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ON SOME FAST WELL-BALANCED FIRST ORDER SOLVERS
FOR NONCONSERVATIVE SYSTEMS

MANUEL J. CASTRO, ALBERTO PARDO, CARLOS PARES, AND E. F. TORO

ABSTRACT. The goal of this article is to design robust and simple first order
explicit solvers for one-dimensional nonconservative hyperbolic systems. These
solvers are intended to be used as the basis for higher order methods for one or
multidimensional problems. The starting point for the development of these
solvers is the general definition of a Roe linearization introduced by Toumi in
1992 based on the use of a family of paths. Using this concept, Roe methods
can be extended to nonconservative systems. These methods have good well-
balanced and robustness properties, but they have also some drawbacks: in
particular, their implementation requires the explicit knowledge of the eigen-
structure of the intermediate matrices. Our goal here is to design numerical
methods based on a Roe linearization which overcome this drawback. The
idea is to split the Roe matrices into two parts which are used to calculate
the contributions at the cells to the right and to the left, respectively. This
strategy is used to generate two different one-parameter families of schemes
which contain, as particular cases, some generalizations to nonconservative sys-
tems of the well-known Lax-Friedrichs, Lax-Wendroff, FORCE, and GFORCE
schemes. Some numerical experiments are presented to compare the behaviors
of the schemes introduced here with Roe methods.

1. INTRODUCTION

The goal of this article is to design robust and simple first order explicit nu-
merical schemes for solving Cauchy problems for a general class of one-dimensional
nonconservative hyperbolic systems. Hyperbolic systems of conservation laws with
source terms and/or nonconservative products are particular cases. A number of
models of this type have been introduced in fluid dynamics to serve as simplified
models of multiphase or multilayer flows. The theory introduced in [I0] is used
here to define the weak solutions of the system. This theory allows one to give a
sense to the nonconservative terms of the system as Borel measures provided that
a Lipschitz-continuous family of paths is prescribed in the space of states.

We consider here the discretization of the systems by means of numerical schemes
which are path-conservative in the sense introduced in [20]. The concept of a
path-conservative method, which is also based on a prescribed family of paths,
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provides a generalization of the conservative schemes introduced by Lax for systems
of conservation laws which are also based on the choice of a family of paths. The
simple first order path-conservative methods to be designed here are intended to be
used as the basis for higher order methods for one and two-dimensional problems.

In [6] it has been proved that, in general, the numerical solutions provided by a
path-conservative numerical scheme converge to functions which solve a perturbed
system in which an error source-term appears on the right-hand side. The appear-
ance of this source-term, which is a measure supported on the discontinuities, has
been first observed in [I5] when a scalar conservation law is discretized by means of
a nonconservative numerical method. Nevertheless, in certain special situations the
convergence error vanishes for finite difference methods: this is the case for systems
of balance laws. Moreover for more general problems, even when the convergence
error is present, it may only be noticeable for very fine meshes, for discontinuities
of large amplitude, and/or for large-time simulations; see [6] for details.

The family of generalized Roe schemes introduced in [28] constitutes a particular
case of path-conservative numerical methods. Although the schemes of this family
are robust and have good well-balanced properties (see, for instance, [2], [§], [21],
[20]) they also present, as their conservative counterpart, some drawbacks:

e their implementation requires the explicit knowledge of the eigenstructure
of the intermediate matrices (see [23]); when their analytic expression is
not available, the eigenvalues and eigenvectors of the matrix have to be
calculated numerically at every interface and at every time step, which is
computationally expensive;

e they do not satisfy in general an entropy inequality; as a consequence, an
entropy-fix technique has to be added to the numerical scheme in order
to capture the entropy solution in the presence of smooth transitions (see
[14]);

e the positivity-preserving properties of the exact solutions of the problems
are not satisfied in general by the numerical solutions.

The goal of this article is to design numerical methods based on a Roe lineariza-
tion that overcome the first of these drawbacks of Roe methods. Moreover, some of
the numerical schemes introduced here will also overcome the second and the third
drawbacks.

For hyperbolic systems of conservation laws, it is well known that the use of
incomplete Riemann solvers such as Rusanov, Lax-Friedrichs, HLL, etc. allows one
to reduce the cpu time required by a Roe solver which resolves all the characteristic
fields (see, for instance, [I1]). Although when combined with piecewise constant
approximation Roe solvers give in general a better resolution of the discontinuities
than incomplete Riemann solvers, when combined with high order reconstructions
the resolution may be indistinguishable. Therefore high order methods based on in-
complete Riemann solvers may be more efficient than high order Roe methods. The
idea here is to try to extend this strategy to nonconservative hyperbolic systems.

Even if all the numerical schemes considered here are based on a Roe lineariza-
tion, the information concerning the eigenstructure of the intermediate matrices
will not be used, in which case the corresponding numerical scheme is symmetric
or nonupwind, or only partially used. In fact, the Roe matrices will be used here
to compute in an easy manner the integrals through paths related to the definition
of the nonconservative terms: when such a matrix is available, these integrals may
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be calculated by a simple matrix/vector product. In [4] a different approach to
construct nonupwind schemes for nonconservative systems has been put forward,
which is based on a reinterpretation of the PRICE-T method developed in [26]
using the theoretical framework of path-conservative schemes. The main difference
is that in their case, instead of using Roe matrices, the integrals through paths are
computed numerically using Gaussian quadrature.

The organization of the paper is as follows: in Section 2l we recall some basic
concepts. Section [Blis the core of the article. In the first paragraph, we introduce
a family of numerical methods that generalizes the conservative Rusanov schemes.
The Lax-Friedrichs method for nonconservative systems introduced and analyzed in
[6] can be considered as a particular case. As their conservative counterpart, these
methods satisfy a discrete entropy inequality and they are positivity-preserving.
However, they are not well-balanced in general. In order to overcome this drawback,
we present some well-balanced versions of these methods based on two different
strategies: the first one is based on a modification of the identity matrix appearing
in the definition of the methods; the second one consists of using the generalized
hydrostatic reconstruction introduced in [9] which is an extension of the technique
introduced in [I] for the numerical treatment of the source term in the shallow-water
system.

Rusanov and Lax-Friedrichs schemes are very diffusive. The strategy followed
here to reduce the numerical diffusion is inspired in the definition of the FORCE or
GFORCE methods for conservative problems (see [25], [27]). In these methods, the
numerical diffusion of the Lax-Friedrichs scheme is reduced by considering a con-
servative method whose flux is a convex linear combination of the Lax-Friedrichs
and Lax-Wendroff fluxes. To follow such a strategy, first a generalization of Lax-
Wendroff methods for nonconservative systems has to be defined. This is done
in two different ways: while the first generalization is only second order for con-
servative problems, the second one is second order for general systems. Once the
Lax-Friedrichs and the Lax-Wendroff methods have been generalized, we consider
in Subsection B4l linear convex combinations of these methods. We thus obtain two
different families of numerical schemes (depending on the choice of the first or the
second order extension of the Lax-Wendroff scheme) which depend on a parame-
ter w € [0,1]. In particular, the choices w = 0,1,1/2,1/(1 + CFL) correspond to
the extensions of Lax-Friedrichs, Lax-Wendroff, FORCE, and GFORCE numerical
schemes, respectively.

In Section M the particular expression of these methods for systems of conser-
vation laws with source terms and/or nonconservative products is obtained. The
difficulty related to resonance is also discussed.

In Section [l the numerical schemes introduced here are applied to the one and
the two-layer shallow water systems and compared between them and with the
usual Roe scheme. Together with the first order schemes presented here, we also
consider their high order extensions based on the use of a reconstruction operator
following the ideas given in [7], [20]. As expected, the numerical results given
by the first order numerical schemes introduced here are worse than those given
by Roe methods, but when they are extended to higher order, the quality of the
results is similar. Moreover, they are easier to implement and the numerical cost
is dramatically reduced for problems in which the eigenvalues and eigenvectors are
not explicitly known.
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2. PRELIMINARIES

We consider one-dimensional P.D.E. systems of the form:
(2.1) Wi+ AW) - W, =0, zeR >0,

where the unknown W (z,t) takes values on an open convex set () of RY. The
system is supposed to be strictly hyperbolic and the characteristic fields R;(W),
i=1,..., N, are supposed to be either genuinely nonlinear:

VANW)-R;(W)#0, VIV eQ,
or linearly degenerate:
VN(W)-R,(W)=0, VIWeQ.

Here, A1 (W),..., An(WW) represent the eigenvalues of A(W) (in increasing order)
and Ry (W),..., Ry(W) a set of associated eigenvectors.

Solutions of nonlinear hyperbolic systems are generally discontinuous. Due to
the nondivergence form of the equations, the notion of solutions in the sense of
distributions cannot be used. The theory introduced by Dal Maso, LeFloch, and
Murat [10] is followed here to define weak solutions of (Z1]). This theory allows one
to define the nonconservative product A(W)W, as a bounded measure provided
that a family of Lipschitz continuous paths ® : [0, 1] x Q x € is prescribed, which
must satisfy certain natural regularity conditions; in particular,

(22) @(O;WL,WR) = WL, @(1;WL,WR) :WR,
and
(2.3) O(s; W, W) =W.

See [I0] for details.

As occurs in the conservative case, not every discontinuity is admissible. There-
fore, a concept of entropy solution has to be assumed. Here, we assume that there
exists an entropy pair (7, @), i.e. a pair of regular functions from Q to R, n being
convex, such that

VGW)=Vn(W)-AW), VYWWeQ.
A weak solution is said to be an entropy solution if it satisfies the inequality
om(W) + 0,G(W) <0,

in the distributions sense.

In order to discretize (21I) we consider here path-conservative methods (see [20])
of the form:

At
+1 +

(2.4) Wz‘n =W - A—x(Di—l/Z
where Az and At are, for simplicity, assumed to be constant; W is the approxi-
mation provided by the numerical scheme of the cell average of the exact solution
at the i-th cell, I; = [x;_1 /2, 2;41/2] at the n-th time level t" = nAt, and

D;FH/Q =DE(Wr,...,Wh,),

+Di_+1/2)’

where D~ and DV are two Lipschitz continuous functions from 92 to 2 satisfying:

(2.5) DEW,W)=0, YW e€Q,
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and for every pair of states Wy, Wg:

1
D~ (WL, WR) + D+(WL3 WR) = A A((I)(S, Wi, WR)) (;—i)(s; Wi, WR) ds.

The family of generalized Roe schemes introduced in [28] constitutes a particular
case of path-conservative numerical methods. These schemes are based on the
following general concept of a Roe linearization for (2I): given a family of paths
®, a function Ag: Q X Q= My« n(R) is called a Roe linearization if it verifies the
following properties:

o for any Wi, Wg € Q, Ae(Wy,Wg) has N distinct real eigenvalues,
e for every W € Q,
(2.6) Ao (W, W) = A(W);

e for any Wy, Wg € Q,

2.7) A¢(WL,WR)-(WR—WL):/O A(@(s;WL,WR))‘;—f(s;WL,WR)ds.

