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Abstract. We propose in the present work an extension of the Schwarz waveform relaxation method to
the case of viscous shallow water system with advection term. We first show the difficulties that arise when
approximating the Dirichlet to Neumann operators if we consider an asymptotic analysis based on large
Reynolds number regime and a small domain aspect ratio. Therefore we focus on the design of a Schwarz
algorithm with Robin like boundary conditions. We prove the well-posedness and the convergence of the
algorithm.
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1. Introduction

As for many other disciplines, numerical modeling studies in the field of hydrodynamics continuously
address more and more complex situations. Rather than working with one single numerical model,
numerous present studies require the use of a numerical modeling system, i.e. several numerical models,
possibly solving different systems of equations (e.g. shallow water, Euler, Navier-Stokes, hydrostatic
or non hydrostatic, mono-phasic or multi-phasic) and/or working in different dimensions (1D, 2D,
3D). These models must work together, i.e. must regularly exchange relevant information. Coupling
algorithms are thus needed, that ensure a correct exchange of information in order for the whole
system to actually solve the target problem. However the models are complex and are generally de-
veloped independently from each other. Therefore a desirable feature for coupling algorithms is to
be non intrusive. In this regard, the Schwarz algorithms, initially designed in the context of domain
decomposition [4, 11, 17, 22] are good candidates, since they do not require any change in the mod-
els but only exchange information through boundary conditions. So called Schwarz global-in-time or
waveform relazation algorithms [5, 6, 7] even allow for the different models to use different time steps,
thus preventing too many communications between the models by gathering the exchange of infor-
mation at the end of time windows corresponding typically to several tens or hundreds of time steps.
Their main drawback however is their iterative nature, that can potentially lead to huge computation
costs. These methods must thus be optimized in order to minimize the number of iterations that
are required to make the system converge. This convergence speed is directly linked to the boundary
conditions that are used at the interfaces between the models, which means that one must actually
optimize these conditions. It can be shown that so-called perfectly transparent, or equivalently perfectly
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absorbing, boundary conditions [3] lead to an exact convergence in only two iterations [10]. However
those boundary conditions are generally non local neither in time nor in space and cannot be applied
directly, but must be approximated by local tractable operators [4]. Moreover things are even more
complex in the context of coupled models with heterogeneous dimensions (e.g. 2D-3D) since extension
and reduction operators must be added. An example of such a study is given in [21] for a simple toy
model.

Our long term applicative objective is to design efficient Schwarz algorithms for coupling 1D-2D

shallow water (SW) models with 3D Navier-Stokes (NS) models. As an example in river hydraulics, we
could consider the coupling between 1D SW in straight parts of the river, with 2D SW in more curly
regions and /or with 3D NS equations in other specific regions where accurate non-hydrostatic models
should be used (e.g. near a hydroelectric power plant). Since efficient interface conditions are required,
a necessary preliminary step is to study the derivation of exact and approximate absorbing bound-
ary conditions for those systems of equations. A number of previous works deal with Schwarz-type
algorithms for Stokes, Navier-Stokes and Oseen (i.e. linearized Navier-Stokes) systems. They study
either Dirichlet-Dirichlet [18], Dirichlet-Neumann [23], Neumann-Neumann [16], Robin-Robin [15, 14]
or optimized [2] algorithms. But some work still remains to be done to provide efficient conditions
for 3D fully non linear Navier-Stokes equations. Regarding shallow water equations, the question of
perfectly absorbing conditions has been studied in [9] in the general case of incompletely parabolic
equations. However, the approximate conditions proposed in this work rely on a (strong) approxima-
tion neglecting the y-direction. More recently, the optimized Schwarz waveform relaxation method was
applied in [13] to the linearized shallow water system but without advection term, which is limiting for
realistic applications where one generally needs to linearize around a nonzero velocity. In this work,
we propose to extend this approach to the case of viscous shallow water equations linearized around a
nonzero velocity, hence considering the advection term. Beyond this generalization, this work is also a
first step to set up a Schwarz algorithm for nonlinear shallow water system. Besides, and as mentioned
above, it has been proved in [20] that under some assumptions we can use the algorithm developed
here to set up efficient multi-dimensional and multi-model Schwarz coupling algorithms.
This paper is organized as follows: in Section 2 we write the equations and study the well-posedness
of the system. Due to the similar mathematical nature of viscous shallow water equations and of
primitive equations of the ocean (the barotropic, i.e. vertically integrated, part of the primitive equa-
tions corresponds to the shallow water system with advection), we reuse in our work developments
presented in [1] (see also [19]) where the optimized Schwarz waveform relaxation method was applied
to the primitive equations. Let us mention however that the work in [1] largely uses the smallness
of the Rossby parameter, which is not the case here where we consider non-rotating equations (i.e.
neglecting the Coriolis force). In Section 3 we define the Schwarz waveform relaxation algorithm and
we write the perfectly absorbing boundary conditions. Then we show the difficulties that arise when
deriving approximate Dirichlet-to-Neumann operators from an asymptotic analysis. Finally we pro-
pose in Section 4 to approximate the Dirichlet-to-Neumann operators by constant values, which leads
to Robin-like boundary conditions. We study the well-posedness of the corresponding algorithm and
prove its convergence, which is also a novelty of this work in comparison with [1].

2. Well-posedness of linearized viscous shallow water equations

In order to derive efficient interface conditions for 2-D viscous shallow water equations (sections 3
and 4), we have first to write their linearized approximation and to prove the well-posedness of this
system.
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2.1. Linearized system

Let us consider the 2-D viscous shallow water equations:
{ du+ (u.V)u+gV(—pAu = 0,
¢+ div (H+u)+uV¢ = 0,

where w is an open domain of R?, u = (u,v)T is the velocity, and ( is the free surface anomaly w.r.t.
H, the surface height at rest. The total depth of the water column H + ( is supposed to be small
w.r.t. the horizontal length scale (shallow water approzimation), see Figure 2.1. We denote by ¢ the
gravity acceleration and by u the viscosity. This system of equations must of course be complemented
with initial and boundary conditions. Note that, since we are interested in river dynamics, we do not
consider here the Coriolis force, which must be taken into account in the case of ocean dynamics.

