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Abstract

We consider the numerical solution of the shallow water equations on unstructured grids. We focus on flows over wet
areas. The extension to the case of dry bed will be reported elsewhere. The shallow water equations fall into the category of
systems of conservation laws which can be symmetrized thanks to the existence of a mathematical entropy coinciding, in
this case, with the total energy. Our aim is to show the application of a particular class of conservative residual distribution
(22) schemes to the discretization of the shallow water equations and to analyze their discrete accuracy and stability
properties. We give a review of conservative 2% schemes showing relations between different approaches previously pub-
lished, and recall L™ stability and accuracy criteria characterizing the schemes. In particular, the accuracy of the 29
method in presence of source terms is analyzed, and conditions to construct rth order discretizations on irregular triangular
grids are proved. It is shown that the 22 approach gives a natural way of obtaining high order discretizations which,
moreover, preserves exactly the steady lake at rest solution independently on mesh topology, nature of the variation of
the bottom and polynomial order of interpolation used for the unknowns. We also consider more general analytical solu-
tions which are less investigated from the numerical view point. On irregular grids, linearity preserving 2% schemes yield a
truly second order approximation. We also sketch a strategy to achieve discretizations which preserve exactly some of these
solutions. Numerical results on steady and time-dependent problems involving smooth and non-smooth variations of the
bottom topology show very promising features of the approach.
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1. Introduction

This paper considers the solution of the two-dimensional shallow water equations on unstructured
meshes. The shallow water system describes the motion of shallow free surface flows under the action of
gravity force. We consider the case of frictionless flow over wet non-flat bed. The extension to dry bed
including bed friction will be reported elsewhere. The equations constitute a non-homogeneous system of
conservation laws in terms of local water height and discharge (or momentum), where the source term mod-
els the effects of the variation of the bottom on the flow. It is known that this system admits a mathematical
entropy, in the sense of Harten [1], which symmetrizes the system and coincides with the total energy in the
flow [2]. A review of the nonlinear stability principle associated to the total energy can be found in [3] and
will only be briefly recalled in this paper. Moreover, the shallow water system has a number of exact solu-
tions with a known simple analytical form. Among these we consider the approximation of the so called
lake at rest solution consisting of still flow over a non-flat bottom. Independently on the shape of the bot-
tom, the system admits the exact steady solution consisting of zero flow speed and constant total height of
the water. We also review additional truly two-dimensional steady solutions which are less investigated from the
numerical view point.

We are interested in the application of the family of conservative residual distribution (2%) schemes pro-
posed in [4-8] to the discretization of the shallow water equations. Due to the lack of a multidimensional con-
servative linearization of the flux Jacobians of the system [9], standard matrix Z% schemes cannot be applied.
The class of schemes of [4-8] gives a simple solution to this problem. Previous investigations considering the
application of residual distribution to the shallow water equations have been published in [10-12]. The
schemes considered in the references are however non-conservative or based on ad hoc conservative correc-
tions and do not propose a general framework for the discretization of systems of conservation laws. More-
over, the references do not contain any theoretical basis for the analysis of the accuracy and stability of the
discretizations and consider only steady-state computations or time-dependent computations based on first
order inconsistent discrete approximations. Here, we show how the schemes of [4-8] can be used to approx-
imate steady and time-dependent solutions of the shallow water equations and, following [6,7,13,14], we pro-
pose nonlinear schemes which are formally second order accurate and which provide a non-oscillatory
approximation of discontinuities. The reader may consult [15] for an alternative construction of second order
monotone 2 discretizations for time dependent problems.

The structure of the paper is the following. We start by recalling the shallow water equations, their sym-
metric form, the associated energy stability principle and several exact steady-state solutions including the lake
at rest solution. In Section 3 we then present the conservative schemes of [4-7] for steady and unsteady prob-
lems. We show how to extend these scheme to problems with source terms. We analyze the accuracy of 2%
schemes in presence of source terms. Second order 2% schemes are proved to guarantee the preservation of
the exact lake at rest solution independently on the topology of the mesh, on the variation of the bottom and
on the order of interpolation of the unknowns. Differently from other numerical techniques [16-19], this is
achieved very naturally thanks to the truly residual character of the schemes. Finally, we present and discuss
the numerical results obtained on a number of representative steady and time-dependent test cases in Section
4. Some comments related to the future development of the method are proposed in the conclusion.

2. The shallow water system and its properties
2.1. Conservation law form of the equations

Frictionless shallow free surface flows under the action of gravity force can be modeled by the following
system of the shallow water equations:

0
6—?+V~37(u)7y(u,x,y):0 on @ x [0,¢,] € R x R*, (1)
where Q X [0, #/]is the space-time domain over which solutions are sought, and the vector of conserved variables

and fluxes are given by
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H Hu Hv
u= |Hu|, FW)=[F, IF]|= Huz+g1"72 Huv (2)
Hv Huv H? —|—g“"7Z

with H the local relative water height, ti = (u,v) the flow speed and g the gravity acceleration. The source term
& (u) models the effects of the shape of the bottom on the flow and is given by

dy ’

T
F(u,x,y) = — [0 oH agg;,y) gH 26 .

where the superscript © denotes the transpose of a vector (or of a matrix) and B(x, y) is the local height of the
bottom. We define H,,, = H+ B, the total water height (Fig. 1). We consider only flows over wet bed
(H > &> 0). The extension to dry flows (H > 0) will be reported elsewhere. In the simplified case of flat bot-
tom, in which we will assume B = 0 V(x, y) € Q, system (1) expresses the conservation of the total water height
H,,, = H and of the discharge Hii in presence of the gravity force. Note that the system indeed admits physical
discontinuous solutions (hydraulic jumps). As a consequence, the use of conservative numerical discretizations
is necessary for a correct approximation of these features. Moreover, the schemes used to approximate (1)
should also have some form of L., stability in order to provide a non-oscillatory numerical solution in cor-
respondence of discontinuities.

2.2. Symmetric quasi-linear form and total energy equation

One of the most interesting properties of system (1) is that the total energy in the flow

5w = (et + g8+ 7). @
respects the inequality [2,3]

oE H?

E—&-V-(ﬁE)—i—V-(ﬁgT)gO. (5)

The energy E, which is convex in u, acts for the system as a mathematical entropy, in the sense of Harten [1]. In
particular, introducing the vector of symmetrizing variables v given by [3]

p
_aE(ll)T_ B P
V= ou = |uj, P*gH— 2 ) (6)
1%

the system can be written in the symmetric quasi-linear form

ov ov ov
Ayt Ay + Ay — — =
0 ot + A4 ax+ Zay y(vwx?y) 0 (7)
with the notation & (v,x,y) = £ (u(v),x,y) and with the symmetric Jacobians {Ak}izo given by
Ou 6?1 6%2
A = — = = . 8
"Tov Ty T oy ®

.
,/\Q“/

Hiyy=H+B

B(x, y)

x

Fig. 1. Shallow water equations: basic unknowns.
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Note that the convexity of E(u) also implies that A4 is positive definite. The total energy equation is recovered
multiplying on the left (7) by v', obtaining [3]

ov ov ov

Ou(v)
T ~, T ~ T — T = T2\ . e _ <
v Ay or +v A4 6x-i-V A o A y(Vy)CJ’) A ( o +V J‘”(V) y(“%)’)) <0. (9)

The symmetry of the flux Jacobians guarantees that the matrix
K =41& + 426,

has real eigenvalues and eigenvectors Ve = (é1,&,) € R?, hence the system admits simple wave-like solutions
traveling with speeds associated with the eigenvalues of the flux Jacobians. For completeness, we report the
eigenvalues of K = A&, + A»&,, given by

M=1iu- E, Jaz =i iaHzH

with a the speed of propagation a = \/gH. It is also useful to introduce the Froude number

(10)

2.3. Steady solutions

Developing the second and third lines of (1) and (2), we get

O0(Hu) O(Hv) Ou Oou OH+B)|
u[ ox + oy +H ”ax“ay+g Ox =0

and

O(Hu) O(Hv) v Oov OH+B)|
Ul:T—F ay +H ua—i—va—&-gT =0.

Using the notation

24 2 2,2
J:u ;U +g(H+B):u S +gH o,
we get
ou Ou O(H+B) 0s ou Ov
HluZp oy o D220 g2 (22
{”ax+”ay+g Ox } aer U(@y ax)

H u%—i—v@—l—g—a(H—i_B) =H6—1+Hu Gv_ u .
X )y Jy Ox Oy

The steady shallow water equations are equivalent to:

O(Hu) O(Hv)

O(H)  OHON o v + meura( ") =o. (11b)
ox oy u

We look for elementary solutions of (11a) and (11b).

2.3.1. The lake at rest solution
We recall here the so called lake at rest exact solution of the equations. This solution is easily obtained
assuming ¥ = v = 0 and integrating (1) over an arbitrary control volume ¥~ obtaining
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/ H wdy=—d4  Hi-idi=0
L o o

and

't/‘ 41/'

If Hiolx,y,t =0)= Hy V(x,y) € Q, from the arbitrariness of ¥~, one gets the exact solution

Hiot(x,0,1) = Hiot(x,y,6 =0) = Hy V(x,y) €Qandt > 0,

(12)
u=v=0 V(x,y)eQand? > 0.

Note that this is independent on the shape of B(x,y), as long as VH,, is integrable. Later on we will show a
class of schemes preserving exactly this solution independently on the form of B(x,y), mesh topology and de-
gree of the discrete polynomial approximation of the unknowns.

2.3.2. Two-dimensional solutions
In order to mimic geophysical flows, we look for solutions such that

V-i=0.
This divergence-free condition is satisfied if
LW
" oy’
for some given function . Then (11a) becomes
ua—H—i—va—H—i—HV-ﬁ:O,
Ox 9%
that is
CH L SH O o

Ox dy Oy Ox Ox Ox

so that a simple choice is H = + o where o is a constant.
We now examine (11b). We have

so that a curl-free solution is obtained provided Ay =0 and then

2
B:g”(C—”v;M) -y —a,

where C is another constant.

We now have to choose . It is well known that harmonic functions are real parts of holomorphic func-
tions, Y(x,y) = Ref(z) where f'is holomorphic in z = x + iy. The function f'is arbitrary. Examples will be given
in the results section.

3. Conservative RD schemes
3.1. Basic formulation

Consider an unstructured discretization of Q composed by non-overlapping triangles. We denote the mesh
by 7, with £ a reference global element size (e.g. largest element diameter) and by E the generic element in the
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grid. Given a vector of state variables w(u), on .7 ,, we denote the piecewise linear continuous interpolation of
the nodal values w; = w(u,) by w;,. We consider schemes of the form

du; .
|Si|d—+Z¢,.(w,,)=o Vi€ 1, (13)
! Ec9;
with {u’},., = {uo(x;,y;,¢ = 0)}, . being ug(x,y) the initial solution, |S| the area of the median dual surface
of node i and Z; the stencil of node i, i.e., the set of triangles containing i as a node (see Fig. 2). In the homo-
geneous case & = 0, the quantities ¢(w;) determine some form of the splitting

S, m) = ¢ (wy) = }{ F(w,) - idl VEe 7, (14)
JEE OF

The quantity ¢”(w,) is called the local element residual while the ¢ ;s are referred to as the local nodal residuals
or split residuals. If not stated otherwise, we assume the residual ¢" to be computed with exact integration. As
remarked in [4-8], the direct use of the integral formulation of the problem, guarantees that, as long as the
consistency relation (14) is satisfied, scheme (13) reduces to a discrete approximation of the Rankine-Hugon-
iot jump conditions across a discontinuity, hence the schemes are conservative by construction. Indeed, when
seeking a discontinuous steady-state solution, scheme (13) can be seen as an iterative procedure to reduce the
conservation defect represented by the residual. Clearly, the definition of the splitting (14) determines the final
properties of the discretization. However, before giving some design criteria for the ¢s and introducing the
schemes used in this paper, we will add some remarks concerning the computation of the residual. In partic-
ular, we remark that using Gauss’ theorem one can write (see Fig. 3)

¢ (i) = / V. 7 (w;)drdy / T ). G, drdy
E E

and finally for a piecewise linear wy,

) ~ ~ 1 oF (wi)\ .
Y K, Kf:i(/g Th),l/ (15)

JEE

with 7, the inward pointing vector normal to the edge of E facing node j, scaled by the length of the edge. In
(15) the K ; matrices represent the projection of an exact mean-value flux Jacobian along 7;. As we will see
later, the sign of these Jacobians, defined in the usual matrix sense via eigenvalue decomposition, can be used
to devise upwind discretizations. Here we limit ourselves to the following remarks.