Once a Roe linearization has been chosen, the corresponding Roe scheme is given
by (24) together with:

(2.8) DE

i+1/2 A7 (Wi = W),

i+1/2 "
where
‘Ai+1/2 = A@(Wz’na Wﬁfl%

and .A;Erl /2 denote its positive and negative parts, i.e.
(2.9)
() 0
+ + -1 + .
‘Ai+1/2 = jci+1/2'ci+1/29<i+1/2’ Li+1/2 - . )
0 Ay
)xi+1/2 < )\?1/2 < e < /\i\ﬁ,_l/2 being the eigenvalues of A; 1/ and K; /5 an

N x N matrix whose columns are the associated eigenvectors.

Well-balancing is related to the numerical approximation of steady state solu-
tions. Notice that system (Z]) can only have nontrivial steady state solutions if it
has at least one linearly degenerate field: if W (x) is a smooth nontrivial stationary
solution

AW (z))-W'(z) =0, Vz€eR,

then 0 is an eigenvalue of A(W (z)) and W’(x) an associated eigenvector for every
x such that W'(x) # 0. Therefore, given an interval J C R such that W'(z) # 0
for every x in the interior of J, z € J — W (x) is a parameterization of an arc of an
integral curve of a characteristic field. Moreover, as the corresponding eigenvalue
vanishes identically, the characteristic field has to be linearly degenerate.

Let us introduce the set I' of all the integral curves 7 of a linearly degenerate
field of A(W) such that the corresponding eigenvalue vanishes on I'. According to
[21], we introduce the following definitions:
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Definition 2.1. Given a curve v € T', a numerical scheme for solving (2] is said
to be exactly well-balanced for + if it solves exactly any smooth stationary solution
W such that

(2.10) W(z) ey, V.

The scheme is said to be well-balanced of order k for v if it solves up to order k
any smooth stationary solution satisfying (2I0). Finally, the scheme is said to be
exactly well-balanced or well-balanced of order k if these properties are satisfied for
any curve of I'.

Definition 1] generalizes the usual concept of well-balanced scheme for a system
of balance laws (see [3]). It is a rather formal and geometrical definition, but it
is well suited to the analysis of the well-balanced properties of path-conservative
numerical schemes as these properties are strongly connected to the relationship
between the paths and the set of curves I'; see [20]. For instance, the following
general result can be easily shown for Roe methods (see [21]):

Proposition 2.2. Let v be a curve in I'. Let Ag be a Roe linearization related to
a family of paths ® satisfying that given two states Wi, and Wg belonging to ~y, the
path ©(-; W, Wg) is a parameterization of the arc of ~y linking the states. Then,
the corresponding Roe scheme is exactly well-balanced for ~y.

The proof of this proposition is straightforward: on the one hand, it can be easily
deduced from (27)) that, given two states W, and Wx belonging to v, the following
equality holds:

(2.11) Ae(Wp, Wg) - (Wg — W) = 0.

The proof is easily concluded by using the definitions of the positive and negative
parts, and the form (24 of the scheme.

3. NUMERICAL SCHEMES

The D* functions of the new families of path-conservative numerical schemes
introduced here will be of the form:

(3.1) Dii-i-l/Q = f%(Wi”, i) - (Wi, = W),

where

(3.2) Ae(Wr, Wr) = Ag(Wr, Wr) + Ag (Wr, Wr)

represents an arbitrary decomposition of the Roe linearization. In particular, the
decomposition

(3.3) AL (WL, Wg) = AL (W, Wg),

where A%(WL, Wpg) are the positive and negative parts of the matrix corresponds
to the Roe method.

Clearly, a numerical scheme of the form (24)), (81l based on a decomposition
B2) of a Roe linearization Ag is well-balanced for a curve v € T if; and only if,
given two states Wy, and Wg belonging to v, the following equalities hold:

(3.4) Az (W5, Wg) - (Wr — W) =0.
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3.1. Rusanov methods. Let us consider first the numerical schemes (2.4)), (3:1))
based on the decomposition ([B2) given by:

(3.5) AW, Wr) = =[a(Wy, Wg)Id+ Ae(Wr, Wg)],

~

(3.6) Ag (Wr,Wg) = [—a(Wr, Wr)Id+ Ae(Wr,Wg)],

N = DN =

where a(Wp,, Wpg) is a positive number such that:
|>\1(WL,WR)| SQ(WL,WR), i=1,...,N.

Here, \;(Wp,Wg), i = 1,...,N represent the eigenvalues of the Roe matrix.
Clearly, the eigenvalues of fA{j}f(WL, Wg) and ﬁ;(WL, Wg) are, respectively, posi-
tive and negative. We remark that this method only requires a partial knowledge of
the eigenstructure: at every interface only the maximum eigenvalue (or an estimate)
has to be known.

It can be easily verified that, for conservative problems, this family of schemes
reduces to the conservative methods based on Rusanov numerical fluxes. Schemes
of this family are first order accurate and linearly stable under the usual CFL
condition:

At _ .
(3.7) Ay max{|\; (W, W) :5=1,...,N} = CFL, Vi,

where CFL € (0,1]. Moreover, they have good entropy-satisfying and positivity-
preserving properties: under some hypotheses on ® (see Appendix A), the following
results hold:

Proposition 3.1. Let us assume that a(Wy, Wg) satisfies:
(3.8) max{|A\;(Wy)|:j=1,..., N} <a(Wr,Wg), k=0,...,N,

where Wy, ..., Wy are the intermediate states appearing in the self-similar entropy
solution V (x/t; W1, Wg) of the Riemann problem corresponding to Wr, Wg. Then,
under the CFL assumption:

At n m
(3.9) Ea(Wi Wik <

there exists a consistent numerical entropy flux function CA?(WL, Wg) such that the
following entropy inequality is satisfied:

? VZ’

N | =

T n At ~ n n A~ n n
(3.10) (W) = (W) + - (GOVE W) = GOV, Wi ) <o.
Proposition 3.2. Under the hypothesis of Proposition 31, let us suppose that the
Riemann problem has the following positivity-preserving property: there exists j
such that:

(3.11) wi wit >0 = V;(v;Wr,Wg) >0, Vo,

where w]L, wf, V(s W, Wr) represent, respectively, the j-th component of Wy,

Wg, and V(; W, Wg). Then, the Rusanov method based on the decomposition
BA), BA) is also positivity-preserving in the following sense:
w); >0, Vi = w}; >0, Vin,

where w;'; represents the j-th component of W;.
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These results are proved in Appendix A. The proof is based on the interpretation
of the methods as approximate Riemann solvers.
Notice that, if Az and At satisfy ([B.71), a possible choice for « is given by:

Ax
(3.12) a(W, W) = AL Vi.
For conservative problems, the corresponding numerical scheme reduces to the Lax-
Friedrichs method. In this case no local information is used in the expression of
the numerical scheme. Only an estimate of the maximum speed in the whole of the
domain at any given time level is needed in order to impose the CFL condition.
By using the Roe property (Z7), this generalized Lax-Friedrichs method can also

be written in the form (2] with:

313 Dfye= [ AW G W W) s
where
-~ 1 Ax
+ - =
FEw) = 5 (iAtld+A(W)).

The Lax-Friedrichs method written in this form has been introduced and analyzed
in [6]. From equation ([BI3]), it is clear that the method is independent of the
particular choice of Roe linearization. Nevertheless, its practical implementation is
easier when a Roe linearization is available.

3.2. Well-balanced Rusanov schemes. Let us consider in this section a Roe
linearization based on a family ® satisfying the hypotheses of Proposition 22 The
corresponding Roe scheme is thus well-balanced for ~.

In general, Rusanov schemes based on the decomposition ([BH), (B:6) are not
well-balanced for «. In effect, given Wy, Wg € «, we have the equality:

N 1
AL(Wp, Wr)(Wg —Wp) = iia(WL, Wgr)(Wr — W) # 0.

In this section, we introduce two different strategies to make the numerical
scheme well-balanced.

3.2.1. Modification of the identity matriz. Observe that, given W, Wg € v, equa-
tion (ZIT)) is satisfied and thus 0 is an eigenvalue of Ag (W, Wgr) and Wr — Wy is
an associated eigenvector. Let us consider the following decomposition:

G148 AV Wr) = 5 [V, W) TV, Wr) + As (W2, W)
(3.15) Ag(Wy,Wg) = %[—a(WL,WR)IA(WL,WR)+A¢(WL7WR)],

~

where (W, Wg) is:
(3.16) I(Wy,, Wg) = KWy, Wg) - 1d - K(W,, Wg) L.

Here K (W, Wg) is a matrix whose columns are eigenvectors of Ag (W, Wg), and
Td is the diagonal matrix whose i-th coefficient is 1 if A;(Wg, Wg) # 0, or 0 if
Ai(Wr, Wg) = 0.

Notice that, if the states W, and Wg belong to -, WR: Wi is an eigenvector

associated to 0 for both the matrices Ag (W, Wg) and I(Wr,Wg). Therefore,
[B3) is satisfied and the numerical scheme is exactly well-balanced for .
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Again, the choice (BI2)) provides a well-balanced version of the generalized Lax-
Friedrichs scheme.

This well-balanced version of the Rusanov and Lax-Friedrichs methods is also
first order accurate and linearly stable under the usual CFL condition. Unfortu-
nately, the proofs of Propositions Bl and cannot be adapted in general to this
modified scheme: the entropy-satisfying and positivity-preserving properties of the
scheme may fail for the modified version.

Notice that in this well-balanced version of the scheme, at least the eigenvector
associated with the null eigenvalue of the intermediate matrices has to be known.

3.2.2. Generalized hydrostatic reconstruction. In this paragraph we follow the strat-
egy designed in [9] (which is a generalization of that introduced in [I] for the shallow
water system) to modify any path-conservative numerical scheme (24) in order to
be well-balanced for all the curves of a subset I'g of T'.

Let us assume that there exists a family of Lipschitz-continuous curves:

(3.17) [={Cw, WeQl,
satisfying the following properties:
(P1) W e Cyw for every W € Q.
(P2) If W belongs to a curve 7 € T'g, then
(3.18) Cw =1.
(P3) Given two arbitrary states Wy and W; in Q, it is possible to choose in a

continuous way two states Wf/Q € Cy, and W;;Q € Cyy, such that

- _wt
Wy =W,
whenever Wy and W; belong to the same curve v € T'y.
The following modification of the numerical scheme (24)) is then considered:

. oAt ~ o
(319) Wi =Wy - 2 <D+(WH/Q,WZ.+1/2)+D (Wi Wi o)

1 Qi , 1 dQ:
i—1/2 — i+1/2
+ [ Q) T dst [ A ) =2 as ).
where W=

i11/2 Tepresent the reconstructed states obtained by applying (P3) to W
and W/ |, and

ERS [0’ 1] = Q;r]/z(s)a
s € [07 1] = Q:r+1/2(8)7

are, respectively, parameterizations of the arcs of the curves Cyy» and C'Win+ ,» linking

the pairs of states (W, Wi;1/2) and (W;fH/Q, 74 1). The numerical scheme (3.19)
is path-conservative, consistent and well-balanced for every curve v € T.

