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Abstract

We present a multilayer Saint-Venant system for the numerical simulation of free surface density-stratified
flows over variable topography. The proposed model formally approximates the hydrostatic Navier—Stokes
equations with a density that varies depending on the spatial and temporal distribution of a transported
quantity such as temperature or salinity. The derivation of the multilayer model is obtained by a Galerkin-
type vertical discretization of the Navier—Stokes system with piecewise constant basis functions. In contrast
with classical multilayer models in the literature that assume immiscible fluids, we allow here for mass
exchange between layers. We show that the multilayer system admits a kinetic interpretation, and we use
this result to formulate a robust finite volume scheme for its numerical approximation. Several numerical
experiments are presented, including simulations of wind-driven stratified flows.

Keywords: Hydrostatic Navier—Stokes equations, Saint-Venant equations, Free surface stratified flows,
Multilayer system, Variable density, Kinetic scheme.

1. Introduction

In this paper we present a multilayer Saint-Venant model for the numerical simulation of free surface
density-stratified flows over variable topography. We are mainly interested in applications to geophysical
water flows such as lakes and estuarine waters, which typically exhibit a significant density stratification
related to vertical variations of temperature and chemical composition. In these water bodies effects related
to small density gradients may strongly affect the hydrodynamics. Density stratification processes are there-
fore often important in environmental flows, and in particular they are a key feature in the biogeochemical
mechanisms occurring in natural aquatic systems.

The simulation of these flows requires stable, accurate, conservative schemes able to sharply resolve
density gradients, to handle efficiently complex topographies and free surface deformations, and to capture
robustly wet/dry fronts. In addition, the application to realistic three-dimensional problems demands ef-
ficient methods with respect to computational cost. The present work is aimed to build a simulation tool
endowed with these properties.

Most of the numerical models in the literature for environmental stratified flows use finite difference or
finite element schemes solving the free surface Navier—Stokes equations. We refer in particular to [1, 2, 3, 4]
and references therein for a partial review of these methods.
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Here we propose a different and original approach that uses a multilayer system to approximate the
Navier—Stokes equations and a finite volume solution scheme. Our work is an extension to the case of
variable density of the multilayer technique with mass exchange introduced in [5] for homogeneous flows.
The starting point is the free surface hydrostatic Navier—Stokes system where the density is a function of
a transported quantity such as temperature, salinity, pollutant, .... The multilayer model is derived by
a finite element Galerkin-type vertical discretization of the Navier—Stokes system with piecewise constant
basis functions. We use the nomenclature Saint- Venant system for the resulting equations since the vertical
uniformity assumption and the vertical integration procedure over each layer are the ingredients of the
derivation of the classical Saint-Venant equations [6] for shallow water flows. The proposed model presents
remarkable differences with respect to classical multilayer models [7, 8, 9, 10], which assume superposed
shallow layers of immiscible fluids. In our approach the layer partition is merely a discretization artefact,
and it is not physical. Therefore, the internal layer boundaries do not necessarily correspond to isopycnic
surfaces. A critical distinguishing feature of our model is that it allows fluid circulation between layers.
This changes dramatically the properties of the model and its ability to describe flow configurations that
are crucial for the foreseen applications, such as recirculation zones.

With respect to commonly used Navier—Stokes solvers, the appealing features of the proposed multilayer
approach are the easy handling of the free surface, which does not require moving meshes (e.g. [11]), and the
possibility to take advantage of robust and accurate numerical techniques developed in extensive amount for
classical one-layer Saint Venant equations. In particular, here the method for the numerical solution of the
multilayer system uses the finite volume kinetic scheme of [12], with an extended hydrostatic reconstruction
technique [13] for the treatment of source terms. In contrast with Navier—Stokes solvers, our discretization
technique allows easily satisfying properties such as conservation, positivity, well-balancing of source terms
(cf. [14]), and handling robustly wet/dry interfaces over variable bottom topography.

Let us also remark that the multilayer model presented here is rather different from the isopycnal co-
ordinate layered models extensively developed in the context of oceanography, e.g. [15, 16]. These models
use a primitive equation layered formulation obtained by vertical integration of the Navier—Stokes equations
over each Lagrangian layer, and the resulting system is solved by finite difference schemes.

To our knowledge, our multilayer method is a pioneering idea for applications to stratified environmental
flows. As a starting work, we consider some simplifications in the physical model, notably the hydrostatic
pressure assumption. We do take into account wind surface stress, which is a dominant natural forcing
mechanism acting on environmental water flows. However, we neglect surface thermal exchange due to
short wave and long wave radiation and evaporative processes. Furthermore, we do not address the issue of
turbulence closure, and diffusivity will be assumed constant. Turbulence modeling is a major difficulty for
an effective description of dyapicnal mixing occurring in realistic flows [3, 17], and it still remains an open
problem.

The paper is organized as follows. We start recalling the hydrostatic Navier—Stokes system in Section 2,
and the derivation of the multilayer model is illustrated in Section 3. In Section 5 we propose a numerical
scheme for the solution of the multilayer system based on a kinetic interpretation, which is detailed in
Section 4. Finally, in Section 6, some numerical experiments are presented.

2. The hydrostatic Navier—Stokes system with variable density

We begin by considering the two-dimensional hydrostatic Navier—Stokes system [18] describing a free
surface gravitational flow moving over a bottom topography z;(z). We denote with « and z the horizontal
and vertical directions, respectively. The system has the form:
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Figure 1: Flow domain with water height H(z,t), free surface n(z,t) and bottom zp(x,t).

and we consider solutions of the equations for
t>ty, z€R, zp(x) <z<n(et),
where 7(x,t) represents the free surface elevation, u = (u,w)” the velocity vector and g the gravity accel-

eration. The flow height is H = 1 — 23, see Fig. 1.
The chosen form of the viscosity tensor is

ou ou  Ow
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where p is a dynamic viscosity.

The fluid density p(z,t) is assumed to depend on the spatial and temporal distribution of a given tracer
T(x,t), namely

p=p(T), (4)

and T is governed by a transport-diffusion equation

opT  OpuT  OpwT  0°T 0T
o tor t e TMaE T ©)

where pr is the tracer diffusivity.

Remark 2.1. If we neglect the viscosity terms in the equation (5), we note that the three relations

Ou [ Ow _,
dr 9z
dp  Opu  Opw
o Tor T O

opT  dpuT L opwT 0
ot ox 0z

are equivalent in the sense that two of them allow recovering the third. Therefore, neglecting the viscosity,

the studied system with varying density retains the free divergence property of the constant density model.
Nonetheless, at the semi-discrete level (see Prop. 1) and at the full discrete level detailed in Sec. 5, this

equivalence no more holds true. For reasons related to the kinetic interpretation and the associated finite
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volume scheme, we prefer to work with equations having the form of time-dependent conservation laws.
Thus we will keep the last two equations of the system above in the discretization procedure. This has two
consequences. First, our discretization technique is also valid for compressible fluids. Second, at the discrete
level our model only satisfies an approximate divergence free condition.

