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Abstract. The aim of this paper is to prove the preservation of the diffusive limit by
a numerical scheme for the shallow-water equations with a generalized Manning friction
source term. This asymptotic behavior coincides with the long time and stiff friction
limit. The adopted discretization was initially developed to preserve all the steady states
of the model under concern. In this work, a relevant improvement is performed in order
to preserve also the diffusive limit of the problem and to exactly capture the moving
and non-moving steady solutions. In addition, a second-order time and space extension
is detailed. Involving suitable linearizations, the obtained second-order scheme exactly
preserves the steady states and the diffusive behavior. Several numerical experiments
illustrate the relevance of the designed schemes.
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1 Introduction

This paper is devoted to the study, in the diffusive limit, of a fully well-balanced scheme
discretizing the solutions of the shallow-water equations with Manning-type friction
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source term (see [32]), which write:
8th + qu = 0,

2 2
g+ Oy (q + gh) = —klglgh™", -
h 2

where h(t,x) > 0 is the water height and ¢(¢t,z) € R is the water discharge, both
depending on the time ¢ and the space x. As usual, the water velocity is defined
by u = ¢/h where it is further assumed that the water height h never vanishes.
The parameter ¢ = 9.81 m.s~2 denotes the gravity constant. The parameter k,
corresponding to the Manning coefficient, is used to determine the intensity of the
friction: the higher k is, the more the bottom exerts friction on the water. Moreover,
7 stands for a positive parameter. The reader is referred to [1,19, 34, 36] where several
values of eta are suggested according to the choice of the model.

For the sake of simplicity in the notations, it turns out convenient to introduce the
following condensed form of (1.1):

OW + 0, F(W) = S(W), (z,) € R xRy, (1.2)

where W =

t(h,q) is the vector of the unknowns, F(W) = t(q, % —|—g%2) is the physical
flux and S(W) =

10, —kqlq|h™") is the source term.

1.1 Diffusive limit

Here, we are concerned with the behavior of h and ¢ in long time and dominant fric-
tion. Such behaviours are of particular interest since long time solutions coincide with
solutions of diffusive regimes. During the three last decades, several works studied this
kind of mathematical difficulties (see [18,26,33,43] or [15,16] for instance). We refer
the reader to [1] for the specfic case of the shallow-water equations. To exhibit the
asymptotic regime, let us introduce a small parameter € in order to scale the time ¢ and
the friction coefficient k as follows:

tt/e and k< k/e2 (1.3)

Let us emphasize that the friction parameter has to be rescaled with 1/¢% because of
the quadratic term in ¢ into the source term (see [10,20]). Equipped with the above
rescaling, the system (1.1) now reads as follows:

€8th + 8xq = 07
2 gh2

9T R
58tq+8w<h+ 2)— 62\q|qh .

(1.4)

To study the behavior of h and ¢ when € goes to zero, the following asymptotic expan-
sions are introduced:

(@4

h=h"4+eht+... and ¢g=¢"+e¢' +..., (1.5)

where the term of zero order hY is also assumed positive. Injecting the expansions (1.5)
in (1.4) and letting ¢ tend to zero provides:

896(]0 = 07
—kl¢°|¢°(h") ™" = 0.
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Since h® > 0, the second equation of the above system necessarily gives ¢° = 0. The
expansions (1.5) now read:

h=h"+0() and g=c(¢" +0()). (1.6)

Injecting the expansions (1.6) in (1.4) and letting € tend to zero now provides the
following limit problem:

8th0 + 81q1 = 0,

R (g(f;O)Q) = —klq'|q" (%) 7" 47

The second equation of the above system gives an expression of ¢! in terms of h°, called
the local equilibrium (see [28]):
1,0)2
By (9(2) >’ (1.8)

hO)"
q' = sign(c?mho)\/( k)
Moreover, injecting (1.8) in the first equation of (1.7) gives the following nonlinear
diffusion equation satisfied by AY:
10)2
3, (9(2) >'> —0. (1.9)

hO)n
Oth° + 0, (sign(@rho)\/( )
The diffusion equation (1.9) coincides with the non-stationary p-laplacian like equation:

k

Oh® + 0, (—10,h°P720,h°) =0, p>1,
for p = 3/2 and with the additional factor /% (ho)"TH in the flux. It is a degenerate
parabolic equation that has been widely studied (see [3,25,30,40] for theoretical aspects
and [2,6,29] for some numerical studies) and appears in several physical problems as,
for instance, in non-Newtonian fluids [17].

1.2 Steady states

In addition to the asymptotic behavior satisfied by the solutions of (1.1), in the present
work, we are also interested in the steady state solutions. These particular time inde-
pendent solutions are described by the following system:

0.9 =0,

2 2
¢ gh*\ . (1.10)
8$<h+2 )— kqlglh™".

A steady state for (1.1) is thus governed by a uniform discharge g and the following
equation on the water height:

2 2
% | gh _
o (20 4+ 95 ) = —kegolgolh
0, (h + 5 ) qolqol

The above equation can be integrated and yields to a nonlinear equation for hA. A study
of these steady states is proposed in [35,36] where some analysis of subcritical and
supercritical solutions are proposed.
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1.3 Purpose and organization

In the present work, we are concerned with the derivation of a numerical scheme to
approximate the weak solutions of (1.1), which, in addition, accurately captures the
steady state solutions of (1.10) and the asymptotic regime given by (1.7). From now
on, let us recall that a scheme able to capture the steady states is said Well-Balanced
while a scheme able to restore the asymptotic regimes is said Asymptotic Preserv-
ing. The well-balanced schemes were introduced in [7,23] in the framework of the
shallow-water model with non-flat topography. During the two last decades, numerous
works were devoted to the derivation of well-balanced schemes (see [5,21,27,37] for
a non-exhaustive list). More recently, in [8,35], a fully well-balanced Godunov-type
scheme was introduced. The originality of these works stays in the incorporation of the
source term in the approximate Riemann solver. This approach allows now to consider
extensions to more general systems which include nonlinear source terms. In particular,
in [36], a fully well-balanced scheme is derived to approximate the weak solutions
of (1.1). Such a numerical method exactly captures the steady states governed by
(1.10). Now we give some recalls concerning the Asymptotic Preserving behavior, to
be satisfied by the numerical scheme. The derivation of a suitable discretization of
(1.4) in order to get a consistent approximation of (1.7) in the limit of £ to zero is
essential to ensure an accurate approximation. After the pioneer work by Jin [28],
several methods were developed to design a suitable numerical viscosity in order to
restore the expected asymptotic diffusive regime (for instance, see [9, 10, 12-14, 22]).
In [11], the authors introduced a technique to morph the numerical viscosity into the
correct diffusive regime. This approach was extended in [20] in order to deal with the
system (1.1) and the associated diffusive regime (1.7).

In order to design a numerical scheme with well-balanced and asymptotic preserving
properties, we adopt the fully well-balanced Godunov-type scheme introduced in [36].
The objective is here to propose a relevant extension of this numerical method in order
to enrich the scheme with the asymptotic preserving property. To address such an issue,
the paper is organized as follows. In the next section, we give the main ingredients, as
introduced in [36], to derive a fully well-balanced Godunov-type scheme. In fact, we
establish the preservation of the steady states given by (1.10) up to the definition of an
average operator. Afterwards, in Section 3, we exhibit relevant choices of the average
operator to get the expected asymptotic behavior defined by (1.7). We state that the
discretization given by the derived scheme is consistent with the limit problem (1.7) in
the diffusive regime. Next, in Section 4, a higher-order in space version of the scheme
is proposed. This scheme is built such that the steady states and the diffusive limit
stay preserved. Next, in Section 5, we propose a discretization of the limit equation
(1.7) in order to compare the discretizations in the asymptotic regime with it. Finally,
a numerical assessment of the different features of the proposed schemes is given in
Section 6.

2 A fully well-balanced Godunov-type scheme

This section is devoted to the presentation of the Godunov-type scheme adopted in [36].
It also allows to introduce notations we will use in the sequel. First, let us introduce a
space discretization given by a uniform mesh made of cells K; = (2;_1 /2, Zi+1/2), 1 € 7Z,
of constant size Az and of center x;. Concerning the time discretization, we denote
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by At the time increment and we set t"t! = " + At for all n € N. Next, over each
cell K;, at time ¢™, an approximation of the solution W of (1.1), denoted by (W/);cz,
is assumed to be known. At time t"T! = " + At, we update this approximation as
follows:
1 [ At SN
= 7/ WA (26" + At) d, (2.1)
Az J,

1
2
where we have set

WA n T 7 T IH‘% . n n :
(x, t"+t) =W f,Wi Wi if x € (2, xi41).

