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Abstract

In this paper, we present a general framework to construct section-averaged models when the flow is
constrained — e.g. by topography — to be almost one-dimensional. These models are consistent with the
two-dimensional shallow water equations. After rewriting the two-dimensional shallow water equations in
a suitable set of coordinates allowing to take care of a meandering configuration, we consider the quasi
one-dimensional regime. Then, we expand the water elevation and velocity field in the spirit of the diffusive
wave equations and establish a set of one-dimensional equations made of a mass, momentum and energy
equations, which are close to the ones usually used in hydraulic engineering. Our model reduces to classical
shallow water models with variable sections found in the literature. Out of these configurations, there
is an O(1) deviation of our model from the classical ones. Finally, we present the main mathematical
properties of our model and carry out numerical simulation as validation of our approach with comparison
to the full two-dimensional shallow water equations.

Keywords: shallow water equations, computational hydraulics, asymptotic expansions, section-averaged
models

1. Introduction

In environmental modeling of free surface flows, the “shallow water” model is often used in order to
reduce the complexity of the full Navier-Stokes equations and to reduce the computational cost implied
by numerically solving such three-dimensional free surface flow equations. To derive the shallow water
equations, it is assumed that the vertical variations of the water velocity are negligible with respect to
the horizontal variations, and that the wavelengths of the phenomena of interest are much larger than
the depth of the water. Under these assumptions (see for instance [29, 2, 13] and references therein),
it becomes natural to integrate the Navier-Stokes or Euler systems over the depth of the water, which
naturally introduces the water height as a new variable, and eliminates the vertical component of the water
velocity. The dispersive terms, which come from the vertical variations of the velocity, are usually neglected.
Otherwise, they can be reintroduced as viscosity terms (see [13]) or approximated using an empirical or
mathematical model (see for instance [12] and [2], Page 24, and references therein).

The shallow water model is commonly found in the simulation of various geophysical phenomena such
as rivers, coastal flows or floods, and it is a standard model in hydraulics. The mathematical derivation of
shallow water models is now well-documented for river flow simulations,under the assumption that the
section of the channel is rectangular. For instance, see [25] and [4] in the context of respectively turbulent
and laminar flows, and see [9] in the context of meander flows where the 2D shallow water equations are
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derived formally and numerical simulations are carried out under the assumption that sedimentation is
neglected.

We will focus in this paper in this particular regime of fixed topographies, which do not depend on
time. The shallow water equations on a two-dimensional geometry usually read as follows:

hi +Vx - (hu) = 0,

1.1
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where g is the gravity constant, h the fluid height, u = (uj,us) € R? the fluid velocity and C(h,X)
is a 2D friction model. The unknowns h and u depend on the time variable ¢t and the space vari-
able X = (x1,72) € R2. For the sake of generality, we have chosen an arbitrary friction law. In some
applications, a simple friction law, which only involves the water height, can be used by taking

C(h,X)? = C2h?,

where C? is the Chézy friction term and p is usually taken equal to 4/3. The dependency in X of the
friction model is supposed to come from the Chézy friction coefficient C},.

More complete models, providing a more accurate description of complex physical phenomena, also
exist in the literature. For instance, one may be referred to [14] for a multi-dimensional model of turbulent
hydraulic jumps or to [22] for a model with dispersive and dissipative effects. However, in the present
paper, we choose to consider the standard 2D shallow water system (1.1) for the sake of simplicity and to
be able to perform the forthcoming model developments.

In order to simplify the equations and reduce the computational efforts involved in solving the full
two-dimensional shallow water equations, we will consider the section-averaged shallow water equations.
These section-averaged models are of particular interest in hydraulic engineering due to their simplicity
and reduced computational cost. Such section-averaged models are particularly relevant to the specific
geometry of a river (that is to say, a channel whose typical length will be much greater than its typical
width). However, deriving section-averaged models like (1.2) from two-dimensional models like (1.1)
requires taking into account the specificities of the flow and of the geometry, usually through a relevant
non-dimensionalization and subsequent asymptotic analysis. Indeed, the river is supposed to flow in the
presence of meanders and the cross-section is variable.

The usual section-averaged models are obtained by integrating the 2D system (1.1) over the width of
the channel, to get:

Sy + QZE =0,
) (1.2)

@+ (5% ) + 5t =95 - )

where S is the wetted section, H the average level of the water surface (i.e. the free surface), @ the
section-averaged flow discharge, Z is the main longitudinal slope of the river, 7 is a 1D friction model,
and [ is the Boussinesq coeflicient, defined below. The geometric quantities are displayed on Figure 1.

A usual expression of the friction model J is the following one:
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where the friction coefficient cgy depends on z and h. For instance, the Chézy formula prescribes
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Figure 1: Sketch of a slice of the channel geometry and notations: &1 and E_ < & < Z4 are the longitudinal and transverse
local coordinates, z is the depth coordinate, h is the water height, H is the average free surface position, S is the wetted
section, P is the wetted perimeter, L is the function representing the width of the channel and Z is the topography function.

where Ry, is the hydraulic radius, given by R, = S/P, where P is the wetted perimeter, see Figure 1. An
alternative is the Manning-Strickler formula

C?S'W = KfRi/3S27
where K is the Manning-Strickler coefficient. Note that other formulas were derived in various situations,
e.g. triangular, trapezoidal, circular or compound channels, to get complicated forms of the bottom friction
valid mostly for stationary flows [31, 30]. One could also consider the Reynolds number of the flow to
derive friction laws based on the channel roughness, see for instance [19] for tabulated values or [25] for
analytic expressions.

Here, 8 > 1 is the so-called Boussinesq term, which links the 1D behavior to the underlying 2D flow by
accounting for the variations of the cross-section. Indeed, it is defined as follows:
5 J hu? dy
su2
where U = @/ S is the averaged 1D velocity and where u; is the 2D velocity in the z-direction, with the
integral taken over the width of the channel. As soon as the flow is one-dimensional, i.e. constant in the
cross-stream direction, 3 is equal to 1. Many practical hydraulic engineering applications set 5 to some
constant value, close to 1 if the cross-section is smooth and somewhat larger if the cross-section becomes
more complex (see for instance [6, 27]). This means that, according to the table in [6] (Page 28), an error
of up to 30% can be introduced in the discharge computation by setting a wrong value of 3. In addition,
modifying the discharge equation in (1.2) by adding the Boussinesq coefficient 8 implies that the energy
conservation is no longer satisfied. Indeed, one would also have to introduce the Coriolis coefficient « in
the energy equation, defined similarly to the Boussinesq coefficient:

o [ hu? dy
SuUs 7
This framework has been introduced almost two centuries ago in [7]; one of our goals in this paper is to

suggest a better understanding of these issues. Indeed, a more involved discussion of these Boussinesq and
Coriolis coefficients is available in Section 5.1, starting with their precise definitions (5.2).



It is our purpose to address the question of deriving 1D consistent shallow water models in the presence
of meanders and for arbitrary geometries of the channel. To define the consistency of the model, a relevant
small scaling parameter € < 1 will be introduced. Contrary to the usual long wave approximation, in the
present setting, this purely geometrical parameter ¢ = gc—; depends on the bottom friction scaling C and
the typical wavelength X'. Thanks to this parameter, we are able to compute asymptotic expansions of the
free surface H and the section-averaged discharge @, up to O(¢?). On the one hand, the 1D model will be
consistent up to the zeroth-order if it introduces a O(e) error on the free surface and the discharge. On the
other hand, the 1D model will be consistent up to the first-order if a O(g?) error is introduced on the free
surface and the discharge. In particular, we emphasize that the zeroth-order accuracy will be ensured by
a new expression of the 1D friction coefficient. Usually, hydraulic engineering models are able to recover
either free surface or the discharge up to O(e) by using empirical friction coefficients. Getting an analytic
expression for the 1D friction coefficient that recovers both free surface and discharge up to O(e) is one of
the new results of this manuscript.

1.1. Structure of the paper

In section 2, we introduce the 2D shallow water model, which we consider as the exact model for the
flow of a meandering river. We write this system in a set of curvilinear coordinates in order to describe
meandering. Then, in order to write a simplified 1D model, we introduce several scaling assumptions and
perform a non-dimensionalization of the 2D shallow water system, which is then averaged across the width
of the channel.

Section 3 is dedicated to carrying out asymptotic expansions of the free surface and the velocity field
in the one-dimensional limit in order to close the averaged shallow water equations. Regarding the free
surface, we show that it varies around an average value. Then, we exhibit expressions of the averaged
discharge, which only depend on geometric terms and on the average free surface. They yield non-standard
kinematic and diffusive wave approximations, which can depend on the slope of the free surface in addition
to the topography slope, and which degenerate to the standard ones when the free surface slope vanishes.
In addition, the influence of the meanders on the water surface is similar to the one obtained in studies
involving the centrifugal force (see for instance [6], Page 447).

In section 4, in the strongly meandering case, we build a zeroth-order shallow water model: the friction
term is built so as to ensure the consistency of the discharge rate to the main order. The structure is
very simple, completely similar to the section-averaged shallow water models found in the literature (see
e.g. [10]). The zeroth-order is achieved solely by manipulating the discharge equation.

In section 5, we propose our new model and analyze its mathematical structure in the case of weakly
meandering channels. It is a four-equation model describing the evolution of the wetted surface, the
discharge rate, the energy and an additional quantity, called “enstrophy”, which accounts for the vorticity
of the flow in the cross-stream direction. This new model provides a first-order accurate description of
the surface elevation and the discharge rate; in addition, it is hyperbolic. Contrary to the zeroth-order
model, here, both zeroth-order and first-order approximations are obtained by introducing a suitable energy
equation. The velocity-distribution coefficients, the Boussinesq coefficient 5 and the Coriolis coefficients
a, turn out the respectively correspond to the enstrophy and potential variables. As a consequence, this
first-order model is able to overcome the shortcomings of the previous hydraulic engineering models, which
usually set o and 3 to some constant value.

Finally, in section 6, we summarize the results we have obtained in the previous sections.

The last section of this paper, section 7, is dedicated to a numerical validation of our model. We
compare the accuracy of three section-averaged models: the two (zeroth- and first-order) models we derived
in this paper and a section-averaged shallow water model simply obtained by assuming that the downstream
velocity is constant across the channel section (and which is obviously non consistent for channels that are
not U-shaped).



1.2. Perspectives

In this paper, we have restricted our attention to fixed topographies. It is of particular interest to
consider this type of model in the presence of sedimentation. In [20, 21], such a problem was considered for
stationary flows in order to determine the mechanisms of migration of meanders. A model was formally
derived and the study was completed with various numerical simulations. However, the asymptotic analysis
was conducted with non consistent assumptions on the velocity profile. A non-stationary model with
sedimentation was derived in [5] but for channels with vertical walls. We expect that our approach can be
extended to transport of sediments in channels with arbitrary cross-sections in a similar way:.

Another problem of interest is the coupling between 1D and 2D shallow water models. Here, the goal is
either to carry out a complete modeling of an estuary, see for instance [1], or to model river floods, see for
instance [11]. Our model is built directly from the 2D shallow water equations, which ensures a natural
coupling between the two models.

As mentioned before, more complex phenomena are modeled by enhancing the 2D shallow water
system (1.1) with additional equations (see [14, 22]). It would be of particular interest to derive 1D models
from these enhanced 2D systems, in order to account, for example, for dispersive and dissipative effects.

2. Governing equations
In this section, we consider the two-dimensional shallow water equations with bottom friction

2.1
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c(h,X

where g is the gravity constant, h the fluid height, u = (uj,us) € R? the fluid velocity and C(h,X)
is the 2D friction model. The unknowns h and u depend on the time variable ¢ and the space vari-
able X = (z1,72) € R2

The system (2.1) admits an additional energy balance law:

1 3

2

h h
where the energy Fop is given by Fop = 5 ||uH2 + 97. This equation can also be rewritten with a negative
source term:

1 J[u?
E hZ),+Vx E hZ + =gh®) ) = —gh—=7——5.
We now write the system (2.1) in a reference frame which fits with the geometry of the channel. In
order to study the limit of quasi one-dimensional flows, we write the new system in a non-dimensional form

together with its exact section-averaged version.

2.1. Parameterization of the problem

In order to deal with the meanders of the river, we now introduce a parameterization of the river
bed: for that purpose, we assume that it follows a parameterized curve r : & — (#(&1), §(&1)) such
that 2/(£1)% + 9/(£1)? = 1, see Figure 2. Since this relation is satisfied, we introduce a function 6(&;) such
that &/(€1) = cos(9(€1)) and 7€) = sin(0(&1)).