(z,y,t) inw x R, (2.1)

>
(x,y)

FiGure 2.1. Computational 3-D domain where the shallow water approximation is performed.

Linearizing this system around Uy = (ug,v)" and (o = 0, and adding initial conditions, leads to:

ou+ (Up.V)u+gV(—pAu = 0 inwx R, (2.2a)
O +Hdivu+UgV( = 0 inwxRT, (2.2b)
u(,0) = u™ inw, (2.2c)

¢(.,0) = ¢™ inw. (2.2d)

Note that this set of equations can be derived from the linearized hydrostatic Navier-Stokes equations
by assuming a shallow 3-D domain and considering a null bottom friction [8].

In the following, we will consider homogeneous boundary conditions for (2.2) on dw (or when ||(z,y)|| —
oo if w is unbounded). This is actually not restrictive, since we will work with error fields, which do
satisfy this boundary condition.

2.2. Well-posedness

Let us now define a weak formulation of system (2.2) and prove its well-posedness. Since the proof is
quite similar to the one for the linearized primitive equations given in [1], we only give here the outline
and refer to [1] for more details.
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Note first that u is solution of a linear parabolic problem (2.2a)-(2.2¢) with a source term depending on
¢, and that ¢ is solution of a linear transport equation (2.2b)-(2.2d) with a source term depending on
u. To prove the well-posedness of (2.2) we will thus first study the parabolic system and the transport
equation separately, and will then conclude by using fixed-point argument.

Let us first introduce the notion of weak solution for (2.2). In the sequel 7" denotes the length of the
time interval (0 < T < 00).

Definition 2.1. Let X" = (u™, (") € L?(w,R?) x L?*(w). We say that
X = (u,¢) € L*(0,T; H'(w,R?)) x L*(w x (0,T))
is a weak solution of (2.2) if
d

— (0, v)y + (Up.V)u, v)y + u(Vu, Vv), = —g (V(, V), Vv e HY(w,R?)
dt (2.3)

and

e+ (U.VC, X = —H (divu, x)u ¥y € L(w),
dt (2.4)

¢(.,,0) =¢™  in w,
where (.,.), is the scalar product in w.

The following well-posedness result is proven in Appendix A.

Proposition 2.2. Let X" = (u™ (") € L?(w,R?) x L?(w). There exists a unique weak solution
X = (u,0) of (22) in (C(0,T; 2(w, B2) N L2(0, T H (w0, B2))) x (L2(w x (0,T)) N C(0, T L2(w))-

3. Schwarz waveform relaxation algorithm with absorbing boundary conditions

3.1. Schwarz waveform relaxation algorithm

As explained in Section 1, our goal is to derive efficient boundary conditions for solving shallow water
equations with a Schwarz waveform relaxation algorithm. Let us split the computational domain w
in two subdomains w™ and w™. Since our ultimate goal is to couple different systems of equations
(corresponding to diverse regimes), these subdomains must not overlap (contrary to usual domain
decomposition problems, where the same system of equations is solved on several subdomains). We
thus define w™ and wt by w =w™ Uwt = (R~ x R) U (RT x R). Their interface is I' = {0} x R.

Let Lrsw be the set of operators corresponding to (2.2a)-(2.2b), X = (u,¢) and X" = (u™, (™).
The (k 4 1) iteration of the Schwarz waveform relaxation algorithm reads:

Lrsw (X*1) = 0 in w™ x (0,7), Lrsw (XE) = 0 in wt x (0,7),
B_(x¥1) = B_ (Xi) on I'y, and B, (X*1) = B, (XE“) on I'y, (3.1)
XML, 0) = X7 in w, XkF(0) = X in Wt

where I'r = T x (0,7) and B_ and B, are interface boundary operators to be defined later. These
operators must be chosen in order to ensure that the Schwarz algorithm converges, and that this
convergence is fast. In this section, our strategy to derive such efficient interface conditions is to rely
on so-called perfectly transparent (or perfectly absorbing) boundary conditions [3].
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3.2. Natural transmission conditions

In order to derive perfectly transparent boundary conditions in the next subsection, let us first write
the quantities that are naturally preserved through the interface I', which are also called natural

transmission conditions.

Proposition 3.1. The physical constraint through the interface I' x RT is the continuity of

(,u@acu—uou—g( 8),uoC+Hu).

(3.2)

Proof. This result is obtained from the variational formulation of (2.2). Let us consider v € D(w, R?).

Multiplying (2.2a) by v and integrating over w leads to

/@uv—&—/ Uyp.V)uv — /Auv+g/VCV—O

Integrating by parts and using the fact that v has a compact support, (3.3) becomes:

/atu.v—/(UO.V)V.u—G—u/Vu:Vv—g/CdiVV:O.

Since w = w™ Uw™, (3.3) also reads:

(‘)tuv+/ UOV)uv—u/ Auv—i—g/ V(v
wTt
/ 8tuv+/ (Up.V)u.v — / Auv+g/ Viv = 0.

Integrating by parts in each subdomain, this expression becomes:

/ out.v —/ (Up.V)v.aut + / up(ut . v)nf + / vo(ut.v)ng —i—,u/ Vut: Vv
wt wt r r wt
nt
—u/8n+u+.v—g/ Cdivv%—g/{Jr L)
r w r U
+/ 8tu*.v—/ (Up.V)v.au~ —i—/uo(u*.v)nl_ —i—/vo(u*.v)nz_ +u/ Vu : Vv
w™ w™ T r w™

—,u/@nfuf.v—g/ Cdivv+g/§<n1_
r w r n

(3.3)

(3.4)

=0.
where u*, u~ and ¢*,(~ denote the value of u and ¢ on both sides of I, n* = (n{,n3)? and
n~ = (ny,ny )7 are the unit outward vectors normal to w® and w™ (n™ = —n~ on I'). Gathering the

terms on wy and w_ and subtracting (3.4) leads to:

+
Vv € D(@,R?) /(u0u+n +voutng v—u/ (9n+u+.v—|—g/ ¢t ( " ).v
r r r Ny

+/u0un1+v0un2 ).V — ,u/f) -u~ V+g/§ ( 1_>.V = 0.
Ny

Therefore the following equality on I' holds:

+ _
n _ _ _ _ n
—pdp e’ + (woun{ +voutng) +g¢* ( nd ) = pdy-u” — (upu™ny +wvou ny) — g¢ < ns ) '
2 2
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1

The interface I' being {z = 0}, then n* = ( _01 ) and n~ = ( 0

>. Therefore the preceding rela-

tionship corresponds to the continuity through the interface I' of the quantity pud,u — ugu — g ( g )

Working similarly with (2.2b) leads to the continuity of ug{ + H u through T ]

3.3. Perfectly transparent boundary conditions

Based on these naturally transmitted quantities, let us now define the so-called Dirichlet-to-Neumann
operators. We consider in the following the case ug > 0. The case ug < 0 can be tackled similarly.

Definition 3.2. Let X}, = (up,(p) be a Dirichlet data. The operator S" is defined by:
S":(I'xRT)? — R? (3.5)

e — (wdru—uou—g( § ) lres (36)

where (u, () is a solution of the homogeneous system Lpsw = 0 on wt with a zero initial condition
and Dirichlet boundary condition (uy, () on I" x (0,7).

Similarly the operators SY and Si are defined by:
(88,87): (xR — R*xR (3.7)

W) = (-ututwntg( § )t Hu)ws  (G8)

where (u, () is a solution of the homogeneous system Ly = 0 on w™ with a zero initial condition
and Dirichlet boundary condition u; on I" x (0,7"). Note that we do not need to prescribe a boundary
condition for ¢ as we supposed ug > 0, see [1].

Thanks to this definition of Dirichlet-to-Neumann operators, we can depict perfectly transparent
boundary conditions and implement them in the Schwarz waveform relaxation algorithm.

Proposition 3.3. The Schwarz waveform relazation algorithm using the optimal boundary conditions:
B-(w,0) = B"™(,0) = pdu — uou — g {5 ) = S0
and
B.(u,¢) = BY™P(u, () = (-uaggu Fugu+ g ( ¢ ) ~ 8P, 0) s wol + Hu— 8 (u, g))
converges exactly after two iterations.

Proof. Let us define the errors X* = X — XF* and Xﬁ = X+ — Xfﬁ at iteration k. They satisfy:

Lrsw (X*1) = 0 in wy Lrsw )N(ffrl = 0 in w,
B‘ganSp Xﬁ—&-l — B‘fanSP (Xﬁ) on Ft7 and ijansp X_]f_—i_l = Bf:ansp (XE—H) on Ft,
XM1(,0) = 0 in w, XEHH,0) = 0 in w,

(3.9)
where I'y =T x (0,7). .
At iteration 1, the choice of XE)|r is random and nothing special happens. At iteration 2, the boundary

conditions vanish due to the definition of S*, S and Si. The errors X2 and X_% are thus equal to
zero, since they are solutions of (3.9) with zero right hand sides. |
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Let us now exhibit an analytical expression for these optimal boundary conditions. The expression
for Si is obvious: Sfr(ub,gb) = upC + Hu. However, as we will see later, SI' and S" are non local
operators, both in time and space, and thus are not tractable for actual computations. Therefore we
will have to derive local approximations (subsection 3.4), for instance by performing Taylor expansion
w.r.t. small parameters. That is why we have first to write the dimensionless form of (2.2), to make
such small parameters appear clearly. Let us introduce the dimensionless variables and quantities:

L. B ~
(e.9) = Le(@.5), t=7F u=Ud, ¢=HC
and
V= i - Fr = Ue
"~ Re LU/ - VgH

where L. is a characteristic horizontal length, U, is a characteristic velocity, and Re and Fr denote
respectively the Reynolds number and the Froude number. The dimensionless system corresponding
to (2.2a)-(2.2b) reads:

. 1 -~ -
O+ (U0.V) @ + sz V(-vAR = 0 in@ xR, (3.10a)
T
¢ +diva+UpV{ = 0 inwxR*. (3.10Db)
For the sake of simplicity, we will drop the tilde symbols in the following. Computing the Laplace-

Fourier transform (Laplace in time, Fourier in the direction normal to I, i.e. the y direction) of (3.10a)-
(3.10b) with zero initial conditions leads to:

, | ) ([ 9
—V8$u+u03xu+{s—|—z77vo+un }u—&—ﬁ o = 0, (3.11)
R R ¢
u0zC + (s +invg)¢ + 0zu+inv = 0,
where s is the Laplace symbol, 7 is the Fourier symbol, and = denotes the Laplace-Fourier transform.
Therefore, as in [9], [13] or [2], one can look for the solution of this system under the form X (z) =

(i(x),(x))T = ®e*. System (3.11) becomes

MA@ =0 (3.12)
where
A
P\ 0 =
M(\) = 0 PO % and P(\) = —vA? 4+ ugA + s+ vn® + inuy.
T

A m ugA+ S+ invgy

In order to find the nonzero solutions, one thus has to compute the roots of the determinant of
this linear system. The determinant of M()\) is a polynomial of degree 5 and can be factorized as
det(M(A)) = P(A)Q(A). It can be shown [9, 20] that the two roots of P(\) satisfy Pe(A1) > 0 and
MRe(A2) < 0 (remind that up > 0). In the same way the three roots of Q(\) satisfy Re(A3) < 0,
MRe(N\y) < 0 and Re(A5) > 0. Note that in the particular case where ug = vg = 0, these roots coincide
as expected with the ones computed in [13].

