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Résumé

Le systéeme de Saint-Venant joue un role important dans la simulation de modeles océaniques,
d’écoulements cotiers et de ruptures de barrages. Plusieurs sortes de termes sources peuvent étre
pris en compte dans ce modele, comme la topographie, les effets de friction de Manning et la
force de Coriolis. Celle-ci joue un réle central dans les phénomenes a grande échelle spatiale
car les circulations atmosphériques ou océaniques sont souvent observées autour de 1’équilibre
géostrophique qui correspond a 1’équilibre du gradient de pression et de cette force. La capacité
des schémas numériques a bien reproduire le lac au repos a été largement étudiée; en revanche,
la question de 1’équilibre géostrophique (incluant la contrainte de vitesse a divergence nulle) est
beaucoup plus complexe et peu de travaux lui ont été consacrés.

Dans cette these, nous concevons des schémas volumes finis qui préservent les équilibres
géostrophiques discrets dans le but d’améliorer significativement la précision des simulations
numériques de perturbations autour de ces équilibres. Nous développons tout d’abord des schémas
colocalisés et décalés sur des maillages rectangulaires ou triangulaires pour une linéarisation
du modele d’origine. Le point commun décisif de ces méthodes est d’adapter et de combiner
les stratégies dites "topographie apparente", "bas Mach" et "pénalisation de divergence" pour
controéler 'effet de la diffusion numérique contenue dans les schémas, de telle sorte qu’elle ne
détruise pas les équilibres géostrophiques. Enfin, nous étendons ces stratégies au cas non-linéaire
et montrons des résultats prometteurs.

Mots Clés— équilibre géostrophique, bas nombre de Froude, systeme hyperbolique, méthode
de volumes finis, schéma de Godunov, diffusion numérique, schéma équilibre, force de Coriolis.
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Abstract

The shallow water system plays an important role in the numerical simulation of oceanic models,
coastal flows and dam-break floods. Several kinds of source terms can be taken into account in
this model, such as the influence of bottom topography, Manning friction effects and Coriolis
force. For large scale oceanic phenomena, the Coriolis force due to the Earth’s rotation plays
a central role since the atmospheric or oceanic circulations are frequently observed around the
so-called geostrophic equilibrium which corresponds to the balance between the pressure gradient
and the Coriolis source term. The ability of numerical schemes to well capture the lake at rest,
has been widely studied. However, the geostrophic equilibrium issue, including the divergence
free constraint on the velocity, is much more complex and only few works have been devoted to
its preservation.

In this manuscript, we design finite volume schemes that preserve the discrete geostrophic
equilibrium in order to improve significantly the accuracy of numerical simulations of perturbations
around this equilibrium. We first develop collocated and staggered schemes on rectangular and
triangular meshes for a linearized model of the original shallow water system. The crucial
common point of the various methods is to adapt and combine several strategies known as the
Apparent Topography, the Low Mach and the Divergence Penalisation methods, in order to
handle correctly the numerical diffusions involved in the schemes on different cell geometries,
so that they do not destroy geostrophic equilibria. Finally, we extend these strategies to the
non-linear case and show convincing numerical results.

Keywords— Geostrophic equilibrium, low Froude number, hyperbolic system, finite volume
method, Godunov scheme, numerical diffusion, well-balanced scheme, Coriolis force.
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Introduction

« Creativity requires the courage to let go of certainties . 99
EricH FrROMM

The shallow water equations (also called Saint-Venant equations), a hyperbolic system of
partial differential equations, can be used to model many interesting phenomena in geophysical
fluid mechanics. This system is an appropriate approximation for the atmospheric and oceanic
flows since in these situations, the scale of horizontal motions is much larger than that of the
vertical motion. At large scale motion, it is worth including in this model the effects of the
geometry of the Earth and the Coriolis force induced by its rotation. We can incorporate the
influence of these factors by including some additional source terms in the shallow water equations.
Then, these rotating shallow water equations (RSWE) can be written as

Oth+V - (hu) =0, (1a)

h2
Oi(hu) +V - (hu®u)+V <g2> = —ghVb— hQu?, (1b)

where h and u = (u,v) are functions of time ¢ > 0 and space (z,y) € R%. These variables denote
respectively the vertical height of the water and the horizontal velocity. In this model, the Coriolis
parameter Q stands for the angular velocity and ut = (—v,u) is the orthogonal velocity. Let us
mention that the complete detail for the derivation of the RSWE from the there dimensional
rotating incompressible Euler or Navier-Stokes equations can be found in several textbooks [, 2].
It is necessary to take into account the magnitudes of the parameters. Let us denote by U the
typical velocity scale of the fluid flows, L the typical length scale, T" the time scale and H the
height scale. Then, we introduce the nondimensional variables by
i:%, t:%, h:%, and ﬁ:%.

We now begin with the nondimensionalization process by substituting all the dimensional variables
in RSWE (1) by their nondimensional variables. By doing that, we obtain the following system
with only nondimensional quantities

H.- HU_ -_
@a—(ﬁ-)JrH—U?v— (h-®-)+gH2v WY _ 90 mauhat (2b)
T T u L X u u L x 2 = L X u .

For the sake of simplicity, we now drop the notation bar of the variables in (2) and multiply

respectively the first and second equations with the quantities HLU and H%JQ. As a result, we
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derive the dimensionless shallow water equations in rotating frame given by

Stoih+V - (hu) =0, (3a)
h2

Stoy(hu)+ V- (hu®u)+ LV ( 5

1 1
= ) = ——hVb— R—OhuL, (3b)

CFr?

where dimensionless numbers St, Fr and Ro are known as the Strouhal, the Froude and the
Rossby numbers respectively defined by

L U U
t= 2 Fr=——, Ro= —.
= ' m ReTar

The Froude number, given by the ratio between the typical fluid velocity U and the gravity wave
speed \/gH, is related to the compressibility effect of the shallow water equation. This is an
analogue of the well known Mach number in the Euler equations.

The Rossby number is the ratio of the inertial force to the Coriolis force. A large Rossby
number (because of small scale motion L, large speeds U or slow rotation Coriolis Q) signifies
that the system is dominated by inertial forces. On the contrary, a small Rossby number indicates
that the system is strongly affected by the rotation.

Since we are interested in large scale oceanographic flows, we shall focus on cases where

Ro=0O(M) and Fr=0O(M)

with M a small parameter. The Strouhal number St has a strong relation to the time scale of
the motions. In particular, we first consider the case where the reference time scale is set up to
be equal to the convection time scale, i.e. T = Z. In this long time scale, the Strouhal number is
obviously equal to one.

We now consider solutions of system (3) with the help of an asymptotic expansion of the unknowns

f(t,x) = folt,z) + M fi(t,z) + M fo(t,x) + O(M?) (4)

where the order of magnitude is equal to the small Froude and Rossby numbers.
By inserting these expansions (4) into the non-dimensional shallow water and collecting the
terms with power of M, the momentum equation gives us

OM™2) : V(hg+b) =0, (5)
OM™) : Vh=—ug. (6)

We now turn to short time scales when the Strouhal number is of order O(M ~!) and we restrict
our study to flat topography. The lake at rest (5) immediately leads to Vhg =0 which means
that hg is a constant in space. Moreover, by using periodic boundary conditions for the mass
equation, we obtain that hg is also a constant in time. Therefore, we will denote that hg = hy,
which allows us to write

h(t,z) = he+ Mhy (2,t) + -

Then, we obtain respectively from the mass and momentum equations of (3) the following
relations

O) : 0Oth1+hoV-ug=0, (7)
OM™Y) : o+ Vh = —ug. (8)
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Motivations and purposes of the thesis

When considering the homogeneous system (in the absence of source terms), there are several
conservative numerical fluxes which can be used in numerical schemes, such that when the
discretization steps tend to 0, the limits of these schemes are weak solutions of the system
hyperbolic conservation law. We mention the textbooks [3, 4] for such kinds of Riemann solvers.
However, with the presence of source terms, it is still a challenge to discretize them appropriately
in order to ensure the preservation of some desirable properties of the continuous system, as well
as to avoid stability issues.

In the absence of Coriolis force, an essential requirement for numerical schemes is that they
should capture well the "lake at rest" particular solutions given by (5) because many observations
are actually small perturbations around this steady state, and the accuracy of the numerical
simulations is directly linked to the preservation of this steady state. Many studies are devoted
to the preservation of the lake at rest by numerical schemes. For instance, the hydrostatic
reconstruction, introduced in [5] based on a local reconstruction at the interfaces of cells, is
one of the well-known methods for the shallow water equations with non-flat topography. This
technique is then extended to schemes with an arbitrary order of accuracy in [6]. We also mention
one its modification [7] and a new reconstruction [%] motivated by the wet-dry front. For the
moving equilibrium case, the problem is more complicated and we mention the works [9, 10] that
deal with the one dimensional case.

However, in the presence of Coriolis force, the question for the preservation of the geostrophic
equilibrium (6) is a difficult problem and needs to be studied carefully. In particular, this non
trivial equilibrium implies the divergence free constraint

V. .ug=0, (9)

and the steady state now becomes much more complex. There are very few works related to
this topic. In the finite elements framework, we can point out the works of Le Roux et al. in
[11, 12]. The authors study the dispersion relation and the possible spurious modes of several
types of finite elements applied to the linearized shallow water equations. In the collocated finite
volume framework, the authors in [13] adapt the hydrostatic reconstruction to the presence of
Coriolis source term by introducing a new topography. This result leads to the so called Apparent
Topography method and works well in the one dimensional case. This strategy is then extended
to the two dimensional case on Cartesian meshes in [11].

However, as mentioned above, with the geostrophic equilibrium, we do not only have to deal
with the balance between the pressure gradient and Coriolis force, but we also have to take into
account the divergence free condition (9). This implies that the low Froude number situation
(for the shallow water) will experience the same difficulties as the low Mach number situation
(for Euler equations).

Fortunately, a substantial amount of research articles have been devoted to the low Mach
number problem. Guillard and Viozat in [15] perform the analysis of the first order Roe scheme
to show that in the low Mach number limit, the discrete equations imply pressure fluctuations of
the order of the Mach number, while the solutions of the continuous equations have pressure
fluctuations that scale with the square of the Mach number. They followed the preconditioning
technique in [16, 17] to modify the viscosity matrix on the purpose of recovering the correct
scaling of the pressure. In [18], Li and Gu introduced an All-Speed Roe type scheme by changing
non-linear eigenvalues in the numerical expression of the Roe-type schemes. Their flux is quite
simple and this scheme has the same behaviour in the low Mach number limit as the original
continuous equations. More importantly, unlike the traditional preconditioned Roe scheme, the
All-Speed-Roe scheme recover the divergence constraint of the zero order velocity at the discrete
level.
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In 2011, Felix Rieper introduced a low Mach number fix for Roe’s approximate Riemann
solver (LMRoe) [19] based on the modification of the characteristic variable. In particular, the
correction is simply achieved by multiplying the jump in the normal velocity component with
the local Mach number on the purpose of removing the accuracy problem. Moreover, Stéphane
Dellacherie proposed in [20] a theoretical framework based on the Hodge decomposition to clearly
explain the inaccuracy of the classical Godunov scheme applied to compressible Euler system on
Cartesian meshes. He and his co-authors also explained in [21] that the behavior of the Godunov
scheme not merely depends on the space dimension but also on the type of mesh. Then, the work
in [22] proposed an all Mach Godunov type schemes applied to the compressible Euler system by
using the strategy which is named all Mach correction.

The main goal of this thesis is to create stable numerical schemes with explicit time discretiza-
tion, 7.e.with no linear systems to solve, such that these schemes can preserve the geostrophic
equilibrium including the divergence constraint, in order to improve the accuracy of the numerical
schemes when the perturbations take place around this non trivial equilibrium. To do that, we
follow the framework in [20] and pay attention to the following purposes:

o Explain the wrong behavior of the classical Godunov type schemes applied to the linear
wave equation and point out the main reasons of the inaccuracy problem.

e Propose modified Godunov schemes which are able to capture the consistent discrete
geostrophic equilibrium or at least are accurate around this steady state.

e Figure out the influence of the cell geometry on the Godunov scheme applied to the linear
wave equation with Coriolis source term. In particular, we perform the analysis for the
kernel of the Godunov schemes on rectangular and triangular grids. This is motivated by
the fact that on triangular grids, all the jumps in the normal velocity components disappear
at the cell faces

AU:(ui—uj)-nij:0

for discrete velocities that are divergence free in the sense to be specified; which is
investigated in [21, 23, 24].

e Develop staggered type schemes with appropriate numerical diffusions and compare the
obtained results with those obtained by collocated schemes in terms of dispersion relation,
damping error, phase and group velocities.

o Extend the results in the linear case to the full non-linear shallow water equations with
various convincing test cases.

Outline of the thesis

To illustrate all purposes mentioned above, this thesis is organized into three big parts and seven
chapters.

Part I of this thesis is devoted to the study of numerical schemes applied to the linear wave
equation with Coriolis source term in dimension one. In particularly, we first assume that the
solution does not depend on the y direction and we consider the quasi-1D linear wave equation
with Coriolis source term’

Or + ayOpu =0,
O + a0, = wu, (10)

O = —wu

IFor the sake of simplicity, we note r = hy, u = ug and v =vg in (10).
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where a, and w are constants of order one, respectively related to the wave velocity and to the
rotating velocity. The stationary state corresponding to Equation (10) is the 1D version of the
geostrophic equilibrium (6) and is called 1D geostrophic equilibrium. It is such that

u=0, a.0zr=wv. (11)

The main goal of this part is to construct and analyze schemes that capture the 1D geostrophic
equilibrium (11) and this part consists of there chapters:

e In chapter 1, we use a Hodge decomposition to analyze the kernel of the modified equation
associated to the Godunov scheme applied to (10). This work shows that unlike for the
homogeneous system (no Coriolis force), the inaccuracy of the classical Godunov type
schemes already appear in dimension one with the presence of the Coriolis source term.
The numerical viscosity in the pressure equation is responsible for this problem. Because of
it, the kernel of the modified equation becomes trivial and only includes the constant state.
As a consequence, the kernel of the classical scheme is not rich enough to approximate
(11). To recover the accuracy, this work proposes two new schemes which are named the
collocated Low Froude scheme and All Froude scheme by respectively deleting the diffusion
term on the pressure equation and keeping it small enough with size O(M). The first
correction exactly capture the steady state (11) and although the second correction still
does not have discrete kernel which discretizes well the continuous one, the All Froude
scheme is proved to be accurate at Low Froude number locally in time, which means that
when the initial condition is close to the discrete kernel, the numerical solution of this
scheme is still close to this kernel within a simulation time ¢ = O(1). Moreover, with an
appropriate time discretization for the Coriolis force, both of these schemes are proved to
be stable under some time step condition which turn out to be less restrictive than that of
the classical one.

o Chapter 2 is motivated by [13, 25]; we adapt the Apparent Topography strategy presented
in these works to the linear wave system (10) in order to construct a well-balanced scheme.
Unlike the Low Froude and All Froude schemes, the discrete kernel of the Apparent
Topography scheme is defined at the interfaces of the cells, instead of at the cell centers. It
is another consistent discretization of the 1D geostrophic equilibrium (11). In this chapter,
we prove the discrete Hodge decomposition with the kernel and its orthogonal subspace
defined at the interfaces of the cells, and from the numerical point of view, we prove that
the Apparent Topography scheme is still accurate at low Froude number locally in time.
This scheme has a larger damping rate than the well balanced schemes proposed in chapter
1. Due to the structure of the discrete kernel at the interface, we do not have various
choices for the discretization in time of the Coriolis force. As a consequence, the time step
of this scheme has a strong relation to the Coriolis parameter w. However, in this chapter,
by using a Von Neumann analysis, we also show that the optimal time step of the Apparent
Topography scheme is just the combination of the classical one and the stability time step
of the inertial oscillation.

e In Chapter 3, we are interested in the adaptation of Low Froude and Apparent Topography
strategies on staggered meshes. A Fourier analysis is performed in this chapter to show
that the staggered schemes have better dispersion relations than those of the collocated
schemes. Particularly, only staggered schemes can ensure that the dispersion law is a
monotone function like it is at the continuous level. This property has a strong impact
on the accuracy of numerical schemes and helps us avoid numerical oscillations caused by
the waves with shortest wavelength 2Az, see e.g [26]. This chapter also shows that the
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Low Froude staggered scheme is really robust with respect to the time step and to the
relation between the Rossby deformation radius and the space step. On the other hand,
we also point out that, unlike the classical and Apparent Topography schemes, the Low
Froude scheme is an orthogonality preserving scheme, which means that it can capture the
orthogonal subspace of the kernel, in addition to the kernel itself. Therefore, the behaviors
of the Apparent Topography and Low Froude schemes are totally different one from the
other with respect to the transient states. Finally, the stability condition of the staggered
type schemes is also obtained in this chapter by using a Von Neumann analysis.

Part II of this thesis is related to the preservation of the 2D geostrophic equilibrium. Particularly,
we focus on the following linear wave equation with Coriolis source term

0, V-u=0
T+ ax V- u | (12)
ou+a,Vr = —wu—.
The steady state of this equations is clearly given by
Vou=0, aVr=—-wu'. (13)

This Part is composed of there chapters which emphasize on the accuracy of numerical schemes
around the discrete version of the steady state (13).

e The objective of Chapter 4 in this manuscript is to derive modified collocated Godunov
finite volume schemes applied to (12). The Hodge decomposition in 2D is introduced
and the analysis of the modified equation shows us a new difficulty. Unlike the one
dimensional case, troubles not only come from the pressure equation, but also from the
velocity equations. As a consequence, naive extensions of the works in Part I are not
enough to ensure the well-balanced property of numerical schemes in 2D. Of course, we are
unable to delete all diffusion terms since the explicit schemes obtained that way are always
unstable. To overcome this challenge, we study the extension of the Apparent Topography
scheme by using the strategy which is named Divergence Penalisation based on the idea
in [20]. Moreover, we also investigate the combination of these strategies on the purpose
of combining their respective advantages. Due to the structure of the discrete kernel, we
develop in this chapter two types of schemes: the cell-centered and vertex-based schemes.
These schemes are then proved to be stable under some CFL conditions.

e Chapter 5 of the thesis presents how we can adapt the Apparent Topography and Divergence
Penalisation techniques on staggered Cartesian meshes. In particular, we compute the
velocity field on the primary cells and the pressure on dual cells. We also define some
discrete operators which possess mimetic properties and we construct the discrete Hodge
decomposition on staggered grids. Unlike the vertex based scheme on collocated grids, we
can clearly define the discrete orthogonal subspace. On the other hand, we also perform the
analysis for the discrete Fourier modes to investigate the behavior of the dispersion relation
and damping error of the staggered type schemes. The CFL condition is also shown in this
chapter for the staggered type schemes.

e In Chapter 6, we investigate the effect of the cell geometry on the Godunov type schemes
applied to (12). Without Coriolis source term, the work [21] indicates that there is no
problem related to the divergence constraint on triangular grids. However, for the case
with Coriolis force, the study in this chapter points out some drawbacks of the collocated
scheme on triangular grids. In particular, the analysis of the kernel of the collocated scheme
leads to the fact that some gradient of a P; conforming function should be equal to the
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gradient of some P; non-conforming function. Therefore, it is essential to use a staggered
scheme on triangular grids to avoid this problem and also to keep the satisfaction of the free
divergence condition. As a result, we only have to deal with the problem on the pressure
equation to obtain numerical schemes which can capture the discrete kernel defined on
triangular grid.

Part III of this manuscript is used for the study of the non-linear shallow water equation in a
rotating framework.

e In Chapter 7, the final chapter in this thesis, we extend some satisfactory strategies
developed in the linear case to the non-linear shallow water equation with Coriolis force.
The results in [22] clearly shows that the Low Froude strategy in the non-linear case is
not a good modification since the obtained scheme is unconditionally unstable. Therefore,
in this chapter, for stability reasons, the Low Froude strategy will be replaced by the All
Froude one. Moreover, we also point out that this modification is still good for the linear
wave equation since the obtained schemes are accurate at low Froude number locally in
time. Although we do not have theoretical evidence to show that the proposed schemes
actually work well in the non-linear case, various good numerical results in this chapter
indicate that the modified schemes are much better than the classical one.

The appendix A of this manuscript is devoted to the study of the inertial oscillation. It explains
the behavior of the time discretization applied to the Coriolis force. This appendix clearly shows
that the totally explicit scheme is always unstable and we have to use a time discretization of the
Coriolis source term which is implicit enough. Therefore, it is highly recommended not to use an
explicit treatment of the Coriolis source term in both the linear wave equation and shallow water
equations.
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CHAPTER

Analysis of Godunov type schemes for the linear wave equa-
tion with Coriolis source term

In theory there is no difference
between theory and practice.
In practice there is.

Lawrence “Yogui” Berra,1925
New York Yankees baseball player

This work has been done in collaboration with Emmanuel Audusse, Stephane Dellacherie,
Pascal Omnes and Yohan Penel. It has been published in ESAIM: Proceedings and Surveys,
Volume 58, 2017, pages 1-26.

~— Abstract

We propose a method to explain the behaviour of the Godunov finite volume scheme
applied to the linear wave equation with Coriolis source term at low Froude number. In
particular, we use the Hodge decomposition and we study the properties of the modified
equation associated to the Godunov scheme. Based on the structure of the discrete kernel
of the linear operator discretized by using the Godunov scheme, we clearly explain the
inaccuracy of the classical Godunov scheme at low Froude number and we introduce a way
to modify it to recover a correct accuracy.
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Introduction

In this communication, we study some procedures to make finite volume Godunov type schemes
accurate when solving perturbations around a steady-state. In what follows, we restrict the
analysis to the quasi-1d linear wave equation with Coriolis term. Nevertheless, our future main
objective is to derive accurate and stable finite volume collocated schemes for the dimensionless
shallow water equations

Stdh+ V- (hil) =0, (1.1a)

2
Stat(hﬁ)+v-(hﬁ®ﬁ)+|:1r2v (Z) ——FlrQth—Rlohal, (1.1b)
in a rotating frame when the flow is a perturbation around the so-called geostrophic equilibrium.
In System (1.1) unknowns h and u respectively denote the water depth and the velocity of the
water column and function b(x) denotes the topography of the considered oceanic basin and is a
given function. Dimensionless numbers St, Fr and Ro respectively stand for the Strouhal, the
Froude and the Rossby numbers defined by

L U U
= Fr=—"—. Ro=—
=g Feam R ar

where the parameter g and () denote the gravity coefficient and the angular velocity of the Earth.
Constants U, H, L and T are some characteristic velocity, vertical and horizontal lengths and
time. In the sequel, we shall focus on cases where

Ro=0O(M) and Fr=0O(M) (1.2)

with M a small parameter. For large scale oceanographic flows, typical values lead to M ~ 1072
since
U~1lm-s™', L~10°m, H~10®m, Q=~10"%rad-s7'.

In order to exhibit some asymptotic regimes for small Froude and Rossby numbers, we perform
an expansion of the unknowns such that

f(t,x) = folt,x) + M fi(t,z) + M fo(t,x) + O(M?) (1.3)

given the orders of magnitude (1.2). We first focus on long time regimes, i.e. for Strouhal number
of order O(1). At the leading order, solutions of equations (1.1) satisfy the so-called lake at rest
equilibrium

V (ho +b) = 0. (1.4)
At the next order, the flow satisfies the so-called geostrophic equilibrium
Vhy = —ag. (1.5)
Note that this relation implies
V-1 =0. (1.6)

The ability of numerical schemes to well capture the particular solutions (1.4) and (1.5) is of
great practical interest since it has a direct consequence on the accuracy of the numerical solution
when perturbations around these equilibria are considered. A substantial amount of articles in
the literature has been devoted to the preservation of the lake at rest equilibrium (1.4), see in
particular [25] and references therein.

The question of the geostrophic equilibrium (1.5) including the divergence constraint (1.6) is
more complex. It has been studied in a finite element framework by Le Roux [12]. The author
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considers in his work the linearised version of System (1.1) and studies the behaviour of several
types of finite elements. He shows that spurious modes are created, in particular when the
number of degrees of freedom is not the same for height and velocity unknowns. In the finite
volume framework, the nonlinear case has been studied in [25, 27, 28]. In particular, Bouchut
and coauthors introduce in [13] the apparent topography method that allows to adapt to this
problem the hydrostatic reconstruction method [5] that was developed to ensure the preservation
of the lake at rest equilibrium (1.4).

Let us now focus on the behaviour of solutions of System (1.1) for short times, i.e. for Strouhal
number of order O(M~1). Here the study is restricted to some flat topography and solutions
independent of the y direction. The asymptotic expansion (1.3) is inserted in System (1.1). At
the leading order, any solution of System (1.1) satisfies the quasi-1d linear wave equation with
Coriolis source term'

Orr + a,0yu =0,

Oru + a0z = wo, (1.7)
O = —wu

where a, and w are constants of order one, respectively related to the wave velocity and to the
rotating velocity. The stationary state corresponding to Equation (1.7) is the 1d version of the
geostrophic equilibrium (1.5) and is called 1D geostrophic equilibrium. It is such that

u=0, ay0;r=wv. (1.8)

Many works were devoted to the study of the homogeneous wave equations. In particular, in a
serie of articles [20, 21], Dellacherie and coauthors studied the behavior of Godunov type schemes
for the 2d linear wave equation. Their works are part of a more general study about the use of
Godunov type schemes in the context of the incompressible limit for Euler equations, i.e. for low
Mach number flows, see for example [15, 19, 23, 24, 29]. Similar works are related to low Froude
flows [30, 31]. In the present work, we extend the aforementioned approach from Dellacherie and
coauthors to take into account the Coriolis source term. First, in Section 1.2, we analyze the
continuous case by using a Hodge type decomposition. Then, in Section 1.3 and 1.4, we study
three Godunov type numerical schemes to compute approximate solutions of Equation (1.7):

e The Classical Godunov scheme;
e The Low Froude Godunov scheme;

e The All Froude Godunov scheme.

For each scheme, we study the kernel of the discrete operator and we compare it to the continuous
kernel (1.8). Then, we study the accuracy of the scheme at low Froude number, i.e. when the
initial solution is close to the kernel. This is done first for the modified equation associated to
the scheme in Section 1.3 and then in the fully discrete case in Section 1.4. Moreover we study
the stability of each discrete scheme by using Fourier analysis. Finally we present in Section 1.5
some numerical results to illustrate our purpose.

Properties of the linear wave equation with Coriolis source term

We first focus on the properties of the linear wave equation on the 1d torus T. To begin with, we

introduce the Hilbert space
/7"2 d:L‘—I—/ (u2+v2) d;r<oo}
T T

3
2
(22m)’ = {a=(ruw)
IFor the sake of simplicity, we note r = hy, u =wug and v =vg in (1.7).
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equipped with the scalar product

(q1,92) :/Tﬁ?“z d$+A(u1UQ+v1v2) dz.

Structure of the kernel of the original model

Let us define the following space

bon={a= e (120’

We then prove this preliminary result:

u=0,VpeCX(T), /Ta*r(?md) dx:—/vaqﬁ da:}. (1.9)

Lemma 1.1. The orthogonal of Eyzo s

3
Ero= {q = (r,u,v) € (LZ(T)) ' Ve (T, / axv0yp dr = —/ wre dx}.
T T

Moreover, we have &0 ® Ey = (L2(']I'))3. In other words, any q € (L2(']I'))3 can be uniquely
decomposed into

qg=4+q (1.10)

where § € Eyz0 and § € ELq

The Hodge decomposition (1.10) allows us to define the orthogonal projection

P { <L2<T>>Z — jo (1.11)

Remark 1.1. The kernel and its orthogonal set can be described in a simpler way due to the
definition of Sobolev spaces, namely

Er = {q = (r,u,v) € (LQ(’H‘))3
St ={a=trun) € (22(D)”

T‘EHI(T),U:O,U:Q*T,},

w

ve HY(T), rza*v/}.
w

Moreover, the fact that we consider periodic functions implies that for § € Euzo and G € E 07
have
/@ dr=0 and /f dz =
T T

Proof. Our purpose is to prove that £ 0 = A where

A= {q = <a*v',u,v>
w

Firstly, let us prove that A C £ z0- For g € A, we have

Vq € Euro, (4,q) = /r—v dz + —1"’17 dz =2 (/ ri’ dx+/7“/27 dIL‘>.
T w T T

w

due to boundary conditions.

ue L*(T), v e HI(T)}.

According to [32, Corollary 8.10] with (r,9) € (Hl(']l‘)) , we have 70 € H'(T) and (rd) = "o +7r7'.
Therefore, we obtain, thanks to periodic boundary conditions on T

/ dx—i—/ dm—/ (rv)" dz =0,
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which leads to (§,q) =0, Vq € 0. It means that § € £, .
Secondly, we prove that 5j¢0 CA. Let Ge gﬁﬁo- Therefore

Vre HY(T), /

Fr dx—i—/ Yo de =0,
T T W
which implies

Vre C°(T), /17r' de=— [ #r du.
T Ay JT

As a result, ¥ € HY(T) and a,%’ = w?. We come to the conclusion that

3
ElLo,=A= {q = (r,u,v) € (LZ(T)) ’ Ve CEO(T),/ axv0yp dax = —/ wre dx}.
T T
We eventually have to prove that

3
Euso ® Eqzo = (LA(T)) .
We only have to check (L? (']I‘))3 C €0 @ E5g, because of the fact that &,.0 ®EL,, C (L2 (']I‘))3
is trivial.
For ¢ = (r,u,v) € (LQ(’]I‘))S, let us set

F= ulr)— by F=r ) +h,

’CL:O, ﬂ:u,

~ Qx ~ w -

0= ——0.h, Oy =—(r—p(r)+h) and/v dw:/v dz,
w Ay T T

where p(r) = ﬁ Jrr dx and h € H(T) is the unique solution of the variational formulation

2 2
V(peHl(T),/axhaxw dx—l—%/gph dx:—ﬁ/vaxgo dm—w—z/(r—u(r))go dx.
T a* T a* T a* T

The existence and uniqueness of h € H'(T) results from the Lax-Milgram theorem for w # 0.

We easily check that § € &,.0 and § € Sj;io. To reach the conclusion, we have to check that

q+ G =q. The equalities 7 +7 =r and @+ % = u are trivially verified. For v, we have:

V& e C(T), / (0—0—0)D,® da = / 00, ® dat+ / 0,h0,® dat / (r—p(r)+h)D dz =0
T w JT Ax JT

T

due to the choice of h. Using the density of C°°(T) in H'(T), we obtain that v — (¢ +9) = c¢. By
using the fact that [0dx =0 and [;0dx = [pvdx, we get ¢ = 0. Therefore, we have 0+0 =v. O

Behaviour of the solution

By using Lemma 1.1, we obtain the following properties for the linear wave equation (1.7):

Proposition 1.1. Let ¢ be a solution of (1.7) on T with initial condition ¢°. Then:
i. Vq° € Ez0, we have q(t > 0,-) = ¢° € E,z0.

ii. Vq° € €L, we have q(t > 0,-) € EL,,.

Zl
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Proof. We note that System (1.7) can be written as

0 ayx O 0 0 O
O q+Ad,q+Bqg=0 where A=]ax 0 0 and B=|0 0 —w
0 0 O 0 w 0

Due to the fact that matrix A has 3 real distinct eigenvalues (A =0, A = —a, and A = ay), System

(1.7) is strictly hyperbolic. Therefore this system has a unique solution [33, Th. 2.22]. And for

any initial condition ¢" = (ro,uo,vo) in &,+0, it is obvious that this unique solution is given by

q(t>0,-)=q° , which proves (i).
Let ¢ = (r%,u®,00) € £1,,. We notice that

r=r%—a, fgaxu dr,
u=u’— fg(a*axr —wv) dr,
v =10~ [fwu dr.

Therefore, for all § € &£,-9, we obtain
t t
(q,q) = <q07(j> —a*// Ozuf dx dT—/ / wut dz dr
TJO TJO
t t
=", 9 —/ /a*(?xuf dz dT—/ /wuﬁ dz dr
0 JT 0 JT

t t
= <q°,d>+/ /a*amm dz dT—/ /w@u dz dr = (¢°,q) = 0.
0 JT 0 JT
As a result, we conclude that ¢(t > 0,-) € £L,,, which proves (ii). O

Corollary 1.1. Let q be the solution of (1.7) with initial condition ¢°. Then, q can be decomposed
into
¢ =Pg’ + (¢ —Pq°) € Eun0 B Eo.

Evolution of the energy
Let us define the energy as E = (g,q).

Proposition 1.2. Let q be the solution of (1.7) on T. Then, the energy is conserved
E(t>0)=E(t=0).
Proof. Because q is the solution of (1.7), we have
Or = —a4 0z,
Ot = WU — Ay Op T,
O = —wu

which allows to obtain

1£<QaQ> :a*/r(—axu) dZE—l—/U(wv—a*aIT) de’—{—/v(—wu) dz
2 dt T T T
=a*/r(—8xU) d$+a*/u(—8xr) dz=0.
T T

Hence we have E’(t) = 0 which concludes the proof. O
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Corollary 1.2. For all times t > 0, we have ||q(t,-) — P¢°|| = ||¢° — P¢°||.

1.3 Properties of the first order modified equation associated to the Godunov finite
volume scheme

It is well known that the classical Godunov scheme is not accurate at low Mach number (or low
Froude number). With the homogeneous linear wave equation (w = 0), the problem appears
only in the 2d case over rectangular meshes. The work in [20, 21] clearly points out the main
reason of the inaccuracy. Shortly, this is because the classical Godunov scheme suffers from the
loss of invariance of the well-prepared subspace £ when the numerical diffusion related to the
velocity equation is not equal to 0. However in our case with Coriolis source term, the problem
appears already in 1d due to the numerical diffusion related to the pressure equation. We shall
explain this point by studying the properties of the first-order modified equation associated to
1d Godunov like schemes which is given by

Or + a0z — l/ragxr =0,

Ottt + Ay Opr — Vu(?%xu = wv, (1.12)
O = —wu,
where
v — ﬁr]a*]Ax7 by = f£u|a*|Aa:7 (1.13)
2 2
for some mesh size Az > 0 and viscosity parameters x, > 0 and £, > 0 (see [20] for more details).

The classical Godunov scheme corresponds to K, = k,, = 1. In the sequel, we rewrite (1.12) under
a vector formulation

{at(HL”q:O’ (1.14)
Q(t - 07‘T) = qO(x>
where L, is the following spatial differential operator
a0z u vp 0 0\ (9Z,r
L,=L—B,, Lg=|a,0,r—wv and Byg=10 v, O éﬁwu
wu 0 0 0 0

1.3.1 Evolution of the energy

Lemma 1.2. Let q, be the solution of System (1.14) on T. Then:
i. If we define the energy by E, = (qu,q,) = ||7||? + ||ul|® + ||v||?, we obtain
E,(t>0)< E,(t=0)
which means that System (1.14) is dissipative.

ii. If we define the average of energy by E, = ||7||? + ||@||® + ||9]|* with

_ 1 _ 1 _ 1
r(t) = m/qrr(t,x) dz, u(t) = |']I‘|/1ru(t’x) dz, o(t) = |T|/'Jl‘v(t,$) dz,

we obtain
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15i. Moreover, we have

vVt >0, E,(0)= E,(t) < E,(t) < E,(0).

Proof. We have

1d
2 dt”q"” ( ) _<LQI/7(JV> + <Bllq1/)q1/>‘
However,
(Lqy,qy) = (ax0zu,T) 4+ (04057 — wv,u) + (wu,v) =0
and

9%r 9%u
(Buqv,qu) = <VT8332’T> + <Vua$2’u> = *VrHaxTHQ - VU||aa:“H2-

For this reason, we obtain E/(t) < 0 which means that E,(t > 0) < E, (t =0).
By integrating the first order modified equation over T and using periodic boundary conditions,
we obtain

d_ d_ _ d_ _
Er(t) =0, Eu(t) =wo(t) and Ev(t) = —wu(t)

which leads to

_ _ U d _ o
Er(t)Q =0, —u(t)?=2wo(t)u(t) and Ev(t)2 = —2wu(t)v(t).

As a result, we get
% 76 +a(t)? +o(h)?] =0,

which means that E,(t = 0) = E,(t > 0). It is interesting to note that
E,(t) ::/(T—F)2 d:r:—l—/(u—a)2 dx+/(v—17)2 dz
T

—/r—i-u +v)dm—2r/rdx—2u/ud:c 2v/vdx+/7‘+u +9°) dx
T T T

—/r +u?40?) da /(r + a2 47%) dz= E,(t)— E,(t).
Therefore, we obtain E.(t) = E/(t) <0 and E,(t) > E,(t) (since E,(t) > 0). O

Structure of the kernel of the modified equation

Interestingly, the structure of the kernel of the operator L, is deeply related to the value of v;.
Indeed, we have:

Lemma 1.3.
1. When v, =0, the subspace E,z0 s also the kernel of the modified equation
ker L, —o = Eux0-
Moreover, £ =0 1S tnvariant by the modified equation.
1. When v, 20, the subspace E,-q is not invariant for the modified equation since

ker L,, .0 = {q := (r,u,v) |r = const,u = 0,v =0} C E,=0.
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Proof. With v, =0, it is easy to see that
kel" Ll/r:o — gw;to-

As for the orthogonal space, the proof of Prop. 1.1 (i) stands for v, = 0.
We now focus on the case v, = 0. Let us suppose that g = (r,u,v) € ker L,,. As u =0, we have
a4x0zr —wv = 0. Then, from L,q =0, we deduce

0= (Lyq,q) = vr[|0ur|

which implies that d,r = 0 or equivalently r is a constant. This leads to v = 0 and ¢ =
(const,0,0). O

The result in Lemma 1.3 indicates that the classical Godunov scheme (k, = 1) does not capture
all states g € £,-0 because of the fact that the corresponding kernel is a proper subset of &,.q.
This gives rise to the loss of invariance. However, when the numerical viscosity on the pressure
vanishes (v, =0), we recover all states q € E,»0.

Behaviour of the solution of the modified equation

We recall that M is a small parameter. Let us introduce the following definitions:

Definition 1.1. A state ¢° is said to be well-prepared if ||¢° —Pg"|| = O(M), where P is defined
by (1.11).

Definition 1.2. The solution q, of System (1.14) is said to be accurate at low Froude number
at any time if:

VC1>0,3Cy >0,[|¢° —P®|| < C1M = VYt >0, ||qp — P¢°||(t) < CoM,

where Cy is a positive parameter that does not depend on M.

Definition 1.3. The solution q, of System (1.14) is said to be accurate at low Froude number
locally in time if:

VC>0,VCy>0:Co=0(1),3C5>0, |[¢°—P°|| < C1 M = Yt < Cy, |l —P¢°||(t) < C3M,
where C3 = O(1).

Remark 1.2. We notice that if the solution is accurate at low Froude number, it is free of spurious
acoustic waves (refer to [20] for more details).

We have the following result. We recall that vy = M.

Theorem 1.1. Let g, is the solution of System (1.14). Then:

1. When k, =0, the solution is accurate at low Froude number at any time. Moreover, it
satisfies ||qy —Pg°[|(t) < l¢° —P¢°|.

it. When k, = O(M), the solution is accurate at low Froude number locally in time.

iti. When k, = O(1), the solution is accurate at low Froude number locally in time if
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Remark 1.3. From Point (iii), we can state that for k, = O(1), it is enough to consider a very
fine mesh to obtain accurate results. We shall see in the sequel that we actually need to consider
fine meshes which is a strong restriction from the computational point of view.

Proof. Let ¢ be the solution of

atq + Ll/q - 07
Q(t = 07:17) = qu(l’)
and qb be the solution of
Oq+ Lyg=0,
q(t=0,z) = ¢"(z) = P¢°(x).

Then by linearity the solution of (1.14) is ¢, = ¢2 + ¢4. If we suppose that ||¢° —P¢®|| = C1 M,
then by applying Lemma 1.2, we obtain

lapll(®) < llap1(0) = l¢° —Pg°|| = C1M. (1.15)

We also notice that

lay —Pg°||(t) = [lg& + a5 — Pg°||(£) < lq% — Pq°||(t) + [|ab 1| (2). (1.16)

If k. = 0, then ¢% = Pg" according to Lemma 1.3 (7). This proves Point (7).
As for Points (%) and (iii), we set ¢° = (#°,4°,09) := Pg® and ¢% = (r%,u%,v%). Then, we
obtain

Oy (rs — ) + a0p (u — %) — 102, (18 — V) + 4,0, 0° — 102,70 = 0
O (u® — %) + a0z (1 — 70) — 1,02

(ul — 0°) + a0, — 1,02,0° = w(v? — °) + wi?,

O (v2 — 1Y) + w(ul — a°%) +wia® = 0.
(1.17)
On the other hand, since P¢° € &0, we have that 4° =0 and a,0,7° = w??. Therefore, (1.17)
reduces to

Oy (rs — ) + a0y (ul — a°) — 102, (r% — #0) — 102,70 = 0,
Oy (ul — %) + ax 0y (re — 70) — 1,02, (u@ — 1°) = w(v? — °), (1.18)
O (v2 — %) = —w(ufﬁ —a9).

Multiplying Equation (1.18) by ¢%—¢°, integrating over T and using periodic boundary conditions,
we obtain

1d

012 ~0y 12 ~0Y112 2 ~0 A0
5 g4 —BI? = =09l — )7 = vl sl — )2 v (02,715 — #°)

which yields

1d

5 gl — P I* < wrllOz A0 - rp =71l < w0570 llgp — Pl

This leads to d
ot — PPl < vy 92,7
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We deduce from the latter inequality that
lg5, —Pq°(|(t) < vy t(|07,7°)| (1.19)
since ¢2(0) = P¢°. From (1.15), (1.16) and (1.19), we infer

law — Bl () < CLM + 14t 0%,

T

Given (1.13), we deduce Points (i) and (i) respectively for k, = O(M) and Az = O(M). O

Fourier analysis

To go further in the study of the accuracy of the numerical scheme, we perform a Fourier analysis
to investigate diffusion and dispersion effects. Let us consider functions of the form

q(t,z) = Ttk (1.20)

where k is the wave number and 7 is the frequency of the wave. These functions can be solutions
to the modified equation only under a dispersion relation between 7 and k which is commonly
written as 7 = 7(k). In general, this relation lies in the complex set: the real part R(7) and the
imaginary part &(7) indicate respectively propagation and decay of Fourier modes.

Given a wave number k, we only consider mesh sizes satisfying

™
k< — 1.21
<Az (1.21)

so that the associated wave is captured by the scheme.
Functions (1.20) are solutions to the modified equation (1.12) if

vek?  axik 0
G+ AG=0, where  A(k,vp, vy, a5, w) = | axik v k? —w . (1.22)
0 w 0

This means that —¢7 is an eigenvalue of A. We shall denote by A the eigenvalues of A in the
sequel. Hence the decay of Fourier mode k corresponds to ft(A) > 0.

Proposition 1.3. Under Hypothesis (1.21), the damping of Fourier modes is parametrised by
Ky as follows.

i. When k, =0, the wave associated to the kernel of the wave operator is preserved (A=0).
ii. When ki, = O(M), the wave resulting from A(vy =0) =0 is damped at an O(M) speed.

iti. When rk, = O(1) and Az = O(1), all Fourier modes are strongly damped at an O(1)
speed.

Proof. The linear system (1.22) reads in terms of eigenvalues A

vk 4 ikasu = \r, (1.23a)
ikayr + v k*u —wv = \u, (1.23b)
wu = Av. (1.23¢)

The characteristic polynomial of Matrix A is

X\ vr) = X3 = B2 (v 4 v) A + (02 + K22 + Klvv) A — k2w, = 0. (1.24)
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It is a third order polynomial whose highest order coefficient is equal to one. It thus has either
one real root and two complex conjugate roots (denoted respectively by Ag, A and S\C) or three
real roots (denoted respectively by Ag, Ay and A_).

It is possible to determine its three roots when v, = 0:

Xo(vr =0) =0,

1
Ae(vr =0) = 3 |:]{221/u +i\/4(w2 + k2a2) — k:41/3} :

We mention that the term under the square root is actually positive under Hyp. (1.21) (see (1.13)
for the definition of v,,). Point (i) is proven.
We remark that dyx does not vanish as soon as

202 2 w?
kAL (K — k) + Forki ) <12 ) (1.25)

Due to Hyp. (1.21), this inequality always holds for k, and &, in [0,1]. Hence by means of
the implicit function theorem, we can define a function v, — A\g(v;) for v, small enough. Since
coefficients multiplying A* in (1.24) are affine functions in v, we infer that \g is continuous and
analytic with respect to v, [34]. This shows that

8,,X(0,0) k202
/ r I _
)\O(VT) y,r:() )‘O(VT — 0)1/7" = — 3AX(070) Vp = ]{720,3 +w2 Vp.

In particular, we deduce that if k, = O(M), then A\o(v,) = O(M). This proves Point (7).
Let us now provide other properties of the eigenvalues. We substitute (1.23c) into (1.23b)
and then multiply (1.23a) by 7 and (1.23b) by u to obtain

1
sz\u|2 (2 + ul?) = B2 (v |r|? + valul?) + ikas (ur + ri). (1.26)
On the one hand, the real part of (1.26)

w2|u|2
R(N) [ |)\|2 + |7"|2 + |u|2 = k2 (1/7«|7“2 +Vu|u|2> ’

shows that all eigenvalues have positive real parts (unless k = 0 for which eigenvalues are pure
imaginary), which ensures the decay for all Fourier modes.
The three roots of (1.24) satisfy

A+ o+ A3 = kX (v + 1), (1.27a)
M2+ (A1 +A2)As = w? + k2a2 + v, (1.27b)
A2z = k2w, (1.27¢)

Substituting A; A2 from (1.27¢) into (1.27b), we get

2,2

M Ag)hg+ UV 2202 1.28
X\
3

Let us first focus on the case of a single real eigenvalue: we take A\ = A, Ao = Ac and A3 = Ag.
Eq. (1.28) yields
]62 2
o2 55 C; - 4
w=+k=az + k*vpuy

(1.29)
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since it has been proven that R(\;) > 0.
We also notice that x(0,v,) = —k?w?v, < 0 and x(k*v, 1) = k*a2v,. > 0. Hence, since there
is a single real eigenvalue, this implies that Ao < k%1, and we have

w?

w2+ k2a2 + kv,

kv, < Ao < Ky, (1.30)

As for the complex conjugate roots, we get from (1.27a) and (1.28) that u:= 2R(\.) verifies

k2w,
Flp) = p? — K2 (v + v — m +w? + ka2 + kv, = 0. (1.31)
T u
We remark that f(u) > g(u) where
202y,
g(,u) = —k‘Q(VT—I—Vu)/L— m+w2+k2a3+k4yr7/u. (132)

Since f(0) = ¢g(0) > 0, this implies that any root p of (1.31) is larger than the smallest positive
root of (1.32).

Equation g(u) =0 can be written as

k2(l/r+Vu)M2— {k4(ur + l/u)2 + (w2 +k%a? + k4uryu)] M+(w2+k2a3+k4l/ﬂ/u)k2(Vr-i-lju)—k‘2w2l/r =0.