(i) The computation of the exact mean-value Jacobians, needed to evaluate the residual as in (15) and for
the distribution, is difficult or even impossible, especially if one seeks a closed form analytical expres-
sions. To partially cure this, in [20] the authors propose to replace the exact mean-value Jacobians with
approximate ones, obtained through volume (surface in 2D) Gaussian integration of the quasi-linear
form. In the reference, the authors prove a Lax—Wendroff theorem for the #2 schemes obtained in this

7

o

Fig. 2. Median dual cell S; and stencil &;.
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J

Fig. 3. Nodal normal 7;.

way, guaranteeing, under standard hypotheses and provided that the number of Gaussian points is large
enough, the convergence to the correct weak solutions. Unfortunately, the cost of this technique is high,
even with the adaptive quadrature strategy proposed in the reference.

(i1) The simpler approach proposed in [4-8] and used here relies on a direct approximation of the contour
integral in (14), thus ensuring the conservative character of the schemes. Arbitrary linearizations can be
used to evaluate the flux Jacobians, needed in the distribution step. To distinguish this case from the one
of Eq. (15), we shall denote by K the projection of the flux Jacobians along 7;, when an arbitrary (inex-
act) linearization is used.

(iii) In the non-homogeneous case (1), the schemes are still defined by (13), except that now ¢(w,,) determine
some form of the splitting

S djm) = ¢m) = § Fw)-adi - [ Flwny)drdy (16)
JEE OF E

As defined by (16), the residual still represents a degree of non-equilibrium, this time not only related to
conservation but to the balance between the local net flux through the element and the forcing terms. The
integrals (16) are computed with quadrature formulas of the same order (see Section 4 for details).

3.2. Fully discrete schemes

3.2.1. Integration of the ODE

When steady solutions are sought, it is customary to integrate the system of ODEs (13) with a properly
chosen time discretization. Denoting by w! and w/™' the piecewise continuous linear discrete interpolation
of the nodal values {w;(r")},.,, and {w;(r"*")},_, , the following schemes will be considered.

Explicit Euler scheme

ul'_'+1: ln ‘S‘Ez:(b Wh Vie T, (17)
€9

with Ar ="' — 7" the time-step.
Crank—Nicholson (€./") scheme. Two different formulations of the €./ scheme are considered. The first is
given by

|S|5u’* Z¢ i) +¢(wh) Vie T, (18)

Ec2;

with 5u,- =u'"! —u’. We also consider the ./" scheme

==Y ¢(w,""?) vies, (19)

Ee€9;
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with w'*'/? = w(u!""/?) and
n 1
u = 5w+ uth.

The €4 scheme necessitates at each iteration the solution of a nonlinear system of algebraic equations.

3.2.2. Space-time schemes

When considering time-dependent flows, it is known that the formulation (13) is inconsistent and limits the
accuracy in space to first order [14]. For this reason, in the time-dependent case we make use of the space-time
formulation obtained by replacing (13) with the algebraic system of nonlinear equations

> i(w) =0 Vie T, (20)

Ec9;

where now in each element of .77, the @;s define some form of the splitting of the space-time residual " (wy,)

> ym) = @ (w) = |

The conservative schemes proposed in [6-8] are obtained by approximating (21) as

ot = ‘E|Zé P+ = 7{97%97”“) dl—%/(yuy"“)dxdy (22)

JEE E

Ml

/E (a“g:” LV T (W) — LW, y)) drdydr. (21)

with #" = F(w!), " = & (W}, x,) and similarly for "' and S"*1 Using (16), last expression can be con-
veniently recast as

o =S o S ) + S ) (23)

JEE

A trivial splitting of @”" is obtained by setting

Bl w +5L(007) + 6,)

in (20), with ¢; a given splitting of the spatial residual ¢”". Summing up over the elements, one ends with

5160+ 5 560 ) + ) =0,

Ecy;

D, =

which is nothing else that (18). This shows that first-order and inconsistent schemes can be recast as space-time
schemes when combined with the ./ time integration (18).
Another possibility is to approximate (21) as

E
o | |Zéu,+Az7f F (WY h At/y (wi ™% x,y) dxdy (24)
JEE oF
with w"“/ % as in (19). We remark that, in smooth regions, (22) and (24) are equally accurate approximations of

(21). As before, we can recast the last expression as
o = |l Z(Su, + At (wi ), (25)
JEE

which can be used to show that first-order and inconsistent 22 schemes can be recast as space-time schemes
of this type when combined with the ./" time integration (19). For a given splitting of the spatial residual ¢,,
this is achieved by setting

| |5ul+A[¢( n+1/2)
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3.3. Basic properties

We recall here some design criteria that can be used for the definition of the split residuals ¢;, and ®;. The
issue of conservation has been discussed in the previous subsection and will not be mentioned. We just assume
that all the schemes respect (14) (or (20)), and hence are conservative due to the definition of ¢” (respectively,
@"). Note that under this hypothesis and under a continuity assumption on the split residuals, a scheme of the
form (13) can be shown to respect a Lax—Wendroff theorem ensuring that provided some standard stability
assumptions are met, if convergent (with /) conservative #% schemes convergence to a weak solution of
the problem. The proof of this theorem can be found in [21] for the case of exact evaluation of ¢" and in
[20] for the case of approximate quadrature. We remark that no general convergence proof exist up to now
for 29, except for some scalar schemes. For the schemes considered in this paper, the practical experience
shows that they are stable and convergent. In the following, we consider the issues of the non-oscillatory char-
acter of the solution, and of the accuracy of the method.

3.3.1. L, stability criterion

When approximating discontinuous solutions, the non-oscillatory character of the discrete approximation
is an important property. For scalar problems, a LED (local extremum diminishing) Principle on unstructured
meshes [22,23] can be used to characterize the stability of (13). This ultimately translates into a positivity cri-
terion when one of the time integration schemes presented in the previous subsection is applied and for the
space-time schemes as well [22,14,23,6-8]. In the simplest case of a linear (or linearized) scalar problem, this
positivity criterion can be explicitly stated by rewriting the fully discrete scheme as

&/UnJrl = @U"

with U""' and U" the arrays of the nodal unknowns. A scheme is positive if ./ is a monotone
(o =0, o/; <0) diagonally dominant matrix and # is a positive matrix (%, > 0 Vi, j). For a homoge-
neous problem, this condition can be shown to guarantee a discrete maximum principle [22,14,23,8]. An exten-
sion of this criterion to linear systems has been recently proposed in [13]. Consider for example the symmetric
system

ov oy ov
P +A16 Azay 0. (26)

The basic idea behind the analysis presented in the reference is that for #% schemes the variation of the solu-
tion can be expressed as the convex combination of local signals

dVl dV, dvl
Z TEgp 7elS | =—;VE€ T, (27)

Ec;
with the scalars yz respecting
VEE(071L ZVEZl
Ec9;
and in the case of the schemes considered here given by
L
R

Denoting by {,) the standard Euclidean product, in the case of a linear system, it is shown in [13] that the solu-
tion can locally be decomposed in simple waves

i) =3 > e, ¢, = (V1) =CI+olE-Fon E
o jeE

with C7,07 € R, X = (x,») the position vector and r, an eigenvector of K = A4}&, + 45¢&,. If a linear scheme is
used to discretize the equations, the wave decomposition leads to [13]
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=2 D cjle] —olre,

o jeE

implying that also the ¢;s are sum of simple waves. Due to the linearity of the scheme, one can then consider
the evolution due to each simple wave, obtaining

dv,
/E‘S | = ZC’/ QDI l Fo.

JEE

The last relation finally leads to

dv;
</E|S| > -0 — oDl

JEE

which allows to extend the scalar LED principle to the simple wave ¢. Note that this does not imply that if v} is
a simple wave, then so is v/™', however, it gives a means of explaining the monotone behavior exhibited by
some first order linear schemes. Indeed, when this analysis is performed for a fully discrete scheme and in
the case v] is a simple wave, a scheme is said to be stable if it is possible to show a direction ¢ for which

%] < max g7, . (28)

Since, as remarked before, v/*! can be written as a convex combination of the V; values, the bounds (28) imply
a local stability of the discrete solution.

Remark 3.1. The extension of this criterion to the non-homogeneous case, and hence its application to the
shallow water equations, is still unclear. For linear symmetric systems with a source term ¥ (x, y) independent
on the solution, some very local results can be obtained following [13]. In particular, for some schemes one can
show that the solution respects bounds of the type

S
min @7 + ozmm vV, ry) < max ¢? -+ oamax @;’ 29
min @] @77 < (Vir,) < max ¢f + o Max g (29)

with o > 0, and where the component qo';/ “ is of the form
@] = (S (x},3),¥s)- (30)
However, it is difficult to go further with (29).

3.3.2. Linearity preservation and residual schemes

Case of steady homogeneous systems. The resolution of complex structures is another essential issue when
approximating solutions of conservation laws. The accuracy of the schemes considered here can be character-
ized by a residual property.

This property is best presented by resorting to the following analysis. Let w be an exact smooth solution
verifying V - % (w) = 0. Let w,, be a rth order accurate continuous piecewise polynomial approximation of
nodal values of w, {w; = w(x;,y,)} Let &, be a continuous rth order accurate approximation on 7, of
Z (w). Define the error

W) = Z @i Z b:(Wn)

€Ty Ec9;

€T,

with ¢, the nodal values of a smooth function ¢ € Cy(€2). Since w,, is not the numerical solution given by the
A2 scheme but the rth order continuous piecewise polynomial approximation of the smooth exact solution w,
in general &(w;) # 0. The magnitude of this error gives an estimate on the accuracy of the schemes. It has been
shown [24,23,25] that, provided that the mesh satisfies the constraint

C1< sup—ng, CI,C2€R+,

EeT,, ‘

at steady-state a #Z scheme respects the error estimate &(w,) = (k") provided that
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¢ = O, (31)

see Appendices A and B for more details. Hence, in the case of the piecewise linear approximation considered
here, the condition ¢, = O(h®), represents the condition for a #% scheme to be second order accurate.

Remark 3.2. Note that the condition ¢, = (k"™ only guarantees that the truncation error of the scheme is
O(h"). However, in no way this guarantees that the scheme actually does converge with the rate r. Some
additional stability properties must be verified to achieve this. As a counter-example, we mention that the
Galerkin scheme does verify the accuracy condition, however the error blows up under mesh refinement due to
the unstable character of the scheme.

The important fact is the following estimate (now w;, is the second order continuous piecewise polynomial
approximation of the smooth exact solution w, and &, is a second order approximation of & (w))

qsh:/EV'fh(w;.)dxdy:/EV'(fh(wh)—y(w))dXdy:j{ (Fu(wi) = F(w)) - adl = O(h?),

OE

since &, is a second order accurate. Last estimate allows to give the following characterization.

Definition 3.3 (Linearity preserving scheme). A #% scheme is linearity preserving (¥ %) if
bi(Wi) = B,¢" (W)

with uniformly bounded matrices f3;:

max max || ]| < C < oo V" wi,ul k.

E€/ EE
If a continuous rth order approximation is used in the discretization, < schemes satisfy by construction the
accuracy condition ¢, = O(h"™).

Ultimately, this definition gives a criterion for the design of high order accurate schemes.