The entropy-satisfying and positivity-preserving properties of the chosen path-
conservative scheme may also be satisfied by its modification ([BI9) if the gener-
alized hydrostatic reconstruction satisfies some properties. We give hereafter two
general results which are satisfied for the particular case of the hydrostatic recon-
struction introduced in [I] for the shallow water system with source terms. In fact,

their proofs follow closely those of the corresponding results given in [3].
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Proposition 3.3. Let us suppose that the numerical scheme 24]) satisfies the
following semi-discrete entropy inequality by interfaces: there exists a consistent
numerical flux entropy such that

(3.20) G(W1) + Vn(Wh) - D™ (Wo, Wh)

G(Wo, Wy),
(3.21) G(Wo) + V(W) - DT (Wy, Wh) G

<
> G(Wo, W)

hold for any pair of states Wy and W1. Let us also suppose that the reconstructed
states satisfy the inequalities:
G(Wy)) = G(Wo) + (VW) = Vn(Wo) ) - D (W5, Wi,)

1 dQT
< V(W) - /o ‘A(Q;/Q(S))d—;m ds,

G(W) = GOW) + (VW) = Tn(WA) ) - D™ (Wy 5, Wi,)

! + d T/Z
ZVU(Wl)'/ AQ{)p(s) — = ds.
0 S

Then, the numerical scheme [B19) also satisfies a semi-discrete entropy inequality
by interfaces for the consistent numerical flux function:

G(Wo, W) = G(Wy 5, W)

Proposition 3.4. Let us suppose that the numerical scheme 24 is positivity-
preserving in the sense of Proposition B2l Let us also suppose that, given two
states

Wi = [wi1, ... wen]’, k=01,

the reconstructed states

+ + + T
Wi = [w1/21""7w1/271v]
are such that
(3.22) 0.5 2 Wy/g 55 1j 2 w1/2],

and

dq
12[ 1/2,1
(3.23) /Za], Q7 5(s) / /Zag, 1/2(s d/ ds <0,

where a; (W) represents the (j,1)-entry of the matriz A(W), and

s Q1a(8) = (61721 (8)s -1 a1y (1T

are some parameterizations of the arcs of Cyw, and Cw,, linking the pairs of states
(Wo, Wy ) and ( 1/2,W1). Then the numerical scheme BI9) is also positivity-
preserving.
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3.3. Generalized Lax-Wendroff schemes. We consider now the numerical
scheme defined by the following decomposition:

~ 1 At

(3.24) A:}f(WL, Wg) = 3 [.A@(WL, WR) + Eﬂ%(WL, WR)] ,
~_ 1 At

(3.25) Ag(Wr,Wg) = 3 [A<1>(WL, Wr) — A—xA%(WL, WR)] .

For linear or conservative problems these schemes reduce to conservative methods
based on Lax-Wendroff numerical fluxes, and they are second order accurate in
these cases. However, in the presence of nonconservative terms they are only first
order accurate. In effect, a Taylor series expansion allows us to prove the following
development for a smooth solution of (2] with bounded derivatives:

W(x,t + At) = W(x,t) — AtAW) - W, + ATtQaw (A(W)Q ) W;r)
JFATt2 <DA(W) [AW) - Wy, W, | — DAW) [W, A(W) - Wx]> +O(AP),

where the dependence on z,t of the terms involving derivatives has been dropped
for simplicity, and the following notation has been used: given two vectors
I I

U:[ul,...,uN 5 V:[’Ul,...,UN

DA(W)[U, V| represents the derivative of A(W) in the direction of the vector U
applied to the vector W, i.e.

)

DAW)[U, V] = (Z ul&MA(W)> V.

Here, 0y, A(W) is the N x N matrix whose (i, j) entry is
6wl am‘(W).

Let us consider the numerical scheme given by

D (W, Wg) = % |:-A<I>(WL7 Wg) - (Wr — WL) + RLAL (WL, W) - (Wg — W)
(3.26) — AL (DA(WR) [Ae(Wp, Wg) - (Wr — W), Wg — W]
—DA(Wg)[Wg — Wi, As(Wp, W) - (Wg — WL)]H ,

D™ (Wr,Wgr) |:A¢(WL7 Wr) (Wg— W) — RLAZ(W L, Wg) - (Wr — W)

N~

(3.27) — AL (DA(WL) [As(WL,Wg) - (Wg — W), Wg — W]

—~DAWL) [Wr — Wi, Ae(Wr, Wg) - (Wg — WL)])} :

This scheme is second order accurate for general problems.

Both the first and the second order extensions of the Lax-Wendroff scheme in-
troduced in this section preserve the well-balanced properties of the Roe scheme
corresponding to the chosen linearization: let us suppose again that the hypothesis
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of Proposition [Z2is satisfied. Then, ([ZI1]) is satisfied and it can be easily verified
that:
As (Wi, Wg) - (W = W) = 0, D*(Wp,Wg) =0,

for fl%(WL,WR) given by ([B24)-@B28) and D* (W, Wg) given by [B206)-(B21).

The schemes introduced in this paragraph are expected to produce oscillations
near the discontinuities, as happens for conservative systems. The idea here is
to construct numerical schemes which are a combination of the generalized Lax-
Friedrichs and Lax-Wendroff schemes, in order to reduce the numerical viscosity of
the first one without losing its good stability properties.

3.4. Convex linear combinations of Lax-Friedrichs and Lax-Wendroff
schemes. In this paragraph, we consider decompositions which are obtained by
means of a convex linear combination of those corresponding to Lax-Wendroff and
Lax-Friedrichs schemes. First, we consider:

(3.28) A (Wr, Wr) = (1= w)Ag 1 p(We, Wr) + WAS 14y (Wi, Wr),

where w is a fixed parameter in [0, 1], fl;LF(WL, W) are given by ([BH)-(BH) with

the choice ([BI2]), and ﬁ;LW(WL, W) are given by (324)-(B25]). It is interesting
to note that the eigenvalues of ./Al;f(WL,WR) (resp. ﬁ;(WL, Wgr) ) are positive
(resp. negative) if

w< —
~ 1+ CFL’
given that this is precisely the region of all monotone schemes allowed by the convex
average for linear scalar problems. In that case, the particular choice w = 1/(14¢)
corresponds to the Godunov upwind scheme.

We will only consider here the choices w = 0,1,1/2,1/(14 CFL) that correspond
to the particular cases of the generalized Lax-Friedrichs, Lax-Wendroff, FORCE,
and GFORCE numerical schemes.

In general, the scheme based on the decomposition (28] is not well-balanced
for 4 under the hypotheses of Proposition A well-balanced numerical scheme
can again be recovered if the following decomposition is considered:

(3.29) A (Wi, Wg) = (1= W)AF 1y pre(We, Wr) + wAZ Ly (Wi, W),
where now ﬁ;w prr(Wp, Wg) are given by (BI4)-(BI5]) together with the choice

Finally, we also consider the following combinations of the Lax-Friedrichs scheme
and the second order extension of the Lax-Wendroff scheme:

(3.30) DX(Wy,,Wg) = (1 = w)Ag 1 p(We,Wg) - (Wr — WL) + wDiy (WL, Wg),
where wa are given by ([B20)-B.21), or its well-balanced version, in which
A;}LF(WL, Wg) are replaced by A%,WBLF(WIH Wg).
4. SYSTEMS OF CONSERVATION LAWS WITH SOURCE TERMS AND
NONCONSERVATIVE PRODUCTS
We consider in this section PDE systems of the form:

(4.1) wy + F(w), + B(w) - w, = S(w)oy,
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where the unknown w(z,t) takes values on an open convex set O of RY; F is a
regular function from O to RY, whose Jacobian matrix will be denoted by J(w):

) = 0 (w):

B is a regular matrix function from O to My« (R); S is a function from O to RY;
and o(z) is a known function from R to R.
By adding to (1] the equation

(4.2) o =0,
the system can be rewritten in the form (2.I)):
(4.3) W+ AW) - W, =0,
where W is the augmented vector
W= { v } €N =0xR,
o

and A(W) is the (N 4 1) x (N + 1) matrix whose block structure is given by

A(W) = [ Al I —Slw) } .

Here,
A(w) = J(w) + B(w),
which is assumed to have N real distinct eigenvalues
A(w) < -+ < An(w),

and associated eigenvectors r;(w), j = 1,..., N. If the eigenvalues A\; (w), ..., An(w)

of A(w) do not vanish, (£3) is a strictly hyperbolic system: A(W) has N+1 distinct
real eigenvalues

A(w), ..., An(w),0,
with associated eigenvectors
Rl(W)a ) RN+1(W)7
given by

Aw)™" - S(w)

Ri(W):[Ti(W)yi:l,...,N; Ry (W) = 1

0
Clearly, the (N +1)-th field is linearly degenerate and, for the sake of simplicity, we
assume that it is the only one, the others being genuinely nonlinear. In this case,
the set I" is composed of all the interval curves of the (N 4 1)-th field, which are

the integral curves of the o.d.e. system:
d
d—f = A(w)"t- S(w).

In order to construct Roe linearizations of ([@3), first a family of paths @ in Q2
has to be chosen. We will use the notation

W= e ] we=| o
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for the states, and

&)(s; Wi, Wg) = @5_5?(2/5[}3/‘1}/)1%)
where
Q1 (s; Wr, Wg)
(s; W, Wg) = : ’
Oy (s;Wr, Wg)

for the paths connecting the states.

As in [21], we consider families of paths ® which are an extension to  of a family
of paths in O; i.e., we assume that there exists a family of paths ¢ : [0, 1]xOxO — O
such that, if Wy and Wg are two states such that oy = ogp = 7, then:

g

(4.4) O(s; W, Wg) = [ ¢(s;wf,wR) ] , Vsel|o,1].

This requirement is natural, as it ensures that for constant o, the numerical schemes
designed for ([@I]) will reduce to ¢-conservative numerical schemes for the homoge-
neous problem:

(4.5) wy + F(w)y + B(w) - wy, = 0.
Following [21], we consider Roe linearizations ./I;I;(WL, Wg) of the form:

~ Ae(Wr, Wg) | =Sz (W, Wr)

(4.6) Ag (Wi, Wg) = 0 | 0 ;

where

(4.7) Ae(Wr,Wg) = J(wr, wr) + Bo (W, Wg).

Here, J(wr,wg) is a Roe linearization of the Jacobian of the flux F' in the usual
sense:

(4.8) J(wr,wgr) - (wg —wr) = F(wgr) — F(wyg);

Bo(Wp,,Wg) is a matrix satisfying:

1
(49) B@(WL, WR) . (U)R — wL) = /0 B((I)(s, WL, WR))aa—iI;(S, WL, WR) dS;

and Sz (Wr,WRg) is a vector satisfying:

0PN 4+1
Os

It can be easily shown that, if ([@8)-@I0) are fulfilled, then the matrix defined
by (@0)-[E7) satisfies Z0) and @) for the family of paths . It is thus a Roe
linearization provided that it has N + 1 different real eigenvalues.

The non-well-balanced numerical versions of the schemes introduced in Section
B4 are useless in this case, as they do not preserve equation (2], which is an
obvious requirement. Let us thus apply their well-balanced versions.

