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IMPLICIT KINETIC SCHEMES FOR THE SAINT-VENANT SYSTEM

CHOUROUK EL HASSANIEH!2®, MATHIEU RIGAL?>*® AND JACQUES SAINTE-MARIE!?

Abstract. Explicit (in time) kinetic schemes applied to the nonlinear shallow water equations have
been extensively studied in the past. The novelty of this paper is to investigate an implicit version
of such methods in order to improve their stability properties. In the case of a flat bathymetry we
obtain a fully implicit kinetic solver satisfying a discrete entropy inequality and keeping the water
height non negative without any restriction on the time step. Remarkably, a simplified version of this
nonlinear implicit scheme allows to express the update explicitly which we implement in practice. The
case of varying bottoms is then dealt with through an iterative solver combined with the hydrostatic
reconstruction technique. We show that this scheme preserves the water height non-negativity under a
CFL condition and satisfies a discrete entropy inequality without error term, which is an improvement
over its explicit version. An extension of the implicit and iterative methods to the two dimensional case
is also discussed. Finally we perform some numerical validations underlining the advantages and the
computational cost of our strategy.
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1. INTRODUCTION

1.1. General motivation and goals

Free surface flows are a subject of great importance whose understanding is at the core of many present
challenges. These include the issue of safety related to submersion and tsunami waves affecting urbanized areas,
rogue waves that can be a hazard for sailing, or the transport in rivers or lakes. Another relevant topic is that of
renewable energy generated from hydraulic dams or sea buoys, and the impact of these systems on the aquatic
fauna to give only a few examples. To describe such complex fluid flows, there exists numerous mathematical
models, and when restricting to shallow areas where it is reasonable to neglect dispersive effects but not nonlinear
ones the Saint-Venant equations [18,28], also known as the shallow water equations, are often preferred to the
incompressible Navier—Stokes system with free surface for practical applications. In fact, although the latter
model is more accurate, it is also significantly more complex to study theoretically and numerically. On the

Keywords and phrases. Shallow water equations, implicit and iterative kinetic solvers, fully discrete entropy inequality, well-
balanced schemes, hydrostatic reconstruction.

1 Centre Inria de Sorbonne université, 2 rue Simone Iff, CS 42112, 75589 Paris Cedex 12, France.

2 Sorbonne Université, Univ. Paris Diderot, SPC, CNRS, LJLL, F-75005 Paris, France.

3 Institut de Mathématiques de Bordeaux, équipe EDP et physique-mathématique, Université de Bordeaux, 351 cours de la
Libération, F-33405 Talence, France.
*Corresponding author: mathieu.rigal@math.u-bordeaux.fr

© The authors. Published by EDP Sciences, SMAI 2025

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/m2an/2025038
https://www.esaim-m2an.org
https://orcid.org/0009-0009-5377-8477
https://orcid.org/0009-0008-1862-9882
https://orcid.org/0000-0002-3511-7722
mailto:mathieu.rigal@math.u-bordeaux.fr
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0

1864 C. EL HASSANIEH ET AL.

other hand the Saint-Venant system has a reduced complexity since it is a vertically averaged nonlinear model
belonging to the class of hyperbolic systems of balance laws. Despite being simpler, it can be successfully used to
approximate various geophysical flows such as rivers, coastal areas, and oceans when completed with a Coriolis
term, and granular flows when completed with friction terms.

The analytical solutions of the Saint-Venant equations satisfy important properties, among which the con-
servation of the total water and of the total momentum when the bathymetry is flat, the positivity of the water
height, or the existence of the lake at rest steady state that becomes a nontrivial equilibrium in presence of
a varying bathymetry, which is accounted for through a source term in the momentum equation. Because the
solutions of the Saint-Venant system are non-unique, it is usual to select the one obtained through a viscosity
perturbation, and which satisfies additional entropy inequalities that can be interpreted as the dissipation of
some energy. For the derivation of a numerical scheme approximating the Saint-Venant system, the main dif-
ficulty is to construct a structure preserving numerical method, that is to say a method able to preserve the
aforementioned properties at the discrete level so that the numerical approximation is qualitatively relevant.
The present paper is dedicated to this issue. More specifically we focus on a kinetic solver, which provides a
good framework regarding positivity and entropy stability, and investigate the advantages of combining it with
an implicit time integrator compared to the more common explicit approach.

There are several contributions in this work. In the case of the one dimensional Saint-Venant system with flat
bathymetry, we propose a new, fully implicit kinetic scheme which is structure preserving without constraint
on the time step. The case of varying bathymetries is dealt with by the mean of the hydrostatic reconstruction
technique together with a fixed point method approximating the implicit update. Unlike its explicit version which
does not always dissipate the entropy, our iterative scheme is shown to be structure preserving under a CFL
condition. We then point to the possibility of extending these two numerical methods to the two dimensional
Saint-Venant equations, and numerical simulations are performed to evaluate the interest of the proposed
approaches.

1.2. State of the art and outline of the paper

The derivation of an efficient, robust and stable numerical scheme for the Saint-Venant system has received
an extensive coverage, we refer the reader to [11,20,23,30] and references therein. In particular, kinetic schemes
approximating macroscopic systems of conservation laws have become popular over the last decades. Such
methods consist to substitute the macroscopic system, in our case the Saint-Venant equations, by a scalar
kinetic equation featuring a transport term with a collision operator, and which is easier to discretize. In [9],
Bouchut developed a general theory to construct kinetic representations involving a BGK collision operator
and admitting a family of kinetic entropies. As we will recall later, kinetic entropies are an important tool
allowing one to recover the dissipation mechanism of the macroscopic entropy at the kinetic level. Once a kinetic
representation with a kinetic entropy is known, it is then possible to design a numerical scheme satisfying a
discrete entropy inequality as explained in [10].

In presence of a source term, such as the one induced by a varying bathymetry in the Saint-Venant equations,
one of the challenges involves the design of a well-balanced scheme, that is to say a discretization able to preserve
some characteristic stationary solutions. In [27], Perthame and Simeoni proposed a well-balanced kinetic scheme
where the bathymetry is seen as a stair-shaped parametrization against which fluid particles can be reflected.
A drawback of this is that the associated macroscopic update cannot be written explicitly, and instead some
integrals have to be approximated by a quadrature. They also provided a Maxwellian with compact support
that differs from the usual Gaussian distribution, and that has been used later in [6, 14, 21]. This allows the
scheme to be positive and entropy stable under a CFL condition depending on the size of the support. In a
recent work [6], some of the authors have proposed a kinetic scheme coupled with the hydrostatic reconstruction
technique introduced in [4, 5] for the numerical treatment of the topography source term. With this approach
an explicit writing of the macroscopic update is available, however an error term with positive sign is present
in the discrete entropy inequality; as a result the entropy can increase in some test cases. Despite this, Bouchut
and Lhebrard have proved the convergence of the kinetic hydrostatic reconstruction scheme towards entropy
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solutions of the Saint-Venant system, see [12]. The implicit version of the scheme proposed in [6] gives a stronger
stability result where the discrete entropy inequality is free of the positive error term and the entropy is always
dissipated.

The capability of implicit time integrators to improve the stability properties of numerical schemes has been
studied in the last years. Explicit finite volume approaches for the approximation of conservation laws have
to deal with a CFL constraint that can be very restrictive for some applications where large time scales and
significant wave velocities have to be considered. This is for instance the case in the low Froude regime, where
the surface gravity waves travel at a much larger velocity than the fluid particles. A solution consists in implicit-
explicit schemes [2,8,22,29] where the fast dynamics are approximated implicitly, allowing the use of larger time
steps while keeping the scheme stable. Another important question is the computational costs, in the sense that
for explicit schemes, the CFL constraint implies small time steps whereas for implicit schemes, the computation
of the numerical fluxes can be costly. Indeed in the explicit setting, the numerical fluxes at an interface depend
on the value of the variables at the two neighboring cells whereas in the implicit context, the numerical fluxes
depend on the value of the variables of all the cells. In [16], a fully implicit lattice Boltzmann scheme was
proposed, with the advantage of having the computational cost of an explicit approach thanks to a sweeping
algorithm, however to our knowledge this method lacks a fully discrete entropy inequality. The novelties of the
paper are:

— a fully implicit numerical scheme for the Saint-Venant system is detailed and analyzed;

— the proposed numerical scheme satisfies a fully discrete entropy inequality;

— whereas, in general, an implicit scheme often requires to invert an operator — typically a matrix — at each
time step, our fully implicit kinetic scheme offers a very favorable context since we have an explicit expression
of the inverse of the operator. Hence, one can hardly imagine a truly implicit entropy stable scheme for the
Saint-Venant system with a lower computational cost than the kinetic solver proposed here.

This paper is organized as follows. In the remainder of this section we recall the formulation of the Saint-
Venant system, its kinetic description and the framework of its numerical approximation in the context of
a kinetic solver. Especially, the notion of kinetic entropy is detailed. Then in Section 2, the implicit kinetic
scheme for the Saint-Venant system with flat topography is proposed and studied in the one dimensional case.
An iterative kinetic scheme is proposed in Section 3 where the topography can be taken into account through the
hydrostatic reconstruction technique. In Section 4, we briefly discuss the extension of the previous approaches
to the two dimensional Saint-Venant system. Finally in Section 5, numerical examples are given to evaluate the
interest of the proposed schemes.

1.3. The Saint-Venant system and its kinetic interpretation

The classical Saint-Venant system for shallow water flows describes the evolution of the height of water
h(t,z) > 0, and the water velocity u(t,z) € R (z denotes a coordinate in the horizontal direction) over a slowly
varying topography z(z), and reads

2

Oy (hu) + 0, <hu2 + gh2> + ghdyz = 0, (1.1)

where g > 0 is the gravity constant. This system is completed with an entropy (energy) inequality
2 h2 2
8, <h“2 +o5+ ghz) + 0, ((h"‘; +gh? + ghz> u> <0. (1.2)
We shall denote U = (h, hu)? and

n(U) = h—2 + gh—2 GU) = <h“22 + gh2> u, (1.3)
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the entropy and entropy fluxes without topography. The reader can refer to [6] and references therein for a
complete presentation of the description of the Saint-Venant system.
The classical kinetic Maxwellian (see e.g. [27]) is given by

L (2gh — (6 - w)?) ", (14)

gm

M(U,¢§) =
where £ € R and z; = max(0,z) for any « € R. It satisfies the following moment relations,
[uwa=n [ emw.eas—hn.
R R

h2
/}R£2M(U7 €)dé = hu? +g?- (1.5)

These definitions allow us to obtain a kinetic representation of the Saint-Venant system.

Lemma 1.1. If the topography z(x) is Lipschitz continuous, the pair of functions (h, hu) is a weak solution to
the Saint-Venant system (1.1) if and only if M(U,§) satisfies the kinetic equation

OM + €0 M — g(9,2)0M = Q, (1.6)

for some “collision term” Q(t,x,&) that satisfies, for a.e. (t,x),

[ @i [ cque—o (17)

Proof. If (1.6) and (1.7) are satisfied, we can multiply (1.6) by (1,&)7, and integrate with respect to &. Using (1.5)
and (1.7) and integrating by parts the term in J: M, we obtain (1.1). Conversely, if (h, hu) is a weak solution
to (1.1), just define @ by (1.6); it will satisfy (1.7) according to the same computations. O

The standard way to use Lemma 1.1 is to write a kinetic relaxation equation [9,10,15,24,25], like

Ouf + €01 — 9(0.2)0s = L (1.9

where the distribution f(t,,¢) is positive, where M = M (U, &) with U(t,z) = [(1,&)T f(t,z,€)d¢, and where
€ > 0 is a relaxation time. In the limit e — 0 we recover formally the formulation (1.6), (1.7). We refer to [9] for
general considerations on such kinetic relaxation models without topography, the case with topography being
introduced in [27]. Note that the notion of kinetic representation as (1.6), (1.7) differs from the so called kinetic
formulations where a large set of entropies is involved, see [26]. For systems of conservation laws, these kinetic
formulations include non-advective terms that prevent from writing down simple approximations. In general,
kinetic relaxation approximations can be compatible with just a single entropy. Nevertheless this is enough for
proving the convergence as € — 0, see [7].
The interest of the particular form (1.4) lies in its link with a kinetic entropy. Consider the kinetic entropy,

52
T2

927T2

6

H(f.&,2) f+ 2+ 921, (1.9)

where f > 0, £ € R and z € R, and its version without topography

RS
Ho(f.6) = 5/ + 1 (1.10)
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Then one can check the relations
| HOU.8).62) de = n(w) + gh, (1.11)
/§H(M(U,§),§7z) d¢ = G(U) + ghzu. (1.12)
R

One has the following entropy relations.

Lemma 1.2. Let f(§) > 0 satisfy [f(£)d§ = h and [£f(€)dE = hu (assumed finite). The half-disk
Mazwellian (1.4) satisfies the two properties below.

