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SHALLOW WATER WAVES OVER POLYGONAL BOTTOMS

MATHIEU CATHALA

The traditional shallow water model for waves propagating over varying bathy-
metry depends for its derivation on the asymptotic analysis of a Dirichlet-Neumann
operator. This analysis however is restricted to smoothly varying topographies. We
propose an adaptation to one dimensional polygonal bottoms using the conformal
mapping idea of Hamilton and Nachbin. The asymptotic analysis of the Dirichlet-
Neumann operator relies on an ad hoc transformation of the fluid domain into a flat
bottom domain. We derive a new shallow water model which accounts for polygonal
topographies.
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1. INTRODUCTION

1.1. Water waves over polygonal topographies. Studies of surface water wave
dynamics in the presence of variable topographies are of great interest from coastal
engineering point of view. Despite this importance, there is no general agreement
about how to describe shallow water flows over rough topographies. Actually, it has
been known for quite some time that the presence of strongly varying topographies
introduces special problems for the formal derivation of shallow water models. In
[9], Hamilton raises the limitations of the long wave models derived by Mei and
Le Méhauté [15] and Peregrine [20] when the bottom is strongly sloping. For two
dimensional flows, he used a conformal mapping technique (inspired from Kreisel
[11]) to derive a long wave model on a fluid of strongly varying depth. The restriction
of this method is that it requires knowledge of the conformal mapping between
the fluid domain and a flat strip. In case the topography has polygonal shape,

1991 Mathematics Subject Classification. 7T6B15, 35Q35.
Key words and phrases. Water waves, shallow water models, non smooth bathymetry, Dirichlet-
Neumann operator.
1



2 MATHIEU CATHALA

Nachbin [I6] used Schwarz-Christoffel theory to compute this conformal mapping
(numerically) and derived a weakly nonlinear, weakly dispersive, terrain-following
Boussinesq system.

The difficulties pointed out by Hamilton to derive shallow water models in the
presence of non smooth topographies also occur if one wants to use the more recent
method based on the Zakharov/Craig-Sulem formulation of the water waves problem.
The main task of this method is the asymptotic analysis of the Dirichlet-Neumann
operator involved in this particular formulation of the water waves problem (see
e.g. [1] or [I0]). Now this analysis depends upon the transformation of the fluid
layer into a flat strip. Unfortunately, as noted by Lannes (see [I3] section 2.5.3]),
the classical diffeomorphism between the fluid layer and a flat strip cannot be used
when the bottom parametrization is not regular.

On the basis of these considerations, we intend in this paper to conduce the
shallow water analysis of the Dirichlet-Neumann operator when the bottom has
polygonal shape using the conformal mapping idea of Hamilton and Nachbin to
straighten the fluid layer.

1.2. Formulation of the water waves problem. The water waves problem
consists is describing the motion of the free surface, denoted by ((¢,x), of an
incompressible, homogeneous and inviscid fluid, under the influence of gravity.
Thorough this paper, we assume that the topography of the bottom is polygonal,
with a finite number of edges (that is the bottom is flat at infinity). The fluid

z

z=C((t,x)

FIGURE 1. Sketch of the fluid domain.

domain is given by
Q) = {(z,2) e R? 5 —Ho +b(x) < z < ((t,x)},

where Hj is a reference depth and b(z) denotes the polygonal variations of the
bottom (see Figure [1)). With the usual assumption of irrotational flow, the fluid
velocity is represented by the gradient of a potential ®.

The asymptotic analysis of the water waves problem requires the use of dimen-
sionless quantities based on characteristics of the flow. More precisely, denoting by
A the typical wavelength of the waves, by asus their typical amplitude and by apets
the typical amplitude of the bottom variations, we define dimensionless variables
and unknowns as

;L ’ Z / gHo
= — =—, 1 = t
TN T Hy X
and
C/ — C b/ — b ! @ .
Qsurf ’ Uhott ’ asurf)\\ / g/HO
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To simplify the notations we omit the prime symbol in the rest of the paper. From
the previous physical scales we also define three independent parameters:

2
Ho Agurf Abott
/’L = 2 ) E = b ﬁ = .
) H, H,

Our analysis focuses on the shallow water regime p < 1. The parameters € and S
respectively account for the relative amplitude of the waves and of the bathymetry.