2.1. Boundary conditions

The system (1)-(3) is completed with boundary conditions. The outward unit normal vector to the free
surface ng and the upward unit normal vector to the bottom n; are given by

1 _on 1 _ 9z
ot (B e (OF)
1+ (52) L+ (%2)

respectively. We then denote with Y7 the total stress tensor, which has the form:

S S
ET:—pId+( wa 21 )

2.1.1. Free surface conditions
At the free surface we have the kinematic boundary condition

where the subscript s indicates the value of the considered quantity at the free surface.
We denote with 7, the surface wind stress, for which the following expression [19] is considered:

Tw :CDpi|Vw|Vw~ (7)
Po

Here V,, is the wind velocity, p, the air density, pg a reference water density, and Cp the wind drag coefficient
(taken as Cp = 1.3 x 102 in the numerical experiments).
Assuming negligible the air viscosity, the continuity of stresses at the free boundary imposes

ZTns = _pans + Twts, (8)

where p® = p®(z,t) is a given function corresponding to the atmospheric pressure and tg is the unit vector
orthogonal to ng.
Relation (8) is equivalent to

n, - Xrng = —p® and tg-Xrng = Ty
In the following, we will assume p* = 0.

2.1.2. Bottom conditions
The kinematic boundary condition at the bottom consists in a classical no-penetration condition:

8zb

Up - np = (), or up— —wp = 0. 9
b b b Dz b ( )
For the stresses at the bottom we consider a wall law under the form

tb . ETIlb = RUyp - tb, (10)



where t;, is a unit vector satisfying t; - n, = 0. If k(up, H) is constant then we recover a Navier friction
condition as in [20]. Introducing a laminar friction k; and a turbulent friction k;, we use the expression

/{(ub7H) =k + ktH|ub|,

corresponding to the boundary condition used in [21]. Another form of k(up, H) is used in [22], and for
other wall laws the reader can also refer to [23]. Due to thermo-mechanical considerations, in the sequel we
will suppose k(up, H) > 0, and x(up, H) will be often simply denoted by .

2.2. The Boussinesq assumption

In geophysical water flows density variations are often small. Assuming homogeneous chemical compo-
sition, and identifying here T' with the temperature, the equation of state for water bodies can be expressed
by the classical relation

p(T) = po (1 = an(T - Ty)?), (11)

with Ty = 4°C, ar = 6.63 x 1079°C~2 (volume coefficient of thermal expansion) and py = 103 kgm~3.

For example, the relative density difference corresponding to two states with temperatures 77 = 25°C and

T2 =10°C is
p(25) — p(10)
p(10)
Such small differences typically allow justifying the Boussinesq assumption, which consists in considering

the density variations only in the gravitational forces. This leads to the following incompressible hydrostatic
Navier—Stokes system:

~ 0.0026 .
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with vp = £, Notice that in (12)-(15) the divergence free condition means a conservation of volume rather

po’
than a conservation of mass as in Egs. (1)-(3).
In the following the Boussinesq assumption is not made, and some remarks about its validity will be

given in the discussion of the results of the numerical simulations, see Sec. 6.

3. The multilayer system with variable density

In this section we describe the multilayer discretization procedure of the hydrostatic Navier—Stokes
system with variable density (1)-(5). For the special case of constant density, a detailed illustration of the
derivation of the multilayer Saint-Venant system was given in [5]. Here the presentation is slightly different
since we use a vertical space/time Galerkin approximation in order to introduce the layer decomposition.
Note that we will focus on the specific aspects arising from the density variations.

3.1. Multilayer model derivation

For the sake of simplicity, we omit hereafter the viscous and friction terms of equations (2), (3), (5), (10)
(we refer to [5] for the treatment of these terms). Therefore, we start from the hydrostatic free surface Euler
equations with varying density.
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Figure 2: Notations for the multilayer approach.

The interval [2,7] is divided into N layers {Lq}aeq1,...,n} of thickness I, H (z,t) where each layer L,
corresponds to the points satisfying z € Lo (7,t) = [2q—1/2, Za+1/2] With

Zag1/2(x,t) = zp(,1) + Z?‘:I l;H(z,t), (16)
ha(z,t) = za41/2(2,t) = 2a—1/2(7,t) = loH(z,t), a€]0,...,N],

with {; > 0, Zj\;l l; =1, see Fig. 2.

Now let us consider the space ]P’é\f I_tI of piecewise constant functions defined by

Pot = {Lero@n(z), a€{l,...,N}},

where [.cr (2,+)(2) is the characteristic function of the interval L (z,t). Using this formalism, the projection

of u, w and T onto Pév}i, is a piecewise constant function defined by

N
XN(xv 2, {Za}, t) = Z 1[Za71/2,2a+1/2](Z)Xa('r7t)7 (17)
a=1

for X € (u,w,T). The density p = p(T) inherits a discretization from the previous relation with

N
pN(x7 2 {Za}a t) = Z 1[zu71/2,za+1/2](z)p(Ta (z,1)). (18)

We have the following result.

Proposition 1. Omitting the viscosity terms, the weak formulation of Eqs. (1)-(3) and (5) on ]P’é\’,}tI leads
to a system of the form

N N
=0. 19
2o Pl (19)
Opahatia 0
T + oz (pahaui + hapa) = Ua+1/2Ga+1/2 - Ua71/2Ga71/2
82a+1/2 aZozfl/2
+ana+1/2 T g P12 (20)



OpahaTs 0
FPallaa 5% T 3p (pahaToua) = Toy1/2Gat1/2 — To—1/2Ga—1/2; (21)

with he, = loH. The definitions of pa, Pat1/2: Yat1/2s Tat1/2: Gat1/2 are given in the following (egs. (27),
(28), and (25)).

Proof. Using the Leibniz rule, the Galerkin approximation of Eq. (1) on IP’é\f’IfI gives the set of equations

Opaha 0

ot + % (pahaua) = Ga+1/2 — Ga71/27 A [17 - ,N], (22)
with
0Z0t1/2 02Za41/2
Gat1/2 = Pat1/2 % + UaH/?%/ - wa+1/2> ) (23)
G172 =Gny172 =0. (24)

Relations (23) give the mass flux leaving/entering each layer o, and relations (24) express that the bottom
and the top boundaries are interfaces without loss/supply of mass (see the boundary conditions (6), (9)).
Let us note that the layer mass equation (22) cannot be used per se since the layer height hey is not an
independent variable but it is defined as a part of the total water height H(t, ), see relation (16). Nonetheless,
using the first condition of (24), one can compute the mass flux Goy1/2 just adding up the equations (22):

Dpihj = Opjhju;
GQH/Q:Z Pi J+ZM, ,a=1,...,N. (25)
j=1

Then the equation (25) written for o = N and the second condition of (24) give the equation (19). The
need to consider only the global mass equation (19) is related to the fact that we consider a single fluid with
varying density, and not several layers of non-miscible fluids as in some other multilayer models [7, 8, 9, 10].
Then it is physically consistent to consider a conservation law for the total mass (flow height), which enables
circulation of the fluid between the layers introduced in the discretization process. In the following, we use
the formula (25) rather than (23), and thus we have not to define poi1/2, Wa+1/2-

Similarly, the Pé\{}fl—appmximation of the x-momentum equation (2) leads to (20). Indeed from (3) we
can compute

n
p(x, z,t) = g/ p dz,

and using (18), we have for z € L,

N
pa,zt) =g | > pihj+palzatiz —2)
j=a+1
Using the notations
1 Zat1/2
Pa = hi/ p(l‘,Z,t)dZ, pa+1/2 :p(x7za+1/27t)7 (26)
Q@ Jza—1)2
we have
poch N N
Pa=9g % + Z il and  pat1/2 =9 Z pih;, (27)
j=a+1 Jj=a+1



and applying the Leibniz rule to the pressure term of equation (2) we can write

/Za+1/2 @dz B ahapa B 8Za+1/2 aza71/2

O o gp Det1ET gy Penu

a—1/2

Relation (21) also comes from a Galerkin approximation on Pé\{’ft[ of equation (5) and the application of the
Leibniz rule.