Since X must tend to zero when z tends to infinity, the roots to be considered in w™ are Az, A\3 and
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A4, and the roots to be considered in w™ are A\; and A5. Therefore one can compute the exact formulas
for S® and SY:

(iugn? + isha — nAav)(—ug + VA3 + vAy) Ny iugn? + isAa — NAavg
~ D D DFr?
St = (3.13)
v(=n?v 4+ v + VA Ag — vA3Ag — ugAa — s — inug)nAa  Nj vn(n? — Az2)
D D DFr?
where
D= ’iV772()\2 — )\3 — )\4) + iV)\Q)\3)\4 + ’inU2 + iS)\Q — 77)\2’00
No = —ung [—1/772()\2 — A3 — A1) — VA2 A3 Ay + upAsAg — SAo + SA3 + s\
—inAavg + iNUoA3 + in’Uo)\4]
Ny = —[iV2n4 — iU2772/\% + ’iV2772)\3)\4 — iVQ)\%)\g)\4 + iV?]QUO()\Q — A3 — )\4) + ivugAaAg A4
+ivn?s + in*ud — ivsA3 + isugAa — viPug + vnueA3 — nAgugug]
and
I/)\l ()\% — 7]2) tu ’il/??/\5()\5 — )\1) i
. n? — A1 )s 0 n? — A s Fr?

iVﬁ)\l()\5 — )\1) I/)\5()\% — 772)

+ ug

(3.14)
0

n? — M5 n? — M5

The analytical expressions for S* and S are the inverse Laplace-Fourier transforms of 8" and g‘j_‘
They are however obviously very complex and involve global integrals in time and space. Therefore
the perfectly transparent operators BTAP and BfanSp are non local operators, both in time and space,
hence not tractable for actual applications. The remaining step is thus now to derive approximations of
these operators leading to boundary conditions that are both local and efficient in terms of convergence
speed.

3.4. Approximation of the perfectly transparent operators

As mentioned previously, a way to derive such approximations consists in computing Taylor expansions
of the Laplace-Fourier transform of the transparent operators w.r.t. small parameters. This is the
case for instance for 3D primitive equations in the context of oceanic circulation ([1], expansion
w.r.t. the Rossby number), for 2D Navier-Stokes equations ([9], expansion w.r.t. v), or for shallow
water equations linearized around a zero velocity ([3], expansion w.r.t. s/n in the inviscid case; [13],
expansion w.r.t. v in the viscous case). In the present context of river dynamics, the aspect ratio is
small: e = H/L. < 1. Moreover the viscosity coefficient is weak, and we can assume that v = vye, with
vo < O(1). As can be seen in other references in the literature (see e.g. [8]), this scaling is necessary
to recover viscous shallow water equations ; we will also use this assumption in the approximation of
operators SU and §}: below.

Proposition 3.4. If uy < 1/Fr, then the operator §$ reads

1
N Uuo 0 >
u B2 o). (3.15)
0 uo 0
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Indeed, in the case where ug < 1/Fr, we can show (see Appendix B) that A\; and A5 are O(1) when
e is small. Hence (3.15) directly follows from (3.14).

Proposition 3.5. If ug > 1/Fr, then the operator SY reads

1

) | R

Su = B2 L o). (3.16)
0 —UuQ 0

The reasoning is similar to the previous one but in this case, Ay, A3 and Ay are O(1), hence (3.16)
directly follows from (3.13) and the expression of D for small .

Remark 3.6. In the case where ug < 1/Fr (resp. ugp > 1/Fr) the first order expansion w.r.t. ¢ of
Su (resp. §$) is not as simple as for ‘SA’}: (resp. §E) We provide in Appendix B the computations
for the case ug < 1/Fr (the other case is similar). An additional hypothesis is thus required to get a
local operator. For instance, a first order expansion w.r.t. i (i.e. for small incidence, as proposed for
example in [9]) leads to the simplified operator

1l W
Su—| I Fr| Lo, ). (3.17)
0 —ug O

Remark 3.7. For the sake of asymptotic analysis, we had to use dimensionless equations in the above
computations. Going back to original equations, the local approximations of St and 8" corresponding
to (3.15) and (3.17) (case where @y < 1/Fr, i.e. ug < /gH) thus read:

Gapp _ (w0 0 g . gapp _ ([ uwou+tg¢
S = ( 0 uy 0 > ie. Sy(u,v,Q) = < o v ) (3.18)
and
N —JiH /9 . _JoH /9
SP — gH 0 J7i ie. S™P(u,v,() = gHutuo HC (3.19)
0 —UuQ 0 —ug
while (3.16) (case where @ > 1/Fr, i.e. up > \/gH) becomes
Gapp _ ( —uo 0 g : Gapp _( —uwu+g¢
SE = ( 0 —uy 0 > i.e. S*(u,v,() = ( g v > . (3.20)

4. Schwarz waveform relaxation algorithm with Robin boundary conditions

An alternative approach for deriving interface conditions, leading to much simpler calculations, consists
in approximating the Dirichlet-to-Neumann operators S and SY by linear functions, thus leading to
Robin-like boundary conditions, see [5, 12]. Such conditions make use of free parameters, that can be
tuned in order to optimize the convergence rate of the Schwarz algorithm. In the most general case, S"
and S% would thus be approximated by two 3 x 2 matrices S and S, with constant coefficients.
However optimizing the convergence rate w.r.t. 12 free parameters is of course out of reach, and the
number of degrees of freedom must be significantly reduced. One classical approach in such a case
consists in mimicking some properties of the perfectly transparent operators. However, due to the
complexity of the expressions (3.13) and (3.14), it seems quite difficult to suppress more than three
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degrees of freedom without additional hypotheses. There is indeed no obvious relationships between
the coefficients of S®, while the expression of S leads to

SoPP — ( artu a3 g >
+ a9 ajaz +ug 0
where o, as, ag are still to be fixed.
A much more drastic approach consists in fixing the number of free parameters to a low value, and
to propose corresponding expressions for S™* and S{*. For instance, we present in the following the
most drastic choice, which consists in keeping only one free parameter.

Due to the study of the well-posedness of the system (that will be detailed later in this section),
the following Robin boundary conditions are proposed:

_ %_i_ C+M
ou (A —up) o ™9 2
Hop 96T 5 ¢
B (0,) = CB@O=| o G, (@)
v (A-w) o 2
'uaa: 2
(18

where A is a positive constant to be determined.
This corresponds to

Sapp:U0+>\<—1 0 0) and Sipp:uo_)\(l 0 0>

B 2 0 -1 0 2 010

Note that choosing A = ug in the case ug > /gH makes S’ correspond to (3.20) for the velocity
variable (asymptotic case p — 0). Such a value could be an initial choice for the optimization process.
Similarly, in the case uy < /¢gH, it would be natural to start with A = —ug but we cannot ensure
the well-posedness and/or convergence of the iterative process (see proofs below). Several values for
A could be tested, such as A = ug or a small (but positive) value.

