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1. Introduction

This paper is devoted to the design of first and second order exactly well-balanced implicit numerical schemes for the
shallow water equations using the Lagrange-Projection approach. Here by exactly well-balanced scheme we mean a scheme
that is able to exactly preserve the water at rest steady states.

We will consider the shallow water equations (SWE) given by

Bth + ax(hu) = 0,

2
3 (hu) + 9y (hu2 +th) = —ghd,z. (1)

where z(x) denotes a given smooth topography and g > 0 is the gravity constant. The primitive variables are the water
depth h > 0 and the velocity u, both depending on the space and time variables, x € R and t € [0, o0). In what follows we
shall refer to the variables (x,t) as Eulerian coordinates, opposed to the Lagrangian coordinates that will be introduced
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afterwards. We will refer to (1.1) as SWE in Eulerian coordinates. We will denote by q = hu the discharge and we assume
that the initial water depth h(x, 0) = hg(x) and velocity u(x, 0) = ug(x) are given.
The SWE are used as a paradigm of balance laws and can be written in the following condensed form

39U + F(U) = S(U)dyz. (1.2)

where U = (h, hu)T corresponds to the conserved variables, the flux is given by F(U) = (hu, hu? + gh?,2)T and S(U) =
(0, —gh)T is the geometric source term.

Recall that the shallow water system is strictly hyperbolic over the phase space = {(h, hu)T € R? | h > 0} and that its
eigenstructure is composed of two genuinely nonlinear fields associated with the eigenvalues u — c and u + ¢, where ¢ = \/g>h
is the sound speed. We also recall that the regions where u? < c? (resp. u? > c2) are called subcritical (resp. supercritical).

When solving SWE one should take special care with the solutions corresponding to steady states

2

q = constant, zq—hz + g(h + z) = constant.

Among them, in this work we are interested in the so-called water at rest steady states, which are solutions given by
u=0, h+z=constant.

Numerical schemes that preserve water at rest solutions (respectively all steady states) are called well-balanced (re-
spectively fully well-balanced). It is worth distinguishing between exactly preserving the steady states or a discrete ap-
proximation of them. The former are called exactly well-balanced while the latter are simply well-balanced schemes (see
Goémez-Bueno et al. [1]).

Many different well-balanced schemes have been proposed in literature. We may cite [2-10] among many others.

Nevertheless, when dealing with low Froude number situations, the restriction on the time step due to the CFL condition
makes such schemes inefficient. Indeed, in such situations a large final time will be needed and performing small time steps
will require a lot of iterations. To overcome this difficulty, implicit or implicit-explicit schemes allow the use of a larger
time step and therefore less time iterations are needed. In [11-14] implicit-explicit methods are proposed for three three
dimensional shallow water flows. The extension into the DG framework to obtain high-order is described in Dumbser and
Casulli [15]. The technique is also extended for bedload sediment transport in Garres-Diaz et al. [16]. Another possibility is
to use implicit-explicit schemes (IMEX) which have successfully been applied to hyperbolic systems (see for instance [17,18]).
In [9] an implicit-explicit scheme is proposed for the shallow water flows in the low Froude number limit.

In this work we propose the use of the so-called Lagrange-Projection decomposition in order to construct exactly well-
balanced implicit finite volume schemes for system (1.1). A Lagrange-Projection type scheme is a two-step algorithm in
which the system is first solved in Lagrangian coordinates and the results are then projected into Eulerian coordinates. The
first step is usually called the Lagrangian step and the second one is referred to as the Projection or transport step. The
main purpose of going back to Eulerian coordinates is that using pure Lagrangian coordinates and keeping track of moving
meshes may be cumbersome and many complex situations may arise for the configuration of the moving cells, especially
thinking on the extension to 2D. Moreover, this strategy allows us to decouple the acoustic and transport phenomena related
to our equations and to design implicit-explicit and large time step schemes in a natural way. Indeed it is very useful for
approximating subsonic or low Froude number flows, where the usual CFL time step driven by the acoustic waves can be
very restrictive. Using the implicit or implicit-explicit schemes means that the CFL restriction reduces only to the slow
transport step rather the more restrictive acoustic one. We address the reader to Chalons et al. [19-22] for further details.

The strategy proposed here follows the line of Castro et al. [23], where an explicit fully well-balanced finite volume
method is proposed in the Lagrange-Projection framework. In that case, only the explicit case was studied and its exten-
sion to an implicit scheme was hinted as future work. That strategy was then extended in Morales de Luna et al. [24] by
proposing an explicit high-order Lagrange-Projection scheme, but again for the explicit case. Those two papers set the basis
for this work, where we intend to describe implicit schemes based on such approach. Let us recall that in Chalons et al.
[19,21,22] one can find implicit-explicit schemes in the Lagrangian framework, where the source term is always treated ex-
plicitly. Those schemes where only first order accurate. One of the objectives here will be to extend the technique to second
order implicit and implicit-explicit well-balanced schemes. Moreover, we set the basis for their extension to higher order
and fully well-balanced schemes.

This paper is organized as follows: in Section 2 the main ideas concerning the Lagrange-Projection techniques are in-
troduced. Then, in Section 3 two new second order numerical schemes are proposed for the Lagrangian step based on
an implicit or implicit-explicit approach. The schemes are exactly well-balanced for water at rest steady states. Next, in
Section 4 the projection step is described. Finally, some numerical simulations are shown in Section 5 in order to study the
accuracy and efficiency of the new schemes. For the sake of completeness, we include the description of the explicit scheme
in Appendix A.
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2. The Lagrange-projection strategy

We consider the so-called Lagrangian coordinates, which follow the trajectories of the particles within the flow. In par-
ticular, consider any “fluid particle”, & and define the characteristic curves
0x
(&, t) =ux(,t),t),
{at@ ) =u(x(.0.0) o)
x(§,0)=§.
Now, consider any function defined in Eulerian coordinates (x,t) — U(x,t). We then define by
UE.0) =U&E.0).0)

its equivalent in the Lagrangian variables (&, t).
Moreover, we define

0x
g(éy t),

the Jacobian of the Lagrangian map, which satisfies

{atus, t) = d:u(§, ),

LE.t)=

L. .0)=1,
and for all U we have
9:U = Lo,U
and

;U = 0,U + ud,U.
Since the SWE in Eulerian coordinates can be written for smooth solutions as
O0ch 4+ udyh + hoyu =0,
{E)t(hu) + udy(hu) 4 hudyu + 0y = —ghdyz,

where 7 = gh?/2, after multiplying both equations by L(£,t) and using the previous identities for the derivatives of U we
obtain

Ldch + hdgu = 0,

LO; (hu) + hudsU + 0: T + ghdzZ = 0,
and so
0r(Lh) =0,

_ _ (2.2)

Therefore, system (2.2) corresponds to the shallow water system expressed in Lagrangian coordinates.
From the numerical point of view, it will be useful to consider a relaxation approach of the Lagrangian system (2.2) (see
Chalons et al. [22], Castro et al. [23]):

0T — To0:u =0,
Ot + To0g IT + gTohd:z = A (7w — IT), (2.3)
01T + a21:08éu =0,

where v = 1/h, 7o = 7)_, a is a constant satisfying the subcharacteristic condition a > h,/gh and A — co.

Note that in the relaxation system we have omitted the (-) notation for the sake of simplicity.
From the numerical point of view, first (2.3) is solved with A = 0, that is,

0T — 100:u =0,
Btu + 1'0851'[ +g‘[0h8§Z =0, (24)
Btl'l =+ azrof)éu =0,

and then we set I1 = 7 (7) before the next iteration.



C. Caballero-Cdrdenas, M. Castro, T. Morales de Luna et al. Applied Mathematics and Computation 443 (2023) 127784

Ti-1/2 T . Tit+1/2

xi_y0(T) z;(T) ziy1/5(T)
t — T "‘ 1 1 1
] z(&,t)
w61y ) #(Ea)
2(éi-1 )2, ﬂ (v )25 f),.
t=0 f —
Si—1/2 &1y & §i—1/2 Edr1y2

I;

Fig. 1. Sketch of the relation between Eulerian and Lagrangian coordinates.

