizations on this convolution sum. In the case
of the discretization of the divergence operator v, = dg,u,/dz, this sum is multiplied by
ik}, (see Eq. (7.§)), while it is multiplied by ik] when the advection term z,, = g, du,,,/dz is
discretized (viz. Eq. (7.9)). Let us restrict ourselves to positive wavenumbers, see Figure[7.2}
(This is sufficient for the analysis here since both v,, and z,, are real.) Furthermore, we
have k,, = k; + k;. Since k,, > k;, the deviation from the exact differentiation is larger in

3+ exact —
second order central

25 -

0.5 -

0 I I 1 1 I 1
0 0.5 1 1.5 2 25 3

ijx
Figure 7.2: Modified wavenumber spectrum of first derivative operators.

the case of the discretization of the divergence operator than in the discretization of the
advection operator. The effect of this is therefore a larger truncation error for the former
than for the latter.
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Based on the above we can therefore argue that the discretization of the momentum
advection in advective form has generally a smaller discretization error (= truncation
error + aliasing error) than the discretization in divergence form . This conclusion is
also supported by a number of examples presented in [112].

One final note. We chose the second order central difference scheme as an example above.
However, in SWASH, we also apply the first order upwind scheme. Since this scheme is
dissipative, the associated modified wavenumber consists of the real part and the imaginary
part. The real part is equal to that of the second order central differences, see Figure [7.2]
(The imaginary part represents a dissipation error.) In other words, the above analysis and
conclusions also apply to the first order upwind scheme.



Chapter 8

Three-dimensional shallow water
equations

This chapter is yet empty. The following link is left here to give an idea of what the content
of this material will look like: SWASH — sigmal layers.
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https://swash.sourceforge.io/online_doc/dcse.pdf
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Chapter 9

Numerical approaches

This chapter is under preparation.
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Chapter 10

Implementation of boundary
conditions

This chapter is under preparation.
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Chapter 11

Iterative solvers

11.1 Strongly Implicit Procedure (SIP)

We want to solve the following linear system of equations
AN =} (11.1)

where A is some non-symmetric penta-diagonal matrix, N is the wave action vector to be
solved and b contains source terms and boundary values.

The basis for the SIP method (Stone, 1968; Ferziger and Perié¢, 1999) lies in the observa-
tion that an LU decomposition is an excellent general purpose solver, which unfortunately
cannot take advantage of the sparseness of a matrix. Secondly, in an iterative method, if
the matrix M = LU is a good approximation to the matrix A, rapid convergence results.
These observations lead to the idea of using an approximate LU factorization of A as the
iteration matrix M, i.e.:

M=LU=A+K (11.2)

where L and U are both sparse and K is small. For non-symmetric matrices the incomplete
LU (ILU) factorisation gives such an decomposition but unfortunately converges rather
slowly. In the ILU method one proceeds as in a standard LU decomposition. However, for
every element of the original matrix A that is zero the corresponding elements in L or U is
set to zero. This means that the product of LU will contain more nonzero diagonals than
the original matrix A. Therefore the matrix K must contain these extra diagonals as well
if Eq. is to hold.

Stone reasoned that if the equations approximate an elliptic partial differential equation
the solution can be expected to be smooth. This means that the unknowns corresponding
to the extra diagonals can be approximated by interpolation of the surrounding points. By
allowing K to have more non zero entries on all seven diagonals and using the interpolation
mentioned above the SIP method constructs an LU factorization with the property that for
a given approximate solution ¢ the product K¢ ~ 0 and thus the iteration matrix M is
close to A by relation (|11.2)).
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To solve the system of equations the following iterations is performed, starting with an
initial guess for the wave action vector N° an iteration is performed solving:

UN*' =L 'KN°*+L'b (11.3)

Since the matrix U is upper triangular this equation is efficiently solved by back substitution.
An essential property which makes the method feasible is that the matrix L is easily invertible.
This iterative process is repeated s = 0, 1,2, ... until convergence is reached.



Chapter 12

Parallel implementation aspects

This chapter is under preparation.
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