In the following, By is splitted as By = (8%, B5)T with

0 A
B (u,() = —ua—; +g ( 8 ) + (—;Uo)u and Bgr (u,{) = upC (4.2)
and the following relations hold:
BY (u,() +B-(u,{) = Au, (4.3)
0
BY (0,0~ B-(u.¢) = 2(-ufp+juutg( ). (4.4)

Note that the expression of BEL that is chosen here is a consequence of the simple expression for Si:
if we define the errors X* = Xw- — X* and X_’f_ = X+ — X_’ﬁ at iteration k, we have:

BY (RE) = ol + Ml — S§(h, &),

Then due to the definition of Si and (3.9) we obtain:

B (KR = wplh + Hak — woCt — Hak,
upCk + Hik —uol* — Hak,
= Uo& - UOCNE,
= 0.

126



BC AND SWR FOR LINEAR VISCOUS SHALLOW WATER

which implies that uoC fﬁ = uoC* at each iteration k.

Let us now prove the well-posedness of the Schwarz waveform relaxation algorithm with these Robin
boundary conditions, and then prove its convergence.

4.1. Well-posedness of the Schwarz waveform relaxation algorithm
The Schwarz waveform relaxation algorithm reads:

For u’ and C?r given and for all k£ > 0:

e Solve the parabolic system in w™:

ol (U V) ufH — pAurtt = —guct inw x (0,7, (4.5a)
B_(u* ¢Hy = B_(uh,¢¥) onT x 0,7, (4.5b)
u* 1 0) = u™ inwT, (4.5¢)

and the transport equation in w™:
OHCH 1 UV = —H div(uPT)  inw™ x (0,7, (4.6a)
L0y = ¢ o inw. (4.6b)

Note that, due to the assumption ug > 0, we do not consider a boundary condition for the
transport equation on I'.

e Solve the parabolic system in w™:
8tui+1 + (Uo. Vi) ui‘H — ,uAuffrl = —gV(_’ﬁ'H in wt x [0,7T), (4.7a)
B (it ¢y = B (u*T ¢FTY) on T x (0,71, (4.7b)
uffrl(., 0) = u inwt, (4.7c)

and the transport equation in w™:

M 4+ UV = —H div(uh™)  inwT x (0,77, (4.8a)
BS (wh ) = B (uf B on T x (0,7, (4.8b)
AHLL0) = M oinwT (4.8¢)

The proof of the well-posedness of this algorithm is similar to what is done in Section 2 and in
Appendix A. Therefore, only the main results and definitions are given here.

4.1.1. Parabolic systems

To define the weak formulation of the parabolic systems for each subdomain, we take the scalar
product of equations (4.5a) and (4.7a) with a test function v € D(@*,R?). One then needs to
know d,uf on the interface I' in order to define the terms (Bi(ui),v)F. If we consider solutions
ubtl e €0, T, L2 (w*,R?)) N L2(0, T, H' (w*, R?)), d,uk are in L?(w® x (0,T)) and we cannot define
their traces on I'. The idea in [1] is to choose a first guess Bgr in an adequate functional space and
then use relation (4.3) to define the terms (B;‘E (uh), V)F.
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Let us define B* = B_(u*, ¢*) and BE = BY(u”, k).
In the sequel, we denote by Wr the space H %(F,RQ) and by W} its topological dual.

Definition 4.1. Let ("™ € L?(w™ x (0,7)) and ¥ € L?(wt x (0,T)).
e For k =0, let B} € L*(0, T, W}.).

e For k > 0, (4.5b) and (4.3) imply that B*™ = —B% + \u®. Therefore u"™ is said to be a
weak solution of (4.5) if and only if for all v € H!(w™,R?)

/ du k+1v—|—/ (Uo.V) k“v—l—u/ Vuttl: vy

-i—/Bk v—/)\u+v+/ k“v g/w_CEHdiv(v):O. (4.9)

e Once u*™! is known, (4.3) implies that BkJrl —B* 1 4 zuft! Therefore u]f’:rl is said to be
a weak solution of (4.7) if and only if for all v € HY(wt,R?)

/ 8tui+1.v+/ (Uy.V) ufl.v—i-u/ VuljJrl : Vv—i—,u/ 8Zu'i+1.8zv
wt wt wt wt

A
+/F8’f+1.v—/FAu’“+1.v+/F( 2“0) ubtly — g/_cﬁl div(v) = 0. (4.10)

Then we have the following result:
Proposition 4.2. Let u ¢ L*(w*,R?), u™ ¢ L*(w™,R?), B*™ ¢ L2(0,T,WT)) and BE! ¢
L2(0, T,WT)). Assume (" € L2(w™ x [0,T]) N C(0,T; L*(w™)) and ¢* e L2 (wt x (0,7)) N
C(0,T; L*(w))*". There exists:
e a unique solution u*! of (4.5) in C(0,T, L*(w™,R?)) N L3(0,T, H (w™,R?)),
e a unique solution ut™' of (4.7) in C(0,T, L*(w*,R?)) N L*(0,T, H' (wt,R?)).
Moreover we have the following energy inequalities for all t € [0, T
k4112 ! k4112 LA k2 ini ||2 k2
o A A ey e I e e oy A [ 8
0 o Jr 2
vo [IBE R e [ bR

and

Huk+1 w++u/ ”vuk+1 ++/ / ||uk+1||2< H zm ++Cl/ ||Ck+1
vy [ [t @

where C1, Ca, Cs, C1, C4 et Cy are positive constants.
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4.1.2. Transport equations

Let us now study the transport equations in each subdomain.
Definition 4.3.
e Let u*™! be given in L2(0,T; H'(w~,R?)) and ¢ in L?(w~). The function ¢**! e L2(w™ x
(0,7)) is a weak solution of (4.6a) et (4.6b) if and only if
%(Cf“,x)w— — (B U0.Vx)y- = —H (div uf y),- Vx eDw), (4.13)
CEFLL0)=¢™ inw.

o Let ut*! be given in L?(0,T;L%(w™,R?)) and ¢ € L?*(w*). Once the solutions of (4.5)
and (4 13) are known, the transmission condition (4 8b) at the iteration k 4 1 is:
BC (UkJrl’CkJrl) —u <k+1( 0,.) = UO<k+1( 0,.). (4.14)

We denote in the sequel CkH k+1(0, ).