We then naturally introduce the Frenet reference frame, defined by a vector T(&;) tangent to the flow
and a vector N(&;) orthogonal to the flow. The tangent vector T(&;) is defined as follows:

r'(&1)
[r(&)l

T(&) == = (cos(0(¢1)), sin(0(£1)) )- (2.2)



In the usual Frenet reference frame, the normal vector N(&;) is chosen to be orthogonal to T(&;) and
pointing towards the center of the osculating circle of the curve r. This is not desirable in the context of a
meandering river, since the orientation of the frame would sharply change with each meander. Instead, we
define N (&) such that is always pointing towards the left of the river flow, as follows:

N@n::damﬁgyn=<—ﬂmwa»»ww@un, (2.3)

where we have defined
o(&1) = sgn(8'(&1)).

The quantity o(&;) represents the orientation of the meander. Indeed, the flow curves to the left if (&;) = 1,
and it curves to the right if 0(§;) = —1. Note that, contrary to the usual definition of N(&1), the equa-
tions (2.2) and (2.3) also define the reference frame for a curve with vanishing curvature, i.e. when 6'(§1) = 0,
see Figure 2.

We define the curvature radius R(&;) as follows:

, , 1 . _ 1
T'(&1) = [0(§1)N(&1) - R(&)N(&% ie. R(&) 0
Note that this curvature radius tends to infinity when 6’(£;) vanishes. Since this situation correspond to a
straight river with no meanders, this behavior makes sense.

We now introduce the bijective change of variables from the Euclidean space to the Frenet reference
frame. A point & = (£1,&2) of the Frenet reference frame transforms into a point X = (x1,z3) of the
Euclidean space according to X(&1,&2) = r(&1) + &N(&). In what follows, we introduce the bijective
change of variables £ = a(X) from the Euclidean space to the Frenet reference frame, whose inverse function

is defined by
1 _ (71(&1,82) Y _ (&) — Easin(0(&1))
a(%@—QMﬁJ‘Q@H&mme

In this reference frame, we assume that the bottom topography is parameterized by (see Figure 1)

Z(z1(81,82), 72(61,82)) = bo(&1) + (€1, &2),  ¢(&1,0) =0, V& €R.

Now, we rewrite the shallow water equation system (2.1) in this new set of coordinates. For that
purpose, we denote by

a(&1)
R(&)
o(&1)

R(fl))

the Jacobian matrix of the change of variables a=!(£;,&;) defined above. Note that, if o(£;) vanishes, i.e.
if the curve becomes a straight line, this Jacobian matrix simply becomes the matrix describing a rotation
of angle 0(&;) with respect to the Euclidean frame. We also set

o(&1)
R(&1)

For the change of variables to be bijective, we need |F| > 0. This is valid as soon as &2 < R(&1).
Assuming that |€2|/R(&1) > |F|m, we get 1 — | Fl,, < |F| < 1+ |F|m. This inequality is satisfied in the
usual context of a meandering river as represented by Figure 2. More generally, the inequality imposes
an upper bound on &, which may prevent us from considering a river with a strong lateral overflow,

oo (1-aFe)  —sinoe)

-7:(51)52) = A_1(§17£2) =

sin(A(&1)) (1 —& cos(6(&1))

|F|:=det(F)=1—-¢&



0'(&1) <0, ie o(§)=-1

0/(51) = 0, i.e. 0'(51) =0

0/(6) >0, ie. o(6) =1

© T(&1)

L2

Figure 2: Sketch of a meandering river viewed from above. The Frenet reference frame (T(&1), N(&1)) is displayed for several
values of 1. The left bank of the river is defined by & = E4, and the right bank is defined by {2 = Z_. Note that the vector
N(&1) always points towards the left bank of the river. The right meander, straight section and left meander respectively
correspond to 6’(£1) < 0, ¢’(£1) = 0 and ¢ (&) > 0.

unless the geometry specifically takes this situation into account. However, in this case, the flow becomes
two-dimensional rather than one-dimensional, which falls out of the scope of the current study.

We introduce the fluid velocity v = (v, v2) in the Frenet frame, defined by u = F(&1,&2)v. We denote
by A(z1,x2) the Jacobian matrix of the change of variables a(z1,x2). We then have the following chain
rules:

Lemma 2.1. For any vector fields z and v = Au, the differential operators transform according to
|.7:‘VX'Z:V§~(|]:|AZ), u~Vx:V~V§, VX:ATV£.

Let us rewrite (2.1) in this new system of coordinates. We first consider the mass conservation law.
According to Lemma 2.1, we get:

[Flhe = =|FIVx - (ha) = =V - (|[F|Au) = =V - (|F|hv).
We introduce the notation i = |F|h. The mass conservation law in this new system of coordinates reads



Let us now consider the discharge balance law. Using Lemma 2.1, we get

g|A~ v

Straightforward but tedious computations that AAT = diag(|]F|~2,1) and

vi  &R'(&) iy 2R(&1)
Av V¢ (A7) =v - Vev+T(v), where[(v) = R(&1) R(&)U% 520(51?]2{&;15)1)0(_516)23(51) —&
R(&1) R(&1)

The additional term I' represents centripetal forces. In this new reference frame, the shallow water system
reads:

Bt + (B'Ul)fl + (B'UQ)& =0,

guiV/IFPoi + 03

C(h,a(X))?

+ ﬁng/ _ 20"01’02
R |F|R |F|IR

(V1) +v1(v1)g; +va(v1)e, + |]_€|2 (h+2)¢ = —

_gvaV/|[FPvf + 03

C(h,a(X))?

(2.4)

2
v
(v2)e + v1(v2)es + v2(02)e, + 01 F| 5 + (A + Z)e; =

where the dependency in & of R(&;) and o(&;) is implicit.
The energy equation reads, in that setting,

(IF|E2p)e + Ve - <|f|v(E2D + ;gh2>) = gh (—v VZ - m>

or, equivalently, to highlight that the energy is only dissipated through friction:

1 2 _ 7 |A_1V‘3
(IF|(E2p + ghZ)), + Ve (If IV<E2D IRz )) G a7

2.2. Non-dimensional form of the system

Next, in order to study the quasi one-dimensional flow limit, we write the system (2.4) in a non-
dimensional form. For that purpose, we introduce the following reference scales and rescaled quantities,
denoted with a bar:

vl = U], vy =: V03, h=:Hh, & =:XE&, & =: Y&,

where U is the typical fluid velocity in the downstream direction whereas V is the typical fluid velocity
in the cross-stream direction. The height H represents the typical fluid height, whereas ) is the typical
channel width and X is a characteristic wavelength. We also introduce the typical time scale 7 = X /U.
The non-dimensional mass conservation law then reads

Y Ty . % y

(|FIh); + (|]-"|hv1)5 + E(|f|h’l}2)5 =0, with R, = 7, and R; = >

In what follows, we assume R, = R, in order to keep the mass conservation law unchanged. We also
take R =: RR, where R is the typical curvature radius found in the meanders of the river, and we set



In that setting, noting that ¢ is already a non-dimensional quantity, we have

(&)

F —l—R
71 “FeE)

We scale the bottom topography as follows:
&1 — = &1 & <= =
bo| = | =: Bb = 2= | = .
0(2( o(€), o 5 3 Ho(&r, &)
Note that the scaling parameter of the transverse topography ¢ is H, that is to say we take ¢ to be of the

same order as the water height h. According to Figure 1, this scaling is valid. Therefore, the rescaling of
the topography reads:

2(5-$) = Bh(@) + 496, ).

Note that the quantity h + ¢ represents the non-dimensional free surface of the water flow.
Finally, we scale the bottom friction as follows:

C(,Z,il,é;) =:CoC(h,&1,&).

The non-dimensional form of the shallow water system (2.4) therefore reads:

(F1R); + (IF|ht1)g, + ([Flhw)g =0, (2.52)

( ) +’01( ) +U2( ) +|f|R< 27 1_20"[12 +|?|Tp(h+¢)a
—1 { Ioby
(g )
| _ AR —
(T); + 71(3)= + 13(73) 5, + Lol P +R2F2( +0)5 = s gV IFI T+ Rt (250)

where R’ = R?ﬂ where we have set the scaling parameters

n=8 gouu s "1 g (2.6)
X c? X F? Uy
and where the dependency in h and £ of the friction law C' is implicit. The above non-dimensional parameters
correspond to the large-scale typical slope Iy, the friction slope Jy (which we assume to be different from Iy
in order to handle very low large-scale slopes, present for instance in estuary configurations), the long wave
parameter ¢ (which is small in the usual shallow water context), and the Froude number F. Note that the
equation (2.5) has been written using only the non-dimensional parameters Iy, Jo, d, F, R; and R,. These
six non-dimensional parameters are independent, and they characterize the scales under consideration.
To highlight the variations with respect to &, of the free surface h + ¢, we write the last equation as

J R?
(h+9); + R a|.7-'|F2U11% =22 22 7P + Reog? - RF?((@); + 11(B)g, + (1) ). (27)
. . P E T2 —2 22 FLQ
The non-dimensional form of the energy is Fop = > (|.F| U1° + R 02 ) Yk and the energy equation
reads
FiE Foli o Fal o - [FPu+ R
(\]:|E2D)z+vg' <|]-'|V(E2D + 2F2>) =572 (Iobofvl =6V -Vgd — Jo ! (721 2 , (2.8)



or, equivalently, to highlight that the energy dissipation comes from the friction term:

—  h(Ij— - — (—  h(Ij— - h
\FI( Bop + —5 | <00+ 6 + Ve [ |FIV| E2p + — Zho+ o+
2\ . A 2 29)
Jo = (F*0i° + Rye?)/? '
2 7R . :

In what follows, we will not revert back to the dimensional quantities. For the sake of simplicity in the
notations, from now on, the non-dimensional quantities will be written without bars.

2.3. Transverse averaging

Recall that the ultimate goal of these developments is to provide a suitable 1D section-averaged model
to approximate the full 2D system (2.5). To that end, we need to write an average of the 2D system over
the width of the channel. In what follows, we denote by =_(&1,t) < E4(&1,t) the positions of the edges
of the river. Either the channel is walled, and the river sides are the same as the given channel sides, or
the channel does not have walls, like in Figure 1. In this second case, =_ and =, are defined implicitly as

solutions of
h(&1,2-(&1,1),t) =0, h(&1,24(&1,1),1) =0, V>0, V& eR.

These are smooth functions of & and ¢ as long as ¢¢, (&1, 24 (&1,t)) # 0. This assumption is satisfied in the
usual channels, for instance those with a trapezoidal or a triangular section. From now on, we consider this
assumption to be satisfied. As a consequence, averaging the 2D system across the width of the channel
consists in integrating the governing 2D equations between =_ and =, . Note that it is possible to define
the centerline of the channel such that =_ = —Z,. However, for the sake of generality, we do not make
this assumption in the forthcoming developments. ~

We now apply this integration procedure to the equations (2.5a), (2.5b) (multiplied by h) and (2.8), i.e.
the mass, z-discharge and energy equations of the non-dimensional 2D shallow water equations, to get:

e = (2.10a)
Ey 9 i /E+ i i /E+ R/(&) )
Q: + ( . hvj le2>5 + 2 - | |2 (h + ¢)51 dés + R(fl) _ hot ( €av1 R(fl) 200y ) dés
1 2.10b
b [ e [ P EETRE
:_W/“ Wbod&_ W/: 02 dé,
= =, 2
- t - E ¢ / (2.10c)
1 (=8 JT_' 2,02 + R2v2 5/0
- W/E ]:|h(—fo U1 —5V-V§¢—J0(| "o & iv3) )d&’

where we have defined the wetted section S and the average discharge @ by:
Bt

S = hd¢, and Q:/j+ﬁv1d§2. (2.11)

3. Asymptotic expansions

We have exhibited a natural parameter in the system, which we denote by
OF?
€= —.
Jo
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Recall the definitions of §, F? and Jy, given by (2.6) with respect to the scaling parameters. We note
that F?/Jy is a non-dimensional number which does not depend on the flow velocity U, and therefore it is
purely geometric. Then, the definition (3.1) of € reduces to

C2
e= 2.
gX

Note that C2/g has the dimension of a length. Therefore, the parameter € is nothing but a geometrical
term linking the friction scaling with the typical wavelength.

In this section, we expand the fluid velocity field, in the case where ¢ < 1, F? < O(1), I < O(1),
0/Jo < O(1), and in the quasi-dimensional setting R; = O(e). Note that the condition R; = O(¢) is a
geometric hypothesis, and it is satisfied in the regimes under consideration. We first consider the transverse
equilibrium and show that, asymptotically, the free surface is horizontal. Then, we consider the zeroth-order
longitudinal equilibrium where the flow is dominated by the competition between the gravity effects and
the bottom friction, and for arbitrary meanders, i.e. R, < O(1). Afterwards, we go a step further in the
case where R, = O(e) to exhibit the complete first-order asymptotic regime. Finally, we compute the
first-order surelevation of the free surface for a meandering river.

We can justify the regime e < 1 as follows. Usually, the friction scaling C? will be defined according
to the Manning-Strickler law, to get C? = K2H*/3. For standard values of K, around 30m'/3.s!, #
around 2m and ¢ around 10m.s™?, we show that & ~ % = 1000. Therefore, in the configurations of
interest, the parameter € will be considered small as soon as the typical wavelength X is large enough with
respect to roughly 100H. Moreover, according to the definition (3.1) of €, we get £ ~ 1000 is equivalent
to F?2 ~ 100.Jy, which means that F? should be small enough with respect to roughly 100.J, for € to be
small. Furthermore, we will consider the geometric hypothesis R; = O(g), which here means that ) should
be small enough with respect to 100 for € to be small.