(1.33)
Due to the fact that
A= {k4(ur +v0)? — (W K22 + k4ur1/u)} ? + 4k (v 4 vy pw? > 0,
Equation (1.33) has two real positive solutions so that
MR > (w? + k202 + Ko ) K (v + 1) — K20, (130)

k4 (v +14)% + (w2 + k242 + kv

In the case of three real roots, (1.29) holds for each of them by symmetry as they are all
positive. Lower bounds (1.29) and (1.34) ensure that real parts of all eigenvalues are of order 1
when v, is of order 1. This proves Point (7). O

Analysis of fully discrete Godunov schemes

There are two main possible time strategies for Godunov type schemes applied to the linear wave
equation with Coriolis source term. The first one is a classical splitting discretisation where one
deals with the problem without source term in a first step and then the Coriolis source term is
considered in a second step, which then consists in solving an ordinary differential equation. It is
well known that this splitting strategy is not well adapted to preserve stationary states and then
to compute small perturbations around them [25, 35], see also Appendix 1.A. Thus we focus on
the analysis of the second strategy that consists in computing acoustic and Coriolis effects in a
single step. As a matter of fact, there are many ways to take into account the Coriolis source
term. For example, we can discretise this term using explicit, implicit and even Crank-Nicolson
strategies. Hence, we introduce two new parameters 6; and 62 to parametrise the strategy.
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Study of the discrete kernel of the one step Godunov scheme

We consider a homogeneous cartesian mesh (z;);<;<y- The one step fully discrete Godunov
scheme is given by

1
g ta Ul — Uy . iy =2 ity _0

At * 2Ax " Ax? o

+1 n n n n n n

ui " —uj Tigt —Ti1 o Uy 2wty n n+1 1.35

A +a, A vy AL? =w {011}1 + (1 —01)v; } ( )
L g

_ +1

# =—w [Ggu?—i—(l—ﬁg)u? }

for i € {1,...,N} and 0 < 61,02 < 1. Periodic boundary conditions read

1 1 1 1
@ =av gt =gt (1.36)

We now investigate the kernel of the fully discrete one step scheme. It is strongly related to
the value of the numerical viscosity k.. In particular we have the following result:

Lemma 1.4.

1. When v, =0, the kernel of the one step scheme is

a
Eloi=kerL, _op= {q = (r,u,v) € R?* | u; =0, ﬁ(ri—i-l — 1) = W”i} :

1. When vy, #0, the kernel of the one step scheme is

kerL,, «opn = {q: (ryu,v) e RN ’ dCeR:r;=C,u; =0,v; :0}.

Proof. A stationary state verifies r?“ =7, U?H = and U”H vl'. Therefore, we easily
obtain from (1.35) that
uf —U;L r:f —27"271—1—1”?7
== — e =0, (1.37a)
i T ul | —2utult
@Ry, ST (1.37h)
n
0= —wul" (1.37¢)

Point (i) is straightforward: we get from (1.37c) that «]' =0, and then (1.37a) is trivially satisfied
since v, = 0. Then, (1.37b) yields that

a1y = riy) = el

Now we consider the case v, # 0. According to (1.37¢), u* =0 for all i. Together with (1. 37a)
and v, =0, we get r'y —r} =1y —rl’ ;. By induction we get T'N+1 TN =T TN ==
ry —ry =71y —ry = c where c is a constant. This implies r§; = r{y + Nc. On the other hand,
periodic conditions require to have r%; = r{f. Therefore, we get ¢ =0 and 7}’ = constant. This

leads to v}’ =0 by using (1.37b). Point (%) is proven. O
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Stability of the discrete one step Godunov scheme
For 0 < 61,02 <1, let us denote

O1=1—-01—02, By= 9192+(1 —91)(1 —02) € [0,1], O3 = (1 —291)(1 —292) S [—1,1].

Lemma 1.5. For k, =0 and Kk, >0, we have:
i. When 01+ 603 > 1, the one step scheme (1.35) is unstable.

7. When 01+ 02 <1, we consider two cases:

(a) If = w2A = < @3, the one step scheme (1.35) is stable provided that

KuAx 1 '
2|a*| (1 _ wAz @1)+7

lax]

At < At, = (1.38a)

(b) If 5 QMQ > O3, the one step scheme (1.35) is stable provided that

2K a% 2 A2 .
A 1-\/1-2E20,], if O30,
At <min{At,, At}  where Aty := T« {W2A$2®3 [ a7 O3], O3

Ko |ax] 1, otherwise.

(1.38b)

Remark 1.4. The standard CFL condition for the homogeneous case (w=0) reads [20]

A w 1
At < Atg := xmin{fi }

|ay| 2 Ky

Inequality (1.38a) clearly shows that taking Coriolis forces into account requires a less restrictive
CFL condition. It is also the case for (1.38b) when @3 > 0 thanks to the convexity of the function
x> 1—+/1—x. We also notice that for the Crank-Nicolson scheme 01 = 0y = , we recover the
standard bound Atg.

Remark 1.5. An asymptotic expansion for Az < 1 in the bound Aty and Aty in (1.58a-1.58b)

yields

KuAx Az

Atg = +O(Az?), Aty = +O(Az?)
2|a.|

K| |

and then one still recovers the classical bound Aty for the homogeneous problem.

Remark 1.6. For large values of the Coriolis parameter w, the constraint (1.38a) is always
satisfied (Atg, = +00) while for the second constraint (1.38b), it depends on the sign of ©s:

e If®3 >0, there is no constraint upon At for w large enough;

e If O3 <0, the asymptotic bound reads

2
Atb ~ —.
w

We then recover the standard stability condition for the ODE system solved by means of a
0-scheme (1.A.1D).
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Remark 1.7. Figure 1.1 specifies the stability area. In the red zone, the scheme is unstable
according to Point (i). In the green zone, the scheme is stable under a CFL-like constraint
(characterised by Aty or min(Atg,Aty)) that is less restrictive than the homogeneous bound At
while in the blue zone, the scheme is stable provided At is smaller than min(Atq,Aty) < Atp.

Unstable

(0.5, 0.5)

(1,0)
29

Figure 1.1: Region of stability condition.

Proof. We perform a Von Neumann analysis to investigate the stability condition for Scheme (1.35).
Let us denote

At kA
T= A v =wAt and s:sin(;).

We now substitute

i R\
q;; — u;z = | U, ezij:r
v? Va
into (1.35) in order to obtain
A¢it = Bq} (1.39)

where the matrices A and B are given by

1 0 0 1 —2k,|ax|os®  —ayoisin(kAz) 0
A=1]0 1 —(1—61)y and B = | —asoisin(kAz) 1—2ky|ax|os® 61y
0 (1—62)y 1 0 —bay 1

In addition, we have

A(01,62) 0 0
1
—1 _ _
4= A(61,02) ’ ! 1 =6)
0 —y(1—62) 1

with
A(01,02) =1+42(1—61)(1 —02). (1.40)
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Therefore, we can rewrite (1.39) as the following equation
¢ =Cqf

where the amplification matrix C' = A~!B is given by

(1 =2k, |ax|os?)A(01,02) —axoisin(kAz)A(61,62) 0
1
C= AG1.03) —a,oisin(kAx) 1 —~205(1 — 01) — 25y |ax|os? 07 ,
v(1 — 62)asoisin(kAx) —[1 = (1= 62)2ky|ax|os?] 1 —~201(1—62)

(1.41)
whose characteristic polynomial will be denoted by P(\). We now consider the modes which are
constant in space (k =0). In this case, the amplification matrix in (u,v) is given by

1 (17202(199 o )

1+42(1—61)(1—6) —y 1—~201(1—62)
Therefore the characteristic equation P(A) = 0 reduces to

Az_Q—WQW1+92—2%9ﬁ 1+9%010> _
A(01,02) A(61,02) ’

(1.42)

and the condition |A; 2| <1 is equivalent to
1 +")/20192 <1 +’y2(1 —01)(1—102),
that is fulfilled if and only if
V(61 +62) —1] <0,

which leads to the condition 6; + 62 < 1. This proves Point (7).
Now we consider the case of interest x, =0 (c.f. Lemma 1.4). The characteristic polynomial
P(A) reduces to

PoA) = (1-2) |2 — 2 —~2(01 4 0o — 20165) — 2mu|a*|032)\ n 147920100 — 2y |ax|os® + 4a202s%(1 — s2)

A(01,02) A(01,02)

(1.43)
One root of this polynomial is \g = 1 and the two others roots Ay are the solutions of the
following second degree equation
M HEN+C=0 (1.44)

with

2 — 72(91 + 6y —260102) — 2/<;u|a*|as2

E=— and (

14920105 — 2Ky |as]os® + dao?s? (1 — s?)
A(61,62) '

A(61,62)

In order to ensure that the roots of (1.44) are in the unit circle (|[A+| < 1), the coefficients &
and ¢ must satisfy
<1 and g <14C

o Firstly, the condition ¢ <1 is equivalent to

14260105 — 2ky|ax|os? + 4a20?52(1 — s2) <1
A(61,02) B
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which leads to
f1(s%) := =201 — 2ky|as|os® +4a20%s% (1 — s%) < 0.

With s varying in [—1, 1], the previous condition holds provided max[g 1] f1 < 0. As Function

/1 is maximal over R at X7 := % (1 — 2|Z”|U>, we deduce that

f1(0), if X1 <0,
max f1 =
[0,1] f1(X1), otherwise.

If X7 <0 which is equivalent to o < 'f“ £ the condition f1(0) < 0 is always satisfied. If
X1 >0, f1(X1) <0 reads

2
<|a*|0—m2u> <120 — <|a*| —wy\/0O )At< -
Hence At < At,.
e Next, the condition ( > —1 can be written as
f2(5%) := 7209 + 2(1 — kylax|os?) + 4a202s%(1 — s%) > 0.

We shall see below that this constraint is weaker that another one (f3(s?) > 0) and needs
not be taken into account.

e Let us now turn to the condition upon &£. The first case —§ <14 ( reads
—72(91—1—92—29192)—2/§u|a*|052 §2+72[1—(91+92)+29192] 2ky|ay|os +4a2 2 2(1 s )

which comes down to
—? —4a20%5%(1 - s?) <0.

The latter inequality always holds and does not imply an additional constraint upon At.

o Finally, we consider the case £ <1+ (. This leads to
— 2472 (01402 —20102)+2ky |ay|os? < 2442 [1—(01402)+26102) —2ky |as|os* +4a2 0% s* (1—52).
It follows that
f3(5%) := 7203 + 4(1 — kylas|os?) + 4a202s%(1 — s%) > 0.

From @3 = 203 — 1, we infer that 2f2(s?) — f3(s?) > 0 over [0,1]. This implies that the
condition fa(s?) >0 is a consequence of f3(s?) > 0.

Function f3 is maximal over R at X3 := %(1 |a*‘o_) < 1. The minimum over [0,1] is
to

reached for s? =1 and the condition f3(s?) > 0 reduces

4k |ay|

0< f3(1) = wW2O3AL? —
< f3(1) =w O3 A

At +4 =: Qg(At).

The resolution of the second order equation Q3(At) = 0 leads to the stability condi-

tion (1.38b) depending on the sign of w?@3Az? — k2a?.

O
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Lemma 1.6 (Stability of the All Froude Godunov scheme). The CFL condition (1.38a-1.58b)
obtained for k, =0 still ensures the stability of the All Froude Godunov scheme, i.e. for the
choice Kk, = O(M).

Proof. The proof is obtained by using a classical continuity argument. The key point is to prove
the modulus of the eigenvalue )\ is increasing when k, — 07. Particularly, the characteristic
polynomial P(A) of the amplification matrix (1.41) is given by

2 — 4201 + 02 — 20102) — 2k, |a|o s>

A+

PN = (1—)\—2/<;7~|a*|052) <)\2 — 147260109 — 2/£u|a*|052>

A(01,02) A(01,02)
4a202s%(1 — s%)
+(1=X)—= )
( ) A(01,02)
which can be decomposed as
P(A) =Po(A) + £, Pi(N), (1.45)

where Py is given by (1.43) and

2 —2(01 + 0y — 26162) — 2 2 14+9%0102 — 2y 2
7’1(>\)=—2\a*\052 ()\2— (61 + 02 102) Kulax|os At + %0102 — 2Ky |ax|os

A(01,02) A(01,02)

Since the roots of polynomial Py are simple — see the proof of Lemma 1.5 — a classical continuity
argument [31] allows us to write the roots of the polynomial P by using an asymptotic expansion

A= 1 AW 4 0(k2) (1.46)

where A(?) is a root of Py. The stability of the scheme is obtained if the modulus of all roots
of P is smaller than one. If A(0) = X1, the results is obvious since one can ensure |A+| <1 by
considering

At < K min{At,,Atp},

with K < 1 small enough and At,, Aty given in (1.38a-1.38b). The case A0 = \g=1is a bit
more tricky. By inserting the asymptotic expansion (1.46) into relation (1.45), we obtain

P = fir [MPo(No) + P1(No)] + O(k7).
The condition P(A) =0 thus implies

Easy computations lead to

Pi(ho) = —2|a*|052 <1 2= Y2 (01 + 02 — 260102) — 2y |ax|os®  1+~20105 — 2/<cu\a*\082>

A(01,02) A(01,02)
2laios? o

———y" <0.
A01,02)

On the other hand, since Po(\) = (1 —A)Pg()), we have

2 — V201 4 02 — 20102) — 2k, |ax|os® 1 +~7260102 — 2k, |ay|os?
A(671,602) B A(61,602)
4a2o?s*(1—s?)  ~?+4a2o?s*(1—s?)
N A(61,62)

Ph(1) = ~Po(1) = 1+

<0.
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It follows that
—2|ax|o < A\ <0,

and the scheme is stable. ]

Numerical results

Test case with the initial condition close to the the kernel

Let us fix the parameters a, =1, w =1, M = 1073 and consider the initial condition

0_ 0, 0
q =q; +M—
o 1
: , in(wA
' . sin(wz;) . “ ay cos(ww;) % L
with q; = 0 A € gw;th q; = 1 € gw;tO?
ay cos(wx;) Slnogxxw) sin(wz;)

that is close to the kernel £, (see Lemma 1.4) up to a perturbation of order M.
We solve the 1D linear wave equation (1.7) by means of the schemes we analyzed in the
previous sections, namely the low Froude scheme (1.35) for k, =0, the all Froude scheme (1.35)

for k, = O(M), and the classical Godunov scheme (1.35) for k, = 1. In a first step, we take
01:1 and 92:0.

1.4
1.2F 4
Classical Godunov scheme
| All Froude scheme
1 —&— Low Froude scheme
0.8 1
0.6 d
0.4 1
0.2 i
—a—
0 ‘ s , —&—aan
0.1 0.08 0.06 0.04 0.02 0

Froude number

Figure 1.2: Evolution of maxy ||q, —Pq})||(t) for t = O(1) when the Froude number goes to 0 for the Low
Froude Godunov, the All Froude Godunov and the Classical Godunov schemes.

We observe on Figure 1.2 that the two schemes designed for the low Froude regime have the
correct behaviour as the Froude number goes to 0, unlike the classical Godunov scheme which is
not accurate as stated before.

We now investigate the accuracy with time at a fixed Froude number. As it was stated in
Theorem 1.1(7), we see on Figures 1.3(a)-(c) that the two aforementioned schemes are accurate
for times t = O(1) since the numerical solutions remain close to the projection of the initial data
onto the kernel (the norm of the difference is of order 1073). However for large times the all
Froude scheme turns out be inaccurate as the corresponding solution is moving away from the
kernel. It illustrates the result from Theorem 1.1 (77).
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Figure 1.3: Comparisons of schemes: proximity to the discrete kernel as time increases.

Next, we now focus on Theorem 1.1 (4ii) by means of Figures 1.4(a)-(b), where we see that
the total deviation of the Classical Godunov scheme is of order M when the mesh is sufficiently
refined (Az = O(M)). Note that even in this case, the behaviour of the low/all Froude Godunov
schemes is better than that of the classical Godunov scheme.

In Figures 1.5 and 1.6, we change the value 6; and 6y of the Low/All Froude schemes. These
figures indicate that the total deviation depends on the value of 6 + 05.

Stability test case with discontinuous initial condition
In the second test case, we consider the initial condition given by
;= X[—1,1 (i),

272

ry
0 (1.47)
UO

L,
1.

In this test, we choose w =1, Ax = 0.01 and a4 such that the Rossby deformation is equal to

Rq:= % = Az and k, = 1. In Figure 1.7(a), we choose 61 = 0.5 and 62 = 0. Hence, in this case
we have ©1 = 0.5 and @3 = 0 which leads to At, = 170%\/5@, Aty =1 and Atg = 0.5. Therefore, the

new time step At = min{At,, At} =1 is less restrictive than the classical time step Aty = 0.5.
Figure 1.7(a) shows that the new time step is optimal since when At =0.999 < 1 the Low Froude
scheme is stable while when At = 1.001 the Low Froude scheme is unstable.
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Figure 1.6: Comparisons of All Froude schemes: prozimity to the discrete kernel as time increases.

(a) Total deviation with 6 + 65 = 1.
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Figure 1.7: Influence of the time step upon the Low Froude scheme

On the other hand, if we take ;1 =0 and 65 =0, then ®1 =1 and ®3 = 1. Due to the fact

that :2%;52 < O3, the constraint over the time step for the Low Froude scheme is prescribed by
At,. However as a, = wAz\/©1, At, = +00 and the Low Froude scheme is always stable without
regard to the time step At. Figure 1.7(b) confirms this statement by showing that the Low
Froude scheme is stable even for At = 10.

In Figure 1.8, we take At = Atg = 0.5 and change the value of #; and #2. This figure indicates
that the behaviour of the energy of the Low Froude scheme depends on the value of #; and 6s.
The choice 61 =5 = % (Crank-Nicolson approximation for the Coriolis term) is able to preserve

the energy exaclty although this choice requires a more restrictive constraint upon the time step
than for 61,02 < %

Conclusion
It is well known that the classical Godunov scheme applied to the linear wave equation is not
accurate at low Froude number on cartesian meshes in dimension 2 [20]. In this work, we have

shown that, when a Coriolis source term is involved, the classical Godunov scheme is not accurate
at low Froude number even in dimension 1.

This is because the stationary space of the classical Godunov discrete operator is not a good
approximation of the invariant subspace &,-g. The loss of invariance of &,-o is explained by
studying the associated modified equation. It is strongly related to the numerical diffusion k, on
the pressure equation. In particular when we set x, = 0, the inaccuracy problem does not occur.
As a result, we derived two modified schemes by decreasing the value of the numerical diffusion
K, on the pressure equation. From this, we deduce that:

o The Low Froude Godunov scheme (k, =0) is accurate at low Froude number.

o The All Froude Godunov scheme (k, = M) is accurate at low Froude number locally in

time.

We then proved that both schemes are stable under suitable constraints upon the time step. These
stability conditions turn out to be less restrictive than classical ones for a suitable treatment of
the Coriolis source term.

In forthcoming works, we shall extend our analysis to the two-dimensional case and to the
nonlinear framework in order to derive and analyse accurate and stable numerical schemes for
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System (1.1). In particular we aim at comparing our work with previous approaches from [25,

, 28.

Analysis of splitting scheme

Let us define a two-step Godunov scheme using a splitting strategy to take into account the
Coriolis source term. The first step is related to the acoustic term

ul rit o =24l
— 7« —l—a*AtL — V’V‘AtW =0,
ri ult  —=2ul4ul
u‘l’ffui +Q*At1+§TL VuAt% :0, (1‘A'1a)

v =l =0,
and we use a #-scheme to deal with the Coriolis term in the second step

n+1 *
T, 4

7 Y

ul T = wAt [910 +(1—=61)v ”H], (1.A.1b)

K3

ot v = —wAt [Ggu +(1—102) ?H] ,

T

for 0< 6,00 <1.

Lemma 1.7. With the splitting scheme, we have:

1. For v, =0, the splitting scheme preserves steady states only if 02 = 0.

1. For v, #0, steady states are not preserved without regard to the value of 01 and 6.
Proof. Let us assume that the numerical solution at time t"™ = nAt belongs to the discrete kernel
531:0

n
. i+1 — Ti—1 n

VieZ, u=0 and a1 —
ot * 9Ax g

We shall show that at the next time step the numerical solution does not lie in the discrete kernel
anymore. After the first step, we easily obtain

AZL’Q I

u?“ = wAt(1— (91)(1)?+1 —ol),
P L WAL — 02)ul T = [1 4 (wAt)?62] v}
As a result, we have
o (WAD2(1 = 01)(1 = O2) (] T — o) = [1+ (wA)?0 | v}
from which it follows that
[1+ (@AD(1 = 01) (1= 02)] o1 = [1+ (WAL (1= 02)(1 = 02) + (wAL) 205 o]

Therefore, v ™! = o

n+1
Ty

(and u"'H =0) if and only if 2 = 0. The kernel is recovered if v, =0 as

— n
=7 O
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Figure 1.9: The energy of the Low Froude splitting scheme (k, =0) and Classical splitting scheme with
the initial condition r® =u® =1, v0 = X[_1 ;](x) on domain T1 = [—1,1] and the parameters: a, =w =1,
22

Az =0.02, 0, =0=13 .
Let us now note that the choice 82 = 0 is not really a splitting method since it can be written as

a one-step method

n+1 n Uit~y T T2 AT,
i T e A= — A= =0,

! P, T ufp —2uptul !
up T = @ A — At = WAL 0]+ (1 01)o T,
ot P = —wAtu

Remark 1.8. Let us mention about the relation between the Von Neumann condition and the
L? stability. We begin with the standard Godunov scheme (k, = ry = 1). In this case, the
amplification matriz of the first step (acoustic step) is a normal matriz. We can obtain the L?
stability for this step due to the fact that in this case the Von Neumann condition is not only
necessary but also sufficient. We mention [20] for this stability condition. On the other hand,
we have the L? stability for the Coriolis step when 01 = 0y < % As a result, we can ensure L?
stability for the standard Godunov splitting scheme.

However, the numerical viscosity on the pressure (k) is a crucial for the inaccuracy of standard
Godunov scheme. To recover the expected accuracy, we have modify this diffusion term in order
to obtain low Froude Godunov scheme (k, =0) or All Froude Godunov scheme (k, = M ). This
makes the amplification matriz for the first step is no more symmetric. As a consequence, the Von
Neumann condition is just necessary condition for L? stability (see [70] for details ). Therefore,
in this case, to find the stability condition of the splitting scheme, we have to investigate the
Von Neumann analysis for the amplification matriz combined by two steps instead of using the
stability condition satisfied for both steps. In fact, from the numerical point of view, the modified
splitting scheme is unstable when 03 >0 (see Figure (1.9)).

Discrete Hodge decomposition

For the Low Froude Godunov scheme (k, =0), the discrete kernel defined at the center of each
cell is given by

N N N N a
gl = {Qh = (Fp,tp, 0p) € RN 1y =0, ﬁ( i1~ Tie1) = wvz‘} (1.B.2)
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and then we have the following result

Lemma 1.8. The orthogonal space of 40 15 given by

h,L . o
Eip = {Qh(rh,um%)e

R3N . a*(viﬂzg;)i_l) = wfi} )

Moreover, we also have the discrete Hodge decomposition EZ)‘ o EM ::O =

Proof. Let us denote that

a - ~ ~
Ah—{Qh—(Th,Uh,vh)ERW 2A* (vz+1—vi1)=wn}.

To begin with, we take an arbitrary G, = (7,4, 0,) € RN, then Vg, = (74,1, 0n) € ELq, by
using periodic boundary condition, we obviously get

N
(@nsGn) = Y A (Fafi + 0iy) ZA:L‘WHrsz (Pix1 —Tio1)
=1 =1

_ ng [N._ (@i+1—ﬁi1)]A_
= 2 @ |Fi = A= | Fi.

Therefore, if g, € Aj, we clearly obtain (¢, qn) = 0 Vg, € ELLIO Which leads to gp € gh ¢0 This
"L On the other hand if gy, € gh ¢07 the equation (Gp,qn) =

w¢0

0, Vqg,e 5 »o implies that g5 € Aj. In other words, 5 0 is a subset of A;. For those reasons,

means that A is a subset of

we conclude that £ hiLO = Ay,.

R3N R3N can

Since we clearly have £ 20 D@ gh ::0 C , we only have to prove that each element in

be written as
qn = qn + Gy, wheregy, € Eh and ¢p € SLL;J‘

Now, V(pn,Sn,wp) € e io, by using the orthogonality between E£¢0 and &% IO, we obtain

(Ph,Dn) + (O, W) = 0= (On, Wp) + (Th,Pr) = (Th,Dh) + (Vn, Wp).

We now denote a = 575~ and by the definition of the discrete kernel and orthogonal subspace,
the above equation can be written as

N N
(Op,Wp) + o? ZAQZ(@'+1 —0i—1)(Wit1 — Wi—1) = (vp, Wp) + QZAJJTZ'('LZJ1+1 —Wi—1)
i=1 =1

In consideration of the periodic boundary condition, this equation is equivalent to

N N
(On, p) — &> At (Bipa — 20; + Bi—2) = (vp, Wp) — a0 > Az(ripy —ri—1).
=1 =1

We now choose the special (pp,, §p,0p) € 5 20 L such that w; = 1 and W;»; = 0 to obtain
’lNJZ' — a2 (’171'4_2 — 2’52' + QNJZ'_Q) = UV; — a(ri+1 — Ti—l)' (1B3)
By doing the same way, we also obtain

ﬂ — a2 (fi+2 — 27%’ + fi_g) =T; — a(vi_,_l — Ui—l)- (1.B.4)
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As a result, we can find 7 and ¥ by solving the following linear systems
AP =B, and Av=D8,

where the matrix A, B, and B, are respectively given by

1+ 202 0 —a? 0 0 ... 0 0 —a? 0
0 1+ 2a? 0 —a?2 0 .. 0 0 0 —a?
—a? 0 14222 0 —a? .. 0 0 0 0
A - . )
—a? 0 0 0 0 —a? 0 1422 0
0 —a? 0 0 0 0 —a? 0 1+ 202
r1 — (v — vp) v1 —a(re —ro)
ro —a(vg — 1) vy —a(rg —ry)
r3 — a(vg — vy v3 —a(ry —ry
B, = . ) and B, = )
rN—1—a(UN —UN_2) uvN_1 —a(ry —rN_2)
rN — (VN1 —UN-1) oN —a(rNy1 —TN-1)

We note that the matrix A is a M-matrix, so it is invertible. Therefore, we have the uniqueness
of 75, and ¥, and then we can easily obtain 9, and 7, by using the definition of the discrete
kernel and orthogonal subspace. We can also check again ry, = 7, + 7, and vy, = 0y, + 0. ]

Remark 1.9. Let us note that when the numerical solution qp € 52;;07 the right hand side of the
linear system B, is equal to 0. From (1.B.3), we obviously have v, =0 which leads to 7, =0 by
using the definition of the orthogonal subspace. On the contrary, when the numerical solution g,
belongs to the orthogonal subspace 5:?;56, we will obtain 7, =0 from (1.B.4) and oy, =0 with the
definition of the discrete kernel.
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CHAPTER

Analysis of Apparent Topography scheme applied to the
linear wave equation with Coriolis source term

The only way of discovering the
limits of the possible is to venture a
little way past them into the
impossible.

Clarke’s Second Law.

This work has been done in collaboration with Emmanuel Audusse, Pascal Omnes and
Yohan Penel. It has been published in Finite Volumes For Complexr Applications VIII, Springer
Proceedings in Mathematics.

— Abstract

The shallow water equations can be used to model many phenomena in geophysical fluid
mechanics. For large scales, the Coriolis force plays an important role and the geostrophic
equilibrium which corresponds to the balance between the pressure gradient and the Coriolis
force is an important feature. In this communication, we investigate the stability condition
and the behavior of the so-called Apparent Topography scheme which is capable of capturing
a discrete version of the geostrophic equilibrium.

Chapter content

2.1 Imtroduction . .. ... .. . . i i i it i e e e e e 43
2.2 The numerical schemes . . .. .. ... .. it 44

2.2.1 Study of the semi-discrete scheme - Dispersion relations . . . . .. ... 44
2.3 Study of the fully discrete scheme: kernel and L2-stability . . . . . ....... 45

2.3.1  Analysis of the discrete kernel and orthogonal space . . . . . ... ... 45



42 Chapter 2. Analysis of Apparent Topography scheme

2.3.2 Stability condition of the fully discrete scheme . . . .. ... ... ... 48
2.4 Numerical results . . . . . . ¢ 0 v v i i i i it e e e e e e e e e e e e 51
2.4.1 Accuracy test case . . . . . .. ... e 51
2.4.2 Stability test case . . . .. ..o 52

2.5 ConCluSION v v v v i i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 52




2.1

2.1. Introduction 43

Introduction

In order to study the Shallow Water equations with Coriolis source term, we consider the
dimensionless formulation on the rotating frame which is given by

Std;h+ V- (hii) =0, (2.1a)
Sto,(h) + V- (hi @) + -V PN vy Lt (2.1b)
:(ha u®u 2 3|~ F2 Ro u, .

where unknowns h and 4 respectively denote the water depth and the average velocity over the
water column and function b(x) denotes the topography of the considered oceanic basin and is a
given function. Dimensionless numbers St, Fr and Ro respectively stand for the Strouhal, the
Froude and the Rossby numbers defined below. In the sequel, we shall focus on cases where

L | U U
St.—UT—O<M>, Fri=——= =O(M), Ro= o =0(M),

with M a small parameter. The parameters g and () denote the gravity coefficient and the angular
velocity of the Earth. Constants U, H, L and T are some characteristic velocity, vertical and
horizontal lengths and time. These orders of magnitude correspond to the study of short-time
dynamics and standard conditions for large scale oceanic flows.

For data independent of y and with a flat topography, the solution of System (2.1) then
satisfies at the leading order the quasi-1d linear wave equation with Coriolis source term (see
[37] for the derivation)

Or + ay0pu =0,
Oru+ a0z = wv, (2.2)

Oy = —wu,

where a, and w are constants of order O(1) — respectively related to the wave velocity and to
the rotating velocity — 7 is the first order perturbation of the water depth h and (u,v) is the
leading order for the velocity field. The stationary state corresponding to System (2.2) is the 1d
version of the so-called geostrophic equilibrium and is given by

u=0, ax0;r=wv. (2.3)

A first study of the accuracy of numerical schemes applied to system (2.2) for initial data that are
close to the kernel (2.3) was performed in [37]. It was shown that the standard Godunov scheme
applied to the linear wave equation with Coriolis source term is inaccurate at low Froude number
and the numerical viscosity on the pressure equation is the main reason for this inaccuracy. A
modified low Froude Godunov scheme was proposed to cure the problem. The scheme was shown
to be L? stable under a suitable CFL condition. The proofs extend the ideas introduced in [20]
for the study of the homogeneous wave equations in low Mach number regimes.

In this paper, our objective is to study in the same context the numerical scheme introduced
in [13] as a well-balanced (WB) scheme for the Shallow Water equations with Coriolis source
term (2.1). In particular we prove the L? stability of the scheme under suitable CFL conditions.
Moreover we compare this scheme, called apparent topography scheme in the following, and the
low Froude one in terms of dispersion relations and accuracy for some test cases.Note that a
high order extension of the apparent topography scheme for the non-linear SW equations with
Coriolis source term has been studied in [27], where the authors also paid attention to the linear
dispersion relation (hence related to (2.2)).
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The numerical schemes

Both low Froude and apparent topography schemes are colocated finite volume schemes and can
be interpreted as a way to modify the numerical diffusion of the classical Godunov scheme on
the pressure equation. In the low Froude scheme proposed in [37], the numerical diffusion on
the pressure equation is simply deleted. In the apparent topography scheme introduced in [13],
the diffusion term of the classical Godunov scheme remains and an additional consistent term is
introduced in the pressure equation such that the numerical diffusion vanishes when applied to
an element of the linear kernel (2.3). The name apparent topography comes from the fact that
the scheme was first developed in the context of WB methods for the shallow water equation
with topography, see[5]. The two aforementioned semi-discrete schemes applied to (2.2) read

d.. . Ujt1=Uj—1 Ky AT Tj+1—2T5+Tj-1 | Kpw Vi+1—Vj—1 =0

A A S v Az? +75 2 =Y

d Ti41—Tj—1 Kux Az Uj+1—2Uj+Uj—1 _ . oy

qil T gy — g g = W (01,05, 054), (24)
d _ . C oo

ﬁvj - _wf<u]—17uj7uj+1)~

where Low Froude scheme corresponds to
kr=0 and f(xayvz):y

and the Apparent Topography scheme to

rT+2y+=z

kr=rky and  f(z,y,2) = 1

Study of the semi-discrete scheme - Dispersion relations

We now study the stability of the semi-discrete Godunov type schemes by means of Fourier
modes: . . |
ri(t) = Spr(t)e'ikxj’ uj(t) = @u(t)elkﬂ?j and  v;(t) = S%(t)ezk:cj'

Substituting these expressions into (2.4), we obtain the following linear system of differential
equations

in2( Az s .
30; (t) /{ra*% i *szchx) ,L-nTuéAg: Slan:ch) ©r (t) 0
2
) |+ | g min g mwen o a0 ={o] @)
0y (t) 0 wC 0 po(t) 0

where ¢ = 1 for the low Froude scheme and ¢ = cos?( %) for the apparent topography scheme.
The first eigenvalue of the amplification matrix is A = 0, corresponding to the discrete stationary
state (2.3). The other two, corresponding to the inertia-gravity modes, are given in Table 2.1.
Their real part #(\) characterizes the decay of Fourier modes k. Since R(X) > 0, both low Froude
and apparent topography schemes are damping. The damping rate of the apparent topography
scheme is twice larger than that of the low Froude scheme. The imaginary part () characterizes
the propagation properties of the Fourier modes. Note that for the low Froude scheme, the
eigenvalues may be real for kAx close to m which means the corresponding modes do not propagate
and are only damped. For small a.k/w, the dispersion relation &(\)/w of the low Froude scheme
is closer to the exact one (for the rotating wave equation (2.2)) whereas the converse holds for
large ask/w.
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Wave equation +iy/a2k? 4+ w?

i 20 kAz : 2
Low Froude a*'gusmA(;Q)j:i\/az (%) [COSQ(%)f(%L)QSiIP(%)} +w?
s 02 kAx : 2 2
Apparent Topography a*ﬁu% * z‘\/a% (SIH(AL;EAI)) +w? (%&Az))
2

Table 2.1: The eigenvalues corresponding to the inertia-gravity modes for small kAx.

35 1

Exact dispersion law 0. E q "
== Apparent Topography scheme| 095 0 Exact damping
3l = = — Low Froude scheme - Low Froude scheme
osl Apparent Topography scheme| |
25F
0.7
2r ] 06F
150 — 051
I Tes 0.4f
1 |t S=e=s TS ~ = ~ i
= ~, N ~
~ 0N 0.3
SN
RS
05- !
\’:,\ 0.2r
.
-,
0 . . . . N 04 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
kA X/ T kA X/ T
(a) Dispersion relation S(A)/w (b) Damping error e~ RO

Figure 2.1: Numerical properties of the semi-discrete schemes with the Rossby deformation Ry := 7= = Ax
and (Ky,ky) = (0,1) for LF, (kp,ky) = (1,1) for AT.

2.3 Study of the fully discrete scheme: kernel and L>-stability
The fully discrete apparent topography scheme applied to (2.2) can be written as

T’r_L+1 e n

n n n n n n
FIR BRI =5 Wi 5 QR P Y. C i T2 AT 4 Rrw (Wi —via) _ 0
At * T 2Az 2 Az? 2 ’

n

n+1l_ _ —
Uy - Uy + a*raﬂgATg—l . /‘\ZuaékAm Uiy i“;;*'“?fl
ui
VT 20T T ’ nil oyt Lyt (2.6)
=w | = 1 =

n

+(1_‘91)Uj+1 )

n 4 n n+1 n+l | ntl
; A_ C |:92uj+1+21ij+ujl +(1—92)uj+1+2ui +uj1:|
t

for je{1,...,N} and 0 < 0;,05 < 1. Setting ¢ = (r,u,v), periodic boundary conditions read

1 1 1 1
@ =y v =aT
For practical reasons, we assume that the cell number N is odd.

2.3.1  Analysis of the discrete kernel and orthogonal space

Lemma 2.1. The kernel of the Apparent Topography scheme (2.6) is given by

’LL] = 0, (I*T‘j+1 _ Tj = wvj+1 +U] } . (27)

5£¢0 =kerL,p = {q = (r,u,v) s 5
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Proof. A stationary state consists in T’;H_l = r?, u?“ = u’;‘ and U;-H_l = U?. Therefore, we obtain
a U1 Uiy gpagAx T 2 AT 4 Erw Vi Vie1 0
* 2Azx 2 Az? 2 2 -
rt o —r? u L =2u4um %, 20T 4u"
151 kyaAz Y41 I e L 0 | i Y-
Ax~"9Az 2 Az? =w 1 g (2.8)

n n n
_ uj+1+2uj +uj71

0=—w 1

As a result, we have the homogeneous linear recurrence u? 1t ZU? + ugb_l = 0. This implies that
the solution of this recurrence relation is

u?:(a+5j)(—1)j, Vje{0,...,N+1}

where o and ( are constants.
If we consider N is an even number, by using periodic boundary condition, we will obtain
u” = a(—1)77 which is the checkerboard mode. In the other case, when N is an odd number,

J
the periodic boundary condition leads to

a=—(a+pBN) and —(a+pf)=a+pB(N+1).

It follows that o= 3 =0. As a result, we have u? =0, Vj€{0,...,N+1}. We then deduce
from (2.8)

n 91 n n n n n n 2N n
+1 —1 +1 —1 +1 —1 +1 —1
J J J J J and  a J J J J J )

Wx Ax a 2 Ax 2

Summing the two equations yields the discrete kernel (2.7). Conversely, any element satisfying
(2.7) is a stationary state of relations (2.6). This discrete kernel is a consistent discretization,
defined at the cell interfaces, of the continuous kernel (2.3). O

Remark 2.1. Let us recall that the discrete kernel of the low Froude scheme is

Ti41 —Tj—1
ay Jt J

—
Ui ’ 2Ax

= wvj

(see [37]) which is another consistent discretization, defined at the cell centers, of the continuous
kernel (2.3).

Remark 2.2. When the number of points is even, checkerboard modes for velocity u may exist in
the discrete kernel of the apparent topography scheme. Note that the low Froude scheme suffers
the same drawback, but for the pressure r.

Lemma 2.2. The orthogonal space of €£¢0 is verified by

Proof. We denote
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We firstly show that Ay, is a subset of gh ¢0 Let ¢ = (p,s,w) € Ap, then Vq = (r,u,v) € Eh 0, We
have
N
(@Gq) = D Azpiri+ Azviw (2.9)
i=1

Moreover, by using periodic boundary condition, we obtain

N N
1
ZAazviwl 3 (ZAazvzwz —i—ZAa:lewZH) ZA&? (Vi + Vigp1)Wit1 — fZA:ch (wig1 —wj)
=1 i=1 =1 1 1 =1

N N
a v;
=3 = (rig1 —ri) wig1 — Az (wigy = w;)
w
=1 =1
N Ay N wAx G Wit] — W;
==2, (wir1—w)ri ZM* wist = wi) = =3 Aw (i )
=1 i=1 i=1
(2.10)

Similarly, we also have

N |

al al Y N (pi+pis1) al WAL (Vi1 +v;)
Y Awripi =5 | Y Awripi+ ) Awrigipisi | = ZA$72 ity Arpit1 . 5
i=1 i=1 i=1 i=1 i=1 *

N
(pi +pz+1) wAz (Pz+1 +pi) WAT v; | pit1+ D
zz: Z+;Am o V; ZAm (ri + o 5) 5 .
(2.11)

Therefore, from (2.9),(2.10) and (2.11), we clearly have

_ N Ax Di FDi—1 Wi — Wi A h, L
<an> = g(rl - 72}1) 9 - Al’ = 0 = h C gw;:()

Next, let us consider " is a vector with a value 1 in the ith coordinate and 0 elsewhere. Then,

corresponding to each €™, we can construct vector e'” such that (eT’i,O,e”’i) belongs to the

discrete kernel. Particularly, we can define ¥ with a value — 32& in the the (i —1)th coordinate,

a value 32’; in the the (i 4 1)th coordinate and 0 elsewhere. Hence, we can say that we have N

degrees of freedom with the discrete kernel This implies that dim(é’wio) N. We now apply the

same strategy for the subset Aj of gh ;0 in order to have N degrees of freedom for ©. Moreover,
it is obvious to see that we can have IV degrees of freedom for @. As a result, we obtain
. h,L
dim(Ap) =2N = Ap =E_7.

w

O]

Remark 2.3. We have the discrete Hodge decomposition R3Y = Eh 5 0 which means that
an element q in R3YN can be decomposed into

q=G+qG where Ge&',y and Ge&'y

This allow us to define projection on the discrete kernel by Pq = §. Moreover, § can be written as

N
0= e
i=1
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where the coefficients aq,--- ,an are real numbers and the set {e; : 1 <i < N} is one basis of
the discrete kernel. By orthogonality between Egio and EE;}O, vector a = (aq, -+ ,an) is simply

verified by solving the following linear system

N

<Qaej> = Zai<€iaej> Vi€ {1>"' 7N}'
=1

Stability condition of the fully discrete scheme

We will now investigate the L? stability of the apparent topography scheme. Let us first mention
that when 0 < 01,02 < 1, the apparent topography scheme requires to solve a linear system
at each time step, which leads to an additional computational cost. On the other hand,
the case 61 = 6 = 1, that corresponds to a fully explicit scheme, is known to be unstable —
see [27]. Therefore, we restrict our study to the two cases #; = 0,0, =1 and 6; = 1,02 = 0.
Note that in [37], the L? stability of the low Froude scheme was studied for all values of
(61,62) € [0,1]2.

Lemma 2.3. Under the hypothesis
w?Az?

4q2

*

Bpky <1+

(2.12)

the apparent topography scheme is L? stable under the CFL condition
At < min{Atg, Aty, At}

where

1 13)A
} a Ate = —

Aty = mz’n{,

Kr Ky |as|

and At, is given by the following cases:

1. When 02 =0 ,01 =1, we have

Ky + Ky AT
2 ay|’

At =

7. When 03 =1, 61 =0, we obtain

2
a a
—lax] +\/Az*2 F(fortru) orw?

Aty = s if K20,
Ky Az
2 Jas|

otherwise.

Remark 2.4. Note that the choice kr = 0 is similar to the low Froude scheme, but with a
discretisation of the Coriolis term at the interfaces. We then retrieve the same CFL condition as
that of the cell-centered low Froude scheme, see [77].

Remark 2.5. Hypothesis (2.12) is not restrictive since the low Froude scheme always satisfies
this condition and the classical choice for the apparent topography scheme is to take kr = Ky = 1.

Remark 2.6. The bound At. is the classical CFL condition for the inertial oscillations phe-
nomenon.
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Remark 2.7. The bound Aty is one of the classical CFL conditions for the problem without
rotation. For Ax < 1, the asymptotic expansion of the bound At, leads to the other classical CFL
condition for the problem without rotation

Kr + Ky Ax
2 |a*|'

Aty =

Proof. We perform a Von Neumann analysis to investigate the stability condition. Let us denote

At kA kA
U:E, v = wAt, s:sin<2x), ,U,:COSQ(;)ZI—S2.

zkmj u

By substituting the discrete Fourier modes r =pre = pn nethT; and v]’-L = gpﬁeikrj into the

fully discrete scheme (2.6), we obtain .Aap”“ Bp" Where the matrices A and B are given by

1 0 0

A=10 1 —(1=01)vp

0 (1—62)yu 1

and
1 —2k,|as]os?  —axoisin(kAx) ”“’“‘é’Atzsm(kAw)
B= | —aoisin(kAz) 1—2k,|a]os? 01y
0 —O2yp 1

We then search for the eigenvalues of the amplification matrix C = A~1B, that are the roots of
the third order polynomial P(\) = det (B — AA). Easy computations lead to

PA) = (1 =NAXN+EXA+0) (2.13)
with
A = 1—1—’)’ ( 91)(1—92)>0
= —2+’y2u2(91+92—29192)+2(/~€r+/€u)\a*\as2+2nr\a*\as272 2(1—91)(1—92)

= 1492020105 = 2(rky + u)lax|os® + dafos* (1 - %) + drpryalo’st

+2k |ax|os®y2 11202 (1 — 6y).
The eigenvalue A\g = 1 corresponds to the discrete kernel (2.7). In order to ensure that the other
two roots of (2.13) are in the unit circle (|[A+| < 1), the coefficients A, £ and ¢ have to satisfy
|| < A and [¢] < A+ (. Computations are then similar to the ones in [37]. More precisely,

condition ¢ < A will lead to the condition involving At, and condition |{] < A + ¢ will lead to
conditions involving At and At.. Particularly, we consider the following cases:

e Firstly, the condition ¢ < A is equivalent to

Fi1(s?) = =2(ky + ku)|ax]os® +4a20%s3 (1 — %) + 4k, kyalo?st

— 1= (01 +02)]V2 (1 — 522 + 2k, |ax| o522 u202(1 — 01) < 0.
We now consider the special case 1 = 1,02 = 0. In this case, the stability condition reduces

to
G1(5?) == —(kr + ku) + 2| ax]o (1 — 8%) + 2k,ky|ax|os® <O0.

Therefore, we obtain the time step At according to the value of k,ky,

Krt+Ky Az
2 a]

Krtky Ax .
S Jau] if Kpky > 1.

if krky <1

AtﬁAt*::{
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Next, we consider another special case with #; = 0,65 = 1. The stability condition becomes
G1(5%) := —(Ky 4 ku) + 2]ax|o (1 — $2) + 2k ky|ax|os® + key2 (1 — s2)? < 0.
Moreover, we also have

G1(5%) = —2|ax|o + 26, ku|ax|o — 26,72 (1 — 52).

We now notice that G{(s?) =0 at S =1+ (1 — kpry) f:v";. Therefore, if we now assume

that -k, < 1, we need the condition G;(0) < 0. This condition can be written as

a a?
— |A;‘ + \/A£2 + (Klr + /ﬂu)ﬁrwz

ke 4 2lag]o — (kr +1y) <0 = At <

Kopw?
When k,k, > 1, we have to take into account the condition G;(1) <0 which is equivalent to

(Kr + k) Ax
2krky  |ay|’

—(Kp + Ku) + 2Rrkylaxlo <0 = At <

Next, the condition ¢ > —A can be written as
Fao(s?) = 2= 2(kp + ku)|ax|os® +4a20%s% (1 — §%) + 4k, kyaio’st
+ ’y2u2[1 — (01 +02) +20102] + QHT]a*]032’y2u292(1 —01)>0.

We shall see below that this constraint is weaker that another one (Fy(s2) > 0) and needs
not be taken into account.

Let us now turn to the condition upon £. The first case —¢ < A + ( reads
F3(s%) := =2 u? — 4a2025% (1 — 52) — dkprgalo®st — 26, |ay|os®y2 (1 —61) < 0.
This inequality always holds and does not imply an additional constraint upon At.

Finally, we consider the case £ < A + (. This leads to

Fi(s?) = 221 —201)(1 —202) +4(1 — (Ky + ku)|ax|os?) + 4a20%52 (1 — s?)
+  dkpkgalo?st + 26, ag|os? Y2 (1 —01) (205 — 1) > 0.
Let us note that 27 (s%)—F4(s%) > 0 over [0,1]. This implies that the condition F2(s?) > 0 s
a consequence of F4(s2) > 0. It is obvious to see that the condition to ensure that F4(s%) >0

of the case the #; = 1,02 = 0 is more restrictive than that of the case §; = 0,65 =1, so we
only consider the special case #; = 1,02 = 0 and in this case, we have

Fi(s?) = =20 +4(1 = (ke + k)|ax]os?) +4a20%s3 (1 — %) + 4k, kyao?st

which leads to

Fi(s?) =272 (1 = 82) — 4(ky + k) |ax|o + 4a20? — 8420252 + 8k riyalo?s?.