As remarked by Zakharov [21], the evolution of the flow is characterized by the
evolution of only two quantities located at the surface, namely the surface elevation
¢ and the trace of the velocity potential 1) = ®|._.. The formulation of the water
waves problem in the form of a system of two scalar evolution equations on ({, ),
due to Craig and Sulem [6] [5], reads in dimensionless form

B, — %gﬂ[scyﬁb]w ~o,

(GuleC. Bblw +20:60:)” ; (1.1)

€ 2
Db+ + = |00 — ¢
i + ¢ 5 |02 [z 2(1 +52u|5a:4|2)

The key point in this formulation is the introduction of the Dirichlet-Neumann

operator
GuleG, ] = \/ 1+ €2 100" OnPloecc (1.2)

where the velocity potential ® is the solution to the non-dimensionalized elliptic
problem

poi® + 92® =0 in Q(e¢, Bb),
o =1 on {z = e(}, (1.3)
On® =0 on {z = —1+ b},

in which 0, stands for the upward conormaﬂ derivative associated with the elliptic
operator ud? + 9%. Using the Zakharov/Craig-Sulem formulation as a starting
point, approximating the water waves equation in shallow water regime then amounts
to understand the asymptotic behavior of the Dirichlet-Neumann operator when
the shallowness parameter p is small.

1.3. Asymptotic expansion of the Dirichlet-Neumann operator.

Transforming the Laplace equation into an elliptic problem on a flat strip. Since the
Dirichlet-Neumann operator is explicitly defined in terms of the velocity potential,
a natural way to derive asymptotic properties of this operator is by studying the
asymptotic behavior of the potential. The issue is then to study a Laplace equation
on the unknown fluid domain Q(e¢, 8b). An efficient approach to get around this
issue is to transform the fluid domain to the flat strip S = (—1,0) x R (see e.g.
[2, T, [10] or [I8]). The main interest is that the resulting transformed potential
on the flat strip then solves an elliptic boundary value problem with variable
coefficients defined on the fixed domain S. Since the Dirichlet-Neumann operator
can be expressed in terms of the transformed potential, constructing a shallow water
expansion of G,[e¢, Bb]y reduces to finding an approximate solution to this new
boundary value problem on S.

LAt the bottom boundary, the outward unit normal vector n is well defined everywhere except
at the vertices.
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Limitations of the classical approach. In the previous approach, the choice of the
diffeomorphism between the flat strip and the fluid domain is important because
it governs the form of the resulting elliptic problem on S. More precisely, given a
diffeomorphism ¥ mapping S onto (e, 8b), we know from Proposition 2.7 of [12]
that the transformed velocity potential ¢ = ® o X satisfies

Voo PEVa.6=0 inS,

where V, , = [0s, d.]" and where the matrix P[Y)] is defined in terms of the Jacobian
matrix Jy of ¥ as

P[Y] = |det Js| J5! [‘5 (1)] (JHT.
To define this diffeomorphism, the simplest choice consists in transforming only the
vertical coordinate:

V(z,2) €S, X(x,z)= (J:,eg(x) +2(1+el(x) — Bb(m)))

Unfortunately, this choice requires some regularity on the bottom parametrization b
since the coefficients of P involve, among others, the derivative of b.

Schwarz-Christoffel mappings as an adaptation to polygonal topographies. In this
paper, we intend to adapt the previous approach to the particular case of a polygonal
topography. Therefore, the first task is to construct a diffeomorphism between the
flat strip and the fluid domain with polygonal bottom. This task is undertaken
in section |2 in which we transform the Laplace problem on the polygonal
bottom domain Q(e¢, 8b) into a variable coefficients elliptic problem on the flat
strip §. Introducing complex canonical coordinates, we use a conformal mapping
technique, namely Schwarz-Christoffel mapping theory (see [I7] for example), to
straighten the polygonal bottom. Section [3]is entirely devoted to the shallow water
analysis of the Dirichlet-Neumann operator. Following the usual approach outlined
above, we show that this operator can be expressed in terms of the solution of
the boundary value problem on the flat strip. The asymptotic expansion of the
Dirichlet-Neumann operator then hinges on the construction of an approximate
solution to this boundary value problem. Using this asymptotic analysis, we finally
derive in section [4 a shallow water model which accounts for polygonal topographies.

2. REDUCTION TO A PROBLEM ON THE FLAT STRIP

In view of the shallow water analysis of the Dirichlet-Neumann operator, it is
important to address the recovering of the velocity potential ® from its trace ¥
at the surface. For this reason, this section is devoted to the study of the Laplace
equation on the physical domain Q = Q(e¢, 8b) with polygonal topography:

po2® + 920 =0 in Q,
D=1 on {z = e(}, (2.1)
On® =0 on {z =—1+ pBb}.
In what follows, we assume that the water depth remains positive:
Fhmin >0, 14+¢eC— Bb> hmin. (2.2)

In this section, we explain how to transform the problem into a variable
coefficients elliptic problem on the flat strip. The main issue is to straighten the
polygonal bottom using a smooth mapping. Section[2:1]is devoted to the construction
of such straightening mappings. The transformation of the Laplace problem on
into a boundary value problem on the flat strip then proceeds in two steps (see

Figure :
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(1) Using the straightening of the bottom, we first transform in section
the Laplace problem into a Laplace problem with flat bottom via a
diffeomorphism, denoted by Zl:oltt'

(2) Starting from this transformed Laplace problem with flat bottom, section
then addresses the flattening of the fluid boundary using the diffeomorphism
-1

surf*

x

FIGURE 2. Two step straightening of the physical domain: X Oltt

straightens the bottom, then Es_ulrf straightens the fluid boundary.