(i) For any & € R one has

H(1,6) 2 BoM(U.€).6) +1/(0) - () - M(.6) (113
(ii) For U = (h,hu)T there holds the inequality
w0) = [ Ho(1(.€).)d < | Ho(£(©).)de. (114)
R R

Proof of Lemma 1.2. (i) A proof of inequality (1.13) is given in [6] and relies on the following relation

§

>n'(U) - <2> otherwise,

which we will use in Section 3 to obtain discrete entropy inequalities. The property (ii) was proved by Perthame
and Simeoni in [27]. It is simply recovered from (i) by integrating (1.13) over ¢ € R and using the fact that
f—M(U,¢) is a collision term. O

7' (U) - <1> if £ € supp M (U, )

9pHo(M (U, €), &) = (1.15)

One can recover the macroscopic entropy inequality (1.2) thanks to Lemma 1.2. For this, assuming H to be
at least C', we multiply the kinetic relaxation equation (1.8) by d¢H(f,&,z) to get

OH(1,6,2) + EO.H(S,€.2) — 0.H(F.€,2)0s) — 9(0s2) DeDOFH(F.6,2) = OpH(J,6,2)

By convexity of H we have the following inequality

OH(f.6.2) + €0, H(F.€.2) — 0,2(€0.H(£.6.2) + 9(0c /)0y H(£..2)) < TELED ZHUIE2)

€

and using 0. H(f,&,2) = gf and 07 H(f,&,2) = 3% + 3(gn f)* + gz, this yields

< H(M,ﬁ,z)—H(f,f,z)'

€

2 271'2
U (£,6,2) + €0, H(1,6,:2) ~ 90,2 (e + (5 + 92 )0t + C5-0c1°) (1.16)

In the general setting of weak solutions, one cannot assume H to be smooth, in which case the above steps
cannot be undertaken. Rather, the inequality (1.16) should be seen as an entropy condition. Notice that in the
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left hand side of (1.16), the term in factor of g0,z is macroscopically zero, therefore integrating this inequality
w.r.t. £ results in

8:‘,/RH(ﬂgvz)dg+8I/R£H(f7§7z)dfS%/R(HO(M7£)+QZM_H0(JC7£)_ng))d§§07

where we used the second point of Lemma 1.2 to get the second inequality. Finally, considering that the solution
f of (1.8) formally converges to M as e — 0, together with the relations (1.11) and (1.12), one obtains the
desired macroscopic entropy inequality (1.2).

1.4. Explicit kinetic schemes for the Saint-Venant system

We intend to approximate the solution U (¢, x) of the system (1.1) for € R and ¢ > 0 by discrete values U},
with i € Z the spatial index and n € N the time index. For this, we consider a grid of real points (z;11/2)icz
and discrete times (t")nen satisfying

Tip1/2 — Ti—1/2 = Ay, T = AL,

with Az; > 0 the spatial step and At™ > 0 the time step. Defining the cell C; = (2;_1 /2, Z;41/2) of length Ax;,
we shall consider U™ (z) the piecewise constant function approximating the solution at time ¢ and corresponding

to
U(x) =0, forxeC;. (1.17)

A finite volume scheme for (1.1) is a formula providing a relation between U/**! and the set {U}'}jez of the

form
UMt = U = 0i(Fiajo— — Fi_ija4), (1.18)

where o; = At" /Ax;, and where Fj1q /¢ are two-points numerical fluxes given by

Fz‘+1/27 :ﬂ(Uf+p,U:+—~ip,Zi+1 _Zi)7 Fi+1/2+ :fT(UZI+p,U;l+—~ip7ZZ‘+1 —Zi), (1.19)
with p € {0, 1} and with JF;, F, some functions valued in R? consistent with the analytic flux of the Saint-Venant
system, see [11]. The value p = 0 classically corresponds to a first order explicit time scheme for solving (1.1)
whereas p = 1 means an implicit time scheme. In this paper, we focus on the case p = 1, but we recall how to
construct kinetic schemes in the classical explicit framework.

A kinetic scheme is a numerical discretization of the BGK-type kinetic equation (1.8) which then provides
a numerical scheme for the Saint-Venant system using to the moment relations (1.5) after integration against
(1,€). In [27], a splitting between the transport term and the collision term is considered, requiring to solve the
following problem at every time step

{&f + 802 f — 9(022)0cf =0

). 1.20
F(tm2,6) = M(U™(x). €), te (") (1.20)

Especially, we see that the initial kinetic density is projected onto the space of Maxwellians. Denoting ff“f
an approximation of the solution of (1.20) at time ¢! in cell C;, the macroscopic update is given by

U?“—/R{@)f?“‘(é)dé (1.21)

It remains to explain how to discretize (1.20). This is achieved by the mean of an upwind scheme accounting
for the sign of the velocity £, and which for a flat bottom reads

I = My — 03€(LesoM; + LecoMip1 — LecoM; — LesoM;—1). (1.22)
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In particular we see that (1.21) and (1.22) corresponds to the macroscopic update (1.18) with numerical
fluxes (1.19) defined as

Fiy (U, Uy, Az) =/Rée)(looM(UuEH115<0M(Um5>)d5-

In [6], the scheme (1.22) was extended to varying bathymetries thanks to the hydrostatic reconstruction tech-
nique. The resulting discretization reads

ST =M — 03 (Leco (M1 or — Mi—1yo4) + Leso(Miy1jo— — Mi_1/_))
+0i(€ —wi) (Mig1/2— — Mi—1/a1), (1.23)

where indices i + 1/2+ denote reconstructed values at the interface i + 1/2 and whose expression will
be detailed later (see Sect. 3.2). In [6], some of the authors have proved the following properties for the
schemes (1.22) and (1.23).

Proposition 1.3 (Explicit kinetic schemes [6]). Under the CFL condition 0€max < 1, where {max = sup{|¢|, £ €
Usez supp M (U, )} is finite if (U*); € £°(Z;R?), we have that

(1) the scheme (1.22) keeps f;’“f non-negative and satisfies a fully discrete entropy inequality of the form
Hy (ffﬂ_af) < Ho(M;",€) — Uif(H(gl,i+l/2(§) - H&i71/2(5)>,
(2) the scheme (1.23) keeps fi"+1_ non-negative and satisfies a fully discrete entropy inequality of the form

H(f77 206) < HOMP 20,€) = 036 (B2 0(€) = By jo(9)) + DI(E) + EL(E),

where D} <0 is a dissipation and E* > 0 an error term that can dominate D} in many cases.

2. A FULLY IMPLICIT KINETIC SCHEME OVER A FLAT BATHYMETRY

In this section we consider the model (1.1) with a flat topography, and propose an implicit kinetic scheme based
on (1.20) and (1.21) 4.e. an implicit version of (1.22). Since in practice it is not possible to approximate solutions
over the whole space z € R, we shall work in a bounded domain and will need to enforce boundary conditions.
First in Section 2.1 we present and study the implicit kinetic scheme; we show that it is unconditionally positive
and entropy stable by using the kinetic entropy (1.10). Next in Section 2.2 we detail how to compute explicitly
the update at the kinetic level, which is possible thanks to the particular structure of the underlying matrix.
Then we consider the associated macroscopic scheme in Section 2.3. Unfortunately, it is not possible to compute
the integral of the kinetic update against (1,&), instead we propose a compromise consisting to replace the
standard Maxwellian by a simpler one. The question of boundary conditions is then treated in Section 2.4, and
finally we discuss the practical implementation and the computational costs in Section 2.5.

2.1. Kinetic discretization and properties

In the case of a flat topography, the kinetic scheme is a flux vector splitting scheme [10]. We denote P € N
the number of cells, and the update (1.22) approaching the solution of (1.20) is replaced for all 1 < i < P by
the implicit kinetic scheme

FiT = My = 06 (Leco I + Leso i = Leco /71T = Lo f7517), (2.1)
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with 0 = At™/Axz. We rewrite the previous equations under the form

—oLesof ST+ (M40l I +olecol S =M, 2<i<P-1
(L4 ol 1T + olecob f3™™ = My + 0lesoE MY (2.2)
—olesof fETT + (M4 ole) Rt = Mp — olecof METT.

The quantities M = M (U, €) and M;ﬂ = M(U;‘,ﬁ, €) appearing in the last two lines of (2.2) account
for the imposed boundary conditions. In a first step, we assume that M{*" and MpT] are two known kinetic
Maxwellian, their expressions will be discussed in more details in the paragraph devoted to the practical com-
putation of the implicit variables, see paragraph 2.4.

With obvious notations, the system (2.2) consists in finding f"** = {f/""'" },cpy

.....

py satisfying
(I+oL)f"™ =M +oB™", (2.3)

where I is the identity matrix of length P and L € RP*F is given by

€] Ele<o 0 0
—&leso I3 §leco

: —Eleso €] €leco

0 0 —€leso €]

The three vectors f*T1, M and B"*! of R are defined by

n+1—

1 My Teso MY,
: : 0
frt= |, M=| M | and B = : : (2.5)
Furis Mp —LecofMpi]

The practical computation of the densities vector f"*! will be discussed in paragraph 2.2. Hereafter, we focus
on the properties of the numerical scheme (2.2) and the two following results hold.

Lemma 2.1. The matriz I+ oL defined by through (2.4)

(i) is invertible for any o and &,
(i) its inverse (I+ oL)™! has only positive coefficients.

Proposition 2.2. The numerical scheme (2.2) satisfies the following properties

(i) the discretization (2.2) is consistent with (1.1),
(i) the system (2.2) — or equivalently the system (2.3) — admits an unique solution and the solution satisfies

I =) >0, VI<i<P VEeER.



IMPLICIT KINETIC SCHEMES FOR THE SAINT-VENANT SYSTEM 1871

To state the main result regarding the entropy stability of the fully implicit kinetic scheme we need to
introduce the function ¥ defined by

92 772

U:R? 3 (a,b) — (b+2a)(b—a)?, (2.6)

. . o, 2
which is positive on R?.

Proposition 2.3. The system (2.3) admits a unique solution of positive quantities and defines an implicit
kinetic scheme. Moreover, this scheme satisfies the fully discrete entropy equality

Ho(F7417) = Ho(My) — o (Hytl, = Hyt'y,) = W/, )

o€ (Leco® (F17, 1) = Leso @ (7717, £150) (2.7)

n+1— n+1— .
where HO,i+1/2’ Ho,z'71/2 are given by

Y4, = ELecoHo (S5 + €1eso Ho(f717), (2.8)
Hy s = ElecoHo (F717) + Eleso Ho (F7517). (2.9)

Since U given in (2.6) is positive on R2, the last three terms of equality (2.7) define a nonpositive dissipative
term.

Notice that the results obtained in the two Propositions 2.2 and 2.3 do not require any CFL condition.
A consequence of Proposition 2.3 is that, when using the classical Maxwellian (1.4), the macroscopic scheme
associated to (2.1) will satisfy a discrete entropy inequality that always dissipates the energy. In fact since the

Maxwellian (1.4) minimizes the functional (1.14) we have the following upper bound on the macroscopic entropy
n(U;*)

(U = /R Ho(M (U €),€) dé < /R Ho(f7717(€),€) dé.

We then use equality (2.7) yielding

o) < o) = o [ @ [ aa©a) + [ D (2.10)
where D; = O(At) is the negative dissipation term corresponding to the terms of (2.7) involving ¥, making the
inequality (2.10) consistent with the entropy inequality (1.2).

Proof of Lemma 2.1. The matrix I+ oL writes
1+o0l¢]  0€leco 0 0
—0fleso 1+olg]  o€leco

: —0leso 1+0lf]  o€leco
0 0 —0€lesg 14 0f¢]

and it is easy to see that the matrix I 4+ oL is strictly diagonally dominant and hence invertible. Moreover the
matrix A = I+ oL is such that

A;; >0, and A;; <0, when ¢ # j,



1872 C. EL HASSANIEH ET AL.

meaning I + oL is a monotone matrix and hence the solution of (2.3) satisfies

I = (@ +oL) " Y(M +oB™HR)) >0, W,

%

proving the result.
Denoting L? (resp. L"?) the diagonal (resp. non diagonal) part of L we can write

Lo (1) (1 o) (1)

where all the entries of the matrix .
J=(I+0L%) " (-oL™),
are non negative and less than 1. And hence, we can write
1 = 1
(I+oL) ' =@-J)7 (I+0LY) " => J¥I+oL%)
k=0
proving all the entries of (I + oL)~! are non negative. a

Proof of Proposition 2.2. (i) The four terms in parentheses in (2.1) are conservative, and are classically con-
sistent with €0, f in (1.20).
(ii) This is a direct consequence of Lemma 2.1.

O
The proof of Proposition 2.3 makes use of the following lemma which will also be useful later.
Lemma 2.4. The following identity holds for any real pair (a,b) and for any & € R
Ho(b,€) = Ho(a, &) + 95 Ho(a,£)(b — a) + ¥(a,b), (2.11)

with the function ¥ defined in (2.6). Especially, we recover the convexity of Ho(-,&) on Ry thanks to the positivity
of ¥ on Ri. Equality (2.11) remains satisfied if we replace Hy by H.

Proof of Lemma 2.4. For any (a,b) in R? there holds

2 2,2 2 2,2
9y Ho(a)(b — a) = %b+ 92” a?b — %a— 92” a®
2.2 2.2 2.2 2.2
:HO(b)+92 a2b—gTb3—Ho(a)—92 a3+96 a®
g2m?

= Hy(b) — Hy(a) — 5 (b* — a® — 3a*(b — a)),

and equality (2.11) is recovered using the formula
b® —a® —3a*(b—a) = (b+ 2a)(b—a)*.

This result is extended to the kinetic entropy H owing to the relation H(f,&) = Ho(f,&) + gz f. a

Proof of Proposition 2.3. The proof follows similar lines as what was done in the case of the fully explicit version
of the kinetic scheme in [6]. Instead of multiplying equation (2.1) by 9y Ho ("), we multiply it by 9y Ho(f/""'7),
which leads to
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OpHo(fi ' 7)(F1717 = Mi) = — 0€Lecodp Ho(f7 ) (f15' ™ — f1777) (2.12)
+ 0800y Ho(f ) (F2517 = £7717).
In (2.12) we have three terms of the form 0y H (a)(b — a) with a = f7**~ and b € {f7"1'~, M, fP4 ). Taking
advantage of Lemma 2.4 we can write
Ho(f{17) = Ho(M;) + W (f717, My) = —0€Teco(Ho (S ) — Ho(f7H' ) =@ (£, 1741))
+08leso (Ho(f747) = Ho(f717) = w (£, f7477)),

and we conclude by grouping the expressions. (I

2.2. Practical computation of the implicit kinetic update

When dealing with implicit schemes, one has often to invert an operator and the key point of the numerical
scheme (2.3) is the computation of the inverse of the matrix I 4+ oL, where L has been defined in (2.4). In our
case, it will be possible to compute analytically this inverse thanks to the triangular structure of the matrix,
which is due to the upwinding of the fluxes in (2.1). More precisely we decompose (I+0L)~! as the contributions
of the left- and right-going information, which gives

(I+oL) ' =T+0L") 'leco+ I+ 0L7) " 1es, (2.13)

with the upwinding matrices L™ and L™ corresponding to

—& £ 0 0 £ 0 0
0o —& . : - . : :

3 0
0 0 =¢ 0 0 =& ¢

Introducing J* and J~ the matrices of RP*? defined as

1 ifi=j—1 ~ 1 ifi=j+1
Iy = { : (I )iy = { .