1
(410) S&(WL,WR)(JR—JL) = /O S((I)(S;WL,WR)) (S; WL,WR) ds.
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4.1. Modification of the identity matrix. Some algebraical calculations allow
us to show that the matrix I(Wp,, Wg) given by ([B.I0]) has, in this case, the following
block structure:

Id | —Ag' (WL, Wg) - S3(Wr, Wr)
0] 0

I(Wr, Wg) = {

Using this expression and dropping the (N + 1)-th components (which are not
relevant, as o is a known function), the numerical scheme corresponding to the
decomposition [B29) can be written as follows:

'U)Z, +1 = ’U}i —|— A (F 1/2 Fi+1/2)
- = ( i—1/2(wf —w] ) + Bigyja(wi, —wy))
(4.11) + — QAI' ( i— 1/2 - 0'1'_1) + Si+1/2(0i+1 — Uz))
At Az
+ o N (wa i— 1/2+(1— )At‘Aill/g)Silﬂ(Ui_Uil)a
At At Ax
T 9Am <wAac iv1y2 + (1 — )A AHll/Q) Sit1/2(0i41 — 04),
where
(412)  F2,, = wFY,,+(1 —w)Fil_{l/Q;
1 At ) N
(4.13) Fz+1/2 = 9 F(w}') + F(w z+1) Ax ~A1+1/2 (w i+1_wi) )
1 Ax, "
1) Rl = g PPl - 3t - o)
(415) .A7;+1/2 = A@(Win, Wﬁ%l)’
(416)  Bit12 = Ba(Wi, Wiy
(4.17)  Sipie = Sg(W, Wiiy).

The last two terms of the scheme can be interpreted as the upwinding part of
the source term discretization.

If, instead, the second order Lax-Wendroff scheme is chosen, the following terms
have to be added to the right-hand side of [@I2):

A2 —
YIAL? Z((w? —wiy) Cliciyee (w —wi )

+ ( Wity — Wy )T Cr jit1/2 (wiyy —wy)
4.1 n -
( 8) lz 1/2 (wl —’U} >(Ul_al 1) Vvll_,_l/g
(wiyy —wi)(oit1 — 04)

+6lz 1/2( —0i— 1) +/81Ti+1/2(0'i+1_0'i)2) Ly,
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where {E1, ..., Ex} is the canonical basis of RY and
(419) 01%14_1/2 = Ci(Wzn7 iﬁ-l)a
(4'20) VZ‘;+1/2 V:t(Wln’ ﬂkl)a
(421) ﬁl:f:iJrl/Q = ﬁlﬂ: (’LU werl)

Here, C’li(WL, W) represents the matrices whose (i, j) entries are, respectively,

(4.22) Ci:;_(WvaR) = Z(awkbl,i(wR)_8wibl,k(wR))ak,j(WLaWR);

H

N
(4.23) Cé’,;(WL, WR) = (9wk bl i wL (9wi bLk(wL)) a;w-(WL, WR),
k=1

where a; ;(Wr, Wg) and b; j(w) denote respectively the (7, j) entries of Ag(Wr, Wg)
and B(w); Vli(VVL7 Wg) are the 1 x N vectors whose j-th components are given by

ot (W, We) = —Z( Dunbi g (W) — B, b (wr)) S (W, W)
+0uw,, Si(wr)ak,;(Wr, WR)) ;

N
U;j(WvaR) = Z< 8wkbl] U}L) ﬁwjbm(wL)) Sk(WL,WR)
k=1

‘i‘awk S (wL)ak,j(WLv WR)) )

where S;(w) and S;(Wy, Wg) denote respectively the j-th component of S(w) and
Sz (Wp,Wg). Finally [3lj[(VVL7 Wg) are the real numbers given by

N
BFWL,Wr) = > 0w, Si(wr)Sk(Wr, Wg),
k=1

I
Mz

B, (Wi, Wr) (wr)Sk(Wr, Wg).

k=1

Observe that in the expression of the numerical schemes above there are al-
ways products of the form A’ H/QSH_UQ. If one of the eigenvalues of A; /5 is
zero, the corresponding product makes no sense. In this case two eigenvalues of
A (W, W) vanish and the problem is said to be resonant. Resonant problems
exhiblt an additional difficulty, as weak solutions may not be uniquely determined
by their initial data, so that the limiting numerical solutions may depend both on
the family of paths and the numerical scheme itself. The analysis of these difficult
problems is beyond the scope of this article. According to our general purpose here,
we would like to introduce some easy modiﬁcations of the schemes which avoid the

difficulty related to the presence of A_ +1 /2 The strategy followed is based on a dif-

ferent definition of I(Wy, W) in the decomposition (I4)-(@I5). This choice will
avoid the appearance of singular matrices but, at the same time, will restrict the
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well-balanced properties of the numerical scheme. Let us suppose that the numer-
ical scheme needs to be well-balanced only for the curves of a subset I'y of I". Let
us suppose that the curves v € I'y are such that, given two states Wy = [wr,or]7,
Wg = [wg,or]" in ~:
e the path é(s, W, Wgr) gives a parameterization of the arc of 7 linking the
states;
e the Roe matrix Ag (W, W) is regular.

Let us also assume that there exists a continuous function 7 : 2 — Q such that
T(W)=W, VYW e~ el

We propose to modify the numerical schemes by replacing AZ 12 by (A} 1 /2)_1,
with

‘A:+1/2 = Ae (T(Win)aT(WﬁH)) .
With this modification, the numerical scheme is still exactly well-balanced for the
curves belonging to I'g as can be easily verified. In Section Bl these numerical
schemes will be denoted by adding MI (Modified Inverse) at the end of its name:
for instance, GFORCE2MI denotes the numerical scheme of the second family with
w=1/(1+4 CFL) using the Modified Inverse (‘A1+1/2)_1'

4.2. Generalized hydrostatic reconstruction. The use of the generalized hy-
drostatic reconstruction presented in Subsection avoids the difficulty related
to the resonant problem provided that the reconstructed states satisfy a further re-
quirement. Let us suppose that the numerical scheme is desired to be well-balanced
for the curves of a subset I'g of T' for which the numerical scheme is required to
be well-balanced. Let us assume that there exists a family of Lipschitz-continuous
curves:

(4.24) I ={Cw|WeQ},

satisfying the properties (P1), (P2), and (P3) described in Subsection Let
us denote by

+ + + T
W1/2 [w 1/2701/2]
the reconstructed states. Let us finally assume that the following property is also

fulfilled:
(P4) for every pair of states Wy and Wi, the reconstructed states are such that
- _ +
0172 = 912
If the reconstruction operator is now applied to the family of path-conservative

numerical schemes corresponding to the decomposition ([B:29]), the modified scheme
BI9) can be written as follows:

w?“ =w; + Ax (Fi—1/2 - Fi+1/2)

At ) )
T 9Ar (Bifl/Z(wituz —w_y0) Bi+1/2(wi++1/2 - wiﬂ/z))

(4.25) At [ P, . AP
-5 /0 B(P, o(s ))—ds ds—l—/ B(P o) —o- ds

oz 1/2 az+1/2
(/S 1/2 ) ds —l—/S 1+1/2 §))——= s ds),
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where the flux Fj%, , and the intermediate matrices are given again by EI2)-EI9)
+

but they are now evaluated at the reconstructed states w; /2 Finally,

s € [07 1] = [Bﬁ1/27pii+1/2]T

are the chosen parameterizations of the arcs of the curves Cy» and C'Win+ ,» linking

the pairs of states (W), ;1/2) and (Wiil/Q, 1)
If, instead, the second family is used, some terms similar to [IJ) have to be
added. In this case, they are also evaluated at the reconstructed states, so that all

the terms related to the source term vanish.

5. NUMERICAL TESTS

In this section, the well-balanced properties, accuracy and efficiency of the nu-
merical schemes introduced here are tested for the one-layer and the two-layer
shallow water systems. In Subsections 5.1l and we recall the formulation of
these systems as well as the Roe linearizations considered here to derive the dif-
ferent numerical schemes. In order to avoid the appearance of negative values of
the thickness of the water layers when wet/dry fronts are present, the corrections
proposed in [5] have been applied.

Following [7], 20, [12] we have also derived some third order extensions of all the
first order numerical schemes presented here. These extensions are based on the
third order reconstruction operator PHM (piecewise hyperbolic method) introduced
in [I§]. For the one-layer and two-layer shallow water systems the implementation
of these high order extensions can be done in such a way that the well-balanced
properties of the first order schemes for the water at rest and vacuum solutions are
preserved (see [I2] for details). A third order TVD-Runge-Kutta discretization has
been used here for the time-stepping. The high order extensions of the previous
numerical schemes will be denoted by adding HO at the beginning of its name:
for instance, HOGFORCE2MI denotes the high order extension of the numerical
scheme of the second family with w = 1/(1 + CFL) using the modified inverse.

A large number of numerical tests has been performed to compare all of the
numerical schemes introduced in this article with Roe schemes. The following
general facts have been observed:

e In all cases, the Roe scheme gives the best results, followed by the GFORCE
schemes. The results obtained by FORCE schemes are very close to those
obtained by the GFORCE family.

e No significant differences can be found between the numerical results ob-
tained with a numerical scheme based on the first order extension of the
Lax-Wendroff scheme or on the second order one. As a consequence, it
seems that it is not worth adding the extra terms ([ELIS).

e No significant differences can be found between the numerical results ob-
tained by applying the Modified Inverse or the Hydrostatic Reconstruction
technique.

e No significant differences can be found between the numerical results ob-
tained with the third order extensions of the numerical schemes.

Due to this, we only show hereafter the results obtained with ROE, LAXF1MI,
GFORCEIMI and their high order extensions in order to avoid an excess of tables
and figures.
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5.1. Shallow water equations with depth variations. We consider the follow-
ing formulation of the shallow water system:

oh  0Oq
ot T =0

G g 0 [¢? OH
90 9N\ L G2 9
8t+8x[h+2h} I 5

The variable = makes reference to the axis of the channel and ¢ is time; ¢(x,t) and
h(x,t) represent the mass-flow and the thickness, respectively; g is the acceleration
due to gravity; H(z) is the depth measured from a fixed level of reference; and
n = h — H is the free surface elevation.

This system can be written as a particular case of () with N = 2, B = 0,

o =H and
— h — 2 1 — 0
o= (1), Fw- ¢ ) st = ()

The eigenvalues of this system are:
AM=u—c, A=u+c,

where u = q/h represents the averaged velocity and ¢ = \/gh. A state W is said to
be supercritical, critical or subcritical if F,. > 1, F,. = 1, or F, < 1, respectively,
F=1
¢
being the Froude number.
The integral curves of the linearly degenerate field are given by the equations:
2

(5.2) q = constant, h+ 2;1h2 — H = constant.

In the particular case ¢ = 0 these curves are straight lines in h, ¢, H space:
(5.3) q=0, h — H = constant.
These curves correspond to water at rest solutions, while vacuum solutions corre-
spond to:
(5.4) h=0, ¢g=0.

We consider here the following Roe matrices based on the family of segments

(see [21]):

7 Aserya | S;
53) R = [t S ).
where
1 0 0
5.6 AZ = n n n ’ S’L = n )
(5.6) +1/2 _(ui+1/2)2+(0i+1/2)2 2ui+1/2 ] +1/2 [ (Ci+1/2)2 ]
with
VAt + /R ud g n hi + hi g

ul = C. = g
+1/2 J +1/2
e T iy 2
The corresponding Roe scheme coincides with the generalized @-scheme of Roe
upwinding the source term introduced in [2]. It can be easily verified that the
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hypotheses of Proposition 22 are satisfied for any curve y given by (&.3]). Therefore,
the Roe scheme is exactly well-balanced for water at rest or vacuum stationary
solutions. Moreover, it is well-balanced of order 2 for general stationary solutions
(see [21]).