In the above update formula, W(w/t; W1, WRr) stands for a relevant approximate Rie-
mann solver given as follows (see Figure 1):

- A

WL WR

| |
— Az /2 0 Az/2

Figure 1: Structure of the approximate Riemann solver

Wi, i T <A
. W, if A< 2 <o,
W(*;WL,WR> = " ¢ (2.2)
¢ Wi, i 0<T <A
Wr, if A< %

The two intermediate states Wy p = (k] g,qf z) have to be determined according to
an integral consistency condition (see [8,24]) given by

Ax
L [® 5z 1 At
A.%‘/AZEW(AI?’WL,WR) d:c:i(WLJrWR)—E(F(WR)fF(WL))

+AtS(Wy, WR), (2.3)

where S(W1,, WR) is a suitable approximation of the source term in (1.2). From now on,
let us underline that the above integral consistency is valid as long as the exact wave
speeds of (1.1) belong to (—A, A). As a consequence, we impose

A = max @ + v ghy, @ +vVghgr |- (2.4)
hi, hr
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In addition, we enforce a CFL condition as follows:

At
——max\;,

<
Ax i€z

1
L < =
2 2’
so that W% (x,t" 4 t) is nothing but a non-interacting juxtaposition of approximate
Riemann solvers stated at each interface x, 1 for all ¢ € Z. Now, equipped with (2.3),

the update state W[‘H, given by (2.1), easily rewrites as follows:

w; = Wit — Ar (FA(Wi ) i+1) - FA(Wi—hWi )) (2 5)
At Q n n Q n n '
JF?(S( DLW+ SWR W)

where we have set

Ax Az — 1 O
A _ _ )
F (LLL7LLR)—F(LLL)+22tLLL+ > S(Wr, Wr) 2t/_A; W (2t7WL;WR) dx.

In addition to the above numerical scheme formulation, because of the form of the solver

(2.2), W™ also rewrites as follows:

At
”rnJrl - W ”rL* %% H’R* %%
s Az ()\”% ( ity in) T Ay ( -3 ZL)) ’ (2:6)
where Wiﬁ_’?* = Wi g(W!, W[i,) are the intermediate states of the approximate

Riemann solver /V[7(z/t; Wi WiEL).

The description of the scheme is now achieved as soon as both intermediate states,
Wit and W, are relevantly defined. According to [36], we adopt

kglglh— 1Az
hi =h L ——
L HLL + 20 )
kglglh—" Az
hE = h _ A = 2.7
R HLL %0 ; (2.7)
- kglgh—mAx
qL=qR=qHLL—T::q ,
where ) )
h =—(h hr) — — —
HLL 2( R+ hL) 3\ (gr —qu),
1 1 (g , M @& N
guLr = 5 (¢r +qr) 2A<hR+92 w99

The parameter « involved in the definition of the intermediate water heights (2.7) is
given by:
7

hrhr
As mentioned in [36], the quantity « can be equal to zero in rare transcritical cases,
namely when the Froude number is equal to one. The definition (2.7) is then ill posed
but this case does not occur in simulations performed. Moreover, discharges considered

o =

+ g (hg + hy). (2.8)
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in the diffusive regime vanish and we have oo > 0 at the asymptotic limit.

We have skipped all the details of the computations, but after [36], the choice of
the intermediate states (2.7) satisfies the integral consistency condition (2.3) when the

source term average reads
_ 0
S=( " —].
(—kqlfJIh‘")

In fact, the main difficulty now is to propose a relevant definition of the averages g and
h=7 such that the steady states are preserved. First, let us set

W2 n+2  sign(g) <H GRS [h"‘1]>7 (2.9)

h 2 [t -1

2 [hnt2] kAx

- =

with the notation [X] = Xg — X1,. From now on, we emphasize that h=7 is nothing
but an approximation of =" at the interface. Concerning the average § = q(qr, qr), we
only impose a consistency condition given by

7(¢.9) =q VqeR (2.10)

According to [36, Lemma 3 page 125], the adopted approximate Riemann solver
preserves all the steady states and, as a consequence, the scheme (2.6) is fully
well-balanced. We refer the reader to the mentioned paper for the proof.

Now, for the sake of clarity in the forthcoming developments, we present the extended
flux formulation of the scheme (2.6), according to (2.5). From (2.6), we immediately
have

n n At * n LK n
e (/\H% (hiﬂ% . h) + A (hf‘;% - hi))

P2 At * it *
¢ =a+ (AH% (q?ﬂ% - qz’> +Aiy (qR -q ))

Injecting the definition of the intermediate states (2.7), tedious computations allow to
rewrite (2.6) as follows:

At
B = by o (/\H% (W —hE) = A (h7 — h;il)) (2.11)
At n n
" 9Ar (qi+l - q1,1)
n kAL N qi+%\q,i+%\ﬁ,i+% o qi*%'éi*%‘hfnifé
9 i+ Qi1 i—3 1 )
2 2
n n At " .
(]i’+1 =q; + AL (/\7:+§ (‘17:+1 ,) Ai 1 (q *q/,;_l)) (2.12)
- At (Q?+1)2 _’_g(h2+1) _ (g7 1)2 _g(h?A)Q
2Ax h;:_l 2 h? 2
kAt
2 (q“Fl |q1+ |h 7]z+' —"_qu—‘qz ‘|h ’]z*%>.

We immediately notice that the above discretization is consistent with the initial system
(1.1). A detailed proof of this consistency, based on the flux formulation of the scheme
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(2.5), is established in [36].

It is worth noticing that the derived scheme is free from the definition of the average q
under the consistency condition (2.10). By adopting additional conditions to be satisfied
by g, we now enforce the expected asymptotic preserving property.

3 Preservation of the diffusive limit

By introducing a suitable definition of the discharge average g involved in the approx-
imate Riemann solver (2.2), (2.7), we now show that the asymptotic diffusive regime,
given by (1.7), can be recovered by the scheme (2.6). In order to model a long time and
dominant friction, we introduce the following scaling (see also (1.3)):

At « At/e and k< k/e.

Injecting the above rescaling in (2.11)-(2.12), we directly obtain

hith = hi %Ar (>\¢+% (hiyr = hi) = Aoy (B = z’—l)) (3.1)

At " "
T %Ar (Qi+1 - qifl)

kAt Tig t|@iq 1 [P0 [N (/PN [ P
rar-y )\Z+; - )\ 1 5

2(—:3 O‘i+% 2 ai—%
At
n+l _ n n n N .
Woswd 2eAx (/\i‘*‘% (qi+1 —% ) - /\i—% (qi - qi_l)) (3.2)
At (¢741) _’_g(hznﬂ)Z _ (¢1)? _g(hznﬂ)Q
2eAzx Ry 2 he >
kat 0 — N
~ o By Ay P77y + 0y Ty P70y )

where h™7;, 1 is now defined by:

— Plivy m+2  sien(@yy) (1
T2 L, Az

K2

with [X]; ;1 = X7y, — X' In addition, a; 1 = a(W]",Wi,) is given by (2.8). The
discharge average Giy1 = q(q}, g 1) must satisfy (2.10).

Note that the above scheme is restricted by a Courant-Friedrichs-Lewy stability
condition depending on ¢ of the following form:

At
N —id
" Ax

IN

€
5 )
where

AT = max (|]q;n| + ghf) ,
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at each time step. This condition does not prevent the scheme from being consistent
in the limit ¢ — 0 as it will be shown in Theorem 3.1.

Now, we introduce the condition required on the average g(qr, ¢gr) in addition to to
(2.10) to preserve the diffusive limit:

4(qu,qr) =04 gL, = gr = 0. (3.4)

For instance, in this work we adopt the following definition, satisfying simultaneously
the consistency condition (2.10) and the discharge vanishing restriction (3.4):

1

q = sign(qr, + qr) 3 (a + qd). (3.5)

Now, with the suitable definition (3.5) of g, we establish that the rescaled scheme
(3.1)-(3.2) preserves the asymptotic regime governed by (1.7).