0 otherwise, 0 otherwise,

we can write

-1
(oL = (0T -0g37) ! = (1o 2 )

14 0¢ 1+0¢
_ 1 -
(oL = (- oet+oer?) " = (14 120

The above inverses can be computed through geometric sums since J Iﬁ and J, have a spectral radius equal
to zero. More specifically these two matrices are nilpotent, which implies that the geometric sums in question
contain a finite number of nonzero terms and are given below

P

P —of)F
(I+oL7) }: 1+05m¢ (IJ7)k, a+aLﬂ_1:§:UK(é;%JJﬂ5

=0
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To conclude we give the analytic expression of the inverse:

GO
(I+oL); ) =« (L+og)=7+ - (2.15)
0 else,
(—o&)i—t e
———— ifi <y
(I+oLt);} = ¢ (L—0§)i7 ! (2.16)
0 else.

Especially we recover the properties enumerated in Lemma 2.1, since we see that all the coefficients of the
inverse (2.13) are comprised between zero and one respectively when £ > 0 and £ < 0.

2.3. Macroscopic implicit scheme

We now focus on obtaining an explicit writing of the macroscopic update (1.20) associated to (2.1). Using
the expressions (2.15) and (2.16) of the matrix inverse, we need to compute the integral of

k
Licsog €249

WM(U’ §)

against 1, £ and ¢2 for all 0 < k < P — 1. This seems hardly possible with the classical Maxwellian (1.4) and
we use the result presented in the following remark.

Remark 2.5. Let us recall that the half-disk Maxwellian M (U, &) defined by (1.4) has some optimal properties
presented in Lemma 1.2, which allow to obtain the discrete entropy inequality (2.10) at the macroscopic scale.
Other choices of Maxwellians are possible but the discrete entropy inequality (2.7) is not granted to hold
anymore. A general possibility is to choose M (U, §) of the form

Mo ="y (521,

c

with
_Joh
=\ 5
where x is a non-negative, compactly supported even function satisfying

/RX(Z)dZZ/fo(z)dz:l.

There are a lot of possible choices for x e.g.
1 3 3
2)=—=1 =, Or 2)=—=22+—"—21 . 2.17
x1(2) 2\/§ |2|<V3 x2(2) 20\/5 4\/5 |2|<VB ( )
Notice that the definition (1.4) of the half-disk Maxwellian corresponds to the choice

1 22

— S J1-E1,..
x3(2) - 7 Lzl

In order to compute explicitly the macroscopic scheme i.e. without approximate quadrature formula, we now
use in this section the following expression for the Maxwellian

h — h
M(U7 f) = EXl(f c u) = 27\/(‘5’61|§*u‘§\/§c (218)
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and referred to as the index Maxwellian. This is the simplest choice we can make, and it will enable us to
obtain analytic expressions for the aforementioned integrals. Furthermore note that it satisfies all the moment
relations (1.5), which is important for consistency with the macroscopic Saint-Venant system.

In order to compute the macroscopic version of the scheme (2.2), we proceed as follows. The strategy consists
to dissociate the contribution of the information coming from the interior of the computational domain, and
the one coming from the boundaries

int _ 1 —1
U —/R<£)(I+O'L) M dé
ext __ 1 —1 n+1
U /R(€>(I+O'L) o B d¢.

The final update is then set as U1 = U™t 4 Ut which coincides with definition (1.21). We postpone the
details about the computation of B"*! to the next section, and assume that it is known for now. First for U™,
we have

(2.19)

Uint/RngSO@) (I+JL+)1Md£+/RILEZO<§) (1+0L7) " Mde.

Plugging the analytic expressions (2.15) and (2.16) in the above integrals, we can express the i-th component
of UM as
" 1 1 ZP 1 1
int __ z : +\— ) N— ‘
vt = /£<0 = (§> (I ol )” Mads+ /§>0 = (£> (I ot )” My de

/<OZ< >31+1M d£+/€>0 @)%MJ— d¢. (2.20)

A detailed expression of the quantities appearing in relation (2.20) is given in Appendix A. Similarly for the
exterior contribution we have

ext __ 1 —+ -1 n+1 ]- —\—1 n+1
U —a/£<0<€)(I+UL ) B d§+0/£>0<§)(I+O'L ) BT dE.

Using definition (2.5) and equalities (2.15)—(2.16), the i-th component of U®** is

ext __ 1 (_Og)P_H_l M 1 1 (0-5)7 n+1
o= [ () aagrmettac s [ (e Fogra ae 221

The expressions necessary to compute (2.20) and (2.21) are detailed in Appendices A and B.

2.4. Boundary conditions

In this paragraph we discuss how to enforce the boundary conditions associated with the contribution U®xt
n (2.19). To achieve this, it will be necessary to introduce two ghosts cells numbered 0 and P+ 1 and neighbors
of the cells C1 and Cp and we have to define US"H and Uﬁﬂ The problem we are facing is that these ghost
quantities depend on the neighboring values in cells C; and Cp at time t"*!, and which are themselves unknown.
Hence we have an implicit problem where the relation between the ghost and border terms can be nonlinear
depending on the type of boundary conditions. In practice we will avoid this issue by substituting B™+! with
B"™ in the definition (2.19) of U**. Doing so can be interpreted as a first order approximation in time since we
have

Ut =UJ + O(At), Upti =Up,, +O(AD).
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Note that expliciting the ghost values does not prevent the scheme from satisfying a discrete entropy as the
one in Proposition 2.3. In fact, equality (2.7) still holds in the interior cells 2 < i < P — 1, and in border cells
i =1, N one obtains

Ho(f17) = Ho(My) — o (B3 )5 — HyY )3 ) = W (117, 0a) (2.22)
+0’§<Ilg<0\I/( ol pnaio) ]l£>0\11(f{”1*,M3)>7
Ho(f717) = Ho(Mp) = o (HyELs o = B ) = W(7 M) (223)

+ 0€<ﬂ5<0‘1’(f}3+1_7 ) - ]15>0\I/(f}§+1_,M$+1)),
where the border entropy fluxes Hgf/l; , H, 6’;};1 /2 are given by

Hyt s = ElecoHo (f17) + ElesoHo (M), Hy bl s = ElecoHo(Mpy) + ELesoHo(f3H7).

The benefit of expliciting the ghost Maxwellian My, Mp; is that we can more easily determine the macroscopic
ghost quantities Uy, Up, ; at time t" based on U7, Up following the procedure described hereafter and similar
to that of Bristeau and Coussin in [13]. We will focus on fluvial flows where the material velocity of particles
|u| is smaller than the celerity of surface gravity waves \/gh; in particular low Froude flows enter this regime.
Since in this case the eigenvalues u — +/gh and u + +/gh have opposite sign, at each boundary we have exactly
one wave entering the domain and one wave leaving it. Hence we dispose of a single degree of freedom to set the
ghost values, which generally consists in enforcing either a given water height or a discharge. The ghost state is
then fully determined by asking the outgoing Riemann invariant to remain constant through the interface.

In the following we detail the handling of the left boundary condition when enforcing either the water height
or the discharge; we put aside the case of the right boundary condition as it is symmetric.
Given water height. First we consider the case where the water height is enforced at the left boundary of

the domain, and we denote by h,; the value attributed to the ghost cell. Together with the condition on the
outgoing Riemann invariant, we get the following nonlinear system which is solved analytically

{hg = hg,

1
uf = 2,/ghg = ull = 2,/gh} oo <u? —2(\/ghT — \/ghg,z)>

Given flux. Another possibility is to enforce the discharge at the boundary, and we denote by g, ; the left ghost
value. This time, the constraint on the Riemann invariant will enable to determine the ghost water height. Indeed
we have the system

(13 =g,
n n n n (224)
{u0—2 ghg = ut —2,/gh?,

and the second equality involving the outgoing Riemann invariant requires to find the real roots of the third
order polynomial in X = /h{ given by

N
“ I 2 Aol _ . (2.25)

. Y3
P(X) = X> + N N

Its derivative P’ admits two real distinct roots

Xo=0 and X1:_U17 \/91, with P(X1)=—7X13— dg,l 7
3v9 2 2\/9
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and we recall that we make the assumption that v} — /gh? < 0 so that X; > 0. If ¢4; > le, one has
P(X;1) < 0; together with the fact that P(X) — +oo as X goes to infinity, there exists one real root larger
than X; > 0. If additionally g,; > 0, this root is the only real one since P(Xy) < 0; if g4; < 0 then P(Xy) >0
and there exists a second positive root between Xy and X;. In this case we take the convention to retain the
smaller of the two. On the other hand, when g, ; < —,/gX? we have that P(Xy), P(X;) are both positive, and
there doesn’t exist a positive root. In this case one can choose to enforce the water height instead.

Note that when enforcing the flux, our approach differs from that of Bristeau and Coussin in [13], where
the ghost value is chosen such that the resulting numerical flux at the interface coincides with the boundary
discharge. Instead we do not enforce any value at the interface but directly in the ghost cell, which can be seen
as a first order simplification in space. A common practice for channel flows is to enforce the water height at
the inlet and the flux at the outlet.

Remark 2.6. When substituting B"*! with B" in the implicit kinetic scheme (2.3), the corresponding update
can be reformulated as (I + O’L)?n+1 =M" with

1
—0€leso : X fott My
I+oL= 0 I+oL 0 L FTr =], M= M
n+1
U€1§<O fP::_-l MB+1
1

As a consequence the maximum principle |\f”+1(§)||oo < |[M"(€)||s holds for any ¢ in R during the transport
step. In fact we can verify that matrix (I + oL) is monotone, and following the argument involved in Lemma 5.1
from [1] we can write

1),

with 1 the vector from RP*2 whose entries are all equal to one. Using equality (I+oL)~!1 = 1 allows to
conclude. Note however that there is no such principle at the macroscopic scale, similarly to the continuous
Saint-Venant system.

0< 7" = (T+oL) "M < (T oL) ' (|| 3"

2.5. Implementation and computational costs

It is important to keep a reasonable algorithmic complexity so that the implicit method presented in the
previous lines and especially the formulae (2.20), (2.21) can be used in practice. We discuss here how to improve
its computational cost by a substantial margin. In Appendix A, we show that the i-th component of vectors
Rt and (hu)™ have the form

2h3 2h“
h;nt 20\[(2 Ah 7] +Z 7j>

) Qh" Qh”
(hu);nt _ 0—2\[( Z Ahu 7] + Z Bhu >

where Ah, Ahu are dense upper triangular matrices, and Bh, Bhu are dense lower triangular matrices. Therefore
computing A" and (hu)™* through (2.26) is analog to performing a matrix-vector product which has a quadratic
complexity O(P?), and we cannot hope to do better than that. However the coefficients (A.3)—(A.6) of the
above matrices involve a summation, and at a first glance the cost to assemble them is seemingly cubic. This is
quite expensive and can render the method pretty much inefficient. However this complexity can be reduced to a

(2.26)
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quadratic cost by computing the coefficients in the correct order. More specifically we show that all the matrices
above can be defined through a recurrence relation allowing to compute each coefficient from a previous one in
O(1) operation. In fact, denoting y = z/(1 4+ x) and z = In|1 + z|, the matrix Ah is given by

. . —min(0,ap)o
—min(0,a1 )0 _ 1~ min(0,a2)0 _ P-1
[Z]— min(0,b1)o [Z y]— min(0,b2)o T T |:Z =1 Y /lj| — min(0,bp)c
—min(0,a2)0 .
0 [ }7min(0,b22)o
—min(0,ap)o
[Z - ]— min(O,bﬁ)o’
0 . .0 2]~ in(0ar)o

—min(0,bp)o

where a;‘ = u;b -3 c}‘ and b}l = u;‘ +3 c;-‘. This corresponds to the recursive definition below

0 if j <

—min(0,a;)0

(AR);; = { [In(|1 + )] ifi=j (2.27)

—min(0,b;)o
.1 —min(0,a;)0 .. . .
(A~ ) e

Likewise, the lower triangular matrix Bh is given by

[2]max(0:b1 ) 0 ... .. 0

max(0,a)o

[ . ]max(O,b?)a
z max(0,a})o

max(0,b%_;)o 0
[]max(O,agil)a
P14 max(0,b7)o max(0,%_ ) max(0,6%)o
EE STy Y Mo S P R
max(0,a})o 4 Ap_ max(0,a’s)o

and can be defined by the following recurrence formula

0 ifi<j
max(0,b;)o o .

(Bh)iy = [W(1+ 2D 0w if i = j (2.28)
(B = 5 ey, 19>

Hence it is more efficient to assemble matrices Ah and Bh column wise, starting from the diagonal coefficient
and moving towards the first or last row. This way we only have to subtract one term to the previous coefficient
so as to get the next one, and the cost of this operation is in O(1). Since there are P(P + 1)/2 coefficients to
compute in total, the assembly of Ah and Bh following this strategy requires O(P?) steps.
A similar conclusion is achieved for Ahu and Bhu, although the recurrence relation is less straightforward to
obtain. We first remark that, introducing (1); ; = ¢ — j + 1 the relations (A.5) and (A.6) become
i y(l)j,i*k —min(0,a;)o
k=1 7t

—min(0,b;)o
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izj y(l)i,j*k

}j_k/’

k=1 '

Performing the change of index r = (1);;, — k for matrix Ahu and s = (); ; — k for matrix Bhu we find

i=i
(Ahu)m' = [—(l)i,j ln|1 + .Z‘l +x+ (l)@j y? —
r=1
i—J ys
(Bhu)m» = [—(l)i’j ln|1 + LL’l +x+ (l)i’j ? —
s=1

~| max(0,b;)o

max(0,a;)0

<.

i —min(0,a;)o
r
Y ] )

r=1

—min(0,b;)o

max(0,b;)o
f] :

max(0,a;)0

<.