Case of unsteady homogeneous systems. The analysis of the time dependent case is quite similar. Details are
reported in Appendix A. The idea is, given a smooth solution of the time dependent problem (denoted by u)
and continuous rth order accurate approximations of u and # (u) (denoted by u, and %) to estimate the
error

uh,tf Z Z(P’Hl Zd),(uh)

n=0 €T, Ec2;

with @"*! the nodal value at time "1 of a smooth function ¢ € C'(Q x [0,#]) with compact support. As before,

since wy, is not the numerical solution given by the R% scheme but the rth order continuous piecewise polynomial
approximation of the smooth exact solution u, in general &(u,,¢;) # 0. Its magnitude gives an estimate of the
accuracy of the scheme.

The analysis of Appendix A applies both when the discretization in time is done via a finite difference
scheme (or any classical high order time integration method), and when using a space-time approach (see,
e.g. [26,27]). In particular, in the appendix we show that, provided that the approximation in time is at least
rth order accurate, if

(p: _ (Q(hwrZ)7

then the scheme respects an error estimate of the type &(uy,¢,) = O(h")."! In the case of a piecewise linear
approximation, the condition reduces to ®; = O(h*).

As in the steady case, the important fact is that simple manipulations show that &" = O(h""?) (®" = O(h*)
for a linear approximation). Hence, the use of a ¥# scheme, defined by

! The condition @; = ¢(h"*?) is not the same as for steady-state, in which case one must have ¢; = ¢(h*!). This is due to the definition
of the residuals which are obtained by integration in space and time, giving and extra /4 in the scaling of @;.
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&, = B,d"

with f; uniformly bounded (see Definition 3.3), is sufficient to guarantee the formal satisfaction of a ((%")
(respectively, @(hz)) error bound (however, see Remarks 3.2 and A.9).

Extension to non-homogeneous systems. We extend the analysis of [23-26,28] to non-homogeneous systems
in Appendix B. More precisely, in the appendix we prove the conditions for the #% schemes considered here
to respect an error estimate of the type & = O(h").

The details of the proof are given in Appendix B. As in all the other cases, the important fact to recall is that
the condition allowing to have an ((4") error bound is (in the steady case)

¢i(wy) = O(H™)

with w;, a continuous rth order approximation of a smooth exact solution of the problem w. Since, by simple
manipulations one can show that ¢"(w,) = O(h"*"), we conclude that, once more, a valuable criterion for the
construction of a rth order scheme is given by Definition 3.3, that is by the use of a linearity preserving scheme.
Similar conclusions are obtained in the time dependent non-homogeneous case (see Appendix B for details).

3.3.3. Linearity preservation and the lake at rest solution

The meaning of the ¥# condition is that, for a piecewise linear approximation, provided that ¢; = ;¢
(@, = p;®" in the time dependent case) with f; uniformly bounded, within O(h?) exact solutions of the contin-
uous problem are also solutions of the discrete equations (once more we refer to Appendices A and B for more
details). For the shallow water equations, this has a very interesting application. We can easily construct
schemes that preserve exactly some steady solutions.

h

Proposition 3.4. Denote by w the set of quantities chosen as primary variables in the numerical approximation of
(1). Provided that the same numerical representation is used for w and for the local height of the bottom B(x, y),
and that the local residual is evaluated exactly with respect to H and B, linearity preserving #% schemes preserve
exactly the lake at rest solution, independently on topology of the mesh, character of B(x,y) and polynomial
degree of the approximation, for the following three different choices of w:

1. conservative variables u, Eq. (2);
2. symmetrizing variables v, Eq. (6);
3. primitive variables p=[H u v] .

Proof. The proof is obtained quite easily by noting that on the lake at rest solution, for all the choices of vari-
ables, the vector of unknowns reduces to w=[H 0 O]T. Suppose now to discretize the spatial domain Q
with a mesh 7, composed of non-overlapping elements E£. On .7, denote by w;, and By, continuous piecewise
polynomial approximations of w and B that can be written as

W, = Z l//iwh B, = Z lpri

€T, LIS

with i the generic node of the mesh and with the shape functions (x,y) respecting the obvious consistency
constraint

Sy = L. (32)

JEE
Consider now the semi-discrete scheme (13) and compute the spatial residual
W:/W¢%—yww@
E
The first component of ¢” is

/vmWﬂw®= H"@" -7)dl =0,
E

oE
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since #; = 0 in all the nodes of E and so will be any consistent interpolation #”. Second and third components
can be written together in vector form as

dxdy.

/(v (H"?" @ ") + gH"V (H" + B,))dxdy = ¢ H"a"(@" - )dl + g/ a'va,
E E

3

Since #" = 0, these components of the residuals reduce to

g/EH”VHi’mdxdy=g/EH”ZHfm,V%dxdy=gHo/EH”ZVtﬁ,-dxdy=0,

JEE JEE

since on the lake at rest solution H" = H, V;j € E and using condition (32). This shows that VE € 7, $"=0

tot;
on the lake at rest solution, hence for any #2 scheme

du,- N
dr
which achieves the proof for scheme (13). In the case of the space-time schemes, a similar reasoning leads to

the conclusion that on the lake at rest solution the nonlinear system (20) reduces to the identity 0 = 0. This
shows that the proposition holds also for these schemes. [

|Si| 0’

Remark 3.5. Note that the hypothesis that ¢ must be computed exactly with respect to the discrete approx-
imations of H and B, does not mean that it has to be exact with respect to the whole vector w;, the fluxes being
polynomials containing monomials of different degrees in the different components of w;,. Moreover, the
result not only applies to the (physical) choices of variables listed in the proposition but to any set of variables
reducing tow =[H 0 0] on this exact solution.

Remark 3.6. In theory, we can do similar things for other two-dimensional solutions. The problem reduces to
finding proper approximations %, and %, such that for a steady flow the residual is exactly zero. For exam-
ple, assume that we start with a linear approximation of the primitive variables p, = [H}, #,] of Proposition
3.4. Suppose to be looking for a solution on which V - (Hi) = 0. This is a strong hypothesis, however it is
true for problems with constant discharge. The big advantage of the conservative 22 approach considered
in this paper is that it allows to mimic the behavior of the continuous solutions. In particular, as long as exact
integration is used, hence preserving conservation, we are allowed to play with the differential form of the
equations. In particular, we can write for the second and third components of the residual

0 HhM;z ) 0 (H;,uhvh> :| / |: . (W) ~ (_Uh):|
_ d - H,VB,| = V- H NS H 1 ’

~/E |:6x (Hhuhvh * oy Hhvf, + 8V 5 . q(ph) o +Hy, (ph) + Hjcurluy, "
(33)

where §(p,) = H,ii, and 7 (p,) = ii? /2 + g(H" + B") are numerical approximations of the local discharge and
energy, consistent with p,. The idea is then to add to the natural approximations . (p,) and % (p,) terms of
the type

V(-5 (p) =V (Z I, - f(pu) (34)

and

V(g —dq(p,)=V- <Z ij‘ﬁj - q(l’h)) (35)

with 1; the standard linear basis functions. On piecewise linear elements, when included in the residual these
corrections give lead to terms of ¢(k’), which are within the truncation error. Hence these terms do not spoil
the accuracy of ¥ schemes. Moreover, one easily checks that on an initial solution with constant discharge
qd = go and energy .# = .4, and assuming that the rotational term is zero, one gets
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JeV o dn=3Go- > 1;/2
o= o N
fE(uthh—l—HhVJh):uqoan/2+HJOZnI/2
J J

with # and H average velocity and water height. We see that these corrections guarantee that the residual van-
ishes exactly on solutions with constant discharge and energy, thus allowing an exact preservation of this class
of analytical solutions. Unfortunately, the hypothesis of a vanishing rotational terms is extremely strong. In-
deed, in general we do not know yet how to handle this term. The only case that we know of in which we can
guarantee that curlii, vanishes identically is when computing pseudo-1d solutions with grid aligned velocity,
on structured grids. As an example, one easily checks that for the grid on the left in Fig. 4 one has (with the
notation and local node numbering of the right picture in the same figure)

ov, Ouy Ov, Ouy My My niy + n3,
<6x 6y>A (ax W/, Z.:UJZ ZMJZ )
using the fact that the flow is quasi-1d (u3 = u; = 1), that it is aligned with the grid (v =0), and that
0= Zjnjy = niy + n3,, since n,, = 0. In practice, on this type of grids, one verifies that pseudo-1d solutions
are preserved up to machine accuracy by ##2 schemes, when introducing the corrections (34) and (35). At
present, we do not know how to generalize this technique to more general situations.

3.4. Examples of linear conservative #% schemes

We give some examples of 22 schemes for (1). We focus our attention on truly upwind schemes. The gen-
eralization of the ideas of the paper to non-upwind schemes will be reported in a forthcoming publication.

3.4.1. Multidimensional upwind schemes

Perhaps one of the biggest advantages of the 2% approach is its ability to incorporate true multidimen-
sional upwinding into the discretization. A multidimensional upwind (.#%) scheme is defined as one for which
[29] (see Eq. (15))

Kf'=0=¢,=0 onanyEec 7,

with K = defined in the usual matrix sense, using the eigenvalue decomposition of K. Note that, for a scalar
problem this corresponds to splitting the element residual only to the nodes situated downstream in E with
respect to the local multidimensional wave speed. In this paper we consider the following .#% schemes.

The LDA scheme. The LDA scheme is perhaps the most successful linear linearity preserving 2% scheme. It
is defined by the splitting

-1
¢t (W) = B2 (W) = K/NG', N = (Z K,-*) : (36)

JEE
First of all, note that due to the definition of ﬁiLDA, the use of exact mean-value Jacobians K ; or of approx-

imate ones, denoted by K, does not alter the conservative character of the scheme, which respects (16) by con-

2 3

Fig. 4. Regular grid of Remark 3.6.
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struction. For this reason, from now on we assume that (36) is obtained with an approximate linearization,
which is the simplest possible approach. Note also that since the shallow water system (1) and (2) is symetriz-
able, the matrices KN are always defined, see [24). In fact, since the Jacobian matrices of the system have no
common eigenvalues, the matrix ) e EKJJT is invertible, see again [24] for details. For steady computations, fully
discrete versions of the scheme can be obtained by choosing one of the time integration strategies of Section
3.2. For time-dependent computations a second order scheme is obtained by using the space-time formulation
of Section 3.2.2 (however, see [30,15]), still distributing the (space-time) residual with BiLDA defined by (36). A
different definition of the space-time LDA scheme is also possible. The scheme is obtained noting that, in the
case of a homogeneous linear system such as (26), the residual (21) becomes

o= (vt o)

JEE
with
At |E| At IE|
Cn+1 K c" K

In [8,31] it is shown that the C; matrices are true generalizations to space-time prismatic elements of the K;
Jacobians. Under a proper time-step restriction [8,31] (see also Section 4), the eigenvalues of all the C’} matrices
are negative. A conservative and space-time .#% scheme is then obtained as

-1
OSTLDA () = STIPAGh (w,) = CTM ", M = (Z C_j) (37)
JEE
with €} = C;.’“‘*, and @" an approximation of (21) [6-8].
The N scheme. The N scheme is the optimal upwind first order scheme, i.e., the one with the least amount of
cross-wind numerical dissipation. For steady problems, if the residual is computed as in (15), it is defined by
the splitting

(1511'\](“’/:) = 1~<,~+(Wi - win)7 Win = *]A\? Zl?j_wj (38)

JjeE

A more general formulation is obtained by manipulating the last expression as follows [8]:

HLDA
- L~ - - = . -~ ~
¢ =K/wi+K/NY Kyw,=Kiw +KINY Kw,~K/NY Kiw,
JEE JEE

having used the relation 1~<j‘ =K = I~(j+ Finally one has, dropping the ~ over the flux Jacobians

O (wa) = GO wi) + (W), dY (W) =D KNK (Wi —wy). (39)

JEE

First of all we remark that due to the relations

SULEROED SR

JEE JEE
as written in (39), the N scheme is conservative independently on the linearization used for the flux Jacobians,
and of the definition of ¢". In particular, the conservative scheme considered in this paper is obtained by com-
puting the residual as in (16), while a simple average is used to evaluate the Kjs (see Section 4). One easily
shows that the d}\ls are local dissipation terms (see, e.g. [24,23,8]). Hence, the conservative N scheme can be
written as the LDA scheme plus some anisotropic dissipation. This approach is quickly shown to be equivalent

to the formulation of [4] which is obtained by redefining w,, in (38) in a way that forces the validity of (16)* (see
[8] for more details).