Theorem 3.1. Assume the wave speeds ()‘iJr%)iGZ to be defined such that:
Ai-&-%ai—%Jr/\i—%o‘i-&-%?éO Vi € Z. (3.6)

Let us adopt a discharge average Qiyy given by (3.5). Then, when € tends to zero, the
discretizations given by the scheme (3.1)-(3.2) fulfill

hr=h"0 4L 0@) and ¢ =eq"™M +0(2) VieZ,neN,

" " At /o, n
g(pmMOy2 (h"(o)) k (0 ) 7—5(0)
PAUIASI m; i1 2< lq \+1h n +qu| % T ) (3:8)
where
7—(0) (hD)? — (hf)? n+2
h—n i+l = 5 7(0) n(0) ’ (3.9)
(hiy )tz — (R yn+2
ddly,y = sien (¢ + a3 )) 5 (@2 +@)?) - (3.10)

From the above theorem, the limit scheme (3.7)-(3.8) is consistent with the diffusive
limit system (1.7). From now on let us underline that, in all the numerical simulations
carried out, the choice (2.4) for the wave speeds (A, ; 1)iez satisfies the assumption (3.6).

Proof. The sketch of the proof follows the following lines.

e As usual, we perform a Chapman-Enskog expansion of the terms involved in the
scheme with respect to e.

e We identify the zero and first-order terms in £ within the scheme.

The zero-order water height is then shown to satisfy the expected asymptotic diffusion
equation (3.7) while the zero-order discharge vanishes and its first-order satisfies the
local equilibrium (3.8).
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e Zero-order Chapman-Enskog expansions.
We adopt asymptotic expansions as follows:

hy=h"+0@) and ¢ =g +0(), (3.11)

" (0) . : : ; = |5 .
where we assume h," > 0. First, we introduce the following notation for g, +1 [7; 1 |:

Alaliys = Ty 2l@ir |-

Injecting the asymptotic expansions (3.11) in the definition (3.5) of 7;; 1, we can write

1
dldliy =sign (¢ + a1 +0) 5 (@2 + (@) +06)).
Moreover, since for € small enough we have

sign(q," n(0) 4 qlﬁ)) if qzn(o) #0 or qH_l) #0,

n(0)
sign(q]" " + /Y + O(e)) =
H sign(O(g)) if qn(o) = qﬂ?) =0,
then, setting
aldliy =sign (" + a1 5 (@2 + @), (3.12)

the asymptotic expansion of (;|;| ird for all i € Z is

— —(0)
dldl,yy = dldliyy +OC). (3.13)

Now, injecting the asymptotic expansions (3.11) in the definition (3.3) of h*"i_‘_%, we
can write

n+2 (W92 = ()2 + 0()
2 (RS2 — Oy + 0(e)
€2sign(§i+%) 1 1
S ( B +0E B +oe)
(m+2) (B0 = 02+ 0() (M) = @)t + o))
20 =1) (B = (102 4 0(e)

=

it+3

+

which give the following asymptotic expansion for A=7, +1 forall i € Z

h=mi 1 = ’”Eﬁ% + O(e),

—(0
with h—"E Jr) 1 given by (3.9). Moreover, injecting the asymptotic expansions (3.11) and
(3.13) in the definition (2.8) of a;, 1, we can write

laldlhes] +O)
1
Qiyy = i+ + g (h”“” + A0 0(5)) , (3.14)

RO o)
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and we obtain the following asymptotic expansion for a; 1 forall i € Z

0
1 = agﬁé +0(e), (3.15)
where
n(0)y2 n(0)\2
RO (¢ + (g7)? g n(0) n(0)
afl, = Tt <h +hl+1) (3.16)
2R

We underline that, as for the definition of h—"i+% given by (3.3), h—"g% is an ap-
proximation of (R(?))~" at the interface ;4 1. In particular, we have h*"l(-?% = (h?(o))_"
when h?( ) = h:ﬁg) We thus have that the quantity h*ﬂg% is positive.

e [dentification of the zero-order discharge.
Multiplying both equations of the hyperbolic scheme (3.1) and (3.2) by €3, we easily get

——5(0) - (0)
Y R R
06) =3 (Mt A |
z+2 ifé
kAt [(—(0) ——(0) 7(0)
o) =~ 23 (LY, + dal i ).

and thus, in the limit of € to zero, the two following relations hold:
—(0) ——(0) —(0) ——(0)
Q|Q‘i+1h_ni+% alq |i7lh M1
i+3 o® T Ni—g RO
z+2 1—5

—(0) ——(0) —(0) ——
qlaliy h™ iy +alglio hm7 0y = 0.

=0,
(3.17)

Combining the two above equations, (3.17) rewrites:

Aigr Aim1 ) —(0) —(0)
(0)2 + @ | ddlip3h7ipy =0,
z+2 757%

( ) ——(0) —(0)
|Q| :_Q| |+1h anrl

Using the assumption (3.6), the above expressions imply:

—(0) ——(0) —(0) ——(0)
Q|Q‘i+%h_ni+% = Q|Q|i—%h_ni—§ =0.

— —(0)
Since h—"(i)l > 0 for all 7 € Z, the above equalities thus give g|q; 1= 0 for all ¢ € Z.
n(0) _ =0

Next, from the definition (3.12) of q\q|l+1, we immediately obtain that g;
forallie Z,n € N.
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e Zero-order water height and first-order discharge expansions.
As a consequence, the expansions (3.11) now rewrite:

hl = th(o) +0() and ¢'=¢ (qin(l) + 0(8)) . (3.18)

Injecting the new expansions (3.18) in the definition (3.5) of g, 41 the development of

MH% is now given by:

2
— €
aldly =sign (¢ + a1 +0) 5 (@) + @) +0) -
Moreover, since for € small enough we have
sign (qZ n 4 qn(1)> if qn(l) #0 or q:ﬁ) # 0,

n(l)

sign(q; " + gy + O(e)) = Jo
sign(O(e)) if ¢ ' = 441 =0,

then, the asymptotic expansion of qf\\q/|z 41 foralli€Zis
2
— 9 ()
qlgliyy =" {dlalisy +O() )

—(2)
with q|q|i+% defined by (3.10). Moreover, the quantity g, 1 |ql+1| ;41 admits the
following expansion:

s —(2)
Qi 3 [T 3 [P0y = (‘1|q|z+1h ”z+1 +0(e ))

We underline that the development of o, 1 is still given by (3.15) but, since q?(o) =0
for all ¢ € Z, the definition (3.16) of agr)l now reads:
2

©) _ g (1), n0)
al ._2@1 +7). (3.19)

e [dentification of the diffusion regime.
Multiplying the second equation of the hyperbolic scheme (3.2) by ¢, we obtain:

n(0) n(0)\2
Oe) = — At (g(hi—H )? _g(hz 1) )

2Ax 2 2

kAt ) (0) —(2) ——(0)
5 <qlqlz+1h Ty +alal, i hT )

and the limit of this equation when ¢ tends to zero is given by:

n(0 n(0
§(h)* — $(Y) _ (0, + e
2Ax a4 +1 i+s 3 =3 )

We recognize the expected limit equation (3.8) and the local equilibrium (1.8) is thus
preserved. Now the proof is achieved as soon as (3.7) is established.
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Multiplying both equations of the hyperbolic scheme (3.1) and (3.2) by €, we obtain:

At n(0) 1 n(0) n(0)  ,n(0)
O(e) = 9Ax (/\i+§ (hi+1 — hy ) - )‘i—é (hi — iy ))

——(2) —(0) —(2) ——(0)

kAt Q‘Q|i+%h_ni+% C]|Q|i7%h_ni7%

I R N O A O R

ird &1
n(0 n(0
o) = At (2 ¢y
oAz \77 2 97
kAt (——2) —©) ——(2) —(0)
_2( gl h iy +alali gm0y )

to get, in the limit of € to zero, the following relations:

—(2) —
B0 _ h?(o) N Q|Q|i+1h_nz('0+)%

i+1
Aity Az o
z+ 5
) hHO — ) quI 1h R0 )% (3.20)
= i—% A"E Oé(‘o)l )
=3z
Lt (U DL —0) —
2 1+1 2 1—1
= — 1]’L 7] 1 1h ;1 .
AL -3 (qlq,+ +dldly Y 2)
Using the definition of 0453_); given by (3.19), the two equations of the above system can
2
be combined together to write:
Nivy Ay | (g (D)2 — (n7)? =
) T3 J 41 4 7 _
RO + RO <2 s + kq|q\ +1 h=m; 0.
+y %

(0)

Since, for all i € Z, o i+ and A, 41 are positive quantities then the above expression

rewrites:

g (W92 =

2 Az

(hn(o))2

: +kq|q\+1h 7=

i+1 =0 VieZneN (3.21)

Now, in order to exhibit the expected relation (3.7), we have to study the behavior of
the order one of the water height and the order two of the discharge:

hl = h?(o) + sh?(l) +0(?) and ¢ =¢ (q?(l) + 8(]?(2) + 0(62)) . (3.22)
Injecting the asymptotic expansions (3.22) in the definition (3.5) of g, we can write
qlgl;yy = sign (Q:L(l) +qiy +e (qf(rz) + qfﬁ)) + 0(52))

x2<@m+%m+a&)+@ﬂ+%ﬁ+mﬁ))