2.1. Using conformal mappings to straighten the bottom. We first aim at
mapping the flat strip S onto the domain at rest

Qrest = {(z,2) €R?* ; =14 Bb(z) <z <0}.

To achieve this, we focus on p-conformal transformations that is transformations
that are conformal for the metric pudz? + dz2. As we will see, working with such
mappings is convenient because they leave invariant the nondimensionalized Laplace
equation pd%® + 92® = 0.

2.1.1. Building p-conformal mappings. Following Nachbin [I6], a simple way to build
p-conformal maps from conformal maps is to use a vertical scaling by a factor |/,
namely T, : (z,2) — (z,/fz). As a matter of fact, a transformation ¥ : & = Qpeqt
is pi-conformal if and only if the transformation ¥, = T},0 ¥ 0T} !is a conformal map.
Building a p-conformal transformation further amounts to building a conformal map
¥, between the scaled domains S* = T),(S) and Qg = T, (Qrest) (see Figure [3)).
The main interest of such a scaling is that conformal transformations between a
strip and a polygonal domain can be found from using Schwarz-Christoffel mapping
theory. The latter ensures that the problem of seeking a conformal map from a strip
to the interior of a polygonal region can be reduced to solving a nonlinear system
of equations, whose unknowns are the pre-images of the vertices of the polygonal
boundary. This problem, known as the Schwarz-Christoffel parameter problem, is
nontrivial and generally analytically intractable but it can be solved numerically
with very efficient methods (see for instance [7]). As an illustration for the use of
the Schwarz-Christoffel formula, we construct in the following example an analytic
function which maps S onto a step bottom domain.

Ezxample 2.1. Let us consider the simple case of a step bottom, that is suppose that
the bathymetry is parametrized by

if
bz) = 0 1 z <0,
by if x>0,

where by is some positive constant. Identifying R? with the complex plane C, the
rescaled strip S* reads

S“:{wzx—i—iz; (z,2) € R?, —\/,E<z<0}



6 MATHIEU CATHALA

0T 0T
u-conformal

T,
ol
conformal
u
—H

FI1GURE 3. Getting p-conformal mappings from conformal ones.

and the rescaled domain at rest Qh

Vo ={w=2+iz; (2,2) eR* u(-1+pb(x)) <z <0}.

; is given as

We seek for an analytic function X, from S* to Q. ; which maps the upper boundary

FIGURE 4. Rescaled domain at rest in the case of a step

{z = 0} onto itself and the lower boundary {z = —,/i} onto the rescaled bottom
boundary of Q% .. Using the Schwarz-Christoffel formula (see e.g [7, Theorem 2.1]),

rest®
the desired mapping can be found by integrating the following expression

s, 1+ hi exp(Z2) 1/2
dw n 1+exp(:r/—%) ’

where ho = (1 — Bbg) (see Figure[d). It follows that

= ot (ws(2) - o (42)).

S—ho
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1 +hg exp ( 7\"/—% )
resulting conformal mapping X,,.

3
where s = hyg (m> . See Figure |5 for a sketch of the behavior of the

J I

FIGURE 5. Level lines for the conformal map of Example

2.1.2. Choice of a p-conformal transformation. Let X, be the Schwarz-Christoffel
mapping from the rescaled strip S* to the rescaled physical domain at rest Qf, . As
explained above, a p-conformal transformation Xyt from S to Qest is given
by Ypott = le Lo ¥, o Ty, where we recall that 7}, is the scaling defined as
T, (x,z) = (x,/mz). Now, when solving the Schwarz-Christoffel parameter problem,
the conformal map ¥, can be chosen so as to map the upper boundary {z = 0} of
S* onto the corresponding boundary of Q.. Thus, Schwarz reflection principle
ensures that 3, can be analytically continued across {z = 0} to the reflected strip
[0,/m) x R. It follows that the associated p-conformal transformation Yy is
actually a diffeomorphism between the strip (—1,1) x R and the augmented do-
main Qe U 2 obtained as the union of €2,es¢ With the reflected domain at rest

o {(z,2) eR? ; 0<z<1—pb(z)} (see Figure@. We assume that the fluid

rest

X:bott

FIGURE 6. Reflected domains and assumption (2.3)).

domain 2 is contained within this augmented domain, more precisely
Ja>0, 1—-pb—e(>a onR. (2.3)
This allows us to set Q = Xr L () and to define functions o, and p,, through

Ve €R,  (0,(2), pu(@)) = Spoye(, C(2))-
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In other words, we get a transformed domain Q with flat bottom and whose free
surface T is parametrized by (o,(x),p l Moreover the dlﬁeomorphlsm Shott

between € and € maps the bottom (resp. fluid) boundary of Q onto the bottom
(resp. fluid) boundary of Q (see Figure [7)

pl‘(x) ................................................. -

A

FIGURE 7. Straightening the polygonal topography with a u-
conformal diffeomorphism.