To complete the definition of equations (20), (21), the quantities uq11/2, Toy1/2, @ =1,...,N —1, are
defined by using an upwind strategy:

Ve Zf Ga+1/2 2 07
v = ; 28
at1/2 { Vat1 if Gay1/2 <0, (28)
forv=wu,T. O
In conclusion, for a flow height partition into N layers, the multilayer Saint-Venant system approximating
the free surface Euler system is defined by the continuity equation (19), the N z-momentum equations (20)
and the N tracer equations (21).

3.2. Energy

For smooth solutions it is straightforward to obtain an energy equality by multiplying the z-momentum
. . . . . Nt
equation by u, and by performing the Galerkin approximation on Py };.
For the layer o we have

L+ gy (10 (Bt Gpahat)) =

ot ox
u2+1/2 u2 1/2
a P
* ( g T Pati)2 Jr=‘7Za+1/2> Gavi/2 — ( 5 tPa-12t gza—1/2> Ga-1/2
OZat1/2 0za—1/2
- Cot Yt 29
Pa+1/2 ot + Pa-1/2 5 (29)
2 2 _ .2
with Eé\;ﬁa = pah;“a + 9pa(za+1/22 Za—1/2)'

Adding the preceding relations for « = 1,..., N, we obtain the global balance

0 (< o (&
a (Z Eg)’“) + % (Z Ua (Eé\lf),a + gpahaH)> =0.

a= a=

Remark 3.1. Neglecting friction and viscosity, the multilayer system (19), (20) approzimates the hydro-
static free surface Euler system with varying density that in general is not a hyperbolic system. The hyper-
bolicity of the multilayer model is still an open question and it is not investigated here. We refer to [5] for
a discussion on the hyperbolicity of the multilayer system with constant density. In the work [5] the authors
prove the hyperbolic character of the constant density model for the special case of two layers. Let us also
remark that the numerical scheme for the multilayer system detailed in the following is able to overcome the
difficulty of possible lack of hyperbolicity (Sec. 5).

3.8. Vertical velocity

In Prop. 1 the vertical velocity w no more appears, but we can derive relations for the discrete layer
values of this variable by performing the Galerkin approximation of the continuity equation (1) multiplied
by z. This leads to

0 <Z§+1/2 22—1/2p0) n 0 ('234-1/2 *Zi—l/Q

a 9 O 9 paua> = hapawa + Za+1/2Ga+1/2 - Zoz—l/QGa—l/Z; (30)
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where the w,, a = 1,..., N, are the components of the Galerkin approximation of w on ]P’é\{}_tl, see (17).
Since all the quantities except w, appearing in Eq. (30) are already defined by (19), (20), (21), relation
(30) allows obtaining the values w, by post-processing. Note that we use the relation (30) rather than the
divergence free condition for stability purposes and for the reasons mentioned in the Remark 2.1. We refer
the reader to [24] for more details.

3.4. Multilayer system vs. Navier—Stokes system

Compared to the initial Navier—Stokes system (1)-(5), the multilayer formulation (19)-(21), (29) and (30)
shows advantageous features for the conception of a numerical solution method. The main benefits are the
following.

o There is no more derivative with respect to the z direction;
o The water depth H can be treated as a dynamical variable;

o The geometrical domain is completely defined once the variable H is known. This point, together
with the two features above, means that at the discrete level only a fixed mesh of the domain in the
a-direction is necessary to represent a bidimensional (x — z) problem with a moving boundary.

o The system (19)-(21), (29) has the structure of a system of conservation laws with source terms. This
enables employing stable and robust numerical techniques extensively developed for the approximation
of similar systems of PDEs, in particular for handling efficiently wet /dry fronts and modelling correctly
equilibrium states.

We will take advantage of these properties at the discrete level, see Section 5.

4. Kinetic interpretation

In this section, we propose a kinetic interpretation for the system (19)-(21) completed with the relations
(25), (26) and (27).

The kinetic approach consists in using a description of the microscopic behavior of the system [25]. In
this method, fictitious particles are introduced and the equations are considered at the microscopic scale,
where no discontinuities occur. The kinetic interpretation of a system allows its transformation into a linear
transport equation, to which an upwinding discretization is naturally applicable.

4.1. Kinetic interpretation of the multilayer model

The procedure to obtain the kinetic interpretation of the multilayer model with varying density is anal-
ogous to the one used in [5], see also [26]. Originally, the kinetic approach was used for conservation laws
[25]. Here we extend the kinetic representation to systems with source terms. The kinetic technique allows
obtaining an energy equality and a CFL condition at the microscopic level.

For a given layer «, a distribution function M, (z,t,§) of fictitious particles with microscopic velocity &
is introduced to obtain a linear kinetic equation equivalent to the macroscopic model presented in Prop. 1.

Let us introduce a real function x defined on R, compactly supported, and endowed with the following
properties

x(—w) = x(w) >0,
B 9 _ (31)
Jp x(w) dw = [ w?x(w) dw = 1.

Now let us construct a density of particles M, (x,t,£) defined by a Gibbs equilibrium: the microscopic
density of particles present at time ¢, in the layer «, at the abscissa x and with velocity £ given by

N ) )

Ca Ca




with

and p, defined by (27).
Likewise, we define Nq1/2(2,t,€) and Syq1/2(7,t,§) by

Noy1/2(2,t,€) = Goyry2(@,t) 6 (€ — uas1/2(2,1)), (33)
82a+1/2 0 wa+l/2(x7t)
Sat1/2(7,t,8) = pay1/2(z,t) oz 8756 <§ - (Ua+1/2($at) - W ) (34)

for « =0,..., N, and where ¢ denotes the Dirac distribution. Relation (34) will be used to obtain an energy
equality.