Now, defining two new variables W = IT+ au and W = IT — au, system (2.4) can be written as
0:T — 190 u =0,
dW + atods W = —gatohdez, (2.5)
3 W — atods W = gatohdez.

The introduction of these two new variables allows one to obtain a system in which the second and third equations are
just simple transport equations with a geometric source term.
Moreover, we can easily recover 7 and u from W and W:

- o« - o«
w+ w w-w

n:T, UZT' (2.6)

2.1. The Lagrange-projection numerical algorithm

In order to state the Lagrange-Projection numerical scheme, we shall proceed as it is usually done for finite volume
schemes, although we distinguish here between Lagrangian and Eulerian coordinates. Space (in Lagrangian framework) will
be discretized by means of a fixed space step A&. The time step is denoted by At. The cells I; = [§;_1 2, &;11/2] for i e Z are
then considered and we define the set of times t" = nAt for n € N. In the Eulerian framework, the same step size, Ax =
A&, will be used. Similarly x;,1, =iAx and X; = (x;_1,2 + Xi41,2)/2 correspond to the cell interfaces and the cell centers

respectively and I; = [X;_1,2. X;11,2]. The Eulerian and Lagrangian space discretization will be then related using the following
notation (see Fig. 1):

XT(t) :x(éivt)’ X;':]/Z(t) :X($i+1/2’t)-
Remark that at time t = 0 we then have x;(0) = &; = x; and x;‘H/Z(O) =&ii12 = Xiy1)2-
Let U = (h, hu)T. Assume that at the initial time x — U%(x) is given. Then, define the discrete initial data U?, where

UO1

Xit1/2 0 i
Ikﬂ/\ U ' (x)dx, icZ.

Xi-1/2
The objective is to compute the values
U'ﬂ 1 Xiy1/2

~ n
N U(x, t")dx,

Xi-12

where x — U(x, t") corresponds to the solution of (1.1) at time t", n € N.
Starting from the sequence {U!'};, it will be necessary to define the sequence {U?“},-, n e N, since {U?}i is known.
With this notation, the Lagrange-Projection algorithm will be described: from a given discrete sequence U} = (h, hu)!,i e

7, corresponding to the approximations at time t", we have to compute U:,”l = (h, hu);.“r1 at the next time. This is done in
a two-step process:

1. Lagrangian step: update U} to U?+1 by numerically solving (2.2);

2. Projection step: update ﬁ?ﬂ to U?“ by projecting back to Eulerian framework.

3. The Lagrangian step

At this step we need to solve the shallow water system in Lagrangian coordinates (2.2). Although the aim here is to
propose an implicit approximation of this system, we shall introduce, for the sake of completeness, an explicit approximation
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as well in Appendix A. We will present first and second order schemes. For the implicit case, we will propose two versions
of the scheme: nonlinear implicit and implicit-explicit.
Let us start by working on the second equation of system (2.2). The last term of this equation may be rewritten as

ghd:Z = gLh 8xz = gho sz, (3.1)
where we have used the first equation in (2.2) and denoted hg = h\[:o' Now, since z does not depend on time,
0xz(&i.t) = Bxz(x(&:. 1)) = 2 (%;(1)).
where we have used the notation z’ for dyz. Therefore, the second equation in (2.2) is equivalent to
or (LH) + Sgﬁ+ghoz’(xi(t)) =0.
Now, integrating (2.2) in the interval [; = [§;_; 2, §;,1/2] we have:
(Lhy}(t) =0,
—, 1 1 &2 , (3.2)
(Lhu),'(t) = _Ai%-(niilﬂ(t) - 7[,‘*,1/2([‘)) - Té/g: gPi,hD (S)z (X(g, f))dé,
i-1/2

t) and P (§) is a

where we set h;(0) = ht, and (hu);(0) = (hu)} as initial conditions. In this system, ni’ll O ~mE, 1,
2 2

reconstruction operator obtained from the sequence of cell values {h}'}:
Py (§) = Pop, (8 {h]}jes):

being S; the set of indexes belonging to the stencil corresponding to the ith cell.
Now we will consider a semi-discretization of system (2.5), that will play an important role in the definition of the
discretization of the Lagrangian formulation of the SWE.

Using (3.1), system (2.5) can also be discretized in space using a first or second order scheme as follows:
(0= [ B e
' hoY,‘AE &1 b :
=, a (—> = ) ga /—i“/z ,
wi(t) = ——=(W; t)—Wi_1p(0)) — 2 Z(x(&,t))déE, 3.3
(0 =~ poag (Pina® - Wiaa®) = K¢ |26 0)ds (33)

<« < Eiﬂ/z
(0 = g (Wean®© - Wiaa ) + 55 [ 2000,

S . 1 1 1 .
with initial conditions t;(0) = o’ w;(0) = igh(z)‘i +aug; and W;(0) = Eghg.i —aug ;. P, (&,t) denotes the reconstruction
N

operators of u defined from the cell values {u;(t)} on a given stencil. Finally, 7\1,-“/2 (t) and V(_V,-H/z(t) are the numerical
fluxes of the second and third equations of system (2.5), for which we will consider the upwind numerical fluxes given by:

by e —
Wit12(t) =Py Gipr.t) = Wiy 5,
NY) «—
Wit1p(®) =Py 5 G2 t) = Wiy,

where P, ; and P, &; are their respective reconstruction operators.
Finally, making use of the relations (2.6), we can define the following numerical fluxes for 7 and u at the interfaces:

P 5 G2, t) + Py 5512, 0)

T () = 5 (34)
P (S t) — Py = (Eivrjont
iy () = O Eip1y2.0) za,ﬂ,w (Eip12,0) .

As an example, let us now consider a first order in space and time implicit finite volume scheme for the SWE in La-
grangian coordinates that uses the previous formalism. In that case, the system is written as

o+l _ 9on aAt = n+1 Ton+1 aAt / (141
Wit =Wy — h’?Aé( i+1/2— i—1/2—) - AE (Xi ) (3.5)
1
Sn+el _ S5n aAt o+l n+l aAt ! (4 n+1
Wit = Wit pnAg (Wi — Wita,) + AEF "),
1
where we set w1 — W1 and Wl = W™l That is, the reconstruction operators reduce to the standard cell values

ir12- = Wi i+1/2+ i+1

at time ™1,
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It should be noted that the presence of the source term requires the evaluation of z' at a point that we have denoted as

x,.*'”“, which corresponds to a first order approximation of x(&;, t"*1). Here we propose the following approximation
XT,nJr] — gi + Atu;",”‘F], (36)
where
* n+1 $,n+1
+u;
s+l _ z 1/2 i+1/2
u; = (3.7)
and ufi"]j; can be defined using the relations (3.4) as follows:
o+l _ $on+l
et _ Wi = Wi (3.8)

i+1/2 2a

Note that (3.5)-(3.8) define a coupled non-linear system to be solved. Here we use a simple fixed-point algorithm where

we first solve (3.5), fixing the value x;" 1 and then we update it by computing the velocity at the interfaces using (3.8).
Observe that (3.5) reduces to two uncoupled linear systems that are simple to solve when x;* 1 s fixed.
Once w?“ and w?“ are computed, (Lhu)™*! would be obtained as follows:
— At o
(Lhu)p*! = (hu)f — o (i = 7i);) — 8Ath{Z (). (39)
where 711’;';721 is computed using the relations (3.4), which reduce to
n+1 on+1
+ W
%, n+1 +1
JTH_% = f’ (3.10)
for a first order numerical scheme. Finally, we define
At
1 *,N+1 *,n+1
=1+ E(ui;;z —urh). (3.11)

Notice that we could avoid the solution of the non-linear system (3.5)-(3.8) by considering the following explicit-implicit
first order numerical scheme

— a1 — aAt ,— 1 — 141 aAt

Wit = wi - WTAE (Wil — Wit ) - AE &' (x}), (3.12)
1

< n+1 < aAt <« <41 aAt

with=wi+ WTAE (W?:11/2+ - W?j1/2+) + AE gz/(x?).
i

Once W?“ and VV);H] are computed, then (Lhu)!*! is obtained as follows:

At
AE

Finally, L' is updated using (3.11).