1(e2) — _ —4(krtku)|axo+da2o® 422 .
Therefore, Fj(s”) =0 at S = 8(—rrra)aZo? 1272 Now, if we assume that

w2Az?
2
4a

Kby <1+
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the minimum value of Fy(s?) is either F4(0) or F4(1). Then,

2
Fi(0)= - +4>0=At <=
w

Next, the condition Fy(1) = 4 — 4(ky + ky)|ax|o + 4krrya2a? > 0 leads to

Kr+hy ke —Ku|] Az :>At<m1n{f i}ﬂ
2 2 Ay Ry Ko, For Fou A

At <

Numerical results

Accuracy test case

Let us fix the parameters a, =1, w =1, #; = 1,02 = 0 and consider the initial condition on the
domain (0,27)

@ dp(x) = (sin(wz),0,a.cos(wr)) € S’;O,
~0 where 0 '
12 | gn(x) = (axcos(wz),1l,sin(wzx)) € eh ¢07

_qZ +M

which is close to the kernel £ =0 Up to a perturbation of order M. We solve the 1D linear wave
equation (2.2) by means of the Apparent Topography scheme (2.6), the low Froude scheme and
the classical Godunov scheme. We observe on Figure 2.2 (left) that the classical Godunov scheme
is inaccurate since the deviation from the kernel does not remain of order M, while the two
schemes designed for the geostrophic regime have the correct behaviour as the Froude number
goes to 0. We now investigate the accuracy with time at a fixed Froude number. As exhibited
for the semi-discrete scheme, we see on Figure 2.2 (right) that the Apparent Topography scheme
is more diffusive than the low Froude scheme for the part of the signal which is in the orthogonal
of the kernel.

T T T
= Low Froude scheme
= = = Apparent Topography scheme|

1.2k Classical Godunov scheme ||
—+&— Low Froude scheme
— P — Apparent Topography scheme|

0.8

061

0.4r

l"—ﬁ-—-——ﬁ______a_;

L L L > 5
B

0.1 0.08 0.06 0.04 0.02 0

Froude number t

(a) Maximum in time of the deviation |qp — q2||(b) Evolution of the deviation th—(ng for M =103
depending on the Froude number

Figure 2.2: Comparisons of classical and WB schemes
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2.4.2 Stability test case

2.5

We now turn to another test case when we consider the initial condition given by

0 X[_%,%](x)a T e [_171]
0,
0.

r
w0
0

In this test case, we choose k, = ky =1, ax =w =1, Ax =0.01 and 0y = 1,02 = 0. Therefore, in
this case, the the time step of the Apparent Topography scheme must satisfies

Az 2
At <min{Atg, Aty,At.} = min{—x, —}=Az=0.01.
ay w

Figure (2.3) present that the the time step is optimal. This is because the Apparent Topography

1.001 T T T T 45 T T T T

0.999
0.998} 350
0997}
0.99
0.995
0994}

0.993 -

0.992

0.991 . . . 1 1 .
0 0.5 1 15 2 25 0 0.5 1 1.5 2 25

t t

(a) Energy with At =0.01 (b) Energy with At =0.0101

Figure 2.3: Influence of time step upon the Apparent Topography scheme.

scheme is stable with At = 0.01 while this scheme is unstable with the time step At = 0.0101
which is slightly greater than At =0.01.

Conclusion

In this work, we extend the study done in [37] to the Apparent Topography scheme proposed in
[13]. Particularly, we investigate the stability condition for this scheme as well as we compare
their results to the Low Froude scheme obtained in [37] in terms of dispersion relations and
accuracy. Both schemes are well balanced due to the fact that they can capture the discrete
steady state and the kernel of the spatial operator of both schemes correspond to a consistent
discretization of the geostrophic equilibrium.

In future works, the authors will apply the two schemes to linear 2D cases before considering
nonlinear applications in order to discriminate them.



CHAPTER

Analysis of staggered scheme for the linear wave equation
with Coriolis force

Our greatest weakness

lres in giving up.

The most certain way to succeed is
always to try just one more time.

Thomas A. Edison.

~— Abstract

The standard Godunov scheme applied to the linear wave equation with Coriolis source
term is inaccurate at low Froude number. By analyzing the kernel of the first order modified
equation, the work in [37] shows that the numerical viscosity on the pressure equation
is responsible for this inaccuracy problem. One simple correction for this problem is to
cancel the numerical diffusion related to the pressure equation to obtain the Low Froude
scheme. Another correction based on the Apparent Topography method developed in [13]
and [25] is to introduce an additional term to this numerical diffusion such that this term
will cancel the diffusion at the equilibrium. The present work deals with those strategies
to construct well-balanced schemes on staggered meshes. Moreover, a Fourier analysis is
performed for a class of well-balanced schemes on staggered and collocated meshes. The
numerical dispersion law and damping error are also investigated for the semi-discrete in
space and fully discrete staggered type schemes. Finally, stability conditions of the fully
discrete scheme are obtained through a Von Neumann analysis.
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Introduction

The shallow water equations (SWE), a simplified 2D model from the 3D incompressible Euler
system, is currently used to simulate rivers, coastal flows, dam-break floods and oceans. At large
scale, it is important to take into account the Coriolis force coming from the rotation of the
Earth and the dimensionless shallow water system in the rotating frame is given by

Oh+V - (hil) =0, (3.12)
h2

2

_ _ 1
Stog(hu)+ V- (hu®ua)+ F—TQV ( 3 I

1 1
) = ———hVb— —hat (3.1b)
In System (3.1) unknowns h and u respectively denote the water depth and the velocity of the
water column and function b(z) denotes the topography of the considered oceanic basin and is a
given function. Dimensionless numbers St, F'r and Ro respectively stand for the Strouhal, the
Froude and the Rossby numbers. In the sequel, we shall focus on cases where

Ro=0O(M) and Fr=0(M)

with M a small parameter. For large scale oceanographic flows, typical values lead to M ~ 1072,
Let us now suppose the topography is flat and the solution is independent of the y direction. For
a Strouhal number of order O(4;), i.e for short time, the solution of system (3.1) satisfies at the
leading order the quasi-1D linear wave equation with Coriolis term

Or + ax0pu =0,
Opu + a0z = wv, (3.2)
O = —wu

where a, and w being constants of order one, respectively related to the wave velocity and
to the rotating velocity. We mention [37] for details of this derivation. The stationary state
corresponding to Equation (3.2) is the 1D version of the geostrophic equilibrium which is given
by

u=0, a0, =wv. (3.3)

The ability of a numerical scheme to capture this non trivial steady state currently receives a
great attention. In the collocated framework, the Low Froude strategy introduced in [37] and
Apparent Topography proposed in [13] by adapting hydrostatic reconstruction [5] are shown to
capture well the balance state (3.3). Moreover, the Apparent Topography method applied to the
linear wave equation (3.2) is proved to be stable under some CFL conditions in [38] and this
strategy is also extended to high order schemes in [27] for the 2D nonlinear shallow water system.
However, the dispersion law of these well-balanced schemes on collocated grids is not a monotone
function like it is in the continuous system. This property is required to avoid oscillations for
the modes with the shortest wavelength 2Ax and to ensure that the waves move in the correct
direction [20].

In the present work, we adapt the Low Froude and Apparent Topography strategy to staggered
grids to obtain new schemes which possess all satisfactory properties of the collocated scheme
such as preserving the nontrivial steady state and accuracy at low Froude number when the
initial condition is around the geostrophic equilibrium. Moreover, the new staggered schemes
have much better dispersion relation than the collocated schemes. In section 3.2, we first propose
a version of the Low Froude and Apparent Topography schemes on staggered grids. Secondly,
we perform the analysis for the semi-discrete staggered scheme with focus on the well-balanced
and orthogonality preserving property. The dispersion relation, damping error, group and phase
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velocity are also investigated in this section. In Section 3.3, we introduce the time discretization
and perform the Fourier analysis for the fully discrete scheme. More importantly, in this section,
we show that the proposed staggered schemes are stable under some CFL conditions. Section 3.4
gathers numerical simulations that illustrate our purposes.

Analysis of the semi-discrete staggered schemes

One of the most common schemes applied to the linear wave equation (3.2) on collocated grid is
the leapfrog scheme. This second order accurate scheme can be written as

n+1 1

Ty

T ul L —uh
i i4+1 i—1
st T oag =0

ulttt gt rit o —rit

oA Ty =Wy (3.4)
1)?1+171)’.'171

ToAr T WY

It is worth pointing out that in this collocated scheme, all the space derivatives are taken over

i+1/2

i-1/2 Xi11/2 N-1/2 XN+1/2

Figure 3.1: Primary (green) cell and dual (blue) cell.

the distance 2Az. However, the distance between adjacent grid nodes is only Az. Therefore, it is
reasonable to use staggered schemes which still ensure second order accuracy in space, but the
derivative is performed over the distance Az. As a result, with a staggered grid (see Fig. 3.1), we
obtain a scheme which is more compact than the one defined on a collocated grid. There exist
some classical staggered schemes without numerical diffusion than can be applied to the linear
wave equation (3.2). For instance, the well known Marker and Cell (MAC) scheme which is
staggered not only in space but also in time and the forward-backward scheme obtained by using
an explicit discretization in time for one equation and an implicit one for the other equations. The
analysis of the MAC and forward-backward is performed in Appendix 3.A. However, the numerical
scheme without diffusion terms can introduce some unphysical oscillations for discontinuous
initial solutions (see Figure 3.2). Hence, in this section, we will analyze the behavior of the semi
discrete staggered scheme with some diffusion terms coming from the Godunov scheme. This
staggered scheme can be written as

girir1/a(t) + R luin —u] — e {Ti+3/2 = 2rip2+ 7”1'—1/2] + T5% (vig1 — i) =0

Fui(t) + %= [7‘1'+1/2 - 7“1'71/2] — S [uit1 — 2ui +ui—1] = wo; (3.5)
%vi(t) = —wu;

where K, Kk, stand for the parameters of the standard diffusion term and 7, corresponds to the
correction term based on the Apparent Topography method introduced in [13]. We also note that
the classical staggered scheme (with some additional diffusion) corresponds to x, = Ky, = 1,7, =0,
the Low Froude staggered scheme corresponds to k, =1, = 0 and the Apparent Topography
staggered scheme has Kk, =n, > 0.
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Remark 3.1. Since the stationary state of the collocated Apparent Topography scheme is defined
as the interface, it is necessary to use more than one cell to approximate the Coriolis source term.
We mention the work [78] for more details. However, with the staggered Apparent Topography
scheme, the Coriolis force is computed by using only one cell.

T T T T T T T T T
—FB —FB
= = =MAC [} 'Y = = =MAC

L L L L L L L L L
-5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5

(a) r(z,t) at time t =2 (b) 7(z,t) at time t =400

Figure 3.2: The pressure r(x,t) of the forward-backward and MAC scheme with initial fluid at rest
(u® =v° =0) and discontinuous initial height given by r°(x) =1+ X[-1,1)() on domain [—5,5].

3.2.1 Discrete operators
To analyze the behavior of the semi-discrete staggered type schemes, it is convenient to construct
the discrete version of some differential operators. Let up = (Ui)ie[l, N] bein RY | we define Oz nup,
and 6:%2, »Un respectively by

Uip1 — 2U; + U1

Vi € [LN]: (Do pun)itrjn =~ and Vi€ [L,N]: (9% yup)i = -

Az z

Let 7 = (ri11/2)ie[1,N] be in RY, we define Og prn, and 8§Q’hrh respectively by

Tit1/2 = Ti—1/2 Tiy3/2 — 2Tip1/2 HTic1)2
Ax Ax? ’
In these definitions, we use periodic boundary conditions when needed (uy41 = u1, up = up,
T2 =TN41/2 and T3/ =T3)).
Moreover, for q,ll = (r,ll,u,ll,v}ll) e R3N and q,% = (r%,u%,v%) e R3N | let us define the following
discrete scalar products

VZ & [1,N] : (8x7h7“h)i = and V’L S [1,N] : (8%2},174}7/)1'_1_1/2 =

N
1,2 1 2
("hyTh) = ZAWi+1/2Ti+1/2
i=1

N
(up,up) = D Az - uf
i=1

N N

1 2 1 2 1,2

(ah>ah) = ZAmiH/zriﬂ/z + ZAmui U,
i=1 i=1

where we denote uf = (uf,v}) for s € {1;2} and all . Although we use the same notations for all

three different scalar products, the context in which they will be used in the sequel cannot bring

any confusion.
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We have the following properties for the above discrete operators. For all uy, = (Ui)z’e[l, N)»
vp = (vi)iep,n) and all 7, = (1i41/2)ien,N)» O = (Pit1/2)ie[1,n], it holds that:

Lemma 3.1. With periodic boundary conditions, the discrete operators satisfy the following
discrete integration by part formula:

(Or,nunsTh) = — (O, Thy UR)- (3.6)

which also implies that

(022 pun,vn) = = (O pun, Ou pvn)  and (032 rh, dn) = — (O nThs O nPh)-

Proof. The result comes from simple direct computations. ]

Evolution of the discrete energy

Lemma 3.2. Let q(t) = (rp(t),un(t),vp(t)) be the solution of system (3.5). With n, =0 and
the discrete energy defined as follows

Ep(t) = (qn(t),qn(t)), (3.7)
we have the dissipation of the discrete energy

d
2B, (1) <0.
g n(t) <

Proof. We take the discrete scalar product of the semi-discrete staggered scheme (3.5) with gy (t)
and we obtain

1d
iﬁEh(t) = — Dy htun, Th) — ax(Op pThy up) — w(Up, up)
KrasAx Ky 0x AT
- 2* <8§2,hrh7rh>+%<6§2,huhvuh>v

where we denote uﬁ = (—wvp,up). By using the properties of the discrete operators stated in
Lemma 3.1, the above equation implies that

N T -7 2
ZAZL’ <Z+3/2A$ ZH/Q) e AY

=1

d
%Eh(t) = —Kra Az [

S A
A H) <0
Z x( Az -

=1

Analysis of the discrete kernel and orthogonal subspace

In this section, we will carry out an analysis of the well-balanced properties of the staggered
type schemes. To begin with, let us define the discrete kernel as

0, a*ri+1/2 —Ti—1/2 :wvi}
Ax

which is exactly the steady state of the staggered scheme without diffusion term, as obviously

seen in (3.5) when K, = v, =0 and £, = 0. In order to figure out whether one numerical scheme

can capture this discrete steady state or not, we analyze the discrete kernels of the staggered

type schemes. In particular, we have the following results:

h 3N
Euz = {Qh = (rp,up,vp) € R 1u; =
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Lemma 3.3. The discrete kernel of the staggered scheme strongly depends on the numerical
viscosity in the pressure equation. Particularly, the discrete kernel of the standard scheme
(kr >0, 7, =0, and Ky >0)

kerLﬁT;:o,nT:o — {qh = (rh,up,vp) ER¥N 14 9 = const,us = 0,v; = 0,Vi € [1,N]} . (3.8)

Moreover, the Low Froude (k, =mn, =0) and the Apparent Topography scheme (k, =1, >0)
have the same discrete kernel which is given by

"r=fr — Ax

T —Tri—
ker L" = {qh = (rp,up,vp) € R3N u; =0, @M = wvz} = Eﬂio. (3.9)

Proof. The semi-discrete staggered scheme (3.5) can be written as

d
Lot Ly =0 (3.10)
where gy, = (rp,up,vp) € R3Y, Lﬁ’n = (L}m, ..,Lf;m,..,Lgn)T and

a KrQx rW
A uipr —ug) — SR [Ti+3/2 —2rip1/2+ 7"1—1/2} + 12 (vig1 — i)

Ky Oy

i —
Ly nn = v {Ti—i-l/Q - 7"i—1/2] — 3 [uip — 2ui +ui—1] —wo;

wu;

o In any case, we always have u; =0 for all ¢ € [1, N], as soon as w > 0.

e We then consider the case . =0 and k, =0. Any element in the kernel verifies Lﬁﬂqh =0

and thus <Lﬁmqh,qh> =0. The computation performed in Lemma 3.2 leads to

N N
2 2
—RyQy Z(Ti+3/2 - Ti+1/2) — Ky Qx Z(Uiﬂ - Uz) =0
i=1 i=1
which implies that r;, = const when the numerical diffusions are such that s, > 0 and
Ky > 0. Therefore, in this case, the discrete kernel is given by (3.8).

e We now turn to the other cases when k, = n,. With u; = 0, the second condition in
LZ,th = 0 obviously leads to the fact that £, C ker LQT:m, and then this is sufficient to

obtain the first condition in Lﬁ’nqh =0, so that (3.9) is verified.
O

Remark 3.2. For the collocated scheme, the kernel of the low Froude scheme introduced in [37]
and the Apparent Topography scheme discussed in [75] are different one from the other since
the first one is defined at the cell center and the second one is defined at the interface. On the
contrary, we have exactly the same discrete kernel with those strategies on a staggered grid.

Remark 3.3. The relation (3.8) indicates that ker LZ#OW:O is a poor subspace of EN,q, so it is

unable to approximate the continuous kernel E,+0. On the contrary, with relation (5.9), we can
say that ker Lhrzm s accurate enough to approximate E,-q correctly.
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Lemma 3.4. The orthogonal space of E" 0 18 given by

h,L 3N . Vi+1 — V4
Eip = {qh = (rp,up,vp) € R : a*iAa: =Wriy1/2 ¢

This leads to the following discrete Hodge decomposition R3Y = 5h¢0 oek ::0’ which means that
an element g, € R3N can be decomposed into

L - A - h,L
qn = qn+ Gy, with gy, € 5£¢0 and qn €& 0
Proof. Let us denote Ay, the set

3N . Vitl — U
AhZ{Qh:(Tmuh,Uh)GR 5a*Ax:wri+1/2}~

Next, we consider an arbitrary Gy, = (7, y,0p,), then for all G, = (74,7, 0) € E,), using the
properties of ELLIO and the discrete integration by part formula of Lemma 3.1 we obtain

Qx i+1/2 — Tic1/2
(Gn»an) ZT1+1/2T1+1/2+Z%% ZT1+1/27“1+1/2+ Z #

=1
N
Z ( Q*UH-I >
2 Pivi\Tir12 = pa )

Therefore, if g belongs to Ay, we obviously have (Gp,qn) = 0 which leads to Ay C gh ¢0 Now
we consider g, € &, ¢0 Since 7, can be arbitrary in RV (as can be seen from the definition of

gl ,o), then for each i € {1,---, N} we can choose one special ¢, € E",, such that r; has value 1
ini+1/2and 0 elsewhere to ensure that 7;11/9 — e 2t — 0. This implies that SLL;% C Ay
To sum up, we have gh ::0 =Ay. [

Remark 3.4. The discrete Hodge decomposition allows us to define the discrete orthogonal
projection

3N h
Ph:{ R — Ciwo (3.11)

an +—— qp

which s computed in the following way: Consider qn = (rp,up,vp) € R3N | and an arbitrary
(Ph, Sp,wp) € gh ¢0 By using the fact that 4y, = 0 and the orthogonality property, we easily obtain

(Th,Dn) + (O, W) = 0= (T, Ph) + (On, Wh) = (Th,Dh) + (Vh, Wh)

which implies, using the properties of elements of & gh J‘

a,\ 2 ~ ~ L a . N
(w*) (Og h Uk, Op pWp) + (Up, Wp) = ;*<Thaax,hwh> + (vp, Wp)-

Using the discrete integration by part formula of Lemma 5.1, we obtain

Ay

wAzx

(Op, Wp) — (

||Mz

wa) sz (Vi1 — 20; + Di—1) = (vp, Wp) — 1171‘(7”1'+1/2—7“z’—1/2)-
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We now choose the special (pp,Sp, W) € gh ’0 such that w; = 1 and Wj.; = 0 to obtain

2
_ a 3 o a
Ui — <wA*$> (Vi1 — 203+ 0i—1) = v; — TA*x (Tig1/2 —Ti1/2)- (3.12)
Similarly, we can obtain
2
. a N . . a
Tiy1/2 — (wA*w> (Pigyyo — 2Pip1/0 + i 1/2) =Tiy1/2 — A*x (Vig1 —v;). (3.13)

As a result, we can find Uy, and 7y, by solving the linear systems (3.12) and (3.13). We also note
that the matriz of the above linear systems are the same and is an M-matriz, so it is invertible.
This implies that 7y, and Oy, are well defined by (3.12) and (3.13). Then, we can easily construct
vy, and Ty, by using the definition of the discrete kernel and orthogonal subspace.

Orthogonality preserving property

In the previous section, the well-balanced properties of the staggered type schemes were inves-
tigated. We can say that both Low Froude and Apparent Topography schemes can capture
the discrete geostrophic equilibrium: they both have a discrete kernel which is a consistent
discretization of the continuous kernel (3.3). In other words, it is possible to accurately discretize
an initial continuous geostrophic equilibrium and the numerical solution of those well balanced
schemes will remain constant at any time.

In this section, we will consider another important aspect which is named "the orthogonality
preserving property". At the continuous level, when the initial condition is in the subspace
orthogonal to the kernel, the solution of the linear wave equation remains in this orthogonal
subspace. Since this is one property of the continuous model, we want to investigate whether this
property is also verified at the discrete level with the numerical schemes. If one scheme satisfies
this property, we say that it is an orthogonality preserving scheme.

Lemma 3.5. For the staggered type scheme, we have:

i. The standard staggered scheme and the Apparent Topography scheme (k. =mn, >0) are
not orthogonality preserving schemes.

ii. The Low Froude staggered scheme (k, =n =0) is an orthogonality preserving scheme.

h,L

Proof. Consider the solution of (3.5) with initial condition g (0) = q2 E,2o- and an arbitrary
=0.

element gy € £ If $(qn(t),q ) 0, then (gn(t),dn) = (qn(0),qn) )

For all ¢y, € €£¢0, we have

=0 and a0y Ty = wip.
Then, using (3.5) and the discrete integration by part, we obtain

NrwAx
2

Ky Az
2

A

<a§27hrh7 Th> -

d . R R
<qh<t>,qh> — —a{Ou s ) — o, ) +

7 (Op bR, Th)

Ky Az NrwAz

— SO 02 )

It is important to see that with the standard scheme or the Apparent Topography staggered
scheme, the right-hand side of the above equation does not vanish. Therefore, Point (%) is proved.
However, the Low Froude staggered scheme 1mposes kr =1y =0, and the above right-hand side
vanishes. Therefore, we conclude that ¢, (t) € 5 for the solution of the Low Froude staggered
scheme. This proves Point (7). O

(O.h VR, Th)-
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3.2.5 Behavior of the solution of the staggered scheme

In this section, we will show some properties of the numerical solution of the staggered type
schemes. Particularly, we focus on the accuracy around the discrete geostrophic equilibrium.
The analysis in the previous sections helps us understand which kind of scheme can preserve
discrete geostrophic equilibria, or their orthogonal states. We will go further with the analysis
and consider the case when the initial condition is close to a discrete geostrophic equilibrium
and we want to figure out if the numerical solution of the staggered type schemes remains close
to the it at any time or at least in short time, which is a property of the continuous system. We
will see that the classical scheme does not fulfill this requirement. We mention the works [20-22]
for such kind of analysis on collocated meshes using the first order modified equation associated
to the homogeneous linear wave equation and [39] for the same equation taking into account
porosity effects.

In order to perform the analysis conveniently, we shall denote the parameters of the standard

diffusion terms by
Ky Az Ky Az
Vp = and v, = ——

2 2
and the parameter corresponding to the correction term by

NraxAx

Tr = B .

Theorem 3.1. Let g, ,(t) be the solution of (5.5). Then

i. When ky =0, =0 , if [lg) — Pr(q))|| = C1M with Cy € RY, then we have Vt > 0,
Ig,(t) = Pa(ap)ll < CLM.

ii. Let kp=O(M), n, =0, and ||g) —Px(q})|| = C1M with C1 > 0. Then, YCy = O(1) >0,
there exists Cs = O(1) € RT not depending on M such that V¥t < Ca, we have ||qx pn(t) —
Pr(gp)| < CsM.

iii. Let ky = O(1), 1, =0, and Az = O(M). Let ||g) —Pr(q))|| = C1M with C1 > 0. Then,
VC5 = O(1) > 0, there exists C3 = O(1) € RT not depending on M such that Vt < Cs, we
have ||gs,n(t) — Pr(gp)l| < CsM.

Proof. By linearity, the solution of semi-discrete staggered scheme ¢y (t) can be written as
G (t) = 4L (1) + 47 (1)
where ¢ ; (t) is the solution of (3.10) with the initial condition
0

4s.1(0) = Pr(qp)

and ¢” ; (t) is the solution of (3.10) with the initial condition
b 0 0
.1 (0) = g5, — Ppr(qp)-

Then, we have

b b

1g,() = Prlan) | = llgg n () + i (8) = Prlap) | < i 5 (t) = Prla)ll + gz » (2]l

Moreover, Lemma 3.2 about the dissipation of the semi-discrete staggered scheme when 7, =0
leads to the conclusion that |¢ , (¢)[| < [|¢® ,,(0)|| = C1 M. For this reason, the accuracy of the
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scheme is linked to the behavior of ¢% , (t). When &, =7, = 0, we obviously have ¢2 , (t) = Pj,(q})
which leads to Point (7). ’ 7

To be convenient, we denote the discrete projection of q2 on the discrete kernel 5£¢0 by qg = ]P’h(qg).
By using the fact that cj% is in the discrete kernel 5£¢07 and thus verifies ﬁ% = 0and a,0,, hf% = w@%,
we obtain Vi € {1,--- ,N}

Al

O(ry iv1/2— f?ﬂ/z) + ax O (U, = 09)ig1/2 — Vrc?%z’h(r,‘;h —")iv1/2 — Vraiz,h(f?l)mm =0

Op(ul , —ad) + axOp b (T, — ) — Vuﬁig’h(uzﬁ —a9); = w(vg; — o)

Ky 7

8t(vg,i - @'?) = —W(Uz,z' - ﬁ?)

(3.14)
Therefore, by multiplying (3.14) with Qi — Y, performing discrete integrations by part and
using the periodic boundary condition, we deduce that

1d 012 L0 [(2 NI 2 A0 0
5@”%@,/1—%” :_VTHax,h(TZ,h_rh)H —VuH@m,h(UZ,h—Uh)H +VT<8x2,h(rh)a(rg,h_rh)>
which leads to

1d 02 2 ~0 ~0
Sgldrn = @l™ = vl 02y (TR) 1k p — anll

and to
d

A 2 (40
gplden = anll < 11052 5, (F)1l

This inequality leads to
gzt — anll < tvrl|OZa 5 (P5)]I-

As a result, we get

g, () = Prlai) || < llgh — Pr(af) | + tvp |02 1, (75)]].

We then deduce Points (%) and (7ii) respectively for k, = O(M) and Az = O(M).

Fourier analysis for the semi-discrete staggered schemes

We now construct the plane wave solutions for the 3 x 3 system of equation in (3.2). Let us
denote ¢ the column vector g = (r,u,v)T, then the linear wave equation (3.2) can be written in
the general form

Orq+ Adpq+ Bg=0 (3.15)
0 ay O 0 0 O

where A=|ay 0 O0]land B=|0 0 —w | are constant-coefficient matrices. We look for
0 0 O 0 w O
the plane wave solutions of (3.15) of the form

where k is the wave number and 7 is the frequency of the wave. These functions can be solutions
to the linear wave equation only under a dispersion relation between 7 and k which is commonly
written as 7 = 7(k). In general, this relation lies in the complex set: the real part R(7) and the
imaginary part (7) indicate respectively propagation and decay of Fourier modes. In order to
find § as well as 7(k), we substitute the plane wave solutions (3.16) into (3.15) to obtain

iT(k)§+A(k)Gg=0



64 Chapter 3. Analysis of staggered schemes

and conclude that —it(k) and § are the right eigenvalue and eigenvector of the matrix A(k)
which is given by

0 axik O
A(k)=ikA+B=|axsik 0 —w
0 w 0

then, the eigenvalues of this matrix are given by

A =0,%iy/a2k? + w2.

Therefore, the dispersion relations of the linear wave equation are given by

7(k) =0,44/a2k? + w2,

corresponding to the steady wave (geostrophic mode) and Poincaré wave (inertia-gravity modes).
Phase (C) and group (G) velocities are given by

T or
C—EandG—%

It is important to see that the phase velocity depends on the wave number, so wave components of
different wavelengths travel at different speeds. On the other hand, 7(k) is a monotone function
which indicates the free spurious oscillations of the shortest wave, namely 2Az [20].

The numerical dispersion relation of the semi-discrete staggered scheme is found by using the
discrete Fourier modes and we only consider kAz on the range (0,7]. It is expected that in the
region of interest, i.e kAz < 0.1, the dispersion relation of the numerical scheme has the same
behavior as that of the continuous modes and it preserves the amplitude of the waves which
means that there is no damping error with the numerical scheme. Let us emphasize that most of
energy transfer occurs in this long wave region. On the other hand, since the phase error of the
waves with the shortest wavelength 2Ax might produce some oscillations, numerical damping
is really useful for high frequencies. However, numerical diffusion also affects the wave speed,
and waves might therefore transfer with incorrect speed. Hence, we have to control numerical
viscosity such that it does not destroy the steady state, ensures the stability of the scheme and
has a minimal impact on the wave speed.

In order to obtain the dispersion relation of the semi-discrete Godunov scheme, we look for the
solution of the semi-discrete Godunov type scheme under discrete Fourier modes:

rivra(t) = o OeEFETE) ui(t) = pu (1) and  vi(t) = gy (t)e*.

Substituting these expressions in the semi-discrete scheme and setting 7, = K, (because both
Low Froude and Apparent Topography schemes use this equality), we obtain the following linear
system of differential equations:

2sin?(kAz . 2sin(*z ) 2sin( kAz
)\ [rea, ) g, 20 et 250\ )\ g
Pult) | | g, B0 20 Cw pu) | =10]. (317
Pu(t) 0 w 0 Po(t) 0

We shall denote by A(k,Az) the matrix of the linear differential equation (3.17). The first
eigenvalue of the matrix A(k,Ax) is A = 0, corresponding to the discrete stationary state. The
other two eigenvalues, corresponding to the inertia-gravity modes, are given by

2 2 _ 2/ 021\2 kA
Ai:”T+”uai¢\/w2+a2a (W V“) (O‘> with a:QSin<2x). (3.18)

2 Azx? *Ax2 2 Az?
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The real part of eigenvalues R(A1) indicate the decay of Fourier modes k. Due to the fact
that ®(Ay) > 0, both Low Froude and Apparent Topography schemes are damping. More
importantly, the damping rate of the Apparent Topography staggered scheme is larger than that
of the Low Froude staggered scheme (which uses n, = 0) especially for the shortest wavelength
2Ax for which kATI = 5 and thus « is maximal. Therefore, from the numerical point of view, the
Apparent Topography scheme will probably present fewer oscillations than the Low Froude scheme.
Moreover, the imaginary parts S(A+) are of different signs, which means that the inertia-gravity
modes move in different directions, which is the same behavior as the continuous system.

Remark 3.5. On a collocated mesh, the eigenvalues A+ of the Godunov type scheme can be
written as

Up 41y @ sin(kAx)? (Vr — Vu>2 ( o? )2
Ay = —s * 292 2 — 3.19
= 2 Az? z\/w +a Ax? 2 Ax? (3.19)
where
9= 1 Low Froude scheme,
B COSQ(%) Apparent Topography scheme.

We mention [75] for more details.

Remark 3.6. It is highly recommended to use the same numerical diffusion term on the pressure
and velocity equation for the Apparent Topography scheme on both collocated and staggered mesh,
since the final term in the eigenvalue of the inertia-gravity modes disappears with v, = v,.

We have the following comments based on the Fourier analysis of the semi-discrete scheme:

e We see in Figure 3.3a that the staggered schemes give better dispersion laws than the
corresponding collocated schemes. Since the term sin(kATx) of F(A4) in (3.18) is a monotone
function until £ = £, we get monotonic curves for the dispersion laws of the staggered
schemes. However, this important property does not hold with the collocated schemes. We
can observe that when kAx = 0.47, the dispersion laws of the collocated schemes start to
decrease. This problem can be explained by the non-monotonic function sin(kAz) in (3.19).
Therefore, we do not have the spurious 2Az oscillations with the staggered schemes but we

might have them with the collocated schemes.

e The error phase velocity error is shown in Figure 3.3b where the following quantity is
plotted:
Crn—Co
Co
where C}, and Cy respectively stand for the numerical and exact phase velocity. This figure
shows us another important property of the staggered schemes: We can notice that the
phase velocity error is much smaller with the staggered scheme than with the collocated
scheme.

Mg =

e Figure 3.3c indicates that the group velocity of the staggered schemes is always positive
while it becomes negative with the collocated schemes when kAx > 0.47. Hence, in the
short wave region, i.e for high frequencies, the energy of the collocated schemes moves in
the wrong direction.

o Considering the staggered type schemes, from Figure 3.3, we can see that the Apparent
Topography staggered scheme curves are closer to the analytical ones than those of the Low
Froude staggered scheme in terms of dispersion law, phase and group velocity.
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e From Figure 3.3d, the damping rate of the Apparent Topography schemes is twice larger
than that of the Low Froude schemes (the damping rates do not depend on the type of
mesh, collocated or staggered). As a result, on a collocated mesh, we may expect fewer
oscillations with the Apparent Topography schemes, especially for the waves with shortest
wavelength 2Azx.

e Figure 3.3 also indicates that in order to make sure that the properties of the numerical
solution are similar to those of the exact solution, with the collocated schemes, we have to
consider meshes which satisfy ]“ATI < 0.2, while the staggered schemes require kATI <04. It
means that we can reduce the mesh size by a factor of two with the staggered schemes.
Hence, the staggered schemes are preferred rather than the collocated schemes in terms of
efficiency.

e Figures 3.4 and 3.6 indicate that the behaviors of the dispersion law and group velocity
strongly depend on the Rossby deformation radius. When Ry < Az, the Low Froude
collocated scheme produces much better dispersion law and group velocity than the Apparent
Topography collocated scheme in the region kAx < 0.4. More importantly, the group velocity
of the Apparent Topography collocated scheme is negative even in the region of interest
which indicates the wrong moving of the energy. Moreover, Figure 3.5 shows that the error
of phase velocity of the Low Froude collocated scheme is smaller than that of the Apparent
Topography collocated scheme. For example, with the shortest wavelength 2Az, the error of
phase velocity is 50% with the low Froude scheme and 100% with the Apparent Topography
scheme. However, in the regime R; > Ax, the Apparent Topography collocated scheme
is preferable. This is because with the Low Froude collocated scheme, waves with short
wavelengths (kAz > 0.8) do not propagate at all since the corresponding eigenvalues are
real numbers (their imaginary part vanishes) and thus the error in the phase velocity for
short wavelengths is larger with the Low Froude Collocated scheme and their energy does
not propagate.

Analysis of fully discrete staggered scheme

Fourier analysis of fully discrete scheme

The numerical properties of the semi-discrete scheme may change a lot when we take into account
the time discretization. In this section, we investigate the numerical dispersion law and damping
error (amplification) of the fully discrete schemes. We mention the work of Manuel J. Castro et
al. in [27] for the study of these properties with high order schemes in space an in time.

In general, when a 6-scheme is applied to the Coriolis term, the first order time discretization of
the staggered schemes can be written as

Toai ™ = ¢! — AL (") (3.20)
where the matrix Ty is given by
1 0 0
To=10 1 —(1—=01)wAt (3.21)

0 (1- Qg)wAt 1
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Figure 3.3: Numerical properties of the semi-discrete Godunov type schemes with Rossby deformation
Ry = Ax.

and Efi’,en is the operator corresponding to the spatial discretization defined by

ax [,m  _ ,mn| _ Krax |.n _ 9.n n Wi, m _ ,n
Az [uz’—l-l uz] 2Az [Ti+3/2 210 Jr7"1'—1/2} + 5= (v — i)
£i76 n — ax |..n _.n _ Ruls |,m _9om n . n

ko Az |Tiv1/2 ~Tic1/2 SAe |Wip1 — 2ui Ty | — Orwy;

Oowu
It is useful to see that equation (3.20) can be rewritten under the following form

@t =Ty ap — AL g, (3.22)

where the matrix 7:9_1 is given by

A(91792) 0 0
L1 ) | ) o
To ) 0 ! wAL(1—01) with — A(61,02) = 1+(wAt)" (1-61)(1-02).
0 —wAt(l—Gg) 1

(3.23)

We now conduct a Fourier analysis for the fully discrete scheme by substituting the discrete
Fourier modes . ' .

r = gofe"kxi, up = Lpﬁe’kx" and v’ = cp;‘e’kl"" (3.24)
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Figure 3.5: The errors of phase velocity of semi-discrete Godunov type schemes with different values of
Rossby deformation.

into the fully discrete scheme (3.22) in order to obtain
" = Myo™ (3.25)

where the matrix My is given by
My =T, I — AtAy] (3.26)

with

20 kAz s (kA s kAz
sin? (542) Sn(H2) g sin(H2)
Ky Gy AiQ ay A7302 j b A73:2
2 2 2
Ay = sin(k42) sin2(kAz)
0 QA AlQ ulx Ai2 —01w

2 2

0 Ao 0

Remark 3.7. We now consider one special case when 601 =1 and 02 = 0. In this case, let us note
that the one step scheme is the same as the following splitting scheme, in which the first order
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time discretization of the fully discrete scheme is composed of two steps:

. .
qZ( = gp - AtBL,, 4"

. (3.27)
q =g - atee g
where
100 000
B={(0 1 0 and C=|(0 0 O
000 001
Therefore, we obtain
M= (Z—-AtCA).(T—-AtBA). (3.28)

For every eigenvalue a of matrix M (or My), the discrete frequency of the wave is defined
by

3.29
At (3.29)
where arg(a) represents the argument of the complex number a.
The amplification factor after a time ﬁ—f is given by
Az
0= ‘@‘G*At_ (330)

Now if we denote CFL = a&ét, the amplification factor can be written as o = ]04]1/ CFL
Figures 3.7 and 3.8 show the numerical dispersion laws and damping of the fully discrete schemes
with first order time discretization and 6; = 62 = 0.5. Those figures indicate the effects of the
time step through the CFL parameter and of the value of the Rossby deformation radius.

o We observe that the properties of the fully discrete scheme are nearly the same as those of
the semi-discrete scheme when the time step is small (CFL =0.01). More importantly, we
still have monotonic curves for the dispersion laws of the fully staggered schemes, like in
the semi-discrete case. However, when the time step is large, there appears a drawback
with the Apparent Topography staggered scheme: This scheme produces numerical waves
that are faster than the exact ones. Hence, we can say that this scheme is very sensitive to
the time step At. On the contrary, the Low Froude staggered scheme is not sensitive to the
CFL parameter.
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e In consideration of the Apparent Topography collocated scheme, the numerical dispersion
law is closer to the exact one when the CFL value is larger (i.e. for large time steps).

o About the damping error, when the time step is small, there is no difference between the
collocated and staggered schemes. The damping rate of the Apparent Topography scheme
is twice larger than that of the Low Froude scheme. However, the damping rate of those
schemes are different one from the other when the time step gets larger. We can observe
that the greater the CFL value, the less damping error there is with the staggered schemes.

e The properties of the Low Froude collocated scheme also depend on the ratio between the
Rossby deformation radius and the space step Axz. The dispersion law goes faster to zero
in the regime Ry > Ax than in the regime Ry < Ax.
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Figure 3.7: Numerical properties of Godunov type schemes with first order time discretization when
01 =0, = %, with Rossby deformation radius Ry = Az and k, = ky =1 for the staggered and collocated
Apparent Topography schemes, while ky, =0,k =1 for the staggered and collocated Low Froude schemes.
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Figure 3.8: Numerical properties of Godunov type schemes with first order time discretization when
01 =05 = %, with Rossby deformation radius Ry = 2Ax and k, = Ky =1 for the staggered and collocated
Apparent Topography schemes, while k, = 0,k =1 for the staggered and collocated Low Froude schemes.

Stability condition of the staggered type schemes

We consider a homogeneous cartesian mesh. The one step fully discrete staggered scheme is
given by

n+1

n n n n
AR VE RS Ve R (“?ﬂ - “?)  reacta [Ti¥3/2 = 212 Tl | Az (U?-H - U?) _0
At * Ax 2 A2 2 Ax ’
u”.H_l — T 1/2 — 7'7-1_1 9 ul = 2ul +ul
Tt sy Ar = —H“az*m“’( = AT 1) :w[911’?+(1—91)v?+1],
g
<t Az L= _w [Ggu? +(1— Gg)ugbﬂ}

(3.31)
for ¢ € {1,...,N} and 0 <6y,05 <1.
To be convenient, let us denote:

O1=1-01—063, Oy=60102+(1—61)(1—062) € [0,1], O3=(1-201)(1—2607) € [—1,1].

Theorem 3.2. We have:
i. When 01+ 602 > 1, the staggered scheme (3.31) is unstable.

it. For the Low Froude staggered scheme (k, =0 and Ky, > 0), we consider the following
two cases:
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(a) If = wQAIQ < w2Ax2 +0s3, the Low Froude staggered scheme is stable under the sufficient

condition:
AV

2 2 ;
2(Jax| - a5 01)

(b) If & wQMQ > 2Ax2 +03, the Low Froude staggered scheme is stable under the sufficient

At < Aty =

(3.32a)

condition:
1. When ©3 >0,
At < min{At,,Atp} (3.32b)
al[@e 24+w203Az2 .
74(132'{ |2a®| A [1 — \/1 _ daitwOsAs” +f:%a®%3 21, if 4a2 + w?O3Az2 £ 0,
where Aty :={ B T@ O30T
- A‘§*| ) otherwise.
7. When O3 <0,
2
At <min{At,, Aty,At.}  where Ate:= ———. (3.32¢)
wy/|Os]

i1i. For the Apparent Topography staggered scheme (ky > 0), we have the following sufficient
CFL condition:

At <min{Atg, At}

where
— 1041 (1 4 iy ko) /T2 (L oo )2 o (Rt o )20 (1—01)
Ata — Krw?02(1—061) ’ Zf 62(1 B 91) =) (332d)
%% otherwise.
and
min{%,i}g—f, ifGQZ%,
Aty = (3.32¢)

: 1 Az 1 .
min {m o E} , otherwise.

Remark 3.8. The time step of the Low Froude staggered scheme is more restrictive upon Atg
than the one of the Low Froude collocated scheme. However, it is less restrictive in consideration
of Aty,. Moreover, in the general case, we normally have Kk, <1 and if we only consider the
case 0 < 601,05 < %, we will obtain ©3 > 0. As a result, the CFL condition in this case is only
restricted by At, and we can conclude that the CFL condition of the Low Froude staggered scheme
does not depend on the Coriolis parameter w.

Proof. We perform a Von Neumann analysis to investigate the stability condition for the staggered
scheme (3.31). To begin with, let us denote

At kA
o=4 v =wAt and s:sin<2x>.

Next, we substitute

i R,
qj = u? =|U, ezij:E
" Va

S
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into (3.31) in order to obtain
Toq; "' = B} (3.33)

where the matrix Ty is given by (3.21) and B is given by

1 — 2k, |ay|os? —2a,01s —ikrwAts
B= —2a,018 1 — 25y |ay|os? 017y
0 —0oy 1

In addition, ’7'071 is given by (3.23). Therefore, we can rewrite (3.33) as q;”l = Cgj where the
amplification matrix C' is given by

(1 — 2k, |ax|os?)A(01,62) —2a,0isN\(01,02) —ikrwAtsA(07,602)
1
1 . 2 2
_r-lp___ L 9 1—~20(1 — 1) — 2
c=1T, 61.02) ax01s v202( 1) — 2ky|ay|os v
29(1 — 02)axois —[1 = (1 = 02)2ky|ax|os?] 1—~2601(1—62)

The characteristic polynomial P(X) of this amplification matrix has one solution A\g =1 and the
other two roots A+ are the solutions of a second degree equation

M HEN+C=0 (3.34)
where the coefficients ¢ and ( are given by

2 — 3201 + 02 — 20102) — 25y |ax|o s> 9
= 2
é A(01,62) + K/T‘a*’US

and

1+ 120102 — 2k |ax|os? +4ao?s?
A(61,02)

1 — 2ky|ay|os?
A(61,02)

27292(1 —61)
A(01,02)

—2/£T|a*|052 + 2K, |ax|os

¢

In order to ensure that the roots of (3.34) are in the unit circle (|]A+| < 1), the coefficients £ and
¢ must satisfy

<1 and Jel <1+ (3.35)

First of all, we consider the modes which are constant in space (k =0, so s =0). In this case
the condition |¢| <1 reduces to

1 +’)/29192 <1 +’Y2(1 — 91)(1 — 92).
This condition is fulfilled if and only if
7v*[(61+62) —1] < 0.
Therefore, the parameters 61 and #» must satisfy the stability condition 61 + 65 < 1. This proves
Point 1. Therefore, in what follows, we consider the case 61 + 62 < 1, which implies in particular
that ©1 > 0.

Next, we consider the Low Froude staggered scheme by setting the numerical viscosity x, = 0.
In this case, condition (3.35) can be expressed by the following procedures:
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e Firstly, the condition ¢ <1 is equivalent to

147260105 — 2Ky |ay|os? + 4a2o?s?

<1
A(91,92) -

which leads to
fi1(s?) == =720 — 2ryax|os® 4+ 4a2o?s? < 0.

With s varying in [~1,1], the previous condition holds provided maxjq ;) fi <0. We notice
that

f1(0), if |ax|o < 5,
max f1 =
[0,1] f1(1), otherwise.

We first note that with |a.|o < %+, the condition f1(0) <0 is always satisfied. So the
condition At < A% g sufficient to have ¢<1.

2]ax]
On the other hand, if At > ZTaAf\’ which means |ax|o > 5, the condition f1(1) <0 reads
2|ax])? 2|a
_72(")1 - zlﬁu‘a*‘0+4a30—2 < 0 < <(‘A,;2D —w2®1> At < |A;| R,

which means At < At, defined in (3.32a). So by gathering the two cases, the condition
¢ <1 will be satisfied if and only if At < At,.

¢ Next, the condition ( > —1 can be written as
f2(5%) := 72O + 2(1 — kylas|os?) +4a20?s% > 0.

We shall see below that this constraint is weaker than another one (f3(s2) > 0) and needs
not be taken into account.

e Let us now turn to the condition upon &. The first case —§ < 14 ( reads

2 — 72(01 + 62 —26102) — 2/@u|a*|052 <2 —1—72[1 — (01 +602) +20,02] — 2/€u|a*|082 + 4&30252

which comes down to
—? - 4afs2 <0.

The latter inequality always holds and does not imply any additional constraint upon At.

e Finally, we consider the case £ <14 (. This leads to

—2472(01 + 02 — 20102) 4 2k |ay|os? < 2442 [1 — (014 02) +201602) — 2y |ax|os® +4a20? s>,
It follows that
f3(5%) := 7203 + 4(1 — ky|as|os?) +4a20?s% > 0.

From @3 = 203 — 1, we infer that 2fo(s?) — f3(s%) > 0 over [0,1]. This implies that the
condition fa(s?) >0 is a consequence of f3(s?) > 0.

With s varying in [—1,1], the previous condition holds provided minp ;) f3 > 0. Moreover,
we have
f3(0), if |ax|o > Ky,

[0,1] f3(1), otherwise.

min f3 = {
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When |ay|o > Ky, the condition f3(0) > 0 is given by
f3(0) =703 +4>0

which is always satisfied when ©3 > 0 and in case @3 < 0, this condition leads to

2
At < . (3.36)
wy/|Os3]

When |ay|o < Ky, the condition f3(1) > 0 is equivalent to

[

4a?
_ 2 2
Q3(At) = (w O3 + Aﬂ;é) At® — 4k, A

At+4>0
T

2,2 2
When w@fgz < % + @3, this condition is always satisfied. If not, then the solutions of
the second order equation Q3(At) =0 are given by

Aa2 + w2 2
11\/1— G+ B0 ] (3.37)
Hua*

2Ky | ]

At = 402 | o A
A +w?O3Ax

which leads to the stability condition

2 2 2

_Znulad] g fy deddet@sAet| ey 0 ) 09 A2 L),
195 4 w2@sAz R

At < Aty =< &= 3

Ax
Kl

(3.38)

otherwise.