Assume that (k'H € L3I x (0,7)), fﬁ“ is a weak solution of (4.8) if and only if
d : _
(e = (T U0 VX — (oG ™ X0 = —H (div uf™, x),+ Vx € D@"),
f‘l(.,O) =" inw'.

(4.15)

Therefore we have the following result:
Proposition 4.4.

o Let u"™ ¢ L2(0,T; H (w™,R?)) and ("™ € L*(w™). There exists a unique solution (**' ¢
L?(w™ x [0,T)) of (4.6a), (4.6b). This solution is obtained from the characteristic formula:

- t
CF(z,y,t) = ¢ (@ — uot, y — vot) — H/o (div u’frl) (x —ups,y — vos, t — s) ds. (4.16)

This solution is also in C(0,T; L*(w™)) N C((—0o0,0],; L*(Ry, x (0,T))) and for all x < 0 and
for allt € 10,77, K1 satisfies the energy inequalities

. t
¢ 67 o+ H [ div w2 ds (4.17)

and

1/ . t
<5 (2, ), < w (HCZ_"’HLU + H/O I div u®* - d8> : (4.18)

o Let u’j_“ € L*(0,T, H'(w™,R?)) fized and '™ € L?(w™). There exists a unique solution
C_IT_H € L*(wt x (0,T)) of (4.8a), (4.8b) and (4.8c). This solution can be written using the
characteristic formula:

¥ 1) = i —ugt,y — vot) — H [3 gdiv uﬁ“) (x —ups,y — vos, t — s)ds if x > uot,
’ G (y — W, t— o) — H [y (div ulfrl) (x —ups,y —vos,t — s)ds if v < ugpt.

(4.19)

This solution is also in C(0,T; L*(w™)) N C([0, +00),; L2(Ry, x (0,T))) and for all x > 0 and
for allt € 10,77, CkH satisfies the energy inequalities:

t
k+1 ini k+1 |
G (s Dt < NEE oot 4 w0l oo +H/O [ div ui™ |- ds, (4.20)
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t
1657 e < o (16 s + w0l 68 o + H [ lldiv o ds) . @)

Finally to conclude that the Schwarz algorithm is well-posed, one can use again the fixed point
theorem, as in Section 2 and Appendix A.

4.2. Convergence of the Schwarz waveform relaxation algorithm

The following result completes the theoretical study of the Schwarz waveform relaxation algorithm
with Robin boundary conditions.

Proposition 4.5. Let A be a positive number.

If X0 = (u%,¢?) € (C(0,T; L*(w™,R?) N L0, T; H' (w™,R?))) x (L? (0,7))) then the Schwarz
algorithm (4.5)-(4.8) is well-posed and the sequences Xk'H (ukH, CkH) and Xk'H (ui“, _kﬁl)
converge respectively in

(C(0,T; L*(w™,R?) N L2(0, T; H' (w™,R?))) x (L*(w™ x (0,T)) N C(0,T; L*(w™))) and

(C(0,T; L*(w™,R?) N L?(0, T; H (wT,R?))) x (L*(w™ x (0,7)) N C(0,T; L*(w™))).

Proof. The well-posedness of the algorithm was proved in the last paragraph. Let us now focus on
the convergence, proceeding as in [13]. Nevertheless, due to the fact that the equations are linearized
around a nonzero velocity Uy, additional terms appear.

Let us introduce in the sequel the errors X**1 = X — Xk and Xikﬁl = X+ — Xﬁ“ where X is
the solution of the shallow water system (2.2) throughout the domain w = R2. Therefore the errors
are solutions of the systems:

Lrsw (XEH) =0 in w™ x(0,T),
Best (XE1) =0 on  dwo, x (0,7), (4.22)
B_ (X'EH) =B_ (X’_’f_) on I'x (0,7),
XE(,0)=0 in w,
and
Lrsw (X_’f_“) ~-0 in  wtx(0,7),
Bt (X5) =0 on  Awh, x(0,T),
By (XkH) =By (XF) on T x(0,7), (4.23)
Bi X_]ffl = B_ﬁ_ EXE'H; on 'x (0,7),
XEHL,0)=0 in  w+.
Multiplying the first equation of system (4 22) by (Hu**1, g¢** 1T and integrating on w™, one gets:
H/ a1, k+1+H/ (Up. V)i ,MH/ AdFHL ~k+1+gH/ VR ghtl g
g / 1o, CHY + gH / CHHldiv aFt + g / U, . VCFHIgk = .
. _

Integrating by parts and using the relation / (Up.V)a okt = 1o || " |2 leads to:
w
1d

S (HIGE 2+ g2 ) + p HIVEEH 2+ g / U vk

H k+1
+/ —p Hou + = 5 U a4 gH 0 aftt =o.
I
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Due to (4.3) and (4.4) one has:

1 “k+1 1 .
< 'ua uk:+1 + Zu ukJrl +g < CB )) .ﬁ]i+1 — ﬁ ((Bi’l)2 + (8_1:_72)2 o (81_)2 o (B%)Z) (ﬁli—‘rl, E—i—l)

where B% (i = 1,2) denotes the i coordinate of the vector B_ (a1, (k1) and B (i = 1,2) denotes

the i coordinate of the vector BY (a", F+1).
Therefore:

1d GhL)2 Tk )12 k12, H w12 w212\ okl Tkl
53 (HIRE I 4+ g )+ HIVRb |- +2A (B2 4+ (BY)) (@, ¢

g [ v - /F ((BL? + (B2)?) (a1, C41).