2 Wy, = —N ((bh -3 e EK;TW»,-), which reduces to (38) when using an exact mean-value linearization.
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Concerning the time-dependent case, the N scheme can be extended to the space-time framework of Section
3.2.2 in two ways. One way is to use the Crank—Nicholson time-integrators (18) or (19), in which case we will
refer to the scheme simply as to the N scheme, with

@N |E|

1

Blou + SNy +a¥ o) or o = Elou 1+ ag(w12). (40)

Alternatlvely, one can use the formulation of [31]. In this case, we refer to the space-time ST-N scheme as the
one defined by the local nodal residuals (see Eq. (37) for the notation)

@D[(W},)ST_N _ ﬁl.ST-LDA@h(Wh) + dl.ST_N, diST-N — Z C+Mc+( nt1 w;l-l—l) (41)

J€E
with @"(w),) as in (22) or (24). In the linear case, the ST-N scheme reduces to a truly space-time variant of the
N scheme (see [7,8] for more details). In the linear case both the N and the ST-N scheme are L* and L? stable.

3.5. Nonlinear schemes

To complete the review of 22 schemes, we briefly recall the construction of the nonlinear schemes. Several
approaches are possible but we will only discuss two of them, one of which is actually used in the computa-
tions presented later.

3.5.1. Blended schemes

The first approach we consider is the nonlinear blending of a ¥ % scheme with a monotone one. As noted in
[13,24] the choice of the two underlying linear schemes is constrained by the need of some compatibility
between the two, in the sense that this technique works best when the linear schemes are based on similar dis-
tribution strategies. For example, the blending between the N and the LDA scheme can be performed and is
well posed (and is the one most often used in practice [23,24,32,4,33-35]). Blending central discretizations,
such as the SUPG scheme [36,32], with the N scheme can lead to ill-posed situations in which the blending
parameter cannot be computed in a way that guarantees the positivity (or the accuracy) of the scheme. A gen-
eral guideline could be that central monotone schemes can only be blended with central ## schemes and sim-
ilarly for .#% schemes. In general a blended scheme can be written as

b: = (I —0(v);7” (Vi) + 0(vi) ;" (vi),

where ./ stands for monotone, and the blending matrix 0(v,) is computed in a way that ensures local positivity
(or L., stability) and linearity preservation in smooth regions. Possible choices for this matrix are described in
[23,24,32,4,33] and will not be discussed here. In the case of the blended LDA/N scheme, relation (39) allows
to give a different interpretation of the blending. Indeed one easily shows that

¢rPMN = PR () + 0(v)d] (Vi) (42)

Hence, the blending can be seen as the addition to the LDA scheme of a properly scaled dissipation guaran-
teeing non-oscillatory approximations of discontinuities and second-order of accuracy. In the case of the
blending between the N and the LDA scheme, this was already recognized in [34,35]. This fact has been used
in [28] to construct very high order non-oscillatory schemes for scalar conservation laws.

3.5.2. Limited schemes

The drawback of the nonlinear blending is that the definition of 6(v,) is generally difficult. Moreover,
blended schemes often lack robustness. An approach that has been shown to lead to more robust nonlinear
schemes is the limiting of a monotone scheme. This technique is thoroughly discussed in [13,23] and finds
its theoretical justification in the L stability criterion introduced in the same references. For a linear system
of the type (26), the idea behind this approach is, given a monotone scheme with nodal residuals ¢;" and a
local direction &, to decompose the nodal residuals as

M § 1° // 2 M o "
d)i - V - (pz )
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being I” and r? the left and right eigenvectors of 4,&; + A,&,. Each qo;”’" can be seen as a scalar residual. As a
result, the element residual is decomposed as:

¢ — Z O, @ = Z (p}/{,o.

JEE

On each scalar wave one constructs nonlinear scalar residuals ¢f respecting

o7p"" = 0,

q);r = ﬁi@a, ‘ﬁ/' < OO,

2 9] =9

JEE
The first condition guarantees that, if the monotone scheme respects the L., stability criterion, so does the
nonlinear scheme. The proof is reported in [13] and will not be recalled here. Second and third conditions
guarantee that the resulting scheme is consistent and linearity preserving. There are several ways of construct-
ing mappings {(p;.’”*“}jE g — {(pj } e Tespecting the three constraints above. A review can be found in [13,23,25],
while conditions for the well-posedness of the whole procedure are given in [6-8]. The advantage of this ap-
proach, compared to the blending, is that it only needs the evaluation of one scheme. It also results in more
robust schemes as shown in [13,23]. Linearity preservation is obtained by construction. Conversely, the L? sta-
bility properties of the scheme are not clear. This is confirmed by the poor iterative convergence that limited
nonlinear 22 schemes shown in practice. This issue is discussed in [37], and is only briefly recalled here, to-
gether with the solution adopted in the reference. The main problem of the limiting approach is that it pro-
duces schemes which are entirely based on L stability conditions, without taking into account neither the
dissipative behavior of the resulting scheme, nor the directional propagation of the information, typical of
many solution to (26). As shown in [37], this can lead to situations in which the final algebraic problem is very
ill-conditioned. To cure this, in the reference it is proposed to rewrite the limited schemes as:

Gf(wh) G(W;,)

dw) = 516w+ 0w) [ S 0y, 7 7w aedy = (7 + 2 Yoo, (@3)

ow

where 6(w;) guarantees that the least-squares type correction is only active in smooth regions, and f; is the
distribution matrix of the basic (non-stabilized) limited scheme. In [37] it is shown that this approach indeed
cures the problem. Moreover, even though strict monotonicity is formally lost, a proper definition of 0(wy,)
yields in practice very little oscillations even for very difficult computations, as confirmed by the numerical
results reported in [37]. We refer to the reference for further details concerning the extension to steady non-
linear problems. We also mention that the extension of the work of [37] to the time-dependent case is under
development.

In this paper, we use nonlinear schemes obtained by limiting the N scheme using the mapping: ¢ = 0 if

@;"” =0 or ¢° = 0, otherwise, @7 = B,o° with
B = max(O, .Bl/l) ﬂ// o QD;Z/‘U
TS max0. 57 e

In steady computations, the monotone scheme is given by the N scheme (39) with definition (16) of the resid-
ual, while in time-dependent computations we use the space-time N scheme corresponding to the ./ time-
stepping (19) with the residual computed according to (24) or the ST-N scheme (41) with the same definition of
the residual. Being #Z the nonlinear schemes respect Proposition 3.4. As already remarked, the extension of
the work of [37] to the time-dependent case is under development. So, in time-dependent computations, the
nonlinear schemes are obtained with the basic limiting strategy, as in [14,7].

4. Computational details and numerical results

In this section we discuss the results obtained on the shallow water equations. We consider a number of
representative steady and time-dependent problems involving flows over flat and non-flat bottom. For the
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computations we have used the conservative N scheme and its limited variant. In particular, the steady results
have been computed with scheme (13) with explicit Euler local time-stepping. The distribution has been
obtained according to (39) for the N scheme, or using the limiting procedure of Section 3.5.2 for the limited
N scheme (LN scheme). The time-step has been computed in each node according to

> kea, max 2

with 2 is the kth eigenvalue of K;. If not stated otherwise, we took v = 0.8. For flows over flat bed the residual
has been computed according to (14) using 3 points Gaussian formulas on each edge of the element, yielding
exact integration in terms of the linearly varying symmetrizing variables v, (6). We also implemented version
of the schemes based on linearly varying primitive (see Proposition 3.4) and conserved variables. We observed
almost no changes in the numerical output. In presence of non-zero bed slope, the integral of the source term
has been evaluated as

/HVB;, x,y)dxdy = ZH

JEE

with the average relative water height /7 computed integrating exactly

=] /EH(vh)dxdy
when assuming a linear variation of v,. Note that H(v,) can be easily shown to be quadratic in v, so that a 3
points formula involving the mid-points of the edges is enough for this purpose. We have also implemented
more involved formulas in which H(v,) is written as the sum of a linear component (corresponding to the lake
at rest solution) plus the difference due to the non-zero velocity and integrating the linear component as in the
proof of Proposition 3.4 and the rest exactly (see also Remark 3.6). No differences have been observed in the
numerical results. The use of the primitive or of the conservative variables as primary unknowns has no effect
on the results obtained on non-flat bottom cases, as long as the hypotheses of Proposition 3.4 are respected.
In the time-dependent computations, we used either the space-time version of the N scheme corresponding
to the €.4" scheme (19) (referred to as N scheme in the results), or the ST-N scheme (41). In all the compu-
tations the time-step has been set to

. 2 |E|
=0. A Aty = = =
0-75 ggl/% ‘e i 3 r}lelEn max /lk +

with Atg the value of the time-step guaranteeing [31,8,7] (see also Section 3)
ST-N __ n,+ __
Y di™N =0, CF=0.

JEE
The space-time residual is given by (24) with flux and source-term integral computed as in the steady case only

n+1/2

atv," '“. Both in steady and unsteady computations, the nonlinear scheme has been implemented as described

in Section 3.5, setting E=1i (the velocity vector) for the wave decomposition. In the following, when talking
about the limited N (LN) scheme we refer either the scheme obtained by limiting scheme (39) or the same
scheme coupled with time-discretization (19) in the space-time framework. The scheme obtained by limiting
the ST-N scheme is referred to limited ST-N (LST-N) scheme. The nonlinear system of algebraic equation
(20) has been solved as in [6,7] with an explicit pseudo-time iterative technique. As in the reference, we ob-
served that a number of iterations going from 20 to 40 is needed to converge the N scheme to machine accu-
racy in pseudo-time. For the nonlinear scheme, the same number of iterations leads to a decrease of the L;
norm of the residual of 3-4 orders of magnitude. As observed by several authors, [14,13,6,7], machine accu-
racy is almost never reached for the limited scheme, except when adding the stabilization term (43). In this
case, we will explicitly mention the use of this term in the text. We remark once again that the extension of
the results of [37] to the time-dependent case are under development, so the nonlinear space-time limited
schemes are obtained without any extra stabilization, as in [14,7]. Also the results obtained in time dependent



M. Ricchiuto et al. | Journal of Computational Physics 222 (2007) 287-331 305

computations are very little affected by the choice of the primary set of unknowns and, in the case of the N
scheme, by the use of (18) instead of (19).

Independently on the choice of primary unknowns w;, (conservative, entropy, or primitive variables), all the
results shown in the paper have been obtained by evaluating on each element E the flux Jacobians needed in
the K; matrices (and for the computation of the time step) using the local arithmetic average of the nodal val-
ues of wy,, which are the ones actually stored and evolved throughout the computation. The boundary condi-
tions have been weakly enforced as in [38]. This is true for the reflective (inviscid wall) condition, for
characteristic (far field) condition and for sub-critical inlet/outlet. An exception to this are the super-critical
inlet condition, and periodicity, which have been imposed exactly, in a strong nodal sense.