This concludes Point 2.
We now consider the Apparent Topography scheme with x, > 0. In this case, in order to find
a sufficient CFL condition based on (3.35), we combine the following conditions:

e First, the condition ¢ <1 is equivalent to

f1(5%) i= =2(kp4ru)|ax| 052 +4a20% S+ 4k kya2o? s1 42k, | a0 52202 (1—01 ) —72 [1 — (01 + 62)] < 0.

With s varying in [~1,1], the maximum value of fi(s?) is either f1(0) or fi(1) due to
the the fact that 4k,kya20? > 0. Moreover, we have f1(0) = —y2[1 — (61 +62)], so the
condition f1(0) <0 is always satisfied since we only consider the case 01 + 62 < 1. We now
focus on the condition f1(1) <0 which is given by

—2(Kp+ k) |ax|o+4a202 + 4k k0202 4+ 26, |ay | 07202 (1—01) —2 [1 — (01 + 602)] < 0. (3.39)
We note that a sufficient condition for (3.39) to hold is when we have
—2(Ky 4 Ku)|ax|o + 40202 + 4k kya2o? + 2k, ax]oy202(1 — 61) < 0. (3.40)

We now notice that when 62 =0 or 6; = 1, condition (3.40) reduces to

+ K Ax
) 4a%02 +4 262<0 = At<_rThu 2T
(K + Ku)|ax|o +4ai0” + 4k kyaio” < T 2(1+ Rrku) ax

On the other hand, when 62(1 —61) = 0, (3.40) leads to the condition

Ab < Af. e *%(1 + /ir“u) + \/(%)2(1 + ’irﬂu)Q + Kfr("‘fr + /{u)W292(1 - 91) (3 41)
—Te Hrw2¢92(1 —91) ' '
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e Next, the condition ( > —1 can be written as
fa(s?) := 2 — 2(ky + ko) |ax|os? + 4020252 + 4k kyalo?st
+2/<;T|a*|0527202(1 - 91) —1—72[1 - (91 + 92) + 29192] > 0.

We shall see below that this constraint is weaker that another one (f3(s2) > 0) and needs
not be taken into account.

e The condition —¢ <14 reads

2 —42(01 4 03 — 20102) — 2(ky + k) |ax|os® < 2—2(ky + ku)|ax|os® + 40202 s% + 4k, kyalo?s?

+ 2np|ax|os® 2 (1 —01) + 721 — (61 + 02) + 26162]
which comes down to

—~% —4a20%s? — Ak, kyalo?st — 2/67«‘(1*‘0'52’}/2(1 —01)<0.

This inequality always holds, so we do not need any additional constraint upon At.

e Finally, we consider the case £ <14 (. This leads to

2 — 2Ky + k) |ax|os® + 4a20?s? + dkpryaio’st

<
4+ 2kp|ax]os®y2 (1 —61)(202 — 1)
+ P — (614 62) +20165]

—2+72(01 + 02 — 201602) + 2(kir + )|k |o's?

It follows that

f3(5%) == 72O034+2k, | ax| 0725 (1—01) (202 —1)+4—4(kp+ky)|ax| o s> +4a2 02 s>+ 4k kyao®st > 0.

(3.42)
We note that 2f2 > f3 so that indeed fo >0 is a consequence of f3 > 0.
Since ©3 > —1 and (1 —61)(262 — 1) > —1, this condition is always satisfied when
93(5%) 1= =72 =2k, |ax |0y s? +4 — A(ky + Ky |ax| o5 +4a20? s + dkpryalo®st > 0. (3.43)

The minimum of g3 is reached in s2 = X3 with

Xy = By 4 (K + k) — |aslo

2kp Ky |ax|o

We realize that under the condition At < Wﬁ (which implies (ky +ky) > 2|ax|o(14+

1+krku) |ax|
Krky)) wWe have

X3>1+

> 1.
RyKy

Therefore, the stability condition is satisfied when
93(s*> =1) = =% — 2k, |ax| 0 + 4 — A(Ky + Ku)|ax|o + 4a20% + 4k, ryalo? > 0. (3.44)
One sufficient condition for (3.44) is given by

1 Az 1
At < Aty = min{ x }

2k + k) |ax| w

because then v < 1, moreover 2k.,|ax|oy? < 5 and 4(ky + Ky)|axlo <2
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As a special case, going back to (3.42), we now notice that when 0y = % the first two terms
of (3.42) vanish and the condition f3(s?) > 0 leads to

4 —A(Ky + ko) |ax]o + 40202 + 4k kyalo® > 0.
This condition is fulfilled when
1 — (K + k) |ax|o + Krrya2a® > 0. (3.45)

Solving (3.45) is easy and leads to the following sufficient condition

1 1Y) A
At < Aty = min{,} x

K Ry m'

Numerical results

Well balanced test case

Let us fix the parameters a, =1, w=1, 6 = %,02 = % and consider the initial condition on the
periodic domain (0,27)
¢ = (sin(wx),(),a* cos(ww)) (3.46)

which is in the kernel &,.9. At the discrete level, in order to ensure that q,g is in the discrete
kernel, we first interpolate ¥ to where it is located according to the scheme (ris1 /2 for staggered
schemes and r; for collocated schemes), and then use the definitions of the discrete kernels to
compute v; from r; /o and r;_y/p for the staggered schemes and from r;;; and 7,1 for the
collocated schemes.

Figure 3.9 indicates that the classical scheme is unable to capture the discrete kernel since
it introduces spurious waves in the orthogonal subspace (Figure 3.9b). Moreover, the damping
of the kernel part in Figure 3.9a is another evidence to show the incorrect behaviour of the
classical scheme. On the contrary, the Low Froude and Apparent Topography strategies are
well-balanced schemes. This is because they preserve the kernel part and do not create any wave
in the orthogonal part as well.

26 T T T T T 0.06

= mILFS
Im i miILFC

1111 ATC

.5 I R I S O N S 0 S S S i [ 82 il

ool[/mimiLFs 1
‘.‘.‘kr_:r(é 0.011
2151 1111111 ATC

cC
21 L L L L L T S I

2 4 6 8 10 12 0 2 4 6 8 10 12

(a) [141I(2) (b) llgli(®)

Figure 3.9: Well-balanced test case: the evolution of the kernel and orthogonal components of the fully
discrete scheme.
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Orthogonality preserving test case

In this test case, we investigate the behavior of the numerical scheme with one initial condition
in the orthogonal subspace given by
¢ = (a* cos(wz), 1,sin(wx)) (3.47)

At the discrete level, in order to ensure that qg is in the discrete kernel, we first interpolate v to
define v;, and then use the definitions of the orthogonal of the discrete kernels to compute ;1 /9
from v;41 and v; for the staggered schemes and r; from v;41 and v;—1 for the collocated schemes.

Figure 3.10b shows that the orthogonal part is damped much faster with the Apparent
Topography schemes than with the classical and Low Froude schemes. As a result, the Apparent
Topography schemes create waves with larger amplitudes in the kernel than the other schemes,
which is shown in Figure 3.10a. As can be seen, although the classical Low Froude is not
orthogonality preserving, it introduces waves with smaller amplitudes in the kernel than the
other schemes.
In Figure 3.11, we make the analysis for some different Low Froude schemes. The parameter 7
stands for the time discretization of the velocity u in the pressure equation (we replace u™ by
Tu" + (1 — 7)u™*L. So the explicit choice corresponds to the case 7 =1 (note that the scheme
remains explicit even when 7 < 1 because u"*! can be computed independently of 7"*1). From
Figure 3.11, we can observe that only the Low Froude scheme with 7 = % can preserve the
orthogonal subspace. On the other hand, this Figure also shows that the damping rate in the
orthogonal part also depends on the parameter 7. The more implicit, the larger the damping
rate.

T
== u|FS

T T T T T
Y == alFS
¥ g imimILFC

ImimLFC

NONONONS L
(a) [14ll(2)

Figure 3.10: Orthogonality preserving test case: the evolution of the kernel and orthogonal part of the
fully discrete scheme.

Accuracy at low Froude number test case

We now consider the following condition

8w¢07
1
€ 5w¢07

) Q®(r) = (sin(wz),0,axcos(wz)) €

@ =a+M

=
=]
—
8
~
I

ay cos(wz), 1,sin(wx)

which is close to the kernel &,.9 up to a perturbation of order M, and where the discrete
components (j? and (j? are computed as in the previous two test cases.
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Figure 3.11: Orthogonal preserving test case: the evolution of the kernel and orthogonal components of

the Low Froude type schemes.

We can observe from Figure 3.12 that all the presented well-balanced schemes are accurate at
low Froude number, since, for those schemes, the deviations of the solution from the projection
of the initial condition into the kernel are of size O(M) when the initial condition is close to
the discrete kernel (||¢° —P¢°|| = O(M)). On the other hand, the total deviation for the Low
Froude scheme remains with a norm much larger than with the Apparent Topography scheme.
One explanation for this is that we have more damping with the Apparent Topography scheme
in the orthogonal subspace. This also implies that the Low Froude scheme tends to the steady

state slower than the Apparent Topography scheme.
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102 ! ! ! ! ! 10.4 ! ! ! ! !
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0

Figure 3.12: Accuracy at low Froude number test case: deviation of the solution from the initial projection

in the kernel for various fully discrete schemes.
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Water column test case and geostrophic adjustment

In this test, we consider the initial condition given by

{1+A0, if |z| <Ry

r(:c,t: ): .

1, if |z|> Ro. (3.48)
u(z,t=0)=0, '
v(z,t=0)=0.

with periodic boundary condition on the domain [—5,5], 61 =1, 62 =0, a, =w =1 and 100 grid
cells. We note that this initial condition is far from the geostrophic equilibrium.

Figure 3.13 and 3.14 respectively present the evolution of the pressure and vertical velocity. We
can observe that with the classical scheme, the pressure tends to a constant and the vertical
velocity has a tendency to zero. This corresponds to the discrete kernel (3.8). However, the
Low Froude and Apparent Topography schemes tend to another steady state corresponding to
the correct discrete kernel (3.9). On the other hand, as can be seen, there are small oscillations
during the evolution of the LFC scheme. One possible reason for this problem comes from
the fact that the dispersion relation of the collocated schemes is not monotone. Therefore, we
really need the damping effect for the waves with shortest wavelengths to avoid this unwanted
behaviour of the collocated scheme. Since the damping of the ATC is twice larger than that of
the LFC scheme, the oscillation problem is avoided with this scheme.

The adjustment process of the staggered schemes is shown in Figure 3.15 and 3.16. We can see
that the ATS scheme tend to the geostrophic equilibrium faster than the LFS scheme. These
figures are another evidence to confirm that the Low Froude and Apparent Topography strategies
have a correct discrete steady state.

The final state of a well balanced scheme also depends on the parameter Ay and Ry. This
property is presented in Figure 3.17. The positive value of Ay stands for the unbalanced height
elevation and the negative value of Ay corresponds to the height depression.
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Figure 3.13: Water column test case: the evolution of the pressure with Ag = Ryp =1



3.4. Numerical results 81

o - o .
] -
o _?: ol F: ]
03 Fa ) i é"
osf ]
. I3 , FANY
I 2 o, ol o |
0.1 r ';’-':(l' 1 “,;.-J«.ﬁ k]
/ & LN S K
0 4 Y & “ of” s
> ;.’? 7 % e
SN H L P
01 o !I 1 Loal [ 3 a:";-i-—
: | VoF
& -0z 1 & ]
‘ 1 = LFS F
» = m LFC Y
: [ e s 1
] g ¥
&
S I I T S S S S I L
(b) v(z,t) at time ¢t =10 (c) v(z,t) at time t =20
o : o
L)
o 1 e i ]
0s ¢ 1 e 4 ]
] &
0z S8 1 ozl 1
S Y
o o 1 e ]
. T \ p——
opo e opmnr it
\ P % o
o e I ]
& \ Py
o2 b 1 K ]
Al &§ »
el T 1Y i | sl EE TS i o8 ]
iR HHE
oal] = = aTC ? B o4 = = ATC v B
& &
T T L L T R T B B L

(d) v(z,t) at time ¢ =40 (e) v(z,t) at time ¢t =200 (f) v(z,t) at time ¢t =400

Figure 3.14: Water column test case: the evolution of the vertical velocity with Ag = Rg=1
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Figure 3.15: The pressure gradient and Coriolis force of the LFS scheme with Ag = Ry =1
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Figure 3.16: The pressure gradient and Coriolis force of the ATS scheme with Ag = Rg=1
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Figure 3.17: Water column test case with different values of Ag and Ry at time t = 400: pressure r (top
row) and vertical velocity v (bottom row).

Conclusion

In the present work, we adapt the Low Froude and Apparent Topography strategies, developed
for collocated grids in [13, 37], to staggered grids in order to obtain the Low Froude staggered
scheme and the Apparent Topography staggered scheme, which are able to capture correctly
discrete steady states. The new schemes on staggered grids have better dispersion laws than
those on collocated grids. More importantly, the Low Froude staggered scheme is robust with
respect to the time step as well as to the relation between the Rossby deformation and space
step. On the other hand, the Low Froude staggered scheme is accurate at low Froude number
when the initial condition is close to the kernel, and this scheme may also be tuned to preserve
the orthogonal subspace. Besides the properties of the numerical schemes, we provide CFL
conditions to ensure the stability of the staggered schemes in Theorem 3.2. We now aim to
extend these results to the 2D case with Arakawa A-E grids [10, 11].

Analysis of staggered type schemes without diffusion term

MAC type schemes

The are some kinds of MAC schemes which can be applied to the linear wave equation (3.2).
One of them is simply given by

ntl . n n+1/2_ n+1/2

vl g Tit1/2 “Tic1/2 _wU?HvaZ’
At * Ax - 2 ’
n+1 n n+1 n
v, —v! w, ' Hul 3.A.1
7 T — 7 7 . .
AL T W ( )
n+3/2  n+1/2 n+l_ n4l
i+1/2 " it1/2 +ay e =0

At Ax
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which computes the velocities at the cell centers and the pressures at the interfaces. In this
scheme, we use a staggered discretization in time, in which the unknowns are not defied at the
same time. Particularly, the pressure field is defined at ¢"11/2 = (n+ %)At and the velocity
field is defined at t" = nAt. Let us note that since we do not have the velocity field at time
2 = (n 4 %)At, we use a semi-implicit discretization in time for the Coriolis source term.
One may think that we can also use a staggered grid in time for the velocity field by defining the
discrete horizontal and vertical velocities respectively at t" and t"+1/2 in order to get another
kind of MAC scheme, namely MAC-w. This scheme can be written as

n+l/2_ n+1/2

uﬁJrl*’UJn T'+1/2 T'_1/2 n+1/2
Sty Ewy
’U'.n+3/27v1.1+1/2
IR, (3.A.2)
n+3/2 n+1/2 1 1
i+1/2 " Tit1/2 +a uﬁ-ﬁ _“;H -0
At * Ax -

Remark 3.9. The MAC type schemes (3.A.1) and (3.A.2) are second order accurate in space
and in time.

Stability condition

Lemma 3.6. [(i)]

i. The MAC scheme (3.A.1) is stable when the following CFL condition is satisfied

Al (Z;) <1. (3.A.3)

it. The MAC-w scheme (3.A.2) is stable under the following condition

Ay W
At ——+—=]<1. 3.A4
(Am + 2) - ( )

Proof. To begin with, we multiply the first equation of (3.A.1) with «"*! 4™ in order to obtain

[ |2 — JJu”||? w
At 2
Next, by multiplying the second equation with v +v", we easily get

+ a*@m’hrnﬂﬂ,u”“ +u™) = — (" g™ WM ), (3.A.5)

n+1H2_

lv lv W

At 2

nH2 _

(W T o™, (3.A.6)

On the other hand, we now multiply the final equation with r™3/2 4 77+1/2 ¢4 get, the following

relation
n+3/2 H 2

At

By using the discrete integration by part and taking the sum of all equations from (3.A.5) to
(3.A.7), we obtain one kind of conservation of energy

n+1/2”2

I I

@ (B pun T 32 /2y — g, (3.A.7)

Ep, = [[r"32 24 a2 [0 2 ar A0y pu T T 2) = 2 2 20 P+ as AR D, pu”, 72
As a result, we have

P22 4 P 4 0P — ant |l < By, (3.A.8)
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Due to the fact that [|0, ,u" || < %Hu”“”, inequality (3.A.8) leads to

a At
e N e I sl ERN T E

By the inequality (1 —a)(2? +y?) < 22 — 2azy + 92, this leads to
(1 B G*At) (Hrn—}—3/2H2 + Hun—}—l”Z + an-‘rln?) <E,
Ax -

Therefore, under the stability condition given by (3.A.3), it follows that the energy is always
bounded a constant

Ep

Ay

e (1)
This proves Point (i).
For Point (ii), we follow the same way and easily obtain the conservation of the following
quantity

”Tn+3/2||2+ Hun+1||2+||vn+1||2 <

[P H3 22 4 a2 4 S22 4 g A @ g™ 1) ot ) =

This relation implies that

a At aAt  wAt wAL
1 n+3/2)12 (1_ _ ) nl )2 (1_ ) n+3/22 £ g
(1= 2 i (1= St = ) 4 (1= 250 ) 0722 < B

Therefore, the condition given by (3.A.4) is sufficient for stability. O

The dispersion law
We look for the solution of the MAC scheme (3.A.2) under the following discrete Fourier modes

7“;1://22 _ fei(k(j-i-1/2)A:c—é(n+1/2)At), u? — qel(kida—tnAt) 14 U;L+1/2 — peilkjAz—L(n+1/2)At)
(3.A.9)
Introducing these expressions in (3.A.2), we obtain the following system
a(Ept) e o\
e —e ~ _
0 w x| |a|=0 (3.A.10)
—ar O (e Az ) 0 0

It is clear that (3.A.10) have nontrivial solutions when the determinant is zero. It leads to the
following dispersion relation

2
 /kAz QSin(@) QSin(k:AJ)
sin <2> =0 ( steady states) or TQ =+,|w?+a2 T; (3.A.11)

Let us note that from the dispersion relation (3.A.11), we can say that the necessary condition

for stability is
2 2
Ay w
At — -] <1 A2
\/<Al‘> +(2> - (3.4.12)

which is actually better than (3.A.4), which was obtained by energy estimates.
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The forward-backward type schemes

The forward-backward scheme applied to the linear wave equation (3.2) is given by

n+1_ n

u, u; 1212 1
A e :W[910?+(1—91)U?+ }»

n+1 n
Vi TV n+1
=W {ng? + (1 —02)u; } , (3.A.13)
,r7_1+1 _rn un+l_un+1
i+1/2 i+1/2 i+1 i _
Y ta g —=0.

Remark 3.10. The forward-backward scheme (3.A.13) is second-order accurate in space, but only
first-order accurate in time.

Remark 3.11. Although the term u™t! appear in the second and the third equation, the forward-
backward scheme is totally explicit in the sense that the quantity u™ ' is calculated in the first
equation and then it is used in the other equations without having to invert any matrix.

Lemma 3.7. With 01+ 02 <1 and © = (1 —2601)(1 —2603), we consider the following cases:

i. If® > w;iixb the forward-backward scheme (3.A.13) is always stable.
. If © < w;iﬁmg, the stability condition of the the forward-backward scheme (3.A.13) is
given by
1
At < (3.A.14)

(&)° - ()%

Proof. The characteristic polynomial of the amplification matrix associated to the forward-
backward scheme (3.A.13) has one solution A = 0. The other roots are the solutions of the
following equation

|€

A HEAN+C=0
where ) ) 9o )
2— -2 —4 1
A(61,02) A(671,6)

Let us note that the parameters o, v and A(61,03) are defined in the proof of theorem 3.2. When
the parameters 61 and 0y satisfy the stability relation 61 4+ 62 < 1, it is obvious to see that the
conditions || <1 and —¢ <1+ ( are always true. Hence, the stability of this scheme is obtained
when & <14, which leads to

720 +4—4a20 > 0.

Therefore, we deduce Point (i) and (ii). O
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CHAPTER

Analysis of modified Godunov type schemes for the two-
dimensional linear wave equation with Coriolis source term
on cartesian meshes

It always seems impossible
until it’s done.

Nelson Mandela.

This work has been done in collaboration with Emmanuel Audusse, Pascal Ommnes and Yohan
Penel. It has been submitted.

— Abstract

The study deals with colocated Godunov type finite volume schemes applied to the two-
dimensional linear wave equation with Coriolis source term. The purpose is to explain the
wrong behaviour of the classical scheme and to modify it in order to avoid accuracy issues
around the geostrophic equilibrium and in geostrophic adjustment processes. To do so,
a Hodge-like decomposition is introduced. Then three different well-balanced strategies
are introduced. Some properties of the associated modified equation are proven and then
extended to the semi-discrete case. Stability of fully discrete schemes under a classical
CFL condition is established thanks to a Von Neumann analysis. Some numerical results
reinforce the purpose.
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Introduction

The primitive equations of the ocean are widely used to model oceanographic flows at global or
regional scales, see [12] and [13, 44] for a mathematical study. The presence of specific source
terms, in particular those accounting for Coriolis force and non trivial bathymetry, plays an
important role and is not obvious to deal with in numerical simulations. A good model to study
the impact of the discretisation of these source terms on the quality of numerical solutions is
the shallow water system (4.1) presented below. It is simpler than the primitive equations, in
particular due to the reduction of dimension from 3D to 2D, but still contains most of the issues
raised by the presence of source terms. In this context, the discretisation of the topographic
source term in a collocated finite volume framework has been dealt with in many works over
the last two decades, see the reference book [25] or [15] for a more recent review. In the present
work, we focus on the collocated finite volume discretisation of the Coriolis source term.

At large scales, many oceanographic flows are perturbations of the so-called geostrophic
equilibrium (4.3) that corresponds to a balance between the pressure gradient and the Coriolis
force. It follows that the accuracy of numerical methods is strongly related in many situations
to their ability to maintain this balance. In the collocated finite volume framework, very few
works were devoted to this question. In [13], see also [141, 25], the authors propose to extend a
technique originally developed for the topographic term in [5]. The resulting scheme is named the
Apparent Topography method. It turns out to yield good results for one dimensional experiments.
In [27] the technique is extended to higher order schemes and assessed on two-dimensional
problems. One of the main results in the present work is to prove that the Apparent Topography
method alone is not accurate around the two-dimensional geostrophic equilibrium and has to
be supplemented by other developments. In [2&8] the authors propose an alternative method,
namely the Finite Volume Evolution Galerkin (FVEG) method, but they also mainly consider
the one-dimensional geostrophic equilibrium, 7.e.when the two-dimensional velocity is function
of only one space variable. Very recently [16], an RS-IMEX scheme (for Reference Solution
IMplicit EXplicit scheme) was designed for shallow water equations with Coriolis force and
proven to be asymptotically consistent with the Quasi-Geostrophic Equations. Here we only
consider time discretisations that lead to explicit computations, 4.e.with no linear systems to
solve. As previously mentioned, the present work is also restricted to the collocated finite volume
framework, we refer to [12, 17] for other approaches.

The velocity field associated with the geostrophic equilibrium (4.3) is obviously divergence
free. This implies that our study will share important properties with works devoted to the study
of low Mach number (for Euler equations) or low Froude number (for shallow water equations)
regimes. The reader is referred to [15, 20-22, 18-50] where some accurate numerical schemes are
proposed. In particular, we shall often refer to the framework introduced in [20].

In the present work we investigate the preservation of the geostrophic equilibrium in the
context of the two-dimensional wave equation with Coriolis force (4.2), that is the linearised
version of the shallow water equations. It generalises a study initiated in [37, 38] in the one
dimensional context. In Section 4.2 we recall the main characteristics of the wave equation with
Coriolis force. In Section 4.3 we show that the classical collocated finite volume Godunov scheme
is not accurate in the vicinity of the geostrophic equilibrium. This inaccuracy is mainly related to
the numerical diffusion terms that make the stationary states of the scheme not consistent with
those of the continuous model. In Section 4.4, we show that the Apparent Topography (AT)

method proposed in [13] and a Divergence Penalisation (DP) method mentioned in [20] can be
used to cure the problem, provided they are combined together or to other Low Froude strategies
inspired from [20-22]. For that, we analyze the modified equations related to the aforementioned

corrections. In Section 4.5 we turn to the related semi-discrete (in space) analysis. In particular
we construct discrete operators that possess mimetic properties that are proven to be necessary
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for accuracy, see also [17]. We also propose two consistent discretisations of the continuous steady
states and we design the corresponding numerical schemes. Finally we exhibit the dispersion
relations associated to the different numerical schemes and we prove that one of the proposed
scheme is energy dissipative. In Section 4.6 we introduce the time discretisation and we prove
the main result of this work which is that some of the proposed schemes are accurate and linearly
stable under some CFL conditions. In Section 4.7 we illustrate the previous properties through
some two dimensional numerical results.

Properties of the linear wave equation with Coriolis source term in 2D

In order to study the dimensionless shallow water equation in the rotating frame

Stdh+ V- (hid) =0,

_ I e 1 1 (4.1)
Stat(hu)-FV(hu@u)—i-?V <2> ——?th—%hu s

we focus on the linear wave equation with Coriolis source term

< O0q+Lywg=0 (4.2)

Or+axV-u=0
1

ou+ a Vr = —wu

with u = (u,v)T, ut = (—v,u)T, ¢ = (r,u,v) and

L _ (I*V U
I\ 0 Vr+wut )
In the sequel, we assume that a, > 0 is a constant.
System (4.2) is obtained from the shallow water equation (4.1) when the Froude number
(Fr) and the Rossby number (Ro) are of order O(M) and the Strouhal number (St) is of order

O(M~1), i.e. for short times, for a small parameter M < 1, and b = cte.
To begin with, let us introduce the Hilbert space

(Lz(’]I‘Q))gz {q: (ryu,v) /Tzrz da:—i—/1r2 (u2—|—02) dx < oo}

equipped with the scalar product

<QI7QQ> :/ r1ir2 d$+/ (U1UQ—|-'L)1U2) dx.
T2 T2

Structure of the kernel of the original model

Since the preservation of steady-states of (4.2) is crucial in the design of accurate numerical
schemes, especially in the limit M — 0, we recall some well-known results about those steady-
states. Let us define the kernel of the linear operator L, as

Es0 = ket Lopso = {(r, w) € HY(T?) x (L2(T2))2

a Vr = —wul} . (4.3)

Since wu = ay(Vr)® implies that V-u = 0, being a steady-state of (4.2) is equivalent to belonging
to Euz0. Let us mention that &,—¢ is named the incompressible subspace (see [20] for more
details). We shall keep the same terminology in the present work. As we shall see later on,
the orthogonal space of the kernel plays an important role in the analysis of the behaviour of
numerical schemes. Hence the following statement:
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Proposition 4.1. The orthogonal space of E,20 is given by

€20 ={(p,v) € L*(T?) x H{(curl, T?) ) wp=a,V xv}, (4.4)

where V x u 1= Oy, — Oyuy and H (curl, T?) := {u € (L3(T?)) ‘ Vxue LQ(']I‘Q)}

Moreover, we have ,z0 ® Etyy = (LQ('[[‘Q))?’. In other words, any q € (L?(T? ))3 can be
decomposed into

q=q4+q

where § € 40 and § € EL =0 and this decomposition is unique.
The proof of this proposition can be found in Appendix 4.A.

Remark 4.1. The periodic boundary condition implies that for all elements ¢ = (p,v) € EL x0s WE

have
pEL%(Tz)::{feLz(Tz) /Wf dsz}.

Energy conservation

Let us define the energy as E = (g,q).

Proposition 4.2. Let q be a solution of System (4.2) on T2. Then, the energy is preserved
Et>0)=E(t=0).
Proof. To compute the energy estimate associated to System (4.2), we directly obtain

1d
§E<q7q>—*<qu7q>—0

since L, is antisymmetric. ]

Remark 4.2. Energy conservation and linearity imply uniqueness of the solution of System (4.2).

Behaviour of solutions
Proposition 4.3. Let q be the solution of System (4.2) with initial condition ¢°(x). Then:
i. ¥ ¢°(x) € Euro, we have ¢t > 0,2) = ¢%(x) € Euro.

i. ¥ ¢°(z) € EL,, we have q(t > 0,x) € EL,.

Proof. Any initial condition ¢ = (r%,u%v°) € £,.0 is obviously a solution of (4.2); by the

uniqueness property mentioned above, Point 4. is proven.
As far as Point 4. is concerned, we consider ¢° € £1,,. For all § = (#,4) belonging to the
kernel &, .0, due to periodic boundary conditions, we obtain

<dq,é> —*/ 7V - udw—a*/ Vr-4 dx — w/ ut @ dx
d¢ T2

—/ a*Vr—i—wu ) da:—i—a*/grv-ﬁ de =0
T
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which implies that

. d, . .
Vq € gw:th a<q7Q> =0 = <q(t?)’Q> = <Q(t = 07)aQ> =0

that is to say
1
Q(ta ) € gw:tO'
This proves Point is. O

Corollary 4.1. Let q be the solution of System (4.2) with initial condition ¢°. Let Pq® be the
orthogonal projection of ¢° onto the incompressible subspace E,20. Then, q can be decomposed
into

Q(ta ) - qu + q~(t7 ) € gw:to D gj,;o
where § is the solution of System (4.2) with initial condition (¢° —Pg).

Moreover, the conservation of the energy for ¢ implies that for all times t >0, ||q(t,-) —
PqO|| = ||¢° — Pq°|| which allows to say that

lg° = Pg°|| = O(M) = Vt > 0,[lg — Pe°||(t) = O(M). (4.5)

In other words, when the initial condition ¢° is close to the incompressible subspace E.+o, the
solution of the linear wave equation (4.2) is still close to the projection of the initial condition
onto 0.

One of the problems encountered with the Godunov scheme applied to (4.2) is that it does not
reproduce this closeness to the projection of the initial condition on &,-¢ for values of M < 1.
This inaccurate behaviour is explained in the next section. A numerical scheme for which the
solution satisfies relation (4.5) will be said accurate at low Froude number at any time, as defined
in [37].

Inaccuracy of the classical Godunov scheme

Numerical highlighting

We consider a cartesian mesh with mesh sizes Az (resp. Ay) in the = (resp. y) direction. The
semi-discrete Godunov scheme applied to the linear wave equation (4.2) can be written

d ... . Uit1,j—Ui—1,5 Vij41=Vij—1\ _ Kpaw (Titl,j =270 +Ti—1,j Ti 4127 T -1\ _
de . +ax ( 2Ax + 2Ay 2 Az + Ay =0,
d, . Tid1,j=Tim1,j _ KyGy Witlj—2Uij+tUi—1j5 _

qtWij T ax— 955 ) Az = Wvij,

d, . . TigHl=Tij—1 _ KyQy Yig+1=20ij+vij1 _

qtVig T x5y 2 Ay = Wi,

(4.6)
where parameters x,, k, and &, lie in [0,1] and represent the standard numerical diffusion of the
Godunov type schemes. The classical Godunov scheme corresponds to Kk, = Ky = ky = 1. The
following facts are now well-known:

o In the 1D case, the classical Godunov scheme applied to the homogeneous system (i.e.with
no Coriolis source term) is accurate for low M. It is no more the case when the Coriolis
force is involved, see [37, 38]. Indeed, in that case the diffusion on the pressure equation is
shown to be responsible for the inaccuracy. A simple correction consists in setting x, =0
and is proven to be a stable strategy in [37]. This scheme is referred to in the sequel as the
LF-C strategy, since we adapt the diffusion in the pressure equation to the Low-Froude
(LF) case and we keep the classical (C) diffusion on the velocity equation.
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o In the 2D case, the classical Godunov scheme applied to the homogeneous system (i.e.with
no Coriolis source term) is inaccurate for low M on cartesian meshes. This is due to the
numerical viscosity on the velocity equation, see [20, 21] for more details. It is corrected
in [20] by setting k, = K, = 0 to obtain a stable and accurate scheme. This scheme is
referred to in the sequel as the C-LF strategy, since we keep the classical (C) diffusion on
the pressure equation and we adapt the diffusion in the velocity equation to the Low-Froude
(LF) case.

The purpose here is to show that none of these corrections (neither the LF-C nor the C-LF
strategies) cures the inaccuracy of the Godunov scheme applied to the 2D wave equation with a
Coriolis source term for low values of M. To do so, we consider the classical Godunov scheme
and the modified versions proposed in [20, 37] when the initial condition is at the geostrophic
equilibrium (see Fig. 4.1)

u(t=0,z,y) = —(%exp {— (0—%)2 — (5’%)2} (4.7)

in the periodic domain T? = [—0.5,0.5] x [~0.5,0.5]. This initial condition is obviously a steady
state of System (4.2).

In Figures 4.2 and 4.3, we present the numerical results for a 50 x 50 grid at time t = 10.
It indicates that the Godunov type schemes with standard diffusion (Fig. 4.2(b)), and both
corrected LF-C (Fig. 4.2(c)) and C-LF (Fig. 4.2(d)) schemes are unable to capture the steady
state. At the same time, it is not possible to use a LF-LF strategy and completely delete both
diffusion terms (i.e.using k, = Ky, = Ky = 0), because the resulting fully discrete explicit scheme
would then obviously be unstable. Note that for this test, the modification on the diffusion
in the velocity equation provides more substantial improvements than the modification on the
diffusion in the pressure equation: in the first case, the 2D structure of the solution is more
or less preserved, see Figure 4.2, and the solution remains not so far from the exact one, see
Figure 4.3, whereas in the second case, the solution is quite close to the one of the classical
scheme. Nevertheless, this behaviour is related to this particular test case and we need more
investigations to obtain numerical schemes which are able to exactly preserve steady states and
then be accurate in any situation.

Before doing that, let us analyze the discrete kernel of the semi-discrete Godunov scheme in
order to point out the main reason of the inaccuracy problem.

Analysis of the discrete kernel
Let us denote by L, . , the spatial operator in the semi-discrete scheme (4.6), so that (4.6) reads
q';m] + Lw9'€7hqi7j = 0'

Lemma 4.1. Let us define the discrete energy of System (4.6) by

Ep(t) =AzAy | Y rii () +) i ()2 + ) vij(t)?
i i

4,3
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-04 -03 -02 -0.1 0 0.1 02 03 04

(a) Contour of pressure and vector field (b) Pressure r

(c) Horizontal velocity u (d) Vertical velocity v

Figure 4.1: Initial condition: stationary vortex.
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Figure 4.2: Contours of the pressure r.

Then for any kry. € [0,1]
d
—F
T n(t) <0,

which means that the energy associated to Godunov type schemes is dissipated.

Proof. Let us multiply the semi-discrete scheme (4.6) by ¢; jAzAy and sum over all cells (i, 7).
Due to periodic boundary conditions, we obtain by standard calculations

dg Krax Ay Krax AT
<dt’q> =-——"-— ; Z Titl,g — Tz,J)z - ; Z(Ti,jﬂ —7“1‘,‘7')2
2 2

K0k Ay KyaxAx
- 2* D (wigrj—uiy)? — —— 5 > (Wigr1 —vij)” <0 (4.8)
i, i,
O
Although the semi-discrete scheme is energy-dissipative, the fact still remains that it is not
consistent with the incompressible space.

Lemma 4.2.

o For ky %0, Ky #0 and ky 20, i.e. for the classical Godunov scheme, we have

Lagi? Mgy e ity = {q = (r,u,v) e R3N ‘ JeceR, r=cu=0v= 0} (4.9a)
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Figure 4.3: Cross-section (y=0) of the pressure r.
o For ky #0, Ky =Ky =0, i.e. for the C-LF strategy, we have
P Dy 5, gy = {q = (r,u,v) e R3Y ‘ deceR, r=cu=0v= O} (4.9b)
o For kyp =0, ky #0 and ky #0, i.e. for the LF-C strategy, we have

keer,l-@,h = {q = (T,U,’U) S R3N 3(u]7UZ) € RN X Rva (Z7])7 Uj,j = Ug, V45 = Vg,

Tit1,j—Ti—1,j vs
2A — U
Ay Ti,j+1—fi,j—1 = —w ( . ) } (4.9¢)
2Ay uj
Remark 4.3. Although all kernels above correspond to discrete versions of the exact relation

axVr = —wu, constraints upon the velocity field are too strong, so that those kernels do not
match with the exact one E,z0 defined in (4.3).

Proof. Since any steady state of (4.6) satisfy dg;’j =0, Equation (4.8) implies

> {/ﬁ;r (Ay(riHJ —1i )2+ Az (ri ji1 — n-,j)2> + Ruly(uig,j —uig)? + oAz (vi g1 — Ui,j)ﬂ =0.

m (4.10)
o When &, # 0, we easily get from (4.10)

V (i,7) € [1,Ng] x [1,Ny], 1i41, =i j and 15 j41 =1;; = 7 = const. (4.11)

When ky, # 0 and k, =0, we also have u; 41 = u;; and v; j11 = v;; for all (¢,7), which
implies that there exist (uj,v;) € RN x RY such that

Uj,5 = Uj and Vij = U; V(Z,j)
Going back to (4.6), r = const implies that u = 0 and v = 0. Therefore, this leads to (4.9a).

o Likewise, when k, # 0 but k,, = £, =0, (4.11) still holds. Then we deduce from (4.6) that
u;j = v; ; = 0 and consequently (4.9b).
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« Now, we consider the case £, =0 (and k, # 0, K, = 0). We deduce from (4.10) that u; j = u;
and v; ; = v;. Hence, the steady version of (4.6) now reads
Ax

a
TAx(rH—l’j —ri—1,;) =wv; and 72A*y(7’z',j+1 —Tij—1) = —Wu;

which is nothing but (4.9¢).

Properties of the first order modified equation with correction terms

In the previous section, we have shown that the classical Godunov scheme is inaccurate near the
geostrophic equilibrium and that simple corrections consisting in deleting diffusion terms (LF-C
or C-LF strategies) are not enough to ensure the accuracy. As it is not possible to delete all
diffusion terms at the same time for stability reasons, it is essential to introduce some correction
terms for the standard diffusion.

We aim at deriving a numerical scheme which is able to preserve steady states or to be
accurate around steady states. It is worth pointing out that we not only have to deal with the
balance between the pressure gradient and the Coriolis force but also to take into account the
divergence free condition.

Definition of the schemes

We mention below two strategies to deal with diffusion terms. Each strategy leads to a different
numerical scheme which will be referred to as X-Y scheme where X is related to the diffusion on
the pressure equation and Y to the diffusion on the velocity equation.

i. The Apparent Topography scheme was introduced in [13], see also [27], to deal with the
geostrophic equilibrium in the 1D nonlinear shallow water system. This strategy was proven

to be stable in [35] for the 1D linear wave equation. Here we extend the procedure to the
2D linear wave equation. We notice that the steady state defined by a,Vr = —wu’ also
satisfies
V. (Vr—l— wzﬁ) =0.
QA

It suggests that the numerical diffusion on the pressure equation can be modified into
V-(Vr+ %UL) instead of the classical operator Ar —see (4.6). As for the velocity equations,
either we keep the classical diffusion to obtain the Apparent Topography-Classical scheme
(AT-C) or we delete diffusion terms which leads to the Apparent Topography-Low Froude
scheme (AT-LF). In 1D, they are shown to be both stable and accurate [35].

ii. The Divergence Penalisation method consists in a modification on the diffusion on the
velocity equation that is based on the operator V(V - u) instead of the classical diffusion
in (4.6) since the equilibrium states satisfy V-u = 0. This idea was mentioned in [20, § 5.6]
to be applied to the homogeneous linear wave equation, but not studied. We propose to
extend it to the present case and to analyze its properties. As for the pressure equation, we
can choose the classical diffusion to obtain the Classical-Divergence Penalisation scheme
(C-DP) or delete this diffusion term to get the Low Froude-Divergence Penalisation scheme
(LF-DP).

iii. Finally, we can combine both strategies to get the Apparent Topography-Divergence Penali-
sation method (AT-DP). It comes down to considering V- (Vr + a%uj-) for the diffusion on
the pressure equation and V(V - u) for the velocity equation.
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Schemes Ky Ku Ky M Nu Mo
AT-LF  0O(1) 0 0 Kk 0 0
AT-C o) o) o) kK 0 0
LF-DP 0 O1) O1) 0 Ky ke
C-DP O(l) O(1) O(1) 0 Ky ke
AT-DP  O(1) O(1) O(l) Ky Ky Ky

Table 4.1: Parameters of Godunov type schemes with corrections.

We shall prove below that the AT-LF, LF-DP and AT-DP approaches are accurate and stable. The
AT-C and C-DP strategies, like the LF-C and C-LF ones previously mentioned in paragraph4.3.1,
will not be able to cure the problem since only one issue is taken into account.

To carry out the accuracy analysis, we shall analyze the first order modified equation which
is the common tool to study stability and accuracy of finite difference schemes. We refer to
[51] for more details about this method. The first order modified equation corresponding to the
aforementioned strategies is given by

kZa,Ax O%r Ky asAy 0?r ntayAr w v nlayAy w Ou
o Opu+ Oyp) — LI PGB T T T i Lo
7+ s (Dpu+ Oyv) 2 Ox? 2 0y 2  a,0x 2 a0y ’
Kuax Az 0?0  nuayAz 0%
Ot el == T o gy YV
ko Ay %0 mpaxAy 0%u
8t'U +a*8yr — T@ — Tm = —wu,

(4.12)
where parameters 7+ > 0, ni >0, ny >0 and 71, > 0 stand for the correction terms. We recall
that sy, € [0,1]. The modified equation reads in a compact form

g+ Lq =0, (4.13a)
qt=0,2)=¢"(x). (4.13b)

The spatial operator is defined by £ = L., — B 5, with L, as in (4.2) and

KfaAx §2p + Kkla.Ay §2r _NpaAT w v + nrasAy w du

2 Ox2 2 oy? 2  a. Oz 2 ayx Oy
_ Kyt Az 0% NuasAzr §%v
Bina= 3 o2 + 5 Gz0y
Kypas Ay 520 NwaxAy 8%u
2 oy? 2 Jyox

The choices of parameters in (4.12-4.13) corresponding to the aforementioned strategies are
summarised in Table 4.1.

Remark 4.4. For the numerical diffusion on the velocity equation to be consistent with V(V-u), we
have to take kyAx = Ky Ay and Ny = Ky, My = Ky. Likewise, to recover the operator V-(Vr+ a%uL),

we must consider the case KAz = /#Ay, Ny =KL and 77? =xY.

From now on, we shall denote and assume that

Kra Az Kia,Ay Ky AT KyaxAy
Vp = = ) u = = )
_ Ny asAx _ Ny ax Ay _ Nuax AT _ N Ay

o 2 5 o 2 2
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in the correction terms. With such assumptions, the action of the diffusion operator may be

rewritten as follows
V.- (nVr+ 'yra%uL)

0 0 e}
B/@,nq = Bu,'yq = %(VUTZ + PVua*Z)
o) o) 0
dy ('Yuaf; + VUWZ)
Then we can study the behaviour of the schemes for an initial solution in the incompressible

space Euz0 Or in its orthogonal Sjj;o, see Prop. 4.3.

Proposition 4.4.

1. A solution in the incompressible space E,-q0 is preserved for all time by the LF-DP,
AT-LF and AT-DP schemes.

ii. The orthogonal subspace &L, is preserved by the LF-DP scheme.

Proof. All schemes such that v, = v, and 7, = 1, (namely LF-DP, AT-LF and AT-DP) satisfy
q € Euz0 = B, q=0 (Point 7).
The proof for Point 4 is very similar to the one in Prop. 4.3 up to the term

uu/ ﬂ-V(V-u)dx:—uu/ (V-4)(V-u)de=0
T2 T2
since @ is in the incompressible subspace &,0. 0

For the LF-DP strategy, we can also study the evolution of the energy, see Prop 4.2.

Proposition 4.5. The LF-DP and C-DP schemes are energy-dissipative.

Proof. Due to the fact that (L,q,q) =0 as L, is antisymmetric, when v, =0 and v, = vy, we
have

1d
s ldll? = (Buya, @) = v | V7| = 0|V - u|* <0
2dt
This means that the modified equation associated to the LF-DP and C-DP schemes is dissipative.

O
Hence the LF-DP strategy enables to mimic Corollary 4.1.

Corollary 4.2. The solution q,, of the modified equation for the LF-DP parameters satisfies
the inequality
V>0, gy, —Pa°l|(t) < [lg° —Pg°],

which means the solution is accurate at low Froude number at any time, as defined at the end
of Section J.2.

Proof. Let us first notice that Pqg® is the solution of Eq. (4.13a) for the LF-DP parameters
(v =7 =0 and v, = ,) with initial condition P¢" due to Prop. 4.4.i. We deduce by linearity
that any solution of (4.13) reads g, ~(t,x) = Pq’(x) + §(t,x) where § satisfies

{atq+£q =0,
§(t=0,z) = ¢°(x) —P¢"(x).
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As the energy is decreasing (Prop. 4.4.4¢), we have

gy —Pa°ll(t) = 1l (8) < 1|2°ll = la° —Pq°]l.

Stability properties

For the AT strategy, we are not able to establish energy estimates as for the LF-DP strategy. So
we investigate the stability of this approach by studying the behaviour of the Fourier modes of
the solution.

Lemma 4.3. Fourier modes associated to the LF-DP, C-DP, AT-LF and AT-DP schemes are
damped.

Proof. We now look for plane wave solutions of the modified equation (4.12) under the form
q(t,x) =expe(rt+k-x)|q (4.15)

where k = (kz,ky) is the wave number and 7 is the wave frequency. To ensure that these waves
are captured by the scheme, we assume

T
kl < —. 4.16
k<= (4.16)

Such functions are generally solutions of the modified equation under a dispersion relation, i.e.a
relation between 7 and k commonly written as 7 = 7(k). In the present case, the Fourier modes
(4.15) are some solutions provided

AG=—1rq (4.17)

and the matrix A is given by
vrk2 + Vrk'z ayiky — ’yrg—*zky axky +yr ;’J—*zkx
A= axtky Vuk% Yukzky —w
axky Yukzky +w l/ukg.

The statement of the lemma is equivalent to saying that the real part of all eigenvalues are
positive. Indeed, —¢7 is an eigenvalue due to (4.17). The decrease for long times in (4.15) requires
a negative coefficient for ¢.

The characteristic polynomial P(\) reads

PN =23 = (v ) [b2X% + [a2 [ + w0 + vyt + (v =42 k2KZ) A
— (v =) [k? = (v — v wekakg kl® — (v — ) 203k3 kg — e (v — ) kakyw (k3 — ).