<.

s=1

Next we introduce the matrices defined column wise in a recursive manner

wa 0 if <
i, — i_;1—min(0,a;)0 .. . .
! (UA)iJ"laj + I:yj :Ifminé(),:j))a' lf'j >
0 ifj<i
(VA)zJ — j—i1— min(0,a;)o o .
’ VA, [L} £j>i.
( ) +1 + J—t —min(0,b;)o J !
Then we can write that
0 j<i
— min(0,a;)0 . .
(Ahu)iy = [o = Injt + 2]~ mn00)” j=i

D5 (VA)ij — (UA)j + [z — (1) In[1 + ]| - n0a)T 5,

Similarly we introduce

0
UB .7 = . sqmax o
(UB):; {(UB)z‘—Lj + [y ] (0:0)

max(0,a;)o

(‘/"B)Zj i—;1max(0,b;)o
’ VB + [ ]
( )Z it I Imax(0,a;)0
so that we have
0
max(0,b;)o
(Bhu)iyj = [1’ - 1n|1 + iE‘]max(o,aj)o

max(0,b;)o . .
0)ij(VB)ij — (UB)ij + [z — (1)i; In|1 + ] B

—min(0,b;)o
if i < j
if > j,

if i < j

ifi> j,

i<j
i=j

max(0,a;)0
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(2.29)

(2.30)

To conclude, through relations (2.29) and (2.30) we are also able to assemble matrices Ahu and Bhu with a
quadratic cost with respect to the number of cells, which means that the overall method has a O(P?) complexity.

Remark 2.7. We have considered here the specific case of a kinetic solver and one can imagine that an implicit
scheme for another finite volume solver can lead to reduced numerical costs. But it is worth noticing that since
the explicit expression of the inverse of the matrix I + oL is accessible in the kinetic context, one can hardly

find a more efficient implicit technique.
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Obviously the proposed implicit scheme is not constrained by any CFL condition associated with an explicit
scheme, nevertheless it is important to compare the computational costs of the explicit and implicit strategies
in the context of a kinetic solver. This comparison is performed below in the case of a flat topography.

Explicit scheme. Let At™ be the time step allowing to satisfy the CFL constraint. In order to obtain the
expression of U"! from U™, approximately 4P numerical fluxes have to be computed (2 numerical fluxes at
each interface for each variable h and hu). The explicit kinetic scheme is fully detailed in [4,6].

Implicit scheme. The CFL constraint being relaxed, we can consider a time step Atj;, , > At". The results
obtained in this paragraph shows that the update from U"*! from U™ requires approximately P? numerical

fluxes to compute.

We conclude that the implicit strategy is less expensive when

n 2
Abimy P2 _ P (2.31)
Atn 4P 4
Note however that the computational cost is not the only factor to account for, and one should also consider the
efficiency of the scheme, that is to say the relation between the error and the computational time. Generally,
taking a very coarse resolution in time results in poorly accurate results, in which case it is not desirable to
have (2.31). Nevertheless there are some cases where the fast dynamics do not play an important role such as
in the low Froude regime. Then it might be advantageous to consider large time steps. We will see through the
upcoming numerical results from Section 5.1 that the interest of the implicit kinetic scheme is rather limited
when it comes to efficiency, at least for the considered test cases. Hence the explicit strategy is preferable to
the implicit one, unless we account for the greater stability offered by the latter in terms of discrete entropy
inequality. In this regard, a semi-implicit in time strategy could ensure the stability of the scheme with a better
efficiency (see for instance [19]).

3. AN ITERATIVE RESOLUTION SCHEME

The kinetic scheme (2.3) requires to solve a linear system and in the previous section, we have seen that it
was possible to have an analytic expression for the inverse of the matrix I 4+ oL with L given in (2.4). For the
numerical approximation of PDEs e.g. in finite elements methods when the linear system to solve is large an
iterative strategy is singled out compared to a direct inversion of the matrix. We propose to follow the same
idea here, with mainly two benefits. First it will allow us to use the half disk Maxwellian (1.4), for which we
recall the integrals (2.19) could not be computed analytically in the case of the fully implicit kinetic scheme.
This is important as it will enable to prove some discrete entropy inequality at the macroscopic scale thanks to
the existence of a kinetic entropy Hy given by (1.10) that satisfies (1.13) and (1.14), while having an explicit
writing of the update. The second advantage lies in the possibility to couple the iterative strategy with the
hydrostatic reconstruction to obtain a well balanced treatment for varying bottoms, which we will discuss in
Section 3.2. Before this, the simpler case of flat bathymetries is investigated as a toy problem in Section 3.1,
and will give some insight.

More precisely we shall use a Gauss-Jacobi type decomposition, which consists to write the matrix I+ oL as
D — N, where D and N are two matrices from R”*¥ with D is invertible. Then the scheme (2.3) also writes

Df'nJrl — anJrl +M+O’Bn+1
and one can propose an iterative resolution of the previous equation under the form
k
ok At
Az’
where the time step At* is allowed to vary at each sub-iteration in order to satisfy some CFL condition. If it
converges, the sequence (f"*1*),cn converges towards the solution of (2.3).

fn—i-l,k-i-l — D—len-‘rl,k + D—l(M + O‘an+1),
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3.1. Case of a flat topography

In this section, we study iterative strategies with the particular choice
D=(1+a), and N=oal-o"L,

when the bathymetry is flat and where « € (0, 00) is a relaxation parameter. The main goal is to put forward the
differences between such iterative methods and the fully implicit kinetic scheme proposed in Section 2; the first
one being that it will no longer be possible to use arbitrary large time steps since a CFL condition will be needed
to ensure the convergence of the sub-iterations and the positivity of the water height; the second one being that
the iterative scheme enables one to have an explicit writing of the update while using the half-disk Maxwellian.
As long as we are restricted to flat bathymetries, it should also be noticed that an iterative strategy proves less
advantageous than the forward Euler kinetic scheme, which is more efficient while preserving the water height
positivity and being entropy stable. The iterative kinetic scheme presents however a clear advantage over the
explicit scheme in terms of entropy stability in the case of varying bathymetries, which is treated in Section 3.2.

We consider two iterative schemes below; they differ only in whether or not the vector of kinetic densities
frrbk(€) is projected onto the space of Maxwellians at every sub-iteration or just at & = 0. In the latter
and easier setting, we shall obtain a CFL condition to ensure the convergence of sub-iterations. In the former
case, this question is also addressed, although more restrictive assumptions are needed. The question of entropy
stability is only investigated when the projection step occurs at every sub-iteration.

When developed, the iterative process with a single projection at k = 0 reads:

fnJrl,O - M
(1 +a)fn+1,k+1 _ (aI o JkL)fnJrl,k + M+ O_IcBn+1,k

VI<i<P U= / (2) FERE©) dg
R
with B"+1F the boundary condition associated with the macroscopic state U"+1* as explained in Section 2.4,

see (2.5). The following proposition highlights the main compromise linked with such an iterative approach,
which is the requirement for a CFL condition in order for the method to converge.

: (3.1)

Proposition 3.1. Assume that B"tYF remains constant equal to B™ for any k in N. Then (3.1) defines an
arithmetico-geometric sequence which converges if the CFL condition o|§| < 1 4 2« holds for all & belonging to
supp M U supp B".

Proof. By recurrence, we can show that for any k& € N the support of f*+1* is included in supp M U supp B™,
which is why we restrict to velocities £ belonging to this set. Consider f the solution of

f=D7'Nf+D (M +0B").

The sequence (g*); defined by gF = f**1* — f satisfies g"*! = D~!Ng* and converges to zero as soon as the
spectral radius of D™!IN is strictly less than one. Since D™!N is a triangular matrix, its eigenvalues are given
by its diagonal coefficients, all equal to (14 a)~!(a—c*[¢]). Under the assumption o*|¢| < 1+ 2a, this quantity
is strictly less than one in absolute value, which concludes the proof. (I

Remark 3.2. As we did in Section 2.4 for the fully implicit scheme, we can replace B™+1* by B™ in the iterative
process (3.1). In fact this constitutes a first order approximation in time since we have f"T1:F = M + O(At).
Under this simplification, the assumption from Proposition 3.1 that B"*%* does not depend on k becomes
automatically satisfied.

In practice, we wish to apply an iterative method directly at the macroscopic level. An issue with (3.1) is
that the distribution involved in the kinetic flux (i.e. the term in factor of o*L) is not a vector of Maxwellians,
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FicURE 1. Example of Maxwellians M;, M;_, and M, ;. For each quantity appearing over the
figure, the superscripts have been omitted.

which prevents us to write the recurrence relation at the macroscopic level since there is no general expression
for the numerical flux. To bypass this issue, we propose the following modification of (3.1), where we replace
all occurrences of f**1* on the right hand side by a vector of Maxwellians M™% which yields

Freeg) =

(1+ ) f"HHr(¢) = (oI — o*L)M™F 4 M + oF B thF (3.2)
Mn+1,k+1 _ J?n+1,k+1 + Atk@n+1,k+1.

This new iterative process is alternating two stages, the first one being the usual transport step, while the
second one is a projection step onto the set of Maxwellians yielding M™+1*+1 In this sense (3.2) is an iterative
BGK splitting approach where the projection step doesn’t modify the macroscopic quantities of interest since
the term Q"% is a vector of collision operators satisfying the conservation constraints (1.7). Note that the
time stepping At* is made dependent on k as the support of M"+1* can change from iteration to iteration.

Remark 3.3. For each value of k, each row of the density frHLEtL(€) defined by (3.2) is a combination of half
disks. Hence ffﬂ’k“(f) that is the row i of fPT1++1(¢) is a combination ofiMi"H’k, M; and possibly B?H’k
if i = 1 or i = P, see Figure 1. This illustrates the role of the collision term Q"+ +1,

The practical implementation of scheme (3.2) is based on its macroscopic version given by

3 ?

(1+ a)UinJrl,kJrl _ annJrl,k LU — ot (]_—(U;LH,J@’UZJEM) 7f(Up_+1Lk’Un+1,k))7 (3.3)

for all 1 < i < P, where the numerical flux F is defined as

1
F(02.U) = [ 6(4) Qend (U1 8) + Tecod U, 8)) e 5.9
R
and where the vectors U Lk ;ﬁﬂ’k appearing in the border cells ¢ € {1, P} are respectively functions of

Uy LR and U;H"k since the boundary conditions are imposed though a ghost cell strategy fully described
in [1,13]. As previously, one can choose to make these ghost values independent from the sub-iteration index k.
Notice that if the sequence (U"*1F), oy C (R?)? from (3.3) converges in (R?)?, its limit U™*! then satisfies
vi<i<p, UMt =Ur-of(F(Uurtturtt) - FUM UMTY) (3.5)
by continuity of the numerical flux (3.4).
Because of the projection step, the convergence of the iterative method (3.2) is more complex to prove than
in Proposition 3.1. But the following result holds.
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Proposition 3.4. Let the sequence {f"t1F(.)}ren be defined through (3.2), and let {Q"TYF()}ren be the
assoctated sequence of collision terms assumed to be bounded. Then under the CFL condition o*¢| < min(1, )
the sequence {f"T1*()}ren is non-negative and converges.

Proof of Proposition 3.4. First, we see that under the CFL condition o*|¢| < «, the quantity f"** defined
by (3.2) is non-negative for any £. In fact there holds
(1 + a)f;l-&-Lk-i-l = M, + OzMin-H’k N Uk (§1§§0 (Min:iLk _ Min-‘rl,/c) i 51520 (Minj_lLk _ Min-H’k))
> M + (o — o®|g)) M — R el coM]HF 4 o*e1eso MR,

1+1

with the last two terms of the lower bound non-negative. To obtain the convergence we write the recurrence
formula (3.2) as

(14 )M A = (oI — oFL) M™% 4 M + 0" B TP 4 (1 + a) AtPQrHHRHL (3.6)

The previous formula is nothing else than an arithmetico-geometric-like sequence having the form

k k—j—1
Mn+1,k+1 _ Ak,aMn+1,k + Cn,k _ Ak,a o AO,aM + Z( H Akl,a) Cn,j’
=0\ 1=0

with

ol — o*L nk M + gk BntLE

Ak,a:
1+a ’ 1+«

+ AthQnrhkTL (3.7)

whose convergence is ensured as soon as the sequence
k /k—j—1
E H Ak—l,a Cn,j
)
j=0 \ 1=0

converges when k, grows. Since the collision terms Q™1 *+1 are assumed to be bounded independently of k, we
have |C™*|,, < C and the CFL condition ensures the existence of 0 < 3 < 1 such that

k
a+ 207 €| <a+ﬂ<
1+ ~ 14«

1A% o = L

where [|-||oo,00 s the maximum subordinate matrix norm associated to |-|o.. This allows to write

ko k—j—1 k i1 ~
k—l,« n,j a+ ﬂ J n,j ¢
S| a=)em| <> () 10 e < — 35)
Jj=0 =0 7=0 1+a
giving the absolute convergence of the series and thus proving the result. O

Finally we investigate the entropy stability of the iterative kinetic scheme (3.2). Note that when restricting to
a flat bathymetry, the explicit kinetic scheme [6] already verifies a discrete entropy inequality, while being more
efficient since it avoids the use of sub-iterations. The benefit of the iterative kinetic scheme compared to the fully
explicit one will become clearer in the next section, where it is combined with the hydrostatic reconstruction.
Nevertheless, the simpler case of a flat bottom is interesting in order to understand why the iterative kinetic
scheme involving the half-disk Maxwellian (1.4) offers a favorable setting to get a discrete entropy inequality.
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Proposition 3.5. The kinetic entropy of the iterative scheme (3.2) with half-disk Mazwellian (1.4) satisfies
the following inequality

Ho(M;) + oHo (M.”“’k) "

n+1,k+1 ? o"§ n+1,k n+1,k

Ho(MPH4) < v " a (o~ ) 39
4o (Uin+1,k+1) _ (%) QULEHL | prtthtl

a collision operator verifying the conservation constraints (1.7), and

with 1 the entropy given in (1.3). The interfacial kinetic entropies Hg:rillljz are

with Q?H”““ — Min+17k+1 _ fin+1,/c+1
ng—llk/Q = LesoHo (M?—Jilﬁk’g) + lecoHo (Mi"+1’k,§>7
grtLE LesoHo (M?H’k,g) + TecoHo (Mﬁ:il,k,f)’

0,i+1/2

and the term D?H’kﬂ is given by

prtkrt _ 1 \I,(Mn+1,k+1 M») B a—Uk|§|ﬂE\I,(Mn+1,k+1 Mﬁ+1,k)
! 1+a E T 1+« E T
3 aff_\lz (M?+1,k+1’Mini+11,k)’
«

where = = supp M"1F where we recall that the function ¥ defined in (2.6) is positive on Ri, and with
1+ 1=1i—sign&. As a consequence, if for any integer k the CFL condition

VE € supp M"THE oFl¢) < o (3.10)

holds, then D?H’kﬂ 18 a dissipation term with negative sign and at each iteration the kinetic entropy is dissipated

up to terms that are macroscopically zero, that is to say there exists a kinetic entropy fluzx ﬁ&i&i};w a negative
dissipation D?H’kﬂ and a term ZZLH’kH(f) whose integral over £ € R is zero such that
+1,k+1 ke D41,k ~nl,k n+lk+1 | Sntlk+l
Ho (M40 €) < Ho(M,€) — o (HEHS, — Hy ) + iAot o Zp ke, (3.11)

Before giving the proof we have the remark below.