S. BULTEAU, M.BADSI, C. BERTHON, M. BESSEMOULIN-CHATARD 14

After some computations, we obtain the following expansion for qlq|, 1

qlaliry =€ (dlaliys +alal e+ 0E) ), (3.23)
—@
where q|q|i+% is given by (3.10) and

CI|Q|¢+1 _ 51gn( n(1 )+CJ?+(11)) ( 1(1) ?(2) n z+(11> 7+(21))

Moreover, injecting expansions (3.22) in the definition (3.3) of A=7;, 1, some tedious

computations give the following development for h=7, +1

hfﬁ% :TES?I +eh™ "E_,'_)l +0(e ) (3.24)

with WET% given by (3.9) and with

n(0 n(0 (0 (1 n(0) 1 n(1
n+2 (hiJ§1))2 - (h’i( ))2 hz+1)hz+1) hi( )hi( )
20y = Oy ) - )2

K2

+3 = —(n+2)

O U (D ke ©)
d : Z it 1 %
(hn<0>)n+2 (RO 2 it

n(1) n(1)
B 77h +hiy (h’?(o))‘”‘l

5 ’ if n =p

Moreover, injecting the asymptotic expansions (3.22) in the definition (2.8) of a; 1, we
get

Qg =06+ 2 2 (n @+ enr® 4w + e+ 0E)
and we obtain the following expansion for a;, 1

iy 704(31 +€a(1) + O(2), (3.25)

0)

where o) is given by (3.19) and

1 g (;n(1 n(1
o)y =2 (0 4 niY).
Now, for the sake of simplicity in the notations, let us introduce

&Tq/l'-;-lhin
ﬁi-l,- = s

Nl

aH%

Using asymptotic expansions of MH—%’ h*"H% and Qg1 respectively given by (3.23),
(3.24) and (3.25),this quantity, involved in the first equation of the scheme (3.1), admits
the following expansion:

Biry =22 (B, +28%, + 0(=7) (3.26)

2

n(0)
i+10

n(0)
41
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where

7—-(0)
(2) Q|Q|z+lh nz—&-l

B = (3.27)
ai+§,
(0 ) o +—=-(0) (1)
3) :7q|q| +1h 77 Jr + Q|q|l+1h n1+1 +Q| ‘erlh n’”r (3 28)
ity (04(0) )2 a(o) ’
i+3 it+3
From the definition (3.27) of ?), we have
q|q‘l+1h n“rz z+161+17
or equivalently, using the definition (3.19) of a(©):
——(2) ——(0) g (,n(0 n(0 2
q|q|z+§h 171+1 - 5 (h © + hz—i(-l)) ﬂz(-i-)%
The relation (3.21) can then be rewritten as follows
O ooy ((Fid = e
n n 3 7 o
5(h +n7) kB, | =0 vieZneN,
or equivalently, since we assume h?(o) >(0foralli€eZand n e N
hT‘LJE(i) _ hﬁ(o) @
il T @) _ i ) 9
AL —|—kﬁl+% 0 VieZ,neN (3.29)

Moreover, using expansions (3.22) and (3.26), the first equation of the scheme (3.1)
writes:

2

" w0y, At BQ) — h® — pQ
hiH(O) = h) (0)+75 </\i+1 (H_lel + kﬂz(i _ /\i_% lTxll + k,@ 2)
2

. (M% (h?fﬁ =) =y (10 - R))

2Az !
At
3 n(1l n(1l
5-( )1) T 5AL <Qz4£1) —-q; (1)> + O(e),
(3.30)
where the second term of the right-hand side cancels due to relation (3.29). Moreover,

we remark that

L (e 18 -07) o 11 17) =i
kAt

2

(3.31)
(hiraBY) =2 y8Y,) = O(ataw).

Injecting (3.29) and (3.31) in the equation (3.30), we recover the expected asymptotic
behavior (3.7) when ¢ tends to zero. The proof is achieved. O

It is worth noticing that the limit scheme associated to (3.1)-(3.2) cannot be written
in an explicit form . Indeed, some numerical viscosity involved in the limit discretization
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(3.7)-(3.8) depends on the order one of the asymptotic expansion of the water height and
on the order two of the asymptotic expansion of the discharge, which are uncomputable
quantities. However, a discretization of the limit problem (1.7), detailed in Section 6,
can be used to illustrate the asymptotic convergence. When ¢ tends to zero, an error
depending on the space step, representing the unknown numerical viscosity, is thus
expected to remain between this limit scheme and the scheme (3.1)-(3.2).

4 Second-order fully well-balanced and asymptotic
preserving MUSCL-type extension

In this section, we propose a space second-order extension of the scheme (3.1)-(3.2) such
that the steady states and the diffusive limit stay preserved. The MUSCL procedure
(see [31,38,41,42] for instance) consists in adopting a piecewise linear reconstruction
instead of a piecewise constant reconstruction in the Godunov-type scheme. Moreover,
in order to achieve the same order of accuracy in time, a two stage Runge-Kutta
method is performed.

The MUSCL technique consists in applying the flux discretization of the scheme
(3.1)-(3.2) on half-cells as follows:

At
+1 _ 1n n,— n,+ n,— n,+
hi™ = hi+ o (Ai-‘r% (P = hi"™) = Xy (BT = hifl)) (4.1)
At n,— n,— n,+ n,+
T %Az (qi+1 —-¢ tq - qi—l)
RAL (0 Ty [Ty 3Py o Gy [Ty 17Ty
2% \ 72 iy g e o1 ’
ntl _ ﬂ+ﬂ(,\, . ( = Tlv+)_)\, 1 ( = ."v+)) (4.2)
q; q; 2eAx it+5 qz+1 q; =3 4q; q;—1 .
VA (/) R o) S C /D N (s
2eAx \ iy 0T 2 et 9T
e N = R (0%
R 2 ht 9779
kA 0 — - - =
=) (Qi+%|Qi+%|h_ni+% + (Iif%‘%‘fém_"if%) )
where A7 1 = (W W), Gipr = qwit, witT) and Q1 =

a(WF, WLT) are respectively defined according to (3.3), (3.5) and (2.8). The re-

constructed states (W," ™ );ez and (Wf’ﬂiez are given by

A
WiE =W Tmff?a

where the limited slopes (o

)iez are defined by

o' = minmod

Wi —-wit, Wi, - wp
Az ’ Az '
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We recall the definition of the minmod slope limiter :

) sign(a) min(lal, |b]) if ab > 0,
minmod(a, b) =
0 else.
However, as detailed in [36], the scheme (4.1)-(4.2) is not fully well-balanced anymore.
At the discrepancy with the Mood method adopted by the authors, we here propose to

modify the slopes (07');ez as follows to recover this essential property:

K2

Wit -—wit, Wi, - Wi“) % (gb?_% + ¢?+é)

o; = minmod ( ) )
Ax Az (¢?_; + (b?—s-l) + Ax
2 2

[N

where ¢, = 0 if Wi* and W7, define a steady state. With this additional factor in
2

the slopes, the MUSCL procedure is not effected in steady states and the scheme used
is thus the fully well-balanced scheme (3.1)-(3.2). The choice proposed here for ¢, , is

2
the following:

, , 4G — 47
M= (qn+1) (hn+1) (qﬂ)Q (hn)Q k_ — ——
i+s fzﬁl tg— - f;? — 95+ Sl [Tyl A .

As illustrated by the numerical experiments, the unknown limit scheme associated to
(3.1)-(3.2) is second-order in space. Then the MUSCL procedure should not be applied
in the diffusive regime. To address such an issue, the slopes (07);cz are modified once

again as follows:

€
Az

1 n n
Wr—wnr, Wi, —Wn A (2 a4
a?:minmod( ! AL A ) ’ 2< 2 +2)
§(

Az ) Az o L+ ¢?+1) + Az

where 0%, is a parameter consistent with 1 when Ax tends to zero and such that
lin}) 0%, = 0. The MUSCL procedure is thus not applied in the asymptotic regime
E—r

and, when ¢ tends to zero, the discretizations are obtained with the original asymptotic
preserving scheme (3.1)-(3.2). The following choice, satisfying lir% 0%, =0, is proposed
e—

for 63 ,
_ 52-(?7&[;' (4.3)

I
HAZ:

5 Limit scheme

In order to evidence the correct asymptotic behavior of schemes (3.1)-(3.2) and the
second-order one given by (4.1)-(4.2), we need to compare them with a discretization
of the limit problem (1.7).