Let us mention that Prop. 4.4.7 corresponds to the fact that A =0 is a root of P for the LF-DP,
AT-LF and AT-DP schemes.

o For the LF-DP scheme (v, =, =0 and vy, =), Ao =0 is an eigenvalue while the other

two are given by
k 2 2
A — ”"|2| iZ\/w2+a3k\2— (”2“) k|

Hypothesis (4.16) and &, € [0,1] ensure that the term in the square root is positive. Hence
R(Ae) > 0.
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o For the C-DP scheme (v, =0 and v,, = 7y,), the linear system Aqg = \q reads

ve k|27 raskpu +askyv = A, (4.18a)
1akyr + v k2 u 4 (vkeky —w)v = Au, (4.18b)
1akyT + (Vukxky—i-w)u—i-uukiu = Av. (4.18c¢)

We now multiply (4.18a) by 7, (4.18b) by w and (4.18c) by v in order to obtain
A1+ [ul? + [0]) = v R[22 + v (R2[ul® + k2 v]?) + 2vakeoky, R(ud)
+ 20 [a, R (r(kpu + kyv)) + wS (uv)]

which implies that R(X) > 0 by using the fact that kZ|ul® + k2|v[* > 2[kyky||luv| and
R(uv) > —|uv|.

o For the AT-LF scheme (v, =, and v, =y, =0), A\g = 0 is an eigenvalue. The other two
are given by

k}2 2
Af:”g|jjvzlﬂﬁmp—<?>|m4=¢aﬁ%)za

o Finally, we consider the AT-DP scheme (v, =, and v, = ,). It is obvious that A=0is a
solution. The other solutions satisfy the following equation

N2 = (v + v [k PA+ v [+ [0 + a2 k[2] =0,

The solution of the above equation is given by

o 2
e VT—;V“]kIQiz\/w2+aE\k\2 - (”T . ”“> k4,

which means that the Fourier modes are damped with speed “~5%u|k|2.

Remark 4.5. The exact Fourier modes of the linear wave equation (4.2) are such that

)\wave:il\/w2+az|k|2- (419)

Consequently, we notice that the AT-DP scheme is the only one that can recover the exact
imaginary part by taking v, = v,,. This choice will be done in the sequel.

Remark 4.6. For the AT-C scheme (v, =, and v, =0), we are not able to prove the Fourier
modes are damped. Nevertheless the Fourier analysis provides some information on the behaviour
of the solution when the diffusion on the velocity equation is small. In that case, the characteristic
polynomial becomes

X\ v) = A3 — (v + 1) RPN + [wQ + a2|k|? + vpvy | R|* + Vﬁk‘%kﬂ A
— |k [Pvik2k — 2vyalklik] — vevawkoky (K2 — k7).

We note that under (4.16) and due to Ky, € [0,1], Oxx (A, 1) does not vanish which means there
is a single real root. Therefore, by the implicit function theorem, we can define for v, small
enough a function vy, — A\o(vy) corresponding to the unique root of the polynomial. We have

0y, x(0,0 2a2k2k2 + vywkoky (k2 — k2)
M) ~ Ay =0)ry =— uX( )Vu: ety L T Yy
vy, —0 a)\X(0,0) (k%+k§> CL,%JFOJQ

As a result, we deduce that when K, = O(M), then A\o(vy) = O(M). Note that the sign of the
etgenvalue remains undetermined.

Uy -
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Analysis of the semi-discrete Godunov type schemes

In this section, we investigate some ways to construct “well-balanced” schemes, i.e.that preserve
a discrete version of the incompressible subspace. The study of the modified equation leads
us to focus on the numerical viscosity on both pressure and velocity equations. As a result,
it is essential to consider suitable diffusion terms for the Godunov scheme. More specifically,
we proposed to introduce the diffusion operators V- (Vr +wu') and V(V -u) for pressure and
velocity equations respectively.

We now turn to the space discretisation of the aforementioned strategies. We consider a
collocated finite volume framework. To ensure that the resulting schemes satisfy properties
similar to those proved at the continuous level, one first has to construct some discrete differential
operators and corresponding discrete kernels consistent with &,,.o. This requires to choose the
location where the differential relation defining the kernels holds: either at the cell centers or at
the vertices. One finally has to verify that the resulting schemes still satisfy stability properties.

Cell-centered scheme

A first possibility consists in locating the kernels at the same place as the unknowns, namely at the
cell centers. Let us denote 7y, = (r; ;), up, = (u;;) and v, = (v; ;) be in RY where N = N, x N,,.

Discrete operators
We define the gradient V5, , the divergence V5, - and the curl V§, x as

Titl,j—Ti—1,j
2Ax

C L
[Vanralij = i1 —Tij-1
2Ay
Uitl,j — Wi—1,j | Vigj+1 — Vij-1
Vs -uplii = : =4 :

[V5n - unli; 297z 20y
1 Vil —Vi-1j5  Uij+1 — Uij—1
[Von X uplij ==V, -up = - '

2Ax 2Ay

Lemma 4.4. These operators satisfy the following mimetic properties:
i. (V5urh,up) = —(rp, V5§, - up) which implies that (ry,,V§, X up) = — <(V§hrh)L,uh>;

Such properties turn out to be crucial for stability purposes as claimed in [17, 52].

Discrete kernel
We now define the discrete kernel at the cell centers as the natural equivalent to £,-¢ defined
in (4.3)

Eozop = {(ih = (Fp,tp, 0p) € RPY ’ axV5,7n = —wﬁﬁ}. (4.20)

In particular, we prove the following lemma which is the semi-discrete counterpart to Proposi-
tion 4.1.

Lemma 4.5. The orthogonal space of E ., is

7J— ~ g -~ i =7 =
Ecioﬁ = {qh = (Tp,Up,0p) € R3N ‘ ax V5, X ap, = wrh}. (4.21)

w
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This implies the following discrete Hodge decomposition

Proof. By definition, an element ¢, = (74, ) of the orthogonal of £¢ w0.h verifies, for all g, =
(Pp,ap) in EC o0.h

(P Ph) + (W, ) = (P, P) + (g, @yy) = 0.
Using the definition of £ -0, and Lemma 4.4 this implies

a - N a - N - a - N
(FhsTh) — f(uh VonTh) = (n,Th) + fW%h Ay, ) = (7 — fvgh X @p,Tp) = 0.

Since 75, can be arbitrary in RY, this is exactly equivalent to w, — ax V5, X Wy, O

Remark 4.7. For any q, € R*N, the unique decomposition

J . R IR . o 1
an=dn+an with Gy = (P, ap,0p) € Eguop  and  Gp = (Th,Tn,0n) € EJL0

may be found by the following process: Let 7y, satisfy the equation

A az c c a Ax e

h = 3 Van (VanTh) =7h = —Vap X tp. (4.22)
It can be shown that (4.22) has a unique solution since it amounts to solving a linear system
involving an M -matriz. Then, let us define uy, by

~ Qs

Uy, = ;( Shfn) "t (4.23)

so that §p, = (T, p) € EC w0, b Finally, we set G, = qn, —qn, and it remains to prove that gy, € wjo B

It suffices to notice that

4.23 a
ax V5, X Up = ay (Vzh X up + V5, h) ( = ) Ay (Vgh X wp, — ivgh . (Vghfh)>

4.22 N a N
(422 a, V5, X up —w (rh —rp+ —*Vgh X uh> = wry,.
w

Semi-discrete scheme
The cell-centered semi-discrete scheme reads

d w

Eri’j (t) + a*[Vgh . uh]i’j — Uy |:V§h . (vghT'h + uﬁ‘)] = 0, (4.24&)
A i.j

d

qp i () + axVaprnlig — vu [Von(Vay - un)l; ; = —wu;. (4.24b)

The modified equation associated to the scheme (4.24) is (4.12) for coefficients chosen as in
Remark 4.4. The stencil associated to the scheme (4.24) is a 13-point stencil: it involves the 8
points around the considered one (i.e.at a distance Az or Ay) and 4 points to a distance 2Ax
(or 2Ay) in the definition of both diffusion terms. Moreover the definition of the diffusion terms
induces no relation between odd and even cells. This may be the reason for checkerboard type
oscillations. The interface scheme (4.26) we propose in the sequel will not be affected by this
drawback.



4.5.2

106 Chapter 4. Analysis of collocated scheme on cartesian meshes

Proposition 4.6.

i. Steady states of the semi-discrete scheme (4.24) are the discrete geostrophic equilibria
from (4.20).

7. The pressure gradient and Coriolis forces are energy conservative.

iti. The discrete energy of the LF — DP scheme (v, =0) is decreasing.

Proof. On the one hand, by construction, discrete geostrophic equilibria (4.20) are steady states
of (4.24). On the other hand, let us consider steady states of (4.24). Applying the operator
Snx to (4.24b), we obtain V§, -uj, =0 due to Lemma 4.4.7i. This proves Point 7.

Point 4 is a straightforward consequence of Lemma 4.4 i. Moreover, when v, = 0, the scalar
product with gj, leads to

——Ep(t) = —ax (V- un,mh) — @ (V5 un) + vu (V55 VS, - un],up) = =1 |V, - up[* <0

thanks to Lemma 4.4.7. This proves Point #is. O

Vertex-based scheme

The original Apparent Topography scheme [13] was designed in 1D so that equilibrium states are
located at the interfaces while the unknowns are still at the cell centers. That is why we are
interested in this part in investigating another version of the scheme.

Discrete kernel

Let us define the discrete kernel by imposing the geostrophic equilibrium at the interfaces of
each cell

721'+1,Aj*7gi,j _lA)iJrl,j-i-f)i}j
v o A A oA oA 3N €z .
Eoeoh = n = (Ppy i, o) €R* ax | | =—w| : (4.25)
Tij+1—Ti,j Ui j+1+Ui, 5
Ay 2

Discrete operators

To design the numerical scheme, we first define the discrete operators at the vertices of each cell
(i,7) — see Figure 4.4

(rit1jt147ri1,5) = (Tig+147i5)

[VV ] 2Ax
h’["h . . =
“H1/25+1/2 (ris1gr14rigin) = (Pign +riy)
2Ay
75 st 1y st g = (W11 Ui15) = (Wiger +uig) | (i1 +vige) = (Wigny+ i)
h i+1/2,5+1/2 IAT sz
v _ v 1
[V, x uh]i+1/2,j+1/2 ==V up,

LY (up)], ' _ Wit d ol U1 T Wil Ui
h i+1/2,5+1/2 4
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We shall also need dual operators that enable to switch from the vertex grid to the center grid.
For ¢;, = (op, ) defined at the vertices, we define the following operators

Pit1/2,54+1/2—Pi—1/2,j4+1/2 Pit1/2,5—1/2—Pi—1/2,7—-1/2
[ c ] _ L Ax Ax
hPhlij = 2\ Pitr1/2541/2—Pit1/2,5-1/2 2\ Pic1/2,j41/2—Pi—1/2,5-1/2
Ay Ay
VS -], = (Piv1/2,j+1/2 t Piv1/2,5-1/2) — (Pic1/2,541/2 + Pic1/2,5-1/2)
h'Phli,j 2Ax
N (Vit1/2,541/2 T Yic1/2,541/2) — (Wig1/2,5-172 T Viz1/2,-1/2)
2Ay
c PCit1/2,j+1/2 T Pi-1/2,j+1/2 T Pit1/2,5-1/2 T Pi—1/2,j—1/2
[fr(en)l; ;= 1 -

With such operators, we have the following compatibility property:

Lemma 4.6. Any §;, € 5£¢0,h satisfies the geostrophic equilibrium and the divergence free
condition at the vertices:

[Vhnliv /2,172 = =l fR(@)iv 2,541/

[V - @nliv1/2,541/2 =0.

Moreover, they satisfy mimetic properties:

Lemma 4.7.
. Vi x Vi [fi(rn)] =Vix fE[Virs] =0;

ii. (fy [Viral un) == (rn, £ [V -un]) and (F7 [f5(wn)]on) = Cuns 15 [ (0n)])-

Proof. Each property results from direct computations. For instance:

(fr[Virn], un)
-y {1 (Ti+1,j+1 - Ti—l,j+1> 41 (”HJ_”—U> 41 <”+1J—1 — Ti_l’j_lﬂ ;. j
i7 L4 2Az 2 2Az 4 2Az ”
iy LIL <7’i+17j+12A:;"i+1,j1> n % (”HIQA;ZJl) +i (Til,j+12A;i1,j1>] oi
ij
= <m1,j - mm) <Ui,j+1 + 2u4,5 + uw’1) iy (m,jﬂ - m,j1) (vm,j + 20, + Uilu‘)
o 2Ax 4 iy 20y !

= S, {1 (Ui+1,j+1 - Ui—l,j-l—l) n (Ui+1,j - Uz’—l,j) _'_} (Ui+1,j—1 - Ui—l,j—1>:|
= "4 2Ax 2Ax 4 2Ax

1
2
B ZT‘ . [1 (Ui+1,j+1 - Uz'+1,j—1) n 1 (Uz’,j—H — Uz',j—l) n 1 (Ui—l,j—i-l — vi—1,j—1)}
= "4 2Ay 2 2Ay 4 2Ay

=—(fr[Vh unl,rn).
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Semi-discrete scheme
The semi-discrete scheme with the kernel at the interface is given by

d A% v \4
qp i () e fu Vi -unly = e Vi - (Virn+wfy (uﬁ)}” =0,
’ (4.26)

d v v v
g Wi (O F a5 [(Virali ;= v Vi V) unl; ;= —wff [ £ (up)|

The modified equation associated to the scheme (4.26) is still (4.12) for coefficients chosen as
in Remark 4.4. The stencil associated to this second scheme (4.26) is a classical 9-point stencil
since it only involves the 8 points around the considered one. It is then more compact than the
one of the cell-centered scheme (4.24).

Qg

(i.j+1)

(i-112,j+1/2) (i+1/2,j+1/2)

(i-1.]) (i) (i+1.])

(i-1/2,j-1/2) (i+1/2,-1/2)

(i.j-1)

Figure 4.4: Cell centers (i,7) and vertices (i+1/2,j+1/2).

Proposition 4.7.
i. Steady states of the semi-discrete scheme (4.26) are the geostrophic equilibria from (4.25).

7. The pressure gradient and Coriolis forces are energy conservative.

iti. The energy of the LF-DP scheme (v, =0) is decreasing.

Proof. Point 4. results from Lemma 4.6 and from Lemma 4.7.i. Moreover, according to
Lemma 4.7.7i, we have

5V 5rnlcun) + (FE IV - unl,mn) =0 and (i [ £ (uio)] un) =0

which proves Point ii.
After some computations, we have

2
Ujg i1 — Ui it  UWial.i — Ui i  Vitlitl —Vitl.s  Viitl — Vi
(V5 V- un) up) == i+1,+1 — Ui+ i+l ~Uij | Vitlg+l T Vidl | Vit T Uiy
i, 27z 2Ax 2Ay 2Ay

Therefore, when v, = 0, we deduce that
55 Bn(t) = vu (V5 (V] - un] up) = —va|| V) - ua |

which means that the semi-discrete LF-DP scheme is dissipative. This proves Point #ii. ]
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Godunov type scheme « 15} n

Cell-centered sin(kgAx) sin(kyAy) 1

Vertezx-based 2sin(w)cos(w) QSin(m>COS(M) COS(M)COS(M)
2 2 2 2 2 2

Table 4.2: Parameters o, B an n in the Fourier analysis of the semi-discrete schemes.

4.5.3 Fourier analysis

Let us carry out a Fourier analysis of the semi-discrete schemes by considering the discrete
Fourier modes

rig(8) = r (D) R TR -y (1) = oy ()RR and vy j(8) = (et Fe i),

that are substituted in the cell-centered scheme (4.24) and in the vertex-based scheme (4.26) to
obtain the differential system

2 32 B B
A\ [ (e rde) —m(a-weg) —m(ag+nE )\ /e
2
L) | = —W*&n _Vuﬁ _Vuﬁ%'f‘wnz Pu(t)
2
@, (1) —10a4 A%n —yuﬁAﬁy — an —l/uf—y2 ©u(t)

(4.27)
where parameters «, 8 an 7 are specified in Table 4.2 depending on the scheme under study. One
eigenvalue of the amplification matrix in (4.27) is A\g = 0 which corresponds to the stationary
state. The other eigenvalues are given by

2 2 2 2 2 2 2\ 2
Vp+1vy, [ o I5] o I5] Vp — Uy o I5]
o (e ) (52 (o )
N 2 (Amz * Ay2> 2\/w A Ax? + Ay? 2 Ax? + Ay?
As mentioned above, it is essential with the AT — DP scheme to take v, = v, in order to be
as close as possible to the exact dispersion relation (4.19), see Figure 4.5.

Remark 4.8. We notice that the damping rate R®(\) of the AT — DP scheme is larger than those
of the AT — LF and LEF — DP schemes.

4.6 Analysis of the fully discrete Godunov type schemes

We consider an explicit discretisation for the advection term. Nevertheless it is well known that
a fully explicit discretisation of the Coriolis term leads in that case to unstable schemes, see [27].

Then let us set
0 f1u™ + (1 — 91)Un+1
O™ + (1 — 92)Un+1

for some 1, A € [0,1]. In particular, for 6; = 6o = 6, then u? = fu™ + (1 — §)u" 1.

4.6.1 Stability condition

For the sake of clarity, we shall assume in the sequel that

Ax=Ay=h.
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KAYE Ko

(a) Exact dispersion law (b) Dispersion law (cell-centered)

(d) Exact damping (e) Damping error (cell-centered) (f) Damping error (vertex-based)

Figure 4.5: Dispersion relation and damping for the AT-DP scheme with a, = wAx.

As a consequence, due to (4.14), we have

Y AV
fpi=Rp =R =0 =0, Ky=Ky=Tu =17  and V#:#T*'
We propose the following time discretisation for the cell-centered scheme
rﬂ'j’l — . w 1
It alV, upl [vgh- ( ST+ —up )] - =0,
* J (4.28)
n+l . n
i i oL
= At * +ay [vghrﬁ]i,j — v [V5,(VSy, - ug)}i,j =W
and for the vertex-based scheme
n+l _  n
i s .
Mt a7 (Ve up]y - vV (Vi e )], =0,
n+1 n (4.29)
uiv]' B ui,j +a fc [vvrn] — 1, V¢ [VV . un] _ _wfc [fv(uO)}L
T Ar @I VRT Rl T Ve VR IV el = [ \Un)],

In order to avoid inverting a matrix with a large stencil in the computation of the scheme, the
vertex-based scheme is restricted to the cases (61 = 1,02 =0) and (61 =0,02 =1).

Lemma 4.8. Any choice such that 01 + 602 > 1 makes schemes (4.28) and (4.29) unstable. In
particular, the explicit case 01 = 02 =1 is unstable, as mentioned before.

The proof of this lemma is embedded in the proof of Theorem 4.1 below.
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Theorem 4.1. For a uniform mesh Az = Ay = h, the LF-DP schemes (i.e.(4.28) and (4.29)
with v, =0) are stable under the following conditions

_ Kuh 2
At < min{At.,Aty}  where Aty = 22* and Atbizm-

Remark 4.9. The restriction on the time step At, (resp. Aty) is the classical CFL condition for
advection (resp. rotation) phenomena. Note that the choice 02 = 01 makes the CFL condition
independent from the Coriolis parameter.

Proof. Let us denote

At
w=wAt, o=a,—.

h
We now perform the Fourier analysis for fully discrete Godunov type schemes by substituting

the fully discrete Fourier mode

ks zi+kyy;)

n o _..n n _ n i(kzxitkyy;)
Tig = ¥reé » o Up g = Pyl e

and v{fj = gogez(k”wﬁkyyj)

into the fully discrete scheme to obtain

Toe" ™ = Moo"

where
1 0 0
To= 1|0 1 —(1—62)wn?
0 (1—61)wn? 1
and

1- 52 (a2 +6%) —wm(ca—wh) —w(oB+ Fwa)
My = —woan 1—52a2 — 5208 + Gaon?
—10n —52 a8 — f1n? 1— 4732

Let us set A(61,02) = 1+ w?n*(1 —61)(1 — 62) = detTy. The characteristic polynomial of this
amplification matrix 7;)71/\/19 has one root A = 1 and the other roots are also roots of the

second-order polynomial
P\ := AN+ €N+ (4.30)

where

KyrO

£= —2—|—w2n4(01 + 602 —260102) + KL; [aQ + 3% - w772a,8(02 — 01)} + 5

(a2 + 52) A
and

(=1 +w27749102 + @w

oy [a201(1—6) + 82021 — 1) — 77 (a2 + )

2
(o + 62)) [aQ + 6% —wn?ap(0y — 91)} )

2 Fu KKy
—I—a(an 5 +o 1

Let us first prove Lemma 4.8 and consider for that the stationary state, k; = k, = 0, which
implies &« = 8 = 0. The characteristic polynomial then reduces to

P = AN+ [~2+ @0 (05 + 01 — 20201) | A+ 1+ =061,
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For the scheme to be stable, all eigenvalues must satisfy |A| < 1. In this simple case, a necessary
condition is |[A\jA2| < 1, which is equivalent to

¢

<1l = w?(1— 6 —01) > 0.

This proves Lemma 4.8. Let us now turn to the proof of Theorem 4.1.
We now consider the fully discrete LF-DP cell-centered scheme:

kr=0, m=1 and —-1<¢a,5<1.
Then parameters & and ¢ involved in (4.30) reduce to
§ = 24 @2(62+ 01— 20261) + ~5= [0” + B2 — waB(6r — 01)|
and

(=1+w001+0 <0— RZU) {a2+ﬁ2 —waf(hy —01)} )

Imposing |A| <1 is equivalent to
CI<A and [{]<A+C
o Firstly, the condition ( < A can be written as
fila,f) =w?[1= (B2 +61)] + 0 <K2u - U) [042 + % —wap (0 — 91)] >0
which in particular holds when
o< % and wlfy — 01| < 2. (4.31)

Indeed, the latter constraint implies that a2 + 5% — waB(2 — 61) € [0,4] since a, 3 € [—1,1].

e The condition { > —A is equivalent to
fo(a,B) =2+ @?[1— (624 61) +20201] — o (Zu - U) {042 + 6% —waf(bs — 91)} > 0.
Under (4.31) and due to the fact that &, € [0,1], we have

2 2
K K, Ky
— —_ — = _ — - = >
2 0<2 o>4 4(0 2) +2 4_0

which ensures that the requirement fo > 0 is always satisfied.

e The case —¢ < A+ ( reads
f3(a, B) = w? + o2 [aQ + 6% —waf(6; — 91)} >0
which always holds under (4.31).

o Finally, the condition £ < A + ( reads

fal, B) = 4+ @ (1= 205)(1 = 201) + 0 (0 — k) [0® + B2 — @af(0s — 01)| > 0.
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Let us notice that due to (4.31) and 63, 8; € [0,1], we have

2
f4(0£,,8) ZP4 =4 [02 — 0Ky — 24_ 1

4

Either w?h? < (4 — ky)a? and p4 is a second-order polynomial with respect to At that is

always positive: there is no additional constraint upon the time step. Or w?h? > (4 — iy, )a?

and At must be small enough to ensure that ps >0, .e.

1 1 4a2—w?2h?
h VA
At < x 2t (4.32)
@rliu T

* Yy,

The convexity of the function z — 1 — /1 —z shows that when w?h? < 4a2, the bound
in (4.32) is greater than a*}f{u > % Hence in that case (4.32) is less restrictive than (4.31).
The study of the monotonicity of the bound with respect to k,, shows that it is also the case
when w?h? > 4a2. Consequently, the only constraint upon the time step is (4.31) which

ends the proof of Theorem 4.1.

In the vertex-based case, the only difference is that n € [0,1]. It can be shown that n =1 is
always the most restrictive constraint and the same stability conditions hold. O

Proposition 4.8. Let us set p(z) = 7%22_1 The cell-centered/vertex-based AT-LF and AT-DP
schemes are stable provided that the time step is smaller than

Scheme (61 =0,02=0) (01 =1,00=0) or (61 =0,02=1) (01 =1/2,00=1/2)

. h {2 koh cwh) _4h 2wh rh rwh
AT-LF %a mln{@’ia*SO(H&‘;i )’mTa*(p(n:Ja*)} Ha* SO(HZ(Z )
2% h . ho1 . ho2
AT-DP S a mln{Qﬁ/—@ ay” E} mm{zfm? a” E}
Proof. The proof relies on same kind of computations than Theorem 4.1. O

Remark 4.10. Contrary to the result in Theorem 4.1, for the choice 81 = 02 = 1/2, the CFL
conditions in Prop. 4.8 still depend on the Coriolis parameter w. The only choice for which the
CFL condition does not depend on the Coriolis parameter is a fully implicit discretisation of the
Coriolis term, i.e. 61 =605 =0.

We also notice that the stability conditions associated to the AT-LE scheme are more restrictive
than the conditions for the LF-DP scheme.

Orthogonality-preserving property

We now turn to another major aspect of the linear wave equation which is the preservation of the
orthogonal subspace, see Prop. 4.3. It means that when the initial condition is in the orthogonal
subspace, the numerical solution remains in this subspace at any time. If the numerical scheme
satisfies such a property, we say that this scheme is an orthogonality-preserving scheme.

As we shall see below, the original schemes (4.28) and (4.29) are not orthogonality-preserving
schemes. That is why we have to modify them. To do so, let us change the time discretisation of
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the velocity divergence on the pressure equation in the cell-centered scheme as

ntl_gn w N
T 95wl e Vi (Vawrh o+ )] =
o i (4.33)
ntl _ u. 0.1
i, 7, ,
e AL T+ ax [V, i — vu [V, (V) Uﬁ)h,j =Wy
and in the vertex-based scheme as
n+1 _an
'7 j '7 j J_
g [V uf] eV (Vi (@) t)] =0,
’ (4.34)
n+1 n n
’JTJ +acfy [Virpli; —vuVi Vi upl; ;= —wiy {fh( )] i

for u] = (ru” + (1 — 71 )u™ o™ + (1 — 7)o" )T with 71, 75 € [0,1]. Note that these modified
schemes are still explicit since the updated velocity can be computed first and then introduced
in the pressure equation.

It is straightforward to prove that these modified schemes still preserve the corresponding
discrete kernels (4.20) and (4.25). They also preserve the orthogonal subspace:

Proposition 4.9. The fully discrete cell-centered (4.33) and vertex-based (4.34) schemes are
orthogonality-preserving schemes provided that

kr=0 and 11 =01, To=05. (4.35)

Proof. Let us assume that ¢; € 5 0.h and show that an €& ¢0 A
Taking the discrete scalar product of (4.33) with g, € £¢ 0,1y We obtain

(@, an) = (q), an) — axDE (VS - uh, ) + (VourH, @)

+ v AUV, [V, - up], @p) + vr At <V§h : [ 2nTh UZ L] ,fh> — WA (up ™ i)
Because of V§, -, =0 and due to Lemma 4.4, we have

(Voprh, ) = —(rp, Vg, - ap) =0,
(VorlVan -upl,an) = — (Vg - up, Vo, - y) = 0.
Moreover (g} ,dn) =0 and

4

@ AL (VS -] i) = acAt (], VS, h) = —wAL(u], @h) = wAt{u ™t ).

,fh>-
n+1

Therefore, in order to ensure that Vg, € £¢ w20,k (¢ ,an) = 0, we need v, =0 and 71 = 61,

As a result, we obtain

N
<q2+1,cj )wAt<(uz—uz) ,uh>+VTAt <V§h- [ ShTH —F—uzl

T = 09.
Similarly, for the vertex-based scheme (4.34), we have

(@ an) = (it an) — ax AL IVRR] ) + (F [V - wr] 7)) + AL (VG [V - upl]  dig)
0t {5, [V +wfh(uh’l)] ) —wAt ([ f ()] @)
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and due to Lemma 4.7
(@ an) = vt (Vi [V 4w ()] on )+t ([ £ )| uf —uf ).

Therefore, under (4.35), we have (qZH,qh) =0 for any gn € £ - O

Numerical results

Well-balanced test case with initial condition in the kernel

We first come back to the test case presented in Section 4.3 to explain the wrong behaviour of
the classical scheme and of the naive corrections referred to as LF-C and C-LF strategies. In
practice we define the initial discrete pressure r by using relation (4.7) applied at the cell centers
and the initial discrete velocity by using the definition of the discrete kernel (4.20). The initial
state is then a discrete stationary solution when we use the scheme defined by (4.28) or (4.33).
As expected, the AT-DP, AT-LF and LF-DP strategies exactly maintain the stationary state,
whereas the results obtained with the AT-C and C-DP strategies are very similar to the ones
obtained with the LF-C and C-LF strategies and are not able to preserve the stationary state,
compare Fig. 4.6 and 4.3.

In Fig. 4.6 we present the results for two different grid sizes and two different final times.
It is clear that the error decreases when the mesh is refined and increases with time, that is
not surprising. As it has already been noticed, it clearly appears that, for this test case, the
correction on the diffusion for the velocity equation, i.e.C-DP strategy, has a much larger impact
than the correction on the diffusion for the pressure equation, i.e.AT-C strategy, but is not
enough to preserve the stationary state. This behaviour will be investigated in more details in
Section 4.7.3.

Orthogonality-preserving test case with initial condition in the orthogonal subspace

In this test case, we consider periodic boundary conditions and an initial velocity field given by

u(t=0,z,y) = fexp [_ ((%lf a (61%)2]
v(t=0,2,y) = gexp {_ (%)2 B (6“1)2} .

in the domain T? = [-0.5,0.5] x [~0.5,0.5]. Then the initial pressure r(t = 0,,y) is constructed
by using the definition of the discrete orthogonal subspace (4.21). Note that for this test case, we
only present results for the cell-centered scheme (4.28) for which we can compute explicitly the
orthogonal of the kernel. Note that for the vertex-based scheme (4.29), we can also prove that
the LF-DP scheme with the appropriate u” velocity preserves the orthogonal, but we cannot
provide an explicit expression for this subspace. The time discretisation parameter for Coriolis
term is 01 = 03 = 1/2 for all the numerical results. A 50 x 50 grid is used.

As expected, Figure 4.7(a) indicates that, for the choice 7 =1, no scheme is orthogonality-
preserving (if ti were the case, the curves would remain exactly zero). Nevertheless it clearly
appears that the projection ¢ onto the kernel depends on the numerical strategy and is much
larger for the C-C and the AT-C schemes than for the other ones. Figure 4.7(b) shows that the
orthogonal part of the solution is less damped when the LF strategy is used, i.e. for AT-LF and
LF-DP schemes, since the numerical diffusion is canceled for one equation. In Fig. 4.7(c) and
Fig. 4.7(d), we present the same results, but focusing on the LF-DP scheme for different values
of the parameter 7 used for the time discretisation of the velocity in the pressure equation. It
appears on Fig. 4.7(c) that the case with 7 = 6 is the only one for which the projection of the
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(a) r(t =10,z,y) with a 50 x 50 grid. (b) r(t = 20,z,y) with a 50 x 50 grid.
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(c) (t =10,z,y) with a 100 x 100 grid. (d) r(t =20,z,y) with a 100 x 100 grid.

Figure 4.6: Cross-section of pressure.

solution in the kernel remains zero for all time, which means that the orthogonal subspace is
stable for the scheme. In Figure 4.7(d), it appears that the damping increases when the time
discretisation becomes more and more implicit, ¢.e.the parameter 7 becomes smaller and smaller.
Note that the choice 7 =60 =1/2 for which the orthogonal is a stable subspace corresponds to

a mean damping: contrary to the previous test case, the solution evolves but remains in the
orthogonal.

Behaviour of the solution with initial condition close to the kernel

We now consider an initial condition close to the discrete kernel up to a perturbation of size
M1

__

lgh1l"

where @2 stands for the projection onto the kernel given in Section 4.7.1 and (j,ol is the orthogonal
part considered in Section 4.7.2. Here the Froude number M is set equal to 1072 and a 50 x 50
grid is used. In Figure 4.8(a) we present the evolution in time of the deviation from the initial
projection (j,g. It appears that for the C-C, AT-C and C-DP schemes, that are not able to
maintain steady states, the deviation increases regularly with time. Nevertheless it increases
much faster for C-C and AT-C schemes than for C-DP schemes, which reinforces the conclusions
of the first numerical example, see Section 4.7.1. For C-C and AT-C schemes, the deviation
becomes almost constant when the discrete solution reaches a stationary state of the scheme,

a=a+M
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Figure 4.7: Fvolution of the kernel and orthogonal part for 61 = 02 = %

which is very different from the initial one since the kernels of those scheme are inaccurate
approximations of the continuous ones, see Lemma 4.2. The same phenomenon should occur for
the C-DP scheme but since the deviation increases slowly, one needs to wait for a long time.

In Fig. 4.8(b) we present the norm of the part of the solution that belongs to the orthogonal
subspace. It appears that for each scheme, it is mostly decreasing in time, despite some oscillations,
meaning that, for each scheme, the solution tends to a stationary state that belongs to the kernel
of the considered scheme. Note that the solution of the AT-C scheme tends quite quickly to a
stationary state in its kernel since the orthogonal part vanishes. For C-C and C-DP schemes, the
decreasing of the orthogonal part is slower, which explains that the deviation is still increasing in
Fig. 4.8(a), even if very slowly for large time for the C-C scheme.

In Fig. 4.9, we present for different values of M, the maximum value, over the time interval,
of the deviation from the initial projection qg. It clearly exhibits that, for the well-balanced
LF-DP, AT-LF and AT-DP strategies, the deviation is proportional to M whereas it remains
constant for the other strategies, even if the constant is smaller for the C-DP scheme than for the
C-C and AT-C schemes. It emphasizes the importance of the well-balanced strategy to ensure
the accuracy near the geostrophic equilibrium.
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Figure 4.8: Fvolution in time of the deviation for an initial condition close to the discrete kernel.
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Water column test case and geostrophic adjustment

In this test case, we consider a discontinuous initial condition which is given by

2, if 2?+92<1
r(t=0,z,y) =1 1 x2+y2_

1, if z*+y°>1,
u(t=0,z,y) =0,

v(t=0,z,y) =0.

with periodic boundary conditions on the domain [—5,5] x [—5,5]. This initial condition corre-
sponds to a circular dam break and is very far from the geostrophic equilibrium (4.3). Hence the
solution of the wave equation with Coriolis term (4.2) will contain a travelling wave that should
go out of the domain (here due to periodic boundary conditions, the waves remain in the domain
but will vanish for long time because of numerical diffusion) and the remaining stationary state
will be the geostrophic equilibrium (4.3) corresponding to the initial data. Discrete solutions
will exhibit the same behaviour but the remaining state will belong to the discrete kernel of each
scheme.

In Fig. 4.10, we present the evolution in time of the pressure r for different schemes. In
Fig. 4.10(f), i.e.for long time, three groups can be exhibited: the one corresponding to the
well-balanced schemes, i.e.the LF-DP, AT-LF and AT-DP schemes, the one corresponding to
the schemes for which the kernel is given by (4.9a), i.e.the C-C and the C-DP schemes, and the
AT-C scheme for which the kernel is given by (4.9¢). In Fig. 4.12 we present at the final time
the results for the quantities r, v and v for three schemes, corresponding to the three groups
previously mentioned. Results appear to be very different (note the scale is not the same for the
three figures).

On the left column, solutions of the C-C and C-DP schemes are close to a constant state (see
the scale on the z-axis) that corresponds to the discrete kernel (4.9a). Note that the discrete
kernels (4.9a) and (4.9b) are the same and correspond respectively to the C-C and C-DP schemes.
On the center column, u-velocity (resp. v-velocity) corresponding to the solution of the AT-C
scheme is almost constant in the z-direction (resp. in the y-direction). It is in agreement with
the definition of the kernel (4.9¢), that is neither a constant state, nor a good approximation of
the continuous geostrophic equilibrium (4.3).

In the right column, solution for the AT-DP scheme is very similar to the geostrophic
equilibrium plotted in Fig. 4.1, which may indicate that the solution is close to the discrete
kernel (4.20), that has been proven to be a good approximation of the continuous geostrophic
equilibrium (4.3). It is clearly exhibited in Fig. 4.11 where we show that, for long time, the
gradient of the pressure along the x-axis balances exactly the z-component of the Coriolis force,
which characterizes the geostrophic equilibrium (the result would be the same for any cross-section
in any direction). Among the C-C, AT-C and C-DP schemes, that are not well-balanced, note
that, whereas the C-DP scheme appeared to be preferable in the previous test cases since the
deviation from the discrete geostrophic equilibrium remained relatively small, here, the solution
of the C-DP scheme is very similar to the one of the classical C-C scheme and is totally inaccurate.
It allows to conclude that the well-balanced property is absolutely necessary to obtain accurate
solutions for a large range of test cases.

In Fig. 4.10(a) to 4.10(e) we present the transient part of this geostrophic adjustment. It
appears that the time evolution of the solutions of the three well-balanced schemes, even if they
converge to the same state, is not completely similar. In particular the solution for the AT-DP
scheme is different from a group composed by the solutions corresponding to the AT-LF and
LF-DP schemes. Note also that for short time, the solution of the LF-DP scheme presents some
oscillations, that are due to the discontinuity of the initial solution. This difference is highlighted
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in Fig. 4.13 where we present the time evolution of the energy. Indeed, even if the final state is
the same for the three well-balanced schemes, the time evolution is different for, on the one hand,
the AT-DP scheme, and, on the other hand, the AT-LF and the LF-DP schemes, for which the
energy decreases more slowly. Nevertheless note that, as expected from Th. 4.1, the energy is
globally decreasing for all schemes, even if we consider a discontinuous initial condition.

s 4 3 2 Il [ 1 2 3 4 5 %5 a E 2 ) o 1 2 3 4 5 %5 - E 2 1 o 1 2 3 4 5

(a) ratt=2 (b) ratt=4 (¢) ratt=10

M‘/‘?‘
ot o,

%

K3 4 ) 2 1 o 1 2 3 4 5

(d) ratt=20

2 1 o 1 2

(e) mat t =50 (f) r at t =100

Figure 4.10: Cross section of the pressure r at y =0 at different times.

% 4 K 2 =] o 1 2 3 4 5 % 4 K} E =] o 1 2 3 4 5 s 4 ) E ] o 1 2 3 4 5

(a) t=4 (b) t =20 (c) t =100

Figure 4.11: Cross section of the pressure gradient and Coriolis force at y =0 for AT-DP scheme.

Conclusion

In this work we propose new collocated finite volume Godunov type schemes to compute accurate
approximate solutions of the wave equation with Coriolis term. The main ingredient of the
method is to modify the numerical diffusion of the scheme to make the discrete kernel compatible
with the so-called geostrophic equilibrium. It extends techniques proposed in [13] and [20]. We
propose three different well-balanced schemes, namely the AT-LF (Apparent Topography & Low
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Figure 4.12: Comparison between C-C (left), AT-C ( middle) and AT-DP (right) schemes at time t = 100.

Froude) scheme, the LF-DP (Low Froude & Divergence Penalisation) scheme and the AT-DP
(Apparent Topography & Divergence Penalization) scheme, and two different ways to discretise
the geostrophic equilibrium, namely at the centers of the cell or at the interfaces.

The main result of the paper is the proof of stability, under classical CFL conditions, of all
these modified schemes, see Th. 4.1. Moreover some numerical test cases allow us to investigate
the behaviour of the schemes for different kinds of initial solutions, including discontinuous ones,
and conclude that the well-balanced property is essential to ensure an accurate geostrophic
adjustment. Future works will be dedicated to the extension of these results to the fully nonlinear
two-dimensional shallow water equations with Coriolis term (4.1).

Proof of the Hodge decomposition in the continuous case (Prop. 4.1)

Proof. In order to prove (4.4), let us denote by A the space

A= {(p,v) € (LQ(’]I‘Q))3 'Vgoe C>(T?), /Tza*vl-Vgo dm:/Tprcp d:c}.
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(a) Energy of cell center scheme (b) Energy of interface scheme
scheme

Figure 4.13: Evolution in time of the energy

We first show that A is a subset of £1,. Let us take § = (p,v) € A. Then for all ¢ = (r,u) € &0,
we have

<Q,Q>:/ Tpdili—i-/ u-vdw:/ rpda:—i-%/ v-Vir de
T2 T2 T2 w J12

= ﬁpv‘dar:—/ vt Vrdz=0.
T2

T2 Ax
By density of C2°(T?) in H'(T?), it follows that § = (p,v) € £,y Therefore, we conclude that
AC &Ly
On the other hand, let us take ¢ = (p,v) € Ejio. For any ¢ € H'(T?) we have § :=
(;”—*QS,VJ‘QZ)) € Eu20 - This provides

Ga)=0 = [ Zépda— [ vtV do—o.
T2 Gk T2
As a result, we have
Vé e HY(T?), / “ op da :/ vl Ve dz,
T2 Gx T2
which leads to w
VoeCE(m), [ Lopde= [ vt Vo da
T2 Qx T2

L

It implies that ¢ € A, that is to say £, is a subset of A. In conclusion, we have

Eho=h={(0) € (12(1)"

We eventually have to prove that

chEC’cOO(’H‘Q),/ avt -V d:c:/ wpp dm}.
T2 T2

Eund @ E g = (22(19))

By the fact that &0 ®EL,, C (L ('11‘2))3 is trivial, we only have to check (LQ(']I‘Q))3 C Eur0 B E o
. We suppose ¢ € (L?(T?))3, we shall find § € E,.0 and § € Sjio such that ¢ = §+ ¢. For
q=(r,u,v) € (LQ(TQ))?’, let us denote u(r) = ﬁ Jp2r dz and consider the following variational

form :
Find h € HY(T?) such that: ¥ ¢ € HY(T?), a(h,p) = F(p), where

w

2 2
a(h,p) ::/ Vh-Veodx+| — he dz, F(p) ::i/ ut-Vode— hd / (r—u(r))e de.
T2 Ay T2 Ay JT2 QA T2
(4.A.1)
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The existence and uniqueness of h € H'(T?) results from the Lax-Milgram theorem for w # 0.
We consider the decomposition for r given by

r=7+7 with ?=pu(r)—h and 7F=r—pu(r)+h.
For the decomposition of u, we simply construct @ by setting

N oo ~ ~ ~
a=—V* and u=u—1u,
w

which implies (7,%) € E,20 and
at = -2vi = Zvj,
w w
Therefore, (4.A.1) implies that for all ¢ € H'(T?) we have

2
“ (4 —u)t - Vo dw+<w) / 7o de=0
Ay T2

Gy JT?

which implies that
Vo € C2°(T?), / ay® -V dw:/ wie de.
T2 T2
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CHAPTER

Analysis of staggered type schemes applied to the linear
wave equation with Coriolis source term. Part 1: on Carte-
sian meshes

Problems are not stop signs,
they are guidelines.

Robert H. Schuller.

~— Abstract

The numerical viscosity on both the pressure and velocity equations are responsible for
the inaccuracy problem of the classical Godunov scheme applied to the two dimensional
linear wave equation with Coriolis force. To overcome this difficulty, based on the study
of the modified equation, the work in [53] proposes corrections to the standard diffusion
terms by using a mixture among the Apparent Topography method in [13], the Low Froude
and Divergence penalization method mentioned in [20]. In this work, we develop this idea
to construct some staggered type schemes on the Arakawa B and D grids, such that those
schemes capture well the discrete geostrophic equilibrium which are the stationary states
of the system, as well as the subspace which is orthogonal to these stationary states. A
Fourier analysis is preformed to compare the staggered type schemes on B and D grids in
terms of dispersion laws and damping errors.
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Introduction

The dimensionless shallow water equation on the rotating frame is given by
Oth+ V- (hu) =0, (5.1a)

1 h? 1 1
A+V-(hi®i)+ —V| = )| =——hVb— —hii 1
Stoy(ha) + (hu®u)+ 2 ( 5 ) 7,Qh b Rohu (5.1b)

In System (5.1) unknowns h and u respectively denote the water depth and the velocity of the
water column and function b(x) denotes the topography of the considered oceanic basin and is a
given function. Dimensionless numbers St, F'r and Ro respectively stand for the Strouhal, the
Froude and the Rossby numbers defined by

L U U
- Fr=_—__—_ -
St T r ik Ro OL

where the parameter g and () denote the gravity coefficient and the angular velocity of the Earth.
Constants U, H, L and T are some characteristic velocity, vertical and horizontal lengths and
time. In the sequel, we shall focus on cases where

Ro=0O(M) and Fr=0(M)

with M a small parameter. For large scale oceanographic flows, typical values lead to M ~ 1072,
Let us now suppose that the topography is flat. For a Strouhal number of order (’)(ﬁ) and for
Rossby and Froude numbers of order O(M), the solution of system (5.1) satisfies at the leading
order the linear wave equation with Coriolis source term

(5.2)

or+a,V.u=0
1

oru + a, Vr = —wu
where u = (u,v)”, and ut = (—v,u)T. The parameters a, and w are constants of order one,
respectively related to the wave velocity and to the rotating velocity. The stationary state
corresponding to Equation (5.2) is the geostrophic equilibrium which is given by

ax Vr = —wut. (5.3)

One of the common numerical strategies that can be applied to the linear wave equation (5.2)
is the collocated leapfrog scheme (the so called A-grid model). However, this scheme suffers
from the problem called "checkerboard mode" that has a pressure state alternating between two
constants (see [2] for more details). Hence, it is essential to turn to staggered schemes. Since
there is a variety of ways to distribute the variables in the two dimensional case, we have various
staggered schemes associated to Arakawa’s grids introduced in [10]. A lot of research articles
focus on the analysis of the behavior of the dispersion relation for the numerical discretization
of (5.2) on Arakawa’s grids, e.g. [11, 54]. The main purpose of the present work is to propose
staggered schemes with appropriate diffusion terms that avoid oscillating solutions when the
initial solution is discontinuous, while at the same time the obtained scheme can capture well
the geostrophic equilibrium (5.3).

The outline of this work is the following. In Section 5.2, we perform the analysis for the
semi-discrete staggered schemes. In particular, we construct some discrete operators which fulfill
mimetic properties. Moreover, we analyze the discrete kernel associated to the semi-discrete
staggered scheme to point out the wrong behavior of the classical scheme and we follow the
work performed on collocated grids [53] to adapt the Apparent Topography, Low Froude and
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Divergence Penalisation methods to staggered grids. This provides schemes that possess discrete
steady states which are consistent approximations of the continuous kernel (5.3). On the other
hand, based on a Fourier analysis, we exhibit the dispersion relations and damping errors of the
semi-discrete (in space) schemes. Next, in Section 5.3, we take into account the time discretization
to present fully discrete staggered schemes and we prove some CFL conditions which ensure that
the proposed schemes are stable. Besides, we investigate the orthogonality preserving property
at the fully discrete level. At last, the analysis is followed by numerical tests in Section 5.4 and
the study is completed by some concluding remarks.

Analysis of the semi-discrete staggered schemes

The semi-discrete staggered scheme on B grids

B grids have velocities discretized at the cell centers, while discrete pressures are located at the
vertices of the grid.

Ui i+ g Uisd j+1

.’wz 12 .'msz j+172

i-1/2j-1/2 i+1/2-1/2
[ o'

Ui g1 i1

Figure 5.1: B grid.