Remark 3.6. Even when the CFL condition (3.10) is not satisfied, we can ensure that the scheme (3.2) satisfies
a discrete entropy inequality from some rank k assuming the convergence of the method, which holds under the
assumptions of Proposition 3.4. In fact, multiplying inequality (3.9) by 1+ « it is possible to write

Ho (M4 6) < Ho(M,€) — o™ (Hy 1, — Hy 2, ) + (L ag (0714 (;) Q!
= 0 (ML M) — o g s (M A (3.12)
+a(H0 (Min-i-l,k’f) _ H, (Mz_n-i-l,k-i-l’g)) _ (a _ Uk|£|]15)\1,(Min+Lk+l7MZ_n-H,k)-

In the right hand side of (3.12), the quantity

(1+ )y (Uin+1,k+1) . <2> Q?+1,k+l



IMPLICIT KINETIC SCHEMES FOR THE SAINT-VENANT SYSTEM 1885
does not cause any issue as it vanishes upon integration over ¢ € R. This is due to the collision term Q?H’kﬂ sat-
isfying the conservation constraints (1.7), meaning that its integral against (1,¢)? vanishes. Therefore in (3.12)
the only problematic terms are contained in the last line, as their sign can be positive since we do not assume
o%¢|1z < o anymore. Nevertheless, by regularity of Hy(-,¢) and by definition (2.6) of ¥, these terms write as a
O(MZ-"H’kH - Mi"'H’k) and vanish as kK — oo owing to the convergence of the method. As a consequence, from
some rank k these two terms become negligible compared to —W¥ (M +LE+L M;) < 0 which remains bounded
away from zero, and we recover a dissipation with negative sign. (Note that if M™% was converging to M as
k — o0, it would imply that M solves the fixed point problem and thus M"+t1* = M for all k; putting aside
this trivial case, this is why \IJ(MZ-”H’]CH, M;) remains bounded away from zero).

Proof of Proposition 3.5. First, we remark that for any £ there holds
O Ho (M HH ) QR <o (Ut ) @ QM (3.13)

which is implied by the relation (1.15) and by the fact that Q?H’k“ = MZ’H’kH — frFLRHL g hegative for

any £ € supp Mi"“’kﬂ. As a consequence of (3.13), inequality (3.9) (and equivalently (3.12)) is verified if there
holds
Ho(MZ) + aHy (Mn+1,k) O'kf

?

_ n+1,k _Hn+1,k
14+ a 14+« 0,i+1/2 0,i—1/2

+ 8, Hy (Min+1,k+l>Q?+1,k+1 I D;L+1,Ic+1. (3.14)

H, (M_n+1,k+1) _

To prove equality (3.14) we write the sub-iteration (3.2) as

n 1 n n n
MR = e (M (0= oFf1z) M oM 1M ) + QT (3.15)

with i + 1 = i — sign€. Applying Lemma 2.4 for a = M"*"** and b = M{?ll’k, M;, M we respectively
get:

H, (Mini—i-ll,k> H, (Min-&-l,k+1) + 8 Ho (M;L+1,k+1) (MZIEM _ Min+1,k+1> n \I/<Min+1,k+1’ Mini-&il,k>’ (3.16)

H, (Mirt-i-l,lc) — H, (Min-&-Lk-i-l) + 0, Hy (Min-&-l,k-&-l) (Min-&-Lk _ Ml_n-i-l,lc-l-l) i \II(MirL-i-l,k-&-l’Min-&-l,k)’ (3.17)

Ho(M;) = Ho(M™H4Y) e 9 Ho (7740 ) (M = Mt ) ow (Mt ). (3.18)
Performing the linear combination
1
a ((3.18) + (o — o"|¢]1=) (3.17) + 0¥ |¢[1=(3.16)),

and using (3.15) we obtain

1 n n
m(HO(Mi) + (o = o"[¢]1=) Ho <Mi H’k) +0"|€[1=H, (Mi:;rll’k)>
— 1, (MZL—&-l,k—Q—l) 9/ H, (Min+1,k+1)Q?+1,k+1 n %T(M;z+l,k+l’Mi)
«
—okl¢|1= e
" a—0 |§| _\P(M;«L+1,k+17M;z+1,k) I (o |f| H\P(M;L+1,k+1’M;Li4il,k)7
1+« 1+«

which corresponds to equality (3.14) after rearranging the terms.
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Next we proceed by induction to show that the kinetic entropy is dissipated at every iteration assuming the
CFL condition (3.10) holds for any integer k. The key argument is that under this CFL condition, the term
D?H’kﬂ defines a convex combination of negative quantities, and is thus negative. The initialization is obvious
since we have Mi""rl’O = M;, so we focus on the recurrence. We want to show that (3.11) holds at some rank
k > 1 assuming that it is satisfied at rank k& — 1. Under this assumption we can develop (3.9) as

n 1 I — I — ~n —n
Ho(Mi +1,k+1) < : +a<H0(Mi) “I‘Ol(HO(Mi) _ka(Ho,ﬁiljzl _ H0;r71,11;21> 4D +1,k . +1,k>)

ok¢ Lk gLk (kL L\ ottt | pnet1 kel

1 +a( 0,i+1/2 — 0,#1/2) +n ( i ) “\¢ Q; +D; )

é‘ [

with Zﬂﬂ’k and n’(Ui"'H’kH) . <1) QTHFI”H'1 macroscopically zero as per Remark 3.6. Therefore we have

H, (Mirb—i-l,k-i-l) < Ho(M)) a’“ﬁ (Hn+1,k +aﬁn+1,k—1 _ gLk aﬁn—i—l,k—l)

- 1+ o 0,i+1/2 0,i+1/2 0,i—1/2 0,i—1/2
a  ~ 1 1,k+1 QO =ptlk n+1,k+1
Zntlk /(Un+1,k+1) . n+1,k+ prtLk | pntl
+ 1 + a (3 +77 ) 5 Qz + 1 +a ) + 7

and the proof is complete by setting

~ptik L n+1,k ~ 1 k—1 Skl O =ik nt1,k+1
Ho,i+1/2 = 1—|—a( 0,i+1/2+aHO,i+1/2 >a D; = 1+aDi +D; ;

Sn+1,k+1 QO Zntlk +1,k+1 1 +1,k+1
ZirtH = g el () (s)Q? '

3.2. Case of a non flat topography

In presence of a varying bathymetry, one difficulty is to design well-balanced schemes, that is to say schemes
that preserve the lake at rest equilibrium given by (h, ¢) = (—=z,0), where we recall z(z) is a parameterization of
the topography at the bottom. One of the issue stems from the numerical diffusion which, when the bathymetry
is non flat, can induce a transfer of water from one cell to its neighbors even in the case of the rest state. To
illustrate this we can consider the toy update below

A A V. Sl (Y Lol T 2R AR i — 22 2

At Ax Az Az ’

where v > 0 is a numerical viscosity coefficient, and where the second equality holds if we assume a discrete lake
at rest such that ¢, ; /2= 0 and A} + z; = Cst for all 7. For general bathymetries the right hand side doesn’t
vanish, and thus the water height fails to remain constant from one iteration to the other. A second problem
lies in the momentum equation, which in the case of a lake at rest implies the balancing between the spatial
derivative of the pressure and the source term:

O (gh2) = —ghd,z.

One has to recover this equality at the discrete level by approximating the source term accordingly with the
choice of numerical flux.

The hydrostatic reconstruction technique introduced in [5] is a well-known strategy to circumvent these
difficulties. More recently [6], it has been established that when combined with the explicit kinetic scheme,
this reconstruction step can prevent the entropy from being dissipated in some test cases featuring a non flat
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bathymetry, no matter how refined the time and spatial steps are. This is due to a positive error term appearing
in the discrete entropy inequality and which can dominate the dissipation. In this section our goal is to show
that an iterative version of this explicit kinetic scheme does not suffer from this defect provided enough sub-
iterations are performed. Therefore the iterative strategy, which approximates a fully implicit kinetic scheme, can
be considered an improvement over the explicit method in terms of stability. We also emphasize that compared
to the fully implicit kinetic scheme proposed in Section 2, the stability properties of the iterative scheme does
not translate in the possibility to use arbitrary large time steps. In fact a CFL condition is required to ensure
the convergence of the sub-iterations, as already pointed by the Propositions 3.1 and 3.4 for iterative schemes
applied to the flat bottom case.

Let us briefly recall the principle of the hydrostatic reconstruction, which is based on the reconstruction of
the water height at every interface. Let U; = (h;, hiui)T € R? denote the vector of quantities of interest over cell
1 <i < P, with P the number of interior cells and with ghost cells corresponding to indices 0 and P + 1. The
reconstructed states are vectors from Rt x R defined on the left and right neighborhoods of each cell interface
as follows:

, Rt/ hi_
Vi<i<P, Uyijpp = (hu:;fu-)’ Uiij2+ = (h» 1;:?;) (3.19)
7 — Wy 1— K3

The reconstructed interfacial water heights are given by
hi—1/24 = (hi +z; — Zi—1/2)+, hit1/2- = (hi + 2z — Z¢+1/2)+, (3.20)

with the interfacial bathymetry z;;1/o = max(z;, z;41). The truly implicit kinetic scheme we are considering
reads as below

n+1 n n+1 n+1
Ut =0p - U(Fi+—q/2— - Fz‘—+1/2+>’ (3.21)

with 0 = At/Az and the numerical fluxes decomposed as:

0
+1 _ +1 +1 4
Fz‘y-bi-l/z— = F(Uﬁu/z—’U&l/z-s-) +3 (h”“)Z _ (h”“ )2
i i+1/2—
(3.22)
0

n+1 n+1 n+1
Fij1/2+ = f<Uij1/2f7Uij1/2+) +35

(h;H_l)z B (h?f11/2+) :

We recall that in our case the upwinding of the numerical flux F is induced at the kinetic level according to
definition (3.4). In (3.22), the terms in factor of g/2 look like pressure variations and are consistent with the
topography source term when we subtract them. In fact, owing to (3.20) we formally have

g h’n+1 2 hn+1 2 _ h?':_ll/Q_ + h?j11/2+ hn+1 hn+1 ~ h’n+1
B) ( i+1/27> _( ; ) =9 B ( i+t1/2— i71/2+) ~ ghi ™ (ziv1y2 — zic1y2)-

This discretization of the topography source term can be interpreted at the kinetic level through the relations

/R(a (& —ui) (MU, &) = M (Uiy1/2—,€)) d€ = (527(}%2 22 >>7

i+1/2—

2 \E .

i—1/2+
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and we introduce the following notations for convenience

{5Mi+1/2(§) = (£ —w) (MU, &) = M(Uiy1/2—,€)), (3.23)

OM;_1 /91 (€) = (€ —w;) (M(U, ) = M(Ui_1/24,€)).

An issue with the nonlinear update (3.21) is that it cannot be solved analytically. Instead we will approximate
it by an iterative process with a relaxation parameter o > 0 similar to the one from Section 3.1, and which
reads

, +1,k+1 _ +1,k k +1,k +1,k
VISP (1)Ul = U el T - G (Y - ), (3.24)
where we can choose to take U" ™19 = U™ as the initialization. If the sequence defined through (3.24) converges,
we recover the implicit scheme (3.21) by setting the macroscopic update as Ut = limy,_,o, U"** and 0 =
limy,_,+ o*. In practice we will stop the sub-iterations for some k large enough such that U1k ~ U?+1. We
also comment on the fact that when the bathymetry is flat (z = Cst) the hydrostatic reconstruction becomes
transparent, in the sense that the scheme (3.24) coincides with (3.3).

At the kinetic level, the recurrence relation (3.24) consists in introducing for any real ¢ the sequence
(f"FUE(€))ken C RE initialized with f"1:0(¢) = M(U™,€) and defined recursively as:

n+1,k+1 n+1,k n+1,k n+1,k n+1,k n+1,k
(1+a)f, = My + o] — ok (e(MIEY - MIEUY) e —en ) 55

Mﬁ+17k+1 — fn—i—l,k’-l—l 4 Athn-‘rl,k—&-l’
i

where the interfacial Maxwellians M;.; /o are defined through the following upwinding

Miyp1/2(8) = LesoM (Uiz1/2—, &) + LecoM (Uiz124,§)  V1I<i< P, (3.26)

and where we have used the notations (3.23).