Fully explicit versions of the previous numerical scheme are straightforward and their extension to second order is also
possible (see Appendix A).

Let us remark that, in order to ensure stability, the parameter a must be chosen sufficiently large according to the so-
called subcharacteristic condition a > h\/g7h (see Chalons et al. [19,21,22]). Moreover, the explicit Lagrangian step is stable
provided the following CFL condition is satisfied

(LH)?H — (hu)n (TC* n+1 _ *n+1) gAth" ( n) (3.-13)

i+1/2 1 1/2

aAt < %hAé} (3.14)

The use of an implicit approach for the Lagrangian step makes that condition (3.14) is no longer required.

Unfortunately, neither the numerical scheme defined by (3.5)-(3.9) or (3.12), (3.13) are well-balanced for the water at
rest solution. In order to define well-balanced numerical schemes for the water at rest solution we follow the procedure de-
scribed in Castro and Parés [25]. More explicitly, at every cell I; = [§;_1,2. &i11,2] we look for a steady state that matches with
the given cell average. As we are interested in first and second order schemes and we focus on water at rest steady states,
this condition reduces to defining an in-cell stationary water height hf‘”(é) such that hf‘” (&;) = h}". Taking into account the
special expression of the water at rest solutions for the SWE, hf’"({-‘) is given by

h™(€) = hi +2(§) — z(8). (3.15)

We also define nf*" as

mit(E) = %g(hf‘”(é‘ ). (3.16)
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Notice that h{"" (&) exactly satisfies

e + gLh®"z = 0. (3.17)
Now, the second equation of (3.2) could be rewritten equivalently as follows:
— 1 1
(LR, (©) = =57 (T p (O = 71 20) + 15 (7" Gisa 2 (0) = 7" (1120) (3.18)
1 i1
T RE ) 2(Pipy () — L(E, A" (X(§, 1)) (x(§, 1))dE,
i-1/2

where X, 15(t) = X412, 0).
Proceeding analogously with the second and third equations of (3.3), one has:

_ﬁ <17Vi+1/2 ) - 17\4'71/2(”) * ﬁ(”ieﬁ(xmﬂ () = 77" (X1 2(1)))

- TE & Iji,ho (%‘) )Z (X(%_’ t))dé:s
a

Wf(t) = m(wiﬂﬂ(ﬂ - 1/(_Vi—l/z(t)> - M%g(nie’n(xwl/z(f)) - ”ie'n(xi_uz(f)))

ga [Ene (o LE DR (E. )
AS &l Pi,ho (E)
Note that the semi-discrete scheme described in (3.18) and (3.19) is equivalent to (3.2) and (3.3). Now, we need to

describe the procedure to define the reconstructions operators of the unknowns that are exactly well-balanced in the sense
defined in Gémez-Bueno et al. [1].

wi(t) =

(3.19)

)z/(X(E, t))dé&.

3.1. Exactly well-balanced reconstruction operators

In the next paragraphs we describe the reconstruction procedure that we define in order to achieve a numerical scheme
that is exactly well-balanced for the water at rest solutions.
Let us suppose that {h]'} and {(hu)!} are known. Then the reconstruction operators for P; ho» .<_ and P are defined as

follows:
Pin, () = he™(§) + QP (&: (h] ) jes), (3.20)

where h{"(§) is given in (3.15), h?’f =hj - h?"(€)), j € S;, that is h?'f are the fluctuations with respect to the steady state
at the stencil, and Q/'(§) is a standard first or second order reconstruction operator. Note that as we are only interested in
first and second order numerical methods, the fluctuations are computed using punctual evaluations at the cell centers. If
order higher than two is required, then cell averages computed with a quadrature formula should be used.

Now, P,"W is defined equally as

() =7 (E) + QE AW Y jes) (3.21)

wh = wn - e’”(é i), J € 8;, that is, they are again the fluctuations with respect to the local steady

where W" i s given by w ]
state at the stencil. PTL is defined analogously.

Finally, P is a standard first or second order reconstruction operator computed with the cell values {u'}. Note that as we
are only mterested in water at rest steady state, no special care has to be taken for the reconstruction operator of u or hu.

This would not be the case for moving equilibria. Moreover, if order higher than two is required, then a more sophisticated
(hu)?
hit =
1
Observe that P, , P, - Pan and P!' are exactly well-balanced operators in the sense that if {h]'} and {(hu)!} are the cell
averages of a given water at rest steady state that are computed with the mid-point rule, that is h = he(&;), hu!! = 0, then

Py () = h(8)), . Py (§) = P (6) = °(£),,. and P,(§) =0

Given our interest in the definition of implicit solvers, we also need to provide a reconstruction procedure for any value
t e [t", t"*1] that is able to preserve water at rest steady states. In particular we need to define P <—(5§ t) and P (§.1).
Let us define P, (§,t) and the definition of P, 7 (§,t) will be analogous. P, 3 (§,t) will be defined usmg the exactly well-
balanced reconstructlon operator at time t = t” P”_>, described previously, and a standard reconstruction operator for the

time fluctuations, that is:

Py (€.0) =P (§)+ Q& 0), (3.22)

procedure should be used as the cell averages of u cannot be obtained by simply setting uf =
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where Q;(&.t) is a standard reconstruction operator defined in terms of the time fluctuations, that is
Q€. t) = Q& {W]}jes). where Wi = W;(0) - W}, jes:
Let us show a first order reconstruction operator for w at cell I; for any value t € [t", t"*1]
PL (5.0 =P (§) + Q' (5. 0),

where Q.‘“ (€,t) is the standard first order reconstruction operator at cell [;, that is, Q.‘“ &.t)= Wf'f = Vv)i(t) - Vv)f Now,
taking into account the definition of P],"W (€), we have that

POL (5. 6) = f™(8) — 7™ (&) + Wi(D). (3.23)
The second order reconstruction operator is defined in the same way, that is

PZ (5.0 = PR2(E) + QP (&, 0), (3.24)

where d,."z (&€,t) is a standard second order reconstruction operator defined in terms of the time fluctuations {ng,f } jes
Now, taking into account the definition of Pi”‘v,‘;z we have that

P2 (5.6) = " (€) + QP (6: (W]} jes) + QP (6. 65 (W) jes),

— — . . ~N .
where w'J?’f = w? - ﬂf’"(E ;). In the previous expression, Qi"“’2 and Q,.02 are standard second order reconstruction operators.

In this case, to avoid the non-linear dependency of the limiters at any time t, we consider here that both Qj’*"z and @"2 use
the same limiters computed at time t = t".
In particular, Qi"'02 (&) is defined as follows:

QP (E) = Wi — 7" E) + AW (€ - &), (325
where
1
AW = RE (L (Wi = W) + ¢ (Wit - W), (5-26)

with ¢ and ¢ slope limiters. Here we use the following:

|di_|
o =1 |di| + |di|
0  otherwise,

if |di_| + [di| > 0,

|di |
no={ ldi | +1di |
0  otherwise,

if |di_| + |di| > 0,

where

dj, = VV)nf — VV)?_’I;

i di+ = an VV)nf

’ i1~ Wi
Q% (&.t) is defined as follows
QP& 6) = Wilt) = Wi+ AW (€ - &),
1

where

>
<l
i
|
/‘:a
=
2

W) @ T,

with @1 = @1

Taking into account the definitions of Q/** and Q{*°?, we obtain that

P (6, 6) = () — i (&) + Wilt) + AW (E — &) + AW (€ - &), (327)
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3.2. Implicit and implicit-explicit exactly well-balanced Lagrangian schemes

In this subsection we are going to describe the implicit and implicit-explicit first and second order exactly well-balanced
Lagrangian schemes. The first and second order explicit Lagrangian schemes are described in Appendix A. In the implicit
and implicit-explicit case we use the mid-point rule for approximating the integrals in (3.18) and (3.19) and we obtain the
following semi-discrete formulation:

(Lhu)j(t) = —L£;(t) — G;(t) (3.28)
where
£ = 1 (15O = 71 (0) (3.29)
Gi(t) = —Aig(nf»"(xm (£) = 7" (X 12(0)) + (Puny (&) — LiOR" (x(5, 1))2 (x(&:, 0)) (3.30)
and
W) = ~(L)i(D) - Gi(D),
- o (3.31)
wi(t) = —(Lg)i(t) + ng(f),
0,i
where
a = —
(L (©) = g (Wi = Wia(©)) (3:32)
a <~ <~
(L )i(t) = —m(wfﬂ/zm ~Wiap®), (333)

where we recall that x5 (t) = x(§iz1/2. D).