The quantities Go11/2, 0 < o < N, represent the mass exchanges between layers o and o+ 1. They are
defined in (25) and satisfy the conditions (24), so Ny, and Ny 1/, also satisfy

Nyjo(,t,8) = Nyyi1j2(2,t,&) = 0. (35)
For the temperature, we have the equilibria

Ug(2,t,8) = To(z,t) My (2, t, ), a=1,...,N, (36)
Va+1/2($7t7£) :Ta+1/2(xat)Na+l/2(xat7£)7 a:O7"‘7N' (37)

With the previous definitions we write a kinetic representation of the system described in Prop. 1 and we
can state the following proposition:

Proposition 2. The functions (H,u™,T™) are strong solutions of the system (19)-(21) if and only if the
set of equilibria { My (z,t,€),Uq(z,t,€)YN_, is a solution of the kinetic equations

a=1
oM, oM,
ot + 5% — Noyi1/2 = Sat1/2 + Na—1/2 + Sa—1/2 = Qum, (38)
U, oU,
ot +§W —Vag12 + Va-1/2 = Qu,, (39)

fora=1,...,N, with {Noy1/2(x,t,£), Sat1/2(2,1,8), Vagi12(x,1,§) N_, satisfying (33)-(37).
The quantities Qnr, = Qur, (2, t,€) and Qu., = Qu, (z,t,€) are “collision terms” equal to zero at the
macroscopic level, i.e. they satisfy a.e. for values of (x,t)

/RQMadg =0, /}RgQMadg =0, and /RQUadg =0. (40)

Proof. Using the definitions (32), (36) and the properties (31) of the function x, we have
Paha = / Ma(x,t,ﬁ)df, Pahalia = / fMa(;U,t,f)df, (41)
R R
polaTu = [ Unlet. s, pahaTaa = [ €U(o.t.6)de. (42)
R R

From the definitions (33), (84) of Na41/2 and Say1/2, we also have

/ Nay1/2(w,t,8)dE = Gayy2, (43)
R
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/R N1 ja(,t, E)E = s 1 j2Cs o, (44)
/R Sy, ,E)dE =0, (45)

0z,
/ 55a+1/2($7t7§)d§ :pa+1/2 6+1/2~ (46)
R x

Then, using (40), (43), (45), the equation (38) integrated in & gives, for each layer a, the equation (22).
Then, with the conditions (35), the sum of the equations (38) gives the continuity equation (19). Likewise
the equations (38) integrated in & against £ give the momentum equations (20). Finally a simple integration
in & of the equations (39), again using (40), gives the tracer equations (21). O

4.2. Vertical velocity kinetic equation

In order to capture the macroscopic vertical velocities w, at the continuous level, the kinetic inter-
pretation has to take into account the microscopic vertical velocity v of the particles. For a given layer
a € [1,...,N], we construct the new densities of particles R, (z,t,&,~) defined by the Gibbs equilibria: the
microscopic density of particles present at time ¢, position z and with microscopic horizontal velocity £ and
microscopic vertical velocity v given by

2 2
Fatl/2 T Pa-1/2

and satisfying the kinetic equations
OR, R,
or + 56‘7 -0 (’Y - Wq) (’YMa - Za+1/2Na+1/2 + Za71/2Na71/2) = QR.,; (48)
where Qr, = Qr, (z,t,£,7) is a collision term satisfying
/ Qr,dédy = 0. (49)
R2

Using (49) a simple integration in £ and v of Eq. (48) gives (30).

4.8. Kinetic interpretation of energy equation

In order to recover, for smooth solutions, the energy balances (29), we also introduce for « = 1,..., N
the densities M, (z,t,&) defined by

i, = MmO s 6y,

and we have the following proposition
Proposition 3. The solutions of (38), (39) and (48) are entropy solutions if additionally
OM,  _OM,

at +£ ax :éa(x7t7£)7 azl""7N7 (50)

with for smooth solutions

([ (Som-0.)de s [ onaein) -0 -

a=1
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Proof: The proof is obtained by simple integration in &, v of the set of equations (38), (89) and (50) using
(40), (49) and (51). Indeed from the definitions (32), (33) and (47) we have

he
pah(xui + —Palla = /ngMa(l‘,t,g)df,

2

pahiatve = /R 900 = wa) Mo, 1, E)dEd,
haDatia = /R N (1, €)dE, w2,y )5 = /R Ny oo ,€)dE,

Gusije = [ 307 =) Nosaya(o.t. ),

22+1/2 - 2271/2
]RQ

Z§+1/2 - 2371/2
pafua = / gRa(x,t,g,’y)dfd’)/,

0z,
2Daqt1/2 a+1/2ua+1/2 —/5 Sat1/2(x,t,6)dE. O

5. Numerical scheme

We have shown in Section 2 that a Galerkin vertical discretization of the Navier—Stokes equations leads
to the multilayer model system presented in Section 3. Now, we propose a finite volume numerical scheme
for the approximation of this model based on the kinetic interpretation of the system equations illustrated
in Section 4.

The choice of a kinetic scheme is motivated by several arguments. First, the kinetic interpretation is a
suitable starting point for building a stable numerical scheme. We will prove in Sec. 5.8 that the proposed
kinetic scheme preserves positivity of the water depth and ensures a discrete local maximum principle for
the tracer concentration (temperature, salinity...). Second, the construction of the kinetic scheme does not
need the computation of the system eigenvalues. This point is very important here since these eigenvalues
are not available in explicit analytical form, and they are hardly accessible even numerically. Furthermore,
as previously mentioned, hyperbolicity of the multilayer model may not hold, and the kinetic scheme allows
overcoming this difficulty.

The multilayer system obtained in Prop. 1 has the form

90X  OF(X)

8t Oz Se(X7 atX7 axX) + Sp(X) + Sv,f(X)7 (52)

T
with X = (ij:l Oabios Qise s N K1, - .7I<:N) and o = loH, qo = polaHite, ko = pala HT,. We denote

with F'(X) the flux of the conservative part, and with S. (X, 0, X, 0;X), Sp(X) and S, ¢(X) the source terms,
representing respectively the mass transfer, the interface pressure, and the viscous and friction effects.

We introduce a (2N + 1) x 2N matrix K(§) defined by Ky ; =1, K1 j4on =0for j=1,...,N, K11 ; =
0i; & Kigxnt1,j+n = 055 for ¢,5 = 1,..., N with ; ; the Kronecker symbol. Then, using Prop. 2, we can

write
x= [re (g ) rx / o) )de (53)
sax) = [k (vig) )ae S0 = o 7F )ae (51)
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with M(€) = (My(€), ..., My (E)T, U(&) = (UL(£),...,Un(£))T and

S3/2(8) = S1/2(£) Ws/2(§) — Wij2(€)
P(¢) = ; . and W(E) = : . for W=N,V,

Snsya(€) — Sx_15(6) Wsa(€) — Wr1/2(6)

We refer to [5] for the computation of S, ¢(X).
To approximate the solution of (52) we use a finite volume framework. We assume that the compu-
tational domain is divided into I nodes x;. We denote C; the cell of length Az; = x; 1/ — x;_1/p With

Tiy1/2 = (vi+x11)/2. For the time discretization, we denote t" =, At*, where the time steps At* will
T
be determined through a CFL condition. We denote X" = (Zgil Poila ] q1 s AN s KT s oo k‘}{”)

?
the approximate solution at time " on the cell C; with q ; = pp ;laH ug ;5 ki = poilaH'Ty ; and
Pai = (T ;). Note that to deduce the primitive variables H',uf ;, ..., u} ;, 17", ..., Ty ; from X' a non-

linear problem has to be solved (see Sec.5.7).

5.1. Time discretization

For the time discretization, we apply a time splitting technique to the equations (52) and we write

Xl X 9F(X™)

=5, xn Xn+1 X"
Xn—i—l _ Xn—i—l
Sy v Sy (X", X" = 0. (56)

We first solve the conservative part of (55) by the proposed explicit kinetic scheme (Sec. 5.2 and 5.3). The
mass exchange terms are also computed via the kinetic interpretation (Sec. 5.4). The first step also includes
the pressure source terms at the interfaces in order to preserve relevant equilibria [13]. Concerning the
viscous and friction terms S, ¢ in (56), they have been omitted in the derivation of the multilayer system
(52). Since their expression does not depend on the fluid density p, their vertical discretization and their
numerical treatment do not differ from earlier works of the authors [5]. Since these terms are dissipative,
they are treated via a semi-implicit scheme for stability reasons.