The main goal of this section is to provide asymptotic expansions of the quantities that will be used in
the forthcoming 1D models. Therefore, we exhibit expansions of the free surface h + ¢ and of the average
discharge @ with respect to the scaling parameters. Over the course of the section, we prove that

Q(fl,t) = Q(O)(§17 t) + SQ(l)(gh t) + 0(62)a
(h+ @) (&1, &, t) = H(Ey,t) + FPAH (&1, &,t) + O(eF?),

and we exhibit explicit expressions for Q(®, QM) and AH.

Note that Q@ and Q) + Q™) respectively give models of kinematic and diffusive waves, respectively
defined by S; + Qg) =0and S; + (Q(O) + eQ(l))gl = 0. These models will be nonstandard. Indeed, the
standard models are given by

Se+( 590‘2[,)51 =0 for the kinematic waves model,
S+ ( g)v)v + EQ(slxzv)El =0 for the diffusive waves model,

where ng&, and Qg&, are the zeroth- and first-order averaged discharge rates for the classical 1D shallow
water system (1.2) with 8 = 1. They are given, in non-dimensional form, by

(0) (0) y2 SH,
QW =sen(@)v/Tcsw and QG = _ggvzv ((Qéov)y)t + <(QSSW> > + ) (3.2)

3.1. Zeroth-order expansions

In this first part of Section 3, we consider a river with arbitrary meanders, i.e. R, < O(1).The goal is
to exhibit the zeroth-order asymptotic expansion in ¢ satisfied by the unknowns of the system.

11



3.1.1. Transverse equilibrium
In the asymptotic regime under consideration, the equation (2.7) for the free surface elevation reads

) SF? 5 SF? SF? 5
1 - =
Jo(h+q>) (J R, +R< + 7 >) O( 7 R, +R>

In this framework, there exists a new unknown function H(&;,t), which corresponds to an average free
surface, such that

) )
7 (h(&1,&,t) + 6(&1,&)) = jOH(glvt) + O(en), (33)
where we have set
o
Jo
Thus, the asymptotic expansion (3.3) means that the free surface h + ¢ is flat (that is to say, it does not
depend on &) up to O(F2Ry).

£y = R, + R? =0(e) < 1.

3.1.2. Longitudinal equilibrium
Let us now carry out an asymptotic expansion of the fluid velocity field (vq,v2). The longitudinal
discharge equation (2.5b) can be written as

8 (h+ d)e, N Iy b +vm/|}"\20f+Rl2v§

Jo VP ol FP c

_E v v1\U V2|V va §2Rl(§1)'l] — U
=5 (0 o+ s (S - 22) )

(3.4)

For the sake of clarity, we introduce the notation

SF?
E=— — (1 +R)+ R =0() < 1.
0

Recalling the definition (3.3) of the average free surface H, the equation (3.4) reads, in the asymptotic
regime under consideration, as follows:

1 /1 0 F
|f|2( T+ 5 He )+ 'gg'“l‘ 0(d). (3.5)

The equation (3.5) is nothing but the definition of a uniform flow (see [6], Chapter 5), where the topography
and the friction are balanced. Assuming the asymptotic expansion

vi(€1, €2,t) = 010 (€1, 2, 1) + O(E)

on the longitudinal velocity, the equation (3.5) can be solved, to get

Mey C(& & HED - 06.6))

, 3.6
et = RE . &) (36)
where we have defined the corrected slope
1 )
Al ) = = 20(&) = - He, (61,1) (3.7)

Jo
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The corrected slope A, rather than the main longitudinal slope by(&;), is involved in all asymptotic
expansions. The global gravity effects, both stemming from the slope of the topography and the slope of
the free surface, are merged in A. Let us remark that the choice Iy # Jy, here, allows us to consider a
flow driven mainly by the free surface slope in the case of a channel with a very weak slope (a situation
encountered for instance in an estuary). Note that we need A = O(1), i.e. to make sure that A does

not contain any term in O(1/¢), for the asymptotic expansion 1)50) to be well-defined. According to the
definition (3.7), a sufficient condition for A = O(1) is to impose % = O(1) and J% = (O(1). This means that
the friction slope should not be much smaller than the topography slope. In addition, in the specific case
where Iy # 0, this also means that % = O(1), which is yet another purely geometric condition, rewritable

as % =0(1).
From this expansion, we can deduce an expansion of the transverse velocity vo by writing ve = véo) +0(é)

and using the mass conservation law:
7Oy _ _7 (7.0 =
(hv2 )52 = —ht (hv1 )51 + O(é).

Then, we get
&2

ng)) (513527{;) = _/
E_(&1,5t)

Finally, note that the width-integrated longitudinal discharge @ also satisfies Q@ = Q©) 4+ O(&). Arguing
the definition (3.6) of U%O), we get the following expansion:

(ﬁt — (fwgo))&l) (&1,m,t)dn + O(E).

+ =+ |F|hC
QO = / Wl dey = | V/[Alsen(A) 2=
= V17

Noting that A does not depend on &, the definition of Q(®) can be simplified as follows:

dés.

=+ hC
Q) = \/]A|sgn(A) ﬁdﬁz

Note that Q(®) depends only on geometric quantities and on H. Since Q(®) comes from the definition

(3.8)

of v§0)7 which stems for the definition (3.5) of a uniform flow, it turns out that Q(©) represents the averaged
discharge of a uniform flow. The expression of Q) gives the discharge of a uniform flow, and it will
therefore be used in the definition of the averaged friction term in the model developed in the next section.

(0)
3

Moreover, the kinematic waves model S; + Q¢ = 0 turns out to be nonstandard as soon as He, £ 0.

Indeed, in usual kinematic waves models, Q(®) given by (3.2) depends on H, see for instance [16]. Here,
because of A, Q(® depends on both H and He,. Since we consider that the effects of the free surface slope
are relevant, it makes sense that these effects appear in the kinematic wave approximation.

3.2. First-order expansion

So far, we have provided a zeroth-order expansion of the unknowns of the problem, with respect to ep
and €. Let us now consider the next order. If we consider the general case R, = O(1), going further to a
first-order expansion of the longitudinal velocity would be troublesome since, in this case, eg = O(g). As a
result, we would get a term in eRR, in the first-order expansion of H, which would make the computations
barely tractable.

Therefore, we first consider the case R, = O(e), i.e. that of a weakly meandering river. In this case,
we derive the complete first-order expansion of the flow, that is to say we compute the first-order free
surface and longitudinal velocity. Note that the hypothesis R, = O(¢) is nothing but a geometric condition,
satisfied as soon as the river is not strongly meandering. Then, we go back to the case R, = O(1), but only
to compute the first-order surelevation of the water surface.
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3.2.1. Weakly meandering case: free surface and longitudinal velocity

Let us consider a weakly meandering river, given by R, = O(¢). Therefore, since we still have R; = O(e),
we get e = O(e?) and & = O(e). In this context, we are able to write a tractable first-order expansion of
the longitudinal fluid velocity.

By rewriting the equation (3.4) and by taking into account these asymptotic expansions, we get:

F| (2[00 ] = v1]or])
02

:5((vl)t+v1(v1) + va (V1) >+O( ?).

Therefore, if v; = vg )4 511 )4 O(e?), we immediately obtain:

U§1) _ _|J:|22/1(§0) <(’U§O))t _H)go) (Ugo))El _H)éo) (U§0))€2>_ (3.9

Equipped with the above formula for v%l)

of Q, defined by Q) = f;f fw%l) d&s. Using the chain rule, arguing the mass conservation equation and
performing straightforward computations, we get

QU /:“ ff(ﬁ(u?)f)td@/j'ﬂz(ﬁ(vi”)g)& 6.

Remark that |F| = 1+ O(e). Therefore, the following expression of Q) is equivalent to the above formula,

up to O(e):

31

, We are now in a position to compute the first-order expansion

Note that, like Q©, Q™) only depends on geometric quantities and on H (through v§0)). In addition,
note that the diffusive waves model S; + (Q® +eQ™)¢, = 0 also turns out to be nonstandard, like the
kinematic waves model. Here, Q") depends on H, on Hy, through A, on He,¢, through A¢, and on He,¢,¢,
through A, instead of only depending on H and Hy, like in (3.2).

3.2.2. Strongly meandering case: free surface surelevation
We now consider a strongly meandering river, where R, = O(1). We still assume R; = O(g). Therefore,
the free surface equation (2.7) reads as follows:

1) v}

—(h+ @)¢, + Ryo|Fle—L = O(eF?).

Jo R

We once again introduce the average free surface H = H(&1,t), to write:

)

1P
JO(thd)) —H /R0|]~"| Ldn+ O(eF?).

Since v1 = U1 )+ O(e), where vgo) is given by (3.5), we define the water surface surelevation AH (&1, &2,1)

as follows:

]

s &2 o
- (h+¢) = —H+eAH + O(¢F?), where AH = — |A| / mg dn. (3.11)
0

Jo

By inspection, we note that AH vanishes as soon as the river is straight, i.e. when ¢ = 0. In addition,
since the only quantities whose sign is nonconstant are {3 and o, we note that the sign of the free surface
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surelevation AH given by (3.11) is the same as the sign of —o&;. According to Figure 2, this relation
means that the water surface is higher on the side of the river opposite the meander, and lower close to
the meander. Indeed, it stands to reason that the centrifugal force within the meander will drive the flow
towards the outer region of the meander. This behavior is consistent with the experiments and subsequent
open-channel hydraulics models (see for instance [6], Page 447).

4. Zeroth-order two-equation model for a strongly meandering river

In this Section, we assume that the river is strongly meandering, meaning that R, < O(1), and we
derive a 1D section-averaged model which is consistent up to O(e) with the 2D shallow water system. The
variables of this new model should only depend on ¢t and &, although an underlying 2D dependency will
remain for known quantities (e.g. the shape of the channel or the friction distribution).

We start with the section-averaged mass and a-discharge equations (2.10a) — (2.10b). The mass
conservation equation is already written in a 1D form, with the 1D variables S and ), and there is nothing
further to do. To get a zeroth-order model, the discharge equation of the 1D model must be consistent
with (2.10b) up to O(1), since (2.10b) contains 1. In this context, since A does not depend on &, the
equation (2.10b) rewrites as follows after multiplying by € and rearranging the terms:

=4 iL =4 Flh =,
A/a, Fackeiln /a, % e </~ i d£2>£ +0(e). (4.1)

The higher-order terms of the above equation correspond to the geometry and friction terms, and they lie in
its left-hand side. To write a fully 1D model, we need to replace the integrals involving the 2D variable vy,
which depends on &3, by truly 1D consistent approximations. Therefore, the first step to writing a model
with 1D variables is to derive a friction model, consistent up to O(g).

We wish to approximate the left-hand side as follows:

S+ h =+ | Flho v
A [ e [ R g — s, - 5 +000) (4.2
= |7l = C
where S,, is defined by L
=t h
S 1= —— d&o,
L e
and where .J,,, is a 1D friction model, which we take according to the usual hydraulic engineering expressions:
Sl
" (Ch)ERRS?

where (C})m is a 1D friction coefficient whose expression will be computed to ensure consistency.
Combining (4.1) and (4.2) with the expression of J,,, we obtain that the following equality has to be
satisfied by the friction coefficient (Cp,)m:

]

7(6%)3,13;152 + O(e).

Since we also want to ensure @ = Q(®)4-O(¢) for our model to be consistent, we can replace Q with Q(®) (given
by (3.8)) in the above equality, to choose the following friction coefficient:

- 2
0)1(0) 1 E+ 0
h h == VIFl

(4.3)
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Note that, despite the expression of Q(©) containing the differential term He,, present in A, the resulting
friction coefficient (C}),n, does not contain any differential terms. It is therefore a suitable component of
the friction source term. We also note that the 1D friction model reads as follows:

QlQ| =t he
Im Q(o Q)] Q|Q|< - ﬁd&) . (4.4)

The discharge equation (4.1) then rewrites:

&1

The A in the source term contains the differential term H¢,, which should be contained in the flux.
Introducing the longitudinal slope Z as

Iy
Jo

we note that A = 7 — HEn and we are thus able to regroup the differential terms in the left-hand
side of (4.5). Flnally7 by analogy with the classical shallow water system in (S, Q) variables, let us

7= 2oy,

approximate fE_ hv1 d&s with £ -, which is valid up to O(1). The complete zeroth-order 1D model for a
meandering river thus reads:

St + Qm =0
Q: +(Q2> MELCE. és(z— Tnn)- (4.6)
&1

S F?