To apply the technique of modification of the inverse, we consider the subset I'
of the integral curves of the linearly degenerate field defined by (53] together with
the projection:

h h
W=|q | =>7(W)=1| 0
H H

With this choice, it can be easily shown that

. 0 1
Ay = [ (c?+1/2)2 0 ] '

This matrix is regular if ¢, | ,, > 0. The corresponding numerical schemes are well-

2+1
balanced for water at rest ;o{utions. Nevertheless, the second order of accuracy for
general stationary solutions of Roe methods is not preserved.

The hydrostatic reconstruction technique has been used in [I] to obtain first and
second order schemes for the shallow water system which are well-balanced for vac-
uum and water at rest solutions. It has also been used in [9] to obtain high order
Roe schemes which are also well-balanced for the vacuum and water at rest solu-
tions. A first order Roe method which is well-balanced for every smooth stationary
solution has also been obtained in the latter reference. A different generalization
of the hydrostatic reconstruction technique has also been used in [22] to obtain
high order numerical schemes which are well-balanced for every smooth stationary
solution.

5.2. The two-layer shallow water system. We consider here the following for-
mulation of the two-layer shallow water system (see [§]):

Ohy  Oq1

o " or

ogn 0 (¢ g 2\ Ohs dH

ot T or < Tl ) = gl e
(5.7)

Ohz 942 _

ot or

8QQ 0 q2 2\ 8]11 dH

8t+8x( +h ph2a +gh2d.

In these equations, index 1 makes reference to the upper layer and index 2 to the
lower one layer. The fluid is assumed to occupy a straight channel with constant
rectangular cross section and constant width. The coordinate x refers to the axis
of the channel, ¢ is time, and g is the acceleration due to gravity. H(x) represents
the depth function measured from a fixed level of reference. Each layer is assumed
to have a constant density, p;, i = 1,2 (p1 < p2). The unknowns g;(x,t) and
hi(z,t) represent respectively the mass-flow and the thickness of the i-th layer at
the section of coordinate = at time ¢.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



ON SOME FAST WELL-BALANCED FIRST ORDER SOLVERS FOR NCS 1447

System (7)) can be written in the form (@) with N =4, 0 = H,

q1
hl((I7t)) q_% n gh2 0
_ | alzt _ | 27! _ | 9
U)(Jf,t) - hg(x,t) ’ F(U)) - , 02 ’ S(’U}) - 0 )
qg2(z,t) QB | 9,2 ghs
=+ =h
hy T2
0O 0 0 O
B 0 0 ghy O
Blwl=1 "9 0 0 ol
grho 0 0 O
where
P1
r=—.
P2
The characteristic equation of the homogeneous system, i.e. H = constant, is:
(5.8) (A% = 2ui X + uf — gh1) (A2 — 2up) + u3 — ghs) = rg*hiho,

where u; = q;/h; represents the averaged velocity of the i-th layer and ¢; = \/gh;,
1=1,2.

In the case r = 1 (which is the situation arising in many geophysical flows) a
first-order approximation of the eigenvalues was given in [24]:

+ ~ M %
(59) >‘ext - hl + h2 + (g(hl + h2)) ’
ho + ushy hihs (u1 — up)? :
5.10 AE o a2 + ( / - :
( ) int hy + ho g (h1 + ho) [ g'(h1 + hz)}

In the above expression, ¢’ is the reduced gravity:
g =1=r)g.

Note that, )\it may become complex, corresponding to the development of shear
instabilities. We note that an approximated hyperbolicity condition that is re-
garded as acceptable when the ratio of densities r is close to 1, as happens in the
oceanographical applications, is

(u1 — up)?

g(L=7)(h1 + h2)
In the Strait of Gibraltar, r is about 0.99805.
In the present work only the case where /\ijf]t € R is considered; i.e., the flow is
supposed to be stable and the system strictly hyperbolic.
The integral curves of the 5-th characteristic field are:

< 1.

u? o ud
1 2
q1 = constant, R} + g-h1 = constant,

2
qo = constant, % + g(hy + ho — H) = constant.

In particular, if ¢ = 0, go = 0, we obtain the solutions:

(5.11) @1 =0, hi(x) = constant, g =0, ha(x) — H(x) = constant,
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representing water at rest. Another steady state solution corresponding to a vacuum
is given by

(5.12) hi=0, ¢=0, =12

We consider again the family of segments in order to construct a Roe linearization
(see [21] for details):

(5.13) Aitr/2 = Aiage | Sit1yo ;

where A; /5 =

0 1 0 0
_(u?,i+1/2)2 + (C?,i+1/2)2 2uY ;119 (0711,1‘+1/2)2 0
0 1 ’
7”(03441/2)2 0 _(u;,z'+1/2)2 + (Cg,i+1/2)2 2u3 ;1170
0
(1)’
Sit1/2 = 1’2(—{1/2
_(Cg,i+1/2)2

Here,

n n n n
PR P i Ui Ry .+ hi,
n o n o ) ,i+1
Uiv1/2 = v Crav12 =\ 95—
o /R 2
ki k,it+1

The corresponding Roe scheme coincides with the generalized @-scheme of Roe
upwinding the source term introduced in [8]. It is well-balanced of order 2 for
general stationary solutions and exactly well-balanced for water at rest or vacuum
stationary solutions.

In order to overcome the difficulty of the calculation of the inverse matrix in
resonant cases, we consider the set of integral curves of the linearly degenerate field
(EIT1) together with the projection:

k=1,2.

h1 hy
Q1 0
W = h2 — T(W) = h2
q2 0
H H
With this choice, we have
0 1 0 0
X _ (Crll,i+1/2)2 0 (C?,i+1/2)2 0
i+1/2 - O 0 1 )
T(Cg,z‘ﬂ/z)z 0 (03,i+1/2)2 0

which is regular.

The hydrostatic reconstruction technique can also be extended in this case to
obtain numerical schemes which are well-balanced for water at rest or vacuum
stationary state solutions (see [9] for details).
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TABLE 1. Test 1: Water at rest solution. Errors.

ROE LAXF1MI GFORCEIMI
Llh qu Llh qu Llh qu
Cells error error error error error error

| 100 [112E P [1.75E P [[223E " [217E P [[ L78E" " [2.05E 1 |

02f ~Fmes
FIGURE 1. Test 1: Stationary solution and depth function.
TABLE 2. Test 1: Errors and order.
ROE LAXF1MI
Li h Liq Li h Liq
Cells error | order error | order error | order error | order
10 [[2.10E7%3 - 1.55FE 15 - 9.97E~ %1 - 1.97E 01 -
20 6.23E°1 | 1.75 | 1.60E~1° - 1.17 —0.23 | 1.93E7°1 | 0.03
40 1.58E° %% 197 | 1.27E~ P - 264E7°T [ 215 [ 8.09E~ T | 4.58
80 398~ 1.99 | 1.30E~T° - 1.26E7°T | 1.06 | 3.97E°1] 1.03
160 || 9.95E7° | 2.00 | 1.38E~™° - 6.19E7°? | 1.03 | 1.97E~°t | 1.01
GFORCEIMI
L1 h L1 q
Cells error | order error | order
10 9.50 - 2.12E70t -
20 24TE1 | 527 [ 6.94E~ T | 4.93
40 1.18E"°Y | 1.07 | 3.75E°1 | 0.89
80 5855792 1.01 | 1.86E7°T | 1.01
160 || 2.92E7°2 | 1.00 | 9.34E-°2 | 0.99

5.3. Test 1: One-layer system. Well-balanced property. All the numerical
schemes considered in this work solve exactly water at rest solutions. The objective
of this first test case is to check this fact numerically. To do it, a channel whose
axis is the interval [0, 1] and whose depth function H(z) is given by an exponential
perturbed with a random noise is considered. As initial conditions we take h(x,0) =
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Free Surface Discharge
T T 225 ;
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(a) Free surface (b) Discharge

FIGURE 2. Test 1: Comparison with the exact solution at ¢ = 100
with Az = 1/8.

H(x) and q(x,0) = 0, x € [0,1]. Table [ shows the L' errors obtained with the
numerical schemes: ROE, LAXFIMI and GFORCEIMI for a given mesh with
Az = 0.01. The CFL parameter is set to 0.9. As expected, all numerical schemes
preserve the steady state up to machine accuracy. Similar results are obtained by
the high order extensions of the previous numerical schemes.

Next, we test the well-balanced property for smooth stationary solutions with
q # 0. We consider a channel whose axis is the interval [0, 10] and whose bathymetry
is given by the function H(z) = 1 — 0.3¢~@=5". We consider the supercritical
solution corresponding to the integral curve

q2

=2.
2gh 2

q=2, h—H+

(See Figure [I)).

Table [ shows the L' errors obtained with the numerical schemes: ROE,
LAXF1IMI and GFORCE1IMI for five regular meshes with increasing number of
cells. The CFL parameter is set to 0.9. As expected, ROE gives order 2 while the

other numerical schemes only achieve first order. Figures and show the
comparison of the numerical results with the exact solution at time ¢ = 100 with

Ax = 1/8. As expected, the best results are given by ROE, and GFORCE1MI
provides better results than LAXF1MI.

5.4. Test 2: One-layer system. Well-balanced property for a nonsmooth
solution. This test is designed to assess the long time behavior and the convergence
to a steady state including a regular transition and a shock. The axis of the channel
is the interval [0, 25]. The bottom topography is given by the function

0.05(x — 10)?, if 8 <z < 12
H(z) =
0.2, otherwise.
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Free surface (zoom)
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Discharge (zoom)
T

14

5]
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(a) Free surface

(b) Discharge

FIGURE 3. Test 2: Comparison with the reference solution at t =

200 with Az = 1/8.

T
* ROE
+  LAXFIMI
O GFORCEIMI
Exact Solution

FIGURE 4. Test 2: F, —1.
at t = 200 with Az =1/8.

Comparison with the reference solution

The initial conditions are h(z,0) = 0.13+H (x), ¢(x,0) = 0.18, and the boundary
conditions are ¢(0,¢) = 0.18, h(25,t) = 0.33. The CFL parameter is set to 0.9.

A reference solution is computed with a mesh of 3200 points. Table Bl shows
the L' errors obtained with ROE, LAXF1MI, and GFORCE1MI for five regular
meshes with increasing number of cells. In this case, as the steady state solution
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TABLE 3. Test 2: Errors and order at ¢ = 200.
ROE LAXF1MI

L1 h, L1 q Ll h Ll q
Cells error | order error | order error | order error | order
50 4.87TE 02 - 1.55 792 - 5.16F %1 - 8.93E "2 -
100 || 1.09E=92 ] 2.15 | 8.18E~ %3 | 0.92 |[ 3.32E~ T | 0.64 | 6.90E~2 | 0.37
200 || 2.82E7 % [ 1.96 | 4.03E7% | 1.02 || 1.96E7°T | 0.76 | 4.80E7°? | 0.52
400 [| 727E7%% ] 1.95 | 1.86E~° | 1.11 || 1.07E~°Y | 0.87 | 2.98E-"2 | 0.69
800 || 1.87E~"T | 1.96 | 1.04E~" | 0.85 || 5.78E7 "2 | 0.89 | 1.73E="2 | 0.79

GFORCE1MI

Ll h Ll q
Cells error | order error order
50 |[ 3.17E "1 - 6.69E V2 -
100 || 1.86E7°Y | 0.77 | 4.57E~"* | 0.55
200 || 1.02E7°T | 0.86 | 2.89E~°? | 0.66
400 || 5.40E7°2 ] 0.92 | 1.65E7°? | 0.81
800 || 2.83E7°? ] 0.93 | 8.96E~ "3 | 0.88

is not regular, at most first order approximation could be expected for all the nu-
merical schemes. As happened in the previous test case, ROE is the most accurate
scheme. Figures and show the comparison of the numerical results with
the reference solution at time ¢ = 200 with Az = 1/8. The conclusions coincide
with those of the previous test case.