Discrete Operators for B grid type schemes

We first define the discrete version of the gradient and divergence operator. Let up, = (u; ;) and
vp, = (v4,5) be in RN where N = N, x Ny. We define the discrete divergence Vy, - (up,) by the
following formula

(Wit1,+1 + Uit1,5) = (i1 +uij)
2Ax

n (Vig1,j+1 + Vi j1) — (Vig1,5 + i)

2Ay

Vi € [1,Ng],Vj € [1,Ny] : Vi (un)ig1/2,541/2 =
(5.4)

Moreover, we can define the discrete curl of the vector field by

1
Vi X (Un)ig1/2,5+1/2 = =V (Ug)it1/2,541/2
(i1 T i) — i1 +vig) (Wi a1+ uige1) — (Wi +uig)

2Ax 2Ay

(5.5)
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Let 7, = (ri11/2,j41/2) be a scalar function defined on the dual cells (see Figure 5.1). We can
define the discrete gradient by using the following formula

Ti41/2,5+41/2~Ti—1/2,5+1/2 Tit1/2,5—1/2"Ti—1/2,j—1/2
Vi€ [L,Na,Vj € [L,N,]: V(ra)is = & A + A
(S € : Th)ij = & =
el ¥ Y hATh)Lj 2 Ti41/2,5+1/27Ti+1/2,j—1/2 2 Ti—1/2,j+1/27Ti—1/2,j—1/2
Ay Ay
(5.6)

Let us denote the area of the primary cell A; j = AzAy and the dual cell Ajy /3 j11/2 = AzAy.
Then, we can define the discrete scalar product between q,lZ = (r,ll,u}ll,v}b) and q% = (r%,u%,v%) by

1 2 1.2 1.2
(@h>ah) = (ThsTh)D + (Up, uph) P

B 1 2 12 1,2 5.7
=3 Aijagar/a ey + o A (ulud vl ol (5:7)
i,j ,J

With the help of the discrete operators, the semi-discrete staggered scheme applied to the
linear wave equation with Coriolis source term can be written as

d w ., L

s ; t)+ axVy - (up), j —Vvh‘[vhrh +*U] . =0

dt ’L+1/2,]+1/2(> * ( )z+1/2,]+1/2 T ( ) ax ~h i+1/2,j+1/2 (5.8)
%um(t) + a*Vh(rh)m - uth[Vh . (uh)]m- = —wuz{-j.
where v, = “f“Q*A‘” = “gagAy and v, = ’fuaz*m = "““E*Ay represent the parameters of the

diffusion terms.

We also note that the Low Froude — Divergence Penalization (LF-DP) scheme corresponds
to vy = 0,1, > 0, the Apparent Topography — Low Froude (AT-LF) scheme corresponds to
vr > 0,1, = 0 and the Apparent Topography — Divergence Penalization (AT-DP) scheme has
Up, Uy > 0.

Remark 5.1. It is worth pointing out that in the collocated schemes, all the space derivatives are
taken over the distance 2h where the space step h = Az (resp. h = Ay) in the x (resp.y) direction.
However, the distance between adjacent grid nodes is only h. Therefore, it is reasonable to use
staggered schemes which allow us to perform the derivatives over the distance h. As a result,
staggered schemes are more compact than the collocated schemes proposed in [55].

Properties of the discrete operators
Proposition 5.1. With the discrete divergence, curl, gradient operators and the discrete scalar

product defined respectively by (5.4), (5.5), (5.6) and (5.7), we have the following properties

for the semi-discrete staggered scheme (5.8):

i. Energy conservation for the pressure gradient force (discrete integration by part)
(Vi (un),mh)p = —(Vh(rn), un)p (5.9)
7. Energy conservation for the Coriolis force
(uj,up)p = 0. (5.10)

75i. No vorticity production for the pressure gradient force

Vi X (Vi(ry)) =0. (5.11)
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Proof. By using periodic boundary condition, we obtain

(Vi (un),rn)p = ZA¢+1/2,j+1/zvh : (Uh)i+1/2,j+1/27“i+1/2,j+1/2

ihj
_ ZA' , (Wit1,5+1 + Uit1,5) — (Wij1 + uij) . .
= i+1/2,5+1/2 AL i+1/2,5+1/2
/L‘hj
Iy (g + Vi) = Vigny i) ,
2 Bit1/2,5+1/2 2y i+1/2,5+1/2
/L7J
“SCA Ti—1/2,5-1/2 ~ Ti+1/2,5-1/2 | Ti=1/2,j+1/2 7 Ti+1/2,j+1/2
= _Aijui, T + A
1,7

Ti—1/2,5—-1/2 = Ti—1/2,5+1/2  Ti+1/2,5—1/2 — Ti+1/2,j+1/2
* Z Bigvi ( 2Ay * 2Ay
Z!J

==Y AijVu(rn)ij - wij=—(Vi(rn) us)p,
irj

which proves Point (7).
Point (7i) is obvious and we now turn to Point (7ii); we get, after some simplifications

1 Ti4+3/2,j+3/2 — Ti—1/2,j+3/2 Ti43/2,—1/2 — Ti—-1/2,j—1/2
VhX(Vh(Th))i+1/2,j+1/2:QAy ( e/ /2sz S >_< — /2sz S )]
1 (7“¢+3/2,j+3/2 —7“z'+3/2,j—1/2) _ (Ti—1/2,j+3/2 —7%'—1/2,3'—1/2)]
2Azx 2Ay 2Ay
=0.

O]

Let us emphasize that the new diffusion term on the velocity equation V(V},-up) is a crucial
point to ensure a discrete vorticity-divergence relation written on the dual mesh for the staggered
scheme: If we apply the operator Vj, x to the velocity equation of the staggered scheme (5.8), we

obtain J
at [V x (uh)]i+1/2,j+1/2 +wVp - (uh)i+1/2,j+1/2 =0. (5.12)

This is because we have no vorticity production of the gradient term (see (5.11)). Of course,

with the standard diffusion term (agmuh,agy’hvh)T, we generally have

Vh X {(6§x7huh,8§y7hvh)ﬂ =0.

As a consequence, we are unable to obtain the vorticity-divergence relation (5.12) with the
standard scheme.

Evolution of the discrete energy

Lemma 5.1. With v, =0 and the discrete energy defined as follows:

Ep(t) = ZAi+1/2,j+1/27“i2+1/2,j+1/2(75) +> Aij (uzz,j(t) + vz‘2,j(t>) ; (5.13)
,J ,J
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we have the dissipation of the discrete energy for the LF-DP scheme:

d
—F
p n(t) <0.

Proof. We take the scalar product of the staggered scheme (5.8) with g, = (rp,up,vp) to obtain

1d

§£Eh( )+ @ (Vi - (un),mh)D + ax (Vi (rp), un)p + (Ui, un)p — vul{Va[Vi - (up)], up)p = 0.

Moreover, the discrete integration by part formula (5.9) implies that

(Vr[Vi - (un)],un)p == (Vi (un), Vi - (un))p (5.14)
Therefore, using (5.9), (5.10) and (5.14), we get
d 2
S En(t) = =20 V. (un) 1%,
which means that the energy of the LF-DP scheme is decreasing with time. O

Discretized steady-states and their orthogonal subspace on B grids
We now define a set of discretized steady-states with staggered variables on B grids by the
following expression

€20, = {Qh = (rpyup) €RY 1 a, V()i = —wuifj} (5.15)
which is a consistent discretization of the geostrophic equilibrium (5.3). Then we have the
following result

Lemma 5.2. The orthogonal space of E- 00,8 1S given by

0, L
Eor0.B = {Qh = (rp,un) €R¥™N 1 4,V x (up)iy1/2,511/2 = WTi+1/2,j+1/2}a (5.16)
which implies the following discrete Hodge decomposition: R3N = 5‘#0 EE::éB

Proof. First of all, we define the set Af by

AB = {qh = (rp,up) €R3 . 4, V), x (Wn)it1/2,41/2 = wri+1/2,j—|—1/2}-

R3N

For each g, € EY =05 and arbitrary gp, € , we use the discrete integration by part formula (5.9)

to obtain

(Gh,Gn) = (PrsPn)D + (Tp, p) p = (Fr, ) p + (85, @) p

~  ~ a " - N o~ a N -
= (Ph,Th)D — ;* <Vh(7“h)7uﬁ>7J = (Ph,Th)D + ;* <7“hth : (uﬁ)>D

= <fh,Fh -4y, x (ﬂﬁ)> :
w D

Hence, if ¢}, € .Ah , we obviously have (g, G) = 0 which leads to .AB 10 - On the other hand,

since 7, can be arbitrary in RY when ¢, € £ =05 then the equality <rh,rh -V X (uﬁ)> =0

for all g, € &Y =05 implies that 7 — LV X (uh) = 0 and thus ¢, € Ah It follows that

0O,L B
Swio,B C Ay O
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Remark 5.2. The discrete Hodge decomposition allows us to define the discrete orthogonal
projection
3N ; O
]P)h . { R gw:tO,B

and we can construct qy, by what follows.

Let q, = (rp,,up) be given in R3N. For all (py,op,) € 55710 g, using orthogonality, we have

(Ph,Ph)D + (Uhy Op)p = (Thy Pr)D + (Wh, Op) P

We then use the definition of the discrete steady-states and the discrete integration by part formula
to get

PO Qx 2 ” o ~ Gy .
(Entnho = () (Fn- (VG b = Gnetno = () (T X uns ).
As a result, it is possible to find 75, by solving the following linear system

Ay

” Qx 2 ~
Tit1/2,j41/2— (w> Vi [Va(Pr)lig1/2,j41/2 = Tiv1/2,4+1/2— (w) Vi x(un)it1/2,541/2- (5:17)

Then, by the definition of the discrete steady-states, the part of the velocity field in 851073 is
given by

. a .
Ujj = (;) Vi (Pn)ij-

Finally, the orthogonal component is simply given by §, = qn, — Gp. Moreover, the linear sys-
tem (5.17) defines a unique solution by the fact that the matriz of this linear system is an
M-matriz.

Well-balanced and orthogonality preserving properties
Definition 5.1. A semi-discrete scheme is said to be well-balanced if

0 O
@B el = V20, qut)=dq) €& p-

Definition 5.2. A semi-discrete scheme is said to be orthogonality preserving if

o,L 0,1
Ghe€Eop = V20, q(t) €& p

Lemma 5.3. For the semi-discrete staggered type scheme (5.8), we have:

i. It is a well balanced scheme which can capture the discrete steady state (5.15).

ii. It is an orthogonality preserving scheme if v, =0 (LF-DP scheme).

Proof. By the fact that we have no vorticity production of the gradients (see (5.11)), with discrete
steady-states, there holds

Ay

ir1j2441/2 <w> Vi X [Va(rn)liz1/2,j41/2 =0
(5.18)

which implies the well balanced property of the semi-discrete staggered scheme (5.8). This proves
Point (7).

Vi (Wn)iv12,511/2 = (jj) V- [Vﬁ(%)}



5.2.2

5.2. Analysis of the semi-discrete staggered schemes 133

We now turn to the second point. By taking the discrete scalar product of the semi-discrete
staggered scheme with the stationary state g, € 55;:0, B> We obtain

<:litqh(t)7qh> = —ax(Vp - (un),7n)p +vr <Vh ' [vh(rh) * ;}u#] ’fh>z>

*

— ac(Vi(rn), ) p + vu(Va[Vi - (up)] n)p — wluy,, i) p.

By using the discrete integration by part formula and (5.18), we have
(Va(rn),@n)p = = (ra, Vi - (@n))p =0 (Va[Vi- (up)],@n)p = — (Vi (un), Vi - (@p))p =0

and, using the discrete integration by part formula and the fact that g, € EE::O, B, We get

—ax (V- (up), Pp)p — w(ug i) p = <G*Vhfh +wﬁﬁvuh>p =0.

As a result, the condition to ensure the orthogonality preserving property of the semi-discrete
staggered scheme is given by

A w A
Vg, € SE:tO,B? Vp <Vh [Vh(rh) + uﬂ 7rh> =0.
(o D
Therefore, the semi-discrete staggered scheme is orthogonality preserving when we have no
diffusion on the pressure equation v, = 0. O

Remark 5.3. The orthogonality preserving property of the staggered scheme with v, =0 allows
to ensure that there is no exchange of energy between the kernel and orthogonal kernel during the
computation process. On the contrary, if the numerical diffusion on the pressure equation does
not vanish (v, #0), at each time step, the component of the numerical solution in the orthogonal
of the kernel not only damps out, but also partly moves into the kernel. As a result, the kernel
part of the numerical solution may be changed at each time step, until the numerical scheme
tends to the steady state.

The semi-discrete staggered scheme on D grids

D grids have the tangential components of the velocities discretized at the midpoints of the edges,
while discrete pressures are located at the cell centers.

Discrete operators

In order to design numerical schemes on D grids, we shall first define the discrete versions of some
operators. Let r, = (1), up = (4 j41/2) and vy = (vi41/2 5) be in RY where N = N, x Ny, (see
Figure 5.2). We first denote fj, as an averaging operator that uses 4 points around the location
where the average is computed. We define

Tij +Tit15 + Vig+1 + Tit1,j+1

Tn(Th)iz1/2,j41/2 = 1 ;
Ui j—1/2 T Wil j—1/2 T U j11/2 T Wit j4+1/2
fh(uh)z'—i-l/Z,j =
4
and
Vi—1/2,5 T Vi—1/2,54+1 T Vit1/2,5 T Vit1/2,5+1
fo(vn)ij1/2 = 1 :

Moreover, we also need the discrete version of the divergence at the cell corner:

V- (up)s ' _ Wit 1,j4+1/2 = Ui j+1/2 n Vit1/2,5+1 — Vit1/2,5
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u. .
0 i,j+1/2 )

(i Vis1/2,j
. Qo

Figure 5.2: D grid.

Let ¢, = (¢ 41 /2,41 /2) be a discrete function defined by its values at the vertices of the cells, we
then define the discrete version of some differential operators

Git1/2,j41/2 — Pi-1/2,j+1/2 Git1/2,j+1/2 — Pit1/2,j—1/2
ax,h(¢h)i,j+1/2: i+1/2,j+1/ " i—1/2,5+1/ and ay,h(¢h)i+1/27j _ i+1/2,j+1/ Ay i4+1/2,j—-1/ )

Let also 75, = (r; ;) be a discrete function defined by its values at the cell centers, we define
another discrete version of the same differential operators:

Tit1,5 —Ti,j Tij+1 — T
O n(Th)ig1/2,5 = s and 9y n(rn)ijr1/2 = Ay

Now, for a discrete vector field ¢j, = (¢p,¥n) where o = (9;11/2,;) and ¥y, = (Y; j11/2), the
discrete divergence at the cell center is defined by

¢ i1y~ Pim1j25 | Vig1/2 = Yij-12
Vi (p)ij = Ar + Ay :

Next, we also define the following discrete scalar products

1.2 1,2 1,2 1 2
(rp )P, = ZAﬂﬂAyTi,jTi,ja (up,up)p, = ZAxAyui,j-i-l/Qui,j-i-l/Q’
imj 7’7]
1,2 1 2 1 42 1 2
(vp, Vi), = ZAUCA?J%H/QJ”@'H/QW (On dh)D, = ZAxAy¢i+1/2,j+1/2¢i+1/2,j+1/27
i7j 7‘7-]
and
<qf1wqi2L> = <r}1zari2L>77r + <u}1mu%L>Du + <Ui1wvf2z>Du'

With the above discrete operators, the semi-discrete staggered type schemes on D grids can be
written as

%Ti’j (t) + a*V;; . [fh(uh),fh(vh)]i’j — VTV;; . (8:r,h7"h — a%vh,a%}ﬂ‘h + ;‘%uh)i,j =0
Fi i1 72(8) + @xOp n[Fa(Tn))i j1/2 — VuOun [V - (Wn)]; ja1/2 = W fr(Vn)ijt1 /2 (5.19)

Evir /2,5 () + axOy n[fa(rn)lic1 2,5 — VaOynlV5 - (Wh)]i1 2.5 = —w fr(un)it1 /2,
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Properties of the discrete operators

Proposition 5.2. For discrete fields with periodic boundary conditions, we have

1. The discrete integration by part formula
(Vi (n),0n)p, = —(9en(dh), un)D, — (Oy,1n(PR), V) D, - (5.20)

7. Energy conservation of the Coriolis force
(fn(vn),un)p, — (fa(un),vn)p, = 0. (5.21)

7i. No vorticity production for pressure gradient term

V5, X [0p h®h, 0y n0n] = —V7§ - [0y h0h, O ndn] = 0.

Proof. These properties are proved by direct computations. O

Like with the staggered scheme on B grids, we also obtain a vorticity-divergence relation
with the staggered scheme on D grids. In particular, we have

d
25X [unsonli + @V - Un(un), Ja(on)]; ;= 0.

Let us emphasize that this relation on D grids is defined at the cell centers.

Evolution of the discrete energy

Lemma 5.4. With v, =0 and the discrete energy defined by the following expression
EP(t) =" Ashy[rd;(6) +ud 11 o) + 0200, 0)]
Z’?j
we have the dissipation of the discrete energy of the LE-DP staggered scheme on D-grids

d D

Proof. By taking the discrete scalar product of (5.19) with g = (rp,up,vp), we obtain

Ld EP(t) = —ax (V5 - [fa(un), fo(0n)],70) P, + Ounlfa(rn)] un) . + Oy nlfa(rn)],vn)D, )

24t "
+w(fn(vn), un)p, —wW{(fn(un),va)D, + Vu(0zn [V}, - (up)], un) D, + Vu(0y 1V}, - (U(h)]ﬂf)hbu-
5.22

Using periodic boundary conditions, it may be proved that
(Vi [falun), fulon)] i) e, = (Vi - (an), fu(rn)) D, -

Hence, we apply the discrete integration by part formula (5.20) for ¢p = fr(ry) and then for
¢n =V} - (up) to respectively obtain

(V5 Ufn(un), fuon)] ) e, = = (0w pLfn(ra)] un) o, — Oy nlfa(rn)], vn)p, (5.23)

and
vul O n [V, - (un)],un)p, + vul 0y n [V, - (an)],on) D, = =V - (i) [, (5.24)
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Therefore, from (5.22), (5.23), (5.21) and (5.24), we conclude that

d p 2
g En () = =2vu| Vi - (wh)llp, < 0.
O
Discretized steady-states and their orthogonal subspace on D grids
We now define a set of discretized stead-states with staggered variables on D-grids by
’IA“H,Ljffi,j A~
T A TVit1/2,5
O ~ PPN N
Eoeo.p = = (Pnsi, 0) ER* o | "7 =—wl : (5.25)
S T U j41/2

which is a consistent discretization of the geostrophic equilibrium (5.3). Then we have the
following result

Lemma 5.5. The orthogonal space of 55;0 p 15 given by

OL e — (F @ 3N Uiy1/25 — Uim1j2,;  Uigt1/2 —Uij—1/2\
0,0 = {Qh = (Ph,Un,0n) €R ‘ x ( Az — Ay = Wi ¢,
(5.26)

which implies the following discrete Hodge decomposition R3N = SE::O,D @55;317.

Proof. For all g, = (#p,1p,0p) € SE;tOD and an arbitrary ¢, = (7, ,7,) € R3V, by using
periodic boundary condition, we obtain

L CL Gk (P — TG ax (Tit1,j —TFig\ -
(nsdn) = ZAJEA?/ {Tm?"m T (Ay) U j4+1/2 T o (Ax) Ui+1/2,j]

%,J
a. /0 Y, T as [ — .
=3 AzAyii [fi,j_*< ”1/2’]A d 1/2’3>+*( ““”A i 1/2)].
7 w T w Y

This equation implies that the subspace which is in the right-hand side of (5.26) is included in
the orthogonal of 55::0, p- On the other hand, since 7, can be arbitrary in EEIO, p» the above

equation implies that any element of the orthogonal of 5E¢0 p verifies

Lk (?71+1/2,j —’171'—1/2,]') L0 (ﬁi,j+1/2 —ﬁi,j—1/2>
Ax w Ay '

RSN

Remark 5.4. With D-grid type schemes, an element gy € can be decomposed into

P . . - 0,1
G =Aqn+qn with §n € 55;:0,0 and gn €€, p
and this decomposition can be obtained by solving the following linear system

~ Ay 2
ris — | —
7‘7 w

Tit1,j = 20ij +Ti-1,

n fi7j+1 — 27%’0' +fi7j_1:| _
Ax? Ay?
i — Gy <”z’+1/2,j “Vi-1/25  Wig+1/2 — Ui,j—l/z) .
’ Ax Ay

We also note that this system has unique solution since the matriz on the left-hand side is an
M-matriz.
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Well-balanced and orthogonality preserving properties

Lemma 5.6. For the semi-discrete staggered type scheme on D grids (5.19), we have:

i. Discretized steady-states (5.25) are steady-states of (5.19),

7. It is an orthogonality preserving scheme if v, = 0.

Proof. Any element of (5.25) verifies

VY - () ' _ WUig1,541/2 — Wi 541/2 n Vit1/2,54+1 — Vit1/2,5

a A A A A A A A A
= WAS;(Ay [_(7’7;-1-17]'_5_1 - ri-i-Lj) + (Ti,j+1 - Ti,j) + (Ti+1,j+1 - Ti,j+1) — (T’i+1’j — Ti,j)]

=0,

which means that the velocities of (5.25) are divergence free at the cell vertices. Moreover, we
also notice that

Vi Un(@n), fr(0n)]; ;= fa(Vi - (GR))i; = 0.

By using the definition of the discrete kernel, we also obtain

R Pitg —Ti1j  Tit1j41 —=Ti-1,541
wfh(vh)z',j+1/2:< ol 2Tod | ) - )ZG*ax,h[fh(Th)]i,j—i-lﬂ

4Ax 4Ax
and
" Pigt1 —Tig—1 | Tiyljr1 —TPigy15-1
th(“h)m/zj:—( = 4Ay” + 4Ayl / )=—a*8y,h[fh(rh)]i+1/z,j-

On the other hand, with the steady state, we obviously have V§ - (0, 475 — - Uh, Oy hTp+ a%uh) =0.
Therefore, the semi-discrete scheme (5.19) captures well the discrete geostrophic equilibrium (5.25).
This proves Point (7).

To investigate the second point, we take the discrete scalar product of (5.19) with g € EE +0.D 1O
obtain

<%Qh(t)aﬂ.7h> = —ax (Vi - [fu(un), fu(on)], 7n) P, — axlOp p[fu(rn)], tn) D, — ax(Oy,n[fa ()], 0n)D,
+w(fn(vn), tn)p, —wW{fn(un), 0n)D, + a0z n [V}, - (ap)],in) D, + 1u(0y [V}, - (un)], o) D,
+ VT(VZ . (8x,hrh — aivh,8y7hrh + aﬁuh)fh)?’r’

By using the discrete integration by part formula and properties of the discrete kernel, we also
have

—a, (Vi - [fu(un), fa(on)], n) P, = (Oun[fa(Ph)]s un) D, + Oy nlfr (1)), vh) D,
= (Wfn(on),un)p, — (Wfn(tn),vh)D,

= w(fn(un),0n)p, —w(fn(vn),in)p,,

Qe plfn(ri)lstn) D, + Oy n[fr(rn))s 0n)p, = —(V}, - (An), fa(rn))p, =0
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and
(Or,n[Vh, - (u)l, i), + 9y n[V - (n)], 0n)p, = —(V}, - (un), Vy, - (G))p, = 0.
Therefore, the staggered scheme on the D grid (5.19) is orthogonality preserving if
N c w w N N |
{an, an) = ve{Viy - O = —0h, Oy prn + —up), Ph)p, =0 ¥in € Egao,p:
* *
which is the case if v, = 0. This leads to Point (7). O

Behavior of the solutions of the staggered schemes

The discrete Hodge decompositions on B or D grids allow us to define the discrete orthogonal
projection

3N O
Ph:{ th : qiu:iO (5.27)

Lemma 5.7. Let q, 5, (t) be the solution of the semi-discrete scheme (5.8) on B grids or (5.19)
on D grids. Then, with v, =0, we obtain

VO1LERY, if |lgh —Pu(gp)ll=C1M then |lgn(t) —Pu(ap)| < C1M, V>0,

which means that the LF-DP scheme is accurate at low Froude number at any time.

Proof. By linearity, the solution of semi-discrete staggered scheme g, j,(t) can be written as

G () = 4 p (1) + ) (1)

where g%, () and ¢, (t) are the solutions of (5.8) or (5.19) with the initial condition respectively
given by
a5 (0) =Pu(q) and g}, (0) = q) — Pr(ap)-

Then, we have

19w, (8) = Pa(ap) | = llafp (8) + a0 () = Palap) | < llag(t) = Prlap) [l + llap, (1)

Moreover, when v, = 0, the dissipation of the semi-discrete staggered schemes leads to the
conclusion that Hq,l;h(t)H < Hqih(O)H. For this reason, the accuracy of the scheme is linked to the
behavior of gj; ,(¢). Since the semi-discrete schemes (5.8) or (5.19) are well-balanced schemes,
we obviously have gj; n(t) = Ph(qg). Therefore, we obtain

V¢ 0, layn(t) —Palgp)ll < C1M.
O

Remark 5.5. Since it is difficult to prove the dissipation of the energy for the semi-discrete scheme
(5.8) or (5.19) when v, %0, we do not have enough evidence to conclude that the well-balanced
schemes based on the Apparent Topography method, like the AT-DP or AT-LF schemes are
accurate at low Froude number at any time. However, we can prove the conditional stability of
those schemes at the fully discrete level and, from the numerical point of view, the well-balanced
schemes with the Apparent Topography method for the diffusion on the pressure equation are still
accurate at low Froude number.
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Fourier analysis for the semi-discrete staggered schemes

In this subsection, we perform the Fourier analysis which is a useful tool to analyze the influence
of the discrete scheme on some important quantities such as dispersion law, damping error,
phase and group velocities. We note that this method was already used to study the behavior of
numerical schemes applied to linear wave equation with Coriolis force that use finite differences
(e.g. [11, 54]), finite elements ([ 1]) and finite volumes ([55]).

We now look for the solution of this semi-discrete scheme under the form of discrete Fourier
modes

ria(8) = O 5(0) = () and (1) = gy (Bl ).
(5.28)
Substituting discrete Fourier modes (5.28) into the semi-discrete scheme (5.8) or (5.19), we obtain
the following linear system of differential equation

2 2 .
(P;(t) Ur (% + ALyQ) Za*nAw “/Ta Aﬁy Za*nAﬁy + “/"'a Ax Spr(t)
. 2
o, () | + 1047 A Vu gz Vu&% —wn eu(t) | =0 (5.29)
. 2
©p(t) mm% l/uﬁ% +wn VUA’B—yQ ©u(t)

where parameters «, § an 7 are specified in Table 5.1 depending on the scheme under study.

Staggered type scheme o p U
B grid QSin(%)COS(%) QSin(kyQAy)cos(k A9”) 1
D grid 231n(k A“’) 251n(k 2Ay) cos(—klfx)cos(—kysy)

Table 5.1: Parameters o, B an n in the Fourier analysis of the semi-discrete staggered schemes.

We shall denote the amplification matrix of (5.29) by A(v,Az,Ay). One eigenvalue of this
amplification matrix is A\; = 0 corresponding to the stationary state and the other eigenvalues
corresponding to the inertia-gravity modes are given by

Vr+ 1y Oé2 ﬁ2 . 52 Vp — Vy 2 62
+ 252 1 4202 '
2 (Aiﬂ? +A92> Z\/w s (Arv? Ay? ) ( 2 ) (Amz Ay? )

The real part R(\) of the eigenvalues indicates the damping rate of the Fourier modes and the
imaginary part J(\) represents the propagation. Moreover, the quantity %
dispersion law of the scheme. In case v, = 1, the dispersion law of the staggered scheme reduces

to
%()\) 2 2 B 2

where Rd = %+ stands for the Rossby deformation radius. Let us note that in this case, the

A=

is the numerical

numerical dispersion law only depends on parameters k;Ax, kyAy, A; , and & Ay
Let us denote h be the grid size assumed to the same in x and y direction; various choices of the
ratio Rd are discussed in this section.

Flgure 5.3a indicates that the dispersion relation of the exact model is a monotone function
and we do not recover this property at the discrete level for the staggered schemes, as shown
in Figures 5.3b, 5.3¢ and 5.3d. However, we can observe that the dispersion relation of the
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well-balanced staggered schemes is monotonic in the region of interest, which is the low frequency
region. Since the energy transfers a lot in this region, i.e. for waves with long wavelengths, it is
a strong requirement for the numerical scheme to possess as many good properties as possible in
this important region. In the other regions, the dispersion law of the numerical scheme is usually
not the same as that of the continuous model, and we therefore need a strong damping effect by
the numerical viscosity to ensure the that the waves move in correct direction. Moreover, on B
grids, the dispersion law of the AT-DP scheme is better than that of the LF-DP scheme. We
can also notice that the dispersion law of the B grid scheme is more accurate than that of the
scheme on D grid in the region of low frequency in x and high frequency in y direction or vice
versa. One explanation for this result is that on the B grid scheme, it is easy to evaluate the
Coriolis force without averaging since the velocities u and v are located at the same points while
we need the average for this source term on D grids.

In consideration of the damping error, the damping rate of the AT-DP is twice larger than
that of the LF-DP scheme on both B and D grids. Figure 5.4 shows that unlike the AT-DP
scheme on B grids, the AT-DP scheme on D grids has a strong damping rate in the region of high
frequencies, i.e for short wavelengths. This is one evidence that we may expect fewer oscillations
for the waves with short wavelengths with the staggered type schemes on D grids.

Figure 5.5 and 5.6 show the dispersion law of AT-DP scheme on B and D grids with different
vales of the ratio between the Rossby deformation radius Rd and the space step (h). These
figures indicate that the dispersion law of the AT-DP scheme on B grids has the same shape for
both resolved (% = 2) and under-resolved cases (% = 1), while on D grids, the dispersion law
is better in the resolved case.

5.3 Analysis of fully discrete staggered schemes

We now introduce two new parameters 1 and 62 involved in the time discretization of the Coriolis
source term. For the sake of simplicity, we denote

uld —01v"™ — (1 —01)v"
Gou™ + (1 _92)un+1 ’

We now propose the following time discretizations for the staggered scheme on B grids

n+1 _ 1n
g1 e = T agiaje — M) o v N (VAR + 2"

’U,Z;_l = u?’j — a*Ach(rﬁ)m + VuAtvh[vir(uZ)]i,j o WAtuj:je'
(5.30)
and on D grids

it = — a AV - [fu(up), fa (o)) 4 e AV - (O nrp — S0, Oyt 4 u)ig

“Zﬁlﬂ =12 — DOy w[f1 ()i j1/2 + vulStOp n[ Vi, - (Wp)]; ja /2 + win(v])ij41/2
v?_;Lll/Q,j = %"H/QJ - G*Atay,h[fh(rﬁ)]iﬂ/zj + VuAtay,h[VX : (uZ)]i—i-l/Q,j - th(uZ)i—s—l/Zj

(5.31)

5.3.1 Stability condition of the fully discrete scheme

In this subsection, for the sake of simplicity, we only consider the case

Z/%y«:?? :7772! and K=Ky = Ky =y = M.
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p ¥l ke X/ kpyix Ko ¥/

(a) Exact dispersion (b) LFDP on B grid

kvl n ko ¥/ = kAY = kAX T

(c) ATDP on B grid (d) ATDP on D grid
Figure 5.3: Dispersion relation RG] of the staggered type schemes, depicted as a function of

w
kyAy .2 Rd _ Rd _
= with Az = Ay = 1.

ko Az

s

and
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(a) Exact damping (b) LFDP on B grid

k)Ay/x KA X x kyAy/n KAX =
(c) ATDP on B grid (d) ATDP on D grid

kyAy
T

Figure 5.4: Damping error e R of the staggered type schemes, depicted as a function of kﬂ”ﬂﬁ and

. Rd _ Rd _
wzthM—Ay—l.

kA Y/ = ke ¥/ 7 kAyn KAX =

(a) ATDP on B grid (b) ATDP on D grid

kyAy

Figure 5.5: Dispersion relation of the staggered type schemes, depicted as a function of % and =2
with 84 = £d _ 1
Ax — Ay — 2°
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kavin kA ¥ 7 KAyl n KAX T
(a) ATDP on B grid (b) ATDP on D grid
Figure 5.6: Dispersion relation of the staggered type schemes, depicted as a function of k’”% and kyﬂﬂ
with 84 = Bd _ 9

Ar — Ay

It is important to use a discretization of the Coriolis force which is implicit enough in order to
ensure the stability of the numerical scheme. Therefore, we only consider the parameters 6; and
f2 belonging to the domain 67 + 65 < % We mention [37] for more details of this stability region.

Lemma 5.8. For a uniform mesh Ax = Ay = h, the LF-DP schemes (i.e.(5.30) with v, =0)
are stable under the following conditions

h 2
At <min{Aty,Aty}  where Aty := % and Aty := m

Let us set p(z) = —Vltf_l The AT-LF and AT-DP schemes are stable provided that the time
step is smaller than

Scheme (01 =0,00=0) (f1=1,60=0) or (01 =0,00=1) (1 =1/2,0,=1/2)

Kr h . 2 Keh Krwh 4h 2wh krh Krwh

AT-LF 2 ax mln{w’4a*(p< da, )’nTa*SO(/QTa*)} Qs 90( 204 )
2k h . k _h 1 : Kk _h 2

AT-DP T mm{—wi E’G} mm{—w a_*vG}

Proof. The characteristic polynomial of the fully discrete staggered schemes can be obtained from
that of the collocated vertex-based scheme in [53] by using = 1 instead of n = cos(kgﬁ) cos(%).

Therefore, the proof is similar to the one in [53]. O

Remark 5.6. Let us note that with the staggered scheme on D grids, because of the structure
of the discrete kernel at the interface, it is essential to use the average for the Coriolis force.
As a consequence, it is necessary to use either 61 =1,02 =0 or 81 =0,602 =1 to ensure that the
proposed scheme is totally explicit. Hence, the stability condition of that scheme really depends
on the Coriolis parameter w. However, with the staggered scheme on B grids, we can overcome
this drawback by the fact that the velocity u and v are defined at the same place. As a result, we
can use a larger domain for the parameters 01 and 02. For instance, one can choose 61 = 65 < %
to ensure that the stability condition of the LF-DP scheme does not depend on the Coriolis source
term.
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5.3.2 Orthogonality preserving scheme

Let us introduce two new parameters 7, and 79 involved in the time discretization of the velocity
divergence in the pressure equation. We shall denote

o — <71u” +(1- T1)u”+1> .

ToU™ + (1 — Tg)vn+1
Then, the LF-DP-7 scheme on B grids can be written as

1 _
Ti/2.441/2 = T2 a2~ @AV (UR)it1 2 5112 (5.32)

1,0
u:fj'l =uj; - a AtV b (17 )i + Vu AtV R [V - (uf)]ij — (“)Atum" :

The LF-DP-7 scheme on D grids is given by

Pt =1 — a AV - [ fauf), Su ()]

UZ;——&I/Q = u2j+1/2 - G*Ataz,h[fh(rﬁ)]i,jﬂ/z + VuAtax,h[v;; : (U-Z)]i,jﬂ/z + wfh(UZ)i,j—i-l/Z
U?fll/lj =0l 9 ; — ALy B[ (rp)]i1/2,5 + vuAtOy u [V - (WR)]ig1/2,5 — whn(up)iv1/2,5

(5.33)

Remark 5.7. The LF-DP-t scheme (5.32) on B grids or (5.33) on D grids is still explicit
although the velocity field u™t! appears in the pressure equation. In fact, we can compute the
velocity field first and then use it to compute u™ in the pressure equation without having to solve
any linear system.

Lemma 5.9. The Low Froude - Divergence penalization-T scheme (LF-DP-7 ) is an orthogonality
preserving scheme if
71=02 and T = 91,

which means that the velocity field in the Coriolis source term and in the pressure equation
must be computed using the same time strategy.

Proof. We note that the proof of this property for both B and D grid schemes are very similar,
so we only present the explanation for the B grid scheme. By taking the product of the fully
discrete scheme (5.32) with the steady state ¢, € EE 0.3 using periodic boundary conditions,
the discrete integration by part formula and the properfies of elements of the discrete kernel, we
will obtain

0

<QZ+1,f§h> = —a AV, - (u]), ) p — wAE(u? ) p

— (a ALY iy, uf) p + <wAtaﬁ,u,€>P.
Therefore, using that when 71 = 62 and 7 = 01, we get uj, = uz, it follows that

1 A A
(g an) = 0,¥an € €20 p-
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Numerical test case

Well-balanced test case

In this test case, we investigate the behavior of the Godunov type schemes with a geostrophic
equilibrium as initial condition. Particularly, we consider the stationary vortex in the square
domain T? = [~0.5,0.5] x [~0.5,0.5] with the initial pressure 7% given by

oo =t-em |- (55)° (35) ]

Then we construct the initial velocity field u® by using the definition of the discrete kernel (5.15)
so that we can obtain a nontrivial stationary state which is shown in Figure 5.7.
In what follows, various schemes are tested; they are denominated as X-Y schemes, the first letter
referring to the diffusion strategy in the pressure equation, the second to the diffusion strategy
in the velocity equation. The "Classical" strategy indicates that the standard formulations with
diffusion —v,-Ar in the pressure equation or —Vu(amu,(?yyv)T in the velocity equation are used.
Figure 5.8 indicates that the Classical-Classical (C-C), Apparent Topography—Classical
(AT-C) and Classical-Divergence Penalization (C-DP) schemes are unable to capture the discrete
steady state. However, we can see that the correction related to the velocity diffusion in this
test case is more important than the correction related to the pressure diffusion because the
C-DP scheme is more accurate than the AT-C scheme. On the contrary, the AT-LF, LF-DP and
AT-DP schemes are well-balanced since their discrete kernel includes the discrete geostrophic
equilibrium.
Figure 5.9 shows that the structure of the vortex of the non well-balanced schemes (C-C and
AT-C) is different from that of the initial condition while they are exactly the same with all
well-balanced schemes (AT-LF, LF-DP and AT-DP). Moreover, this figure also indicates that
unlike the other non well-balanced schemes, the C-DP scheme can preserve the structure of the
solution. This is another evidence to say that in this test case, the correction related to the
velocity diffusion is really important.
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(a) Contours of r(z,y,t) and vector field at ¢ =0 (b) r(z,y,t)att=0

(¢) u(z,y,t)att=0 (d) v(z,y,t)att=0

Figure 5.7: A stationary vortex as initial condition with 100 x 100 grid cells.
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Figure 5.8: 1D-cut of stationary vortex for staggered B type schemes.
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Figure 5.9: Contours of r at t = 20 for Godunov type schemes with 50 x 50 grid cells.
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5.4.2 Orthogonality preserving test case

In this test case, we consider periodic boundary conditions and the initial vector field is given by

ot denl (1)~ (8]

9 9 (5.34)
v(z,y,t =0) = exp [— (%) - (%) ] )
in the domain T? = [~0.5,0.5] x [~0.5,0.5]. Then the initial pressure r(z,y,t = 0) is constructed
by using the definition of the discrete orthogonal subspace.
Figure (5.10a) indicates that all presented schemes are not orthogonality preserving schemes
because they create some waves in the discrete kernel. The LF-DP scheme is better than the
other schemes since it creates very small errors. Figure (5.10b) shows that the orthogonal parts
of the solutions obtained by the AT-LF and LF-DP schemes damp slower than those obtained
by the other schemes. On the other hand, (5.10¢) points out that only the LF-DP scheme with
TI=T9 = % (the parameters 71 and 79 correspond to the time discretization for the divergence of
the velocity field in the pressure equation) preserves the orthogonality property. Moreover, the
damping rate of the orthogonal part which depends on the parameters 71 and 7o is presented in
Figure (5.10d). However, the effect of those parameters is small.
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Figure 5.10: Orthogonality preserving test case: the evolution of the kernel and orthogonal parts with
50 x 50 grid cells and 01 =02 = %
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Accuracy at low Froude number test case
We now consider an initial condition close to the discrete kernel up to a perturbation of size M.
This initial condition is simply given by

ah

0
qp = qp + M
1l

where (jg stands for the kernel part given in § 5.4.1 and (12 is the orthogonal part considered in
§ 5.4.2.

Figure 5.11 confirms the analysis in section § 5.2.3 . While the C-C, AT-C and C-DP schemes
are not accurate at low Froude number since the norm of ||g —Pg®|| is not of size O(M) (figure
(5.11b)), all the well-balanced schemes (AT-LF, LF-DP and AT-DP schemes) are accurate at low
Froude number because the norms of the total deviation in Figures 5.11c and 5.11d remain of
order O(M). Moreover, in consideration of the C-C and AT-C schemes, we can see in Figure 5.11b,
that the norm of the total deviation is an increasing function of time. Since the initial projection
Pq° is exactly a non-trivial steady state, the numerical solutions obtained by the C-C and AT-C
schemes are far from the correct kernel. On the other hand, Figure 5.11a shows that the norm of
the spurious waves of the C-C and AT-C schemes tend to decrease with time. This phenomena
implies that the numerical solution of those schemes tend to the trivial steady state.

Figure 5.12 shows that when the Froude number decrease, the max;||q — Pq®||(t) of all presented
non well-balanced schemes seem to be constants. The well-balanced schemes show a good
behavior since the max; ||¢ —Pq°||(¢) is a function decreasing linearly with the Froude number.

Water column test case

In this test case, we consider a discontinuous initial condition which is given by

2. if 22492 <1
rt=0,z,y) =" x2+y2—

1, if z+y*>1,
u(t=0,z,y) =0,

v(t=0,z,y) =0.

with periodic boundary conditions on the domain [—5,5] x [—5,5]. This initial condition cor-
responds to a circular dam break and is very far from the geostrophic equilibrium (5.15) and
(5.25).

Figure 5.13 shows the final state of all numerical staggered type schemes on B and D grids.
The three well balanced schemes, namely the AT-DP, LF-DP and AT-LF schemes tend to the
geostrophic equilibrium while the solution obtained from the C-C and C-DP schemes seem to
tend to a constant state. Although the solution obtained with the AT-C scheme is better than
that obtained with the classical scheme, this strategy does not converge the non-trivial steady
state. This is in agreement with the results of these strategies on A grids (collocated schemes),
as presented in [53].

Figure 5.14 presents the contours of the solutions obtained by the AT-DP scheme on B and D
grids. As can be seen, there is small oscillation in the numerical solution on B grids while we do
not have this problem on D grids. One possible explanation is that the scheme on B grids has
damping rate for the waves with shortest wavelengths that is lower than that on D grids. We
can also observe this small oscillation in the final state shown in Figure 5.15.

Conclusion

This study deals with the ability of staggered type schemes on Cartesian meshes to capture
discrete non-trivial steady states characterized by the balance between the pressure gradient and
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Figure 5.11: FEvolution of the spurious wave and total deviation with 50 x 50 grid cells, with an initial
condition close to the discrete kernel.

the Coriolis force. The AT-DP and LF-DP scheme on both B and D grid- are well-balanced
schemes, but only the LF-DP strategy with the same time discretization for the velocity field in
the Coriolis source term and in the pressure equation can preserve the orthogonal subspace of
the kernel.

Unlike on B grids, the horizontal and vertical velocity components on D grids are not defined
on the same cell, so we need some approximation for the Coriolis force. As a consequence, the
dispersion laws on D grids are less accurate than on B grids. However, since the D grid schemes
have a larger damping rate on the waves with shortest wavelengths, the obtained schemes on D
grids present fewer oscillations.
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Figure 5.13: Cross section of the pressure r at y =0 at time t = 100.
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CHAPTER

Analysis of staggered type schemes applied to the linear
wave equation with Coriolis source term. Part 2: on trian-

gular meshes

In order to succeed,

we must first believe that we can.

Nikos Kazantzakis.

~— Abstract

By analyzing the discrete kernel of the linear acoustic operator of the Godunov type
schemes applied to the linear wave equation with Coriolis source term, we clearly show
that there are some drawbacks in the collocated Godunov scheme on triangular meshes.
To overcome this difficulty, we propose a staggered strategy which computes the pressure
field at the vertices of the triangles (centers of dual cells) and the velocity field at the
(primary) cell centers. Our analysis shows that, with periodic boundary conditions, and
unlike the Cartesian mesh case, the numerical diffusion on the velocity equations is no
more the reason of the inaccuracy problem. Therefore, in order to capture the discrete
geostrophic equilibrium, we only have to correct the diffusion on the pressure equation by
simply deleting this diffusion term (see [37] ) or applying the Apparent Topography method
introduced in [13].
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Introduction

The Navier-Stokes equations can be reduced to the shallow water equation in large scale oceanic
phenomena. This is because in this model, the horizontal scale is much larger than the vertical
one. The mathematical details of this reduction procedure can be found in [1]. More importantly,
in large scale atmospheric circulations, the effect of the Earth’s rotation is clearly noticeable and
the balance between the pressure gradient and Coriolis force leads to the so-called geostrophic
equilibrium. As a matter of fact, circulations normally take place around this geostrophic
equilibrium, so it is very important to have appropriate numerical schemes which can correctly
describe the waves under these circumstances. Obviously, it is highly expected that the numerical
schemes can capture a discrete version of the geostrophic equilibrium or at least produce
numerical solutions that remain close to this state with acceptable small errors. For the purpose
of deriving numerical schemes with such kind of properties, we begin with the investigation of
the dimensionless shallow water system of equations on the rotating frame which is given by

Oih+V - (hil) =0, (6.1a)

_ _ 1 h? 1 1,

In System (6.1) unknowns h and @ respectively denote the water depth and the velocity of the
water column and function b(z) denotes the topography of the considered oceanic basin and is
a given function. Dimensionless numbers St, F'r and Ro respectively stand for the Strouhal,
the Froude and the Rossby numbers. As mentioned above, we are interested in the large scale
oceanographic flows, so we will focus on the case in which the Froude and Rossby numbers are
small. In particularly, we shall assume that

Ro=0O(M) and Fr=0(M)

with M a small parameter (typical values lead to M ~ 10~2). For a Strouhal number of order
(’)(ﬁ), i.e.for small time scale, the solution of system (6.1) satisfies at the leading order the
linear wave equation with Coriolis source term

(6.2)

or+a,V.u=0
1

oru + a Vr = —wu
where u = (u,v)T, and u' = (—v,u)”. The parameters a, and w are constants of order one,
respectively related to the wave velocity and to the rotating velocity. The stationary state
corresponding to Equation (6.2) is the geostrophic equilibrium which is given by

axVr = —wut. (6.3)

It is well known that the classical Godunov scheme applied to (6.2) will fail to capture the
discrete steady state (6.3). Unlike in the 1D case, for which the reason for the accuracy problem
is only linked to the numerical diffusion in the pressure equation [37], the numerical diffusion in
the velocity equations in the 2D case is also a reason for the inaccurate behavior of the Godunov
type schemes. This comes from the fact that the steady state (6.3) also implies the divergence
free condition V - u = 0, while the numerical diffusion in the velocity equations of the Godunov
scheme, on 2D cartesian meshes, does not vanish on velocities satisfying a discrete equivalent of
this condition. Therefore, modified Godunov schemes on Cartesian meshes are introduced in [53]
to correctly capture the discrete steady state; these schemes use a combination of the Apparent
Topography strategy in [25] and of the idea named Divergence Penalisation in [20)].
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The present work is strongly motivated by the fact that [21] pointed out that there is no more
problem related to the divergence free constraint on the velocity solution of the Godunov type
schemes applied to the homogeneous linear wave equation on triangular meshes. Reference [21]
provides a detailed explanation based on the discrete kernel of the Godunov scheme on triangular
meshes. Therefore, one may think that we can apply the Apparent Topography strategy on (6.2)
on triangular meshes to be able to correctly capture discrete steady states. However, the main
purpose of this work is to point out that the collocated scheme applied to the rotating linear
wave equation (6.2) still suffers from some problems, and we propose a staggered strategy to
avoid these problems.

This work is organized as follows. In Section 6.2, we clearly present the problem we encounter
with the collocated Godunov scheme on triangular meshes by showing the discrete kernel of
the collocated scheme. Then we propose a staggered scheme in Section 6.3 to overcome this
difficulty. Particularly, we define discrete differential operators which satisfy mimetic properties
and perform the analysis of the staggered scheme, in which we focus on some essential properties
such as the preservation of the kernel and of its orthogonal subspace. We then take into account
in Section 6.4 the time discretization to introduce the appropriate one step as well as splitting
schemes, such that they still possess the same good properties as the semi-discrete scheme. Some
numerical test cases are shown in Section 6.5 to confirm the analysis led in the theoretical part
and we discuss some perspectives. Concluding remarks complete the study in Section 6.6.