This is the canonical form of section-averaged shallow water equations found in the literature: see
for instance [6, 27] and references therein. We removed O(1) terms accounting for the influence of the
meandering in order to get a simple formulation of the shallow water model. However, the form of the
source term ensures the consistency of this shallow water model up to order O(e) with the 2D shallow
water equations, which is far from being obvious for other similar models. By construction, our model
conserves the fluid mass and is consistent up to O(g) with the 2D model in the asymptotic regime under
consideration. In addition, its homogeneous form is hyperbolic, by analogy with the classical shallow water
model in (S, @) variables.

Thus, the complexity of the model does not lie in the form of the equations (4.6), which are nothing
but the classical mass and discharge equations of the usual section-averaged shallow water equations.
Rather, the complexity is in the expression of the friction model 7,,, and more specifically in the friction
coefficient (Ch).m, given by (4.3). For U-shaped channels with uniform friction, straightforward computations
show that this friction coefficient is equivalent to the usual hydraulic engineering ones. For a non-uniform
geometry or friction, this zeroth-order coefficient gives a new formula to derive a 1D friction model. In any
case, this friction coefficient ensures that the uniform and stationary flows are correctly captured by the
model (4.6).

Even though this model does not capture the first-order variations of the section-averaged discharge, it
is able to take into account the water surface surelevation. Indeed, from the definition (2.11) of the wetted

section S = fEEj hdés, we get:

o= H/:+ [ Fldé> — /:+ | Fl¢dg + F? /:+ | F| AH dé; + O(cF?), (4.7)

where the surelevation AH is given by (3.11). All the terms in the above equality are geometrical, so it is
possible to compute S from H and H from S up to O(eF?). However, in general, the computations require

16



a nonlinear solver since AH depends nonlinearly on H. Let us note that, for a U-shaped channel, the
following equality holds:

R,
|FIAH = _Gf |A|C(H) &s.

Thus, we immediately get, for a U-shaped channel where =_ = —Z= |

=4
/ |F|AH d&y = 0.

The wetted section given by (4.7) is then very easy to compute for a U-shaped channel. Furthermore, tests
made on several channel shapes (circular, trapezoidal, ...) have all shown that the f;* |F|AH d&s is
always very small. It should therefore be safe to neglect this term even for non-U-shaped channels. As a
consequence, the 1D model (4.6), despite being only zeroth-order accurate on the averaged discharge, is
able to compute the water surface surelevation up to first-order accuracy with an a posteriori treatment of
the zeroth-order free surface.

5. First-order four-equation model for a weakly meandering river

We now assume that the river is weakly meandering, meaning that R, = O(e). The goal of this section is
to derive a suitable 1D model, consistent up to first-order (i.e. up to O(¢?)) with the 2D system (2.5) — (2.8).
Similarly to the strongly meandering case, the variables of this new model should only depend on ¢ and &;.

To that end, we start with the section-averaged system (2.10), and we introduce a relevant friction
model as well as new 1D variables. Then, we propose an Euler-like four-equation model to satisfy the
asymptotic regime under consideration. Finally, we exhibit some mathematical properties satisfied by this
new system.

5.1. Consistent section-averaged system

To consider a first-order model, we set the forthcoming developments in the context of Section 3.2,
i.e. we assume that R; = O(¢) and R, = O(¢). In this case, we have |F| =1+ O(R,) =1+ O(e), and
thus h = h + O(e). These remarks allow us to write the following asymptotic expansion of the integrated
system (2.10):

Sy + le =0, (5.1&)

Qi+ (/; hv%d&) :i<A/;+|J_Eh2d§2_/;+f|’g2llmd&> L 0@ (5.1b)

&
(30 [P e} o, e

=1 =1 1
(/: 2hv§d§2>t+</5 Qhﬁ’dfg)EE 7

These equations can be rewritten to introduce the so-called velocity-distribution terms « and 3, see
for instance [6], Page 27. The Boussinesq coefficient S is a correction term in the discharge flux, and the
Coriolis coefficient « is a correction of the energy flux. These non-dimensional coefficients are defined as
the following ratios:

Bt Bt Bt +
/ hv? dé, / hv? dé, / hv? dé, / hv? dé,
B = — = == and o= == === . (5.2)

1 = 2 Q2 1 = 3 Q3
S(/: 7w1d§2> 5 52</: 7wld£2> 5
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Introducing the averaged velocity U defined by @Q = SU, the system (5.1) can thus be rewritten with the
velocity-distribution coefficients, as follows:

St+ Q¢ =0,

S+ h S+ |]:VL7)1|’U1|
MO gmde- [T ) o).

1 ) 1 ) 1 =+ hoy | FPoy o |
<265U >t + (QaSU >& 6(AQ— /s, — @ d&) + O(e).

Usually, the terms « and § are given an empiric constant value, which depends on the shape of the
channel (see [6], Page 28). Instead, we consider these terms an unknowns in the forthcoming developments,
and we provide analytic expressions for their asymptotic expansions.

The goal of the remainder of this section is to propose a 1D model that is first-order accurate with
respect to the small parameter €. That is to say, contrary to Section 4 where we had the zeroth-order
expansion Q = Q¥ 4 O(e), we now wish to recover a higher accuracy: Q = Q) + QM) 4+ O(e?).

In order to address this issue, we first consider a zeroth-order approximation of the discharge equation,
like in Section 4. This approximation is obtained by defining a relevant friction model. Equipped with this
friction model, we turn to providing a consistent approximation of the energy equation up to first-order
in . Finally, we propose a conservative form of the proposed first-order system.

1

Qu+ (B5U%) = i(

5.1.1. The friction model

In order to get a 1D system from the integrated equations (5.1), we introduce a model for the friction
term, consistent with the standard engineering ones. Starting with the discharge equation (5.1b), we seek
a 1D friction model that is consistent with the 2D friction term up to O(g). We now proceed in a similar
way as in Section 4. Noting that a zeroth-order expansion of the integrated discharge equation (5.1b) reads

as follows: _ B ~
By 1 = Flh
Qi+ ( % d@) - (As -/ 'gﬁ;'“ldfg> +o(),

&1
we therefore seek C}, such that

= | Flh
/E_ %d@ - SC}%?'SZ +0(e) = ST + O(e).

0)1(0)
Like in Section 4, it is sufficient to choose C} such that A = 7%2 Il{?sz‘, and we get the same friction
hith

= e\
/E _ md&) . (5.3)

We then rewrite the discharge equation (2.10b) as follows:

coefficient:

CQZQ‘O)IQ@I: 1
h RpS2A RS2

Qi+ (/_Z+ ho? d§2> - ésm — 7 +0). (5.4)
= 31

The term A of this equation contains the differential term H¢,, which should be included in the flux rather
than in the source term. This discrepancy will be dealt with in a later Section.
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Let us note that J does not contain any differential term coming from A, even though A contains He, .
Indeed, since C}, is given by (5.3) and Q(®) is given by (3.8), we obtain the same friction term (4.4) as in
the strongly meandering case:

_ —2
QlQ e
J = AM = Q|Q)| (/E ﬁ df2> . (5.5)

5.1.2. Consistent energy equation

The discharge equation (5.4), thanks to the friction model (5.3), correctly recovers the zeroth-order
asymptotic expansion Q = Q(® 4+ O(e) when € — 0. As a consequence, plugging this friction model into
the classical shallow water system would be sufficient to ensure the accuracy of this asymptotic expansion.
However, we wish to go one step further and actually get accuracy up to the first-order asymptotic expansion

Q=QY +:QW + 0(?), (5.6)

where QW) is given by (3.10). The mathematical structure of the discharge equation is well-understood and
ensures essential properties, such as hyperbolicity. Therefore, we do not wish to modify this equation. To
address this issue, we elect to add a new equation to the model. Indeed, we choose to deriving a suitable
approximation of the integrated energy equation (2.10c) in order to achieve the more accurate first-order
approximation of the averaged discharge. Such an approach was already suggested to derive consistent
shallow water models for thin film flows down an incline [17].

In order to mimic the structure of Euler equations for numerical simulation purpose and ensure a
good mathematical structure, we search for an averaged energy equation that could be derived from the
momentum equation. Thus, we search for a source term in the energy equation that is the product of the
source term in the momentum equation with the discharge rate. The source term of this new energy balance
law, plugging the asymptotic expansion (3.8) — (3.10) into the expression (5.5) of the friction model 7,
satisfies:

1
~QMA - 7) = -20QW + 0(e).
Since QM is given by (3.10), the new energy equation reads

(; /_ T d52> + (; /_ o d@) = 2Q(A - )+ (). (57)

- &1

This energy equation is consistent with the averaged energy equation (5.1¢) up to O(g).

5.1.8. Final conservative form of the integrated 2D system
Thanks to the friction model (5.3) and therefore the equations (5.4) and (5.7), the system (5.1) rewrites:

St + Q§1 = 07
Qi+ ( [ g d@)6 = 25(0- )+ 0), 655
1[5, 1[5, 1
3/ hvidé | + 5| hvy d€s = EQ(A—j)—&—(’)(e).
=- t =- &1

Compared to the integrated 2D equations (5.1), the momentum equation has a O(1) deviation and the
energy equation has a O(e) deviation. Nevertheless, these deviations are enough to ensure that the
asymptotic expansion of @ is satisfied up to O(e2): we get Q@ = Q®) + Q™ + O(e?) when £ — 0.
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Note that A contains the space derivative H¢,. No differential term should remain in the source; rather,
they should be regrouped in the flux to get a good mathematical structure. Since A is given by (3.7), the
system (5.8) is equivalent to

St + QEl = 07
Qi+ (/ ot d@) + 38 = s - )+ o), 659)
=- &1 ’
1[5, 1[5, QHe, 1
(2 ‘/Ei h’l)l d§2>t + (2 ‘/Ei h’Ul d§2>§1 + 2 = EQ(I_ j) + O(E)

The above system can be recast under a conservative form. Let us define the width function L(&, 2)
such that S = fOH L(z) dz, see Figure 1. First, note the following chain of equalities:

SHe, _ He " Lo Lo hy _ plat
F21 = F21/0 Ldz = ﬁ/o (H —2)Ldz 5 ) (H = z)L¢, dz =: Pe! — P,
1

where P is the hydrostatic pressure and P! is the lateral pressure, see [28]. In addition, remark that

He,  HS, + (HQ)e, 1 " vt
QF;_ +F(2 Qe <F2/0 zLdz>t+<F2</O HLdz)) =&+ (U(E + P"))g,,

S

where £ is the potential gravity energy, and where the averaged flow velocity U is defined by U = @Q/S.
Therefore, the system (5.9) reads:

S+ Qe, =0, (5.10a)

Qt+<Phy+/EE

(g ' / et d§2>t + (5 PPy / e? ng> = Q- 7)+0().  (5.100)

= = &1

: hv? d§2> = plat ¢ %S(Z —J)+0(1), (5.10b)
&1

The above equations are written under the form of a system of balance laws, where no differential terms
subsist in the source term. They are consistent with the width-integrated equations (5.1) and they ensure
the first-order asymptotic expansion of the discharge Q@ = Q(®) + Q™ + O(£?) when £ — 0.

5.2. An Euler-like model

We now wish to recast the above 1D system under an Euler-like formulation to eliminate the integral
terms and to ensure relevant mathematical properties, such as hyperbolicity. We first introduce a relevant
energy and pressure. Then, we add a fourth equation to the model to account for the temporal variations
of the pressure. We briefly recall the classical form of the 1D homogeneous Euler system, describing fluid
dynamics:

St + (S’U)g1 =0,
(SU): + (SU® + P),, =0,
Ei + (U(E + P))e, =0,
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where U = Q/S is the velocity, E is the energy and P is the pressure, usually given by a pressure
law P(S,U, E). A well-known example of a pressure law is the ideal gas law, defined by

SU?

P=(y-1) (E— ) with v > 1. (5.11)

5.2.1. Introduction of an energy and a pressure

The mass conservation equation (5.10a) is exact and similar to that of the Euler system, so no work
needs to be done on this equation. Next, consider the discharge balance equation (5.10b). To recover an
Euler-like formulation, we introduce a pressure P such that

+ .
SU2+P:/ hv? déy + P, (5.12)

As a consequence, it is natural to introduce a new variable ¥, the so-called enstrophy (see for instance
[23, 26, 24]), which corresponds to the variance of the velocity with respect to the mean flow. The enstrophy
¥ is therefore defined as follows:

E+ -
ST = / ho? dg, — SU?. (5.13)

The pressure P defined by (5.12) becomes
P =P" 4 S,

By inspection of the time derivative within the energy balance equation (5.10c¢), we propose the following
natural definition of the energy:

1 1
E=¢&+-SU?+ -9V,
2 2
such that the time derivative is applied to E. To take care of the spatial derivative in this equation, we

introduce the variable II, taking inspiration from the definition (5.13) of U:

1[5+
SH:EL hv? déy — SU?.

In order to better understand the roles played by the new variables ¥ and II, let us rewrite each of
them as a single integral. Straightforward computations yield the following expressions:

[11

+

h(v — U)2<2 + ”—Ul) dés.