Now, we are ready to start the definition of first and second order exactly well-balanced implicit and implicit-explicit
schemes in Lagrangian coordinates. Here we suppose that {h'} and {(hu)}} are known and we integrate the system in the
interval [t", t"*1] to compute the new states at t"*1,

3.2.1. First order schemes
Implicit scheme
Firstly, let us consider the definition of the first order implicit scheme. In that case, the scheme reads as follows:

(Lhu)™*! = (hu)? — At(LM! + M), (3.34)
where
1
1 _ *,n+1 5,n+1
L:‘H - E(an/z - JTI.jﬂ ) (3.35)
and
1 * * k. k
gl = _E(nie‘“(xiﬂg) - nf’"(xi;"]g)) +g(h! — LR (xp™ )2 (kM) (3.36)
with L1 defined as in (3.11), x™*! defined as in (3.6) and xj‘i"f;; defined as
Xy = & + Aturly). (3.37)
We recall that 77;’;721 and u:‘i”]t; are defined by (3.4), that is,
1 (£ 1 1 , 1y =t “ni
ol PcOW (i1, " )+Pi(~)+1fv‘v($'“/2’ ") _ W?++1/2— + W?:1/2+ (3.38)
12 = 5 = 5 .
and
1 (g 1y _ pol , 1y =t i
um P Givra 077 = Pl 5 (i o ™11 W~ Wi, (3.39)
i+1/2 = 2a - 2a ‘
where
Wi = PL (Eiyajp, 1) = 00" (G jp) — 700" (6) + W, 3.40)
W?ﬂ/u = PO o G ) = i G 2) — 6D + wnel
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Note that 71&’}721 and uf;ﬁ; are defined in terms of W"*! and W"+!, that are the solutions of the non-linear system

a
W = - A+ )
1

a (3.41)
(W?H _ (W:l _ At((ﬁﬁ—,)?ﬂ _ hnginﬂ)’
1
where
1 a T —nil
(EW);‘H = h”AS( zn:l/zf - W?jl/zf)’
342
(ﬁ(_)n+l _ a (<—n+1 _ ) ( )
i - h"A§' i+1/2+ i-1/2+)"

In order to apply the previous numerical scheme, we first solve the non-linear system (3.41), and then, (3.34) is updated
using {w"1} and {1}
i i -

The non-linear system (3.41) is solved by means of a fixed-point iteration where {Vv);’} and {(VV?} are given as initial

guess. Here (3.41) is solved as follows: we fix the values of x:;”]j; and x’.‘*"” in (gw)fHl and then we solve the two linear

systems in (3.41). Next ”:!117; are updated as well as x:‘i”% and x?"! with the new computed values of {w"+'} and {w+'}.

Theorem 1. Given a water at rest stationary solution of system (1.1) with a continuous bottom topography z, the scheme defined
by (3.34) and (3.41) is exactly well-balanced.

Proof. Let htt = h®" (&), 7' = w*"(&;), uf = 0. In the first iteration of the fixed-point algorithm, xlil/2 i1/, X g

Let Wf*” be the result of the Ith iteration of the fixed-point algorithm. Then,

W W0 — e (T G )~ )+ W = )+ )~ W)
" hifgg (T8 Erry) — TEN i 112)) — ﬁ—?(h? ~ RN (E))Z (8)
= W G (T )~ ) + W ) ) — W)
+ g (7" Gu) 706y )
= W1 = g (@) W e )~ W),

where we have used that 7" (§i_1,5) = 77" (§j_1,2) and that L* 1 =1 since in the first iteration u;‘i”f/’; = 0. Note that at
this point we are using that the bottom topography is continuous what implies that h¢ is continuous as well as 7€, This
numerical scheme could be modified in order to be exactly well-balanced for non-smooth steady states (see Castro and
Parés [25], Bouchut [26]).
It is clear that W1 = 22" (&). W =21 (&_1) is a solution of the previous equation and therefore, Wi+! = Wi =
£ (§;). The result for W is analogous

Once we know w1 and W™+, we need to compute 77°"™1 and 7™ making use of (3.38), (3.39) and (3.23) and we

i+1/2 i+1/2
obtain
i 7T "Eir12) + 7T,i1 Giv1/2) 7T,-e’n Git12) + ﬂie’n(%'iﬂ/z) en
2 = 5 = 3 =77"(iz1)2),
ol ﬂie'n(ém/z) - n,i’{ (SHI/Z) _ ﬂie’n(fm/z) - 7Tl-e'n (éfm/z) —0
Yisi2 = 2a - 2a -

n+1 _ .
Then, since L{*" =1 and Xm/z &ic1/2:

£ = Aié(nf‘”(ém/z) — 7" Eil12)),

gt = 7A1§ (7" iv12) = 7" Eia ) + 8(R] = B (€0)7 ()

1

="Af (77" G ) — 0" i)
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Finally, (Lh)™' =h", (Lhu)™' = (hu)! and, using the fact that L7*! =1, we get that the scheme is exactly well-
balanced. O

Implicit-explicit scheme
We can also consider the following first order implicit-explicit scheme:

(Lh)T*" = (hu)? — At(£*! +g7), (3.43)
where £ is defined as in (3.35) and
1
glﬂ = _E(ﬂj&n (§i+1/2) - nf’n(éi—l/z)) (3.44)

since the second term of G evaluated at time t" is zero.
In this case, w™+! and W"*! are the solutions of the following linear system

a
wpet =1 ar e+t ).
! (3.45)
<“ni1 <« 1 a
wil = wp - At((ﬁw);“ - mg?)
1
with (£ )?“, (£<V7)?+1 defined as in (3.42). Remark that now the solution of (3.45) is straightforward and the fixed point
iterations are avoided, making this implicit-explicit version more efficient.

Theorem 2. Given a water at rest stationary solution of system (1.1) with a continuous bottom topography z, the scheme defined
by (3.43) and (3.45) is exactly well-balanced.