Explanation of the wrong behavior of collocated schemes

In this section, we perform the analysis of the Godunov collocated scheme applied to the linear
wave equation (6.2) to clearly point out that it is necessary to use a staggered scheme to capture
well the geostrophic equilibrium (6.3).

We shall denote by T; a generic triangular cell used for the discretization of the computational
domain. Let A;; be the common edge of the neighboring cells 7; and T}, and m;; the unit normal
vector to A;; pointing from T; to Tj. Moreover, we also denote the area of the cell T; by |T}]
and the length of the edge A;; by |A;;|. Then, the semi-discrete collocated scheme for the linear
wave equation (6.2) can be written as

Arit o > Ayl [(wiug) ng +he(ri—75)] =0
AijcaTi

(6.4)
duit ot Do Ayl + 1) + ru(u —ug) - nglngg = —wuyt

where k, and k. represent the parameters of the diffusion terms. The classical Godunov scheme
corresponds to the case k, = Ky = 1. We mention [21] for the construction of the scheme applied
to the homogeneous wave equation. Here, we take into account the effect of the Coriolis force in
the right-hand side of the semi-discrete scheme.

Let us also note that the semi-discrete collocated Godunov scheme (6.4) can be written in the
following compact form

d
7 + Lk ngn =0

where

2?7*1-| Z ‘Aij“(ui+uj) ‘nij+lir(7‘i—’l“j)]
Th 3N [ AijCBTi
dh ‘= S R and L hqh = N
( ) " 2\a7*“i| Z |Aij|[(ri+Tj)+/{u(ui *Uj) 'nij]nij +wu;
AijcaTi
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Let r, = (r;) be in RY and uj, = (u;) in R?V where N is the number of triangles. To be
convenient, we now define the discrete gradient of 7, and divergence of velocity wj, respectively
by the following formulas

1 T+ T
(Varn)i= 7 > ]A”|<17])nzj (6.5)
‘ 7'| AijcaT
and . ( )
U; + Uj
(Vi-up)i = T > | A== . (6.6)
A COT;

Moreover, considering two cell-centered vectors q,%b (rh,uh) and qh (rh,uh) we also define
discrete scalar products by

1 .2 1.2 1,2
Th7Th ct —Z|T\7’ﬂz ) uhauh ct —ZZ|T |U U s {Gnqh)e = (ThsTh)e + (Up, up)e- (6.7)
1=11i=1

We use the same notations for these three scalar products, but the context in which they are
used avoids any ambiguity.

Proposition 6.1. With the discrete operators defined by (6.5), (6.6) and the discrete scalar
products in (6.7), and using periodic boundary conditions, we obtain the following discrete
integration by part formula on a collocated mesh:

(Vi-un,mh)e = —(Vprh, Un)e. (6.8)
Proof. First, by using the fact that Z |A;j|mi; =0, we get
AijCaTi
Z ]A”]ul . nij =0 and Z |Aij|rinij =0.
A;; COT; A;;COT;
Therefore, using that n;; = —n;;, we obtain

(Vi -up,mh)e Z Z |Aij|[(w; +wj) - nyj]r; = - Z Z | Asjlwj - mu5m;

i Ay COT, i AZ]CQT
1 1 1
= EZ |Ajjlwj - mim; + B > |Aijlui - njir; = _52 |Ajj|riug -ng; — 5 > |Ailrjug - ng;
:—fZZ]AU]r]n” u; = fZZ]A” i) N w
A A” ) A-’L]
—(ViTh,up)ec.
O
Lemma 6.1. On a triangular mesh, with the collocated Godunov scheme, we have:
KerL,, +opn= {qh o= <Zh> e R3N such that 3Ja€R:r; =a and u = 0} . (6.9)
h

Moreover, we also have
KerL, —on=CiNCE (6.10)
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with the following definitions for Ci and C}QL :

Cl:={q,:= "h) e R3N such that - Z |Aij|mnij = —wui p.
up, T3] 2
A;;COT;

Cf = {qh = (2’;) € R*N such that 3¢y, € CP(Q), (6})1, € P1(Ti),ui = (V X ¢ ), Vi € [LN]} ,

where Ct?(ﬁ) denotes the space of periodic continuous functions over Q).

Proof. We have

N
Z Z |Aij|[’€7’(7‘i_rj)]ri:Z‘Aij‘ﬂT(Ti_Tj)ri+Z‘Aij‘ﬂ’r‘(’rj_ri)rj:K/TZ|A7;‘]'HT7:_T‘]'|2‘
Aij

i Ay COT; Asj Asj
(6.11)
and
N
|Aij|[Fu (i — uj) - mijlmg; - ui =
> > Ay i) gl
i A COT;
DAl laus = wg) gl - ws + ) [Aigl[Fu(uy —wi) - ngilng; - uy = (6.12)
A,’j Aij
Fu Y Al (ws — wy) - mg)*.
Aij
Moreover, we also have the energy conservation for the Coriolis force
(uj-,up) = 0. (6.13)
Let us denote g, := (:;h), then by using (6.8),(6.11), (6.12) and (6.13), we obtain
h
axk axk
(Lingn,an) = =5 > Aijllri = ril? + o 2 il (i — uj).mgl. (6.14)
Aij Aij

We now suppose that x, # 0 and we will consider the influence of k, on the structure of the
kernel KerL, ;. From (6.14), a necessary condition to be in the kernel is

V(d,7) : (wi —uy) -mg; =0. (6.15)
This obviously implies that
Z |Aijl(wi —uj) -mi; = 0.
AijcaTi

But since Z |A;;|m;; = 0, this also implies that
Aij CoT;

> | Aul(wi+uy) - mi; =0.
AijCBTi

In the case k, =0, (6.14) also implies that

V(i,j),m =1
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and it follows that r must be a constant: Ja € R such that r; = a for all 7 € [1,N]. Then, the
equation L, nqp = 0 reduces to

Ay

1
7 > Ayl (i rj)mi; = —wui
? AijcaTi
But since r; = r; = a we obtain

Ay

2a
2|T;] A

Z |Aijlnij = —wui andso  uj =0. (6.16)
jCOT;

This leads to the conclusion that

KerLy, .on= {qh = (g;) e R*Nsuch that Ja € R:r; =a and u = O} .

In the other case , when x, =0, we recall from [21, Lemma 5.1] that (6.15) is equivalent to the
fact that there exists a periodic Lagrange piecewise P! conforming function, denoted by 4L,
defined by its values at the vertices of the mesh, and constants (b,c) € R? such that on each
triangle T; there holds

u; = (b,c)" +(V x )13 (6.17)

Moreover, from L, g, = 0 and (6.15), we get that
(ri+15)

a
]T*-] Z |A¢j\7ni]~ = —wuiL, (6.18)
4 AijCc’)Ti

which means that g, € C}. Moreover, by multiplying (6.18) by |7;| and summing over all

i € [1,N], we obtain by periodicity that Z |T;|u; = 0, which implies that (b,¢)T in (6.17)
i=1,N

vanishes. Therefore, (6.17) with b = ¢ =0 implies that g € C}QL. In conclusion, we obtain

KerLy, —on C cinc?
and the converse inclusion is also true. O

Remark 6.1. With the discrete energy defined by

Ep =Y _|Ti|(r] + |uwil),

1
relation (6.14) implies the following L?-stability result for the collocated Godunov type schemes:

1d axk axk
- N = — *xr E ‘Ainri—'r’jF— v E |AZJ||(’U,Z—’U,])’I’LU|2§0
2 dt 2 4 2

1] 1]

Remark 6.2. The kernel given by (6.9) clearly shows that the standard Godunov scheme (kK #0)
is not able to preserve general geostrophic equilibria. On the other hand, the situation is less
clear when the diffusion in the pressure equation vanishes. Indeed, let us consider (6.10). An

important property is that
1 i+
] > Ayl ny
? AijCBTi
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is exactly the gradient on the cell T; of the non-conforming P! finite element function f%R which
is defined by the values HTTJ at the midpoints of the mesh edges A;j. So C}L tells us that up, is,
up to a multiplicative constant, the curl of the non-conforming P' function f%R, while C’% tells
us that uy, s the curl of a conforming P function ¢%. The equality

a -
(curl qb,Ll)m = U*(curl T%R)‘Ti (6.19)

for all i € [1,N] provides 2N constraints while r has N degrees of freedom but gb%R only has a
number of degrees of freedom equal to the number of vertices of the mesh. In a periodic triangular
mesh with no holes, the number of vertices is half of the number of cells, so that (6.19) is actually
probably too constraining to admit non trivial solutions.

With the previous remark, it becomes obvious that one possibility is to define the pressure
field at the vertices and to replace the gradient of f%R by the gradient of the conforming Lagrange
P! function defined by these values at the vertices. Of course then, we have to change the
pressure evolution equation accordingly. This new staggered scheme is what we explore in the
sequel of this chapter.

Analysis of the semi-discrete staggered schemes

Definition of the discrete operators and the semi-discrete staggered scheme

We first define the discrete version of the gradient and divergence operators. As mentioned
above, the discrete gradient will be defined over the cells from values at the vertices. The discrete
divergence operator will then be defined such that a discrete integration by parts holds; in this
way we shall still be able to prove stability of the scheme by energy estimates.

Let (rg) ke[1,N,] be a discrete scalar field defined by its values at the vertices of the mesh,
where N, is the number of vertices. Let us denote by rj;, the globally continuous function that is
piecewise P! on each cell and defined by the values (ry) ke[1,N,] at the vertices of the mesh. We
can define the discrete gradient on the (primal) cells by using the following formula

1 Th(S")—f—Th(N")
(Vzrh)i = m Z |Az’j| = 9 = ngj, (6-20)
? AUCE?Ti

where for any edge A;j, we have denoted by N;; and \S;; its extremities (see Figure 6.1(b)). It is
easily checked that (6.20) is the gradient of the P! Lagrange function ry,.

Let (Ui)ie[l, N) be a discrete vector field defined by its values on the triangular cells. We shall
define its divergence on a dual mesh constructed as follows. To each vertex is associated a dual
cell obtained by joining the barycenters of the cells which share the vertex to the midpoints of
the edges (see Figure 6.1(a)). Let us denote the area of the dual cell Dy by |Dj|. Then, we can
define the discrete divergence (Vj, - up) on the dual cell by the following formula

1 1
(V- up)i, = Drl > iliknika (6.21)
kL mnDy,=0

where for a triangle T; and a vertex k, l;, is the length of the edge of T; that is opposite to vertex
k and m;; the unit normal vector pointing outside T; on this edge. This edge will be named A;;
below.
Moreover, we can define the discrete curl of the vector field by
1
(VE xup)p=—(VF up)e=——— >,  ui-

likTik- 6.22
| Dl T3 TiNDy#0 (6.22)

DN | =
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Sj

(b) Two neighbor triangles

Figure 6.1: Staggered scheme.

On the other hand, we can define the discrete scalar product between g} = (T}L,u,ll) and
2 _ (2 u2) b
Gy, = (rj,up) by

N, N
{ansan) = (i 1i)D + (upoup)p o= Y [Dilryrii+ Y| Tilug - (6.23)
k=1 i=1

We propose the following semi-discrete staggered scheme applied to the linear wave equation
with Coriolis source term.

Lrp(t) + an(VE up)p —vr {Vf ’ (Vzrh + %u#ﬂk =0

d T CR 1 (6.24)
uwi(t) +ax(Vy )i — v (VR [ug, - n); = —wu;-,
where v, = ”“gi*h, with h a typical mesh size and v, = %" represent the parameters that control
the diffusion terms and (VER[[uy, - n])); is given by the following expression
CR 1
(V [[uh : ’I’L]])Z = |T’ Z ’A”H(Uj - uz) . n,-j]nij. (6.25)
? Aij CcoT;

We also note that the Low Froude (LF) staggered scheme corresponds to v, = 0 and the
Apparent Topography (AT) scheme corresponds to v, > 0. Moreover, the term defined by (6.25)
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is the standard diffusive upwinding term in the velocity equation. The notation VR is here to
recall that the right-hand side in (6.25) is the gradient of the non-conforming P! function with
value [(u; —u;)-n;;] at the midpoint of edge A;;.

Properties of the discrete operators

Proposition 6.2. With the discrete divergence, curl, gradient and scalar product defined respec-
tively by (6.21), (6.22), (6.20) and (6.23), we have the following properties for the semi-discrete
staggered scheme (6.24):

i. Discrete integration by part (energy conservation for the pressure gradient force)
(V- up,mh)p = —(Vi T, ) p (6.26)

7. Energy conservation for the Coriolis force

(uz,up)p = 0. (6.27)

7i. No wvorticity production for the pressure gradient force

Vi x (Vi) =o0. (6.28)

Proof. Using periodic boundary conditions, we obtain

|Ajj]
(Virn,up)p Z|T| ViTh)i Z > ” (Sij) +rn(Nij)lmij - w;
=1 1=1A;;COT;
N, 1 N, 1
=> > STk Yoo NAijlng =" Y Tt (—likmik)
k=1 Ti‘TiﬂDk:#@ j‘AZ]CaTZ k:].Ti|TiﬂDk¢®
Ajj*Aik
1
=— Z S uy- §liknik re=—(V -wn,m)p
Ti|T;NDy %0
which proves point (7).
Point (7i) is obvious and now we turn to point (%ii); we have
L 1 11
D T _ _ Ny
[P % (VEm)], =~ |vE (vim) L o, = @(vhrh) Slni
i Ll MW p#
1 T Lo
= Dsl > (Vhrh>i‘§liknik
kLT mnDy =0
1
= 304 > [ra(Nig) = ra(Sik)] =0,
k Ti|TiﬁDk¢@

O]

T
where ;. and S, are the vertices of edge Aj;; oriented such that N;iS;. = likniik and where we
have used that, since ry, is a P! function

. .
(VCfCTh)i g, = (V:ff"”h)i - NigSite = V1, - NigSie = r1(Nik,) — 1 (Sik)-
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Evolution of the discrete energy

Lemma 6.2. With v, =0 and the discrete energy defined with the following expression

N, N
En(t) = (qn,an) = >_ |Dlri + > |Ti| lus |, (6.29)
k=1 i=1
we obtain p
—FEp(t) <0
o n(t) <

which means that the Low Froude scheme dissipates the discrete energy.

Proof. We take the scalar product of the staggered scheme (6.24) with g = (7, up) to obtain
Ld D T 1 CR
§£Eh(t) + <Vh . uh,rh>D + <Vh Thv'u'h>79 + <uh ’uh>79 + vy <V Tup, - n]],uh>

Moreover, with periodic boundary conditions, we also have (see (6.12))

~ (VR n]],Uh>P = Al (ui = uj).ngl. (6.30)

P

Therefore, using (6.26), (6.27) and (6.30), we get

d

—En(t) = =203 Ay (us — ) .
Al‘j

which means that the energy of the LF scheme is decreasing in time. O

Analysis of the discretized steady-states and their orthogonal subspace

We now define a set of discretized steady-states with staggered variables on triangular meshes by

the following expression
£ = {@h = (Fn, i) € RN xRN a, (Vi) = —wﬁL} (6.31)

w i

which is a consistent discretization of the geostrophic equilibrium (6.3). Then we have the
following discrete Hodge decomposition:

Lemma 6.3. The orthogonal space of Eﬁﬁo is given by

AL
gw:tO -

{(jh = (’Fh,ﬁh) S RNV x RZV . a*(th X 'ah)k = wfk} 5 (632)
Proof. First of all, we define the set Ay, by
Ap = {Qh = (rp,up) € RV xR 0, (V) xup)y = w?“k}-

For each ¢, = (7p,uy) € Eﬁto and arbitrary ¢, = (74, @) € RV x R?2YN | we use the discrete
integration by part formula (6.26) to obtain

(Ghs @) = (PhyT)p + (p, @p)p = (Fr, o) + (GG, @ ) p

. a*< T A ~J_> . Ay / D ~1
=Py, Tpyp — — (V1 T, 0 = (Tp,T +f<7’ Vi - >
<h7 h>D w hTh,Wh P <h7 h)D w hs Vi h D

n ~ a -
= <rh,rh — —*VE X uh>
w D
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Hence, if g, € Ay, , we obviously have (G, qp) = 0 which leads to Aj, C SUJA;OL . On the other hand,

since 7, can be arbitrary in RV when ¢, € 5@0,

then the equality <fh,fh —ayD ah>D =0
for all gy, € 5@0 implies that 7y, — %VhD x @y, = 0 and thus §j, € Aj,. It follows that Eﬁgé C Ap.

O]

Remark 6.3. The discrete Hodge decomposition allows us to define the discrete orthogonal
projection

and we can construct qp, by what follows.

Let g, = (rp,wp) be given in RN"T2N . For all (py,, vp,) € £

=0 Using orthogonality, we have

(P, D) D + (U, Op)p = (Thy Pr)D + (Wh, Op) P

We then use the definition of the discrete steady-states and the discrete integration by part formula
to get

(Ph,Dh)D — (G*)Z <Vf : (V:szh> ﬁh> = (Th,Dn)D — %(Vf X Up, Pp)D-
b w b D ) w )

As a result, since py, can be arbitrary in RN, it is possible to find 3, by solving the following
linear system

P — (Z*)Q VR (Vhn)], == TR wne (6.33)

Then, by the definition of the discrete steady-states, the part of the velocity field in Eﬁto is given
by

~ Aw T A \ L
;= = (VL)
7 w( hrh)z

Finally, the orthogonal component is simply given by Gy, = qn, — Gy, Moreover, the linear system
(6.33) defines a unique solution since —VhD~ and Vg are adjoint operators as shown by the
discrete integration by part formula (6.26).

Well-balanced and orthogonality preserving properties

Definition 6.1. A semi-discrete scheme is said to be well-balanced if

A A
Gh €&y = VL0, qult)=qp €&y

Definition 6.2. A semi-discrete scheme is said to be orthogonality preserving if

A, L AL
el = V>0, qu(t) €&y

Lemma 6.4. We have:

i. The semi-discrete staggered type scheme (6.24) is a well-balanced scheme in the sense
that it can capture the discrete steady state (6.31).

ii. The Low Froude semi-discrete staggered scheme (v, =0) is an orthogonality preserving
scheme.
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Proof. With the discrete steady state (6.31), the velocity field can be written as

N Ay

Since we have no vorticity production of the gradient term (see (6.28)), we get

~ a/* A a* A
(VR -an)e == [VR - (VR ] = =2 [Va x (V)] =0. (6.34)

k k

On the other hand, since u is the curl of a discrete piecewise P!, globally continuous function,
then its normal jumps through edges vanishes, as recalled in the lines before (6.17):

(fl,i — fl,j) Ny = 0. (635)

Therefore, the definition of the discrete kernel (6.31), the divergence free property (6.34) and the
vanishing of the jumps of the velocity field through the edges A;; (6.35) imply the well-balanced
property of the semi-discrete staggered scheme (6.24). This proves Point (3).

In consideration of the orthogonality preserving property, by taking the discrete scalar product

of the semi-discrete staggered scheme with the stationary state gy, € Sﬁﬁo, we obtain

d . . w R
<dtqh(t)’ Qh> = —a, (V- up, p)p + vr <VhD : <V£7"h + uﬁ) ﬂ“h>
(l* 'D
— ax(VErp, an)p + v (VR [wy, - ] i) p — wugy, ) p.

By using the discrete integration by part formula and (6.34) , we have
T ~ D
(VirhGn)p = — <7“h,Vh 'Uh>D =0.

Moreover, by calculations similar to (6.12), we get, thanks to (6.35):
- <VCR[[uh : n]],ﬁh>7) =D Ay [(wi = wy) mgglngg -+ Y| Aigl[(ug —wi) - mgilng; - 4y
Aij Aij
= D1 Aijll(wi — uj) myg][(@; — @) - mi) = 0.
Aij

Using a final discrete integration by part formula and the fact that g, € 5@0» we get
_CL*<V£ . ’uh,fhh) — w(uﬁ,ﬁhﬁ; = <Q*V¥;7ﬁh +wﬁé—7uh>7) =0.

As a result, the condition to ensure the orthogonality preserving property of the semi-discrete
staggered scheme is given by

N A w "
Van €&, .0 Ur <VE . (Vgrh + auﬁ) ,rh>D =0.
*

Therefore, the semi-discrete staggered scheme is orthogonal preserving when we have no diffusion
on the pressure equation v, = 0. ]

Remark 6.4. Although both Low Froude and Apparent Topography staggered schemes can capture
the discrete geostrophic equilibrium (6.31), the behavior of each strategy is very different. Let us
decompose the numerical solution into two parts

qn(t) = Gun(t) +qn(t).
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Since the Low Froude scheme is orthogonality preserving, the orthogonal part Gy (t) does not move
into the kernel. As a result, we can ensure that

This means that the kernel part of the numerical solution is always equal to the initial projection
Phq,g which is also the final state of the numerical solution when the orthogonal part is damped
to zero by the numerical diffusion of the scheme.

However, when the numerical scheme has some diffusion on the pressure equation like the
Apparent Topography scheme, it is impossible to ensure the orthogonality preserving property.
As a consequence, the orthogonal part not only damps out, but also partly moves into the kernel.
Therefore, the kernel part of this scheme may be changed at each time step until there is no
energy left in the orthogonal of the kernel.

Behavior of the solution of the staggered scheme

Lemma 6.5. Let g, (1) be the solution of the semi-discrete scheme (6.2/). Then, with v, =0,
we obtain

VC1 R, if |lah = Pulan)ll = C1M, then |y, n(t) = Pu(an)ll < C1M,

which means that the LF scheme is accurate at low Froude number at anytime.

Proof. By linearity, the solution of semi-discrete staggered scheme g, j,(t) can be written as

G (t) = g% (t) + b 1 (1)

where g%, (t) and ¢4, (t) are the solution of (6.24) with initial conditions respectively given by

a2, (0)=Py(qp) and g5, (0) =qh —Pr(qp).

Then, we have

1w () = Br(ai) |l = llg5, (1) + @50 (6) = Brlai)ll < llag,p(8) = Prlam) | + llasn (0]

Moreover, when v, = 0, the dissipation of the semi-discrete staggered scheme proved in Lemma 6.2
leads to the conclusion that ||g%, (¢)|| < [l¢%, (0)]. For this reason, the accuracy of the scheme is
linked to the behavior of ¢¢ ; (t). Since the semi-discrete scheme (6.24) is a well-balanced scheme,

we obviously have ¢, (t) = Ph(qg). Therefore, we obtain
Vt>0, ln(t) = Palgp)] < C1M.
O

Remark 6.5. Since it is difficult to prove the dissipation of the energy for the semi-discrete
scheme (6.24) when v, 20, we do not have enough evidence to conclude that the well-balanced
scheme based on the Apparent Topography method is accurate at low Froude number at anytime.

Analysis of fully discrete staggered schemes

We present two types of time discretization for the scheme (6.24). The first is a one-step scheme,
while the second, inspired by the so-called "Boris push" [56] from plasma physics, splits the
velocity rotation due to the Coriolis force from the other effects.



6.4.1

6.4. Analysis of fully discrete staggered schemes 169

The fully discrete one step scheme

We now introduce two new parameters 67 and 02 corresponding to the time discretization of the
Coriolis source term. To be convenient, we denote

SR e Ul (1—01)ont!
o\ Oou™ + (1 —Gg)u"“ '

The fully discrete one step staggered scheme can be written as

T‘Z-H =7y — a*At(V}? . Uﬁ)k + At {V? . (v’-}%g + a%(uz)J_ﬂk 036
uf ™ =l — a AUV vt (VR nl)) —wtui .
7

7

Well-balanced scheme

Lemma 6.6. The fully discrete one step scheme (6.36) is a well-balanced scheme.

Proof. We now assume that at time t"™ = nAt, the numerical solution is in the discrete kernel
which reads

ax(VErm), = —w(u?)t. (6.37)
Then, we will show that the numerical does not change in the next time step:
PPl = Tl =y and 0" =0
We note that the state (6.37) also implies that
(VP uM), =0 and VR[ul -n];=0. (6.38)
Therefore, the pressure equation of the fully discrete one step scheme (6.36) reduces to TZH =rp.

Moreover, the velocity equation leads to

1 —wAH1—01)\ (ul Tt 1 —wAt(1—01)\ (uf
wAL(1 — 6y) 1 or ] T\ wAt(1 - 6o) 1 o

n+1

n+l _  n
; =" ]

which implies that « = and v;

Orthogonality preserving scheme
Let us introduce two new parameters 71 and 7o used for the time discretization of the divergence
field in the pressure equation. We shall denote

u — (Tlun + (1 — Tl)un+1>

v + (1 — Tg)v”+1
Then, we specialize to the case v, = 0 and introduce the LF-7 scheme which we define by

7“2“ =1 — a, AH(VE - ul )

(6.39)
ul ™t = ul — a AUV EPR) v At (VCR[[UZ : n]])l - wAtuj"o.
Remark 6.6. The LF-T scheme (6.39) is still explicit although the velocity field u™* appears
in the pressure equation. In fact, we can compute the velocity field first and then it is used to
compute u” in the pressure equation without having to solve any linear system.
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Lemma 6.7. The Low Froude-t scheme (LF-T) is an orthogonality preserving scheme if
71=02 and T9=0.

which means that the velocity field used in the Coriolis source term in the velocity equation
and that used to compute the divergence term in the pressure equation should be the same.

Proof. By taking the product of the fully discrete scheme (6.39) with the steady state g, € 5wA¢07
using periodic boundary conditions, the discrete integration by part formula and the properties
of elements in the discrete kernel, we will obtain

R . 1,0
(ah ™) = = b(VE - uf, ) p — wAt{u;, up)p

_ T A T ~1 0
= <a*Ach rh,uh>P + <wAtuh , U >7>'
We realize that when 71 =602 and 7o =0, we get uj = uz, from which it follows that

A~ ~ A
(ap™,dn) = 0,90, € E0.

Therefore, we conclude that q,’f“ € EWA ;é‘ . O

6.4.2 The fully discrete splitting scheme

Let us define a four-step staggered scheme applied to (6.2) by using a strategy that splits the
effect of rotation induced by the Coriolis force from the rest of the effects:

o 1% step (1 — @ velocity advance without rotation):

i =uf = (1= 0)a AV + (1= O)vuAt (VR [uj - n]) (6.40)

i
o 2™ step (velocity full rotation):

u™ —ut = —wAt[fu* + (1 — 0)u)* (6.41)
« 3% step (0 velocity advance without rotation) :

't =l — 0 AV )i + Ot (VR [uf -n]) (6.42)

i

4% step (pressure update):

1 =0 — At (VP [0uj 4 (1 - 0pui]) -+ v {vg . (vfr,’; + :(ug)L)} - (643)

*

Lemma 6.8. We have:
1. The four-step splitting staggered scheme is a well-balanced scheme.

7. When v, = 0, the four-step splitting staggered scheme is an orthogonality preserving
scheme.
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Proof. We first assume that at time ¢" = nAt, the numerical solution is in the discrete kernel
(6.31). Therefore, we have (6.37) and (6.38). Hence, the first step reduces to

u =u —(1— G)Q*At(vgrﬁ)i (6.44)

and the third to
u ™ = wl* — a, AL (V). (6.45)

(3

Using (6.37), the rotation step can be written as
Hk sk L n T,n n T .y |+
w; + (1= ) wAt(u;™)~ =u] — (1 —0)a At(Vyrp)i — OwAt [uz — (1 —0)aAt(Vy, rh)i}
€1
= ] + 00, ALV LT+ wAtuf ™ — QwAt [uf — (1 - 0)a ALV )]
n T,n n T,n L
By a straightforward uniqueness argument, this leads to
w* =ul + 0a, ALV, (6.46)

Thanks to (6.45), this implies that u?'H =] . On the other hand, from (6.44) and (6.46), we
easily obtain

(V- 10ui,+ (1= 0)ui]), = (VE -up), =0,
from which it follows that r;"** = 72. This proves Point (7).

In consideration of the orthogonality preserving property of the four-step staggered scheme, we

assume that at time ¢", the numerical solution verifies gj! € Eﬁgé and we will show that at next

time step, the numerical solution qZH is still in this subspace. For any state ¢ = (74, up) € & -

w=0"
by the discrete integration by part formula, we have
T . =« D -
(VirhGn)p = — <7“h,Vh ‘uh>D =0,

and
<VCR[[uh . n]]’ﬁ'h>73 = — Z ]A”][(ul — uj)n”][(ﬁl — '&j).nij] =0.
Aij

Hence, from (6.40) and (6.42), we clearly get

(up i) = (uf ap)

(up, @p) = (up, @) and
Then, the rotation step (6.41) leads to
() = (ui an) = (uj, n) — wAL([0u, + (1= O)ui] " iy )
= (ufy, ) +wAt (0w, + (1 - O)ui"] g ). (6.47)
On the other hand, when v, = 0, the 4" step (6.43) gives us

(et i) = (i) — ax (VR - (0w + (1= 0)uj], i)

= (rft,7n) + ax A ([0uf, + (1= 0)ui"], Vi ). (6.48)
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Therefore, gathering (6.47) and (6.48), using the fact that ¢ € Sﬁt’ol and the fact that ¢, € SwAiO,
we obtain

(a5 n) = () + Gl )+ A [0+ (L= )i 0 VA i) = 0.

In conclusion, we have

Numerical test cases

Well-balanced test case

In this test case, we investigate the behavior of the Godunov type schemes with a geostrophic
equilibrium as in initial condition. Particularly, we consider the stationary vortex in the square
domain T? = [~0.5,0.5] x [~0.5,0.5] with initial pressure 7 given by

32\ ? 3y \ 2
r(x,y,t=0)=1 exp[ (0.5) (05) ],

and we construct the discrete initial pressure by interpolating this pressure field at the mesh
vertices. Then, we construct the initial velocity field u® by using the definition of the discrete
kernel (6.31) so that we can obtain a discrete stationary state (see Fig. 6.2).

Figure 6.3 indicates that the Classical (C) staggered scheme is not well-balanced since it produces
some spurious wave in the orthogonal subspace and also damps the kernel part. On the contrary,
the LF and AT staggered schemes are well-balanced schemes. This is because the orthogonal
part of those scheme is always equal to zero (Figure 6.3b) during the computation and the kernel
part of these scheme is a constant function in time (Figure 6.3a). On the other hand, Figure 6.4
clearly shows that the contour of the pressure of the classical scheme is different from that of the
other schemes. This is another evidence to show that the classical scheme is unable to capture
the steady state. However, as can be seen and unlike the classical scheme on Cartesian meshes
(see [53]), this scheme still preserves the structure of the vortex on triangular mesh. One possible
explanation for this property is the influence of the cell geometry. Indeed, the discrete divergence
free velocity space is a much better approximation of the continuous one on triangular meshes
than on cartesian ones, so that fewer problems are expected. Then, from the numerical point of
view, the classical staggered scheme on triangular meshes is similar to the collocated Classical -
Divergence Penalization (C-DP) scheme on Cartesian meshes, as introduced in [53] (that scheme
also has a satisfactory discrete divergence free velocity space).
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(a) Pressure r(z,y,t) at t=0 (b) Contours of r(z,y,t) at t =0
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Figure 6.2: Stationary vortex as initial condition.
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Figure 6.3: Vorter test case: evolution of the kernel and orthogonal parts.
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Figure 6.4: Pressure contours r(x,y,t) at time t = 20 obtained from staggered type schemes.
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Orthogonality preserving test case

In this test case, we consider periodic boundary conditions and an initial vector field given by

et =0)= e [ (55)" - (55) ] ot e =01 = o [ (55)" - (32)]

in the domain T? = [~0.5,0.5] x [~0.5,0.5] and we construct the discrete initial velocity by
interpolating this velocity field at the cell centers. Then the initial pressure r(z,y,t = 0) is
constructed at the mesh vertices by using the definition of the discrete orthogonal subspace
(6.32). In all cases, we choose 01 = 0 = % for the time discretization of the Coriolis force i (6.36).
Figure 6.5a and 6.5c show that the classical, Apparent Topography and even Low Froude schemes
are not orthogonality preserving since the kernel components of these schemes are not equal
to zero. Moreover, since the kernel part is updated at each time step, it is not a constant in
time. Only the LF-7 scheme with 7 = m = % is able to preserve the orthogonal kernel since
this strategy does not create waves in the incompressible subspace during the computational
process, as proved by Lemma 6.7. Figure 6.5b shows that the damping rate of the orthogonal
parts of the Classical and Apparent Topography schemes is larger than that of the Low Froude
scheme. On the other hand, the damping rate of the orthogonal part of the LF-7 scheme shown
in Figure 6.5d indicates that when the scheme gets more implicit for the divergence velocity field
on the pressure equation, then the damping of the numerical schemes increases. Although the
classical and Apparent Topography schemes are not orthogonality preserving, these strategies
on triangular grid create waves with much smaller amplitudes in the kernel than that on the
Cartesian grid (see [53]).

Accuracy at low Froude number test case

We now consider an initial condition close to the discrete kernel, up to a perturbation of size M.
This initial condition is simply given by

@

0 ~0
qn, = qp, + M
apll’

where @2 stands for the kernel part given in Section 6.5.1 and cjg is the orthogonal part considered
in Section 6.5.2.

Figure 6.6b and 6.6¢ indicate that the classical scheme is not accurate at low Froude number
because the norm of ||¢(t) —P¢"|| does not depend on the parameter M. By contrast, the proposed
LF and AT schemes are accurate at low Froude number because the norm of the wave in the
orthogonal space remains of order O(M) (see Figure 6.6d and 6.6e). On the other hand, we can
observe in Figure 6.6a that the norm of the orthogonal component of the solution of the classical
scheme globally decreases in time, while the total deviation is an increasing function. This implies
that the solution of the classical scheme will tend in long time to a stationary solution in the
wrong discrete kernel, which will be different from the projection of the initial condition.

Circular dam-break test case

In this test case, we consider the initial condition which is given by

2. if 22442<1
r(a:,y,tzmz{’ bty s

1, if z?2+y®>1.
u(zx,,y,t=0)=0,
v(z,,y,t=0)=0.
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for the time discretization of the Coriolis force.
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Figure 6.6: Evolution of the orthogonal component and deviation from the initial condition, when the
initial condition is close to the discrete kernel.

with periodic boundary condition, a, =1 and the domain [—5,5] x [-5,5]. Figure 6.7 presents
the projection into the kernel of the initial pressure field.

Figure 6.8 presents the evolution of the pressure when using the classical scheme with one initial
condition which is very far from the geostrophic equilibrium. This figure clearly shows that in
long time, the solution of the classical scheme tends to a trivial steady sate which consists of
only a constant pressure field. This is an evidence to show that, although the classical scheme on
triangular grids behaves much better than that on Cartesian grids in the previous test cases, this
scheme eventually tends to the wrong kernel. On the contrary, the Low Froude scheme pressure
solution presented in Figure 6.9 tends to the geostrophic equilibrium, since the final state is
similar to projection Pq? of the initial condition, as shown in Figure 6.7.

On the other hand, Figure 6.10 clearly shows that the kernel part of the classical scheme is
damped during the simulation while it is nearly a constant with the LF or AT schemes. Moreover,
the distance between the numerical solution of the classical scheme and the initial projection
(total deviation) increases in time, while it tends to zero with the other schemes. This is another
evidence to conclude that the classical scheme will tend to the wrong kernel, while the other
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schemes have solutions that, as expected, tend to the correct geostrophic equilibrium.

0

5 5 -5 -4 -3 -2 -1 0 1 2 3 4 5

(a) 7(z,y)att=0 (b) Contour of #(x,y) at t =0

Figure 6.7: The initial projection of r(z,y) .

6.6 Conclusion

In this work, we explain the disadvantage of the collocated Godunov scheme applied to the
linear wave equation with Coriolis force on triangular meshes. Then, we propose new staggered
type schemes that are accurate for the simulation of flows near the geostrophic equilibrium.
The construction of these schemes is based on the adaptation of the Low Froude and Apparent
Topography strategies on triangular grids. The time discretization leads to two strategies: the
one step and the four-step splitting schemes. Theoretical analysis and numerical results show that
the new schemes are well-balanced. On the other hand, unlike the Apparent Topography method,
the Low Froude one step or spitting scheme is orthogonality preserving under an appropriate
discretization in time.

Future works will be dedicated to the optimal time step choice of these schemes and the
extensions to the nonlinear shallow water equations.
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Figure 6.8: The pressure solution r(x,y,t) of the Classical staggered scheme.
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Figure 6.9: The pressure solution r(x,y,t) of the Low Froude staggered scheme.
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CHAPTER

Godunov type schemes for nonlinear rotating shallow water
equation

You cannot have a positive life
and a negative mind.

Joyce Meyer.

— Abstract

The shallow water equations, a simplified model from Euler or Navier-Stokes equations,
can be used to model many phenomena in geophysical fluid mechanics. At large scale
phenomena, the Coriolis force, due to the Earth’s rotation, plays an important role and
the atmospheric or oceanic circulations are frequently observed to take place near the
geostrophic equilibrium, which is the balance between the pressure gradient and the Coriolis
force. The analysis and the numerical preservation of trivial equilibria with zero velocity
(i.e. lake at rest equilibrium) has been studied in the last fifteenth years and the study of
non trivial equilibria with non-zero velocity receives now a great attention but is still an
open question. We are interested in designing a modified Godunov scheme that captures
the discrete version of this geostrophic equilibrium or that can be accurate around this state
with acceptable small errors, in order to improve the accuracy of the classical Godunov
scheme significantly.
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Introduction

To model complex systems such as the atmosphere or an ocean, it is very common to use the
shallow water equations which is a simplified system obtained from the fully compressible Euler
equations in the case where the horizontal length scale is much larger than the vertical one, but
still retains some main characteristics of the original system. For instance, they share very similar
conservation laws. In the atmospheric and ocean modeling, the typical length scales are hundreds
of kilometers and it is essential to consider the geometry of the earth and its rotation as source
terms for the shallow water equations since they become important at that scale. Moreover, the
observed phenomena usually take place around the so called geostrophic equilibrium which is
the balance between the pressure gradient and the Coriolis force. In order to study the rotating
shallow water model, we introduce the two-dimensional system of partial differential equations

Oh+V - (hu) =0, (7.1a)

2
Oi(hu) +V - (hu®u)+V <gh2> = —ghVb—hQu?, (7.1b)

where h and u = (u,v) are functions of time ¢ > 0 and space (z,y) € R2. These variables denote
respectively the vertical height of the water and the horizontal velocity. In this model, the
Coriolis parameter Q stands for the angular velocity and ut = (—wv,u) is the orthogonal velocity.
The first numerical method which can be applied to this model is the finite difference method. We
mention [30, 57] and references therein for this approach. One common advantage of this method
is its simplicity of implementation and the fact that it produces results with good accuracy for
regions with smooth solutions. However, since the rotating shallow water system admits shock
waves [58, 59], in these regions with non-smooth solutions, the finite difference scheme usually
introduces unphysical oscillations.

It is crucially important for numerical schemes to capture exactly or at least very accurately
some particular solutions of system (7.1) at the discrete level. Without Coriolis source term
(Q =0), the above system (7.1) reduces to the model with topography, and the observations are
small perturbations around the lake at rest equilibrium which is given by

u=0 and h+b=cst. (7.2)

Among numerical strategies that are able to preserve the particular solution (7.2), we mention
the so called well-balanced schemes, see, e.g [5, (], and we refer to [9, 10] for schemes that can

2
handle more general one dimensional moving equilibriums (hu = cst and % +g(h+b) = cst).
In the case with Coriolis source term, it is a challenge to design schemes able to capture the
nontrivial geostrophic equilibrium given by

V-u=0 and gVh=-Qu" . (7.3)

In [13], Bouchut et al. introduced a technique named Apparent Topography method to obtain a
well-balanced scheme with Coriolis force in the one-dimensional case. The idea is to modify the
numerical diffusion introduced by standard schemes in the pressure equation so that it applies
only on states that do not verify the geostrophic equilibrium. This method is then extended to
the two dimensional case on Cartesian grids in [11]. However, the 2D geostrophic equilibrium is
more complex in 2D than in 1D, because it implies that the velocity field is divergence free, while
standard schemes also fail to maintain divergence free velocities. As a result, it was shown [53]
by studying the linear wave equation that it is necessary to modify not only the diffusion on the
pressure equation, but also on the velocity equations to design schemes that are able to capture
discrete equivalents of the nontrivial steady state (7.3). This gives rise to strategies combining
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the Apparent Topography method with the Divergence Penalisation or Low Froude strategies
introduced in [20].

In this work, we extend the results obtained for the linear wave equation in [53] to the
nonlinear rotating shallow water system. The outline of this work is as follows: in Section 7.2,
we investigate the properties of All Froude type schemes for linear wave equations with Coriolis
source term. In particular, we focus on the accuracy around geostrophic equilibriums at low
Froude number. We then explain in Section 7.3 how to use the combination of the Apparent
Topography method with other corrections such as the All Froude and Divergence Penalisation
techniques in the nonlinear case. Moreover, the time discretization of the Coriolis source term
is also investigated in this section. Many numerical results are then shown in Section 7.4 to
illustrate the fact that the proposed scheme is more accurate than the classical ones.

Behavior of All Froude type schemes applied to the linear wave equation with Coriolis
source term

By analyzing the discrete kernel of the modified equation associated to the discretization of
the linear acoustic operator by the classical Godunov scheme, the work in [53] shows that it is
essential to modify the numerical diffusion terms in both pressure and velocity equations since
they are responsible for the inaccuracy problems encountered by standard Godunov type schemes.
That work also proposes some numerical strategies that combine the Apparent Topography
method presented in [13], with the Divergence Penalization and Low Froude methods inspired
by [20, 37]. However, for stability reasons, the Low Froude strategy may not be a good option
in the nonlinear case since it is proved in [22] to be unstable when used on the standard Euler
system with no Coriolis source term. Therefore, in this section we will replace the Low Froude
strategy by the All Froude one, as advocated in [22]. To investigate the effect of the All Froude
strategy, let us start with the compact form of the modified equation of the various schemes
which is given by

{ Oq+Lg=0, (7.4a)
gt =0,z) = (). (7.4b)

The spatial operator is defined by £ = L, — B 5, with

I o ayV-u
wd = a, Vr +wut

and
KparAz 9%r | Klasdy 9% _MaxAT w Ov y niaxAy w Ou
2 0x2 2 0y? 2  a. Oz 2 ax Oy
_ Kkuas Az 0%u NuasAr 9%v
B"W?q - T2 022 + T2 Ozdy : (7.5)
Ky ax Ay 520 NwasAy 9%u
2 Oy? 2 Oyox

The Classical (C) Godunov scheme uses kj, = Ky, = Ky = Ky = 1 and 77 = e =mny =mn, = 0.

The Apparent Topography (AT) strategy uses 7% = k% and 7y = k7 to typically transform the
diffusion operator in the pressure equation from —%a*hAr into —%hv- (axVr + qu-), where
h is the mesh step. The Divergence Penalization (DP) strategy uses 1, = K, and 7, = Ky to
transform the —%a*h((?mu,amv)T diffusion term in the velocity equation into —%a*hV(V ‘).
The All Froude (AF) strategy can be applied to the pressure or to the velocity equation (but
not to both equations at the same time for stability reasons) and amounts to replace k% and x{
or Ky and k, by O(M) functions, instead of 0 in the Low Froude strategy.
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AF schemes Ky K Koy N Nu Mo
AT-AF o1 OomM) OM) kK 0 0
C-AF ol omM) omM) 0 0 0
AF-DP o) 0O(1) O(1) 0 Ky Ky
AF-C OoM) 0O(1) O(1) 0O O 0

Table 7.1: Parameters of All Froude type schemes.

The choices of parameters in (7.4) corresponding to the All Froude strategies are summarised
in Table 7.1.

Let us note that the behavior of the All Froude schemes are similar to the corresponding
Low Froude schemes in the linear case when M < 1. Although the AT-AF and AF-DP do not
have a correct kernel, their behavior around the geostrophic equilibrium remains satisfactory.
Particularly, we obtain

Lemma 7.1. The solution qx of the modified equation for the AF-DP parameters is accurate
at low Froude number locally in time.

Proof. Let P be the orthogonal projector on the sets of states that verify L,,q =0, and let qgm(t)
and qgm(t) be the solutions of (7.4) with initial conditions respectively given by P¢’(z) and
¢°(x) —P¢°(x). Then, by linearity, the solution of (7.4) is simply given by

dk,n (t) = qz,n(t) + qz,n (t)

Moreover, the dissipation of energy by the AF-DP scheme leads to

b b
g (DI < Nl (O = lla° — Pl (7.6)
We also notice that the triangular inequality leads us to
g () = P°l| = [l , (8) + a2, (8) = PG°[| < llgi,, () = Pa°[| + 1R, (£)]]. (7.7)

We now try to find a bound for the quantity [|g; , (¢) —Pq°||. By using the fact that Pq® € KerL,,
we have L, (Pg°) = 0. This implies that

(g2 (1) —=Pq®) + Loy (g, (t) = Pq°) = By (g2, (t) — Pq") + BryPq’.
By multiplying the above equation with q,%,n(t) —P¢° and integrating over To, we will get
(Oe(qt (1) =Pq°), g, (t) —Pq°) = (Biy (gt ,(t) = Pq°),qf ,(t) —P°) + (BicyPq”, g2 ) (t) = Pg°).
Moreover, we also have (By (g ,,(t) — qu),q,‘;m(t) —P¢% <0. Thus, we obtain

1d
5 g7l 0 (1) =B 7e < | (BrnPd® a2 (8) = Pe°)| < 1| BenPall 2l g (1) — P 12

which allows us to write that
d 0 0
%qu%,n(t) —Pq"||2 < [|BryPq || 2-

It follows that
g2, (t) = Pq°|| 12 < t]| BuPq| 2. (7.8)
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Therefore, from (7.7), (7.6) and (7.8), we obtain

g, (t) = Pg°|| < ll¢° =Pl + ]| B,y Pq°| 2. (7.9)
For the sake of convenience, we denote P = ¢ = (#°,4°,4%) . From the numerical diffusion
term (7.5), we clearly get for the AF-DP scheme

1Breyd’ |l 2 < v || AF°)| 2 (7.10)

where v, = “gagm = ’#agAy = O(MAz). Therefore, when the initial condition is close to the
kernel, i.e. when ||¢° —P¢°|| = O(M), (7.9) and (7.10) show that the numerical solution of the
AF-DP scheme is still close to the kernel locally in time ¢t = O(1). O

As a numerical illustration, we now consider an initial condition which is close to the discrete
kernel up to a perturbation of size O(M). In particular, this initial condition is given by

0 0 q~2
=Gt Mo

wll’

where cjg belongs to the kernel and (12 is in the orthogonal subspace. They are respectively given

by 2 2
Pt=0,2z,y) =1—exp {_(3“@) _(3%) }
= ite=0a) =~ Boo - ()" ()]
0(t=0,2,y) = g exp [_ (3%)2 - (3%)2]
and
7(t=0,2,y) = —ggexp [_(4‘@)2_(34) ]+5{z§exp [_ (5133)2_(4%)2]

in the periodic domain T? = [~0.5,0.5] x [—0.5,0.5].

In Fig. 7.1, we present the maximum value of the deviation from the initial projection qg over the
time interval with different values of M. This figure shows that like the well-balanced AT-DP
scheme, the total deviation of both AT-AF and AF-DP strategies is proportional to M whereas

it remains constant for the other strategies and we also notice that the constant is smaller for
the C-AF scheme than for the C-C and AF-C schemes.