E+ -
SU = / h(vy — U)? déy and ST = /

The enstrophy W accounts for the vorticity of the flow in the cross-stream direction: it is the variance of the
fluid velocity u in the cross-stream direction. The variable II plays the role of and will be referred to as a
potential. Additionally, recall the expressions of the Coriolis coefficient o and the Boussinesq coefficient 3,
defined by (5.2). Straightforward computations show that we can rewrite the enstrophy and potential as
follows:

Sv

SII
m:ﬂfl and W:af].

Recall that & > 1 and 8 > 1 in the literature (see for instance [6], Page 29), where the equality case
corresponds to a uniform cross-section. We thus get that ¥ > 0 and II > 0, and that these quantities
vanish in the case of a uniform cross-section.
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According to these definitions, we suggest the following fully 1D model to replace the averaged 2D
system (5.10):

St + Q§1 = 07
Qi+ Q—2+P —Plat+15(zfj)+0(1)
" S . = - ) (5.14)
Q 1Q 1
E, + <S(E + P))}51 + (QSS(H - 3\1/))51 = gQ(I —J)+ O(e).

At this level, we focus on the homogeneous part of the model (5.14), in order to obtain a hyperbolic system.
Recall that both F and P contain the enstrophy W. Therefore, the enstrophy is a natural variable of the
model (5.14). However, a rule to compute the potential IT is still missing to close (5.14). The goal of
section 5.2.2 is to propose such a rule while ensuring that the system becomes hyperbolic. Afterwards, in
section 5.2.3, we will further modify the system to ensure the required asymptotic expansion (5.6).

5.2.2. A four-equation Euler-like model

The time evolution of the potential IT is not prescribed by the three-equation system (5.14). Therefore,
we need to add an equation to this system, whose time derivative will have to contain II. In addition,
compared to a classical Euler system, the energy equation of (5.14) has an extra differential term. To treat
this term, let us denote by e the following quantity:

1
e= §S (I — 37).
It becomes natural to add to the system an equation prescribing the time evolution of e. For the sake of

simplicity, we choose to add the equation e; = O(1). Adding this equation to the system (5.14) yields the
following four-equation model:

St + QEl = 07
Q* 1
Qi + <S+P> =P+ -S(T-J)+0(1),
3 c (5.15)

(E+e)+ (g(E+e+P))£ = %Q(I—J)Jr(’)(e),

€t = 0(1)

The homogeneous part of the first three equations of this model correspond to an Euler model with
energy E + e, where the variable e plays the role of an internal energy. The choice of the stationary
wave e; = O(1) easily ensures the hyperbolicity of the four-equation system (5.15). Indeed, its characteristic
velocities (i.e. the eigenvalues of the Jacobian matrix of the flux function) are given by:

S
0, U, U+, ——+—+1IL
FPL(H)
It would have been possible to choose another equation for e;, but the hyperbolicity of the system would
not have been guaranteed.
The structure of the homogeneous part of the system (5.15) mimics that of the classical Euler system
with an additional stationary wave. In this context, the pressure law is

1 1 [
P(S,U,E) =2E — SU? + P —2£ =2 (E — QSUQ) + 73 / (H — 32)Ldz=.
0
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Remark that the non-geometrical terms of this pressure law are similar to the usual ideal gas law (5.11) of
the Euler system of gas dynamics. Also, note that, by definition of e, ¥ and II, we get

Bt

1
e = QS(H S\IJ U h U1 dfz,

and the internal energy e is nothing but the third-order moment of the velocity. Finally, remark that the
total energy F + e has a physical meaning. Indeed, we have

1Q2
2 1 S+ 1 = 3
=5+§SU +§/: R )d£z+@/ By — V) dea.

Therefore, the total energy corresponds to the sum of the potential energy, the kinetic energy, and the
quadratic and cubic errors with respect to the averaged velocity U.
For future reference, let us also write the system (5.15) in the set of variables (5, @, ¥, II):

St+Qfl 207
Q-+ (?; rsv) + 3 15@— 7)+0(),
&1
1Q? Q1@ QHe, 1 (5.16)

1
(S(H — 3\I/)> =0(1).

2 t
At this level, the above system is hyperbolic but it does not recover the required asymptotic expansion
(5.6). The goal of the next section is to calibrate the O(1) in order to recover (5.6).

5.2.3. Consistency of the new model with the asymptotic expansions

n (5.16), the zeroth-order asymptotic expansion of the discharge @ is satisfied by construction of the
discharge equation, see Section 5.1. However, we also wish to recover its first-order asymptotic expansion,
from which the energy equation of the model (5.16) is based. To that end, we necessarily need to ensure
the zeroth-order asymptotic expansions of ¥ and II for the left-hand side of the energy equation to be
consistent with the asymptotic regime. Therefore, the following asymptotic expansions on the discharge,
enstrophy and potential have to be satisfied by the final four-equation model:

Q=09 +:QW +0(?), v=094+0>) and =10 +0O(). (5.17)
To write the expressions of ¥(® and II(?) in a more compact way, we introduce the following simplified
notation: .
M= [ ()
Using this notation, we immediately obtain S = Mg and Q(©) = /|A|sgn(A) M;. In addition, straightfor-
ward computations yield the following asymptotic expansions for ¥ and II:
M3 MoMs M3
STO = |A|( My — =L d  SHO = p|( 2= - L), 5.18
A(M= ) A - T (515)
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As expected, in a U-shaped channel, these two quantities vanish. Note that, like the asymptotic expansions
of Q, we get that U(©) and II(®) only depend on geometric quantities and on H.

To ensure the asymptotic expansions (5.17), we suggest the introduction of new source terms in the
model, designed to relax the enstrophy and the potential towards their respective zeroth-order expansions.
These source terms cannot be added to the energy equation, since its current form is necessary to recover
the first-order approximation of the discharge.

In addition, the new relaxation source terms shall have to be independent of A, since A contains He,.
Therefore, the naive choice which consists in simply adding a source term under the form %(\I/(O) —U) is
not advisable, since (9| given by (5.18), contains A. This remark also holds for 1. To address this
issue, we mimic the way the friction term J was defined to introduce Jy and Jpp, given by:

v N4 I I
According to the definitions (5.18), Jy and Jp are indeed independent of A. In addition, we have
replaced sgn(A) with sgn(Q) since sgn(A) = sgn(Q(?)) = sgn(Q) for small enough .
Then, we add the following relaxation term to the discharge equation:

v
g0

SHe,
P2

i_SKlA<1 ) = éSKl(A—j\p) = éSKl(I—J\p) - K, (5.19)
where K3 is a nonzero function of S, @), ¥ and II, to be determined. This term ensures that ¥ relaxes
towards ¥(®) when € goes to 0, whatever the value of K1, but it adds a differential term in He, .

We now have to relax IT towards II(?) when e goes to 0, using only the fourth equation of the system.
To avoid adding another differential term in H¢, and to retain the stationary wave, we add the following
relaxation term to the fourth equation:

1 v 11 1
EQK2A<\II(O) - H(O)> = EQK2(t7\I/ - jw)a (5-20)

where K5 is another nonzero function of S, @), ¥ and II, to be determined. Let us emphasize that, for
all K7 # 0 and K, # 0, the additional terms (5.19) and (5.20) respectively relax ¥ towards ¥(®) and II

towards T1(0).
We thus modify (5.16) as follows:

S+ Qe, =0, (5.21a)
2
Q; + (% + sm) +(1+ Kl)Sfjl = 1S(I - J + Ki(Z - Jv)), (5.21b)
& <
1Q* 1 Q(1@* 1 QHe 1
(2S+2S\If>t+ (S <25+2SH)>£1 + = QI -T), (5.21c)
(;S(H - 3‘If)> = éQKz(Jm — Jn). (5.21d)
t

Note that we have added relaxation source terms in O(1) in the discharge and internal energy equations,
which is consistent with what was prescribed in (5.16). Since (5.21) is the final model, up to the choice
of K and K>, we have now removed the O(1) and O(e). The above model is equivalent to the following
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one, obtained by introducing A back in the system:

St+ Q¢ =0, (5.22a)
Q* 1
Qi + <S +sq/> = -S(A =T + Ki(A = Jw)), (5.22b)
&1
1Q? 1 Q/1Q* 1 1
(25 + st>t + (S (25 + 2311))@ = -Q(-7), (5.22¢)
(;S(H - 3\I/)> = %QKz(Jqu — Jn). (5.22d)

t

To summarize, from the zeroth-order asymptotic expansion of the energy equation (5.22c), we imme-
diately recover A = 7, and thus Q = Q(®. Then, from the zeroth-order asymptotic expansion of the
discharge equation (5.22b), we get A = Jy, i.e. ¥ = W) Afterwards, the zeroth-order expansion of the
internal energy equation (5.22d) ensures that A = Jr1, which yields II = 1. Thus, the three required
zeroth-order asymptotic expansions are recovered. In addition, it turns out that the first-order expansion of
the energy equation (5.22c) instantly recovers the correct formula for Q™). Therefore, the model (5.22) (or,
equivalently, (5.21)) ensures the required asymptotic expansions (5.17), whatever the choice of K7 and Kj.

5.83. Mathematical properties of the model; comparison with the classical shallow water system

Equipped with the model (5.21) (or equivalently (5.22)), we are now able to check its mathematical
properties, as well as perform a theoretical comparison with the classical shallow water system. In addition,
we need to fix the values of the — so far — arbitrary functions K7 and Kos.

We first note that, unfortunately, the addition of the term K;SH, /F? in (5.21b) prevents us from
rewriting the system under an Euler-like form, since the pressure in (5.21b) would be different from the
one in (5.21c¢). However, we are able to use the almost-Euler-like underlying structure to our advantage in
the next developments.

To simplify the forthcoming analysis, we note that S¢, = L(H)Hg, to rewrite the system (5.21) under
the non-conservative form W, + A(W)W,, = R(W), with W = (S,U, SV, SII)T, and where the flux
matrix A(W) and source terms vector R(W) are given by

U S 0 0 0
1+ K, 1
e Y 5 O I-J+K(T-J)
2 1 w
AW) = L;?;FK S and R(W)= é

- 1
THE S —2U0 U —2SUK(T — J4)
—6SUK;
T2 - 2SU[K. — —3K,(T —
L) E? 3SI1 —6U 3U [K2(Jw — Jn) (T — T9)]

5.3.1. Hyperbolicity and algebraic properties
For comparison purposes, recall that the characteristic velocities of the classical shallow water system
in (S, Q) variables are

S
U\ o

In addition, the two characteristic fields associated to these characteristic velocities are genuinely nonlinear.
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As stated in Section 5.2.2, before adding the relaxation source term for ¥, i.e. for Ky = 0, the
characteristic velocities of the four-equation model were

S
= = :l: H.
0, \y=U, \y =U o

The characteristic fields associated to 0 and U were linearly degenerate, while the other two characteristic
fields were genuinely nonlinear. Straightforward computations show that this system was hyperbolic as
soon as S # 0, and strictly hyperbolic as soon as S # 0 and U # 0.

Now, because of the relaxation terms, the characteristic velocities of the system (5.21), i.e. the
eigenvalues of the matrix A(W), can no longer be written under a tractable form. Thanks to (5.21d), 0 is
still a characteristic velocity of this system. In order to get a better idea of the other three eigenvalues, we
perform an asymptotic expansion with respect to the small Froude number F. Let us denote by x 4w ())
the characteristic polynomial of the matrix A(W). After tedious but straightforward computations, we
prove that the following asymptotic expansions of A ensure that x 4(w)(\) = O(F ).

143K,

K 2

1 F

N = U et + OF?),

K U VIFEL F I+ K21+ K (Il - 3U2)) )
1+k  \ 2@\ F 2 1+ K.1)5/?

Note that, if K7 = 0, we recover the characteristic velocities Ay and Ay. In addition, for the system to be
hyperbolic, these eigenvalues have to take real values. Therefore, for small enough F', a necessary condition
for the hyperbolicity is 1 + K7 > 0, and we need to determine K; with this constraint in mind.

5.3.2. Linear stability

Let us proceed with determining suitable K7 and Ks. To that end, we perform a linear stability analysis
of the system (5.22). We linearize this system around the equilibrium state Wy = (S, Uy, SWq, STly)T such
that R(Wy) = 0, that is to say

© /7 7 7
x /= — (Ot — (Okad
#0, SV, =SV and STl = STI .

Note that W, does not depend on A. For the sake of simplicity, let us temporarily assume that Q(®, ¥(®)
and II(9 do not depend on S. This assumption, although false in the general case, allows us to greatly
simplify the analysis and to set a framework for the S-dependent case.