Using the boundary condition on I'; one can modify the right hand side:

1d b1 (2 Tkt 1)2 k12 H u,142 w242\ kbl Fhtl
o CFIEE B+ g2 ) 4 HIVRET S 4 50 | (B2 4 (B39)%) @kt i)
g [ Vv = 2 /F (B2 +(82)%) (a%.¢)

and using

[ Uewdngtnt = - [ oy vty [y
w™ w™ r

the relation reads:

ld k4112 ~k—+112 k+1)12
5 g (I 4 g2 )+ HIVRl -+

o (B (BF)?) (b1, k)

g/ Fht1y2 2/\/ 51 ))(u+aC+)

Integrating between 0 and ¢ for t € [0, 7] and using the initial conditions finally leads to:
H, _ g, = t _ ~ 5
Dz I et [V [ (B B @k 3

+g/0t/ruo(5k+1)2 - ﬁ/0/F (Bl,)Q—l-(B%)Q) (ﬁ]jﬂgﬁ) (4.24)

In the same way, the following relation holds in w™:

¢ H t 3 ~
SR+ S e ekt 4 o [0 62 ) @

G fo @ = g [ () e g

(4.25)
Summing (4.24) and (4.25) yields:
H, . to
SIGEE 4 SRt [T+ T2 + SR,
[V / (B2 + B2) @, e
_ 12 21\2 ~k Fk
- WA(S +<B,>)<u+,c+>- (4.26)
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Let us define the following:

H - t
k ~k 97k ~ K
B = D2+ IO+ [ Vel

H, 95k Yok
+ I + I+ [ Va2

and
t ~
k+1 __ 1,2 2\2 ~k+1 Fk+1
Ja _211/0 /F((B_) +(B2) )(u+ NeaDt

Then, summing relation (4.26) for all k € {0,..., N}, where N > 1, one has:

N

ZEkH 4+ N+l o,

k=0
This means that the positive series Zé\;o E*+1 is convergent. The sequence (Ek) k. thus converges to
0, which implies the convergence of X _’f_“ and X**1 in the functional spaces of proposition 4.5.  m

Both operators BY and B_ being functions of the free parameter A, one can then optimize the con-
vergence rate with respect to A, see [5, 13]. However, the resulting optimization problem is complicated
and one has use a numerical method, see [1].

We will not provide in the present work a numerical validation of this algorithm. Further studies could
consider the numerical optimization of the convergence with respect to the free parameter A, together
with the application of the algorithm to the nonlinear viscous shallow water system.

5. Conclusion

We presented in this article an extension of the Schwarz waveform relaxation method to the viscous
shallow water equations linearized around a nonzero velocity. We proved the well-posedness and the
convergence of the algorithm with zeroth-order approximate transmission conditions. This work can be
extended in several directions: higher order approximation of the transmission conditions, numerical
optimization of the convergence rate, and design of a Schwarz algorithm for the nonlinear shallow
water system.

Moreover, as indicated in the introduction of this paper, our long term goal is to design efficient
methods for coupling 1D-2D shallow water models with 3D Navier-Stokes models. As a next step in
this direction, we intend to consider a 3D hydrostatic Navier-Stokes model, and to couple it with a
shallow water model using the algorithm developed here. To do so, one has first to choose the location
of the interface between the two models. It must be chosen in a region where both models are relevant,
which implies that it must be within the shallow water regime area, not too close to the full 3D regime
area. One has then to supplement each of the two models with adequate boundary conditions on the
interface. The work presented in this paper provides a candidate for the shallow water part, and one
should consider the boundary conditions provided in [1] for the 3D hydrostatic equations. However,
because of the different dimensions of the two models, expansion and reduction operators have also to
be introduced in the interface conditions to be able to pass information back and forth from 2D (or
1D) to 3D. Such operators, which must satisfy some physical constraints such as mass conservation,
can be defined in several ways (this illustrates the fact that there is not a unique solution to a coupling
problem between models with different dimensions). To choose these operators, we will rely on the
methodology implemented in [21]. Finally, the convergence rate of the Schwarz coupling algorithm
will have to be optimized, typically by tuning free parameters like those occurring in Robin interface
conditions.
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Appendix A.

We provide here the technical details inspired from [1] to prove Proposition 2.2. In the sequel we shall
denote by (2.2), the equations (2.2a)-(2.2c) for u (with a given (), and by (2.2)¢ the equations (2.2b)-
(2.2d) for ¢ (with a given u).

A.1. Well-posedness of the parabolic system
Let us first study the parabolic system (2.2),, assuming that ( is a given data.

Proposition A.1. Let u™ € L?(w,R?) and ( € L?*(w x (0,T)). Then there erists a unique weak
solution u € C(0,T; L?(w)) N L?(0,T; H' (w,R?)) of (2.2)u. Moreover we have the following energy
inequality:

t t L
i+ [ 19l < € I + a2, v € 0.7 (A1)
where C' > 0.

Proof. Multiplying (2.2a) by u and integrating over w leads to:
1d

5 gl + Vs = g (¢, div u)..

b2
Applying the Cauchy-Schwarz inequality to (¢, div u), and using the fact that 2ab < aa® + — for all
o

a,b,a > 0, this equation becomes:
5 glhull +ulivals < g ( SlICls + oIl divully ),
« 1
< (S + S Ival).
2
Choosing « such that 9 _ w1 and integrating in time, one gets:
o
1 2, M [ R A LTRSS S
gl + 5 1wz < 9 il + g a2,
The proof of uniqueness comes then straightforwardly from this energy inequality, while the proof of

existence can be obtained using the Galerkin method (i.e. finding a weak solution of (2.2), in a space
of finite dimension N and making N tends to infinity) and this inequality. |
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A.2. Well-posedness of the transport equation

Let us now study equations (2.2)¢ with a given value for u. Similarly to [1] we have the following
result:

Proposition A.2. Let u € L*(0,T; H'(w,R?)) and ¢ € L*(w). Then there exists a unique weak
solution ¢ € L*(w x (0,T)) of (2.2)¢. Moreover this solution is given by the characteristic formula:

- t
C(z,y,t) = "™ (x — uot,y — vot) — H/ (div u) (x — ugs,y — vos,t — s)ds, Vt € [0, T]. (A.2)
0

This means that we have also ¢ € C(0,T; L*(w)) N C(Ry; L2(Ry x (0,T))) and for all t € [0,T) this
solution satisfies the energy inequalities:

. t
€GOl < IC" Ml + H/O I div ull, ds (A.3)

and
1 ni ! :
1M < o (167 + B [ div . ds) (A4
0 0

where R, and R, denote the sets of real numbers with respect to the variables x and y respectively and
Iyr={z} xRy x (0,T).