5.2. Discrete kinetic equations

We here illustrate the discrete kinetic equations corresponding to the first step (55).
Starting from a piecewise constant approximation of the initial data, the general form of a finite volume
discretization of system (55) is

XiH = X{ o} |Fliayg = Filypp| = ASIT po7sy, (57)
where o7 = At" /Aw; is the ratio between the time step and the mesh width, and the numerical flux F7; ,
is an approximation of the exact flux estimated at the point x;; /2.

The pressure terms at the layer interfaces S;; are not deduced from the kinetic interpretation (see [12])
but computed via hydrostatic reconstruction, see Sec. 5.5. As in [27, 26] the kinetic interpretation (38)-
(39) is used to specify the expression of the fluxes I /2 In (57). Assuming that the primitive variables
H ui;, .. un I1, .- TN, are known, by analogy with (32) we first define the discrete densities of

particles Mgl by
HY —Ugi . pr
Mg’l(f) = pg7ilaTlX ¥ ) with CZJ = Zﬂa
CQJ Ca’i pa,i
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and following (27)

loH}
pg,zzg paza Z p]zl Hn
j=a+1

Then the equation (38) is discretised for each « by applying a simple upwind scheme

FEENE) = M2 (&) — €0t (M1 jo(6) = MLy o(8)) +

n n 1/2 n+1/2 n n n
A (NI (6 = N2 ) + A (811 /2.4(8) = Sio1/04(9)) (58)
where
.Mz ifexo,
a,i+1/2 — { Mg,i+1 if 5 < 0. (59)
The terms Ng-ﬁ//zzz (resp. Sy, /5 ;) will be defined in Sec. 5.4 (resp. 5.5).
The quantity f;7 "1 is not an equilibrium, nonetheless by analogy with the proof of Prop. 2, we set
e = [ s (60)
and
ettt = [ e (61)
thus recovering the macroscopic quantities at time ¢t™+!.
An upwind scheme similar to (58) is applied to Eq. (39), giving, with obvious notations,
9o () = Uzi(©) = €07 (Ul iy /2l8) = Ultsmr o)) +
n 1/2 1/2
At (Vo?-:_l//Q,i(g) - V:—Jrl//z,i(g)) ) (62)
and allowing recovering the macroscopic quantities
Pt o H T = / ghit(e)de. (63)

The equations (60), (61), (63) are summarized here in compact form:

X+t = /5 K(&) < g::gg >d€, (64)

3

with f7(€) = (f1(), -, fR ()T g7 (&) = (97 :(8)s- - gR ()T

Note that in (58) the collisions terms @y, , which relax f to a Gibbs equilibrium M, are not taken into
account, they are added by introducing a discontinuity at time ¢"*1 on M, ;. Assuming that the primitive
variables are computed at time t"t!, we set

n wpr, B (€ ugl
Ma,Jz'rl(g) = Pa Hla Tl X ( Cn+1’ :

o, o,

We apply the same remark to U, ;. From the previous definitions M, ; and U, ; are discontinuous at time

14



t"+1 in the sense that Mgfl #* f"jl and Ugjl #£ g™+t but at the macroscopic level we have

«@ a,i

/Aﬁtwfzj}ﬁﬁﬂ, /Uﬁf%:ifdﬁwa
R R R R

5.83. Numerical fluxes of the conservative part

In this section we give some details for the computation of the fluxes introduced in the discrete equation
(57), and defined by (64) using (58) and (62). To take into account (59), we denote

F;«IH/Q = F(Xianinﬂ) = F+(Xz'n) + F_(Xz‘nﬂ)a (65)

and following (53), we define

P = [ e (e e rran= [ o (ThE e o

with M{(€) = (M7(6),-.., MR, (€)T, UF(€) = (UT3(6), - -, UR 4(€)"
More precisely the expression of F'*(X;) can be written

FH(X) = (F(Xa), Fl(Xo), ..., Ff(X0), Bl (Xa), .. By (le))T, (67)

with, using (58) and (64),

N N
Fii(X;) = Z Ff (X)) = Zpa,ilaHi/ - (ta,i T wea)x(w) dw, (68)
a=1 a=1 w>— :L-Y’L
th (Xi) = pa.ilaHi >7m(ua_’i + wcaﬂ-)zx(w) dw, (69)
F,ja (X;) = Ta,iF,f;(XZ) (70)
We denote also
Froi=Fnoivi2 — Fhoi-1/2 = F;Ta (Xo) + F, (Xip1) — (F;;Z (Xi—1) + F, (X)) - (71)

One attractive feature of the kinetic method is that it provides a very simple and natural way to construct
a numerical flux through the kinetic interpretation. Indeed, choosing

1
w)=——=1 w),
x(w) 23 lwj<v3(w)
the integration in (67) can be done analytically.

5.4. Discrete mass exchange terms
n+1/2

e,

Let us now define the mass exchange term S in the equation (57), or more precisely the terms

N;Lill//gl in Eq. (58). From the conditions (35) we prescribe
n+1/2 n+1/2
N1/+2,i/ (f) = NNJ.F~_1//2,Z'(§) =0, (72)

and using the discrete analogous of Eq. (45) (see Eq. (79) in Sec. 5.5) the sum for all « of Eq. (60) defines

explicitly Zle PZ?;llaHz‘nH'
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Likewise, by partial summation of (58), we have

(03

narn+1/2 n n+1/2 n
ACNIEVE () + ASEEE (€)= 0 (£ () = Mu(©) + €07 (Miyyjol€) = M 2(6))) . (73)
=1
fora=1,...,N—1.
By analogy with (43), we define

n+1/2 n+1/2 o
a+1/2z Na+1/2z df’ OZ—O,...,N, (74)

thus, using (60) and (79), we can write

n~n+1/2 n n n n n n
At Gaj:lé2 = [z (P T HP T — p2 ) + 0 (B 1 p — th’ifl/z)] , (75)
j=1

for « =1,...,N. We remark that this expression is consistent with the free surface condition in (72). Let

us note that the definition (75) depends on patlH ZLH which reflects the dependence of G 1,2 on the time
+1H’n+1

derivatives 9y(pjh;), j = 1,...,a (see eq. (25)). These values p ;" H;

only the global quantity Z 1 patll H; ntl

are unknown at this stage since

can be explicitly computed. This is the reason why we choose

to denote the discrete mass exchange terms with time level (n + 1/2), GZE;; ;» and similarly we use the
n+1/2 n+1/2 n+1/2

notation Na+1/2’ Va+1/2 and S_

the quantities of interest at time ¢"*!, see Sec. 5.7.

. As a consequence we will have to solve a nonlinear system to compute

We define
n-+1/2 _ nt1/2 n n+1/2 _qm n+1/2
Na+1/2,i(§) = Ga+1/2,i 0 (5 - Ua+1/2,i> 5 Va+1/27i(§) = a+1/2,iNa+1/27i(§) (76)
with, according to (28),
n . Vot if GZﬂ@z >0,
Vot1/2,i = n n+1/2 (77)
Vg i if Goiq)n; <0,

for v = u, T. Let us stress also here the dependence of the interface values in the above definition on
the quantities Gai}% , not explicitly available at time t"t1. The way to overcome this difficulty will be
explained when we will illustrate the numerical solution technique for the nonlinear problem in Sec. 5.7.

n+ /2 .