The following implicit discretization of the diffusion equation (1.9) is thus considered:

W= PO - F ), (5.1)



S. BULTEAU, M.BADSI, C. BERTHON, M. BESSEMOULIN-CHATARD 18

where the anti-symmetric function f is defined by:

& = hi

f(hy, hg) = sign (hg — hr.) \/(hlna +hi) | Az (5.2)

The implementation of this scheme requires to find zeros of a nonlinear function. Indeed,
if we consider a space domain divided in N € N* cells [z; 1,2, 1]i=1,...n and zero-flux
boundary conditions, the scheme (5.1) can be rewritten as follows

F(h"1) =0, (5.3)
where F™ € RY is defined as follows for i = 1,..., N:
At
hi*h?* \/?f(hi,hiﬂ) if i=1,
. At L
Fi (h) = h —hn— K 7(f(h/rl,h1+1) f(hlfl,hz)) if 122,...,N— ].,
h; — h + \/>f i1, h if i=N,

(5.4)
for h € (R%)N. To compute the approximation at time t" + At, a Newton algorithm
could thus be applied on F™. However, the function f, defined by (5.2) and involved in
the definition (5.4) of F™, is not differentiable at each interface where the water height
is constant. A truncation method to overcome this issue has been proposed in [39]. A
second technique, involving a modified secant method is here proposed. This iterative
algorithm is the following:

{ho € (RN

- 5.5
2V F" (W — hF) = —F™(h¥) for all k € N, (55)

where the operator Vg (F), approximating the Jacobian of the function F : RY — RY
with 0 < 0 < 1, is defined as follows:
i 1)

(%F(h)) for all 4,5 = 1,..., N, (5.6)
with e; € RY given by (e;); = 1;=; for all i € N. The coefficient 2, involved in the
iterative algorithm (5.5), allows the method to converge.

Newton methods for non-differentiable functions exist and some are proposed in the
literature (see [4] for example). We nevertheless decide here to explain on our simple
specific case why our method converges. It stems from the two following results which
roughly state that for some functions that are non-differentiable on their roots, it is
possible to design a modified Newton method for which the resulting sequence obeys a
contraction property. It thus provides geometric convergence.

Theorem 5.1. Let us give a function f € CO(R) N CH(R\ {Z}), with T € R such that
f(@) = 0. If we assume that there exists a constant Cy > 0 such that

(£)@ 62, (5.7)

I T
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then there exists a constant p > 0 such that the sequence defined by

2o € (T — 1, T+ p),

— Cl'f J‘cfl((j;;)) for allm € N, (5.8)

Tp+1 = T

converges geometrically towards T.
The above statement is a consequence of the following technical result.
Lemma 5.2. Let us give g : R — R defined by

g =" "G T (5.9

otherwise,

]

with f satisfying assumptions of Theorem 5.1. Then g € C°(R) and for all ¢ > 0, there
exists p > 0 such that

lg(x) —g(@)| <ele —T| forallx € (T —p, T+ p). (5.10)

Proof. The function g defined by (5.9) is continuous on R by hypothesis of Theorem
5.1 on the function f. Moreover, assumption (5.7) gives that, for all € > 0, there exists
i > 0 such that

N 1 fl@) — _
1—¢)lz—7| <sign(z — %) =— <(A+¢e)|lr—7 forallze (T —pu, T+ p).
(1= 9)le ~ 7| < sign(e ~ 7)oy < (L+)le 7 ( )
The above expression can be rewritten as follows:
1 fl) _ -
T — — —Z| <¢le—7| forallze (T —p, =+ p),
¢y p T = ( :
and, using the definition of g given by (5.9), the expected estimation (5.10) is recovered.
O

Proof. (Proof of Theorem 5.1) Let us give 0 < ¢ < 1. From Lemma 5.2, there exists
i > 0 such that

lg(z) —g(@)| <ele —F forallx e (T—p,T+ p). (5.11)

The function g is thus a contraction mapping on (T — p, T + u) for the metric |.|. Since
the sequence (2, )nen given by (5.8) can be also defined by 2,41 = g(x,,), we can apply
the Banach fixed-point Theorem to obtain the following inequality:

|z — T < e™|xo — T .
The expected geometric convergence is thus established. O

The scalar function associated with f defined by (5.2) is given by x — sign(z)\/]z|
and the constant Cy involved in Theorem 5.1 is equal to 2 for this function. This
explains the parameter 2 occurring in the sequence defined by the recurrence relation
(5.5). Moreover, we insist here that, for this vectorial sequence, the choice of a secant
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method instead of a Newton method is purely numeric and the coefficient § can be
chosen as small as machine error.

Concerning the local equilibrium (1.8), an approximation of the order one of the
discharge is computed from (5.1) as follows:

n : n n (h;ﬂ)ﬂ ‘Q(h?Jrl)Z - Q(h?71)2|
q; = —sign (hi—H - hi—l) \/ L z 2A;c2 . (5.12)

6 Numerical results

This section is devoted to the numerical illustration of the properties possessed by the
two schemes under interest, the first-order in space defined by (3.1)-(3.2) and the second-
order given by (4.1)-(4.2). In all the simulations, according to [36], the parameter 7 is
set equal to 7/3.

6.1 Well-balanced assessment

A numerical example highlighting the fully well-balanced property of the schemes is
here proposed. Following the works [35,36], a steady state (ho(z),qo) is a solution of
the following equation:

&§(h; @, ho, qo, w0) = 0, (6.1)
where
2
§(h; x, ho, qo, o) = —% (hn_l - hgfl) + ﬁ (h”+2 - hgﬁ) + kqolgo|(z — o).
(6.2)

A study of the above function is proposed in [35] where the authors prove the existence
of zero, one or two solutions of the equation (6.1) depending on hg, ¢o and xg. To
assess the fully well-balanced property, we set ourselves in the case where there are
two solutions. We approximate the highest solution, called subcritical solution, using
a Newton algorithm on the function ¢ with a precision of order 107'6. Following
the test case proposed in [36], the space domain considered is the interval (0.75,0.9),
discretized with N = 400 cells of constant size Az. We set hg = 0.25, gg = —Vv9/8 and
xo = 0.75 — Az. This stationary solution is displayed on Figure 2.
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1 1 1 1 1 1 1
0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9

Figure 2: Water height of the subcritical steady state.

Since we are not interested by the diffusive regime here, the parameter ¢ is fixed
equal to 1. Moreover we set the parameter k equal to 1 and the parameter 1 equal to
7/3. To assess the fully well-balanced property, we compute the solution obtained with
the two schemes (3.1)-(3.2) and (4.1)-(4.2) at time T = 3 with N = 400 cells and the
subcritical steady state as initial condition. Errors between approximate water heights
and approximate water discharges with the steady state are displayed on Figure 3.
These errors are of order 1076, which means that the machine precision is reached
for the two schemes. Schemes (3.1)-(3.2) and (4.1)-(4.2) both preserve this subcritical
steady state.

a) First-order scheme (3.1)-(3.2). b) Second-order scheme (4.1)-(4.2).

Figure 3: Error between the discretization and the steady state at time 7" = 3.

6.2 Preservation of the diffusive regime

Now we can illustrate the asymptotic preserving property of schemes (3.1)-(3.2) and
(4.1)-(4.2). To address this, we compare them with the limit scheme (5.1)-(5.12)
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described in Section 5.

Two different initial conditions are considered. They are defined on the spatial
domain [—5,5] as follows.

e Continuous initial condition:

2 if o<1,
1 . (37w .

ho(x) = 3 3 +sin 5 if —1<z<1, and wup(z)=0. (6.3)
1 else,

e Discontinuous initial condition:

2 if <0,
ho(z) = {1 else and wup(x) =0. (6.4)

The spatial domain [—5, 5] is discretized with N € N* cells of constant size Az = 12.
Boundary conditions used here are zero-flux type boundary conditions :

W =W and Wy, =Wy forallneN.
Moreover we set here again the parameter k equal to 1 and the parameter 7 equal to 7/3.