Modified Godunov type schemes applied to the nonlinear shallow water equation

In this section, we present some methods to modify the classical Godunov type schemes in order
to derive new numerical strategies which are more accurate around the geostrophic equilibrium
and in the adjustment process. To discretize the shallow water equations, we first exhibit the
general form of the finite volume method which has received a great interest in the context of
hyperbolic conservation laws since this method is conservative, among other properties.
The shallow water equation (7.1) can be expressed in terms of conservative variables as

ou

S+ V- F(U)=SW)
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Figure 7.1: maxc(o 9] lg — Pq||(t) as a function of the Froude number (log-log scale)

where F(U) = (Fy(U), Fy(U)T and

h hu hv 0
U=|hu|, F(U)=|hu?+3gh®|, F,U)= huv , S(U)=| Qhv
hv huv hv? + S gh? —Qhu

Let us now suppose that the domain T? is discretized into N cells Tj. Let A;j be the common
edge of two neighboring cells T; and Tj. The notation n;; stands for the unit normal vector to
A;; pointing from T; to T};. Considering the homogeneous equations and integrating over the
space domain T;, we obtain the following relation

iU‘(t) / F(U) -n;jds=0

dt ’T\ Acor,

where Uj;(t) is an average of the unknowns on cell T} given by U;(t) = | Jr. U(x,t) dx. For the

|T5| /T
sake of simplicity, let us denote the numerical flux by

1
D;; =D (U;,Uj,my5) = |AW|/ F(U) ‘n;ds.

Then the general form of finite volume scheme can be written as

d 1
pTRAORET > [Ayldy =0. (7.11)
i AijcaTi

The purpose of the finite volume method is to update the cell average of the unknown at every
time step by computing fluxes across cell interfaces. There are several kinds of flux ®;; which
can be used in (7.11). In this work, we are interested in the modification of the so called Roe
approximate Riemann soler [60] for the interface fluxes. To do so, let us note that the Roe flux
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can be written as

pRoe _ 1 (hiui+hjuj) 1y +1 0
Yo 2\ hiumgg)wi + hy(wg gy ) 2 \§(hF +hF)ng
1 hij 1
~ gl mi il (Ah_ Z;A(u ' nij)) (uij — Cijl’lij)

1 0 1 hii 1
el T ) N T — w4l | Ah+ "2 A(u-n, ,
2| ] z]| (] ( Z]) (n é) 4| 1) "] CZJ| ( Cij ( U) w;; 4 Cijn;

(7.12)
(see Appendix 7.B for more details).
In the subsonic case |u;; - n;;| < ¢;j, the Roe flux becomes

oRoe _ 1 ( (hiwi + hjuy) - nj; ) Ll 0
Y 2 \hlwi )+ Ry (g mg)ug) 2\ §(6F + h)ng;

hig
1 ( elug; - ngA(u- nij) )

_! )
cij A g + (g - ngg)ngg] + Thug; 0 AQw-ng)ug + hijlug - ng | A(a- ng;)ng

J
( CijAh )
cijhijA(u- nij)nij '

7.3.1 The correction for the mass equation

v

N =

(7.13)

Apparent Topography strategy
The hydrostatic reconstruction has been introduced in [5] for the shallow water equation with
non-flat topography based on a local reconstruction at the interface. By using this technique, we
can obtain a well-balanced scheme from any solver of the homogeneous problem. In the presence
of Coriolis source term, the work in [13] (see also [25]) adapts this strategy to derive the scheme
named Apparent Topography scheme. Before going into the detail of this method, let us review
the hydrostatic reconstruction with topography b(x) on a Cartesian mesh by considering the
semi-discrete scheme applied to the shallow water equations

0 1 <

1
an,j(t) T Ar Fiv1/0,5— Fi—1/2,j> + Ay (Gi,j+1/2 - Gi,j—1/2) = Sij

where the numerical fluxes are given by

Fijrpp=7F (Ui+1/2_,iji+1/2+,j> ;oand Gy =6 (Uz‘,j+1/2_ : Ui,j+1/2+) :
In the above formula, the conservative variables are defined by
h; ; h; ;
U. L i+1/2_5 .U o i+1/24,5
/2= (hi+1/2_,jui,j /2 hiv1/2, jWit1,)

and

hiji1/2 hiji1/2
U . _ 1,5+1/2— U - _ 1,5+1/24
i,j+1/2- hi,j+1/2_ui,j ) i,j+1/24 hi,j+1/2+ui,j+1

where the hydrostatic reconstruction is defined by

hiv1a_ ;= (hij+bij —max{b;j,biv1;}), s  hiy1/2, 5= (hit1, +biv1; —max{b;;,bit1;})
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hij+1/2- = (hij +bij — maX{bi,j»bi,j+1})+a hiji1y2, = (hij+1+bij+1 — maX{bi,jabi,jJrl})-l-'

Then, in order to ensure the well balanced property, the topography source term is approximated
by

0
g9p2 g12
Sij=|2Ms1/2_ 5~ 2hic1y2,
9p2 _9p2
2% j+1/2- 27 j-1/24
In order to apply this technique to the Coriolis source term, the apparent topography scheme
has been introduced in [25] by considering the Coriolis as a new topography

Vij + Vit1

J 1 Uiyt U4
5 Az, and gAbi7j+1/2 =w

A
B Y

1
gAbi 1 05 = —w

Remark 7.1. It is important to note that with Ab;y /9 j = bit1,5—bij and Ab; jy1/2 = bij+1—bij,
the hydrostatic reconstruction can be written as

hiy12_ 5= (hi,j - (Abi+1/2,j)+)+v hiy1/2, 5= (hi+1,j — (—Abi+1/2,j)+>+

and

hiji1/2. = (hi,j - (Abi,j+1/2)+>+v hiji1/2, = (hi,j+1 - (_Abi,j+1/2)+)+a

which implies that we do not have to solve for the explicit new topography when we apply this
technique to the Coriolis source term.

The All Froude strategy

We now propose two ways to adapt the All Froude strategy to the mass equation. The first is
simply to keep all diffusion terms on this equation "small enough". In particular, we multiply
these diffusion terms by the local Froude number and the Roe flux becomes

AFL, Roe _ 1 (hiui + hjuy) - nj; L1 0
Y 2 hi(ui -nij)ui—khj(uj -nij)uj 2 %(h%—l—h?)nw
1 hi' Hij
Wi s — el | A= 22 A(u -1
1 |uz] n;; ng’ < cij (u nz])) (uw _ C’L]nzj>

1 0 1 h;i 0;;
e N NG I T — Zlwong 4 el | Ah+ =2 A(u-n,. J ,
2 ]uw n”\ K (u n”) <n$> 4‘ul] Mg c”’ ( Cij (u n”) W;j + ¢in;;

(7.14)
where 0;; = 0(M;;) with (M) =min{M,1} and M;; stands for the local Froude number.

The other way is to introduce anti-diffusion related to the numerical viscosity in the pressure
equation. To derive an All Mach (Froude) scheme in this way, the classical flux of any X-scheme
is modified as follows

AF.X x cii (B — h
O =Dy +(9z'j—1);j< "0 J)-

In other words, only the final term in (7.13) is modified by multiplication with the local Froude
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number. Then, in the subsonic case, this modified Roe flux can be written as

cDAFZ,Roe _ 1 ( (hlul + hjuj) R ) 4= 1 0
Y 2 \hi(u; -ng)ui+ hj(uj-ngj)u;) 2\ §(h7 +h3)ny;

h..
- euij - ngiA(u - ngj) )

h..
(Cz‘jAh [wij + (ugj - ni5)ng] + c2wg; - niA(a- ng)ug + hijlug; - ng|A(u - ng)ng;

_1 ( ez‘jcijAh )
2 \cijhijA(u - nj)n;;

7.3.2 The correction for the velocity equation

N

(7.15)

All Froude strategy
In [20], the inaccuracy of Godunov type schemes applied to the compressible Euler system is
investigated. In particular, the author points out that the numerical viscosity of the classical
Godunov type schemes in the velocity equation is responsible for the inaccuracy problem at low
Mach number. As a consequence, the numerical solution of the classical Godunov scheme may
be far form the incompressible solution at low Mach number.

The All Mach (Froude) Godunov scheme proposed in [22] is as follows: The classical flux of
any X-scheme is modified by setting

h"C" O
OAFX — X 4 (9, —1)=4Y 7.16
“ i+ 0= 1= [(u; —u;) ni]ng; )’ (7.16)

where 0;; = 0(M;;) with (M) = min{M,1} and M;j, h;j, c;; respectively stand for the local
Froude number, water depth and sound velocity. Therefore, in the subsonic case, the modified
Roe flux can be written as

N 2 \ B mig)ui + (0 mggg ) 2\ §(h2 + h2)my

hij
oiug; - ngA(a - ngg) )

h..
(Cz‘jAh [wij + (ugj - ni)ng] + c2wg; - nA(as ng)ug + hijlug; -ng|A(u - ng)ng;

cijAh
OijcijhiA(u-ng)ng; ) (17
1

Remark 7.2. The correction (7.16) is different from a low Mach number fix introduced in [19]
by multiplying the jump in the normal velocity component of the Riemann problem with the local
Mach number. In fact, this LMRoe flux can be written as

(D,L,MRoezl (hzuz—f-h]u‘])nl] +1 0
Y 2 \hi(u; - ng)ug +hy(uy-ng)u; ) 2 \§(h7 +h)ng;

1 hij 1
Wi —el AR =602 Al(a -1,
4|u” n;; — cijl ( Eips (u Ilzj)) (uij —Cz‘jnij>

1 A his
— gluinilhiACw-ng) | qu ng; +cij| | Ah+ 03 jA(U‘nz’j)
ij

N

N | —

1
U;j + ¢354
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Divergence Penalisation

Instead of using the classical numerical diffusion in the velocity equation, this diffusion is replaced
by —V(hV -u). It is essential to use values of V -u computed at the corners of the cells to define
the numerical diffusion at the cell centers. In order to design this diffusion term, let us first
define the discrete operators at the vertices of each cell (i, 7)

(Wit1j+1 +Ui15) = (Wig+1 + i) | (Vg1 41 +vig+1) — (Vig1j +vij)

v . . . g

[V uliy o170 2Az " 28y
v hivrj+1+higr1+hivrg+hi

Y W)i1j2 412 = — . 4 B

We shall also need dual operators that enable to switch from the grid vertices to the cell centers.
For any ¢ defined at the vertices, we define the following discrete gradient

1 Wi+1/2,j+1/2A_(Pi—1/2,j+1/2 Wz’+1/2,j71/2A_4Pi71/2,j71/2
T T
[Veelij =35 +3
k 2 Pit1/2,5+1/2—Pit+1/2,5—1/2 2 Pi—1/2,j+1/2—Pi—1/2,j—-1/2
Ay Ay

Therefore, the discrete version of the term V(hV.u) can be obtained by applying the operator
V¢ on ¢ defined by

Civi2.j112 = (WVY )0 i101/0-

Time discretization method

For the purpose of our study, we now only consider Cartesian grids. Then, the fully discrete
finite volume scheme for the nonlinear shallow water equation is given by

At At
+1 _ 0
Ui??j =Uj; - Az ( ﬁ&-l/2,j - Fin—l/Q,j) Ay (GZjH/g - GZj—1/2) + ALS; (7.18)
where U}"; is the cell average at time level ¢, F | /2.j and G?j +1/2 A€ respectively the numerical

flux in  and y directions defined at the interface between two neighboring cells. The term Sg j
is an approximation of the Coriolis source term which is defined by

0
S0 = 6182+ (1—61)smH |
0257 + (1 - 02)5}}“

where the parameters 61 and 03 are both in [0,1]. The terms S, and S, represent the approxima-
tions of the Coriolis source term in horizontal and vertical directions, respectively. Particularly,
for the classical approximation, we have

Su:hi,jvi,j and S :—h@jui,j.

However, for the Apparent Topography strategy, these terms are defined by

Su = gh?+1/2_,j - gh?—1/2+,j and Sy, = %hijﬂ/z_ - %h?,j—1/2+-

Let us emphasize that the totally explicit scheme (01 = 62 = 1) is unstable (see Figure 7.2).
Therefore, for stability reasons, we have to consider a discretization in time for the Coriolis force
which will be implicit enough. In fact, the parameters 6; and 62 must be in the stability region
01+ 602 <1 (see [37] for more details in the context of the linear wave equation). On the other
hand, let us note that due to the approximation of the Coriolis force in the Apparent Topography
method, we restrict our study to the two cases 61 = 1,605 =0 and 6#; = 0,03 = 1 to ensure that
the proposed schemes are still explicit without having to solve any algebraic system of equations
at each time step.
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(a) Classical Roe scheme (b) Apparent Topography scheme

Figure 7.2: The total energy of the explicit scheme (01 = 02 = 1) and semi-implicit scheme (61 =1,02=0)
with initial velocity fluid at rest and initial height given by h°(x) =1+ X[—1,1)(%)-

Numerical results

Stationary vortex test case

We now begin with the stationary vortex test case proposed in [01] (see also in [62]) to investigate
the behaviour of the finite volume scheme applied to the rotating shallow water equations.
By using this test case, we can compare all proposed schemes in terms of error between the
numerical solution and the exact solution. We consider the stationary vortex in the square
domain QQ = [—0.5,0.5] x [—0.5,0.5] with periodic boundary conditions and the initial velocity
field given by

1 1 2
ul(r,0) =vy(r)ég, vy(r)=¢ {57‘){ <7“ < 5> +(2-5r)x <5 <r< 5) } (7.19)
where r stands for the distance to the center of the domain and x is the characteristic function.
Let us note that the vortex is a stationary solution of the shallow water equation if the water
depth is the solution of the ODE

1 2
N <w1/9 n ”6’> (7.20)
g T

Figure 7.3 shows such kind of initial condition with parameter € =0.1. Let us emphasize that
when the water depth and Coriolis parameter w are of order O(1), then the parameter ¢ has a
strong impact on the order of the Froude number and Rossby number. In particular, we obtain
Fr=Ro~ O(e). We will investigate the influence of € on the modified Godunov type schemes
proposed in the previous sections.

Figures 7.5 and 7.6 show a cut of the water fluid depth along the z-axis at y =0 for some values
of the parameter ¢ at time £ =5 and ¢ = 10. These figures together with Figure 7.4 clearly show
that the AT-DP, AT-AF and AF-DP schemes which are obtained by using a combination of the
corrections for both mass and velocity equations have smaller errors than the other schemes.
Since the behavior of the AT-C and AF-C are similar to the C-C scheme, we can say that
the correction in the mass equation, which works well in the one dimensional case, does not
improve too much the accuracy of numerical schemes in the 2D case. Moreover, as can be seen
on these figures, the correction on the velocity equation seems to be much more important than
the correction on the mass equation. This is a conclusion which is similar to the study of the
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Figure 7.3: Initial condition with 40 x 40 grid cells and € =0.1.
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Figure 7.4: Time evolution of the water depth and discharge errors up to time t =5 with parameter € = 0.1

approximation of the linear wave equation in 2D by these schemes. We mention [53] for more
details of the analysis of these strategies in the linear case. Figure 7.4 also shows that the error
is smaller for the water depth (1073) than the discharge hu (1072).

On the other hand, we also observe that the smaller the value of ¢, the better the approximation
of the exact solution by the solutions of the AT-DP, AT-AF and AF-DP schemes. The reason
for this is that when € tends to zero, the nonlinear convection term gets significantly small as
compared to the other terms, and the behavior of the rotating shallow water equations is really
dominated by the acoustic linear wave equation. Therefore, the numerical schemes which work
well with the linear wave equation provide some convincing results.

Moreover, another evidence to illustrate that those schemes are better than the other schemes is
that the errors of those schemes behave like €2, as can be seen from the log-log graphs displayed
in Figure 7.7, while the errors of the classical scheme or even of the schemes with the correction
on the pressure equation behave roughly like €.
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Figure 7.5: Horizontal cut of water depths computed by Godunov type schemes at time t =15
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Figure 7.6: Horizontal cut of water depths computed by Godunov type schemes at time t =10

(b) hu

Figure 7.7: Log-log graph of the error at time t =5 as a function of €
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7.4.2 Nonlinear geostrophic adjustment simulation

We now consider the test case proposed in [59] (see also in [27]) with the initial condition given
by

A
h(a:,y,O)zl—F?O , u(z,y,0)=0, wv(zr,y,0)=0

1— tanh (\/(ﬁx)Z (RS- Ri)
RE

where the parameters Ag, A\, Rg and R; respectively stand for the amplitude of the initial
unbalanced height field, the aspect ratio, the edge width and the initial radius of the mass
imbalance. Let us also note that positive and negative values of parameter Ay respectively
correspond to elevations and depressions of the height perturbation. The parameter Rg is
strongly related to the smoothness of the initial imbalance and we will fix Ry = 0.1 for the
purpose of this test case.

In this test case, we consider a uniform mesh with 200 x 200 grid cells for the domain [—10,10] x
[—10,10] with periodic boundary conditions. The gravity and the Coriolis force have been fixed
tog=w=1.

Since the rotating shallow water equation admit shock solutions, the work in [59] uses a very
high order scheme with a fine mesh (500 x 500 grid cells) on the purpose to accurately capture
the behavior of the time adjustment process. In particular, they adapt the weighted essentially
non-oscillatory method (WENO) from [63] to obtain a fully discrete scheme with fifth-order
accuracy in space in smooth regions, third-order accurate near discontinuities and use a fourth-
order Runge-Kutta integration scheme in time. The main goal in this test case is to show that the
first-order modified Godunov type schemes with appropriate corrections for numerical diffusions
can obtain promising results in comparison to the ones obtained in [59].

Figures 7.8 and 7.9 show the axisymmetric adjustment (A = 1) of the elevation and depression.
As can be seen, all presented solutions look similar during the transient state, but totally different
at the final state. The final adjustment of the solution obtained by the classical scheme is far
from the other solutions and the top height of this scheme is much lower than the reference
solution in [59]. Moreover, the correction on the velocity equation now becomes less important
than in the previous test case, since the result obtained here with this strategy is just a little
higher than that of the classical scheme, while we can gain more with the correction on the mass
equation. Since the top height of the final adjustment computed with the AT-DP, AT-AF and
AF-DP schemes are close to the reference one in [79], we have an evidence that they behave
much better than the other schemes. On the other hand, Figure 7.8 shows that the AT-AF and
AT-DP schemes seem to be better than the AF-DP scheme for the elevation while the converse
holds for the depression, as shown in Figure 7.9.

We now turn to non-axisymmetric mass adjustment with an elliptical initial condition obtained
by increasing the aspect ratio to A = 2.5. The initial velocity is also set up with zero. The
time dependent mass adjustment computed by the AT-DP scheme is plotted in a sequence of
times in Figures 7.10 (elevation) and 7.11 (depression). Similar results for the AT-AF scheme
are shown in Figures 7.12 and 7.13. Those figures show that the elevation leads to two shock
waves propagating outwards while the depression leads to a rarefaction wave followed by a shock.
On the other hand, as can be seen in Figures 7.14 and 7.15, when time evolves, we observe a
clockwise rotation in the test case with Ag = 0.5, while a counter-clockwise rotation occurs with
Ap = —0.5. This is an agreement with the results in [59].
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) t=30

Figure 7.8: Time-dependent mass adjustment with initial elevation: evolution of the perturbation height h
with parameters Ag=0.5, A=1, Rg=0.1 and R; = 1.
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Figure 7.9: Time-dependent mass adjustment with initial depression: evolution of the perturbation height
h with parameters Ag=—0.5, A=1, R =0.1 and R; = 1.
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(f) t=20 |

Figure 7.10: Time-dependent mass adjustment with initial elevation (AT-DP scheme): evolution of the
perturbation height h with A =2.5

) t=8 ' () t=14 ' () t=20 '

Figure 7.11: Time-dependent mass adjustment with initial depression (AT-DP scheme): evolution of the
perturbation height h with A =2.5
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Figure 7.12: Time-dependent mass adjustment with initial elevation (AT-AF scheme): evolution of the
perturbation height h with A =2.5

) t=8 ' (e) t=14 ' (f) t=20 '

Figure 7.13: Time-dependent mass adjustment with initial depression (AT-AF scheme): evolution of the
perturbation height h with A =2.5
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Figure 7.14: Time-dependent mass adjustment with initial elevation (AT-DP scheme): evolution of the
perturbation height (flat view) and velocity field with A = 2.5
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Figure 7.15: Time-dependent mass adjustment with initial depression (AT-DP scheme): evolution of the
perturbation height (flat view) and velocity field with A = 2.5
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Water column test case with discontinuous initial condition (circular dam-break test case)

In this test case, we consider the initial condition given by

14+ Ay, if 22+42<R
h(:c,y,t:O):{ Ao, 2Ty S Lo

1, if x?2+y®>> Ro.
u($77y7t:0) = 07
v(z,,y,t =0)=0.

(7.21)

with the domain QQ = [—5,5] x [=5,5]. The gravity and Coriolis force are fixed to g =Q = 1.
Parameters Ag and Ry respectively stand for the amplitude of the initial mass imbalance and
for its radius. Let us note that this initial condition is very similar to the one in the previous
test case with the smoothness parameter Rg = 0. The purpose of this test case is to check the
stability of all proposed schemes with discontinuous initial condition and the long time behavior
of the numerical solution. Since we use periodic boundary conditions in this test case, whenever
a wave goes out, another wave goes in the domain. However, the waves are damped by numerical
diffusion and after long time the remaining wave is nearly the geostrophic equilibrium.

In Figure 7.16, we present the evolution of the water depth for different schemes. There is a

drawback with the AF-DP scheme since this strategy introduces some oscillations at time ¢ = 1.
Therefore, for the rest of the figures, we do not show the result of this scheme. We can observe
that the transient states of the proposed schemes are quite similar for short times, but totally
different for the longtime behavior. In particular, the AT-DP scheme which captures well the
discrete geostrophic equilibrium in the linear case has the top of the water height higher than
the other schemes. Moreover, since the C-DP and C-AF solutions are very close to that of the
classical scheme in general, the correction on the mass equation seems to be more important than
that on the velocity equations. In consideration of the modified schemes with correction on the
mass equation, the water height of the Apparent Topography scheme with All Froude correction
for velocity equations (AT-AF) is higher than with the Apparent Topography - Classical scheme
(AT-C). On the other hand, it is more useful to modify the scheme by the Apparent Topography
or Divergence Penalisation methods than by the All Froude technique, since those strategies
have diffusion terms that exactly cancel on geostrophic equilibriums in the linear wave equation
(see [53] for more detail), while the All Froude strategy retains a small but non-zero diffusion
which therefore has a noticeable effect in the long run.
In Figure 7.17, we plot the final state of three different types of schemes: C-C, AT-C (correction
only for the mass equation) and AT-DP (correction for both mass and velocity equations). As
can be seen, the water height of the classical scheme is very close to a constant state and its
velocity filed is nearly equal to zero. The horizontal velocity u and the vertical velocity v of
the AT-C scheme are close to a constant in the x and y direction respectively. The solution of
the AT-DP scheme is very close to the geostrophic equilibrium. These results for the nonlinear
rotating shallow water equations are similar to the results of those schemes applied to the linear
wave equation with Coriolis force [53].

Conclusion

In this work, we point out that the preservation of the geostrophic equilibrium including the
divergence constraint is a difficult issue. It is necessary to combine the Apparent Topography
strategy with some correction to the Low Froude number problem, such as the All Froude strategy
and Divergence Penalisation technique in the aim to derive new schemes which are more accurate
than the classical ones. Some numerical test cases are investigated to show that the AT-DP and
AT-AF have good behavior around geostrophic equilibriums while the classical schemes totally
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Figure 7.16: Water column test case: evolution of the water height h with Ag = Rg =1 and 100 x 100 grid
cells

fail to capture this important phenomena.

In a future work, we aim to study a theoretical proof for the stability of the proposed schemes.
Another interesting investigation is the influence of the cell geometry on the Godunov type
scheme applied to the nonlinear rotating shallow water equations. It is motivated by [21] with
the fact that the divergence constraint is no more a problem on triangular meshes.

Conservation properties of rotating shallow water equation.

Let us define V+ = (—0y,0:) and if ¢ is a scalar field, we can define the orthogonal gradient as

Op 0
VJ‘goz (_gp g0>'

Oy’ Ox
For a velocity vector field w = (u,v), the relative vorticity is defined as
_Ov  Ou

e — J‘. —_
(=curl(u)=V—-u or oy’

We now note that the convection term of the momentum equation can be written as u - Vu =

| 2

v ('%) + Cut which leads to

curl(u-Vu) =V+- (Cut) = V- (Cu).
This implies that the momentum equation can be written as the evolution of vorticity

9¢
ot

If we assume that 9,00 = 0, we have the conservation form of the absolute vorticity

+V-[((+Q)u]=0.

SOV Q)] =0, (TA)



7.A. Conservation properties of rotating shallow water equation. 205

Figure 7.17: Water column test case: final states of C-C (left column), AT-C (center) and AT-DP (right
column) schemes with Ag = Ry =1 and 100 x 100 grid cells

We now denote the material derivative as 5-() = %() +u-V/(); then the equation for the absolute
vorticity can be written as

D
E(C+Q)+(C+Q)V-u=0. (7.A.2)
By multiplying the mass equation with % and subtracting to the equation (7.A.2), we obtain

%(CJFQ)— (%) %hzo.

We then divide this equation by h to get

D ((+Q

—>——]=0. 7.A.3

Dt ( h ) ( )
Therefore, the potential vorticity ¢ = % is conservative. If we now assume that the Coriolis

parameter () is a constant, the conservation of the potential vorticity provides us with a relation
between the water depth h and the vorticity . For example, when h increases, the vorticity
must increase to ensure the conservation.
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Another important property of the rotating shallow water equation is the conservation of
energy. We now denote the kinetic energy and potential energy respectively by

2
Ke = ﬁ|u|2 and Pg = M
2 2
By using the mass equation, we have
0 (h, o h, o (uf? <8 > 0 [ |ul? lu|?
= hu- (8u+u-Vu) =hu- (—gV(h—l—b) —QuL)
ot
h2
= —gu-V <2> —ghu - Vb. (7.A.4)

Moreover, we also have

Oat (;gh(h+2b)> +V- (égh(h”b)“) - [aat (W) v (g(h;%)ﬂ

1
= —§gh2v-u—|—ghu-Vb. (7.A.5)

We now define the total energy as the sum of the kinetic energy and the potential energy
E = K¢+ Pg; then, adding (7.A.4) and (7.A.5), we obtain

;E-FV'(EU)-FV' (;gh2u> =0. (7.A.6)

If we consider the rotating shallow water equation on the domain T with periodic boundary
condition, we get

d
4 / E(x,t) dz = 0. (7.A.7)
dt JT

For any function G(q) of the potential vorticity, we have

O (hGa)) = G(a) o h+h 2 Gla) = ~G(@)V - (h) — huu- VG

which leads to the conservation of the quantity hG(q)

2 (hG(@) + - (hG(qu) =0, (TA38)

As a result, we obtain

gt /T hG(q) dx = 0. (7.A.9)

We can apply this property to G(q) = ¢> to obtain the conservation of the total enstrophy

9 2
a/qrhq dx =0.
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The Roe solver applied to the shallow water equation

To derive the formula of the numerical flux, we need to evaluate the flux F,(U)ng + Fy(U)ny
over the borders A;; separating the cell T; ans its neighbors the cell T}. On the purpose to do
that we rewrite the homogeneous shallow water equation as quasi-linear form

U | OF(U)OU | 9F,(U)OU _

ot oU  ox oU oy

where aFg((]U) and aFé’[(]U) are the Jacobians of flux functions respectively given by
0 1 0 0 0 1
OF:(U) | _ o oF,(U) _
i —u*+gh 2u 0 and T —uv vou
—uv v —v24+gh 0 2
Let us denote ¢ = /gh , then we have
0 Ny Ny
O(F(U).mn
A= ((‘gU)) = [ (2 —u?)n, — uony  2ung +uny uny
(c? — v2)ny — UVN, Ny ung + 2vny
The eigenvalues of the Jacobian matrix A are verified by
A1l = ung +vny — ¢, A2 =ung +vny, and A3 =un, +wvny +c.
Let denote R be the matrix of right eigenvectors
1 0 1
R=lu—cn; —ny u-+tcng
V—CNg Ny VFCny
Then, the inverse of this matrix is given by
ctung tony  —ngp Ny 52 e S
R1= % 2c(uny —vng) —2cny 2cng | =| —unt -n, n,
C—ung —vny Ny Ty %_% .

One possible way to compute the numerical flux at the interface 0T; N 9T} is using the solution
of the local one-dimensional Riemann problem

o,U + 2L g (1) = 0
U, ifé<0 (7.B.10)

Ut=0,6) =
(t é‘) {UR if&>0

We now denote the approximation of the above Jacobian matrix by An;(U;,U;) and this
approximation must fulfill some classical requirements. In particular:

i. It must depend on right and left value U; and U;.

ii. (F(Uj) = F(Ui)) mij= Any; (Ui, U) (Uj = Us).

iii. It must have distinct real eigenvalues and a complete set of eigenvectors.
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iv. It must become exact flux Jacobian when U; = U;
The Roe solver in [60] satisfies those requirements and this upwind type scheme can be written as

F(Ui)-i-F(Uj) ’Anij (Ui>Uj)|

quoe = 5 M5 — 5

(U; = Us)

where the Roe matrix An; (U;,U;) = Any;(Uij) is defined with the help of the Roe averages

Vhiu; + \/hjuj' Vhiv; + \/hj’l)j
Bii =« hihs - 7 - ’ - B
wm NV S T ke T Ry 9T VI

Let us note that the approximate Jacobian Ap;;(U;;) has the shape of A, but it is evaluated at
Roe average states

0 Ty Ny
_ 2 2 . .. .. ..
Any (Uij) = (Cij uij)mj UijVijNy  2UiNg + Uiy Ui Ny
2 2 oy .. . ..
(cij — vij)ny — Uj Vi Ny VMg Uj Mg + 20551y

On the other hand, we also notice that
| Any (Uij)| = RIA|R™

where the diagonal matrix A is simply given by

|uij.nij — Cij’ 0 0
Anij (UZJ) = 0 |ul-j.nl-j| 0
0 0 |u,-j.nij —I—Cij‘

As a result, with notation A(-) = (-); — (-); and nfﬁ = (—ny,nz)T, the Roe flux can be rewritten
as

F(U;) + F(U, R(Uyj, ;)| A, (Uij) |[R™(Usj, 145
wpor - FONEEW) | J000) s IR i) 5,y
FU;)+ F(U; 1 hi; 1
:—( Z) ( j).nij—f|uij.nij—cz~j| Ah—fsz(lLl’lij)
2 4 Cij Ui — Cijn;

1 0 1 hi; 1
— ~|ugjng|hyA(u - ng; — ~|wjng; +eiji| | Ah+ —LA(u-ny; .
2|u” il g A i) (nf;) 4| i3-Bij + ¢ < Cij ( ) w;j + Cijnj

The well known disadvantage of the Roe scheme is that it is does not satisfy entropy condition,
so we need entropy fix to overcome this problem. The entropy fix according to Harten and
Hyman in [64] is applied to the acoustic waves (k=1 and k = 3)

2
%<;\1§+6k> if M| < 0
| Akl it [Ag| > 0

Q" (\) =

where

5]@ = maX{O, >\k: — )\]{:(UL)7 /\k(UR) - >\k:}
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The HLL solver proposed by Harten , Lax and van Leer in [65] is also used to calculate the flux

at the interface. It can be expressed as

F(Uz)nw if SL > 0

HLL _ ) SrF(U;).n;;—SpF(U;).n;j+SrSL(U;—U; .
CDij — R( ) J LS(Ri)SLJ RL(] ) 1fSL§0§SR

F(Uj).nij ifSRSO.
where St and Sg are verified by
Sr = min{Ui.nij —Vghi,Ujn;j — \/ghj}

and

Sk = maX{UZ’.'I’LZ‘j + vV ghi,Uj.nij + \/ghj}.

(7.B.11)



210 Chapter 7. Godunov type schemes for nonlinear rotating shallow water equation




Part IV

Outlooks and conclusion

211






Conclusion

‘Any intelligent fool can make things bigger, more compler,
and more violent. It takes a touch of genius and a lot of
courage to move in the opposite direction. o9

E. F. SCHUMACHER

The ocean circulation is strongly influenced by the rotation of the Earth through the fictitious
force known as the Coriolis force. The aim of this dissertation is to develop finite volume schemes
which are able to preserve the well known geostrophic equilibrium which is a balance between
the horizontal Coriolis force and pressure gradient. The main part of this thesis is devoted to the
study of the linear wave equation with Coriolis source term which is obtained from the rotating
shallow water equations by using an asymptotic expansion. We follow the framework proposed
in [20] to analyse the behaviour of the Godunov type scheme applied to this linear wave equation.
The main contributions of this work can be summarised as:

In the one dimensional case, unlike the homogeneous equations, the inaccuracy problem of
the Godunov scheme appears in the presence of Coriolis source term. By analysing the kernel of
the modified equation associated to the classical scheme, this work pointed out that the numerical
diffusion on the pressure equation is responsible for this drawback. One simple correction consists
in making this diffusion term vanish which provides a “Low Froude” scheme. Another correction
is to adapt the “Apparent Topography” technique in [13]. Both schemes are proven to well
capture the discrete 1D geostrophic equilibrium. However, the kernel of the Low Froude scheme
is defined at cell centers while it is located at the cell interfaces for the Apparent Topography
scheme.

Fourier analysis is also performed to compare these strategies on collocated meshes in terms
of dispersion relation and damping error. We also provide the stability condition of those schemes
by using the Von Neumann method. These stability conditions are less restrictive than the
classical ones using an appropriate discretisation in time of the Coriolis source term. Due to the
structure of the discrete kernel and to ensure the obtained schemes are totally explicit, the time
step of the Apparent Topography scheme strongly depends on the Coriolis parameter. On the
other hand, since the dispersion law of the collocated schemes is not a monotonic curve like in
the continuous model, we propose a staggered strategy based on the aforementioned corrections
in order to obtain the staggered type schemes. They turn out to have a better dispersion law
than that on collocated grids. More importantly, we can ensure that the dispersion of staggered
schemes is a monotonic function which helps us avoid the oscillation of the shortest wave. Some
numerical results lead to the conclusion that the Low Froude staggered scheme seems to be the
best candidate since its dispersion law is robust with time step as well as the relation between
Rossby deformation radius and mesh sizes. This scheme also preserves the subspace which is
orthogonal to the kernel.
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In the two dimensional case, it is more challenging for numerical schemes to preserve the
non-trivial steady state (2D geostrophic equilibrium). In this dissertation, we point out that
unlike the 1D case, the problem for the inaccuracy is also linked to the numerical viscosity on the
velocity equation. This is because the 2D geostrophic equilibrium also implies the free divergence
constraint and the classical scheme are unable to handle it. To improve the accuracy of numerical
schemes, this thesis proposes the extension of the Apparent Topography scheme by a coupling
with Low Mach and Divergence Penalisation strategies mentioned in [20].

For collocated meshes, we propose two strategies: cell-centered and vertex-based schemes.
Moreover, we also introduce the staggered type schemes on both B and D grids. Fourier analysis
indicates that the dispersion law of B grid scheme is more accurate than that of D grid. This
is because the B grid allows to evaluate the Coriolis force easily, without averaging while the
average is required for the Coriolis source term on D grid. However, the D grid scheme has
a good damping rate in the short wave region. As a result, the staggered schemes on D grid
induces fewer oscillations than the one on B grid. We also provide some CFL conditions of both
collocated and staggered schemes. Unlike the B grid scheme, the stability condition of staggered
scheme on D grid actually depends on the magnitude of the Coriolis parameter. The proposed
staggered type schemes on both B and D grid are proven to well capture the corresponding
discrete kernel and only the Low Froude—Divergence Penalisation scheme with suitable time
discretisation for the velocity field on the Coriolis force and pressure equation is an orthogonality
preserving scheme.

In this dissertation, we investigated the influence of cell geometry on the Godunov type
scheme applied to the linear wave equation with Coriolis source term. This work clearly points
out the disadvantage of the collocated scheme on triangular grids since the kernel of this scheme
requires that the gradient of a P1 conforming function is equal to that of a non-conforming
function. To overcome this obstacle, we propose some new staggered strategies where the velocity
field is computed at the primary cell centers and the pressure at the vertices. By the fact that
all jumps of normal velocity components are equal to zero, the divergence constraint is no more
an issue in this case and we can use all the developed strategies in the one dimensional case to
cure the inaccuracy. The resulting scheme is proven to be a well-balanced scheme. Moreover, we
also show that unlike the Apparent Topography scheme, the Low Froude scheme is orthogonality
preserving.

Finally, we extended satisfying strategies in the linear case to the non-linear rotating shal-
low water equations. Various numerical test cases such as stationary vortex and geostrophic
adjustment are investigated on the purpose of showing that the AT-DP (Apparent Topography—
Divergence Penalisation) and AT-AF (Apparent Topography—All Froude) are more accurate for
the simulations around the geostrophic equilibrium than the classical or even AT-C schemes.

There are some natural extensions of this thesis. The first thing is to prove that an energy
estimate is satisfied by the Apparent Topography scheme. This would help ensure that the
obtained scheme is accurate at low Froude number at any (or locally in) time which is only
investigated with numerical test cases. The second point is the optimal time step for the
staggered scheme on triangular grids. Also, the other kind of staggered mesh like C grid must be
investigated since this grid with finite difference schemes provides good dispersion relations. An
important task is to develop the theoretical analysis for the collocated scheme applied to the
rotating shallow water equations as well as to extend the staggered scheme on triangular meshes
to the non-linear case.



APPENDIX

Inertial Oscillation

Many of life’s failures are people
who did not realize how close they
were to success when they gave up.

Thomas A. Edison

Abstract

The inertial oscillation is one of the simplest model to express the time dependent motion
under the Coriolis force due to the Earth’s rotation. In this work, we review some basic
properties of the inertial oscillation and perform the analysis for the #-scheme applied to
the Coriolis source term.
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Preliminary result

Lemma A.l1. Let us consider the second-order polynomial P = X%+ BX +C. The roots X+
of P lie in the unit circle (i.e.|Xt|<1) iff

IC|<1 and |B|<1+C. (A1)

Basic properties of the inertial oscillation

The inertial oscillation is prescribed by the following system

ou

- wv =0,

P (A.2)
N +wu =0.

which shows the relation between the horizontal velocity v and the vertical velocity v under
the Coriolis force characterised by the parameter w. In particular, System (A.2) indicates that
because of the positivity of the angular velocity (w > 0), a change in y-direction velocity v causes
a change in z-direction velocity u and vice-versa. The general solution of System (A.2) is

u(t) =Vsin(wt+¢) and v(t) =V cos(wt+ ¢)

where ¢ is an arbitrary constant and the speed V is also a constant determined by using the
conservation of the energy

V = Ju(t)? 4 v(t)2 = /u(0)? + v(0)2. (A.3)
The trajectory of a particle governed by this velocity field is defined by

%x(t):u(t) and %y(t)ﬂ(t)’

which implies that

V2
(z—ag)* + (y — bo)* = 2
where (ag,bp) = (:1:(()) + Zcos o,y(0) — —smd)) It means that the trajectory of a particle is a

circle whose center is (ag,bp) and radius r = %
Analysis of 6-scheme applied to the inertial oscillation

The #-scheme based on the weighted average between explicit and implicit scheme apply to the
system (A.2)

L —w b+ (1 0,

¢ (A.4)
anrl —
— = wfu" + (1 - O2)un ]

where 0 < 01,02 <1 and t" = nAt. When 6; = 02 = 1, the scheme (A.4) is totally explicit
(forward Euler method). On the contrary, the case 81 = 2 = 0 corresponds to the implicit scheme
(backward Euler method). Moreover, the case 6 = 0 = % is known as the Crank-Nicolson scheme
(semi-implicit). One of the main advantages of the explicit scheme is its simplicity since the next
values are calculated by using the current values. However, this algorithm has an unacceptable
behaviour since the kinetic energy increases. In other words, the explicit scheme is unstable. To
go further, we prove the following result:
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Lemma A.2.

i. When 601+ 62 > 1, the 6-scheme (A.4) is unstable. Therefore, a necessary condition for
stability is 01 + 62 < 1.

it. When 0 < 61,05 < %, the 6-scheme (A.4) is stable.
iti. When (1 —2601)(1 —262) <0, the -scheme (A.4) is stable provided that

2
A =20 =20 (4.5)

Proof. From (A.6), we have

untt) 1 1 — (wAt)202(1 — 607) wAt u
") T T (wWA)2(1 - 61)(1 — 6o) —wAt 1— (wAt)201(1—09) ) \ o™ )~

Therefore, the characteristic equation of the amplification matrix in (A.6) reads

M re+¢=0 (A7)

where
_ 2 — (wWAL)? (01 + 02 — 201 602)
1+ (wAt)2(1 —01)(1—03)

1+ (wAt)?6016,

§= L+ (wAt)2(1—61)(1—02)

and (=

In order to ensure that the roots of (A.7) are in the unit circle (J]A\+| < 1), we apply Lemma A.1:
o The first condition |[¢| < 1 leads to (wAt)?[1 — (61 +62)] > 0. This proves Point 1.

 The next condition —¢ <14 ¢ reduces to (wAt)? > 0 which does not imply any additional
constraint upon At.

o The final condition & <1+ ( reads
—(wAE)?(1—261)(1 — 265) < 4.
This implies Points 2 and 3.
O]

Remark A.1. When (1—2601)(1—2602) >0, the CFL condition of the 6-scheme does not depend
on the magnitude of the Coriolis parameter w. Otherwise, the time step must satisfy the condition

(A.5).

Remark A.2. When 61 =60y =0, the choice of the parameter 0 has a strong impact on the kinetic
energy. In particular, from Equation (A.6), we obtain

1+ (wAt)?0
1+ (wAt)2(1—6)

@)+ @) =

[(un)2 + (Un)ﬂ )

Therefore, the kinetic energy of the inertial oscillation increases, remains constant or decreases
over the time if the parameter 0 is greater, equal to or less than %
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Numerical test

We now investigate the behaviour of the #-scheme by considering the domain [—2,2] x [—2,2]
with 201 x 201 grid cells and the Coriolis parameter w = 0.1.

Figure A.1 confirms the result from Lemma A.2: the explicit scheme is unstable since it makes
the kinetic energy increase. We have the conservation of the energy with the case 1 =62 = %
and strictly decreasing energy for the case 6; = 62 < % and the more implicit, the more damped
the energy. For the case 0; # 03 and 61 + 0 < 1, Figure (A.1b) indicates that the energy is not
strictly decreasing, but the scheme is still stable under the CFL condition (A.5). Moreover, from
the numerical point of view, this figure also shows that the behaviour of the numerical energy

depends on the quantity 61 + 6-.

In Figure A.2 we fix the initial velocity field u° = 0.1, v* = 0 and show the influence of the
parameters 61 and 6 on the trajectory of a particle. Trajectories associated to the Crank-Nicolson
scheme (01 =62 = 0.5) is a circle at a center (ag,bg) = (0,—1) with the radius » = 1. The radius
of the particle changes in the other cases. Particularly, it increases in time for the explicit case
since this scheme is unstable and it decreases in time for the case 01 = 0y < % by the fact that
this scheme makes the kinetic energy decrease.

Figure A.3 indicates that the initial condition has a strong impact on the trajectory of the
particle since the circle center and the radius is prescribed by the initial condition.

700

Figure A.1: The kinetic energy of the inertial oscillation with various values of 01 and 62 for the initial
condition u® = 0.1, = 0 and the time step At =0.5.
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Figure A.2: Trajectory of the particle with various values of 01 and 02 with starting point (red circle),
final point (blue star) and the initial condition u® = 0.1,v° = 0.

Conclusion

The explicit scheme applied to the inertial oscillation is unstable since it makes the kinetic energy
increase. Consequently so does the radius of the trajectory of a moving particle. Therefore, it
is essential to make the Coriolis source term implicit enough when we apply the #-scheme to
the inertial oscillation. In particular, the parameters 1 and 2 must lie in the stability region
01+605 <1.

Moreover, the parameters 61 and 62 has a strong influence on the kinetic energy. The more
implicit, the more damped the energy. Especially it is a constant like the continuous model with
the choice 681 =05 = %

There is no CFL condition for the #-scheme when the parameters involved in the discretisation
of the Coriolis source term satisfy 0 < 01,09 < % In any other case, we need a restriction for the
time step which depends on the magnitude of the Coriolis.
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Figure A.3: Trajectory of the particle with various values of the initial condition.
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Titre : Analyse mathématique de schémas volume finis pour la simulation des
écoulements quasi-géostrophiques a bas nombre de Froude.

Mots clefs : équilibre géostrophique, bas nombre de Froude, systéme hyperbolique, méthode de
volumes finis, schéma de Godunov, diffusion numérique, schéma équilibre, force de Coriolis.

Résumé : Le systéme de Saint-Venant joue un rdéle important dans la simulation de modeles
océaniques, d’écoulements cotiers et de ruptures de barrages. Plusieurs sortes de termes sources
peuvent étre pris en compte dans ce modeéle, comme la topographie, les effets de friction de
Manning et la force de Coriolis. Celle-ci joue un réle central dans les phénomenes a grande
échelle spatiale car les circulations atmosphériques ou océaniques sont souvent observées autour
de I'équilibre géostrophique qui correspond a 1’équilibre du gradient de pression et de cette force.
La capacité des schémas numériques a bien reproduire le lac au repos a été largement étudiée; en
revanche, la question de I’équilibre géostrophique (incluant la contrainte de vitesse a divergence
nulle) est beaucoup plus complexe et peu de travaux lui ont été consacrés.

Dans cette thése, nous concevons des schémas volumes finis qui préservent les équilibres
géostrophiques discrets dans le but d’améliorer significativement la précision des simulations
numériques de perturbations autour de ces équilibres. Nous développons tout d’abord des schémas
colocalisés et décalés sur des maillages rectangulaires ou triangulaires pour une linéarisation du
modele d’origine. Le point commun décisif de ces méthodes est d’adapter et de combiner les
stratégies dites "topographie apparente", "bas Mach" et "pénalisation de divergence" pour contréler
I'effet de la diffusion numérique contenue dans les schémas, de telle sorte qu’elle ne détruise pas
les équilibres géostrophiques. Enfin, nous étendons ces stratégies au cas non-linéaire et montrons
des résultats prometteurs.

Title : Analysis of finite volume schemes for the quasi-geostrophic flows at low
Froude number.

Keywords : Geostrophic equilibrium, low Froude number, hyperbolic system, finite volume
method, Godunov scheme, numerical diffusion, well-balanced scheme, Coriolis force.

Abstract : The shallow water system plays an important role in the numerical simulation of
oceanic models, coastal flows and dam-break floods. Several kinds of source terms can be taken
into account in this model, such as the influence of bottom topography, Manning friction effects
and Coriolis force. For large scale oceanic phenomena, the Coriolis force due to the Earth’s
rotation plays a central role since the atmospheric or oceanic circulations are frequently observed
around the so-called geostrophic equilibrium which corresponds to the balance between the
pressure gradient and the Coriolis source term. The ability of numerical schemes to well capture
the lake at rest, has been widely studied. However, the geostrophic equilibrium issue, including
the divergence free constraint on the velocity, is much more complex and only few works have
been devoted to its preservation.

In this manuscript, we design finite volume schemes that preserve the discrete geostrophic
equilibrium in order to improve significantly the accuracy of numerical simulations of perturbations
around this equilibrium. We first develop collocated and staggered schemes on rectangular and
triangular meshes for a linearized model of the original shallow water system. The crucial common
point of the various methods is to adapt and combine several strategies known as the Apparent
Topography, the Low Mach and the Divergence Penalisation methods, in order to handle correctly
the numerical diffusions involved in the schemes on different cell geometries, so that they do not
destroy geostrophic equilibria. Finally, we extend these strategies to the non-linear case and show
convincing numerical results.
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