To perform a linear stability analysis, we consider the eigenvalues (w;)1<i<4 of the matrix M (k) :=
EA(Wpy) + iVwR(W), for all k € R. The system will be linearly stable if, for each I € [1,4], Im w; < 0.
For the four-equation model (5.22), the matrix M (k) is given by:

kUo kSo 0 0
k(14 K1) 17 k I
TRV kU — 2i- — i K1 0
2
M= LIZI;)UFK S . ’ S\I/;U
-2 o4\ 1 HO 0
IJ(T)W kT 72kU0 + 27/ Kl S\IIO kUO
—6kSU K, STl 1 SUy SUy
I,(T)F‘Q 3]@7 *GkUO + ZZE(KQ + 3K1)S\I/0 3l€U0 — 21— K2 SHO
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Let us start with the case £ = 0, where we can exactly compute the eigenvalues, to get the following
expressions:

(0) (0) 17 (o) SUy (0) SU,
—0 - _9i- — 2 K— — 9 K— 5.23
“1 e e Uy Loy, “4 23T, (5.23)

The first two eigenvalues, w§°) and wéo), correspond to the ones of the classical shallow water system, and
we get two additional ones related to the relaxation source terms. Since sgn(Up) = sgn(Q®) = sgn(Z) in

the usual range of applications, both shallow water eigenvalues have a non-positive imaginary part. Then,
(0) (0)

a natural simplification of the other two eigenvalues consists in taking K; and Ky such that ws’ and w,
become equal to wgo), as follows:
SV 52y Sty  S*1©®
Ki=-2"9—=_ and Ky,=°>"90="_"—__ (5.24)

SU§ Q)2 SU§  (Q)?

With this choice, we immediately obtain that all four eigenvalues (5.23) have a non-positive imaginary part.
However, this case k = 0 only yields necessary conditions for the linear stability, and we need to take

care of the case of a nonzero k. After tedious computations, we get two eigenvalues w; = %Z?:O wl(j )7

for I € {1,2}, such that x(k,w;) = O((€)?), where w — x(k,w) is the characteristic polynomial of M (k).

For the sake of conciseness, we do not write their expressions here. These eigenvalues have a negative

imaginary part (i.e. the system is asymptotically linearly stable) as soon as the following condition is

satisfied:
45,

L(H)
This condition can be compared to the asymptotic linear stability condition for the shallow water equations,
which reads UZ < 4So/L(H). Note that, since II > 0, the linear stability condition for the four-equation
model is less restrictive than that of the shallow water equations.

Lastly, recall that we had assumed that U, ¥(®) and II(O) did not depend on S. We now address
the real case where these quantities depend on S. To shorten the notations, let us introduce ¢(S) such
that 7 = U|U|/(S¢), \II(O = 0(Sv())/98 and Hg)) = 9(S1())/S. Under the condition (5.25), we obtain
the following addltlonal sufficient condition on S for the asymptotic linear stability of the four-equation
model:

Ug < + 11 (5.25)

&30 - om’) + 52 (00) & + (25(0) - 10 4 59 Jaes <o

As a conclusion, the final hyperbolic four-equation model prescribed by this linear stability analysis is:

Si+ Qe =0,
Qi+ (%2 +sw)§l + (1 - m) e o is(z— J- ma— ny)),

(;%2 + S\If)t + (g <;%2 + SH>>51 + Qlf;fl = EQ(I— J), 20
(3s01-30)) = Lo T -,

The study of the linear stability of the system (5.26) is thus complete.
Regarding the hyperbolicity of this system, recall that it is hyperbolic under the condition 14+ K7 > 0
for small enough F. With K; given by (5.24), this condition becomes S¥(®) < (Q(®)2/S. Firstly, note
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that for a U-shaped channel with uniform friction, S¥(9) vanishes and the hyperbolicity condition is always
satisfied. Secondly, according to the definition (5.13) of SW, this hyperbolicity condition is equivalent to

Et
/ h(u@)? dey < 25(UO)?,

where U(®) = Q) /8. Since 25(U®)? is two times an average of h(u(?))2, this condition should be satisfied
in the regimes under consideration. Indeed, multiple tests run by the authors, in many geometries and for
many friction laws, have all shown that this condition is easily satisfied. As a consequence, the system (5.26)
is hyperbolic.

6. Summary of results

In this last section before the validation of the models, we summarize the results we have obtained thus

far. Considering the small parameter
__a

gX’
which is a geometrical term linking the friction scaling to the typical wavelength, we have obtained
asymptotic expansions with respect to ¢ of the solutions of the 2D shallow water system (2.5). Then, we
have developed two 1D models, whose solutions deviate in O(g) or O(g?) from the asymptotic expansions.
In this section, we first recall the zeroth-order model (with an O(g) deviation) and we then summarize the
first-order model (with an O(g?) deviation).

6.1. Zeroth-order model
We consider an arbitrarily meandering river. It can be strongly meandering, i.e. R, = O(1), or weakly
meandering, i.e. R, = O(e). The zeroth-order model, hyperbolic and linearly stable, is then given by (4.6),
or, equivalently, by:
St+Qy =0

2

1

Qi + (Q) = -S(A—Tpn).
S e €

In (6.1), S is the wetted section, H the free surface, and @ the section-averaged discharge. In addition, Z

is the main longitudinal slope and A is a corrected slope, defined by

(6.1)

A=T- ngl. (6.2)
Jo
The zeroth-order asymptotic expansion used in (6.1) is defined by
= C o(&1)

QO = \/|A] sgn(A)/ (H - ¢) déa, where |F|=1—-R,&

= VIZI

The friction source term 7, is defined by

go— Qe _ Q0 where (C2),, = — 1 (

R(&)

QOIQO] ~ (C2),,RpS?’ ~ R,S?

= VIl

The discharge equation from (6.1) deviates with O(1) from the integrated longitudinal velocity equa-
tion (2.10b). As a consequence, performing a Chapman-Enskog asymptotic expansion of the discharge
in (6.1) yields a Q@ = Q(® + O(¢), and the model is zeroth-order accurate.

Furthermore, note that the zeroth-order model (6.1) has the same form that the usual hydraulic
engineering models (see for instance [6, 27]). The only difference comes from the friction model (6.3), which
seems to be a new feature of this model.

/ (i - 6)— < d@) (63)
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6.2. First-order model

We now consider only a weakly meandering river, i.e. R, = O(¢). The first-order model, hyperbolic
and linearly stable, is then given by (5.26), or, equivalently, by:

St +Q€1 = 07

Q? 1 $29(©)
Qt"l‘ (S +S\IJ>§1 - €S<A—j_ W(A_j\ll))>

1Q% 1 Q/1Q% 1 1
<2s*25‘P)t+<s(zs+2SH>)£I—gQ<A‘j>’

1 1520

ZS(M—-37)) = 02— — )
(3500-3)) = 20wt -

n (6.4), S is the wetted section, H the free surface, @ the section-averaged discharge, ¥ and II the
enstrophy and the potential, defined by:

Et

i h(vr — U)2(2 + ”—Ul) ds > 0.

E+~
S\I/:/ h(vi —U)*dé; >0  and SH:/

In addition, Z is the main longitudinal slope and A is a corrected slope, defined by (6.2). The zeroth-order
asymptotic expansions used in (6.4) are defined by

M3 MoM M2
0 — 0 — _ 71 0) — JadiUad I AGT
Q [Alsgn(A) My, ST A|<M2 Mo) , Sl |A|< M, Mo)’

where we have introduced the shorter notation

E+ C n
M, 2/: (H —¢)|F| <]_-|3/2) d&o.

The friction source term J is taken equal to J,,, defined by (6.3). The other two relaxation source terms

are defined by
v 11
70 and Jn = bgn(Q)|A|—H(O) .

The discharge equation from (6.1) deviates with O(1) from the integrated longitudinal velocity equa-
tion (2.10b). Similarly, a O(1) error is introduced in the fourth equation of (6.1). However, the energy
equation from (6.1) deviates with O(e) from the integrated energy equation (2.10c¢). As a consequence, per-
forming a Chapman-Enskog asymptotic expansion of the discharge in (6.1) yields a Q@ = Q) +eQ™ +O(e?),
and the model is first-order accurate.

In addition, note that the first-order structure naturally involves the enstrophy ¥, which gives a better
understanding of the cross-stream velocity variations. Such a quantity was also introduced in [14, 22] to
enhance the 2D shallow water equations with vertical velocity variations. Therefore, the enstrophy seems
to be a natural quantity to consider when modeling complex water flow phenomena.

Finally, remark that the energy equations of the zeroth- and first-order models can be rewritten to
highlight that the energy is only dissipated due to the friction. Let us note that the following identity holds:

loae (g4 1D (Q(fo, O
SO = <g+sJoSb°)t (s(Job”JoH))gl’ (6.5)

Ju = sgn(Q)[A|
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where £ = % fOH zL dz is the potential gravity energy. Using (6.5), the energy equation of the zeroth-order
model (6.1) reads as follows:

1Q? 11 QI1Q? J o Q
(5 ves o)+ (ST 2l )], -2

while the one of the first-order model (6.4) can be rewritten as:

1Q? Q1Q? S (1o d . Q
(2 T+ S@+5+Sbo>t+<5[2 S 75H+ (hbo—kJOH)D&——gj.

These formulations also emphasize the main difference between the zeroth- and first-order models. Namely,
introducing the terms in ¥ and II in the first-order model is enough to ensure a O(e) deviation from the
asymptotic expansions, compared to the O(1) deviation present in the zeroth-order model. In addition,
these formulations are nothing but the 1D versions of the 2D energy equation (2.9).

7. Validation of the four-equation model

The four-equation model (5.26) has been built in order to possess the required consistency properties.
This last section is devoted to the numerical validation of our four-equation model. In its first part, we
present some reference solutions, as well as the numerical schemes we use to approximate these solutions.
The second part of this section is then dedicated to the numerical experiments themselves.

In this section, we will consider the three 1D models at our disposal:

e the classical shallow water model, later referred to as SW, given by the non-dimensional version
of (1.2) with g = 1, which is consistent only when considering U-shaped channels;

e the shallow water model equipped with the friction term (5.3), later referred to as A0, consistent
with the zeroth-order asymptotic expansion of @) and summarized in section 6.1;

e the four-equation model (5.26), later referred to as Al, consistent with the first-order asymptotic
expansion of () and summarized in section 6.2.

The goal of this section is to compare the results of the three models under consideration. We expect
the SW model to be inconsistent as soon as the channel is not U-shaped. Moreover, we also expect that
the A1 model should yield more accurate results than the A0 one.

7.1. Reference solutions and numerical considerations

We begin by discussing the theory of the backwater curves (i.e. the stationary solutions) of the three 1D
models at our disposal. Then, we introduce the manufactured stationary 2D reference solution that will be
used to perform several stationary numerical experiments. Lastly, we present the numerical discretization
used throughout the experiments.

7.1.1. Backwater curves in 1D
We first consider the backwater curves of the 1D models under consideration (i.e. its stationary solutions,
free from time). For the classical shallow water system in (.9, Q)) variables (i.e. the non-dimensional version
of (1.2)), they are given by a constant discharge @) = Qg and the profile equation
J 7-—
He, =T Tsw (7.1)

1 2

1 - F2L(H) g
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where the friction model Jsw is given by

Tew = Qo] Qo

= Trrp2
H=%Pcgy,

As §/Jy goes to 0, the backwater curves become driven only by the numerator of the He, equation. More
specifically, H will be equal to HS"W | defined as the value of H canceling the numerator Z — Jsw for a
uniform flow. This quantity H,, is referred to as the normal height in the hydraulic literature. Thus, we get

HSW — (620620> m. (72)
n Ty
For the A0 model, the only difference is the friction model, and the backwater equation reads
Jo I—-J
Hey =2 =2 (7.3)
1 - F2L(H)2Y

S’S

instead of (7.1). Therefore, we note that the value of the normal height depends on the friction model J
under consideration, given by (5.5): J depends on S, and thus on H. The normal height H:' is now
implicitly defined as the value of H canceling Z — 7.

The backwater curves of the four-equation model (5.26), in addition to the constant discharge Q = Qo,
read as follows:

F2
I T-J - 55(SM),,
& = o D) 5
5 Q% SI
1 — F2L(H) (Sg + 252)
(7.4)
1 Sw©) Sw©) ) Q2%\ SHe,
(59 = 5(2-7 - gt )) - (1- gy~ H0 R ) T
v
O I

We note that the normal height HA! associated to the four-equation model is also defined by Z — J = 0.
However, the backwater curve for the four-equation model contains an additional O(F?) term compared to
the one of the shallow water model. This additional term comes from the fact that we ensure a first-order
approximation on the discharge.

7.1.2. Steady 2D reference solution

In the forthcoming developments, we consider a stationary solution of the 2D equations (2.5) in the
weakly meandering asymptotic regime, characterized by R, = O(¢), R; = O(¢) and € < 1. The goal of
these computations is to rewrite this system under a computationally tractable form. Thanks to this new
form, we will be able to manufacture a steady reference solution, against which the three 1D models will be
tested.