Remark 2.2. Even if the physical elevation is parametrized by a graph (namely
z = e((x)), the transformed free surface I' of Q is not necessarily a graph too.
However, for the sake of simplicity, we assume in what follows that I' may be
parametrized as a graph. More precisely, we make the following assumption

30 >0, o, >0. (2.4)
This assumption implies that o, is a diffeomorphism so that, setting C“ puoo, L
the transformed surface may be parametrized as

= {(@6@) ; 2R}

Note that, since Ebott is smooth near {z = 0} and since this diffeomorphism maps
this line onto itself, the previous assumption holds if € is small enough.

2.2. Transformed Laplace equation with flat bottom. By carefully choos-
ing the diffeomorphism X}tt, we have ensured that the transformed potential
5 = ® o Yyt still solves the (nondimensionalized) Laplace equation on the flat
bottom domain €. This actually follows from the fact that X4 is a p-conformal
transformation. More precisely, defining the inner product (-, ~># as

Yu,v € R?, (u,v)ﬂ =Tu-v,

where

w0
wefo ]

the Jacobian matrix Jy,,, of Xpott enjoys the following property.

Lemma 2.3. For all vectors u,v € R?,

(I3, u, ngmv>u = |det Jx, .| (u,v)

3 (2.5)

2The subscript @ on “o” and “p” reminds one that the transformed free surface depends on p.
Indeed, by definition, the transformatlon Ypott is dependent on p. Note that, as is clear from their
definition, o, and p,, also depend on € but this dependence is omitted.
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Proof. The Jacobian matrix of the conformal transformation X, can be written as

b
Js, = {‘; a] .

Differentiating the identity Yot = Tu_ Lo Y, o T}, then gives

a — ul;
IS = [ b \/;] ) (2'6>
N/
where @ = aoT), and b= boT),. Equality (2.5) then follows from direct computations
using the latter expression for Jy, ,,. g

Before stating the main proposition of this section let us recall that, with the
notation above, the Laplace equation ud?® + 92® = 0 holds in D’(Q) if and only if

V(p S D(Q)7 / <vz,zq)7 VI,ZSO>M =0.
Q

Proposition 2.4. Assume that 0,1 € H/?(R) and that ¢ € WH°(R). Then the
transformed potential ¢ = ® o Xyt 1S the solution of

po2p+ 26 =0 inQ,
&=, on{z=0.}, (2.7)
d: =0 on {z = -1},

where the velocity ’(ZH at the transformed free surface is defined as JM =1o a;l.

Proof. Given the definitions of EM and {EM, it is straightforward that 26 satisfies the
Dirichlet boundary condition on the fluid boundary {2 = gu(i")} To prove that a
solves (2.7)), it therefore remains to show that we have
/~ (V5,:0,Vz:0) =0, (2.8)
Q w
for any test function ¥ in the functional space
V:{ﬂGHl(ﬁ) ; ﬁ:Oonf}.

Let us prove first that (2.8)) holds for ¢ of the form @ = v o ¥, where v is any
function in D(Q U {z = —1 + 8b}). Given such a function, we thus have to check
that

[ (9220 0 Bu). Va.2(0 0 Sh)), =0 (2.9)
Q
Using the chain rule and then applying Lemma [2.3] yields

[ (9252 0 Duai), V2 20 Ehr),
Q

= / <vnc,z(1) 0 Ybott, vfc,zv © Ebott># |det JEbon| .
Zhott (2)
Using the mapping Ypt¢ to perform a change of variable in the last integral, we get

- (922(@ 0 Sh), T2(00 B}, = [ (V2o Vi),
Q Q
and thus, since ® solves ([2.1)),

[ (7520 0 Bh). V2 2(0 0 Sh)), =0
Q
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It is important to note that, due to the behavior of ¥yt near the prevertices (in

Q) of the polygonal bottom, every function of the form o = vo Xy, is not necessarily
in H 1(?2) Nonetheless, by construction of Y, we know that v o Yoy is smooth
on condition that v vanishes near the vertices of the polygonal bottom. Using such
test function in , we deduce that holds for all 9 e D(-1 < Z2 < 1+ Z#)
supported away from the prevertices. Since this last set is dense in 1% (see [8, Lemma

2.1.2]) we finally conclude that (2.8)) holds for any test function & € V. O

2.3. Transformed problem on the flat strip. We have seen in Proposition
that the Laplace problem with polygonal bottom can be reduced to the same
equation posed in a transformed fluid domain Q with flat bottom. Therefore, to
reduce the problem to a boundary value problem on the flat strip, it simply remains
to straighten the transformed fluid boundary {2 = Eu(a”c)} of €. This can be done
using the classical straightening diffeomorphism defined in section [[.3] Following
this classical approach we define the diffeomorphism Y+ mapping S onto the flat
bottom domain  as

S : S —Q
(%, 2) — (,Cu(@) + 2(1 + Cu(1))).