Proof. The proof is analogous to the previous one. [

3.2.2. Second order schemes
Implicit scheme
Let us now define the second order well-balanced implicit scheme. In this case, applying the trapezoidal rule

— At
(Lh)i*t = (hu)f — == (£f + £+ + g7 +G*), (3.46)
where
l *, *,
E? = E(”Hq/z - ”z‘fq/z)’
1
1 *,N+1 *,n+1
Lt = E( i+q72 - i—r1‘72 )

and G} is computed as in (3.44) and g;“l as in (3.36) where now we use the following second order approximations

wn+1 __ At s,n+1 *,1
Xiz1p = Xiz12 + =~ (i + 1 )

At
wn+1 _ 20 en+l #,N41 *,1 *,1
XU =X+ (”i+1/2 TUL, Tl T ”i_1/z)v

! 4
At
n+1 __ #1141 *,n+1 s, s,
L =1+ IAE (ui+1/2 Ul UL — ”i_1/2)~
*,1 *,M+1 *,M *,N+1 .
The values T T Uity o Uity o €A be obtained as follows
02 (£, n 02 : n =n n
o Be G D+ PE GGt Wi, + Wy, (3.47)
Tilp = D) = 5 .
02 . n+1 02 X n+1 on+l ntl
el _ P Givra 7)) + P2 5 i o 711 Wik T Winips (3.48)
i+1/2 — 2 - 2 :
02 (£, ny _ po2 . n n n
- Pi.Vv’(s'“/z’t ) Pi+1,W(§'+1/2’t ) Wi~ Wi, (3.49)
i+1/2 — 2a - 2a :
02 (&, n+1y _ po2 . n+1 on+l _ Sntl
nel P (Eir1y2, ") P,-H.W(SIH/ZJ ) Wi Wi, (3.50)
i+1/2 = 2a - 2a :
where in order to compute W?H/Z, W?jf/z, W?H/Z and W?jﬂ/z we use the reconstruction proposed in (3.27).

1
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Similarly, w™*! and W"*! are the solutions of the following non-linear system

At a
Wit =Wl - = ((ﬁw)? + ()i + g G+ gf“))
i (3.51)
o+l n At L)t L n+1 a n n+1
Wi :Wi_7 ( ‘VV),"‘( W)i _ﬁ(gi—i_gi )
1
where in this case
a — —
(Ly)i = 2hTAE (W?+1/2— - W?—l/Z—)’
1
a <~ <«
(‘C(m_/)ln = _2h'.1A§ (W?+1/2+ - W?71/2+)~
. al it it (3.52)
Lyt = 2MTAE (W?rl/z— - W?—Jrl/z—)v
1
1 a “nil “nil
(EW):‘H = _ZhVAE (W?:1/2+ - W?juh)
1

and we use the second order reconstruction introduced in (3.27).
The equations in (3.51) define two systems with four diagonals each: the ones corresponding to W; 5, W;_1, W;, WM in
the case of the system for w"*! and the ones corresponding to w;_;, W;, Wm. Wm in the case of the system for wn+!.

Theorem 3. Given a water at rest stationary solution of system (1.1) with a continuous bottom topography z, the scheme defined
by (3.46) and (3.51) is exactly well-balanced.

Proof. The proof is analogous to the previous one. [

Implicit-explicit scheme Finally, the implicit-explicit second order scheme is obtained by treating the function £ implicitly
and the function G explicitly. To do so, we consider the SSP2(2,2,2) IMEX scheme defined by the Butcher tableau (see
Pareschi and Russo [27]):

0|0 O y ‘ y 0
1/1 0, 1-y | 1-2y y , (3.53)
| 11 | 1 1
2 2 2 2
\/j.

where y =1 - ¢
Similarly to the implicit second order case, the systems that we have to solved for this scheme have four diagonals each.
Note that the use of the IMEX scheme avoids the costly nonlinear system inversion.
A similar theorem as Theorem 3 is still valid in this case.

4. The projection step

After solving the Lagrangian step, we shall project back the result onto Eulerian coordinates. This will be done explicitly.
For doing the projection of LU(&, t) onto the Eulerian cells (x;_1,2.X;;1,2), we need to compute

1 Xit1/2
Ui(t) = 7/ Ux, 0)dx.

Ax Xi-1/2
Given t > 0 we define .§,~+1/2 (t) such that

X(Eip12(0), 1) = X312

For any time T > 0, let us define ff,-ﬂ/z (T) as the origin of the curve x(éﬂp, t) which at time t =T passes through x; 1,
(see Fig. 1).
Using this notation, we may write

0 1 x(éﬂ/zm,r)U( . 1 éﬂ/z(oL(s (&, D
i(t) = — x, t)dx = — ot ,)ag,
1 Ax /x(é,l,zm,r) Ax /s

i-172(0)
and we can split the integral as follows
1 &0 _ 1 [&ap® _ 1 Ee® _
U0 = x5 [ HE00GE0dE + 1 [ TE0UE 0dE 5 [ T1E 00 nde

i172(6)



C. Caballero-Cdrdenas, M. Castro, T. Morales de Luna et al. Applied Mathematics and Computation 443 (2023) 127784

Remark that the central integral corresponds to (LU);(t), which is already known from the previous Lagrangian step.
Therefore,

n+1 7\n+1 1 S n+1\qy n+1 1 v n+1\[J n+1
U = O [ LE O g + g [ LG O g, (41)
i-1/2

éi+1/2

The evaluation of the integrals in previous expressions is now required. To do so, first and second order approaches will
be presented.

4.1. First order projection scheme

The previous integrals can be approximated in the following way:

1

gm/z _ é _;;:A _
1 n1 nityge = Stz =iz g
A L UG g =SS (D,

i+1/2°
$i+1/2

where

(L0 = (LU)n+1 for §i,1/2 > §z+1/2,
t172 (LU for &1 < §z+1/2

Moreover, using the approximation

iv12 = Xip12 — Atuf 5,
then from (4.1) we get

_ At _
1 *
Ut = (LU)?H ~ Ax ( i+1/2 (LU)?:ll/z —Ui_1p (LU)?jll/z)-

4.2. Second order projection scheme

For the second order case, the integrals (4.1) need to be computed with second order accuracy. To do so, let us con-
sider a piecewise linear reconstruction of averages of (LU)”“ and, taking into account that the velocities umﬁ that are
continuously defined at the intercells, we use a continuous piecewise linear interpolation of at the intercells.

It can be seen that we can write (4.1) again as

At

1 171 * 11
Ui = (0)! = = (o (MO, — Uy o (LO))),
where
Loyt (Lﬁ)}ff/2 for uf,, , >0,
i+1/2 = —
(LU)?jll/er for u1+1/2 <0,
and

=\ n+1 1 1 1 At
(LU) :‘1:1/2_ Ln+1 (([‘U) o i (SLU) o (Ax - [+l ul+”17;> >’
1

= 1 1 At
(000, = s (00 0001 (o= it ) )
i+1

i+1

. . —\n+1 —\n+1 o s = .
In the previous expressions, ((SLU);,1+ and ((SLU)?:] are approximations of the derivatives of LU at time t™*! at x; and x;, 1,

respectively, that are computing by means of a limiter. (Lﬁ);?jl]/2 is defined in a similar way.

The CFL condition associated with the transport step reads
Atmax (Wi )" = Wiy} < Ax (4.2)

Let us remark that this stability restriction always remains as this step that, contrary to the Lagrangian one, is performed
explicitly.

Observe that this projection step does not destroy the well-balanced character of the scheme as we consider only steady
states corresponding to water at rest, where u = 0, and we have shown that L; = 1, what makes the projection step trivial in
that particular case. A more interesting situation occurs when moving equilibria are considered. In that case, the procedure
described in Section 3 could be extended to moving equilibria following [25], but the projection step must be modified in
order to preserve those steady states. This will be considered in a future work.

13
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Table 1
L' errors between the numerical solution at initial and final time t = 5 for water
at rest initial condition.

Order 1 Order 2
EXP IMP-IMEX  IMP-NL EXP IMP-IMEX  IMP-NL

1.95e-14  8.57e-14 536e—-14 1.67e—-13  5.56e—-14 6.66e—14

5. Numerical results

We now intend to test and compare the different numerical schemes introduced in this work. In what follows, we
shall use the following notation for the used schemes. First and second order explicit schemes, which are described in
Appendix A, are denoted by EXP O1 and EXP O2 respectively. The first order implicit scheme given by (3.34)-(3.41) is de-
noted by IMP-NL O1 while its second order extension (3.46)-(3.51) is denoted by IMP-NL O2. Finally the first order (3.43)-
(3.45) implicit-explicit scheme and its second order extension by means of (3.53) are represented by IMP-IMEX O1 and
IMP-IMEX O2 respectively. In order to make a better assessment of the performance of our second order schemes, in some
of the tests we will also include the results obtained with a DIRK (Diagonal Implicit Runge-Kutta) scheme [27] that we will
represent by IMP-DIRK O2.