Let us begin by writing the unsteady system (2.5) in the asymptotic regime under consideration.
Assuming a stationary solution and a weakly meandering river, (2.5) becomes:

(A1), + (hva)g, =0, (7.5a)
1 1/ 7 Fluy|v

(o), +oa(onle, + e +00) = (G - D) +0@, (@)

hey + e, = O(E2). (7.50)
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The first step to solve this system is to note that (7.5a) imposes that the discharge be divergence-
free. Therefore, we introduce a discharge potential ®, such that hv; = ®¢, and hvy = ®¢,. In this
context, the equation (7.5a) is equivalent to A® = 0. We prescribe suitable boundary conditions, ensuring
that huv, = O(e) to satisfy the asymptotic regime. Numerically solving this first equation gives the

quantities hvy and hvs. ~
Now, we need to compute h(&1,&2). Since hvy = O(e), (7.5b) becomes

| Floifv| A
cz T FR

—evi(v1)g, + O(£?). (7.6)

We assume that the friction law is the usual Chézy one, given in non-dimensional variables by C? = ¢2hP.
We look for a non-uniform Chézy coefficient ¢(£1,£2), which therefore becomes an unknown of the problem.
At this level, we have two unknowns, h(£1,&2) and ¢(&1,&2).

To address this issue, let us use both the divergence-free discharge and the asymptotic regime. First,
we get from (7.6) the equation on ¢, as follows:

2 _ |F*qlq|h' P
| F|AR? — eq (h% - qh&)

+0(e?), (7.7)

C

where the already computed quantity hvy is denoted by g. Then, we replace the velocities in (7.6) by their
asymptotic expansions. Therefore, the equation (7.6) becomes

2| FloM [,©) Flp0[,©)
€<vi°’(vi°’)gl+ P i) = A - P o, (78)

(14 ¢)%2hr | F]2 c2hp
where the asymptotic expansions vgo) and vgl) are respectively given by (3.6) and (3.9).

Injecting (7.7) into (7.8) therefore yields an equation whose only unknown is i, and which manufactures
the Chézy coefficient such that h + ¢ is almost uniform in space. Solving this equation for h allows us
to plug this value into (7.7), and therefore to complete the determination of the 2D reference stationary
solution, while ensuring that the correct asymptotic regime is satisfied. These computations are made
easier by the fact that we have he, + ¢¢, = 0.

This process, in addition to the usual reference scaling, requires to fix the values of hvy and hvs at
the boundaries, as well as an equivalent to the 1D normal height discussed in Section 7.1.1. These three
non-dimensional quantities will respectively be denoted by h(v;)o, h(vs)g, and H2P, and numerical values
will be given in the relevant Section. In the end, we get a solution whose free surface H = h + ¢ will be
close to the fixed normal height.

7.1.3. Discretization
We now briefly discuss the numerical discretization of the models under consideration, to be used in the
validation numerical experiments of the next part of this Section.

The steady 2D reference solution. Obtaining this 2D reference solution relies on a natural discretization of
the set of equations presented in Section 7.1.2. For the sake of simplicity, we use a finite difference method
on a Cartesian grid with ne, points in the &;-direction and n¢, points in the &»-direction.

The backwater curves. Since the parameter 6/Jy can become small, stiff terms can appear in the backwater
curves given by (7.1), (7.3) and (7.4). Therefore, we adopt a fully implicit finite difference discretization of
the three models under consideration. We use a uniform 1D mesh with n¢, discretization elements. In
addition, for the Chézy coefficient and the topography, an underlying 2D mesh is needed. To address this
issue, we use the mesh presented above, with ng, x ng, points.

32



The unsteady problem in 1D. Numerical experiments with steady solutions will have convinced us that
the SW model is unsuitable as soon as the channel is no longer U-shaped. Therefore, we only consider
the A0 and A1l models for 1D unsteady problems. These models are governed by hyperbolic systems of
balance laws. In addition, some terms in O(1) and O(4#5) are stiff. These two remarks prompt us to
propose a finite difference splitting strategy, where the non-stiff part is treated explicitly, and the stiff part
is treated implicitly. This amounts to introducing IMEX strategies that are both asymptotic preserving
(regarding stiff source terms) and adapted to Low Froude number limits: see e.g. [3] and references therein
for more details.

For the A0 model, we denote by (S40)? and (Q.a0)? the discretizations of the section and the discharge
at the spatial node (£1); and at time ¢™. The first step of the space-time discretization consists in considering
the non-stiff part of the A0 system, given by:

Se+ Q¢ =0,

Q*\ _
Qt + <S>51 0.

This non-stiff part is discretized explicitly using an upwind flux, as follows:

At

(SAO)?JF% = (Sa0)i — E((QAO)?+% - (QAO)?,%)7

ntg _ ﬂ_g %>n —(622"40)”
(Qao);  * = (Qao); Az ((SAO i+ S a0 il 7

where the upwind fluxes are given, for any quantity X, by

o 1 n n
) xroif 5((QAO)¢ +(Qa0)iy1) >0,
i+l
X', otherwise,

where Az is the space step, and where At is the time step, related to Axz through a usual CFL-like

L il
condition (see e.g. [15]), and such that At = O(Az). The intermediate values (Sao); "2 and (Q40); i
then used as initial conditions for the stiff part of the A0 system, given by:

are

St =0,

SHe, 1 QlQ|
@+ s = 15(T - Mg )
We immediately note that S, and therefore H, is time-independent in this stiff second step. Therefore, we

obtain (Sa0)} ! = (SAO)?+%. Recalling the friction model (5.3) and noting that sgn(Q) = sgn(Q®)) for
small enough €, the updated discharge is then given by the ODE

1 Q?
2=~ gop)

whose only unknown is Q. Integrating this ODE between times 0 and ¢, we get the following exact expression

for Q:
1 S|A| Q(0)
Q(t) _ Q(O) tanh<€ |Q(O)|t> * Q(O)

1 S|Al )\ Q(0)
1—|—tanh<EQ(O)|t> Q0
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The corresponding discretization reads as follows:

[N

1 (Sa0)l(JADH! Qo)™
@yt — (O tm(e Q)] At)ﬂ@@)”“
A0)4 - i

1(Sa0)i (ADPY  \ (Qao)i ™
”ta“h< Q)| At) Q)T

3
where we recall that A and Q(©) only depend on S4¢ and the node i, and therefore we note that the above
equation explicitly determines (Q ). In addition, note that we correctly recover (Qa¢)7 ™ — (Q(®)r+!
when ¢ — 0. The presentation of the numerical discretization of the model A0 is thus complete.

For the A1l model, we apply a similar procedure, which we do not write in detail for the sake of
conciseness. The main difference between the two discretizations is that the system of ODEs resulting
from the stiff part can no longer be exactly solved, and a multivariate nonlinear root-finding algorithm
(in practice, Newton’s method) has to be applied. In addition, thanks to the splitting procedure, we also
correctly recover the discrete first-order asymptotic regime.

N

The unsteady model in 2D. Finally, to compare unsteady 1D results to a reference solution, we require a
numerical scheme for the 2D system (2.4). We elect to use the DASSFLOW code [8, 18], designed to solve
this system in conservative form and validated on multiple 2D test cases.

7.2. Numerical validation

The second part of this section is devoted to the numerical validation itself. We begin by discussing
the chosen geometries and the values we give to the reference dimensionalization parameters. Then, we
compare the steady solutions of each 1D model to the stationary 2D reference solution, as well as the
unsteady solutions of the 1D models.

7.2.1. Geometry and values of the dimensionalization parameters

For the sake of simplicity, we consider a non-meandering, evenly sloped and symmetrical trapezoidal
channel. In addition, to avoid treating dry areas in the discretization, we suppose that the channel is
walled and filled with water. The dimensionalization parameters are chosen such that the channel roughly
corresponds to the Garonne river upstream of the city of Toulouse.

Geometry. Recall that the topography is given by Z(&1,&) = bo(&1) + I%¢(§17 &). Also, note that by(&1)
only intervenes through its derivative (bg)¢,, which we take equal to 1. Furthermore, we assume that the
computational domain is [0, (£1)+], whose numerical value is given later. For simplicity, we assume that
the longitudinal slope is only driven by by, and we take ¢(£1,&2) = ¢(€2). Then, we get a symmetrical
trapezoidal channel by considering

(=& —Dtanf i E_ <& < -,
?(&) =<0 it —1<& <, (7.9)
(& —Dtanf  ifl <& <Eq,
where the notations are explained in Figure 3, and where we take =_ = —=,. The numerical values of =, [
and @ are given in the next paragraph, for each experiment. Note that a U-shaped channel is a specific

case of this geometry. Finally, remark that walls are present on each bank of the channel in Figure 3. We
introduced these walls to avoid dry areas.
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Figure 3: Sketch of the function ¢(£2).

For the sake of completeness, we finally provide the expression of the channel width L(z), as well as the
correspondence between S and H. According to (7.9), we have

2z
204+ —— if0<z<(Ey —1I)tand
L(z) = T o Sz (84 -Dtand,

2= otherwise.

Therefore, since we assume H > (Z4 — ) tan 8 to avoid dry areas, we get
H
S(H) = / L(z)dz =2HZ, — (24 —1)?tan6.
0

Chézy distributio. For the sake of simplicity, we consider a Chézy friction law. The dimensional friction law
reads C(h, &1, &)? = Cp(€1,&)?hP. To determine the scaling parameter Cy of the whole friction law, we
introduce the non-dimensional Chézy friction coefficient, defined by Cj, := Ce. Therefore, we get C3 = C2HP.
For the experiment #1la, we take a uniform Chézy distribution, i.e. ¢(&1,£2) = 1. For the experiment #1b,

we set: _ _
f2— (E-+E4)/2

—
—_ -
—_

C(fl,fg) =1+1.99

[1]

+

For the experiment #2, the Chézy distribution is algorithmically computed according to the asymptotic
regime and to the procedure detailed in Section 7.1.2. Finally, for the experiment #3, we set

&2 — (E- + E+)/2|.

C(fl,gg) =15-2

Values of the reference parameters. We now give, for each of the three experiments performed in the
remainder of this Section, the chosen values of the reference parameters in Tables 1 and 2, as well as the
geometry and numerical discretization in Table 3. The reference discharge Q is defined by Q = HU. The
experiment #1, presented in Section 7.2.2, concerns the simulation of backwater curves. In Table 3, we
highlight the two parts of this experiment, #1a and #1b, respectively corresponding to a U-shaped channel
and to a trapezoidal channel. The experiment #2, in Section 7.2.3, provides a comparison with the 2D
reference solution. The experiment #3, in Section 7.2.4, is the unsteady simulation of a flood. For this
experiment, X is computed according to the characteristic time of the flood. All numerical results will be
presented in non-dimensional variables.

7.2.2. Numerical experiment: backwater curves

We start with the simulation of backwater curves, presented in Section 7.1.1, and labeled experiment #1
in Tables 1, 2 and 3. We stress that the backwater curves satisfy the mass conservation equation, which
imposes a constant and uniform averaged discharge @ for stationary solutions. We set the normal height H,,
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parameter g(ms?) p X(km) Y(m) Q (m3s?) Iy C (mdBshy F

experiment #1 9.81 4/3 5 45 225 4 %1074 25 0.075
experiment #2 9.81 4/3 10 50 25 1x1073 20 0.1
experiment #3 9.81 4/3  ~1.77 90 40 1.6 x 1073 45 0.09

Table 1: Values of the reference parameters for each experiment.

parameter H(m) U (m.s?) Jo ) Ry €

experiment #1  7.68 0.651  4.47x107° 153x1073 9x1073 0.193
experiment #2  1.37 0.366 221 x107% 1.37x107%  5x1073%  6.18 x 1073
experiment #3  1.35 0.328 3.55 x 107°  7.65 x 107* 5.08 x 1072 0.175

Table 2: Approximate values of the other parameters for each experiment, computed from Table 1.

parameter (&1)+  ng l 0 ZEi ng

experiment #1la ) 500 0 0 0.5 100
experiment #1b 5 500 0.25 45 0.5 100
experiment #2 1 200 0.15 60 0.5 20
experiment #3 ~36.7 400 0.15 45 0.5 40

Table 3: Values of the geometry and discretization parameters for each experiment.

equal to 1, and we compute the uniform and constant discharge ) according to this value of H,, by taking
Q=Q.

In the first part of this experiment, labeled #1a, we take a U-shaped channel with uniform friction, to
get @ ~ 2.99. Then, in experiment #1b, we switch to a trapezoidal channel with non-uniform friction, to
get Q ~ 2.72. The corresponding dimensional values are roughly equal to 650 m>.s!, which characterizes a
mild flood regime.

Let us make the important remark that usual hydraulic engineering models are able to recover the
correct normal height H,, consistent with the full 2D systems. However, as soon as the channel is no
longer U-shaped, these usual models are not zeroth-order accurate on the averaged discharge ). Therefore,
compared the the usual models, even our zeroth-order accurate model is able to recover both the correct
normal height H,, and the correct zeroth-order constant and uniform discharge Q(©).