Figure @ shows F,. — 1, F,. being the Froude number, computed from the numer-
ical solution obtained using ROE, LAXF1MI, and GFORCE1MI schemes and the
reference solution. As can be observed, this numerical test corresponds to a non-
smooth transcritical solution. Note that if the numerical scheme proposed in [22]
was used, as it is well-balanced for any stationary solution, then the corresponding
errors in Tables 2] and B] would be of the order of machine accuracy.

5.5. Test 3: Two-layer shallow water. Well-balanced property. In this
numerical experiment we test the well-balanced property of the numerical schemes
for smooth steady solutions not corresponding to water at rest, that is, ¢; # 0 and
g2 # 0. The axis of the channel is the interval [0, 10], and the bottom is given by

the function H(z) = 2.0 — 0.5¢~@=5°  The ratio of densities is set to r = 0.98.
We consider a subcritical steady solution corresponding to the integral curve (see

Figure [Hl):
ui 3 ui
q1 = 0.15, > "5 +9(1—r)h1 = Ky, g2 = —0.15, > +g(h1 +ho — H) = Ky,

with
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Exact solution Discharges. Exact solution
0.5 T T T 0.2 T T T
0.15
T
01F — - — Discharge. Second layer|
05 0.05F
—_—
o
T ~005F
ol
151 — - — Free surface 4
Interface
/\ Topography 0B ——
. ‘ L R P
0 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
(a) Free surface and interface. (b) Discharges.
FIGURE 5. Test 3: Exact solution
TABLE 4. Test 3: Errors and order
ROE
Ly hy Ly q1 Ly ho Ly q2
Cells error | order error | order error | order error | order
40 3.30E702 - 6.71E~% - 1.50E 1 - 6.57E % -
80 1.12E792 | 156 | 2.11E-9 | 1.67 || 5.12E7°2 | 1.55 | 2.04E~ % | 1.69
160 || 3.156E~9 | 183 [ 5.77E 97 | 1.87 || 1.47TE™? | 1.80 | 5.53E°7 | 1.88
320 || 798E7°* | 1.98 | 1.45FE " [ 1.99 || 3.81E % | 1.95 | 1.40E°7 | 1.98
640 || 2.01E7°* | 1.99 | 3.51E~ " | 2.05 || 9.65E7°% | 1.98 | 3.48E~"% | 2.01
LAXF1MI
Li h Liq Ly ho Li g
Cells error | order error | order error | order error | order
40 4.86E 1 - 1.57E 02 - 6.69E 1 - 2,515 %2 -
80 2.85E %1 [ 0.77 | 1.00E7°? | 0.65 || 3.98E"°Y | 0.75 | 1.58E %% | 0.67
160 || 1.69E7°" | 0.75 | 6.07E~"% | 0.72 || 2.30E7 " | 0.79 | 9.38E~" | 0.75
320 || 9.60E7°2 | 0.82 | 3.44FE~ % [ 0.82 || 1.26E7°1 | 0.87 | 5.28E="% | 0.83
640 || 4.93E7°2 [ 096 | 1.78E~" | 0.95 || 6.43E7°2 [ 0.97 | 27373 | 0.95
GFORCE1IMI
Ly hy Ly q1 Ly ho Ly q2
Cells error | order error | order error | order error | order
40 4.89F 01 - 1.73E %2 - 5.42FE %11 0.00 | 2.07TE™"2 -
80 2.87TE T [ 0.77 [ 9.80E7" ] 0.82 [[ 3.22E7°T | 0.75 | 1.22E7 "% | 0.76
160 || 1.67E~°T | 0.78 | 5.51E- 7% | 0.83 || 1.88E~"* | 0.78 [ 7.0TE~" | 0.79
320 || 9.20E7°% | 0.86 | 291E7° [ 0.92 || 1.03E7°' | 0.87 | 3.89E"%% | 0.86
640 || 4.70E7°2 | 0.97 | 1.48E7 9 | 0.98 || 5.24E7°2 [ 0.97 | 1.99E7° | 0.97
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(c) Discharge. First layer (d) Discharge. Second layer

FI1GURE 6. Test 3: ROE, LAXF1MI and GFORCEIMI schemes.
Comparison with the exact solution with Az = 1/16.

As boundary conditions, the discharges are both imposed at = 0, that is, ¢1(0,t) =
0.15 and ¢2(0,t) = —0.15, while the free surface level is fixed to z = 0 at « = 10.
The CFL parameter is set to 0.9.

Tables @ and [l show the L' errors obtained with ROE, LAXF1MI and
GFORCEIMI, and their high order extensions HOROE, HOLAXF1MI and
HOGFORCEIMI, for five regular meshes with increasing number of cells. As ex-
pected, the high order numerical schemes give order 3, ROE gives order 2, and the
other schemes only give first order accuracy.

The numerical results obtained with Az = 1/16 are compared with the exact
solution in Figures [l and [l The first one corresponds to ROE, LAXF1MI, and
GFORCEIMI and the second one to HOROE, HOLAXF1MI and HOGFORCE1MI.
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TABLE 5. Test 3 (II): Errors and order
HOROE
Ly hy Ly q1 Ly ho Ly q2
Cells error | order error | order error | order error | order
40 3.92F 02 - 5.46F % - 1.54F 01 - 7.99F % -
80 451E7% ] 312 | 6.15E7°7 | 3.15 [| 1.77E~"% | 3.12 | 8.82E "7 | 3.18
160 || 8.19FE~ % | 2.46 | 1.09E7°7 | 2,50 || 3.09E % | 2.52 | 1.45E~°7 | 2.60
320 || 1.26E7° | 270 | 1.54E7 98 | 2.82 [ 459E7% | 2.75 | 2.02E7°® | 2.85
640 || 1.67E7 | 292 | 1.94E7% | 2.99 [| 6.15E7% | 2.90 | 2.52E7° | 3.00
HOLAXF1MI
Li h Liq Ly ho Li g
Cells error | order error | order error | order error | order
40 [[ 4.89E %1 - 1.61E-°2 - 6.68E 1 - 2.53L %2 -
80 6.28E7 2 2.96 | 2.00E7° | 3.01 || 8.18E7 %% | 3.03 | 3.18E "3 | 2.99
160 || 1.10E7°2 | 252 | 346E°1 | 253 || 1.41E7 2 | 254 [ 5.18E 91 | 2.62
320 || 1.61E7% | 277 | 4.80E~% | 2.85 [| 2.08E7"% | 2.76 | 7.14E~" | 2.86
640 || 2.05E7°* | 2.97 | 6.04E7 | 2.99 || 2.63E %" | 2.98 | 8.98E " | 2.99
HOGFORCE1IMI
Ly hy Ly q1 Ly ho Ly q2
Cells error | order error | order error | order error | order
40 [ 4.87E7°1 - 1.76E~ %2 - 5.39F %1 - 2,106~ %2 -
80 6.17E7°% ] 298 | 226E7 ] 2.96 || 6.69E7°% | 3.01 | 2.63E~"% | 3.00
160 || 1.08E~9%2 ] 252 [ 3.86E~ %% | 255 || 1.14E7°? | 2.55 | 4.33E~ % | 2.60
320 || 1.62E7 % | 273 | 5.47E7% | 2.82 [| 1.69E " | 2.76 | 6.01E~ | 2.85
640 || 211E7 "% | 294 | 6.88E~ | 2.99 [| 217E™"* | 2.96 | 7.61E~°° | 2.98
TABLE 6. Test 3: CPU time (in seconds).
|| Cells | ROE [ LAXFIMI | GFORCEIMI | HOROE | HOLAXF1MI | HOGFORCEIMI ||
40 4.27 0.94 1.35 23.90 10.64 14.47
80 16.56 3.68 5.22 95.60 43.11 58.54
160 65.48 14.49 20.85 394.90 184.07 233.93
320 || 258.60 57.30 81.83 1567.40 754.96 946.99

Finally, Table [(] shows the CPU time (in seconds) used to compute the solution
at t = 300 with ROE, LAXFIMI and GFORCE1MI schemes and their high order
extensions . It can be observed that the CPU time is reduced up to 4.5 times when
using the LAXFIMI or 3.15 times when using GFORCEIMI in comparison with
ROE, which gives the best results. The CPU time is reduced up to 2.10 times when
using HOLAXF1MI or 1.65 times when using HOGFORCEIMI in comparison with
HOROE. These reductions are due to the fact that, while in the implementation
of ROE, the eigenvalues of the intermediate matrices are numerically computed,
for LAXFIMI and GFORCEIMI only an estimate of the maximum eigenvalue is
required to fit the CFL condition. The same thing happens for the high order
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FIGURE 7. Test 3: HOROE, HOLAXF1MI and HOGFORCEIMI
schemes. Comparison with the exact solution with Az = 1/16.

extensions. This estimate is given by:

Q1+ q2
hi =+ ho

+ v/ g(h1 + ha)

)\ max ~

(see [24] for details).

Observe that ROE and HOROE numerical schemes are more accurate than the
others: in particular the accuracy obtained for the discharges of both layers is much
better. Due to this, these methods may be preferable when the well-balancing is an
important issue. Moreover, in the case of stationary solutions, the computational
effort required to achieve a prescribed accuracy is similar for the different numerical
schemes: see Figure[8in which the CPU time is plotted vs. the approximation error
in log scale for a fixed mesh composed by 80 cells. As will be seen in Test 6, this is
not the case for time-dependent solutions.
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Low order numerical schemes High order numerical schemes
T T

T T - T T T T T
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—6— GFORCEIMI 3k —6—HOGFORCE1MI
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CPU time CPU time

(a) CPU time vs. Error. Low order (b) CPU time vs. Error. High order
numerical schemes numerical schemes

FIGURE 8. Test 3: CPU time vs. Error (log scale)

5.6. Test 4: Two-layer shallow water. Well-balanced property for a non-
smooth solution. In this test the axis of the channel is the interval [0, 10]. The
bottom topography is given by the function

2

H(z)=1.0—0.47¢" (=50
The initial condition is ¢ (x,0) = g2(x,0) = 0, and

0.5 if x <5,
hi(z,0) = { 0.03  otherwise,

and

0.5 —0.47e~(@=9"  ifz < 5,

ha(x,0) =
2(2,0) { 0.97 — 0.47e~ (=" otherwise.

As boundary conditions, the relation g (-, t) = —¢a(+,t) is imposed at both ends, and
the free surface is fixed to z = 0 at © = 10, that is, hy (10, ) + h2(10,¢) — H(z) = 0.
The CFL parameter is set to 0.8 and r» = 0.98.