Nevertheless we can now consider that the exchange term S, in (57) is completely defined.

5.5. Numerical treatment of pressure source terms

We focus now on the source term S ; in (57) associated to the interface pressure, namely the discretization
of Saq1/2(7,t,€) defined by (27), (34). The terms S;; are defined in such a way to preserve steady states
conditions of a lake at rest. The numerical treatment that we propose here for these source pressure terms
is different from what it is usually done in the hydrostatic reconstruction method [13], and from what has
been proposed by the authors in [5]. Nevertheless in the case of a single layer with a constant density, and
for the first order scheme, the source term discretization that we present here is similar to the formulation
given in [13].

From the kinetic interpretation (38), and using the definition (34), we point out that we can write

/ NG ( (€) )dg, (78)

Pg,i(f) = SZ+1/2,¢(§) - 52—1/2,1'(5)-
16
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We have the discrete analogous of Eq. (45):

/R STy 2 s(E)dE = 0. (79)

The term
/R EST 1 (€)E,

which is an approximation of

Tit1/2 Oz +1 2(.’[’,tn)
/ Lpa+l/2<x7tn)d$7
T

oxr

i—1/2

is defined hereafter.
As for the classical hydrostatic reconstruction [13], we introduce

s}
=}

Zh,it1/2 = MAX{2p 4, 2b,i41},

n n
ir1/2— = Hi + 2pi — 2pi11/2,

co
—

n _ n
ir1/24+ = Hif + 2biv1 — 2pi41/2

—~ o~ o~
[0 o]
w N
= — T

hZ,m/Qi = laHinH/zf
Then, following (16), we set
ZZ+1/2,2’ = 2pi+ Z hais Zz+1/2,i+1/27 = Zpit+1/2 t Z hg,i+1/27' (84)
j=1 j=1

We also define N N
Pat1/2,i+1/2— T Payi/2,i

pg+1/2,i+1/4 = 2 ’ (85)
with
N N
pg+1/2,i =9 Z Pyl pZ+1/2,¢+1/2— =g Z P;'L,ih?,iﬂ/z—' (86)
j=a+1 Jj=a+1

Then the idea of the numerical treatment of the pressure source term relies on rewriting it under the form

or poz—‘rl/Z(xyt) = % . 0 pa+1/2(jat) dz.

This leads at the discrete level to the formula

Tit1/2 n
0zqy1/2(x,t") n
R ER LY
xr

i—1/2
Tit1/2 82a+1 2(x7t”) n
= / #pa+l/2(x7t ) d.%'—/

T T

Ti_1/2 82a+1/2($, t)

O pa+1/2(x7tn) di‘7

where the cell-averaged source term is locally represented as a discrete gradient corresponding to a source
distributed to the cell interfaces. Then we write

/Rfsg-s-l/z,i(f)df = 524-1/2,14-1/2— - Z+1/2,¢—1/2+a a=1,...,N, (87)
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with the definition
Sg+1/2,i+1/2— = pg+1/2,i+1/4 (22+1/2,i+1/2_ - ZZ+1/2,¢) . (88)

Notice that Eq. (88) is a classical relation/definition allowing to obtain an approximate quadrature formula
for the right hand side of (87), whereas Eqs. (80)-(83) correspond to an upwind discretization of the bottom
topography using the hydrostatic reconstruction strategy. We also notice that the flux (65) is no more

computed using the cell centered values hg ; and hy ;,; but the reconstructed interface values hy ;o and

h27i+1/2+, ie.
Fz'r—L‘,-l/Z = F+( ?-1-1/2—) + Fi(in—i-l/Q—&-)'
One of the major concern for the discretization of the pressure source terms S, ;(X™) is the preservation
of relevant equilibria. At the continuous level, the static equilibrium of the lake at rest is given by

n
u(z,z) =0, / p(x,Z2 d)Z = Cst(z), vz, z,
which implies
u=0, n=0Cst, and T =T(z). (89)
We first consider the case of constant density, i.e. T(x, z,t) = Ty, and we have the following proposition.

Proposition 4. If the density is constant, the discretization of the source terms given by (78) preserves the
steady state of a “lake at rest” given by (89).

Proof. Assuming steady state conditions of a lake at rest, we have H* + zp; = HJ%, | + zp 41 and u =0

Vi. By construction we have Hin+1/2_ =H] ;. and SZJI/Q =0fora=1,...,N,i€l. Thus X1/ =

Xf+1/2+, and we obtain Fy_ ; = 0, Vo, Vi. A simple calculation shows that the expression of the source terms

(78) coupled with the flur computed with the kinetic scheme gives F[j_l/Q — Fi”_l/2 = Sz?,i—s-l/?— - Sgi_l/2+
. _ T :

with Sgiﬂ/% = (S;/Q’iﬂ/% _S?/2,i+1/27’ ceey S]T\L]+1/2,i+1/27 _517\571/2,“1/27) , which completes the proof.

5.6. Static equilibrium and variable density

When the fluid density varies, the preservation of equilibrium states at rest is more problematic. In the
case of flow in static equilibrium over a flat bottom all the interfaces are horizontal, thus at the continuous
and discrete level we have

0za41 /2
ox
It follows that S, = 0 and the equilibrium is obviously preserved.

In the situation of non flat bottom, equilibrium at rest is more difficult to characterize since this corre-

sponds to

=0, a=1,...,N.

Ohapa _ 8Za+1/2 620‘,1/2
or  on Pat1/2 — Tpafl/Q

with possibly an inhomogeneous distribution of the tracer T.

Instead of proving that our scheme preserves such equilibria, we will show numerically in Sec. 6.1 that
starting from a given initial condition, and with no forcing terms and energy supply, the system evolves to
a static equilibrium state satisfying

n; =Cst, ua; =0, and T(z;{z2a}) = Csta, a=1,....N, i€l

that is the discrete equivalent of the continuous equilibrium (89).
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5.7. Nonlinear coupling

In Secs. 5.2-5.5 we have described how to compute through the kinetic scheme and an extended hydro-
static reconstruction technique the quantities

a,t

N
SOt HPY p G H ! and pl G HT T (90)
a=1

From (60) and (72), we have that the first term is computed explicitly. It is not the case for the third term,
n+1/2

a+1/2,i
at time "', Moreover, the density p, ; is in general a nonlinear function of the tracer (temperature) T, ;.
It follows that a (N + 1) nonlinear problem has to be solved to completely define Hi”Jr1 and T(Zjl. This

nonlinear problem reads

since, as anticipated before, the evaluation of the interface flux G (75) involves quantities computed

N N
Z PZ,nglaHZLH = Z PailaH|" + N (FE (X)) + Fg (X)) = F(XP) = Fg(X7)),
a=1 a=1
Pa,t‘llaHi HTa,Jirl = Pa,ilaH{' T + Ar (F;:; (X7t + By (X7) — F;;t, (Xj") — Fy. (X741)) (91)
k,n n+1/2 k,n n+1/2 .
+At (Ta+1/2,iGa+1/2,i - Ta71/2,iGa71/2,i) ) a=1,...,N,

where the fluxes F* and G can be evaluated through the formulas (71) and (75), and the interface values
Tot1/2,i are given by (77). The system above can be written under the form