In what follows, CFL condition refers to the restriction needed to satisfy for the stability of the explicit schemes, that is,
At is the minimum that grants the stability conditions given by (3.14) and (4.2). Note that both the fully implicit and the
IMEX schemes do not need the restriction (3.14) and they are only limited by (4.2). This means that, in situations where
velocity is small compared to the sound speed, the stability condition for the Lagrangian step (3.14) is very limiting when
compared to the projection step stability condition (4.2), which justifies the use of the implicit approach. Therefore, we will
see in the following test cases that CFL greater than 1 (when compared to the stability criterion for the explicit scheme)
may be chosen for the implicit schemes.

5.1. Well-balanced property test

This first test aims at assessing the well balanced property of the schemes. Let us propose the water at rest solution
given by:
u=0, h+z=C withCeR
where C = 0 and the bottom topography is a Gaussian bump given by
1
zZ(x) = -1+ ie**z, xe[-5,5]. (5.1)

The interval [—5, 5] is discretized using 200 cells and final time is set to t = 5. In Table 1 we show the L! errors obtained
at final time using CFL 0.5 for the explicit schemes and CFL 2 for the implicit ones. As expected, all the well-balanced
schemes are able to preserve the water at rest steady state.

5.2. Computational time vs. error

The objective of this paragraph is to show the better performance of IMEX schemes against the fully implicit approach.
To do so, we study the computational efficiency of these schemes.

Inspired by Bermudez and Vazquez [2], we have considered a test case consisting in a channel of length L = 14, 000 with
a bottom topography defined by

2(x) = —<50.5 - 40L%" +10sin (7( (4L%X - %)))

We then simulate a tidal wave of 0, 5m amplitude by imposing the following initial and boundary conditions:

h(x,0) = —z(x) + 1,

q(xr 0) = 09

1 1. 4t 1
h(L,t)=—z(L) + 5 + 5 sin (”(786, 200 + j))
q@0,t) =0.

Let us recall that the computational advantage of the numerical approaches presented in this work make sense especially
in the case of low Froude number. Indeed, in such situations the restriction of the usual CFL condition is mainly driven by
the acoustic waves, so that implicit schemes allow to avoid it. This is indeed the case of this tidal wave test.

14
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6x1072 —&— EXPOLCFLO.5
IMP-IMEX O1 CFL 100

I —&— EXP Ol CFLO0.5
—&— IMP-NL O1 CFL 100

IMP-IMEX O1 CFL 0.5
—&— IMP-NL O1 CFL 0.5
4x1072

3x1072

2x1072

0 10 20 30 40 50 60 70 0.0 0.5 1.0 15 2.0 2.5 3.0
computational time (s) computational time (s)

(a) Using a CFL value of 0.5 for the (b) Using a CFL value of 100 for the
explicit and implicit schemes implicit schemes and 0.5 for the explicit
scheme

Fig. 2. Computational time vs. error for an increasing number of cells using first order schemes.

—8— EXPO2CFLO.5
IMP-IMEX O2 CFL 0.5

—8— IMP-NL 02 CFL 0.5

—8— IMP-DIRK 02 CFL 0.5

—8— EXPO2CFLO.5
IMP-IMEX O2 CFL 100

—8— IMP-NL 02 CFL 100

—8— IMP-DIRK 02 CFL 100

error

0 50 100 150 200 0.0 2.5 5.0 7.5 10.0 125 150 175 200
computational time (s) computational time (s)

(a) Using a CFL value of 0.5 for the (b) Using a CFL value of 100 for the
explicit and implicit schemes implicit schemes and 0.5 for the explicit
scheme

Fig. 3. Computational time vs. error for an increasing number of cells using second order schemes.

In Figs. 2 and 3 we show the computational time needed to perform the simulation and the error for an increasing
number of cells for the different type of schemes. The error has been obtained by computing a reference solution for a very
fine mesh.

In all the numerical tests, a CFL value of 0.5 has been used in the case of explicit schemes. As far as the implicit schemes
are concerned, we consider two different approaches: first, the simulations are performed using the same CFL restriction 0.5
as in the explicit case (left-hand side pictures); second a CFL corresponding to 100 with respect to the usual restriction is
used (right-hand side pictures).

We can observe that for the low CFL value case, the explicit scheme is more efficient than the implicit ones, as expected.
It is in the case when large CFL numbers are used that the implicit schemes outperform the explicit one. Indeed we see
an important reduction of computational time needed for the implicit schemes when compared to the explicit one in order
to obtain a similar error. For example, in the first order case, we see a 95% reduction in computational time for the IMP-
IMEX scheme compared to the EXP one for comparable errors. Similarly, in the second order case, the reduction found is
approximately 60%. This improvement in the efficiency is expected to be even bigger for 2D problems.

Moreover, when comparing IMP-IMEX and IMP-NL, the former seems to be more efficient than the latter. This is due to
the iterations of the fixed point scheme that are needed. In Tables 2 and 3 we show the maximum number of iterations
needed to solve the nonlinear systems during the computation and the global number of fixed point iterations required
for the whole simulation. This is done for CFL equal to 0.5 and 100, respectively, for the IMP-NL 02 and the IMP-DIRK 02
schemes. We can also remark that the computational time required by the DIRK scheme is larger than in the IMP-NL 02
case when the CFL is set to 0.5 but it is a bit shorter when the CFL is 100. This can also be explained by checking the total
number of iterations in Tables 2 and 3. However, the IMP-IMEX O2 scheme is faster than the IMP-NL and the IMP-DIRK
schemes, since only two linear schemes have to be solved.
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Table 2

Maximum number of fixed point iterations to solve the nonlin-
ear systems and total number of iterations performed for differ-
ent number of cells for the second order nonlinear scheme and
the DIRK scheme using a CFL equal to 0.5.

CFL 0.5 IMP-NL 02 IMP-DIRK 02

No. of cells  Max Iter  Total Iter ~ Max Iter  Total Iter

25 3 496 3 717

50 3 981 2 1342

100 3 1897 2 1682

200 3 3681 2 5366

400 3 6942 2 10736
Table 3

Maximum number of fixed point iterations to solve the nonlin-
ear systems and total number of iterations performed for differ-
ent number of cells for the second order nonlinear scheme and
the DIRK scheme using a CFL equal to 100.

CFL 100 IMP-NL 02 IMP-DIRK 02

No. of cells  Max Iter  Total Iter ~ Max Iter  Total Iter

25 2 2 1 1
50 7 9 6 7
100 7 21 7 18
200 7 39 6 34
400 7 82 6 73
_£=0.000
— n
0.10 4
0.05 1
0.00 1
—0.05 1
—0.10 1
ZObD 4500 60b0 80‘00 10600 12600

Fig. 4. Free surface corresponding to the initial condition for the order test case.

5.3. Order test

Let us now check the order of the schemes. In order to do so, we consider as initial condition a small perturbation
flowing over a Gaussian bump in a domain with length L = 14, 000 m. More explicitly, the bottom topography is given by

3 (x — 7000)2
200 = _(50 - (‘ 1,000,000 /) )
and the initial condition writes as q(x,0) = 0 and
0.05(1 + cos (Z457%)) if 3000 <x <6500

h(x.0) = 10.05(—(1+cos (Z4555>2))) if 7500 <x < 11,000

0 otherwise

Free surface corresponding to this initial condition is shown in Fig. 4. The errors in L' obtained for the different schemes
are then shown in Tables 4-6, where we see that the expected accuracy is obtained.