On Figure 4, we compare the approximate water heights obtained at time 7" = 0.01
for N = 200 cells with the first-order scheme (3.1)-(3.2) with the approximate diffusive
limit (5.1) for different values of €. On Figure 5, similar results obtained with the
second-order scheme (4.1)-(4.2) are displayed. The schemes (3.1)-(3.2) and (4.1)-(4.2)
clearly preserve the diffusive limit since we cannot distinguish the water height given
by these schemes and the discretization of the asymptotic regime (5.1) for € < 0.005.
In the same spirit, we compare on Figures 6 and 7 the order one of the asymptotic
expansions of the approximate discharges with the approximate local equilibrium
(5.12). The final time is still 7 = 0.01, the number of cells is N = 200 cells and the
schemes are compared for different values of . We underline that, as the order one
in the asymptotic expansion of the discharge is considered, the approximate discharge
displayed on Figures 6 and 7 coincide with ¢!'/e where ¢ is given by (3.1)-(3.2)
or (4.1)-(4.2). These schemes also preserve the local equilibrium since we cannot
distinguish the water discharge given by these schemes and the discretization given by
(5.12), for € < 0.005.
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2 2

epsilon=1 —— epsilon=1 ——

epsilon=0.2 —— epsilon=0.2 ——

epsilon=0.1 —— epsilon=0.1 ——

epsilon=0.0005 —— epsilon=0.0005 ——

regime ------ regime —-rm
18 18
16 16

= =
14 14
1.2 1.2
1 1
-4 2 0 2 4 -4 2 0 2 4
x x
Continuous initial condition Discontinuous initial condition

Figure 4: Water height at time 7' = 0.01 and N = 200 for various values of € with the
first-order scheme (3.1)-(3.2).

2 2
epsilon—1 —— epsilon—1 ——
epsilon=0.2 —— epsilon=0.2 ——
epsilon=0.1 —— epsilon=0.1 ——
epsilon=0.0005 —— epsilon=0.0005 ——
regime =====- regime =====-
18 18
16 16
- -
1.4 1.4
1.2 | 1.2 |
. . . . . . . . k
-4 -2 o 2 4 -4 -2 o 2 4
x
Continuous initial condition Discontinuous initial condition

Figure 5: Water height at time 7' = 0.01 and N = 200 for various values of € with the
second-order scheme (4.1)-(4.2).
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epsilon=1

8| epsilon=1
epsilon=0.2 —— epsilon=0.2 ——
epsilon=0.1 —— epsilon=0.1 ——
epsilon=0.0005 —— epsilon=0.0005 ——
regime ------ regime ------

-4 2 0 2 4 -4 2 0 2 4
x x

Continuous initial condition Discontinuous initial condition

Figure 6: Water discharge at time 7' = 0.01 and N = 200 for various values of ¢ with
the first-order scheme (3.1)-(3.2).

epsilon=1 —— 8
epsilon=0.2 ——
epsilon=0.1 ——

epsilon=0.0005 ——
regime ======

epsllon=1 —

| J.\k

-4 2 0 2 4 -4 2 0 2 4
x x

Continuous initial condition Discontinuous initial condition

Figure 7: Water discharge at time 7' = 0.01 and N = 200 for various values of ¢ with
the second-order scheme (4.1)-(4.2).

We also display on Figure 8 and 9 the results obtained with the initial scheme
proposed in [36], which coincides with the scheme given by (3.1)-(3.2) with the following
definition for g:

2|qLllgr] .
T if qr#0andggr#0,
laz| + lar| (6.5)

0 else.

sign(qr, + qr)

sy
I

We can numerically assess the convergence towards the asymptotic regime, even if
the above choice for § does not satisfy the condition required in Theorem 3.1. This
assumption is necessary only to make the proof of Theorem 3.1 easier but is seems
that a choice satisfying the consistency relation (2.10) is enough to give the asymptotic
preservation.
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epsilon=1

epsilon=1
epsilon=0.2 —— epsilon=0.2 ——
epsilon=0.1 —— epsilon=0.1 ——
epsilon=0.0005 —— epsilon=0.0005 ——
regime ------ regime ------

-4 2 o 2 4 -4 2 o 2 4
X X

Continuous initial condition Discontinuous initial condition

Figure 8: Water height at time 7' = 0.01 and N = 200 for various values of € with the
first-order scheme (3.1)-(3.2) with g given by (6.5).

epsilon=1 —— 8|
epsilon=0.2 ——
epsilon=0.1 ——
epsilon=0.0005 ——
regime =====- T

epsllon—1 ——

1|

0 A

-4 2 0 2 4 -4 2 0 2 4
X X

Continuous initial condition Discontinuous initial condition

Figure 9: Water discharge at time 7' = 0.01 and N = 200 for various values of £ with
the first-order scheme (3.1)-(3.2) with g given by (6.5).

We also propose on Figure 10 the illustration of the asymptotic convergence of the
first-order scheme (3.1)-(3.2) towards the limit scheme (5.1)-(5.12) when ¢ is fixed to 1
and parameters 7' and k increase. This study is nearly the same than when ¢ goes to
zero since we consider an increasing of these parameters by setting them respectively
equal to 0.016 and 62 with @ increasing (6 = 1, 5, 10 and 50 on Figure 10). We only
display the water height for the continuous initial condition but similar results than the
study with decreasing € can be obtained for the water discharge and the discontinuous
initial condition.
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hyperbolic scheme ——
limit scheme ===

hyperbolic scheme ——
limit scheme ===

T = 0.05 and k = 25

hyperbolic scheme hyperbolic scheme
limit scheme === limit scheme ===

2 4 4 2 0 2 4
X X

T = 0.1 and k& = 100 T = 0.5 and k = 2500

Figure 10: Water height for various increasing values of T' and k with schemes (3.1)-(3.2)
and (5.1)-(5.12) for the continuous initial condition.

We precise that the scheme given by equations (5.1) and (5.12) is not the limit of
the scheme (3.1)-(3.2) (neither the limit of (4.1)-(4.2)). Indeed, as detailed in Section
3, this corresponding limit scheme has no algebraic expression. An error depending
on Az, the space step, should remain between the limit of (3.1)-(3.2) and (5.1)-(5.12)
(and also between the limit of (4.1)-(4.2) and (5.1)-(5.12)). This viscosity is not per-
ceptible on Figures 4-7 but we can exhibit it by displaying the L2-error between the
approximations of the water height given by the different schemes and the approximate
water height given by (5.1). The following formula is thus used to compute the error
between (h?)ff{\l ~» the approximate water height given by the scheme considered,

and (E?);fﬁ ~» the approximate water height given by the limit scheme (5.1):

2 > 7\ ?
EN'(e) = ;(hl —hi> Az.

On Figures 11 and 12, this error in L?-norm is displayed with respect to ¢ in logarithmic
scale, for various values of N, at time T' = 0.01 and for the two initial conditions (6.3)
and (6.4), respectively for the scheme (3.1)-(3.2) and (4.1)-(4.2). For each simulation,
a plateau can be observed for values of € smaller than a threshold. This is the expected
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result. Indeed this threshold for e corresponds to the value where the uncomputable
numerical viscosity involved in the limit of the scheme (3.1)-(3.2), depending on Az, is
larger than the asymptotic error, depending on €. This also explains why the plateau
is located lower if N is larger.

1101

110t |

L2-error
L2-error

4 1107 |
1102 |

N=800 —E— 1102

1107 |

1107 1102 110 110° 1100 1107 1100
epsilon epsilon

Continuous initial condition Discontinuous initial condition

Figure 11: L?-error in logarithmic scale at time 7' = 0.01 for different values of N with
the first-order scheme (3.1)-(3.2).
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1103 1102 1107 1100 1103 1102 1101 1100
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Figure 12: L2-error in logarithmic scale at time 7' = 0.01 for different values of N with
the second-order scheme (4.1)-(4.2).

On Figures 13 and 14, the error in norm L' is displayed, according to the following

formula
N

SHOEDY

i=1
and, on Figures 15 and 16, the error in norm L™ is displayed, according to the following

formula

3

h? —h; | A,

%

' —hy

?

EN"(e) = max
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We observe that, with these error expressions, the behavior of the error in the asymptotic
regime is similar to the one in L?-norm.

110t

110t

L1-error
Ll-error

1102

1102

L L L L
1102 1107 110° 1103 1102 1107 110°

1103
epsilon

Discontinuous initial condition

epsilon

Continuous initial condition

Figure 13: L'-error in logarithmic scale at time 7' = 0.01 for different values of N with
the first-order scheme (3.1)-(3.2).
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1102 1102 1100 110° 1102 1102 1100 110°
epsilon epsilon

Continuous initial condition Discontinuous initial condition

Figure 14: L'-error in logarithmic scale at time T = 0.01 for different values of N with
the second-order scheme (4.1)-(4.2).
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Figure 15: L*-error in logarithmic scale at time T = 0.01 for different values of N with
the first-order scheme (3.1)-(3.2).
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Figure 16: L°-error in logarithmic scale at time T' = 0.01 for different values of N with
the second-order scheme (4.1)-(4.2).