4.1. Flows over flat bed

4.1.1. Hydraulic jump over a wedge

This problem has been considered to confirm the conservative and non-oscillatory character of the schemes.
It consists of a super-critical Fr =2.74 flow over a 8.95° wedge. We have run the test with the N and LN
schemes. A sketch of the initial solution as a close-up view of the mesh are given in Fig. 5. The mesh size
is 1 = 1/20. In the same figure, we report the convergence history of the explicit Euler time-integration in terms
of the L; norm of the residual of the relative water height H. From the figure we see that, while the linear
scheme converges to machine accuracy without any problem, the convergence of the limited scheme is some-
what erratic. This can be improved by adding the stabilization term (43), with however very little change in the
solution (not shown). Indeed, it is in smooth regions that the extra stabilization is active, hence there is no
great influence on the results for this case (we refer to [37] for more details on the matter). The results are visu-
alized in terms of water height and Froude number. The contours of the computed relative height and a com-
parison of its outlet distribution with the exact solution are reported in Figs. 6 and 7 for both schemes. The
following observations can be made. The discontinuity is captured monotonically, the LN scheme giving a
much sharper approximation. This is particularly clear from Fig. 7, from which we also see that angle and

2.51 0.9
= Fre. =2.74 0.84
2| — 0.7

- H. =1,0 =895° 82
0.4+
0.3
0.2
0.1+
04

IRED] 11

-101 LN scheme

<3—— N scheme

0 500 1000 1500 2000 2500 3000
Explicit iterations

Fig. 5. Hydraulic jump over a wedge: sketch of the problem (top-left), mesh (top-right, & = 1/20) and convergence histories (bottom).
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3 3
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Fig. 6. Hydraulic jump over a wedge. Water height contour levels (20 levels between 0.9997 and 1.511). Left: N scheme. Right: LN
scheme.
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Fig. 7. Hydraulic jump over a wedge. Outlet water height. Left: N scheme. Right: LN scheme.

Froude number contours Froude number contours

N scheme | | LN scheme

Fig. 8. Hydraulic jump over a wedge. Froude number contour levels (20 levels between 2.06 and 2.7405). Left: N scheme. Right: LN
scheme.

strength of the jump are correctly reproduced, confirming the conservative character of the schemes. Similar
comments can be made by looking at the contour lines of the computed Froude number, reported in Fig. 8,
and at its comparison with the exact solution at the outlet, Fig. 9.

4.1.2. Trans-critical break of a circular dam
We simulate the break of a circular dam separating two basins with water levels H = 10 and H = 0.5. The
radius of the initial discontinuity is » = 60. Due to the difference in water height, the flow becomes rapidly
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Fig. 9. Hydraulic jump over a wedge. Outlet Froude number. Left: N scheme. Right: LN scheme.
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Fig. 10. Transcritical dam-break: Initial state (left) and mesh (right, # = 2).

trans-critical. A sketch of the initial solution and a zoom of the grid (% = 2) are reported in Fig. 10. Symmetry
(reflective) boundary conditions have been used on the left and bottom boundaries, while on the top and on
the right we imposed a characteristic far-field condition. The simulations have been run with the N scheme,
with the ST-N scheme and with their limited variants until time ¢ = 3. Contour plots of computed water height
Froude number are given in Figs. 11 and 12. Even on this irregular grid, the flow acceleration and the right
moving bore are very well reproduced. Even without extra stabilization of type (43), the LN scheme (second
picture from the left) gives a quite smooth approximation of the flow acceleration. Concerning the LST-N
scheme, the Froude number contours in the smooth part present small perturbations. At the origin of this fea-
ture might be the same mechanism acting when limiting centered monotone schemes, well described in [37].
However in this case the effects are less pronounced, and mainly visible in the velocity components (hence
in the Froude number). Improvements are expected in the approximation of the smooth part, once the
approach of [37] will be extended to the space-time schemes.

The capturing of the right moving water front, on the other hand, is monotone with all the schemes. The
limited schemes yield a very sharp approximation of this feature. As remarked in [6,7], due to its upwind char-
acter in space and time, the ST-N scheme (third picture from the left) shows a considerably higher numerical
dissipation compared to the N scheme (extreme left). Indeed, the water height waves (Fig. 11) are blurred into
a unique smooth profile, while the right moving wave in the Froude contours (Fig. 12) is considerably
smeared. Note that no problem whatsoever is encountered in the critical point. The computed water height
and Froude number distributions along the line y = x are shown in Figs. 13 and 14. The plots confirm our
previous observations.
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Fig. 11. Transcritical dam-break. Water height contours at # =3 (20 levels between 0.498 and 10). Top row: N scheme (left) and LN
scheme (right). Bottom row: ST-N scheme (left) and LST-N scheme (right).

4.1.3. Asymmetric break of a dam

This problem is taken from [39], and it is similar to the previous one, except that the geometry is more com-
plex. We consider the sudden break of a dam separating two basins with water heights 5 and 10. The dam
breaks asymmetrically at time ¢t = 0 and we simulate the problem until time 7 = 7.2. A sketch of the geometry
of the problem and a zoom of the unstructured mesh are given in Fig. 15. The reference mesh size if # = 2. The
length of the breach is 75 and it starts at y = 95. The dam itself has a finite width of 10 and its left side is posi-
tioned at x = 95. Reflective boundary conditions are applied on all the edges of the domain. We show the
results obtained with the nonlinear LN and LST-N schemes in terms of relative water height contours
(Fig. 16), Froude number contours (Fig. 17) and distributions of water height and Froude number along
the line y = 160 (Fig. 18). The contour plots show that both schemes compute in a very smooth way the water
acceleration on the left of the dam, while the water wave moving to the right is very sharp and monotone in
both the results. The reflection of this wave on the upper wall of the domain is clearly visible. The line plots of
Fig. 18 confirm these observations.

4.2. Flows over non-flat bed
In this section we present some results obtained on non-flat, smooth and non-smooth bed shapes. The first

test is a well-known 1D test for the shallow water equations on non-flat bed involving the steady trans-critical
flow with a shock over a smooth hump. We then consider two tests involving the computation of the lake at
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Fig. 12. Transcritical dam-break: Froude number contours at # = 3 (20 levels between 0.1 and 1.85). Top row: N scheme (left) and LN
scheme (right). Bottom row: ST-N scheme (left) and LST-N scheme (right).
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Fig. 13. Transcritical dam-break: water height distribution at # = 3 s on the line y = x (symbols do not correspond to mesh points). Left:
N and LN schemes. Right: ST-N and LST-N schemes.

rest solution. As a consequence of Proposition 3.4 the application of a linearity preserving scheme leads to an
exact preservation of the analytical solution. This is indeed observed experimentally when using either scheme
(13) in conjunction with the limited N scheme and the explicit Euler time-stepper, the limited N scheme or the
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Fig. 14. Transcritical dam-break: Froude number distribution at # =3 s on the line y = x (symbols do not correspond to mesh points).
Left: N and LN schemes. Right: ST-N and LST-N schemes.

limited ST-N scheme: the norm of the (spatial) residual stays at machine zero. In order to show the perfor-
mances of the schemes in presence of variation of the bed height, we show the results obtained on problems
involving perturbations of the exact lake at rest solution. The ST-N scheme has shown to be way too dissipa-
tive to be able to resolve this type of flows, hence no results with this scheme are shown. Moreover, the limited
N scheme and the limited ST-N scheme have given nearly identical results. Only the ones obtained with the
limited N scheme are shown. We test the schemes in two situations involving a smooth and a non-smooth var-
iation of the bottom respectively. Lastly, we give an example of one of the truly two-dimensional solutions
described in Section 2.3.2.

4.2.1. Trans-critical flow with a shock over a smooth hump
This is a particular (one-dimensional) case of the exact solutions of Section 2.3. It is obtained by assuming
the following variation of the bottom [39-41]

2-0.05(x—10)* if8<x<
B(x):{oz 0.05(x — 10)> if 8 <x < 12, 5)

0 otherwise.
Different steady solutions can be computed involving fully sub-critical, smooth trans-critical and trans-critical

flow with a shock. In order to assess the shock capturing capabilities of the N scheme and of its limited variant
in presence of non-flat bed, we consider here the case of steady trans-critical flow with a shock. We solve the
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Fig. 15. Asymmetric dam break. Problem description (left) and zoom of the mesh (right).
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Fig. 17. Asymmetric dam break. Froude number contours at time ¢ = 7.2.
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shallow-water equations on the spatial domain [0,20] % [0,0.5] on an irregular unstructured mesh similar to the
ones used in the other computations. The reference mesh size is 7 = 1/10. We assume B(x,y) = B(x) Vy with
B(x) as in (45). Periodic boundary conditions are applied along the y direction. On the left boundary we assign
as boundary condition the discharge Hu = 0.18 and zero v velocity, while on the right boundary we set
H = 0.33. The steady-state solutions obtained with the N scheme and the LN scheme, using formulation
(13) with explicit Euler time-stepping, are reported in Fig. 19. We can remark that the solutions are monotone
and the shock approximation is very sharp, no problems are encountered in the critical point, the acceleration
being smooth in both solutions, the approximation of the discharge (which should be constant and equal to
0.18 everywhere) is very good, despite of the fact that the problem has been solved on a 2D irregular mesh instead
that in 1D. In particular, note that the peak of the error in the shock is due to the fact that across the discon-
tinuity the direction of the velocity is not well-defined, locally giving place to large errors in the velocity
components.

4.2.2. Lake at rest solution and ¥ P schemes
We verify experimentally Proposition 3.4. On the domain [0, 1], we consider an initial state in which the
velocity is zero and H =1 — B(x,y) with [17,42,43,39]

B(x,y) = 0.8¢~S0((-0.5"+0-0.57)

We compute the solution up to time ¢ = 0.5 with the (space-time) limited N scheme on an irregular triangu-
lation with the same topology as the one depicted in Fig. 10, and /4 = 1/100. In Table 1, we report the values
(computation run in double precision) of the norms of the errors on water-height and velocity components.
The results obviously confirm the theoretical result of the proposition. The numerical output is similar
Vt > 0, and independently on the choice of the primary unknowns. The results of the table have been obtained
in symmetrizing variables.

4.2.3. Water height perturbation over 2D smooth bed

In this section we consider a test initially proposed in [17], and more recently used in [39,42,43] to assess the
performances of well-balanced formulations of very high-order relaxation, finite difference and finite volume
WENO, and discontinuous Galerkin discretizations. The spatial domain of the problem is [0,2] % [0, 1]. The
following smooth bottom shape is assumed

B(x,y) = 0.8¢5(x—0.9)?=50(y-0.5)°

corresponding to an ellipsoidal hump centered at [0.9,0.5]. The initial solution is obtained by perturbing the
exact lake-at-rest state in the band x € [0.05,0.15]: at # =0, the velocity is set to zero everywhere, while the
relative water height is set to

b= 0247 | Nscheme
.80
2 —— LN scheme
B
© 0.22
k=)
g
s y=025
s 0.2
< 2
2
3
5]
F
0.18 w—.ir
T T T T

T T T T T
0 2 4 6 8 10 12 14 16 18 20
X

Fig. 19. Transcritical flow over a smooth hump. Total water height (left) and discharge (right). N scheme (symbols) and limited N scheme
(solid line).
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Table 1
Norm of the errors at time ¢ = 0.5, LN scheme

L= L' r’
H 7.491837e — 17 7.085969¢ — 17 7.107835¢ — 17
u 7.478237¢ — 17 7.161000e — 17 7.169336e — 17
v 7.478237¢ — 17 7.177553¢ — 17 7.177653¢ — 17

{ 1.01 — B(x,y) if 0.05 <x < 0.15,
1 — B(x,y) otherwise.

We solve the problem on an unstructured discretization of the domain with reference mesh size 7 = 1/100. As
in [42,43] the gravity acceleration is set to g = 9.812. A contour plot of the total water height H,,; = H + B at
time ¢t = 0, and a zoom of the grid are reported in Fig. 20. Characteristic BCs are imposed on the right and left
end of the spatial domain, while the upper and lower boundaries are treated as symmetry lines. We consider
the solution at four different times: r = 0.12, t = 0.24, t = 0.36 and ¢ = 0.48. In Figs. 21 and 22 we visualize the
results obtained with the space-time LN scheme. On the top rows we have reported the contours of Hy,, and
on the bottom rows, we have reported the distribution of H,, along the line y = 0.5. The scaling of the bed
height used in the line plots is reported in the figures.