Then we know (see e.g. [13, Proposition 2.26]) that the Laplace problem on S~2, and
thus the Laplace problem on €2, are equivalent to the following elliptic equation on
S

V;c}g . Pvi Zd) =0 in S,

b =1, on {3 =0}, (2.10)
Ond =0 on {z = —1},
with ¢ = 5 0 Ygurf and where the matrix Pis given by
p1+G)  —nE+ D)o,
P= 1+a(z+1)2(0:C) " | (2.11)

—p(Z + 195, e

and On¢z—_1 = ez - ]SVi_,gd)ﬁ:_l denotes the upward conormal derivative.

3. SHALLOW-WATER ANALYSIS OF THE DIRICHLET-NEUMANN OPERATOR

In this section we concentrate on the asymptotic analysis of the Dirichlet-Neu-
mann operator in shallow water regime (u < 1). In the light of the previous section,
the Laplace problem (2.1) with polygonal bottom boundary can be reduced to
the elliptic problem (2.10) on the flat strip. This can then be used to build an
asymptotic expansion of G,[e¢, 8b]y) with respect to p following the usual method
for smooth topographies (see for instance [I] or [2, 14, 4] where the method has
been used to derive long-wave models, see also [I9] in which this change of variable
approach is applied to address the analyticity of the Dirichlet-Neumann operator).
As outlined in the introduction, this method consists of the following steps:

(1) Express the Dirichlet-Neumann operator in terms of the solution ¢ to the
problem on the flat strip;

(2) Approximate the transformed potential ¢ on S using a BKW procedure;

(3) Plug this approximate solution back into the expression of to compute
an approximation of G, [eC, £b]v.

The first step is undertaken in section while the second and third steps are
detailed in section [3.21



SHALLOW WATER WAVES OVER POLYGONAL BOTTOMS 11

3.1. The Dirichlet-Neumann operator on the flat strip. As seen in the intro-
duction, the Dirichlet-Neumann operator is given in terms of the velocity potential
as

gu[£§vﬁb]'(/} = az®|z:a§ - Ugaxcaa:q)|z:6g“ (31)

= (Va.:®ps—ccim),, (3.2)

where n is the (non-unit) normal vector to the free surface defined as n =
[—681C71]T. Using the p-conformal transformation Xy, this operator can be

similarly expressed in terms of the transformed velocity potential % = ® o Xy ON
the flat bottom domain ).

Proposition 3.1. Assume that 8,1 € HY?(R) and that ¢ € H* ' (R) for some
tog > 1/2. Then, the Dirichlet-Neumann operator can be wrilten as

GuleC, B8] = (V.20 (0, )1 | (3.3)

where N1 is the (non-unit) normal vector to the transformed free surface r defined as
~ T
0= [—p) 0]
Proof. The proof relies on the fact that the transformation Xy is p-conformal.
Indeed, from the chain rule, we have

(ngon © (U;u pu))vx,zq)|z:aC = vi,iﬁb o (Uuy pu)'

Using Lemma and the above equality in the definition (3.1) of G,[e¢, Bb], we
obtain

~ JL
gu[é:C?ﬁb]w = <v~’5¢0 (Jlnp/t)v <|det2,]b;t | o (J#,pu)>n> N
bott M

and so it remains to show that
@ o (0o, pu) Jn=n. (3.4)
|det szott |
To do this, we first note that a tangent vector to the transformed fluid boundary
I is given by t = nglm o (o, pu)t, where t = [1 ,20,¢]" is a tangent vector to the
(physical) free surface {z = e((x)} (see Figure [8). Now, using the expression (2.6)

2bOtt n t

FI1GURE 8. Tangent and normal vectors to the free surface and the
transformed free surface.

T
for Jg, ., we get
T

JZ )
—2 o (g, I7 =1
(g oo )14 = 1
Equality (3.4)) is then obtained from this last relation by noting that t = (0], P,
and using again the expression (2.6|) for JETbm. O

}T
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Remark 3.2. A Dirichlet-Neumann operator GVM [E]QZN associated with the transformed
Laplace problem with flat bottom (2.7)) can be defined as

GulClbu = 0:0 .5 — 103G, 050 _; . (3.5)

It is worth noticing that both quantities G,[e(, 8b]¢) and ’g; [f]tzﬂ do not coincide
since the p-conformal diffeomorphism 4 acts on the horizontal coordinate when
straightening the bottom. More precisely, we can rewrite the above result as

GuleC. Bbl = o, (L)) ) © (3.6)
where we recall that o, is related to Yyt through

Ve € R, (0u(2), pu(x)) = Syl (2, ()

so that o, can be considered as the horizontal deformation of the free surface
{z = e(} due to the straightening of the bottom.