A reference solution is computed with a mesh of 3200 points. Figure @lshows the
comparison of the numerical solutions obtained by ROE, LAXFIMI and
GFORCEIMI with the reference solution at time ¢t = 300 taking Az = 1/20. Fig-
ure [I0 shows the comparison of the numerical solutions obtained by the high order
schemes HOROE, HOLAXF1MI and HOGFORCE1IMI with the reference solution
at the same time, again taking Az = 1/20.

5.7. Test 5. Order of accuracy: one-layer system. This test is designed to
evaluate the accuracy of the schemes for regular time-dependent solutions. The axis
of the channel is the interval [0, 10] and the bottom function is given by H(z) =
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FIGURE 9. Test 4: ROE, LAXF1IMI and GFORCEIMI schemes.
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FIGuRE 10. Test 4: HOROE, HOLAXFIMI and HOG-
FORCEIMI schemes. Comparison with the reference solution at
time ¢ = 300 with Az = 1/20.

1 — 0.5¢=3@=5)" gip? (%) The initial condition is ¢(z,0) = 0 and

H(z)+2—03(1—e 059 if g > 5,

h(x,0) =

H(z) + 2, if x < 5.
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The final time is ¢ = 0.1. Periodic boundary conditions are considered. The CFL
parameter is set to 0.7.

A reference solution is computed with a mesh of 20480 points. Table [0 shows
the L' errors and the order obtained with the numerical schemes: ROE, LAXF1MI,
GFORCEIMI, and their high order extensions HOROE, HOLAXFIMI and
HOGFORCE1MI, for five regular meshes with increasing number of cells. As ex-
pected, all the numerical schemes achieve first order approximation, ROE being the
most accurate, while their high order extensions achieve third order accuracy. It
can also be observed that the errors corresponding to HOROE, HOLAXF1MI and
HOGFORCEIMI are of the same order.

ROE HOROE
L1 h Ligq Li h Ly q
Cells error | order error | order error | order error | order
80 || 2.46E7%3 1.39E% 2.62F % - 1.31E7% -

160 || 6.47E7°* | 1.93 | 3.83E7 "% | 1.86 || 4.47E~% | 255 [ 2.22E791 | 2.56
320 || 212E7 "% [ 163 | 217E~" | 0.82 || 7.33E79% | 2.61 | 3.50E~" | 2.63
640 || 778 E7 | 1.45 | 1.10E7 | 0.98 || 1.10E7 % | 2.73 | 5.08E~ " | 2.82
1280 || 3.00E~% | 1.37 | 5.00E~ | 1.14 || 1.48E7°7 | 2.90 | 6.85E~"7 | 2.89

LAXF1MI HOLAXF1MI
L1 h Liq Lih Liq
Cells error | order error | order error | order error | order
80 [ 4.12E7 %3 - 3.79E % - 3.75F ™% - 1.70E %3 -

160 || 9.13E7 %% | 2.17 | 845E % | 217 || 6.13E7 " | 2.62 | 297E°* | 2.52
320 || 3.55E7%7 | 1.36 | 5.09E7" | 0.73 || 9.83E7°° | 2.64 | 5.00E7% | 2.57
640 || 1.54E7 %% [ 1.20 | 270E=" ] 0.92 || 147E7% | 2.74 | 7.33E7 % | 2.77
1280 || 6.95E7 % | 1.15 | 1.34E°* | 1.01 || 2.04E7°7 | 2.85 | 1.02E "¢ | 2.84

GFORCE1IMI HOGFORCEIMI
L1 h Ligq Li h Ly q
Cells error | order error | order error | order error | order
80 [ 2.81E73 - 2.00£773 - 2.88E 1 - 1.40E% -

160 || 6.58E=°* | 2.10 | 9.00E7°* | 1.69 || 4.53E~% | 2.67 [ 2.44E7 91| 2.52
320 || 219FE7 "% [ 159 | 4.74E~ %] 0.93 || 6.87TE% | 2.72 | 3.91E~ % | 2.64
640 || 825FE 9 | 141 | 1.22E7 9| 094 [| 9.73E7°7 | 2.82 | 5.69E % | 2.78
1280 || 3.40E~% | 1.28 [ 5.90E~% | 1.05 || 1.30E7°7 | 2.90 | 7.78E~"" | 2.87

TABLE 7. Test 5: Errors and order at ¢t = 0.1.

5.8. Test 6. Order of accuracy: two-layer system. This test is designed to
evaluate the accuracy of the schemes for smooth time-dependent solutions of the
homogeneous two-layer shallow water system. We consider a flat channel whose
axis is the interval [—10, 10]. The initial condition is the following:

hi(xz,0) =2 — e 2 (cos(mx/8) sin(rx/4))*, qi(x,0) = e (sin(mz/4))?
ha(,0) =1 — e~2%" (cos(rz/8) sin(rz/4))?,  qa(x,0) = e 47" (sin(rz/2))?.

The final time is t = 1.4. Periodic boundary conditions are considered. The CFL
parameter is set to 0.9.
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A reference solution is computed with a mesh of 25600 points. Table[§ shows the
L' errors (only the maximum error in the four unknowns is shown), the order and
the CPU time corresponding to ROE, LAXFIMI, GFORCEIMI, and their high
order extensions HOROE, HOLAXFIMI and HOGFORCEIMI, for four regular
meshes with increasing number of cells. As expected, all the numerical schemes
achieve first order approximation, ROE being the most accurate, while their high
order extensions achieve third order accuracy. It can also be observed that the
errors corresponding to HOROE, HOLAXF1MI and HOGFORCEIMI are of the
same order. Figure [[I] shows the CPU time vs. the approximation error in log
scale. It can be observed that the CPU time is reduced up to 4.5 times when
using the LAXFIMI or 3.15 times when using GFORCEIMI in comparison with
ROE, which gives the best results. The CPU time is reduced up to 2.10 times when
using HOLAXF1MI or 1.65 times when using HOGFORCEIMI in comparison with
HOROE, as in Test 3. Nevertheless, in this case, the accuracy of the high order
numerical schemes is quite similar, while HOLAXF1MI and HOGFORCE1MI are
cheaper (see Figure [[]).

ROE I LAXFIMI I GFORCEIMI I
Cells error [ order | CPU [[ error [order | CPU || error [order [ CPU ]
400 [[ 7.73E72 - 1.80EY || 1.31E~ T - 3.98E 1 [[ 1.22E7 ! - 5.71E !

800 453E-2 ] 0.77 | 7.12EY |[ 7.62E72 | 0.78 1.57E° 713E~2 | 0.77 2.24E°
1600 || 2.49E=2 [ 0.86 | 2.838E" || 4.23E=2 | 0.85 6.26 EY 3.85E-2 | 0.89 8.89E°
3200 || 1.31E=2 | 0.93 | 1.16E? || 2.25E—2 | 0.91 2.50E" 2.03E~2 | 0.92 3.55E71

HOROE HOLAXF1MI HOGFORCE1IMI
Cells error [ order [ CPU error [ order [ CPU error [ order [ CPU
400 [[ 9.39E~® - 1.24E" [[ 1.04E72 - 5.54E° 9.86E° - 7.52E°

800 1.88E—° | 2.32 | 4.89ET || 2.24E73 | 2.22 2.20E" 2.09E~2 | 2.24 2.99E"
1600 || 3.00E~* | 2.65 | 1.95E? || 4.10E~% | 2.45 8.71E" 3.66E~-T | 2.51 1.19E7
3200 || 3.80E~° | 2.98 | 7.79E% || 5.53E~° | 2.89 3.48E2 4.84E~° | 2.92 4.73E?

TABLE 8. Test 6: Errors, order and CPU time at ¢t = 1.4.

5.9. Test 7: Propagation of perturbations. In order to test the performances
of the schemes on a rapidly varying flow over a smooth bed, we consider a test
proposed by LeVeque in [I7]. Specifically, a steady state solution is perturbed
by a pulse that splits into two waves propagating in opposite directions over a
continuous bed. The left-going wave travels over a horizontal bottom while the
right-going wave propagates over a bump. The axis of the channel is the interval
[0,2]. Outflow boundary conditions have been considered. The bottom topography
is given by the function

1 —0.25(cos(10m(z — 0.5)) + 1), if 1.4 <z < 1.6;

1, otherwise.
The initial data is ¢(z,0) = 0, and

H(z)+Ah, if1.1<z <12
h(z,0) =
H(x), otherwise.
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(b) CPU time vs. Error. High order
numerical schemes

FIGURE 11. Test 6: CPU time vs. Error (log scale)

Here Ah is the height of the perturbation that takes the value Ah = 0.001 (small
pulse) (see Figure[[2)). Free boundary conditions are imposed and the CFL param-
eter is set to 0.9.

06

04

02

Free S.
— — —Bottom

-02
04l
—06f

-0.81

A reference solution is computed with a mesh of 20480 cells.

X 10

FIGURE 12. Test 7: Perturbed steady state.

In Figure

we compare the results obtained with ROE, LAXF1MI, GFORCE1IMI, and the
reference solution at time ¢ = 0.2 taking Az = 1/40. Figure [I4] corresponds to the
solutions obtained with the high order schemes at the same time using the same
mesh. Notice that, while the conclusions for first order schemes are similar to those
of the previous test cases, for high order schemes the differences are very small.

5.10. Test 8: Wet/dry fronts in a nonflat basin. In order to test the perfor-
mances of the schemes in the presence of wet/dry zones, we consider a problem
proposed by Gallouét et al. in [I3], specifically designed to assess the behavior on
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(a) Free surface.

(b) Discharge.

FIGURE 13. Test 7: First order numerical schemes. Comparison
with the reference solution at ¢ = 0.2 with Az = 1/40.
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drying a nonflat basin. In this test case, a dry bed is formed in the middle of two
rarefaction waves traveling in opposite directions. The generation of the dry bed
makes this problem numerically difficult, especially when the left-going rarefaction
wave propagates over the step.

(a) Free surface.

(b) Discharge.

FIGURE 14. Test 7: High order numerical schemes. Comparison
with the reference solution at ¢ = 0.2 with Az = 1/40.
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The axis of the channel is the interval [0,25]. The bottom topography is given
by the function
13, if 25/3 <z < 25/2;
H(x) =
14, otherwise.

The initial condition is
-300, if 3 <u,

q(z,0) =
300, if 8 >z,

and h(z,0) = H(x) — 4.

A reference solution is computed using the Roe scheme with a mesh of 20480
points. Figure shows the comparison of the numerical results obtained with
ROE, LAXF1MI, and GFORCE1IMI, and the reference solution at time ¢t = 0.25
taking Az = 5/32. Figure corresponds to the comparison of their high order
extension at the same time using the same mesh. As can be seen, all the numerical
schemes capture correctly the generation and propagation of the wet-dry fronts.
The conclusions are similar to those of the previous test case.

Free surface Discharge
2 T
* ROE
+  LAXFIMI
O GFORCEIMI
fo —— Re. Solution
Bottom N 100

-1001-

-2001

300k

* ROE
+  LAXFIMI
O GFORCEIMI

Ref. Solution

0
0 5 10 15 20 25

(a) Free surface. (b) Discharge.

FIGURE 15. Test 8: First order numerical schemes. Comparison
with the reference solution at ¢ = 0.25 with Az = 5/32.