The following observations can be made. In the region ahead of the perturbation, the exact solution is per-
fectly preserved up to machine accuracy, as predicted by Proposition 3.4. In the region behind the perturba-
tion, the solution quickly gets back to the lake-at-rest state with a small noise, probably due to grid
irregularities. With respect to the results obtained, e.g. in [42], with a fifth-order finite difference WENO
scheme on a structured mesh with 4 = 1/100, our results reproduce very well the interaction. The small struc-
tures of the solution shown in the reference are clearly visible in the results of the LN scheme. For this type of
test, we expect perhaps some improvements in the approximation of the smooth part of the interaction, when
the technique of [37] will be extended to the time-dependent case. Moreover, the use of a very high-order dis-
cretization (>2) is beneficial when approximating this type of problem, involving the propagation of a small
perturbation. This is also a topic of future research. We recall, however, that Proposition 3.4 also applies to
higher-order polynomial interpolations, as the ones used, e.g. in [26,27]. In this perspective, the results of this
section are very encouraging: the LN scheme well reproduces the structure of the solution, while yielding a
monotone approximation, and preserving exactly the lake-at-rest state in the unperturbed region. In particu-
lar, while this last property is a natural consequence of the residual approach used in this work, the well-bal-
anced schemes of [42,43] are based on ad hoc constructions allowing to achieve, in the WENO and
discontinuous Galerkin frameworks, the exact balance between flux divergence and source term.

For completeness, we report in Fig. 23 the total water height and the Froude number along the line y = 0.5,
in the unperturbed region x € [0.5,2]. The results are the ones obtained with the N and LN schemes at time
t = 0.12. The plots show the preservation of the exact solution up to machine accuracy obtained with the ¥ %
nonlinear scheme, and the very small deviation of the N scheme.

4.2.4. Water height perturbation over 2D non-smooth bed
We also consider a variant of the previous problem involving a non-smooth variation of the bed height. In
particular, we set

. Total water height. Initial solution

0.8

0.6
>

0.4

0.2

0

0 025 05 075 1 126 15 175
X

Fig. 20. Water height perturbation over smooth bed. Contours of total water height at time 7 = 0 (left) and zoom of the grid (right).
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Fig. 21. Water height perturbation over smooth bed. Solution of the LN scheme at ¢ = 0.12 (left) and ¢ = 0.24 (right). Top: contour plot of
total water height (20 contours). Bottom: distribution of Hy, at y = 0.5 (fp = 0.9915).
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Fig. 22. Water height perturbation over smooth bed. Solution of the LN scheme at ¢ = 0.36 (left) and ¢ = 0.48 (right). Top: contour plot of
total water height (20 contours). Bottom: distribution of Hyo at y = 0.5 (hp = 0.9915).
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Fig. 23. Water height perturbation over smooth bed. Total water height (left) and Froude number (right) in the unperturbed region (line
y=0.5) at time ¢ = 0.12. N scheme (line) and limited N scheme (line with symbols).

B(x,y) = 0.6e~/&)
with

¢@—0%?+@—0$2 if 0.3<y<0.7and 0.9 <x< 1.1,
5(x —0.9)* 4+ 50(y — 0.5)* otherwise.

Y(x,y) =

In Fig. 24, we report a 3D view of bed shape B (properly scaled for plotting reasons). The computational set-
up and the initial state are identical to the ones used in the previous test. The solution is qualitatively very close
to the one obtained on the previous problem, until the perturbation reaches the discontinuity in B. We report
in Fig. 25 the solution obtained with the LN scheme at times z = 0.30 and 7 = 0.45. As before, the scaling of
the bed height used in the line plots is indicated in the pictures. The remarks made for the previous test apply
also to these results. The lake-at-rest solution is preserved exactly in the unperturbed region, despite of the
non-smoothness of the shape of the bottom, and of the irregular mesh. Similarly, the total water height behind
the perturbation gets back to a constant value very close to one. The numerical solution of the nonlinear
scheme is quite stable and monotone, even if the data of the problem are non-smooth, and the mesh quite
irregular. Very small oscillations are present at later times of the simulation only in correspondence of the sin-
gular corners of B(x,y), at (x,y) =(0.9,0.3), (x,y) =(1.1,0.3), (x,y) =(0.9,0.7) and (x,y) = (1.1,0.7). We be-
lieve that this is a consequence of the extremely low velocity and almost flat profile of H,, that these
oscillations are not dissipated by the scheme. We expect this to be improved by the adaptation of the technique
described in [37]. As done for the previous problem, in Fig. 26 we compare the solution of the N scheme with
the one of LN scheme at time # = 0.15 in the unperturbed region, along the line y = 0.5: the LN scheme pre-
serves the lake-at-rest state up to machine accuracy while very small perturbations are introduced by the first-
order linear scheme.

4.2.5. Example of a truly 2D exact solution
We consider now the approximation of a particular member of the family of 2D exact solutions of Section
2.3. In particular, as described in Section 2.3.2, on the spatial domain [—1, 1} we consider a solution in which
the velocity field is divergence-free, and obtained from the harmonic function
Y =xy
as
oy oy
Uu——=— x7 V= ——=
)% Ox
The relative water height is taken as H = 1.5 + 1, while the bed height is computed from
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Fig. 25. Water height perturbation over non-smooth bed. Solution of the LN scheme at # = 0.30 (left) and # = 0.45 (right). Top: contour
plot of total water height (20 contours). Bottom: distribution of Hi, at y = 0.5 (o = 0.992).

2 2
g(15+ ) + gB(x,y) = 30 - =+

with the gravity acceleration taken to be g = 10. Some elements of the exact solution are visualized in Fig. 27.
Note that the bottom and top boundaries are sub-critical inlets, while the left and right boundaries are sub-
critical outlets. For this choice of parameters, the Froude number never exceeds one. Starting from the exact
solution, we march toward steady-state using the nonlinear LN scheme (obtained by limiting (39)). The results
are obtained by adding to the basic scheme the stabilization term proposed in [37], described in Section 3.5.2.
The CFL parameter v in (44) is set to v =0.1. We compute the solution on a series of 4 unstructured irregular
triangulations, similar to the ones used for the other problems. To have the same local irregularity of the grid
in every computation, the meshes are generated independently. The reference mesh sizes are computed as

h= \/2 X |[=1,1|/#E = \/8/#E and are given by hy=0.040112472606, h; = 0.020088585092, /=
0.01007317032, and /3 = 0.0050547294049. Note that, due to the lack of locally refined regions, these reference
lengths correspond almost exactly to the (uniform) mesh spacing along the boundaries, given by &, = 1/25,
h =1 /50, hy =1 /100, and hy =1 /200. Weak boundary conditions are used everywhere. In Fig. 28 we show
the iterative convergence obtained on each calculation, in terms of the (properly shifted) L' norm of the water
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Fig. 26. Water height perturbation over non-smooth bed. Total water height (left) and Froude number (right) in the unperturbed region
(line y =0.5) at time ¢ = 0.15. N scheme (line) and limited N scheme (line with symbols).
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Fig. 27. Some description elements for the multidimensional steady solution.

height residual. When compared to the iterative convergence plot of Fig. 5, this result confirms the beneficial
effect of the additional stabilization term of [37]. Next, we measure the rate of convergence toward the exact
solution. The results obtained for the water height A are summarized in Table 2 and in Fig. 29, and confirm
the second order of accuracy of the scheme.
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Fig. 28. Two-dimensional smooth solution: iterative convergence of the LN scheme with stabilization [37].
Table 2
2D exact solution
log(h) log(|lex |l ~) log(|lex ;1) log([len|l;2)
—1.39672 —3.50751 —3.54667 —3.52892
—1.69705 —4.35415 —4.35622 —4.35571
—1.99683 —4.92696 —4.92785 —4.92765
—2.29630 —5.44660 —5.44720 —5.44704

Grid convergence: relative water height H, limited N scheme.

5. Conclusions
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Fig. 29. 2D solution: grid convergence of the LN scheme. Relative water height H.

In this paper we have discussed the application of a family of conservative discretizations of the Z< type to
the solution of the shallow-water equations. The accuracy of the schemes has been characterized. We have
given conditions to obtain schemes which are second order accurate in presence of source terms and, shown
that the 22 framework allows easily to construct schemes respecting these conditions by construction. These
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schemes have also been proved to preserve exactly the lake at rest solution independently on the topology of
the mesh, on the complexity of the bed shape and on the order of interpolation of the unknowns, which is very
important for very high order extensions of the method which could be obtained following [25-27]. We also
suggested a way to extend this property to more general analytical solutions. We have shown one technique to
obtain nonlinear second order schemes with a strong L°°-stable character which also preserve the lake at rest
solution. An extensive numerical validation has been discussed. Results on a wide number of steady and time-
dependent problems, involving the solutions of the shallow water equations on flat and non-flat bed, show the
great potential of the approach.

The main challenges which remain to be faced are the extension of the schemes to the computations of dry
areas, the inclusion of source terms containing stronger nonlinearities, such as the ones modeling bed friction,
and the extension of the accuracy to more than second order. All these issues have as a common denominator:
the improvement of the L? stability properties of the nonlinear schemes obtained with the limiting procedure.
This will be initially achieved by adapting the technique proposed in [37]. Similar ideas can be coupled with
higher order interpolation elements (see [25,23,27] for an overview) to obtain very high order schemes respect-
ing an L™ stability criterion. These schemes are expected to be extremely competitive with state of the art dis-
continuous Galerkin discretizations.
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Appendix A. Truncation error and accuracy analysis for time dependent problems

In this appendix, we consider the solution of

Ou .
- . - Q :
" +V-Zu)=0 on QxI0,t], (46)
u('x7y7t = 0) = uo(x’y)’
We will analyze the semi-discrete (discrete in time) equivalent of (46)
ou +V-F(u) ~ i P WIS + i 0,V - F (47)
ot B i—0 Athrlfi =0 /

having denoted du* = u* — u*~!, with u* = u(x,y, "), #""'~ = Z (w+'~/), and with Aty = 1, — t,_, the (var-

iable) time step.

Remark A.1. The o; and 0, coefficients can either be associated either to a finite difference formula used to
approximate the time derivative, or to a high order time integration scheme, or, in the framework of a space-
time approximation, to Gauss integration is time given a polynomial variation in time for u and # (see, e.g.
[26,27]). The analysis of this appendix applies to all these cases.

The analysis can be done if the time step is not uniform, provided that the ratio between any consecutive
time steps is uniformly bounded from below and above. For consistency, the coefficients «; and 0, in (47) verify
9q

zp:oc,-:l, > 0 =1. (48)
i=0 =0

In the following, in order to simplify the text, we assume a uniform time step, At.
We assume that (47) is a kth order approximation in time of (46), with & > 1. In particular, if the argument
u in (47) has a smooth variation in time, then

ia-5“"+14+§q:0-v-w“‘f ~ ML v F )+ o) (49)
— At = 4 ot '
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For a given smooth u, let u, be a rth order accurate continuous piecewise smooth interpolant of the nodal

values {u;},, , with r > 2:
m=, D UM (50)
EeT), jeT

with, y(x,y) continuous over the whole domain. We denote by %, = % ,(u,) a rth order accurate continuous
piecewise smooth interpolant of the flux Z (u). Without loss of generality, we assume that

ia5“71'+§q:0v 71 =9 7 ) + (A D)
; al‘ h\YUh

at least within each element E.

Remark A.2. Given .7, the rth order interpolant u,, can be built in several ways. One, used in [25-28], is given
by the use of r — Ith Lagrangian triangular elements. However, other possibilities exist to build such
continuous polynomials, e.g. based on the use of orthogonal polynomial and Gauss—Lobatto expansions. We
refer to [44-46] and to the review [47] for further details. In any case, when r > 3 the interpolant (50) involves
values of the solutions in nodes other than the vertices of the elements.