R(H, T{jjl, ... ,T}VL;l) =Cr, (92)

where the term C]' contains all the data, i.e. the quantities that are evaluated at time ¢", and the function
R from RV*! to RN+! is given by

2N lap(Ya)

R TyYty--yYn) = k,n « k,n a—1 .
( ) xlayap(ya) - Ta+1/271‘x Zj:l ljp(yj) + Ta_1/2,ix Zj:l ljp(yj)

The nonlinear system (92) is solved by using an iterative procedure that defines a sequence of quantities
(H:C o Tk’"), where the superscript k is the iteration counter. Let us note that in the definition of the

P Tt
function R the interface value of the tracer T 5-1:11 /2 is explicitly related to the actual iteration. Indeed
formula (77), which was said to be non explicit since the quantity GZE@ ; is implicitly defined, is replaced
in the iterative process by the explicit formula
. k—1,n
Tk,n _ T(;LJrl,i if Gg+%/2’i > 07
+1/2,4 : ~1n
a+1/2,i T(’;},i if Ga+1/2,i <0,
where the explicit quantity GZ;ll/"Q ; is computed using the previous estimation of the unknown quantities

[0}

k—1, k—1, k-1,
AtnGa-&-l/nZi = Z |:lj(pj7i nHi " P}Iszn) + U?(Fizlj,i-s-l/Q - F;LLj,i—l/Z) .
j=1

The nonlinear problem (92) is solved for example by using a Newton-type algorithm. This is a small size
problem but it has to be solved at each time step and for each cell C;. In practice, this step is the most
CPU time-consuming. Once H"** and T, ;"fl are computed, u”" " is deduced from (61).

Let us remark that the Boussinesq assumption recalled in Sec. 2.2 simplifies significantly the numerical
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scheme since in this case the density only appears in the wave velocity c, ;. Then we have

H_TL+1
i
Xt = (!
n+1pn+1
loH] Ta,i

and we easily recover the unknowns of interest without the solution of a nonlinear system. In fact the global
water height H f“ is explicitly defined by the sum of relations (60) and then quantities ngl and ™! can

be computed using (61) and (63). ’

5.8. Stability of the scheme and maximum principle

Classically, the stability property of the kinetic scheme can be established through a CFL condition
ensuring that the water height remains non negative. This CFL condition means that the quantity of water
leaving a given cell during a time step At"™ is less than the actual water in the cell. Note that due to the
vertical discretization the water can leave the cell C; of the layer « either through the boundaries z;41/2,
or through the interfaces z,+1/2. This makes the CFL condition more restrictive. In the case of a constant
density, the resulting CFL constraint is given and demonstrated in [5]. Its adaptation to the situation where
the density varies is straightforward and leads to the following proposition.

Proposition 5. Assume that the function x has a compact support of length 2wy;, then under the CFL
condition

pPalaHIAx;

At" < min min
n 7 n+1/2 n+1/2
palaHi’ (|u2,2| + UJMCOL“Z-) + AZCZ ({Gailéll} + [Gatl//li} +)

1<a<N i€l

the kinetic scheme defined in Sec. 5.2-5.7 keeps the water height positive, i.e. H > 0 if this condition is
true at initial time.

For the tracer concentration we have the two following propositions.

Proposition 6. Under the CFL condition defined in Prop. 5, the kinetic scheme defined in Secs. 5.2-5.7
preserves the positivity of the tracer concentration.

Proof. We assume that T, > 0, Va, i and we prove that ngl >0, Va,i. We also assume that the CFL

a,i =
condition given in Prop. 5 is satisfied, so H' > 0, Vi.
From the positivity of the function x we deduce

My, >0, Vi, fora=1,...,N.
We now introduce the quantities
€] = max(0,€), [¢]- = max(0, ).

Using the definition of the Gibbs equilibrium U, (36), the definition (39) and the upwinding (77), we can
write the upwind microscopic scheme (62) under the form

92171 = (1-0E)Uq; + 07 €l4Uq i1 + 07 ]-Ultita

n n+1/2 n+1/2 n+1/2 n+1/2
+At <<{Va+1/2,z}+ o [Va+1/2,i] _> o ({Va—l/Q,i:L_ B {‘@—1/2,1}_)) )
= (=06 Ty My, + ol [T My ;1 + 0 (6] -To i1 My 4

n n +1/2 n +1/2
+At <<Ta+1,i [NZ+1/2,1']+ - Ta,i [N2+1/2,z} )
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- (r[veial), - s )
= 1, ((1 —oT|ENMZ — At ([N;’ii/@} Ve +))
ol €] Ty i My i1 + 0 [E] T 1 My 44
AL (Tg o [V LTI (N3] _) . (93)
Since the quantity
oT|EIMZ + At ({NZEZ,J N +) 7

represents, at the microscopic level, the water leaving the cell C; of the layer a during At™, from Prop. 5 it
satisfies
/ (aﬂfMZj’i—kAt" ([Ngjll//;} +[N2s ] )) dé < / M de,
R A= T+ R

Palo HI T = /Rggj.ldg >0, Vi, fora=1,...,N,

and we obtain

which completes the proof. O
Proposition 7. Under the CFL condition defined in Prop. 5, the kinetic scheme defined in Secs. 5.2-5.7
ensures a maximum principle for the tracer concentration. Indeed it satisfies

T’I’L

. n+1 m
Vn, Vi, Vo ThTH <max{Ty,, Ta,,

717

TP T T b

a—14 Fai+1 Fa,i—1

Proof. From (93) using the CFL condition, we have

n n n n n n n n n 1/2 n 1/2
gajl < maX{Ta,ivToz—&-l,ivToz—l,i’Ta,i—Q—l»Ta,i—l} <(1 —0; |£‘)Ma,i — At [N211;27¢}7 — At [NZZ//ZZ-L

n n n n n n+1/2 n n—+1/2
O] My + O E] Mg + AL NI ] A e _)

_ n n n n n n+1
= max{T, Ta+1,mT T,i+1»Ta,i71}f

o, a—1,1 T« a,i )

/R fottg = /R fode.

Then, after an integration in & we obtain

with, using (58),

PalaHZLHTgH < maX{Tg,ivTg—&-l,ivTg—l,i’Tc:L,i+1vTc:L,i—1}palaHi7L+1’
which completes the proof. O
In practice, see [28], we rather introduce some upwinding in the tracer equation depending on the sign of
the total mass flux. Then the tracer flux vanishes with the total mass flux. This is done with the introduction
of the new tracer flux F(X;, X;11) defined in the following formula, which replaces (70):

Fr, (X, Xiv1) = Taiv1/2Fn, (Xs, Xig1),

where
T, for Fp (Xi, Xit1) >0,

Tait1/2 = { Toisr for . (Xi,Xip1) <O0. (94)

Note that this upwinding technique preserves the properties demonstrated in the previous propositions.
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5.9. Boundary conditions

The treatment of the boundary conditions is not detailed in this paper since it consists in a natural
adaptation of the technique proposed by Bristeau and Coussin, see [29]. Note that for a given boundary, the
type of prescribed condition — given water height, inflow, ... — can vary depending on the considered layer.