Now, we can study the plateau reached by each of the schemes with respect to the
number of cells N. These results are displayed on Figures 17 and 18 respectively for
the first-order scheme (3.1)-(3.2) and the second-order scheme (4.1)-(4.2). We observe
that the results with the L°°-norm are similar for both initial conditions and for the
first-order and second-order schemes. With this norm, the difference of the limit of our
hyperbolic scheme when € goes to zero and the implicit chosen limit scheme seems to
be of order Az!7.
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Figure 17: Value of the plateau reached in logarithmic scale at time T = 0.01 for
different norms with the first-order scheme (3.1)-(3.2).
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Figure 18: Value of the plateau reached in logarithmic scale at time 7" = 0.01 for
different norms with the second-order scheme (4.1)-(4.2).

6.3 Space accuracy study

To conclude this paper, a study of the space order of convergence of schemes (3.1)-(3.2)
and (4.1)-(4.2) is proposed. The method adopted to compute it is given by the following
formula:

N

IS ENDY <<h$N)’" SR (g qEN””)2> AN (6.6)

i=1

where (h(-N)’n)’?EN _ s the approximate water height given by one of the two schemes

7 i=1,..
under concern for a space domain divided into N cells and (hgzN)n)?_f{\I on is the

approximate water height given by the same scheme for a space domain divided into
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2N cells. Quantities Az™) and Az(N) are the corresponding cell sizes.

On Figure 19, the error for various values of £ and the continuous initial condition
(6.3) is displayed with respect to N in logarithmic scale, for each of the two schemes
of interest, (3.1)-(3.2) and (4.1)-(4.2). The associated table, giving the numerical space
order, is given in Figure 20.

1102 |-

L2-error

epsilon=1 —+— S~ epsilon=1 —+— S~o
epsilon=0. ‘ epsilon=0. h

110 | epsilon—0.01 —%— 110 K epsilon—0.01 —%—
epsilon=0.001 —&— epsilon=0.001 —&—

order 1 ====== order 1 ======

der2 ——— 1 I 2-—= 1 I
100 200 400 800 100 200 400 800
N N
First-order scheme (3.1)-(3.2) Second-order scheme (4.1)-(4.2)

Figure 19: L2-error in logarithmic scale at time T = 0.01 for different values of £ with
the continuous initial condition.

3 9
N 1 0.1 | 0.01 | 0.001 N 1 0.1 | 0.01 | 0.001
200 1.27 1 0.76 | 2.24 | 2.14 200 1.62 | 0.88 | 2.28 | 2.14
400 1.17 1 0.78 | 1.95 | 2.09 400 1.56 | 0.88 | 2.05 | 2.09
800 1.09 | 0.82 | 1.31 | 2.09 800 1.76 | 0.88 | 1.49 | 2.09
First-order scheme (3.1)-(3.2) Second-order scheme (4.1)-(4.2)

Figure 20: Numerical space order at time T = 0.01 for different values of ¢ with the
continuous initial condition.

We observe that the space error obtained with the scheme (3.1)-(3.2) with e =1 is
of order 1. Moreover, the order is closer to 2 if € is smaller. As mentioned in Section
4, the unknown limit scheme associated with the original first-order scheme (3.1)-(3.2)
seems to be of order 2. Concerning the errors obtained with the second-order scheme
(4.1)-(4.2), the order is close to 1.6 for ¢ = 1. The MUSCL procedure performed on
the scheme thus permits to increase the space order accuracy of the discretization.
We precise here that this order is satisfying regarding the regularity of the solution
approximated by schemes. Indeed, even if the initial condition is smooth, shocks can
be created in finite time. We illustrate this phenomenon on Figure 21 where we can
observe the approximate solution, obtained with the first-order scheme (3.1)-(3.2) with
¢ =1 and various values of the final time 7"
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Water height Water discharge

Figure 21: Shocks creation with the scheme (3.1)-(3.2) for the continuous initial condi-
tion and various values of T'.

However, for the second-order scheme (4.1)-(4.2) with the continuous initial condi-
tion, the numerical space order decreases towards 0.88 for ¢ = 0.1, close to the accuracy
of the scheme (3.1)-(3.2) for the same value of e. The MUSCL procedure is thus not
able to catch a higher order in every regime in e, and more specifically in transitory
regimes. Indeed, limiters are tailored for the asymptotic limit. However, since the aim
of the MUSCL procedure presented here is to increase the order of space accuracy in
the hyperbolic regime, with € of order 1, these results are still satisfying. Finally, more
€ gets small and more this order gets close to 2, as expected. Indeed, because of the
parameter 6% . in the slopes, the MUSCL procedure is not effected for € small and we re-
cover the behavior obtained by the first-order scheme (3.1)-(3.2) displayed on Figure 19.

On Figure 22, the error for various values of € and the discontinuous initial condition
(6.4) is displayed with respect to N in logarithmic scale, for each of the two schemes
of interest, (3.1)-(3.2) and (4.1)-(4.2). The associated table, giving the numerical space
order, is given in Figure 23.
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L2-error

First-order scheme (3.1)-(3.2) Second-order scheme (4.1)-(4.2)

Figure 22: L?-error in logarithmic scale at time 7" = 0.01 for different values of ¢ with
the discontinuous initial condition.

3 9
N 1 0.1 | 0.01 | 0.001 N 1 0.1 | 0.01 | 0.001
200 0.32 | 0.47 | 0.94 | 0.92 200 0.22 | 0.59 | 0.94 | 0.92
400 0.43 |1 039 | 0.93 | 0.92 400 0.45 | 048 | 0.93 | 0.92
800 0.44 | 0.35 | 0.95 | 0.95 800 0.60 | 0.44 | 0.95 | 0.95
First-order scheme (3.1)-(3.2) Second-order scheme (4.1)-(4.2)

Figure 23: Numerical space order at time 7' = 0.01 for different values of € with the
discontinuous initial condition.

Concerning the discontinuous initial condition, the first-order scheme (3.1)-(3.2)
gives a space accuracy of order 0.4 for ¢ = 1, which seems to converge towards 1
when & goes to zero. Moreover, the second-order order scheme (4.1)-(4.2) seems to give
a little improvement of the space accuracy for ¢ = 1. Since this type of procedure is
not designed to be applied to such a discontinuous initial condition, these results are
satisfying.

7 Conclusions

In this paper, we considered the Godunov-type scheme introduced in [36] and improved
it to preserve all the steady states of the shallow-water equations with Manning-type
friction. We proved the preservation of the diffusive asymptotic regime by this scheme,
with a slight modification of the average operator involved in the source term dis-
cretization. We insist on the relevance of this result since this scheme is naturally able
to preserve the diffusive limit and no additional procedure, modifying the numerical
viscosity for instance, has been performed.

A spatial higher-order version of this scheme had then been proposed. Several tech-
niques have been used so that this second scheme is also able to preserve all the steady
states and the diffusive limit. In order to assess the asymptotic convergence, we also
developed an implicit finite volume scheme for the diffusive limit. Some numerical
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methods had to be performed to implement this implicit scheme. Finally, many nu-
merical results have been proposed to assess the fully well-balanced and the asymptotic
preserving properties and for the spatial accuracy.

Acknowledgment. The authors are supported by the MoHyCon project (ANR-
17-CE40-0027-01), the MUFFIN project (ANR-19-CE46-0004) and the Centre Henri
Lebesgue (ANR-11-LABX-0020-01).