Finally, we note that if u is a smooth exact solution of (46), then

P 5un+17i q

> +3 0V =%+V-%(u) +0(AF) = 0(AF), (52)
i=0 j=0

where the last equality is true since u verifies (46) in a pointwise manner.
An example of a second order discretization of type (47) is the Crank—Nicholson scheme (see also Egs. (18)
and (19))

n+l _ n 1
u Atu z(v F'4+ V.- /~n+1).

Other second order (as well as higher order) time integration methods such as the three points backwards
scheme, the Adams—Bashfort scheme, etc., also fit in this framework.
We set, with clear notations,

5un+1 i q e
:/ / Za, h +Zev F ) dxdydr _/ /‘P”“(uh)dxdydt. (53)
" " E

Finally, we consider the Z% schemes that write, at the time level ¢,4,,

lax!

where in all elements

S =" (55)
J€E
We look for the truncation error of the scheme. In particular, the purpose of this appendix is to describe what
we intend by truncation error, and to precise conditions on the residuals @, for which we have the best possible
error.

Analysis. We follow the error analysis of [23-25], extending it to the time dependent case. The result
obtained here improve the estimate initially given in [26]. Using the same technique, similar results have been
independently obtained in [48].

The idea is to derive an estimate of how well an 22 scheme reproduces the weak formulation of the prob-
lem, in correspondence of a smooth solution. This is obtained by replacing the argument in the #% equations
with a continuous interpolant of a smooth exact solution. When doing this, the remainder gives us an estimate of
the accuracy of the method.
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Assumption A.3 (Mesh regularity). In the following, we consider triangulations .7, that are shape regular, i.e.
there exists C, a finite constant independent of .7, such that in all the elements of 7, ratio of the inner
diameter to the outer one is uniformly bounded by a constant Cp,egp.

Assumption A.4 (Time step scaling). We assume the existence of two positive constants Cy and C;, eventually
depending on the o; and 0, coefficients in (47), and on the definition of the distribution scheme (54), such that
the time step verifies
At
Co<—<(C (56)
h
uniformly with respect to 4.
Let now ¢ € C'(Q %0, t7]) with ¢(-,7) having compact support on Q. We set ¢! := ¢(x;,y;,t). We denote by
@y, the (r-order accurate) continuous piecewise polynomial spatial approximation of ¢ obtained as

Py = ou(6, 1) =D @ =D @iy, Y

€Ty, €Ty
with i, rth order continuous piecewise polynomial basis functions on 7 ,. Note that, due to the regularity of ¢,
we have
0
2] <t -l e (57)
Ui~
H‘P”m <oo, o=@ < ||V(P||L><(Q)h < Gsh (58)

for some positive constants C, and Cs, and
Pullix@) < 1@l V@l < Ca (59)

with C4 depending on C; and the constant Cy,eqn. All the constants are uniform over [0, 7.
The global error is computed by multiplying (54) by ¢! := (pf"“, and by adding for each mesh point and
for each of the time levels between 7 = 0 to t = NAt = t. We thus obtain the truncation error:

E(up, 1) Z (Z oy (D,-(uh)> = Z (Z > o d(wy) ) (60)

€Ty Eco; EcT ) i€k

We recall that u, is not the solution obtained with the #% scheme but the continuous rth order piecewise poly-
nomial interpolant of w, smooth exact solution to (46). Hence & (uy, t,) is in general non-zero, and its magnitude
is an indicator of the accuracy of the discretization.

Denoting by @; the Galerkin residual

i P Suttli q )
-/ Do+ D OV T g dedydr,
" E \i=0 j=0
we note that the identities

DB - ) =0, Y ¢(d—P)=0

i€k i€k

allows to write (see Eq. (53))
n+l¢ _ / / n+1 ,}/)H»l( dxdy 4= Z Z n+1 n+1 ¢ ¢c)
zeE icE  jeE
t11+l

where @} = ¢! = @,(x,y,""!), and K is the total number of nodes (i.e., degrees of freedom) of the element.
Thus (60) rewrites

Ml
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E(uy,ty) =T+ 11+ 111

with

=

HI——Z Z ZZ ntl n+1 (13 ¢c)

n=0 Ec€J, icE jeE

a

We rewrite I + II as

N
I+II:Z/
— "

1

Az QDZH‘P"dedydt

iaa! Ml

/w(x,y,t)‘x””“dxdydtJrZ/
RZ

Now note that, due to (51) we have for the rth order approximation in space uy:

tr a Piaa! a
[o(@erm)as [ o(®ev)a

n=0
0,7, dt+2/

nO/t"

Due to (58), the last term can be estimated to an order of

n= 0 o

ias! M+l

O(#time steps) x O(At) x O(AF) = O(Ar™") x O(At) x O(AL) = O(AL).
The compactness of ¢, hence of ¢, finally allows to write

lag!

And finally we have for the error (see Eq. (60))

[f’
s = [ f qo,,<x,y,r>@“h+v-%)dxdydr
0 R2 t
r1+1 —i
/ (03" = @ulx, 1) erl

N s

+ Z / / ((pZ+l - (/)h(x7y7 t)) (Z H/V : 372‘#1]’) dxdydt
n=0 71" =0
1 N

2D D D (0= 0)(® = @)+ O(AL).

n=0 E€7, jeT

/ L, (x, v, )P dxedyde.

/ / S (uy) dedyde = / / @, (x,y,t ( +V- 97;,) dxdydt + O(AF).

(62)

We look at each of the terms assuming that the exact solution u of (46) is smooth, so that (46) is satisfied in

a pointwise manner. Under this assumption:
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e First term

tr
/ / <p,,<%+v-%) dxdyds
0 R2 t
i _
:/ / (ph<M+V-(ﬁh—$”))dxdydt
/ / < u, —u) —+ (Fr—F)- V(ph> dxdydt+/ (u) —u’)¢p, dxdy.
RZ

Since both u, and %, are rth order accurate in space, uniformly in time, and due to the compactness and
regularity of ¢ (see Eqgs. (57)—(59)), both terms are of (k").
e Second and third terms. We make use of (52) to rewrite these terms as

>y

iz

/ T (0,2, 0)) (" () — P () dxdydr

[ @~ oufwoat)ardyar  a + . 63

n=0 R?

Note now that, due to (57), within [¢*,7""'] the difference ¢! — @, (x,y,) is ¢(At). Using the compactness
of ¢, and recalling that the number of time steps N is of O(At™!), the last term finally gives an B = O(A¢1).
We now estimate 4. We split ¥""'(u,) — ¥""(u) in the two contributions due to the time variation of the
unknown, and the transport term. The first part gives:

N )4 _ n+1—i
Z / / rl _ (Z ” %) drdydr.
— Ju ¢

i=0
As already remarked, [7",7"""], the difference ¢*' — ¢, (x,y,) is O(At), hence (@' — @, (x,»,7))/At = O(1).
Since N = O(At™!'), and due to the compactness and boundedness of ¢, the whole integral is
O(w, —u) = O(K"), since the spatial approximation is rth order accurate.
We now consider the term

1

mtl

q .
/ " g, (601)) (Z 0 - (F) - f)) dxdyd
n= 0 o j=0
N tn+1
2

having integrated by parts, and having used the compactness of ¢. The last term can be easily estimated by
using again the compactness and regularity of ¢ (see Egs. (57)—(59)), and using the fact that %, is a rth
order accurate approximation of %, leading to:

rn+l
/ / Ze (Fy = F) T V(@ — o) dxdydi
RZ
= O(AY) x O(Ad) x O(') x O(Ar) = O(AdL").

q
/ > 0,(F— 7)1 V(g — ) dedyde
R? =0

So we finally get for the second and third terms in (62)
A+B=0h)+ O(Ath") + O(AFT) = O(0") + AL (O(R) + O(AL)).

e Last term. So far, we have obtained

&y, tr) = O(AF) + O(1") + At(O(H) + O(AL)) Z SO (e = o (@ - @),

n=0 Ee7, i€E jeE

Using (56), and isolating terms related to the accuracy of the temporal and spatial approximations (k and r,
respectively), we rewrite the last estimate as
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E(uy, 1) = OR) + O(K") Z SN ot = ot (s - ). (64)

n=0 E€7, icE jeE

We finally analyze the last term, trying to deduce conditions for the scheme to be rth order accurate.
First of all, note that, since N = O(A¢™! ) O(h™"), due to the second in (58), and since the total number of
nodes in a bounded domain is of ¢(h~?), we can immediately say that

i Z Z Z Z ntl n+l @ @C) O(h_z)@(@[ - dsf) (65)

n=0 Ee7, icE jeE

We start by analyzing @;. Using (52) we easily get:

o- [
m
/

having used (56), and the fact that the area of element E is |E| = ¢/(h*).Next we evaluate the first integral. We
immediately observe that

/

having used (56), the fact that ; is uniformly bounded, that |E| = ¢(h?), and that uj, is a rth order accurate
approximation. Concerning the remaining term, we first rewrite it as

q .
/ / ¥ E 0,V - (F) — Z)" 1 dxdydr
2 e D

q
:At]{ ,Ze, - )" hdl - At/ZH Fu—F)" vy, dxdy.

J=

tn+l l1+1
/lp (P () — P (u ))dxdydt+/ /o (A%) dxdyds

iaa!

/lp (P (wy) — P () dxdydt + O(H?) (66)

el

)n+171
/ lp dxdydt = O(h?)

ras!

For the first part, considering that v, is uniformly bounded, that |0E| = @(k), and that &, is rth order accu-
rate, we get:

q
% lﬁ[ZOJ n+1 —j .ndl = @(hrJrZ).
OE j=0

Similarly, since ., is rth order accurate, since Vi, = O(h™"), while |E| = O(h*), we have
—At/ Ze Fy—F)" Wy, dxdy = 0K ).

Using (66), we conclude that @ = ¢(h"*?) + O(h***). Plugging this information into (64), and using (65), we
get for the error

E(uy, tp) = OHY) + O0") + O(h)O(D;) + O(h ) O ) 4+ O(h) O(K)
= O(H) + O(h") + O(h ™) 0(P,). (67)

Last expression gives the two conditions for the method to be rth order accurate. These conditions are sum-
marized in the following proposition.

Proposition A.5 (Truncation error and rth-order accuracy). Given any smooth function ¢ € C'(Qx [0, ),
satisfying the regularity assumptions (57)—(59), and with (-, t) with compact support on Q. Given a triangulation
satisfying the regularity assumption A.1. Given time step and mesh size uniformly of the same order as in
assumption A.2. Given wy, the continuous rth order accurate piecewise polynomial interpolant of a smooth exact
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solution to (46), and F , a continuous rth order accurate piecewise polynomial approximation of 7 (u). The #Y
scheme (53)—(55) veriﬁes the truncation error estimate

uh,tf Z Z Qi Z (p llh =0 hr) (68)

n=0 €Ty Ec9;

provided that the following conditions are met

1. the time integration scheme (47) is at least rth order accurate, i.e., k > r
&, = O(F).

Remark A.6. The weak form of the problem (46) is, for any ¢, C' function with compact support on R?,

/ / ( —+ v(P)dxdde—/ *(x)p(x,y,0)dxdy = 0.