16



C. Caballero-Cdrdenas, M. Castro, T. Morales de Luna et al. Applied Mathematics and Computation 443 (2023) 127784

Table 4
Dimensionless errors in L' norm and convergence rates for the explicit LP schemes with CFL
value 0.5.
EXP - Order 1 EXP - Order 2
No. h q h q
of
cells Error Order Error Order Error Order Error Order

25 3.49e-1 0.00 4.50e0 0.00 2.17e-1 0.00 1.58e0 0.00
50 1.88e—1 0.89 2.69e0 0.74 6.03e—-2 1.85 6.89e—1 1.20
100  9.39e-2  1.00 1.35e0 0.99 1.68e—-2 1.84 2.01e-1 1.77
200 4.21e-2 1.16 6.07e—1 1.16 4.17e-3  2.01 542e-2  1.89
400 1.44e-2 154 2.07e-2 1.54 8.50e-4 230 1.17e-2  2.21

Table 5
Dimensionless errors in L' norm and convergence rates for the implicit IMEX LP schemes with
CFL value 3.
IMP-IMEX - Order 1 IMP-IMEX - Order 2
No. h q h q
of
cells  Error Order  Error Order  Error Order  Error Order

25 7.03e—1 0.00 1.37el 0.00 6.53e—1 0.00 3.60e0 0.00
50 5.25e—1 0.42 9390 0.55 1.66e—1 1.97 3.55e0 0.02
100  3.78e-1 0.47 5.85e0  0.68 4.78¢e-2  1.80 1.16e0 1.61
200  2.18e-1 0.79 3.01e0  0.96 1.30e-2 187 3.21e-1 1.86
400  8.89e-2 1.30 1.16e0  1.37 3.22e-3  2.02 7.21e-2 216

Table 6
Dimensionless errors in L' norm and convergence rates for the implicit nonlinear LP schemes
with CFL value 3.

IMP-NL - Order 1 IMP-NL - Order 2
No-p q h q
of
cells Error Order  Error Order  Error Order  Error Order

25 7.03e—1 0.00 1.37el 0.00 4.57e—1 0.00 5.61e0 0.00
50 5.25e-1 0.42 9.39e0  0.55 1.60e—1 1.51 3.89e0 0.52
100  3.78e-1 0.47 5.85e0  0.68 5.46e-2 155 1.19e0 1.30
200  2.18e-1 0.79 3.01e0  0.96 1.68e-2 1.70 4.53e—-1 1.80
400  8.89e-2 1.30 1.16e0  1.37 4.14e-3  2.02 1.06e—1 2.09

t=0.000

-4 -2 0 2 4

Fig. 5. Perturbation of water at rest initial condition.

5.4. Perturbation of water at rest

Let us consider z(x) given by (5.1) and the following initial condition, which is a perturbation of the water at rest:
h(x) = —z(x) + 0.1e7*, u(x) =0.

This initial condition is shown in Fig. 5.

In Figs. 6-9 we can check the solutions obtained with the different schemes at time t = 0.5 and t =1 with 200 cells
in the interval [-5,5] for the free surface n = h+z and the discharge g. We include a reference solution that has been
computed with the first order explicit scheme using 1600 cells.
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t=0.500 t=0.500
—— Reference  — EXPO2 01s
EXP 01 ---- IMP-IMEX 02
IMP-IMEX 01 —— IMP-NL 02 010
IMP-NL 01 IMP-DIRK 02
005
000
005
= Reference — EXPO2
-010 EXP O1 —— IMP-IMEX 02
IMP-IMEX 01 —:~ IMP-NL 02
015 IMP-NL O1 IMP-DIRK 02
A ) o p ; i i) 5 H :

() p=z+h (b) ¢

Fig. 6. Solution for n and q at t = 0.5 with 200 cells. Explicit: CFL=0.5, Implicit: CFL=2.

t=1.000 t=1.000
—— Reference — EXPO2 0.15
EXP O1 IMP-IMEX 02
IMP-IMEX O1 IMP-NL 02 010
IMP-NL O1 IMP-DIRK 02

-0.05

—— Reference — EXPO2
-0.10 EXP O1 - IMP-IMEX 02
IMP-IMEX O1 —-= IMP-NL 02
-0.15 IMP-NLO1  «eeeer IMP-DIRK 02
-4 -2 0 2 4 -4 2 0 2 a

(a)yn=z+h (b) ¢

Fig. 7. Solution for 1 and q at t = 1 with 200 cells. Explicit: CFL = 0.5, Implicit: CFL = 2.

t=0.500 t = 0.500
—— Reference —— EXP 02 0.15
EXPO1 - IMP-IMEX 02
IMP-IMEX O1 - IMP-NL 02 0.10
IMP-NL O1 - IMP-DIRK 02

-0.05

—— Reference — EXP 02
-010 EXP O1 IMP-IMEX 02
IMP-IMEX O1 - IMP-NL 02
-0.15 IMP-NL O1 - IMP-DIRK 02
-4 2 o 2 4 4 2 [ 2 4

(a) n==z2+h (b) ¢

Fig. 8. Solution for n and q at t = 0.5 with 200 cells. Explicit: CFL = 0.5, Implicit: CFL = 5.

t=1.000 t=1.000
—— Reference — EXPO2 01s
EXP O1 IMP-IMEX 02
IMP-IMEX O1 IMP-NL 02 010
IMP-NL O1 IMP-DIRK 02

-0.05

—— Reference —— EXP 02
-0.10 EXP O1 - IMP-IMEX 02
IMP-IMEX O1 - IMP-NL 02
-0.15 IMP-NL O1 + IMP-DIRK 02
4 2 0 2 4 4 2 o 2 4

(a)n==z+h (b) ¢

Fig. 9. Solution for n and q at t = 1 with 200 cells. Explicit: CFL = 0.5, Implicit: CFL = 5.
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0.2 4

0.0

-0.4 1

—0.6 1

—0.84

— n=z+h

-4

-2

0
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Fig. 10. water at rest solution with a discontinuous perturbation on the surface.

t=0.100

—— Reference

—— EXP 02

t=0.100

EXP O1
IMP-IMEX O1
IMP-NL O1

-== IMP-IMEX 02
IMP-NL 02

IMP-DIRK 02

~0.05

—— EXPO2
IMP-IMEX 02
IMP-NL 02
IMP-DIRK 02

—— Reference
EXP O1
IMP-IMEX O1
IMP-NL O1

-0.10

-01s

“a ) o 2 a “a 2 [ 2 4

() n=z+h (b) ¢

Fig. 11. Solution at t = 0.1 with 200 cells for a discontinuous perturbation of a water at rest. Explicit: CFL = 0.5, Implicit: CFL = 2.

In general we see a good agreement of the numerical solutions when compared to the reference solution. The first order
implicit schemes are the most diffusive, which is expected. Also, the second order implicit schemes present more diffusion
when the CFL is increased. Nevertheless, the greater CFL allowed by implicit schemes make them more efficient.

5.5. Perturbed water at rest with shock waves

We now intend to study the behavior of the schemes, specially for second order, in the presence of shocks. In such
situation, the limiter will play an important role. We consider z(x) given by (5.1) in [-5, 5] and we set the initial condition:

—z(X)

—z(x) +0.1

if
if

x| =1
, u(x)=0.
x| <1

h(x) =

This initial condition, shown in Fig. 10, presents two discontinuities at the interface that generate two shock waves
travelling in different directions. We consider a mesh consisting on 200 cells and we perform the simulation up to time
t = 1. For the explicit schemes we have set the CFL value to be 0.5, and for the implicit ones it is set to be 2.

Figs. 11 -14 show the numerical solution obtained at times t = 0.1 and t = 1 seting the CFL value to be 2 and 5 for the
implicit schemes. As in the previous test, the reference solution has been computed by using the first order explicit scheme
with 1600 cells. We see that the schemes are able to correctly handle the initial condition, although very small spurious
oscillations are seen for the second order schemes at the advancing front of the shock waves. These spurious oscillations
are more pronounced for the second order IMP-NL than for the IMP-IMEX. Nevertheless, in the CFL 2 case, they are mostly
suppressed thanks to the presence of the slope limiter. These oscillations become bigger for larger CFL values. This drawback
has been pointed out at least in Spijker [28], Gottlieb et al. [29]. Some recent strategies that could be considered in order
to reduce such oscillations can be found in Puppo et al. [30], Gottlieb et al. [31], Michel-Dansac and Thomann [32].
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t=1.000

-0.05

-0.10

-015

—— Reference — EXP 02

EXP O1 === IMP-IMEX 02
IMP-IMEX 01 —-= IMP-NL 02
IMP-NLO1 - IMP-DIRK 02

-2 0 2 4

(b) q

Fig. 12. Solution at t = 1 with 200 cells for a discontinuous perturbation of a water at rest. Explicit: CFL = 0.5, Implicit: CFL = 2.