Since we have transformed the Laplace problem with flat bottom into the
elliptic problem on the flat strip using the trivial diffeomorphism Yg,.f, we
know that the Dirichlet-Neumann operator g~,l [5]{/?” coincides with the Dirichlet-
Neumann operator that comes from this straightened elliptic problem on the flat
strip (see e.g. [13, Remark 3.7]). Combining this expression with the previous

relationship (3.6]) between G, [e(, Bb]y and G, [(],, yields the desired expression of
G.leC, Bb]Y in terms of the solution ¢ to the elliptic problem (2.10]) on S.

Proposition 3.3. Assume that 9,7 € HY?(R) and that ¢ € HtY(R) for some
to > 1/2. Then, the Dirichlet-Neumann operator can be written in terms of the
transformed potential on the flat strip as

GuleC, Bbly = o, ez - PV :4 0 (0,,,0). (3.7)

3.2. Asymptotic analysis of the Dirichlet-Neumann operator. Let us sum-
marize the situation so far. Owing to an ad hoc straightening of the bottom, we
have first reduced the Laplace problem with polygonal bottom to the same
Laplace equation on the flat bottom domain Q with transformed Dirichlet data 1;”
at the surface. Then we have seen that this transformed Laplace problem can in
turn be reduced to a variable coefficients elliptic problem on the flat strip, namely
equation , and that the Dirichlet-Neumann operator can be expressed in terms
of the solution ¢ of this elliptic problem. Our strategy here is to use this expression
to derive an asymptotic expansion of G,[e(, 5b]¢) in shallow water regime. To do
so, we first construct an approximate solution ¢,pp to (2.10) and then replace the
transformed potential ¢ in with this approximate potential.

3.2.1. Asymptotic expansion of the transformed potential. We look for an asymptotic
expansion of the transformed potential ¢ of the form

Gapp = ¢o + po1. (3.8)

This expansion is constructed as an approximate solution of the transformed elliptic
problem on the flat strip, that is such that

Vs ﬁvfc,i(ﬁapp = O(.u2) in S,
b=, on {z =0}, (3.9)
Ond =0 on {z=—1}.

To find this approximate solution, we plug the above expression for ¢,y into the
elliptic operator from (3.9, expand the resulting expression in powers of x and
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then choose ¢y and ¢; so as to cancel the leading order terms. Mimicking the
computations of [I3, Lemma 3.42], the resulting approximate solution is given by

¢0(i‘72) = {/;u(a?)v (310)

01(8,9) = ~(5 +2) (1 +6.@) 020, (0). (3.11)

Remark 3.4. It is noteworthy to note that, in the expansion (3.8)), both functions
¢o and ¢ also depend on p.

3.2.2. Asymptotic expansion of the Dirichlet-Neumann operator. Given the previous
approximate (transformed) potential ¢,p,, Wwe may now compute a formal expansion
of G, [eC, Bb]y. More precisely, using ¢ap in the expression of the Dirichlet-Neumann
operator on the flat strip given in Proposition [3.3] we get

gu[5<7 ﬂb]lb = gappw + O(N2)a (3'12)
where G,pp is defined, according to (3.7)), as
gappw = O’L €z - ﬁva’c,iqsapp o (Uua O)- (3'13)

Computing the right hand side with the help of the explicit expressions (3.10)-(3.11))
for the functions ¢o and ¢; and then using that, from their definitions, ¥, o o, = ¥

1+

and ZM o0, = pu, we find
gappw = uﬁx( U/p,u 8z¢> + O(/Lz) (3]_4)
o

Due to the dependence on p of the diffeomorphism Yg,,f, we need to make additional
assumptions to establish an error estimate for the above approximate Dirichlet-
Neumann operator. More precisely, we assume that the transformed free surface
satisfies the following conditions uniformly with respect to pu:

(A1) There exists fzmin > 0, independent on p, such that 1+ p, > ﬁmin.

(A2) There exists 7 > 0, independent on u, such that [p,|y1,. < 7.

(A3) There exists ¢ > 0, independent on u, such that o}, > 4.

As will be made clear in the proof of the following proposition, these extra assump-
tions give control on both the coercivity of the elliptic operator in and on the
O(u?) right hand side of this approximate equation.