We now consider the question of whether or not the iterative kinetic scheme with hydrostatic reconstruc-
tion (3.25) and (3.26) is structure preserving. We recall that in our context, structure preserving means the
ability to keep the water height positive, to preserve the lake at rest steady state and to satisfy a discrete entropy
inequality. When considering a flat bathymetry, this latter point was proved by making use of Lemma 2.4, pro-
viding in particular an estimate of the discrete spatial variation of the flux, namely

OpH (M;)(M; — Mit1) = H(M;) — H(M;ix1) + W (M;, Mit),

which involves a conservative difference and the positive function ¥ defined in (2.6) responsible for the dis-
sipation. In presence of a varying bathymetry however, fluxes are computed after performing the hydrostatic
reconstruction, and we now need an estimate for the following quantity

OpH(M;) (§(Myga1yo — My_1y2) 4+ 0Mii1 /0 — 6M;_1 /24 ),

which appears when multiplying the first line of (3.25) by 0y H (M, FLF €). Because the derivative of the kinetic
entropy is multiplied by quantities all different from M;, we can no longer use Lemma 2.4. Instead, we will need
the following inequality that corresponds to the Proposition 3.1 from [6].

Proposition 3.7 ([6]). One has

n+1,k n+1,k n+1,k n+1,k n+1,k ~n+1,k ~n+1k
—opH (M 2 ) [ (MRS = MI) oMY el ] < —GHA + GEL 32m)

with (N}’Zfll/; and é?jll/’;r defined by

éiil/ﬁF = f]l§<0H(Mii1/2+7 Zi:i:l/2) + €1£>0H<Mi:|:1/27a Zi:tl/2) + fH(Mia 2)
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1
— EH (Mig1 25, Zix1/2) + (W’(Ui) : (5) + 9%‘) (EMis1 /25 — EM; + 6M,s1 /o). (3.28)

- 41,k ~n+lk . .
Moreover, the difference Gi+1/2_ — Gi_1/2+ s macroscopically conservative

~n+1,k ~n+1,k _ An+lk —“n+1,k
/R(Gi-s-l/z— - G¢—1/2+> dg = Gi+1/2 - Gi—1/27

with the macroscopic entropy flux

Gip12 = A§(1§>0H(Mi+1/2—7 zit1/2) + LecoH (Mig1/24, Zip1/2)) d€. (3.29)

We are now able to state our result.

Proposition 3.8. The scheme (3.24) is structure preserving, in the sense that we have the three properties
below:

(i) the sub-iterations are well balanced, that is to say UMtLE = U™ for all k € N if U™ is a discrete lake at
rest;

(ii) assuming that the water height vectors h™ and h"tVF are positive, the update h"tVF+1 defined in the
iterative scheme (3.24) is also positive if for all 1 < i < P the CFL condition o*|¢| < o + Mi/Mi"'s'l’lC
holds for any & belonging to supp M™+1Fk

(iil) the kinetic entropy of the iterative process (3.25) verifies the following kinetic entropy inequality

¢ i
+04(H(Mf+l7k,zi> —H(Mfﬂ’kﬂ,zi)) e —|—04)(\I/ (Mz_n+1,k7fin+1,k+1>

B \I,<Min+1,k+1’fin+1,k+1>) - \I/(Mfﬂ’k,Mi), (3.30)

H(Mf“”““, z) < H(M;,z) - o* (G‘;?jf/gt - é?ff/&) +(1+a) <77’(U{L“”““) : (1> + gzz-) Qrlkt

where Q?H’kﬂ = Mi"H’l€+1 - fi"Jrl’k+1 is a collision term verifying the conservation constraints (1.7),

where W defined in (2.6) is positive and where é?_:‘ll/’g_ and é?j11/§+ are defined by (3.28).

Before giving the proof we make the following remark.

Remark 3.9. We reiterate the comments made in Remark 3.6 which are to say that in (3.30) the term

r{pmtksr) (1 \ An+1k+1
(). () )

. . . 1.k+1 . .. P . . .
is macroscopically zero since Q?Jr #+1 45 a collision term satisfying the conservation constraints (1.7). Besides,

assuming the method converges as k — oo, the quantity
a(H(MZ’L+17k7Zi) _ H(Min'i‘l,]f-‘rl’zi)) + (1 + Oé) (\If (szﬂ-i-l,k?’fin-l‘l,k?-ﬁ-l) _ \1]<Min+1,k+17fin+17k+1))

will eventually become negligible compared to —W (M, +1’k7 M;) < 0 from some rank k. Integrating inequal-
ity (3.30) over £ € R, this implies that there exists K € N such that for any k > K the fully discrete entropy
inequality

n(Ui”“"““) <n(U') —o* (@?If/’g - é?fll/’;) (3.31)
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is satisfied at the macroscopic level, with é?:ll/’g given in (3.29). Summing inequality (3.31) over every cell
1 < i < P we obtain the dissipation of the total energy up to boundary fluxes

1 " n n 1 n n
M;(n(m ) o) +M( /R §HREYf(€) dé - /R EHTRMM ) d£> <0 (332)

In addition to the usual tolerance criterion where the iterations are stopped whenever two successive iterates
are sufficiently close to each other, we can use (3.32) as a complementary condition to ensure the dissipation of
total energy.

Proof of Proposition 3.8. The proof makes use of the kinetic writing (3.25) of scheme (3.24).

(i) The well-balancedness is a consequence of the hydrostatic reconstruction, see [5].

(ii) Remarking that the quantity (5MZ_L;1/2]€_ - (5Mzn_+11/2k . appearing in the last line of (3.25) defines an odd
n+1,k

function of £ — u;, , its integral over £ € R vanishes and we have at the macroscopic level

n+lk+1 n+1,k k n+1.k n+1,k
(14 a)h! = /R(M oM = e (MY - M) ) g

Thus it is enough to prove the positivity of the integrand, whose developed form is

1,k 1,k 1,k 1,k 1,k
M; + oM — gk§(1§>0Mf++l/2_ - ]15<0M;f’1/2+) + gk§(15>0Mf_+1/2_ - 115<0M;f1/2+).

By definition of the water height reconstruction (3.20), we have the inequalities h?jll/’i < h?ﬂ’k

prtlE < h;”‘l’k. As a consequence Mﬁ:;l/;_ < Mi"'H’k and MZL_'T/;_ < MZ-"H’k7 which allows us to
bound the integrand from below by

and

M; + aM]"THF — gk le MR

If ¢ does not belong to supp M™% this quantity equals M; which is positive. Otherwise, it is made
positive under the condition o*|¢| < a4+ M?/M™* which gives the desired result.
(iii) We start to rewrite (3.25) as

(1 +04)<finﬂ’k+1 _ Min+1,k) _ (Mi _ M{L+1,k>

k n+1,k n+1,k n+1,k n+1,k
— 0 E(M¢+1/2 - ]\41._1/2 + 5Mi+1/2_ - 5M2._1/2+). (3.33)

The strategy is to multiply (3.33) by 8fH(Mi"+1’k, z;) and to separate the discrete time variation from
the flux and source contributions as

afH(M;L“v’“, z) [(1 +a) (f"“’k“ - MZ.”“”“) - (Mi - Mi"“’kﬂ

k n+1,k n+1,k n+1,k n+1,k n+1,k
— —ohopH (MR z ) [ (M — M) o — e . (3.34)

We apply Lemma 2.4 to the left hand side of (3.34) to get
3fH(MZL+1’k,zi) {(1 +a) (fin+1,k+1 _ MinJrl,k) _ (Mi B M?Jrl,k)}
=(1+a) (H(fi"“’kﬂ, zz) - H(Mi"“’k, zl) - \IJ(MZLH”“, ff“”““))

— <H(Mi, %) — H(Mf*l’k, z) — \B(Mf+1’k7 Mi)). (3.35)
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Furthermore, an upper bound on the right hand side of (3.34) is obtained by applying Proposition 3.7
which directly yields

n+1,k n+1,k n+1,k n+1,k n+1,k ~n+1,k ~n+1,k
- afH(Mi 721') {5 (Mi+1/2 - Mi71/2> + 5Mi+1/27 - 5Mi71/2+} < 7Gi+1/27 + Gi71/2+’ (3'36)

with GIfUY and GIFD defined by (3.28). Injecting equality (3.35) and inequality (3.27) into (3.34)

we obtain

(L ) H (f7 78 2) < H(M,20) = o (GHA = G ) + et (M) 2)
(1 @) (MRS, ) g (R ). (3.37)
Using again Lemma 2.4 we can also write

H(f;lﬂ’kH,Zi) _ H(M;”Lkﬂ,zi) I @H(M;”Lkﬂ,zi) (fn+1,k+1 _ MZz+17k+1)

1
n+1,k+1 n+1,k+1
T \I/(Mi ! )

> H<le+1’k+1,zi) _ (n/(Uin+1,k+1) _ (2) +92¢> (Mirz+1,k+1 _ finﬂ,kﬂ)
+ \I,(M;l+1,k+17fzz+1,k+1)7 5.38)

where we used 9y H = dyHy+ gz and (3.13) to get (3.38). Combining this inequality with (3.37) we finally
get

(L ) H (MM 2} < H(M,2) — o (GIA = GI, ) + ol (74 2)

+(1 Jra)\l,(Mnﬂ,k fn+1,k+1> _ \I!(MTLH”“ M) — +a)\Ij(Mﬁ+1,k+1 fn+1,k+1)

—(1+a) (n’(Ui"“”“H) ) (2) + 9%) (finH’kH B Min+1,k+1>.

n+1,k+1 _(fn+1,k+1 _Mn+1,k+1

After rearranging the terms and using @); ; i

entropy inequality (3.30).

) we obtain the desired kinetic

O

Compared to the flat topography case, proving the convergence of the iterative kinetic scheme with hydrostatic
reconstruction (3.24) as k — oo is significantly more difficult owing to the reconstruction step. Instead we
investigate this question through numerical experiments in Section 5, where in all considered test cases the
sub-iterations seem to converge with no issue.

4. TOWARDS THE TWO DIMENSIONAL SAINT-VENANT SYSTEM

Being able to simulate the two dimensional Saint-Venant system is important if one wishes to deal with more
relevant applications. In this section, we investigate the possibility to extend the previous methods to the higher
dimension, while retaining the good stability properties obtained in the one dimensional case. The following lines
should be regarded as more exploratory, and in particular we leave for a future work the in-depth study of the
two dimensional schemes that we briefly discuss below. In Section 4.1 we give the two dimensional Saint-Venant
system and its kinetic interpretation. Then in Section 4.2 we derive a fully implicit scheme over flat bathymetry,
and finally in Section 4.3 we propose an iterative kinetic scheme with hydrostatic reconstruction. In all cases a
Cartesian mesh is considered.
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4.1. The two dimensional system and its kinetic representation

We consider the two dimensional Saint-Venant system written, with obvious notations, under the form

Oh  Ohu 0w

o o Tay 7

T A

B +8x<hu +2h)+8y(huv)— gh@x (4.1)
O DD e gy 0

5 +8x(huv)+8y(hv +2h ) = gh&y

with (u,v) the horizontal velocity vector. A straightforward extension of Lemma 1.1 allows to get a kinetic
interpretation of system (4.1) as studied in [1,4]. To build the two dimensional Gibbs equilibrium, we define the
function

1
X(21,22) = Eﬂz%zggzp (4.2)
and we have
h 61 — U 52 — v 1
YU = (h, hu,hv)", V¢ € R?, M(U,¢) = c2X< Patis ) = g e~ (u)Tle<vagH) (4.3)

with the velocity ¢ = |/§h. Let us remark that when averaging this Maxwellian function in the direction &
(resp. &2), we get a function of &, (resp. &) that coincides with the half-disk Maxwellian (1.4) used in the one
dimensional case. We then state the following lemma.

Lemma 4.1. If the topography z(x,y) is Lipschitz continuous, then U = (h, hu, )T is a weak solution to the
Saint-Venant system (4.1) if and only if M (U, &) satisfies the kinetic equation

IM + & Vg )M — gV g2 Vi, M = Q, (4.4)

for some “collision term” Q(t,x,y,&) that satisfies, for a.e. (t,x,y),

Qde, dé, — / £.Qde, dés — / £Q dé, dé; = 0. (4.5)
R2 R2 R2

Proof of Lemma 4.1. The proof relies on simple computations. Classically, the integral of equation (4.4) over
¢ € R? gives the first line of the system (4.1) whereas the last two lines of this system are obtained by taking
the scalar product of (4.4) against ¢ € R? and by integrating over R2. O

As in the one dimensional case, the Maxwellian (4.3) is associated with a kinetic entropy H(f,£) satisfying
the two dimensional analogous of Lemma 1.2, see [3]. This kinetic entropy is given by

_ L

H(f.§) = S-f + gF. (4.6)

4.2. Fully implicit kinetic scheme over a flat bathymetry

Let us consider a bounded rectangular domain Q = (0, L,) x (0, L,) and its Cartesian discretization using P
cells in both z- and y-directions, such that the total number of cells is P2. We denote (P; ;)o<i j<p the vertices
with coordinates (z;,y;)” given by

x; = (1 +1/2)Ax, y; = (J+1/2)Ay,

where Az = L, /P, Ay = L, /P. We use the following notations:
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— for all (i,5) € [1, P]?, C;; is the rectangular cell centered on P; ; with area |C; ;| = AzAy,
— 0C} ; is the boundary of C; ;,
— indices (4, 7) such that i € {0, P + 1} or j € {0, P + 1} indicate a ghost cell outside of §.