5.11. Test 9: Internal dam-break problem. This test is designed to evaluate
the accuracy of the schemes for nonregular time-dependent solutions over a flat
bottom. The axis of the channel is the interval [0, 10].

The initial condition is g1 (x,0) = g2(x,0) = 0,

0.6, ifz <35,
hl(xa 0) -
0.4, otherwise,
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Free surface Discharge
2 T I
* HOROE
+  HOLAXFIMI
O HOGFORCEIMI
Ref. Solution

Bottom i 100 j

* HOROE
+  HOLAXFIMI
O HOGFORCE1MI

Ref. Solution

T
0 5 10 15 20 25

(a) Free surface. (b) Discharge.

FIGURE 16. Test 8: High order numerical schemes. Comparison
with the reference solution at ¢ = 0.25 with Az = 5/32.

and
0.4, ifz <35,
hQ(SC, O) =
0.6, otherwise.

Free boundary conditions are considered. The CFL parameter is set to 0.9 and
r =0.98.

A reference solution is computed with a mesh of 3200 points.

Figures [0 and [I8 show the comparison of the numerical results of both first and
high order numerical schemes with the reference solution at time ¢ = 10 s taking
Az =1/20.

Finally, as in the previous numerical tests, the differences between the high order
numerical schemes are much smaller than they are for first order numerical schemes
(see Figure [TT).

The numerical results of this test seem to show that the numerical solutions
provided by the different numerical schemes converge to the same solution, but this
is not the case: there are slight differences between the speed and the limit states
of the shocks for the limits of the solutions obtained with the different schemes as
Ax tends to 0. Nevertheless, a finer analysis is required to notice this fact. This is
done in the next test case.

5.12. Test 10: Two-layer shallow-water system. Approximation of in-
ternal shocks. This test is specifically designed to show that, in the presence of
shocks, the numerical solutions provided by the different numerical schemes con-
verge to different weak solutions of the homogeneous two-layer shallow-water sys-
tem, even if all of them are based on the same Roe linearization and thus on the
same family of paths (the straight segments in this case). We consider here Roe,
Lax-Friedrichs and GFORCE methods.
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FI1GURE 17. Test 9: ROE, LAXF1MI, and GFORCE1MI schemes.
Comparison with the reference solution at ¢t = 10 s with Az =

1/20.

When the family of straight segments is also used to define the weak solutions of
the system, the Rankine-Hugoniot conditions satisfied at a jump are the following:

(5.14)
E(hi—hy) = 4 -
i —a1) = @?2
E(hy —hy) = g5 -
Eas —a3) = @?2

(61)? | 9,12 152 PL+hT
n +§(h1) — S (hy) 5 (hg — hsy);

(Qé)Q g r\2 g 1\2 th + hg r 1
L + i(hz) - §(h2) T (hi = hy),
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FiGure 18. Test 9: HOROE, HOLAXFIMI, and HOG-
FORCEIMI schemes. Comparison with the reference solution at
t =10 s with Az = 1/20.

where £ is the speed of propagation of the shock and

l r

hll hY

q1 q

w; = l y Wy = T
qds qg

are the values to the left and to the right, respectively.
In all of the cases considered here the order of the eigenvalues of the system is:

- - + +
Aemt < /\int < )‘im& < )‘ezt'
Moreover

(5.15) IAE | < AL,

int
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FIGURE 19. Test 10: Hugoniot curves: exact (continuous line) and
numerical (lines with dots).

The goal here is to compare the exact and the numerical Hugoniot curves cor-
responding to one of the internal characteristic fields, i.e., the fields related to the

eigenvalues /\iint. We proceed as follows: the state
hY 0.392034161025472
| g | | —0.198826959396196
(5.16) we= e | T 1.588820011007482
a5 0.186046955388750

is fixed. Then, we compute the Hugoniot curve corresponding to the “left” states
w; that can be connected with w, with a 3-shock with » = 0.98. To do this, we
use the speed of the shock £ as a parameter and, for each value of £ we solve the
nonlinear system (5.I4). In Figure [[9 we show the projection (continuous line) of
the computed Hugoniot curve onto the planes (hy, q1) (left) and (he,q2) (right),
respectively.

Next, we consider a family of Riemann problems whose states are w,., while w;
runs on the Hugoniot curve. While the exact solution of the Riemann problem
consists only of an internal shock, this is not the case for the numerical solutions.
We have solved this family of Riemann problems using Roe, Lax-Friedrichs, and
GFORCE. The first divided difference is used then as a smoothness indicator to
determine the speed of propagation and the limit states of the shock corresponding
to the eigenvalue )\;t in the numerical solutions. These calculations have been
performed by using four meshes with decreasing steps (Az = 0.002, 0.001, 0.0005
and 0.00025). We check that all the numerical schemes converge, but their limits
do not satisfy the Rankine-Hugoniot conditions (B.14). The numerical Hugoniot
curves corresponding to Ax = 0.001 are compared with the exact one in Figure
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Notice that, if w, and w; are close enough, all the curves are very close. The same
behaviour can be observed when the speed of the shock is close to zero.

6. CONCLUSIONS

Two families of first order path-conservative numerical schemes for nonconserva-
tive systems have been introduced in this article, which consists of a convex com-
bination of a generalized Lax-Friedrichs scheme and a generalized Lax-Wendroff
scheme. While in the first family the generalization of the Lax-Wendroff scheme
is first order accurate, in the second family it is second order accurate for general
problems. All of these schemes are based on a Roe linearization of the system and
among them, there are extensions of the FORCE and GFORCE conservative meth-
ods. Well-balanced versions of these schemes for solving systems of conservation
laws with source terms and /or nonconservative products have also been introduced,
together with some modifications to take into account the difficulty related to res-
onance.

The numerical schemes have been extended to high order by following the ideas
developed in [7, 20 2] by means of the use of the PHM third order reconstruction
operator (see [I§]).

Concerning the quality of the numerical solutions and the well-balanced prop-
erties, the best first order numerical scheme is Roe, followed by GFORCE. The
results obtained by FORCE schemes are very close to those obtained by GFORCE.
Although Rusanov and Lax-Friedrichs schemes are more diffusive, these methods
present the advantage of having good entropy and positivity-preserving properties
for homogeneous problems. These properties may be preserved for problems with
a source-term if a convenient generalized hydrostatic reconstruction is used.

The high order extensions are similar regardless of the first order scheme con-
sidered. Nevertheless, when the analytical expression of the eigenvalues and eigen-
vectors of the matrix is not available (as is the case for the two-layer system), the
CPU time is reduced if a numerical scheme of the families introduced here is used.
Nevertheless, in the case of stationary solutions, due to the improved accuracy of
Roe methods for this type of solutions, this reduction of the CPU time is lower:
the computational effort to obtain a prescribed accuracy is similar for the different
schemes.

As a conclusion, the numerical schemes studied are an excellent alternative to
Roe methods to approximate time-dependent solutions when the calculation of the
eigenvalues has to be numerically performed and the schemes are going to be used
as the basis for higher order methods or multidimensional problems.

Appendix A. As in [I9] we will assume here that the family of paths fulfills the
following requirements:

(R1) Given an integral curve v of a linearly degenerate field and W, Wx € ~,
the path ®(s; Wi, Wg) is a parameterization of the arc of v linking W, and
Wkg.

(R2) Given an integral curve 7y of a genuinely nonlinear field R; and W, Wg € 7,
with A;(W) < X\;(Wg), the path ®(s; W, Wg) is a parameterization of the
arc of v linking Wy, and Wrg.
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(R3) Let us denote by RP C Q x Q the set of pairs (Wp, Wg) for which the
Riemann problem

Wi+ AW)W,, =0,

6.1 i
(6.1) W(x,0) = Wy, ?fx<0,
Wgr ifxz>0

has a unique self-similar weak solution composed of at most /N simple waves
connecting J + 1 intermediate constant states

Wo=Wr, Wi,..., Wy_1, Wy =Whg,

with J < N. Then, given (W, Wg) € RP, the curve described by the path
O(; Wy, Wg) is equal to the union of those corresponding to the paths
(I)(';ijl,Wj), j = ]., .. .,J.

Proof of Proposition Bl Let us consider the family of Riemann problems:

m4+%m@m+54mwg=a

(6.2) W, if <0,

W(z,0) =
(z,0) {wg if 2 >0,

where the family of paths ® is used to give a sense to the nonconservative products.
It can be easily verified that the function

(6.3) Vg(S;WL,WR) = V(2S—[‘3;WL,WR),

where V(z/t; Wi, Wg) denotes the self-similar entropy solution of the Riemann
problem (G1), is a self-similar solution of (62). Moreover, it consists of the same
intermediate states appearing at the solution of (6I]) and the simple waves linking
them are of the same nature but their velocites are averaged with 5. Moreover, it
is an entropy solution for the pair (1, G3), given by

(6.4) G() = 5 (GOV) + Bn(W)) .

The following equality is thus satisfied:

Notice now that, if § is positive and the inequality
(6.6) A (We) <8, j=1,...,N;k=0,....J,

is satisfied, where Wy, ..., W are the intermediate states appearing at the solutions
of the Riemann problems, then all the speeds of the simple waves involved by the
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solution of (2] are positive and thus the following equality holds:

—/ (Va(v; W, Wg) — Wg) dv
0

_ <% (AW () + 8- Id)Wa(-, )]s, 1>

1
_ %/0 A(D(s; Wy, W) g—f(s; Wi, W) ds + %B(WR — W)
(6.7) _ %(A¢(WL, W)+ 8- 1d) - (Wi —Wy),

where ([27)) and the properties (R1)-(R3) of ® have been used (see [19]). In this
case, the entropy inequality (G3) reduces to

68 Gawu+ [ " (Va0 Wi W) — (W) dv < Gs(W).

Using similar arguments we can also obtain

0
©9) = [ (VpWe We) = W) do

_ %m@(m, W) — B Id) - (Wg — W)

and
0
(6.10) G_s(Wgr) < G_5(Wy) —/ (n(V_p(v; Wr, Wr)) —n(Wr)) dv.

Adding (68) and (GI0), we obtain:

(6.11) G(WR)+/OOO (n(Vs(v; WL, Wg)) —n(Wg)) dv

0
<Gy - / (V303 Wi, W) — (W) dos

— 00

Taking into account the equalities (61), (69) with 8 = a(Wy, Wg), it can be
easily seen that, under the hypotheses B8] and (B9, the generalized Rusanov
scheme can be interpreted as the numerical method based on the approximate
Riemann solver:

Ve awy,wi) (8:Wr, Wr)  if s < 0;

(6.12) V(s; W, Wg)
Voc(WL,WR) (S; WL, WR) if s > 0.
Finally, from (@I1]) with 8 = a(Wp, Wg), it can be easily deduced that [BI0) holds
for any numerical entropy flux function G(Wp,, Wg) satisfying:
G(Wg) +/ (1(Vawy, we) (v; W, Wg)) = n(Wr)) dv
0
< G(Wy, W)
<G

0
(W) - / 0V (0 W, W) — (W) do. DO

— 00
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Proof of Proposition [3.2. It has been seen in the proof of Proposition Bl that the
numerical scheme can be interpreted as the numerical method based on the ap-

proximate Riemann solver (6I2]). From this representation, the proof is trivial by
taking into account the relations (63]) and BIT]). O
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