Proposition 3.5. Let s € N*, ¢ € H*%/2(R) and 9,¢p € H*7/2(R) be such that
(-(A@) are satisfied and that o, € W*>(R).Then the following estimate on the
remainder holds

G, le¢, Bbly + u@x(l j;,p” Qﬂ/}) ‘ < 12Cy, (3.15)
HS

m

where Cy is a constant of the form
1 1 ~
Co = C(5. 517 |05
‘ d hmin Iw#
and C is a nondecreasing function of its arguments.
Proof. From the definition of G,ppt1 and Proposition we have

GuleC, BOlY — Gappth = O-/I,L €z - ﬁvi,%(‘b — Gapp) © (0,1,0).
Now, from the construction of the approximate potential ¢.pp, one can check that
U = @ — Qapp SOlVes

= ’
Hs+7/2 I C”L’HS+5/2 9 |J#|Ws,oo)7

Vj’g . ﬁvigu = M2RM in 8,
u=0 on {Z = 0}, (3.16)
Onu=0 on {zZ = —1},



14 MATHIEU CATHALA

with R, satisfying

5@% ‘

‘RH|L2(_17O ; Hs+1/2(]R)) S C( C’“"Hs+5/2)- (317)

Hs+7/2 ’
Then, since B

GuleC, BblY — Gappt) = a; e: - PV;suo(0,,0), (3.18)
one may feel inclined to deduce a control of the latter from by resorting to
elliptic estimates together with a trace inequality. Actually, since the coercivity
constant of P depends on p (it is of order O(u)), a straightforward application of
such estimates does not directly yield . To face this difficulty, the idea is to
consider the contribution of the shallowness parameter in the elliptic problem (3.16]).
More precisely, following for instance [1I], the elliptic operator from ([3.16]) can be
written as _ B

Viz - PVzsz=Vi; PV

where the twisted gradient operator V¥ . is defined as V% » = [\/n0; ,0:)" and with

1+, —V(Z + 1),
P, = ~ ~ a2 (0:6.)° | -
" VA + 105G, %g()

The advantage is that the matrix ]3# at the core of this twisted formulation satisfies
the following coercivity estimate

Vo € R k,P.0-60> |0,

with a constant &, of the form

~ 12
aigu‘Lm).

= 4
b =20 +[6], )+
Lee hmin
Now, since e; - ﬁviygu =e;- ﬁuv;{gu, we can apply the aforementioned elliptic
estimate and trace inequality to obtain from (3.17)

~ ) ~ ~
e+ PVssusmo| < 12C (ks [0s0| |G| )
From (3.18)), we deduce that
1 - ~
‘gﬂ[5C7ﬁb]w - gappw‘HS S MQC(E’ OIL‘WS’OO ’kl“ a531/)“‘}_]5+7/2 ’ CM‘HS+5/2)'
(3.19)

To conclude, we first note that (3.14)) can be written as
1+p
gappw = _Nax< o ”@ﬂﬁ) - MQUL, Tuwoou,

m
where 7, = (85;6”)2(1 + 5;1)8%1;#- From here, the desired estimate follows from
(3.19) by applying the triangle inequality. O

Comment. The main drawback of the estimate furnished by the previous proposition
is that the quantities that appear in the constant Cj in depend on the
shallowness parameter. Actually, the u-dependence is mainly due to the contribution
of the parametrization (o, p,) of the transformed free surface in Q. Therefore, to
improve this estimate, one should more carefully focus on how the parametrization
(0, pu) depends on p. To do so, recall first that as we mentioned in section m
the construction of the conformal mapping >, associated with the straightening
diffeomorphism Xyt hinges on the resolution of a Schwarz-Christoffel parameter
problem. Identifying R? with the complex plane, denoting by a1, as, ..., a, € C
the vertices of the (rescaled) polygonal bottom and ay7, aam,..., a,7 its interior
angles (see Figure E[), this parameter problem actually consists in finding prevertices
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a

Ho—b o—Lo—
L w; w; w3 Wy L ap

FI1GURE 9. Solution of the Schwarz-Christoffel parameter problem
for a bottom with a rectangular hump.

W1, W, .y Wy € {z = f\/ﬁ} and a constant A € C such that the desired conformal
mapping 3, : C — C satisfies

%(w) =A H ((exp(w) - exp(ﬂnakil.

Hence, the parametrization (o, p,,) of the transformed free surface T satisfies the
ordinary differential equation

n 1—ayg
o, Fivup, = Y +iey/uc) 1;[( - exp(%) exp(iwpu)) i

In the case of a step this differential equation reads (see Example [2.1)

1+ exp(’I‘}“) exp(imp,,) 12
)

N 1+
oy, + iV, = ( ZE\fc)<1+hoe><10(’7f)eXP(“W

A possible (but far from obvious), way to improve estimate (3.15) might be to
perform an asymptotic analysis of the solution of the previous differential equation
as u — 0.