We define the piecewise constant functions U™ (z,y) and z(z,y) on cells C; ; as

U'(x,y) =U, z(z,y) =2, for(z,y)€Ciy, (4.7)
with U7 = (h};, (hu)};, (hv)i';)" such that they approximate the cell averages as below
Uy ~ ! / U™, z,y)dedy zzi/ z(z,y) dz dy.
|Cij 7l e,

57

In the case of a flat topography, the integral over C; ; of the convective part of the kinetic equation (4.4)
gives

M M
/ (at +&- V(W)M> dzdy ~ |C, ] Y +/ (& noc, ) M; ;de
9Ci,;

~|C; ,J| ’j +&AY(Ley>0(Miy — Mo j) + Le <o(Miy1,; — Mi j))

+ £2A$(152>0(Mi,j — M; 1) + Leyco(Mij1 — M), (4.8)

with M; ;(t) = M(U; ;(t),€) and nac, ;(¢) the normal to 0C; ; at the contour abscissa £ € 9C; ; taken outward
to C; ;. From the spatial semi-discretization (4.8) of the convection operator, we deduce an implicit Euler scheme
for the kinetic interpretation (4.4)

Fit = My = o (£ = F250as) — o (£ = £ 2): (49)

where we used o, = At"/Az, o, = At™ /Ay and the interfacial kinetic densities

n+1 _ n+1 n+1 n+1 o n+1 n+1
fi+1/2,j = 1§1>0f7;7j + Lg <o f; i+1,5° fi7j+1/2 - 1£2>0fi,j + 1§2<0fi,j+1'

Denoting f the vector of interior values from R¥ ’

f=fnfarse frafras o frp),
the kinetic scheme (4.9) also writes
(Ip2 +Lp2)f"t = M + B" !, (4.10)

where we have used the particular geometry of the mesh and with Ip> is the identity matrix of length P2, and
the block matrix Lp2 is defined by

D N+t 0 0
N- D N*
Lp2: 0 0 s

N- D N~
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where D, N* are P x P matrices defined by Nt = —0oy&ale,<0lp, N7 = 0y&olle,~0lp and

1 —1¢, <0 0 0
_151>0 1 _151<0
D = 0,/ | 0 0 + oy |&2|Tp.
: —Le>o 1 —l¢ <o
0 0 —1e,50 1

Likewise, the vector B"T1(¢) € RY accounting for the boundary conditions is given by

T
- 1 - +1 +1
N- Dy Df 0 Mioiiom = (MIF", . M)
Mbottom T
. — n+1 n+1
0 D; Dj Miest Miest = (Mgt ..., Mgp
BnJrl _
. M ht ’ o n+1 n+1
: : 0 rig Migny = (Mpii--sMpiip
o D; Di nt) M +1 1\
— n n
» Dp My = (M{EL . MBS

with (D;)%J = 51,i5k,j0—x|£1|151>0 and (Dg)z,] = 6P,i5k,j0:v|£l‘]l§1<0 for all (i,j, k) S [[1,P]]3 Since the matrix
Ip2 + Lp2 has the same structure as the matrix I + oL studied in Lemma 2.1, and since the kinetic representa-
tion (4.4) admits the kinetic entropy (4.6), the results of Propositions 2.2 and 2.3 are still valid. The practical
computation of the inverse of the matrix Ip2 4+ Lp2, of the numerical fluxes at the macroscopic level, and the
implementation of the scheme is left for a later work.

4.3. Iterative kinetic scheme with hydrostatic reconstruction

The iterative kinetic scheme (3.2) and its version with hydrostatic reconstruction (3.25) can be extended to
the two dimensional case. First we need to detail the reconstruction step over a Cartesian mesh. Note that it
is also possible to apply it on unstructured meshes as detailed in [4]. The idea is to apply formulas (3.19) and
(3.20) along the normal of a given edge separating two neighboring cells. More precisely we have

1 1
V1<i,j <P, Upijog,; = | wij |hit1275, Uijtier = | @ig | Pij+1/25, (4.11)
Vi j V4,5
with the reconstructed interfacial water heights given by
hix1jag,; = (hij + 25 — Zi:tl/2,j)+7 hijryor = (hij + 2ij — Zz',j:l:l/2)+7 (4.12)
and with the interfacial bathymetry z;,1/2; = max(z;;, ziy1,5) and 2; j11/2 = max(zj,2i;41). It is then

possible to consider the Maxwellian densities associated with the reconstructed interfacial states (4.11) through
an upwinding as follows

Mii12,5(8) = 1eys0M (Uis12— 5, €) + Ley<oM (Uit1 2455 )
Mi,j+1/2(f) = 1£2>0M(Ui,j+1/2—7§) + 1§2<0M(Ui7j+1/2+,§).

An implicit hydrostatic reconstruction kinetic scheme stemming from (4.9) consists to find macroscopic states

(UZ’;I)IS%"J‘SP such that

n+1l _ n n+1 n+1 n+1 n+1 n+1
M= = Mi; — 0.6 <M¢+1/2,j - Mi—l/&j) — oy (Mz‘,j+1/2 - Mi,j—1/2) + Qi
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n+1,k n+1,k n+1,k n+1,k n+1,k n+1,k
T 0w (51 T Ui ) <Mi+1/2—,j B Mi—1/2+,j) t oy (52 Vi ) (Mi,j+1/2— B Mi,j—1/2+>’

where Q;‘jl is a collision term verifying (4.5), and where the last line of the above expression accounts for the
topography source term. As in the one dimensional case, it is not possible to compute explicitly this update,
instead we approximate it by a fixed point method

(1+ a)f;?ﬂ-_i—l,k-i—l =M}y +aMZ;L17k — 0.6 (M,"“”“ _ LR ) oy (M@grl,k Lk )

i+1/2,5 i—1/2,5 i,j+1/2 T i i—1/2
n+1,k n+1,k n+1,k n+1,k n+1,k n+1,k
T (51 T Ui ) (Mi+1/27,j - Mi71/2+,j) oy (52 ~ Vi ) (Mi,j+1/27 - Mi,j71/2+)7 (4.13)

where a > 0 is a relaxation parameter, combined with the projection step

n+1,k+1 _ pn+1k+1 n+1,k
Mg =ty T Qi (4.14)

At the macroscopic level, an iterative scheme is obtained by integrating (4.13) against (1, ) which is implemented
in practice. It reads

n+1,k+1 n n+1,k n+1,k n+1,k n+1,k n+1,k
(1 + U =Uijtaly; " —0s (Fx,z‘+1/2—,j - Fx,i—1/2+,j) ~ % (Fy,i,j+1/2— - Fy,i,j—1/2+>’ (4.15)
where we have the following definition of the numerical fluxes
1 0
bk e e | rE dgde, + 2 nt1,k) 2 itk )2
z,ik1/2F,5 2 st ix1/2,5 G192 T 5 (hi)j ) — (hiil/Q:F?j) )
62 0
1 0
Fn+1,k _ § 5 Mn+1,k df df + g 0
RRESVE= S R ij1/2 9616462 T 5 ) )
R & (hn+17k) _ (hn-i-l,k )
i.J i,jE1/2F

The results obtained in Section 3 for the 1d Saint-Venant remain valid in the two dimensional setting since,
the kinetic representation (4.4) of the Saint-Venant equations with Maxwellian (4.3) possesses a convex kinetic
entropy H given by (4.6).

The complete analysis of the 2d scheme is left for a forthcoming paper but a numerical experiment consisting
of the two dimensional parabolic bowl [17] is presented in Section 5.3.

5. NUMERICAL SIMULATIONS

In this section we evaluate the behavior and the efficiency of the proposed kinetic schemes through numerical
experiments. In Section 5.1, we focus on the fully implicit kinetic scheme over a flat bathymetry that corresponds
0 (2.1). Then, in Section 5.2, the iterative kinetic scheme with hydrostatic reconstruction is investigated numer-
ically. In particular, we exhibit a test case where our iterative method succeeds to dissipate the total energy
while its explicit version increases it. Finally in Section 5.3 a two dimensional test case is proposed. Unless
specified otherwise, we use a CFL constant of 0.45 and the relaxation parameter « is set to one for the iterative
kinetic schemes.

5.1. Fully implicit kinetic scheme in the flat bottom case

Slow moving shock. To assess the efficiency and interest of the implicit scheme (2.2), we perform a numerical
test involving a Riemann problem with a slowly moving shock over a flat bottom. This configuration is achieved
for a nearly transcritical flow where the material velocity w is positive and satisfies u—+/gh =~ 0 and u++/gh > 1.
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FIGURE 2. Slow moving shock approximated by various kinetic schemes, including explicit,
implicit and iterative strategies. The initial condition is given by a Riemann data with discon-
tinuity at position z = 0.

Hence the maximum eigenvalue severely constrains the time step, however a small time step might not be
necessary to accurately resolve the slow shock. We set the gravitational acceleration g to 10 and the Riemann
problem corresponds to the initial state Uy, = (1,4.75)7 for z < 0 and Ug = (2,4.75)T for x > 0. In Figure 2 we
compare several schemes with an explicit time step Atexp given by the CFL condition Ateyp <
as the implicit kinetic scheme using a time step Atimp = 10Atey,. We also use the iterative bcheme (3 3) with
parameter a = 1, and plot the results at time ¢ = 0.5. We notice that in the discharge profile, an oscillation
appears downwind of the left-going shock, which is quite pronounced for the explicit and iterative kinetic
schemes, and less so for the fully implicit ones. As expected the implicit scheme using Atin,p strongly diffuses
the fast traveling rarefaction. On the other hand the slow shock seems to be slightly less impacted by the large
time steps, however it is still less diffused when using Atexp. Despite requiring ten times less iterations to reach
the final time, the use of large time increments for the implicit kinetic scheme only results in around two percents
faster computations compared to the explicit strategy which is due to the high quadratic cost of the implicit
method. We believe that it is not possible to lower this cost when it comes to unconditionally stable methods,
because the associated stencil has to cover the entire computational domain.

Riemann problem. We compare the fully implicit kinetic scheme and iterative kinetic scheme to explicit
methods. The test case is given by the Riemann problem with initial data U%(z) = 1,<oUr + 1,~oUr where

we define
2 1
0= (1) vn=(1)2).

The gravity constant g is set to 100 and the solution consists in a l-rarefaction and a 2-shock. The iterative
kinetic scheme uses the half-disk Maxwellian, and we choose the parameters a = 1 and e, = 107° for the
stopping criterion. All the schemes use an explicit time step, and the results are given in Figure 3 at time
t = 0.025. Three aspects have to be considered, namely the accuracy, the computational cost and the stability. In
Figure 3, we see that in terms of efficiency both iterative and implicit kinetic schemes are at their disadvantage.
Especially, the quadratic complexity of the fully implicit version results in a steeper slope of the efficiency
curve. However this is only one part of the picture, and we know from Proposition 3.5 and Remark 3.6 that
the iterative kinetic scheme (3.3) satisfies a discrete entropy inequality without restriction on the time step,
assuming enough iterations are performed. Concretely the greater stability comes with a higher level of diffusion
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FiGure 3. Comparing implicit, iterative and explicit kinetic solvers on a Riemann problem.

which is noticeable in the first two plots of Figure 3. This increased diffusion remains within acceptable margin,
and is the price to pay to have better stability properties.

Total water height conservation. We consider a double dam break problem over the domain (—1,1) with
flat bottom, g = 10 and the following initial condition:

vz e (-1,1), h%(z) =2-1j<02, ¢°(z)=0.

For sufficiently small times 0 < ¢ < Ty the solution remains supported in (—1,1), hence we can enforce
homogeneous Dirichlet boundary conditions on h and ¢q. In practice the simulation uses 512 cells and stops at
Tt = 0.05. The relative total water height and total discharge are plotted in Figure 4 for the fully implicit kinetic
scheme (2.1) and the iterative kinetic kinetic scheme (3.24). The latter achieves a deviation of less than 10715
for both the total water height and total discharge. On the other hand, the maximum deviations for the fully
implicit scheme are respectively of order 10~!! and 1078, Hence when the conservation of mass and momentum
is of critical importance, the iterative kinetic scheme should be preferred.
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FIGURE 4. Total water height and discharge evolution. The light blue line stands for the fully
implicit kinetic scheme (2.1) and the dark dotted line for the iterative kinetic scheme (3.24).

5.2. Iterative kinetic scheme with hydrostatic reconstruction

Parabolic bowl. Now we consider the Thacker’s test case, also known as the parabolic bowl test case, taken
from [17]. The analytic solution in the domain © = (0, L) corresponds to

atw) = =" ([(w = §) + S eos(2B8)]* = 1) Luew

a

u(t,z) = Bsin(2Bt) 1 ew ) W(t) =
z(x) = ho(a%(a: - %)2 - 1),

where we set hg =0.5,a=1,L =4, B= i\ﬂgho and g = 10. We plot the numerical solution at time ¢ = 0.75
in Figure 5. This test case is relevant as it provides us with a non trivial analytical solution enabling to plot
convergence curves, and it is known to be challenging numerically, as it presents a varying bottom together
with an evolving wet/dry front and a discontinuous velocity profile. It is interesting to note that the different
choice of Maxwellian used in the two iterative kinetic schemes has very little impact on the approximation. In
both cases we obtain a convergence with first order accuracy, and unsurprisingly the numerical cost is higher
than for fully explicit methods due to the number of sub-iterations required to update the solution. One should
also note that the use of the half-disk Maxwellian is slightly more expensive than the simpler index Maxwellian.
Besides, in this test case the iterative kinetic scheme with index Maxwellian was always able to fulfill the
entropy condition (3.32) after some iterations, which we only proved rigorously for the half-disk Maxwellian.
Hence despite using the wrong Maxwellian, it seems that the iterative kinetic scheme in question still has better
stability properties than fully explicit methods. This will be further corroborated with the next test case.

cos(2Bt) + (—a,a),

Total energy dissipation. To assess the good entropy stability property of our iterative kinetic scheme with
hydrostatic reconstruction (3.22)—(3.24), we wish to compare it to its explicit counterpart in a test case where
this latter method fails to dissipate the entropy. To construct such a test case, we can use the discrete entropy
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FIGURE 5. Parabolic bowl approximated by explicit and iterative kinetic schemes. First row:
elevation and discharge at time 0.75, second row: convergence and efficiency curves, third row:
conservation of the total water height up to machine precision. The stopping criteria used in
the two kinetic iterative schemes combines the standard tolerance condition with tolerance

e =107? and the entropy condition (3.32).
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FIGURE 6. Evolution of the relative total energy obtained for various explicit and iterative
kinetic schemes.