Let us consider the example of the trapezoidal channel described above. The process used by the usual
models consists in forcing H,, = 1 by modifying Q(®). The normal height for the SW model is given by (7.2).
Therefore, to get H,, = 1, the constant and uniform discharge would have to be @ ~ 3.02. This is far from
being equal to Q(®) ~ 2.72. As a consequence, for the usual models, either the normal height is correct and
the constant discharge is incorrect (this is the usual approach), or the normal height is incorrect and the
constant discharge is correct. In this set of numerical experiments, in order to highlight the shortcomings
of the usual models, we elect to have the correct constant discharge. As a consequence, the normal height
given by the SW model will be incorrect as soon as the channel is no longer U-shaped.

From Section 7.1.1, we note that the backwater curves are governed by a system of ODEs, and thus
we only require a single boundary condition on the height, Hy, to drive this steady flow. In practice, we
take Hy = (H,, +9H,.)/10, where H, is the critical height, defined by canceling the denominator of the Hy,
equation. For the Al system, the enstrophy and potential are initialized by taking the values ¥(®) and I1(©)
corresponding to Hy. The numerical results are presented in Figure 4.

In the left panels of Figure 4, we have represented the free surface H for the three models, denoted
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Figure 4: Simulation of backwater curves. Top panels: U-shaped channel with uniform friction. Bottom panels: trapezoidal
channel with non-uniform friction. Left panel: height and normal height with respect to the position, for the three models.
Right panel: enstrophy ¥ and potential II for the A1 model.

in the legend by H°W  HA9 and HA!, as well as the associated normal heights H,, for each model. As
expected, we note that the free surface H converges towards the relevant normal height when x goes to 0.
Moreover, as explained in Section 7.1.1, this normal height only depends on the friction model. Since we
have the same friction model for the A0 and A1l models, the normal height associated to these models are
the same, contrary to the one associated to the SW model, unless the channel is U-shaped. By comparing
the two left panels of Figure 4, we note that, as expected, the three models give the same results when
the channel is U-shaped. However, as soon as it is no longer the case, the SW model greatly differs from
the other two, which allows us to conclude that the SW model is irrelevant as soon as the channel is
not U-shaped. We emphasize once again that the standard practice in hydraulic engineering is to force the
correct normal height on the SW model. However, this approach does not recover the correct averaged
discharge, and the resulting models are not zeroth-order accurate. Finally, note that the backwater curves
of the A0 and A1 models are different when the channel is not U-shaped, up to O(g?), as expected.

In the right panels of Figure 4, we have displayed the enstrophy ¥ and the potential II computed
by the A1 model. As expected, these quantities vanish when the channel is U-shaped and the friction
is uniform. In addition, once this is no longer the case, we note a similar behavior of these quantities
compared to the height, in the sense that they tend towards a constant value when z goes to 0.

7.2.8. Numerical experiment: comparison to 2D steady solution

We now turn to the comparison between the 2D reference steady solution from Section 7.1.2 and the
models under consideration. ~ ~

Recall that the 2D solution is only driven by its boundary conditions h(v1)o and h(vz) on the discharge,
and that it will produce a steady flow at normal height H2P. To compute this reference solution, we
take H2P =1, h(v1)o ~ 0.75 and |h(va)o| = O(e). These 2D results are presented in Figure 5.
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Figure 5: The 2D reference steady solution, computed from the process exhibited in Section 7.1.2. From left to right: free
surface H(£1) = h(&1,£2) + ¢(£2), &1-discharge hvi (€1, &2) and €x-discharge hva (€1, £2).

Equipped with this 2D solution, we can compare it to the three 1D models at our disposal. The
constant and uniform 1D discharge is defined by Q = f;f hvy (0.5,y) d&5. In Figure 6, we present the
free surface H (&) computed by the SW (dotted lines), A0 (dashed lines) and A1 (solid lines) models, in
addition to the corresponding normal heights.

The left panel of Figure 6 contains these comparisons. We note that the normal height associated to
the SW model does not correspond at all to the 2D normal height (we get H5" ~ 0.736 while we have
set H2P =1). Thus, the free surface computed by the classical SW model is once again wildly inconsistent
with the reference 2D solution. We once again stress that we have chosen to take the same averaged
discharge for the three models, instead of fitting the correct HW as is usually the case in hydraulic
engineering.

Turning to the right panel of Figure 6, which displays a zoom of the left panel around the line H =1,
we observe that the A0 and Al models are consistent with the 2D reference solution. Indeed, the small
variations in free surface are due to the uniformity in space of the 1D discharge, compared to the 2D
discharge whose divergence vanishes, but whose &;-derivative is nonzero. Moreover, the 2D height becomes
very close to the 1D ones around &; = 0.5, since the 1D discharge is the &;-average of the 2D one at
point & = 0.5. We do not observe much difference between the solutions of the A0 and A1l models: the
relative error in L? norm is around 5 x 107°. This was to be expected since ¢ ~ 6.18 x 1072 in this
experiment, and the difference between the AQ and Al models is O(g?).

Finally, in Figure 7, we display the relative errors in L? norm between the enstrophy ¥ (left panel) or
the potential II (right panel), computed by the Al model, and their zeroth- and first-order approximations.
As expected, these errors are O(¢?), since the A1 model is consistent up to O(¢) in ¥ and II.

7.2.4. Numerical experiment: unsteady flow

In this final experiment, we consider the unsteady case of a flood. The reference solution is given by
the DASSFLOW code [8, 18]. Since the SW model has been proven to be inconsistent by the previous
two experiments, we no longer consider it. We compare the A0 and A1 models, discretized as explained in
Section 7.1.3, to the reference solution.

In addition, we consider the kinematic waves (KW) approximation, which consists in taking the mass
conservation equation of the shallow water equations and considering @ = Q(O)(S)7 as follows:

Si 4 (QO(S))e, = 0.
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Figure 6: Comparison with the 2D steady reference solution. Left panel: height and normal height with respect to the
position, for the three models; comparison with the 2D height. Right panel: zoom on the left panel to highlight the differences
between the 2D height and the one computed by the A0 and Al models.
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Figure 7: Errors between the computed enstrophy (left panel) or potential (right panel) and their zeroth- and first-order
expansions, computed using the A1 model.

Since Q®) depends nonlinearly on A, it depends on S¢,. The kinematic wave equation therefore is a
nonlinear diffusion equation, which we discretize with a classical upwind scheme. Note that this numerical
scheme involves a restrictive stability condition on the time step, in At = O(Az?).

The reference parameters for this experiment correspond to the Garonne river upstream of Toulouse (see
Tables 1 and 3). We consider a flood lasting a dimensional time of 7.5h, and the total dimensional time of the
unsteady experiment is 10h. The discharge increases during the dimensional time 7" = 1.5h, then stagnates
during the dimensional time 1.5h, and finally decreases to the initial level during the dimensional time 4.5h.
We get the characteristic length X’ from the characteristic flood time T' by setting X = UT ~ 1.772km.
The total dimensional length is 65km (£; € [0,65/X], where 65/X ~ 36.69), and we consider a probe at
dimensional position 62.25km (&; ~ 34.57). This domain roughly corresponds to the Marquefave-Toulouse
portion of the Garonne river.

The free surface is initialized at the normal height. From this normal height, we compute the initial
discharge @Q,, enstrophy and potential through their respective zeroth-order asymptotic expansions. As a
consequence, the flow of water in the river is a steady solution before the flood begins. The flood itself is
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simulated by a time-dependent left boundary condition on the discharge Q. We take Q(t,0) = Q. (¢), with

O+ (2200 Qn) m if £ < 0.15 fena,

2200 if 0.15teng < t < 0.30 tena,
Qi) =1 © 2200 0.75 tend — t

O + (Q _ Qn> — t.end —T 030t <t <075t

Qn otherwise,

where t¢,,q is the non-dimensional final time. This boundary condition ensures a dimensional peak flood
discharge of 2200m?.s™!, which corresponds to a 5-year flood for the Garonne river. The left boundary
condition on the section is obtained by computing S;,, (t) such that Q;,,(t) = Q@ (S;,(t)). The left boundary
conditions on the enstrophy and potential are their respective zeroth-order asymptotic expansions. Finally,
we consider homogeneous Neumann boundary conditions on the right boundary. Regarding the 2D code,
the top and bottom boundaries are solid walls, and we prescribe standard 2D inflow and outflow boundary
conditions at the left and right boundaries, respectively. These boundary conditions distribute the 1D
discharge @,, over the whole channel, taking into account the specific geometry of the flow. From this
discharge, the water height is computed at the boundaries.

In Figure 8, we display the free surface H (left panels) and discharge @ (right panels) at dimensional
times 2h (top panels) and 9h (bottom panels). The solid blue line with x marks represents the width-
averaged 2D reference solution. The dashed line and the solid line with + marks respectively represent
the results of the A0 and Al models. The results of the kinematic waves approximation, labeled H%XW
and QKW = Q) (HKW), are represented with dotted lines. On each panel, we magnify the point where
the differences between the four models are the largest. The magnification level for each panel is written
under the line connecting the magnifying glass to the graphs.

We consistently observe that the A1 model yields the best approximation of the 2D reference solution,
as expected since it recovers the first-order expansion of the discharge. The approximation obtained with
the KW model is worse than the one coming from the A0 model, even if both recover the zeroth-order
expansion Q(©) of the discharge. The most striking differences between the models are located where the
flood advances on the steady river. This denotes a difference between the zeroth-order and first-order
friction models.

To get a better understanding of the relevance of the A1 model compared to the A0 one, we now display
in Figure 9 the relative errors in space between the 2D reference solution and the models with respect to
the dimensional time. The relative spatial errors in L? norm are computed as follows:

o

and the relative spatial errors in L° norm as defined by:

HAl (&1, H2D(£17t) 2
HQD(&, t)

HAl H2D
H ) — déy,

HQD(

= max

HAl )7H2D('at)
I, fl

HAY(&,t) — HQD(&J)’
Hzp( B :

H?P (&1, 1)

In the left panel of Figure 9, we display the errors in L? norm, and we display the errors in L> norm in its
right panel. The errors made by the KW, A0 and A1 models are respectively depicted with dotted lines,
dashed lines and solid lines.

We observe, like in Figure 8, that the KW model produces a worse approximation than the A0 model,
whose approximation is itself worse than the one given by A1l model. Indeed, the maximum over time
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Figure 8: Free surface H (left panels) and discharge @ (right panels) for the flood experiment. Comparison of the 2D
reference solution with the A0 and A1l models, as well as the kinematic waves (KW) approximation. The results are displayed
with respect to the position, at dimensional times ¢t = 2h (top panels) and ¢t = 9h (bottom panels). Magnification of the zones
where the three models yield the most different results, with magnification level written below the line linking the magnifying

glass to the graphs.

of the spatial error in L? norm is around 23.6% for the KW model, 11.3% for the A0 model and 3.17%
for the A1 model. The maximum over time of the spatial error in L® norm is around 22.6% for the KW
model, 14.0% for the A0 model and 3.81% for the A1 model. Once again, the advantages of the A1l model
over the other two models are undeniable. Note that similar conclusions can be obtained from the study of
the discharge errors, and we do not display the error curves here for the sake of conciseness.
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Figure 9: Relative errors in space in L? norm (left panel) and in L norm (right panel) between the 2D reference solution
and the KW model (dotted lines), the A0 model (dashed lines) and the A1 model (solid lines), represented with respect to the

dimensional time.

In the left panels of Figure 10, we display the relative errors between the reference solution and the
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models, with respect to time and at the probe located at & ~ 34.57. The top left panel displays the error
on H while the bottom left panel displays the error on ). The errors between the 2D reference solution
and the A0 and A1 models are respectively represented with a dashed line and a solid line. In the right
panels, we display a zoom around the point & ~ 34.57 at dimensional time 3.35h, when the errors are the
largest. The top right panel displays H and the bottom right one displays (). The color coding is the same
as in Figure 8.

The observations we had made in Figure 8 are confirmed by Figure 10. Indeed, at the probe, the largest
difference in free surface H are around 11.9% for the A0 model and 2.00% for the A1l model. Regarding the
discharge @, the largest differences at the probe are about 25.9% for the A0 model and 4.86% for the Al
model. These differences are obtained around dimensional time 3.35h, when the peak of the advancing
flood reaches the probe at & ~ 34.57. Note that the differences between the reference solution and the
zeroth-order models are closely related to the values of € ~ 0.175 and €2 ~ 3.06 x 1072.
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Figure 10: Left panels: relative errors between the 2D reference solution and the A0 and Al models (the dashed line for
the A0 model and the solid line for the A1 model). The errors on H are displayed in the top left panel and the ones on Q
are depicted in the bottom left panel. These errors are computed at non-dimensional position §; =~ 34.57 and are plotted
with respect to the dimensional time. Right panels: free surface H (on top) and discharge Q (at the bottom) for the flood
experiment, computed with the 2D system as well as the A0 and A1l models, and displayed with respect to the position, at
dimensional time 3.35h. Magnification of the zones where the three models yield the most different results, with magnification
level written below the line linking the magnifying glass to the graphs.
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