4. A SHALLOW-WATER MODEL FOR POLYGONAL BOTTOMS

In this last section, we focus on the study of shallow water waves over the
polygonal bottom. Owing to the asymptotic analysis of the Dirichlet-Neumann
operator conducted in the previous section, we derive a shallow water model that
approximates, at order O(u), the solutions of the water waves equations

¢ igu[%ﬁb]zb _

(LGuleC. V)Y +20,C0,0)° 1)

2(1 + &2 ]0.¢[)

In the present case, since we consider a rough topography, we choose to work with
variables located at the surface, that is away from the singularities of the bottom.
Therefore the shallow water model is formulated in terms of the surface elevation
¢ and the horizontal velocity at the surface v = (9,®)|.—-¢. From the definition
of G,[eC, BblY, the vertical component of the velocity, on the other hand, can be
written

Ou+C + 5 |00 -

ﬁg/L[’SC,ﬁbhﬁ +€0,v0:¢
1+ pe?(9:¢)? '

(az(I))Lz:sC =



16 MATHIEU CATHALA

Since G, [eC, Bbly) gives first contributions at O(u), we deduce that (9.®)|,—. is of
size O(p). Since, by definition of ) = ®|._.¢, we have 0,9 = vs 4+ €0,((0.®P) =<,
we finally get 9,9 = vs + O(p). Plugging the latter in (3.14) yields

1 1+

;Qu[eg,ﬁb]w = —898( J,p“ vs) +0(p), (4.2)

m

where we recall that (o, p,) parametrizes the transformed free surface in Q and is
defined from the straightening diffeomorphism Xt by

Ve eR, (0u(x),pu(z)) = Xpk, (2, 6¢(2)). (4.3)
Defining the transformed (variable) free surface coefficient M, = M, [eC, £b] as
1+p
M, = —F* (4.4)

w
then substituting expansion (4.2)) into the first equation of (4.1)), we get the following
approximate evolution equation for the elevation

0iC + a:c(M//Us) = O(VJ)
Then, differentiating the second equation of (4.1)) with respect to & and using both

0% = vs + O(u) and igﬂ [e¢, Bb]JY = O(1), we are left with the following shallow
water model with precision O(u)

{ NC + 0z (Myvs) = 0,

Oyvs + 0,.C + evgdvs = 0. (4.5)

Remark 4.1 (Flat bottom). In case the bottom is flat, the straightening diffeomor-

phism Yy reduces to identity so that o, (z) = x and p,(z) = e((x). Consequently

M,, coincides with the water depth variable h = 1 4- ¢ and we recover the classical
Saint-Venant system

0¢C + 0z (hvg) =0,

{ ’ (hvs) (4.6)

Oyvs + 0,.C + ev0, v = 0.

5. CONCLUSION

The main limitation of the shallow water model (4.5)) is that the transformed free
surface coefficient M,, depends on the variables (o, p,). This is problematic since,
due to the analytic intractability of the underlying Schwarz-Christoffel parameter

problem, we do not have analytical expression for the mapping X Oltt. Therefore

M, = 1‘;,’) L cannot be explicitly written in terms of the variables ¢ and vs. As said
above, a possible improvement could be provided by an asymptotic analysis of both
functions o, and p,. Unfortunately, we have been unable thus far to find explicit
asymptotic expansions for these coefficients, even in the simple case of a step where
the expression of the straightening diffeomorphism Yyt is known. It is notable
that, for weakly nonlinear waves € ~ u < 1, Nachbin [I6] proposes an interesting
approximation of a coefficient similar to M, by a time independent coeﬁiciemﬂ
Given these limitations, we develop in [3] a different approach to study shallow
water flows over rough bathymetries. The starting point of this approach is the
shape analyticity of the Dirichlet-Neumann operator. More precisely, we know
how to find explicit expressions for the shape derivatives of the Dirichlet-Neumann
operator around ¢ = 0 and b = 0. We will see that these expressions only involve
3The idea at the basis of this approximation is to evaluate Zgolu in not on the free surface
points (z,e¢(z)) but on the undisturbed surface points (x,0). Setting (oo(z),0) = Zl:oltt (z,0), this
amounts to replace M, in by the time independent coefficient My =

oq~‘ =
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infinitely smooth contributions of the bottom. Therefore, we propose a more formal
approach which consists in first approximating the Dirichlet-Neumann operator by
its Taylor expansion around ¢ = 0 and b = 0 and then studying the shallow water
asymptotic of the latter expansion.

Let us conclude by remarking that, even if the computation of the transformed
free surface coefficient M, is not obvious (it requires to evaluate the inverse of the
Schwarz-Christoffel mapping ¥, at the free surface), it can be achieved numerically
by using for instance the Schwarz-Christoffel Toolbox of Driscoll and Trefethen [7,
Appendix], thus making possible the development of a numerical method for .
More details about the numerical method for are given in the appendix of
[3], in which we use equations as a reference model to assess the performance
of the formal approach developed therein. As an illustration, Figure [L0] shows the
time history of the surface elevation computed by in the particular case of a
rectangular bottom.

20 25 30 35 40

FIGURE 10. Wave passing over a rectangular hump. Top: to-
pography and initial condition. Bottom: time series of surface
elevation.

The author would like to thank David Lannes for his hospitality and for precious advices
and discussions.
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