Proof. The proof for the existence of a solution ( to (2.2). is classic: if ¢ satisfies (A.2) and if div(u)
and ("™ are smooth enough then ( is a solution of (2.2).
The uniqueness can be obtained from the characteristic formula (A.2). Let us suppose that u and ¢
vanish. Then we can deduce from (A.2) that ( =0 in w x [0, 7.
Let us now prove the energy inequality (A.3).

t

/ div uds
0 w

The characteristic formula (A.2) implies that
¢l < 1¢™ )l + H
Then, using the Minkowski’s integral inequality, the energy estimation (A.3) follows. ]

A.3. Well-posedness of the linearized shallow water system

Finally, to prove the well-posedness of the weak form of the linearized viscous shallow water equa-
tions (2.2), we will use a fixed point argument.

Proposition A.3. Let X" = (u™ (™) € L*(w,R?) x L*(w). There exists a unique weak solution
X = (u,¢) of (2.2) in (C(0,T; L*(w,R?) N L3(0,T; H' (w,R?))) x (L*(w x (0,7)) N C(0,T; L*(w))).
Proof. As in [1], given an initial condition X we introduce the following applications:

Sy LX(w x (0,7))NC(0,T; L*(w)) — C(0,T;L*(w,R*) NL2(0,T; H' (w,R?))

¢ +—— u solution of (2.2a)

and

Sy : C(0,T; L*(w,R*)) N L*(0,T; H (w,R?)) — L*w x (0,T))NC(0,T; L*(w))

u — ( solution of (2.2b).

Let us denote by &r the functional space:

Er = (C(0,T; L2 (w, R N L2(0,T; H (w,R?)) x (L*(w x (0, 7)) N C(0, T; L3 (w)))
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Then X is a weak solution of (2.2) if and only if X is a fixed point of the mapping:
T: 5T — ET
(u7 C) — (SI(C)v 82(11))
In order to prove the existence of such a fixed point, let us define X; = (u1,(1), X2 = (ug,{2) € &p.
By linearity, S;(¢1) — S1(¢2) satisfies (2.2a) with a null initial condition. The energy inequality (A.1)
implies, for all t € (0,7):

1$16) = S @I + 4 [ 19(61(6) - S1@IE

IN

t
céua—wm
Ct sup |G — G2 (s),

s€[0,t]

IN

where C' > 0.
In the same manner, we deduce from (A.3) and using the Cauchy Schwarz inequality:

IS2(u1) = So(ua) 2(6) < 26077 [ 91 = ) ()

These two inequalities imply that for all 77 € (0,7] (with 7" small enough), the application 7 is
strictly contracting in £7v. One has thus simply to repeat this argument on the intervals [T7,27"],
[2T7,3T"], etc. [ |

Appendix B.

In Section 3.3 we are interested in the zeros of det(M) where M is:

A
P(X) 0 o)
M(\) = 0 PO 1;7772 with  P(\) = —vA% + uo) + s + vn® + inuo.
r

A m upA + s+ o

Computing its determinant, we have det(M(\)) = P(A\)Q()), where

. 1 .
Q) = —ugrX®+ <u3 — (s + invg)v — F7“2> A2 4 (2(3 + invg)ugp + V772U0) M+
772
= + (s + invy) (s + inug + m72).

Let us define A\; and Ag the zeros of P, and A3, A4 and A5 those of (). Regarding @), it can be shown
(see [20]) that 2 roots have a nonpositive real part (let call them A3 and A4) and the last one A5 has
a nonnegative real part. We are now interested in the asymptotics € < 1, and recall that v = ye.
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Case where uy < 1/Fr. In this situation, the five roots read:
UQ s+ invo

M = —+———+0(),
12013 U
i
No = 204 0,
Uug
3 b1 —3
A3 = _ﬂ_‘_lim_FO(g)’
g aq

\ 3b1 + \/9()% - 12&161 o
—3b1 + 4/96? — 12a1¢4
A5 - (8)7

= O
6&1 +

1 2 . . n? ; 2
w3 — U 2 = + (s + v
where a; = £ 0 a4y = (S—i_mvo),bl:—w and ¢; = — &2 ( %) , see [20].
3uolg 3ug 31 uoo

In this case, we have A\; = O(1/¢e) and A3 = O(1/¢) while the other roots are O(1).

At order 1 in g, the operator SA'}: has the simple expression (3.15), but the operator S" reads:

in2ug—i52+2nvos+in2v3 _ nsuo+in2u0vo—ugno¢o —(in2ug—is2+277vos+i772fug)uo
Sl_l _ isag—nuoag—iugn? isag—nugag—iugn? isQp —NUo g —iugn? ’ n 0(5)
0 —UuQ 0
where

Qo = \/—HQU%FT2 + 02 4 s2Fr? + 2isnuoF'r2 — n2v3 Fr2.
It is thus still fully non local, and far from tractable in actual applications.

Case where uy > 1/Fr. Here, the five roots read:
{n s+ invo

M = —+—=+0(),
1403 U
Ny = 2N L0,
U
\ —3b1 + /903 — 12a1¢4 o
3 — 6&1 + (6)7
\ 301 + /9% — 12a1¢4 o
4 - - 6@1 + (8)7
b1 —
Ny = —2uy bimsmar g
g al

In that case, we have A\; = O(1/¢) and A5 = O(1/¢), while the other roots are O(1).
At order 1 in €, the operator S* has the simple expression (3.16), but the expression of operator S}
remains very complex and non local.
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