inequality verified by the explicit kinetic scheme established in [6], Theorem 3.6. It reads as
H(finﬂv Zi) < H(M', z) — G<é?+1/2— - é?—1/2+>
2
= Ciol¢] (]l£<0 (Mi+1/2+ + Mi+1/27) (Mz'+1/2+ - Mi+1/27)
2
+ Leso(Mi—1jo + Mi—1j2- ) (M;_1/24 — M;_1/2_) )

+ CQ(CTEmax)QMi((Mi - Mi+1/2—)2 + (M; — Mi—1/2+)2),

with the kinetic entropy fluxes é?+1/2—’ CNJ?_l/2+ defined in (3.28) and with Cy,Cs > 0 two constants. Since
terms in factor of C'; have negative sign, they play the role of a dissipation; on the other hand the ones in
factor of Cy are a positive error contribution. A possibility is thus to choose an initial condition such that the
dissipative term cancels, but not the error one. In the dissipation, quantities of the form M;i/94 — Mjt1/2-
vanish when the free surface elevation h 4+ z and the velocity u are constant across the mesh. At the same time,
terms of the form (M; — M;44/9+) appearing in the positive error term vanish if the bathymetry is taken flat.
Hence we consider an initial condition given by a flat free surface, a non flat bathymetry and constant velocity
which is nonzero (otherwise one would get a lake at rest steady state). More precisely we set the spatial domain

to 2 = (0,1) with periodic boundary conditions, with ¢ = 10 and we have initially

Vo € (0,1), h"(z)=—2(z), u™(z)=1, z(z)=-5+ ;<1 + cos(57r<x - ;))) Lo 1<t

The results can be seen in Figure 6, where we plot the time evolution of the total energy for various schemes
over a mesh of P = 100 cells. Interestingly all the iterative methods manage to dissipate the total energy at
each time step, even the scheme using the index Maxwellian (2.18), for which there is no proof of discrete
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FIGURE 7. Water height and discharge L? errors obtained for the 2d parabolic bowl test case at
final time ¢ = 27 /w with the HLL scheme, explicit kinetic scheme and iterative kinetic scheme.

entropy inequality. On the contrary, as expected the explicit kinetic scheme with half-disk Maxwellian increases
the energy in the first few time steps, after what it decreases. The same goes for the explicit HLL scheme, and
as a result these two explicit methods are not entropy stable for this test case. For comparison we also added
in dark blue the iterative kinetic scheme with o = 0 and whose sub-iterations stop as soon as the entropy
condition (3.32) is verified. We can see that after some time this scheme becomes less dissipative than iterative
kinetic methods using the standard tolerance condition; moreover this time roughly corresponds to the time at
which the fully explicit schemes stop increasing the entropy.

5.3. Two dimensional simulation

We investigate the two dimensional iterative kinetic scheme with hydrostatic reconstruction given in
Section 4.3. The exact solution in the domain = (0, L)? can be found in [17], and reads

h(t,z,y) = 22#([(96 - %) cos(wt) + (y — %) sin(wt)] — 2(z, y))+ 2
u(t,z,y) = —nwsin(wt) L 2,4)>0 z(@,y) = —ho <1 - 112)’
v(t, z,y) = nw Cos(wt)lh(t,wyy)>07

with r = \/(x — L/2)2+ (y — L/2)2, L = 1, hg = 0.1, a = 0.25, n = 0.2, w = \/2ghg/a and g = 10. Setting
t = 0 in the above expressions yields the initial condition, and the numerical approximation is computed with
the 2d version of the iterative kinetic scheme (4.15) using the Maxwellian defined by (4.2) and (4.3), with a = 3,
e = 107Y and a CFL constant of 0.2. The L? errors for the water height and the discharge are compared to that
of the explicit HLL and explicit kinetic schemes in Figure 7, where we see similar results. A surface plot of the
elevation and bathymetry is also provided in Figure 8 at different times.

6. CONCLUSION

In summary, using a kinetic solver, we built implicit schemes for the one- and two-dimensional Saint-Venant
systems that are structure preserving and in particular entropy dissipating, therefore improving upon the pre-
viously investigated explicit scheme [6]. Indeed we showed that an implicit version of the scheme offers stronger
stability results: in the flat bottom case we got rid of the CFL condition while retaining the positivity and
the entropy dissipation properties; whereas in the varying bottom case we showed that it is possible to fix the
creation of entropy induced by the hydrostatic reconstruction technique when using a fixed point sub-iteration
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FI1GURE 8. Numerical approximation of the 2d parabolic bowl using the iterative kinetic scheme
with € = 10~7 over a 100 x 100 mesh. From left to right and top to bottom: initial condition,
approximation at time t = 27 /3w, t = 47 /3w and t = 27 /w.

process that approximates the implicit update. The benefits of our approach were then illustrated through
numerical experiments.

In general the choice of implicit solvers comes with an increase in computational cost compared to explicit
schemes. Yet in some regimes with multiscale behavior, such as the one corresponding to low Froude numbers,
it can make sense efficiency-wise to use an implicit scheme with large time steps. In this regard, the ability
to explicitly write the update of our fully implicit scheme when the bathymetry is flat makes it competitive
compared to other implicit strategies resolved by a direct method. However when the bathymetry is not flat, this
implicit kinetic scheme cannot be used, instead we can consider the iterative kinetic scheme with hydrostatic
reconstruction, which should be more relevant for real-life applications.

Future works include an improvement of the hydrostatic reconstruction that would allow to preserve a broader
family of steady states. This would be achieved by modifying the velocity in addition to the water height at each
interface. Another point to investigate is whether a semi-implicit time discretization combined with a kinetic
solver can be used in order to reduce the amount of diffusion and improve the efficiency while keeping a fully
discrete entropy inequality.
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APPENDIX A. EXPRESSION OF THE NUMERICAL FLUXES

The optimal choice for the Maxwellian is given by (1.4). Unfortunately the explicit expression for the numerical fluxes
appearing in (2.20) is hardly possible with the choice (1.4) and the use of approximate quadrature formula for the
integrals in (1.4) will degrade the accuracy of the scheme and increase the computational costs. Hence, we we choose M
defined by the first expression in (2.17) and relation (2.20) becomes

) min(0,b%) P 2R _ j—i max(0,b7) % oK™ i—j
o= e (S () e [ S () ).
2\/§ min(O,a;") =i g § (170-6)J ¢ max(O,aJ’.L) j=1 g § (1+U£)Z J

with a} = u} —v/3¢} and b} = u} + v/3¢}. The expressions of A" and (hu)i™ are given by

P n . .
. 1 mm(O b ') (_ 2hn max(0,b%) (0_5)7,7J
hM = de+ / ¢ Al
2v/3 Jz:; mln(O am) 1- a—f )i—itl Z max(0,a7) (14 og&)i—i+1 ( )
(Ah)i,j (Bh);,;
P
. 1 1 hm min (0, b ) Uf ] i+1 max(O b ) (05)1 j+1
hu)i™ = = dé+ S —de | (A2
(hu) 23 ; U\/i mm(o . (1 — gg&)i—itt Z max(O am) 1+ g€)i—i+t ( )
(Ahu); j (Bhu);,;

Now we need to compute analytically the integrals of both expressions using the following lemmas.
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Lemma A.1. If we denote y =1 — for all x € R\{—1} and C € R we have the following primitive:

1

1+
2k Kk yl

/7(1+x)k+1d n(|1 + z) ZT+C.

=1

Lemma A.2. Using the same notation as in the previous lemma, we have

2k k-1 Yl ,

Proof of Lemma A.1. We have

[_/ xk‘d_/ z* 1d_/1_3;’€1.
) ()R v Q1+x)k14z v 142/ 1+x

dy -1 1
I= (41 - = )
/y( y)(lfy)Q /1fy+1fydy

Now we use the formula ¢* — 1= (y — 1)(y* " +y* 2 + ... + y + 1). And we obtain

We pose y =1 — 1+z

k—1
—/Zyldy—ln(\l—y\)JrC CeR
k yl
/ !
n(l+al) = 5 +C C'eR
1=1
O
Proof of Lemma A.2. We already have denotedy———l—m
1= [(v5) = [ = [ (S )
L+a (1—y) —y?  a-p?)”
where the formula y* —1 = (y — 1)(y* ' + ¥* 2 4+ ... + y + 1) has been used. Hence
k—1 ) k—1yl_1 =
% St [ S wrero
= 1=0 1=0
k—11—1
/Zidy—l—k’ln(ﬂ—y\)ﬁ-m%—c‘ /ZZypdy Eln(ll1+z))+x+C’
=1 p=0
k—1 k-1 |
:Zz/ 1ty — kIn([1 4+ 2)) + 2+ C' = Zzy —kIn(|1+2|) +z+C",
1=1
with (C,C”",C") € R3. O

We are now able to compute the quantities Ah; ;, Bhi, j, Ahus,j, Bhu; j

min(0,b7) o j—i — min(0,b7)o j—i
Ahi,j:/ ’ L)..dg:fl/ @,

min(O,a;L) (1 - U&)J71+1 o (1 + 1’)]714»1

- min(O,a?)o’
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- min(O,a}l)a

In(|1 + ) Zyl] . (A.3)

7min(0,b;‘)a
max(0,b7) i—3 1 max(0,b7)o i—j
Bhi’j :/ ! 7(0-£) PR df = 7/ ! 7(‘%) i—i+1 dz
max(O,a;L) (1+U§) J 9 max(O,a}‘)a (1+$) J
1 i—j yl max(O,b;L)U
=~ |m(1+ap-S L (A.4)
g =1 ! n
= max(O,a]. Yo
And similarly we obtain the formulas for Ahu and Bhu under the form
1 i i1t 7min(0,a§")cr
=1 7min(0,b;.l)a
1 i—j yi—j+1—l max(0,b")o A .
Bhu; j = —|—(i—j+ 1)In(|1 l . .
s = g |Gt D a) o4 3 (A-6)

max(O,a;‘ Yo

To conclude this paragraph, we give the final expression of U™

P - J—i 7min(0,a?)0 i—j max(O,b?)o’
int 1 Z [ 2h; In(|1 + z|) Z Y +Z In(]1+ =|) — 2 (A7)
hint = —2 {In z|) — = n z T )
20/3 = g el :

= — min(O,b;”) =1 max(O,a;")o'
int 2hn j—i yk 7min(0,a;’/)¢7
(hu); 2202\[ Z —(j—i+1)In(J1 +=z|) +I+ZJ_Z+1_I€)?
k=1 — min(0,b™)o
J
i—j k max(0,b")o
Z |: (t—7+1)In(|]1+=z|) +33—|—Z’L—‘]—|—1—I€)Z§€:| . (A.8)
k=1

max(O,a;‘)a

APPENDIX B. COMPUTATIONS OF THE FLUXES INVOLVING THE BOUNDARY CONDITIONS

tn+1

We assume the ghost quantities Uf'™ and UpT] at time to be known. The exterior contribution given in (2.19)

also writes 1 ( €)P_i+1 1 ( 5)1‘
ext __ 70-7 n+1 g n+1
vi */(9@—¢P%””“%+Axau+ﬁ> @

Using computations similar to what has been proposed in Appendix A, we get

ext Qh;j_l min(0, b;,+1) (1> (_o,g)P—H—l a + 2h61+1 /max(o,béwrl) (1) (aé)l d§
2 2[ m(O an+1 § (1 - UE)P_’H—I g max(O,a3+1) 5 (1 + o’é‘)l ’

or equivalently

h?Xt _ 1 | 2hn+1 /mm(O bp+1> ( O’f)P_H—l dg N l2hn+l /max(O,bg+1> (Uf)l dg
’ 2\/7 min(0, an+1) (1 - Uf) —i max (0, aw+1) (1 + Ug)z '
n min 2 n max n+l 7
e = L[ [ ot WM“ RO o8
‘ 2\/7 mln(O a;ill (1 - Uf Z+1 ax(O,ag+1) (1 + 05)1

As explained in Section 2.4, in practice we will replace the unknown values of USLH, U;ﬂ with that of Ug',Up, ;. The

expression of h$™" can then be established by the mean of Lemma A.2. We have now to find an analytic expression for
the quantity [ (f:%)lk dx in order to obtain the final expression (hu){**. The following lemma holds.
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Lemma B.1. Let k € N*. If we denote y =1 — for all x € R\{—1} and C € R we have the following expression

_1
1+x

k—2

k+1
L dr= (- ki Y (=D
/(1+$)k dx_< 1(k r 1) 2 T>11k>3 ( 5 In|1 —y| ) 1r>2

r=

LA I S kil(kf 12 ) 1pss — klnf1 — y| + C
(1-y) " 20-y)? Vg ) =2 v

Proof. We begin by performing the change of variable y =1 — -— +I

/(lﬂ%)’“dx:/y%liy_l)(liyy)z:/(lgky)3dy_/#dy'

Making use of y* — 1 = (y — 1)(y* "' + 472 4+ --- + 1) as before, we remark the following relation for k > 1

k k k—1
y' ooy -1 1 e L
-y 1-y 1-y 2 1oy
p=0
Dividing this by 1 — y leads to
’yk _k‘—l yp N 1 B _k—l<yp _1 1 > 1
(1—-y)? l—y  (1-y)? l-y 1-y) (1-y)?

As a consequence we get the following primitives up to a constant

- 1
/( dy-(ZZ )]lkZerklnler(l_y)

p=1qg=1

y* g (k—1) k 1
[atm < 1LY )ﬂ'“”_21“'1“’””22‘<1—y>+2<1—y>2'

p=2q=1r=1

Finally, we simplify the double and triple sums

k—1 p y k—1k—1 y k—1 Y
PIPIEEES 9) DR WSS
p=1q=1 g=1 p=¢q q=1

From this we deduce that
k—1p—1 q k—1p—1 r
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k—2 p r k—2k—2 ”
= p-r+1L = (p-r+1%
p=1r=1 r r=1 p=r r
S k—r—1(k+r—2) Y
:;( ; +(k—r-1)-n)L
= k—ry”

(k—r—-1)

As a conclusion we have the expression

k+1 k— "
x - k—ry k(k—1)
/de—<2<krl> 3 T>1k23(21n|1y| Lz

where C' € R and with y = z/(x + 1).
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