References

[1] R. Alonso, M. Santillana, and C. Dawson. On the diffusive wave approxima-
tion of the shallow water equations. Furopean Journal of Applied Mathematics,
19(5):575606, 2008. 1, 1.1

[2] B. Andreianov, F. Boyer, and F. Hubert. Finite volume schemes for the p-Laplacian
on Cartesian meshes. M2AN Math. Model. Numer. Anal., 38(6):931-959, 2004. 1.1

[3] F. Andreu, J. M. Mazdn, S. Segura de Leén, and J. Toledo. Existence and unique-
ness for a degenerate parabolic equation with L!-data. Trans. Amer. Math. Soc.,
351(1):285-306, 1999. 1.1

[4] I. K. Argyros and H. Ren. On the convergence of modified Newton methods for
solving equations containing a non-differentiable term. Journal of Computational
and Applied Mathematics, 231(2):897 — 906, 2009. 5

[5] E. Audusse, F. Bouchut, M.-O. Bristeau, R. Klein, and B. Perthame. A fast and
stable well-balanced scheme with hydrostatic reconstruction for shallow water flows.
SIAM J. Sci. Comput., 25(6):2050-2065, 2004. 1.3

[6] J. W. Barrett and W. B. Liu. Finite element approximation of the p-Laplacian.
Math. Comp., 61(204):523-537, 1993. 1.1

[7] A. Bermudez and M. E. Vazquez. Upwind methods for hyperbolic conservation
laws with source terms. Comput. & Fluids, 23(8):1049-1071, 1994. 1.3

[8] C. Berthon and C. Chalons. A fully well-balanced, positive and entropy-
satisfying Godunov-type method for the shallow-water equations. Math. Comp.,
85(299):1281-1307, 2016. 1.3, 2

[9] C. Berthon, P. Charrier, and B. Dubroca. An HLLC scheme to solve the M7 model
of radiative transfer in two space dimensions. J. Sci. Comput., 31(3):347-389, 2007.
1.3

[10] C. Berthon, P. G. LeFloch, and R. Turpault. Late-time/stiff-relaxation asymptotic-
preserving approximations of hyperbolic equations. Math. Comp., 82(282):831-860,
2013. 1.1, 1.3

[11] C. Berthon and R. Turpault. Asymptotic preserving HLL schemes. Numer. Methods
Partial Differential Equations, 27(6):1396-1422, 2011. 1.3

[12] C. Buet and S. Cordier. An asymptotic preserving scheme for hydrodynamics ra-
diative transfer models: numerics for radiative transfer. Numer. Math., 108(2):199-
221, 2007. 1.3



S. BULTEAU, M.BADSI, C. BERTHON, M. BESSEMOULIN-CHATARD 35

[13]

[14]

[15]

22]

[23]

C. Buet and B. Despres. Asymptotic preserving and positive schemes for radiation
hydrodynamics. J. Comput. Phys., 215(2):717-740, 2006. 1.3

F. Coquel and E. Godlewski. Asymptotic preserving scheme for Euler system with
large friction. J. Sci. Comput., 48(1-3):164-172, 2011. 1.3

J. Diaz and A. L. Martinez. Movimiento de descarga de gases en conductos lar-
gos: modelizacion y estudio de una ecuacion parabolica doblemente no lineal. In
Actas de la Reunion Matemadtica en Honor de A. Dou, Madrid, 1989. Universidad
Complutense de Madrid. 1.1

J. I. Diaz and F. De Thelin. On a nonlinear parabolic problem arising in some mod-
els related to turbulent flows. SIAM Journal on Mathematical Analysis, 25(4):1085—
1111, 1994. 1.1

J. I. Diaz and M. A. Herrero. Estimates on the support of the solutions of some
nonlinear elliptic and parabolic problems. Proc. Roy. Soc. Edinburgh Sect. A, 89(3-
4):249-258, 1981. 1.1

B. Dubroca and J.-L. Feugeas. Etude théorique et numérique d’une hiérarchie de
modeles aux moments pour le transfert radiatif. C. R. Acad. Sci. Paris Sér. I
Math., 329(10):915-920, 1999. 1.1

A. Duran, F. Marche, C. Berthon, and R. Turpault. Numerical discretizations for
shallow water equations with source terms on unstructured meshes. In Hyperbolic
problems: theory, numerics, applications, volume 8 of AIMS Ser. Appl. Math.,
pages 541-549. Am. Inst. Math. Sci. (AIMS), Springfield, MO, 2014. 1

A. Duran, F. Marche, R. Turpault, and C. Berthon. Asymptotic preserving scheme
for the shallow water equations with source terms on unstructured meshes. J.
Comput. Phys., 287:184-206, 2015. 1.1, 1.3

L. Gosse. A well-balanced flux-vector splitting scheme designed for hyperbolic sys-
tems of conservation laws with source terms. Comput. Math. Appl., 39(9-10):135—
159, 2000. 1.3

L. Gosse and G. Toscani. An asymptotic-preserving well-balanced scheme for the
hyperbolic heat equations. C. R. Math. Acad. Sci. Paris, 334(4):337-342, 2002. 1.3

J. M. Greenberg and A. Y. Leroux. A well-balanced scheme for the numerical
processing of source terms in hyperbolic equations. SIAM J. Numer. Anal., 33(1):1-
16, 1996. 1.3

A. Harten, P. D. Lax, and B. van Leer. On upstream differencing and Godunov-type
schemes for hyperbolic conservation laws. STAM Rev., 25(1):35-61, 1983. 2

M. A. Herrero and J. L. Vazquez. Asymptotic behaviour of the solutions of
a strongly nonlinear parabolic problem. Annales de la Faculté des sciences de
Toulouse : Mathématiques, Ser. 5, 3(2):113-127, 1981. 1.1

L. Hsiao and T.-P. Liu. Convergence to nonlinear diffusion waves for solutions
of a system of hyperbolic conservation laws with damping. Comm. Math. Phys.,
143(3):599-605, 1992. 1.1



S. BULTEAU, M.BADSI, C. BERTHON, M. BESSEMOULIN-CHATARD 36

[27]

M. J. Castro, A. Pardo Milanés, and C. Parés. Well-balanced numerical schemes
based on a generalized hydrostatic reconstruction technique. Mathematical Models
and Methods in Applied Sciences, 5:2055-2113, 12 2007. 1.3

S. Jin. Efficient asymptotic-preserving (AP) schemes for some multiscale kinetic
equations. SIAM J. Sci. Comput., 21(2):441-454, 1999. 1.1, 1.3

N. Ju. Numerical analysis of parabolic p-Laplacian: approximation of trajectories.
SIAM J. Numer. Anal., 37(6):1861-1884, 2000. 1.1

S. Kamin and J. L. Vazquez. Fundamental solutions and asymptotic behaviour for
the p-laplacian equation. 1988. 1.1

R. J. LeVeque. Finite volume methods for hyperbolic problems. Cambridge Texts
in Applied Mathematics. Cambridge University Press, Cambridge, 2002. 4

R. Manning. On the flow of water in open channels and pipes. Transactions of the
Institution of Civil Engineers of Ireland, 20:161-207, 1890. 1

P. Marcati and A. Milani. The one-dimensional Darcy’s law as the limit of a
compressible Euler flow. J. Differential Equations, 84(1):129-147, 1990. 1.1

F. Marche, C. Berthon, and R. Turpault. An efficient scheme on wet/dry transitions
for shallow water equations with friction. Computers and Fluids, 48(1):192-201,
Sept. 2011. 1

V. Michel-Dansac. Développement de schémas équilibre d’ordre élevé pour des
écoulements géophysiques. PhD thesis, Université de Nantes, 2016. 1.2, 1.3, 6.1,
6.1

V. Michel-Dansac, C. Berthon, S. Clain, and F. Foucher. A well-balanced scheme
for the shallow-water equations with topography or Manning friction. J. Comput.
Phys., 335:115-154, 2017. 1, 1.2, 1.3, 2,2, 2, 2, 2,4, 6, 6.1, 6.1, 6.2, 7

S. Noelle, Y. Xing, and C.-W. Shu. High-order well-balanced finite volume WENO
schemes for shallow water equation with moving water. Journal of Computational
Physics, 226(1):29 — 58, 2007. 1.3

S. Osher. Convergence of Generalized Muscl Schemes, pages 134-148. Springer
Berlin Heidelberg, Berlin, Heidelberg, 1997. 4

N. Peton. Etude et simulation d’un modéle stratigraphique advecto-diffusif non-
linéaire avec frontiéres mobiles. PhD thesis, Université Paris-Saclay, 2018. 5

S. Segura de Leén and J. Toledo. Regularity for entropy solutions of parabolic
p-Laplacian type equations. Publ. Mat., 43(2):665-683, 1999. 1.1

E. F. Toro. Riemann solvers and numerical methods for fluid dynamics. Springer-
Verlag, Berlin, third edition, 2009. A practical introduction. 4

B. van Leer. Towards the ultimate conservative difference scheme. v. a second-order
sequel to Godunov’s method. Journal of Computational Physics, 32(1):101 — 136,
1979. 4

J. Xu and S. Kawashima. Diffusive relaxation limit of classical solutions to the
damped compressible euler equations. Journal of Differential Equations, 256(2):771
- 796, 2014. 1.1



	Introduction
	Diffusive limit
	Steady states
	Purpose and organization

	A fully well-balanced Godunov-type scheme
	Preservation of the diffusive limit
	blackSecond-order fully well-balanced and asymptotic preserving MUSCL-type extension
	Limit scheme
	Numerical results
	Well-balanced assessment
	Preservation of the diffusive regime
	Space accuracy study

	Conclusions