—— Reference
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t=0.100

—— EXP 02

—— Reference

'u' EXP O1 === IMP-IMEX 02
i IMP-IMEX O1 == IMP-NL 02
IMP-NLO1 - IMP-DIRK 02

2 [ 2 4

(b) q

Fig. 13. Solution at t = 0.1 with 200 cells for a discontinuous perturbation of a water at rest. Explicit: CFL = 0.5, Implicit: CFL = 5.
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EXP O1
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008 IMP-NL 01

EXP 02
IMP-IMEX 02
IMP-NL 02
IMP-DIRK 02
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EXP O1 === IMP-IMEX 02
IMP-IMEX O1 —-= IMP-NL 02
IMP-NLO1  «eeeee IMP-DIRK 02

-2 [ 2 a

(b) ¢

Fig. 14. Solution at t = 1 with 200 cells for a discontinuous perturbation of a water at rest. Explicit: CFL = 0.5, Implicit: CFL = 5.

5.6. Generation of subcritical steady state

Let us consider again the bottom topography (5.1) and a water at rest as initial condition in the interval [-5, 5]:

n=h+z=0,u=0.

At the left boundary, we impose a discharge given by q(x = —5,t) = 0.5 and at the right boundary we fix the water
height to h(x = 5,t) = 1, following the test proposed in Goutal and Maurel [33]. This boundary conditions are set using a
ghost-cell technique. The results obtained at time t =2, t = 50 and t = 100 for the different methods with 200 cells, with
CFL value 0.5 for the explicit schemes and CFL value 2 and for the implicit ones, can be seen in Figs. 15-20. Due to the
imposed discharge on the left boundary, a shock wave enters the domain and travels over the bump. The solution evolves
until a subcritical steady state is reached. We remark that the front of the advancing shock is too diffusive for the first order
schemes. Moreover, the location of the depression on the surface at times t = 50 and t = 100 is slightly misplaced in the
case of the implicit first order schemes. The left water level is not the same as well. This is due to the higher diffusion of
the schemes, which is overcome when using a second order scheme.
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t =2.000

— Reference
EXP O1
IMP-IMEX O1
IMP-NL O1

— EXP 02
-=== IMP-IMEX 02
—-— IMP-NL 02

(b) q

Fig. 15. Generation of subcritical steady state a time t = 2. Explicit: CFL = 0.5, Implicit: CFL = 2.

t = 50.000

° ]
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0.600

0575

0550

0525

0500
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Fig. 16. Generation of subcritical steady state a time t = 50, Explicit: CFL = 0.5, Implicit: CFL = 2.

t=100.000
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— Reference — EXPO2
o2 EXP 01 ---- IMP-IMEX 02
IMP-IMEX 01 —— IMP-NL 02
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-4 -2 0 2 4

(a)n==z2+h

Fig. 17. Generation of subcritical steady state a time t = 100. Explicit: CFL = 0.5, Implicit: CFL = 2.
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Fig. 18. Generation of subcritical steady state a time t = 2. Explicit: CFL = 0.5, Implicit: CFL = 5.
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Fig. 19. Generation of subcritical steady state a time ¢ = 50, Explicit: CFL = 0.5, Implicit: CFL = 5.
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Fig. 20. Generation of subcritical steady state a time t = 100. Explicit: CFL = 0.5, Implicit: CFL = 5.

6. Conclusions

We have proposed first and second order Lagrange-Projection schemes for SWE where the Lagrangian step is performed
following an implicit or implicit-explict approach. The latter has the advantage of being more efficient, as only linear systems
need to be solved, while the former needs fixed point type iterations. All of them are exactly well-balanced for water at
rest steady states. As expected, first order schemes are diffusive, which justifies the need of their second order counterpart.
These schemes have proven to be very efficient to deal with subsonic or near low-Froude number flows, where the usual
CFL time step limitation of Godunov-type schemes is indeed driven by the acoustic waves and can thus be very restrictive.
The implicit and implicit-explicit Lagrange-Projection schemes avoid such restriction and allow to take large time-step with
a CFL restriction based on the (slow) transport waves and not on the (fast) acoustic waves.

Concerning future work, we plan to extend the numerical schemes presented here to more general steady states, that is
those corresponding to smooth moving equilibria steady states. Another point of interest for future work will be to adapt
the some of the strategies developed in Puppo et al. [30], Gottlieb et al. [31], Michel-Dansac and Thomann [32] to reduce
the oscillations in presence of discontinuities for big CFL numbers.
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Appendix A. Explicit Lagrangian schemes

In this appendix we will describe, for the sake of completeness, the proposed first and second order explicit Lagrangian
schemes.

Al. First order explicit Lagrangian scheme

The first order explicit scheme can be written similarly to how it has been done for the implicit schemes, with the
difference that in this case functions £ and G are evaluated at time t".

(Lhu)!*! = (hw)! — At(L} +GP).

where
1
n __ *,1 *,1
L= AE (”m/z - ”H/z)v
and
1
Gt = _Ai%'(nie'n (Xiy1/2) — JTI-E'” (Xi_1/2))-
Moreover,
At
n *,1
[i=1+ A%‘( i+1/2 *”171/2)'
The needed approximations of 7/ +1 2 and uf; +1 S are obtained as
1 (&, n 01 won on
e PO% (Bivaya, ") + PP = (§iva o, ) _ Wihap t Wik
1+1/2 2 2
and
ny _ won on
. (gl+1/2vt ) z+1 <—(%—1+1/27t ) Wi+l/2—_ Wiii2+
1+1/2 2a 2a
where

—>
W?+1/2_ P-°1—> (§i+1/2s th) = 7T-e’n(§i+1/2) - 7Tve'n(§‘) + w!‘,

<
Wi+1/2+ = l+1 <—(‘é>:l+l/27t ) = l+1 (%_Hl/Z) ,+] (‘é’:l) + Wl+l

A2. Second order explicit Lagrangian scheme

For the second order explicit case we propose using a mid-point quadrature rule in time in order to obtain

(LH)?H = (hu)! — At(£?+1/2 i ginH/Z)’

where
n+1/2 _ 1 #N+1/2 #N+1/2
L Aé( iv12 — il )
n+1/2 _ 1 e *,N+1/2 e *,1+1/2
gi =" 7 (X0 0) + 7 (X00,70)
AE
+g(h1n _ L?+1/2he(X;f,n+1/2))z/(x:f,n+1/2)
and
n+1/2 At
Li _l+2A§ (uH—l/Z 1 1/2)
The values ”z+1/2 and qu/z are approximated following the idea used for the implicit schemes:
o . n 02 . n won
. i,W G2, ") + P:+1 *(S'“/z’t ) Wz+1/2 + W:+1/2+
i+1/2 = 2 2 ’
Po2 (&, _ po2 . n won on
un i,W G2, t") Pz+1 *(é:‘“/z’t ) W:+1/2 Wit12+
1+1/2 2a 2a
Yl Tl
where for the reconstructions Wiy p o Wiy, Weuse (3.27).
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Once we have computed the previous values, we can obtain the approximations of the position at time t"*1/2 of charac-
teristic curves as

At
wN+1/2 _ & | 20 (xn *,1
X; =&+ 2 (”H/z + ”i+1/2)’

wN+1/2 g At *,1
ix12 ‘Slil/z + 711&1/2‘
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