We have shown that under the assumptions of Proposition A.5, the truncation error is

E(wyty) = / / (uh——I—J“h V(ph) dxdydt—i—/R uh( ), (x,»,0)dxdy (69)

up to terms of order ((%"). As similar analysis was done, e.g. in [49,50], following [51]. In particular, following
[51], we say that the scheme is rth order accurate if

. (|10
16 1)l < Clu ) ( i ||V<p||oc)-

Here, this can be achieved if the conditions k > r and &, = O(h""?) are met.

ot

The 2 property. If the condition k > r is met, if uy, is the rth order interpolant of a smooth exact solution
u, and given %, the rth order approximation of % (u), a simple estimate of ®"(u,) gives

/ /qml )dxdydr = / / (P () — " (u ))dxdydt+/ /(O(Atk)dxdydt
E
Uh _ u)n+1 i /z‘”*]
_ 2 dpdr
/tn /E ; At Y "

tn+l
(Q(hr+2)_’_/
m

Having used (52) to obtain the second line; (56) and the fact that |[E| = O(h?) to obtain the third; the facts that
u,, is a rth order approximation, that |E| = @(h?), assumption (56), Green—Gauss theorem, and the hypothesis
that & > r to obtain the fourth; the rth order of accuracy of ,, and the fact that |0E| = ((h) to get to the
final result. As a consequence of this estimate we can give the following characterization.

ez 1 1

Ml

/ Z 0N - (Fy— F)" 7 dedydt + O(HH)
E i

74 Ze (7 — Z)" 7 qdldt = O(W?) + O(W?) = O(K*?).
0 —

Definition A.7 (Linearity preserving schemes). A #% scheme for which @; = 0", with §; uniformly bounded,

that is
max max ||| <C < oo VO w,u) h AL
EcT ), JjEE

is said to be Linearity Preserving (¥ 2). For a rth order variable and flux approximation, Linearity preserving
residual distribution schemes verify by construction the truncation error estimate

E(wy,ty) = O(H).
Remark A.8 (Second order space-time schemes). The analysis of this appendix extends trivially to the space-
time schemes used in this paper. It suffices to use the Crank—Nicholson scheme in (47). In particular, the con-

dition for second order of accuracy becomes in this case

D, = O(h*).
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Remark A.9 (Why &; = O(h"?) is not sufficient). We end this appendix by recalling the argument of Remark
3.2. The condition ®&; = ¢(h"*) only guarantees that the truncation error of the scheme is ((#") (provided that
k = r is also verified). However, in no way it guarantees that the scheme actually does converge with the
proper rate. Some additional stability properties must be enjoyed by the scheme in order to achieve this.
As a counter-example, we mention that the Galerkin scheme does verify Proposition A.5, however the error
blows up under mesh refinement due to the unstable character of the scheme.

Appendix B. Truncation error and accuracy analysis for non-homogeneous problems

In this appendix we analyze the accuracy of the #% approximation in presence of source terms, that is we
consider the steady problem

V- -F(w)—F(w,x,y)=0. (70)

The analysis extends to the inhomogeneous case the one of [23-25], and to systems the one of [28]. As in the
previous appendix, the idea is to derive an estimate of how well an 2% scheme reproduces the weak formu-
lation of the problem, in correspondence of a smooth solution.

In the following, we consider grids verifying the regularity assumption A.l. We also consider a smooth
function ¢ € C}(Q) verifying (58) and (59).

Let w be a smooth exact solution, verifying (70) in a pointwise manner. Let w;, be its rth order accurate
continuous piecewise polynomial approximation on .7, (see Remark A.2 concerning the choice of wy):

Wi = Z YW = Z YW (xi, y;)
IS €Ty,
with y; rth order continuous piecewise polynomial basis functions on .7 ,. We consider now scheme (13) at
steady-state

> =0 Vies, (71)

Ec9;

and analyze the error

E(wi) = o, <Z ¢i> (72)

IS Ec9;

when the argument of the residuals ¢, is replaced by w,,. Once more we underline that w;, is not the numerical
solution given by (71), but the rth order continuous piecewise polynomial approximation of a smooth exact
solution w. Hence, in general &(w;,) # 0. The magnitude of this error gives an estimate on the accuracy of the
schemes.

By inverting the two summations in (72) we have

Eom) =Y (Z qoiasf(wh)). (73)

We write the term between brackets as

Z @i (W) = Z @7 (Wi) + Z (Pi(¢i(wh) - d)zc(wh))

iek iek iek

= /E @, (V- F(Wi) — L (Wi, x,p)) dxdy + qui((ﬁi(wh) - d)lc(wh))

icE

with ¢;(w;) the Galerkin fluctuation

P (wy) = / VAV - Fa(ws) — Fa(Wpx,)) dxdy (74)
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and with & ,(w,) and &, (w;,x,y) continuous rth order accurate numerical approximations of the flux and of
the source term on 7.
Thus, Eq. (73) becomes

E(wy) = /Q(Ph(v - T y(Wi) — Lp(Wp, x,p)) dxdy + Z Z(pi(¢i(wh) —¢i(wy)) =T+11

E€T, i€k

Since by hypothesis w verifies (70) in a pointwise manner, we can estimate I by
[ 0¥ - Zatwi) = Filwx. ) dedy
Q

- / 04V - [F (W) = F(W)] — (Lo (Wpx,3) — F(w,x,7)]) dxdy.

The next step is to use Green formula on each element and to sum up. Using the continuity of ,(w;) across
element edges, we get

/Qwh V-(fh(wh)—f(W))dxdyZ—/QV%(%«(W)—?(W))dxdyZC”(h’),

Z »(wy,) being an rth order accurate approximation of & (w), and thanks to (58). Since &, is also an rth order
accurate approximation of %, (58) ensures that

/ 04 (L4 (Wi, ) — P (W,x,)) dxdy = O(I). (75)
Q
Hence we see that on a smooth solution, given rth order accurate flux and source term approximations, we

have I = O(1").
Then we estimate II. We start by estimating ¢;(w,):

</5,‘-'(Wh)=/EW,-V'[e“fh(wh)—y(W)]dxdy—/Elﬁi(yh(ww»y)—V(me))dxdy

— Y Fsw) - F(w) - ad] - / (F4(ws) — F(W)) - Vi drdy

OE E
+/¢j(yh(wh>x7y) - V(W,x,y))dxdy
= O™+ O0m) + O = o) (76)

having used the boundedness of i, the fact that %, and %), are rth order accurate, the fact that
Vi, = O(h™"), and that |0E| = O(h) and |E| = O(h*). The next remark is that, since

> i= / ) = S ) ey = 3,

we have

S (9w — 5m)) =0

JEE

We can thus rewrite II as

=355 o(¢ — ¢) ZZZ —0,)(¢; — ¢7).

EeT ) i€E Ee/h icE jeE

being K the total number of nodes (i.e. degrees of freedom) of the element. Using the estimate on I, we see that,
to preserve the accuracy of the approximation of the flux and of the source term, we must make sure that
IT = O(h"). Last expression shows that

Il = O(#E) x O(g; — ¢;) x O(¢; — ¢;)

using (59), and since #E = ¢(h~?) for a shape regular mesh in two dimensions, we get
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=0h")x0(¢; — ¢5),

so that, to satisfy Il = O(h"), we must have ¢, — ¢ = O(K"""). Finally, estimate (76) leads to the following nec-
essary condition for second order of accuracy.

Proposition B.1 (Truncation error and rth-order accuracy). Given a smooth function ¢ € Cé(Q), satisfying the
regularity assumptions (58) and (59). Given a triangulation satisfying the regularity assumption A.1. Given w,, the
rth order accurate continuous piecewise polynomial approximation of w, a smooth exact solution to (70), and
denoting by F;, and &, continuous rth order accurate approximations to the exact flux and source term F (W),
and F(w,x,y) on T . A RD scheme verifies the truncation error estimate

EWi) =Y @y di(wi) = O() (77)

€Ty, Ecg;
provided that the condition
¢; = O(™")

is met.

Remark B.2. The weak form of the problem (70) is, for any ¢, C; function with compact support on R?,
_/[RZ F(w) - Vodxdy + /n@’ oS (w,x,y)dxdy = 0.

What we have shown is that under the assumptions of Proposition B.1, the truncation error is
E(w,) = — /R2 Fy(wy) - Vo,dxdy + /[RZ 0, L n(w,x,y)dxdy (78)

up to terms of order ¢(%"). As in Appendix A, we recall the analysis of [49-51]. In particular, following [51], we
say that the scheme is rth order accurate if

Wil < Clu WA (ol + Veolly)-

Here, this can be achieved provided that the condition ¢, = ¢(h"") is met (however, see Remarks 3.2 and
A9).

The &2 property. Given continuous and rth order accurate flux and source terms approximations, &, and
%, for a smooth exact solution one has

¢ (W) = j{ (Fr— F) - id — /(yh — P)dxdy = O + O = O,
[ E
As a consequence, we can give the following characterization.

Definition B.3 (Linearity Preserving scheme). A R scheme is linearity preserving (¥ %) if its distribution
coefficients are uniformly bounded with respect to the solution and the data of the problem:

h 0
max r?EaExHﬁjH <C<oo Vo',u,u,,h...

L2 schemes satisfy by construction the error Eq. (77).

Remark B.4 (Choice of F, and &}). The condition ¢, = O(k"*"), only requires %, to be rth order accurate
and continuous, hence the use of the piecewise polynomial approximation

Fr=Y Fu
IS

is sufficient, even though the choice %, = % (w,) is also possible. Conversely, since |[E| = ¢(h?), it might ap-
pear that a piecewise polynomial approximation of the source of degree r — 2 (hence » — 1th order accurate) is
sufficient to guarantee ¢" = O(K). This is not true, since the analysis (in particular Eq. (75)) is only valid for
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a rth order approximation .%,. For example, for r = 2, an element-wise constant value of the source term can
be used only if consistent with a second-order approximation in smooth regions. For example, one can use

yh|E_y_—Zy or Pyl =F =L W,x,7)

JEE

with X and y the coordinates of the gravity center of E, and w = w,(x, y).

Remark B.5 (Extension to the time dependent case). The extension of the analysis to the time dependent case

0

§+v F) — P(u,x,y)=0 onQx[0,],

is easily obtained, with minor modifications, from the analysis of Appendix A. In particular, it suffices to re-
place the temporal approximation (47) by (with obvious notation)

Ou .
ou V. j : n+1 —i 2 0 a-'n+l j yn+lﬁ/ .

a * ( ) u * y Atn-H —i * )
The definition of the element residual (second in (53)) remains unchanged but now

4

n+1 Z 5uz+l I+ZQ v g-nJrlfj ,7"“7/)

i—0 n+1 i =0

with w,, &, and ¥, continuous and rth order accurate piecewise polynomial approximations on .7, of u,
Z (u), and & (u,x,y), being u a smooth exact solution of the problem. The analysis remains unchanged, using
the Galerkin residual given by

The main difference is that, due to the new definition of ¥(uy)

s du
//qu)h< ” Fp— h)dxdydt

iy
:/ /%( +v¢%—fy+%—y0mwm
RZ
= / / < w, —u) %‘f’(*/' f)-V(ph—l—(,S”h—V)goh)dxdydt—i—/(ug—uo)(phdxdy
=0(h

s

/ u)" 'y, dxdydr.

"1 the first terms in Eq. (62) becomes now

R2

(79)

due to the regularity of ¢, and to the fact that u,, %, and &%, are rth order accurate. Eq. (62) also contains the
additional term

N q )
- Z / / L, (x, v, 2) (Z QJ-VZH_*’> dxdydt.
—0 I j=0
However, the use of (63) shows that this term leads to an extra error
N q ,
_Z / / n+1 _ th X y7 (Z 0] n+1/> dxdyds = @(hr'+3)7
—0 "

J
since @' — ¢, (x,y,1) = O(At) = O(h) in [¢",¢"""], and since & is rth order accurate. This term is hence neg-
ligible with respect to the remaining ones.

mtl

Ml
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The rest of the analysis is identical. One easily shows @ = ¢(h""?) + O(K**3), and ultimately the
preliminary error estimate is given precisely (67), which leads to the same conditions for the an 22 scheme to
be rth order accurate, as in Proposition A.5.

In particular, if the time integration scheme is kth order accurate with k > r, and if @, = ¢(K'"*?) one has

E(uy, tr) Z Z(p, Z @;(u,) = O(h").

n=0 €T, Ecg;

Moreover, the error can be rewritten as
& (up,tr) = / / (“h Lt Ty V(Ph'i‘yh(l’h) dXdde'/ u; (x) @, (x, »,0) dxdy + O(h")
R2

and bounded as

|£<uh,rf>||<c<u,h>h"(||<p|| 122, +||w||m).

As in the other cases, one easily shows that, provided that k > r, for a rth order approximation in space
" = O(K*?). As a consequence, linearity preserving schemes still respect this error estimate by construction.
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