5.10. Second order scheme

Second-order accuracy in time can be recovered by the Heun method [30], which is a modified version of
the second order Runge-Kutta method. The advantage of the Heun scheme is that it preserves the invariant
domains with no further restrictions on the CFL.

We also apply a formally second order scheme in space by a limited reconstruction of the variables [13].
These new variables are classically obtained with three ingredients: prediction of the gradients in each cell,
linear extrapolation, and limitation procedure. The process is detailed in [27].

Note that the second order numerical scheme that we propose here does not adopt the same discretization
for the pressure source terms as the method in [13] (not even for the case of a constant density single layer).
Nonetheless the two approaches, the one presented here and the one in [13], give similar results and the
convergence order of the schemes is the same (for smooth solutions). Nevertheless, our discretization of the
topographic source term seems more natural, and for the second order extensions no additional centered
source term is needed.

Remark 5.1. In [13] the consistency and the existence of a semi-discrete in-cell entropy inequality for the
scheme are demonstrated. The study of these two properties for the more general model that we propose here
goes beyond the scope of this paper.

6. Numerical results

In the case of constant density, the multilayer numerical model has been already validated, see [5]. In
this section we focus on situations where the density variations have crucial influence on the hydrodynamical
processes. First we illustrate the behavior of the proposed method in problems of non trivial static equilibria,
then we show numerical experiments simulating flows exhibiting internal waves, and density-stratified water
bodies subject to wind surface stress. The density is considered a function of the water temperature, see (11).

6.1. Static equilibria with non flat bottom
We illustrate here the properties of preservation of equilibria for stratified flows, see Sec. 5.6.
If we account for diffusion of the tracer, i.e. ur # 0 in relation (5), the only possible static equilibria are

trivial and correspond to

a—T = (Cst, and 8—T = (C'st, Vz, 2, t.
Ox 0z

To avoid these simplified situation, in the experiments of this section we set ur = vy = 0. Since our numerical
scheme has small numerical dissipation, a Navier type bottom friction is considered in each simulation in
order to reach static equilibrium more quickly.

We consider a 3 meter-long enclosed basin with vertical shores and an initial water level of Hy+2z, = 1 m,
with the bottom geometry z,(x) defined by the parabolic bump

zp(7) = max(—1,—0.75 — 1.246(x — 1.2)?).

The computational grid has 100 nodes in the x direction.

In Figures 3 and 4 we illustrate the behavior of the scheme for two problems over non flat bottom with
initial conditions corresponding to an unstable state.

For the first example, whose results are displayed in Fig. 3, the flow is initially at rest and the temperature
distribution at ¢ = t¢ is defined as

25°C  if z— 2z, > 2Hy/3
o B b = 0 )
T (z,2) = { 8°C otherwise.
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For the simulation we have used a vertical discretization with 20 equally spaced layers, i.e. [, = 1/20 for
a =1,...,20. The post-processing visualization tool performs a linear interpolation of the constant cell data,
which explains the small diffusion of the temperature jump that is observed at the initial time. Figure 3-(b)

shows that the system naturally reaches a stable equilibrium characterized by
oT
— =0.

Ox

In the second example, whose results are displayed in Fig. 4, we consider the same configuration as in
the previous experiment but we set a different initial temperature distribution, which in this case deviates
significantly from equilibrium conditions, see Fig. 4-(a). Also in this test the flow tends toward a stable

static equilibrium state, see Fig. 4-(b).

Temperature (C) Temperature (C)
]|2\\I\\I\\I‘Iﬁl\\\l\\?‘o\l\\l\ 24 ]‘Z\HI\Hll.lﬁ\l\\\ll\z‘o\ll\H 24
8 25 8 25

(a) (b)

Figure 3: (a) initial state and (b) static equilibrium reached after 10 minutes.

Temperature (C) Temperature (C)
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Figure 4: (a) initial state and (b) static equilibrium approximately reached after 20 minutes.

6.2. Internal gravity waves

In this section we present a test problem that shows that small numerical diffusivity is introduced by
our numerical scheme.

Starting from an unstable initial condition, a stratified flow made of two miscible fluids asymptotically
evolves, in presence of dissipative effects (fluid viscosity, tracer diffusivity, bottom friction), towards an
equilibrium state that minimizes the potential energy E, of the fluid volume V/,

E, = / p(T)gz dz,
|4
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and that corresponds to g—g = 0. Therefore the interface between the two fluids is asymptotically horizontal.
This corresponds exactly to the situations depicted in Sec. 6.1 with Figs. 3 and 4.

In absence of physical diffusivity and friction, and still starting from an unstable initial condition, the
potential energy has now no reason to decrease and interfacial gravity waves will appear in the fluid domain.
The preservation of the interface between two miscible fluids for such gravity waves is a challenging task for
numerical schemes, since in practice numerical diffusion coming from the scheme is often observed to lead
to an artificial equilibrium in the simulations.

We refer in particular to [31] and references therein for numerical studies and simulations of interfacial
gravity waves. In [31] various numerical schemes are compared with a test case corresponding to a finite
amplitude deep-water standing wave. The interface is defined in [32] and given by

o= (1 2 oot ),

where ka = 0.1 is the initial steepness, k = 27 /L, and L is the length of the domain.

We perform here a test with the same configuration described in [31], where the interface thickness is
kd = 0.017. In Fig. 5 we show the profile of the density field at the initial time and after two periods of
oscillation. The period of oscillation is T' = 9.82 seconds. We have used 80 nodes in the horizontal direction
and 100 equally spaced layers in the vertical direction. Except near the interface where Fringer et al. [31]
uses a refined mesh, our vertical computational grid corresponds to the one used in [31]. We see in Fig. 5-(b)
that after two periods of oscillation we recover the initial shape of the interface ¢ even if some diffusion of
the temperature is observed.

(¢) (b)

Figure 5: Density field for the interfacial standing wave, (a) initial condition and (b) after two periods of oscillation.

6.3. Validity of the Boussinesq assumption

In the literature the Boussinesq assumption (see Sec. 2.2) is very often considered, however its validity
is sometimes unclear [33, 34]. As far as the authors know, most of the numerical schemes with validated
results use this assumption, although there exist ocean models using various approximated versions of the
non-Boussinesq equations [34]. It seems to the authors that the Boussinesq assumption is valid in the
majority of the test problems they have simulated. However, in the case of internal waves in stratified flows
and for long time simulations, the validity of the Boussinesq hypothesis is questionable. The following test
case illustrates this point.

We consider the same geometry and initial conditions as in the first example of Sec. 6.1 and we compare
in Figs. 6 the results that are obtained with and without the Boussinesq assumption. It appears that even
if the system reaches in both situations the same static equilibrium condition (see Fig. 3-(b)), the transient
velocity fields are different. The differences induced by the Boussinesq assumption in the simulations are
reinforced, in our case, by the numerous reflections against the vertical shores. For an overview of the
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physical situations where the Boussinesq assumption leads to significant errors, the reader can refer to
[33, 34].

At time t3 = 3 minutes

Figure 6: Computed velocity field. Left column: without the Boussinesq assumption; right column: with the Boussinesq
assumption.

6.4. Wind forced flows

We simulate in this section the response of a density-stratified water basin to wind stress. Thermo-
hydrodynamical phenomena in lakes subject to the action of wind have been studied since a long time, by
means of observations and measurements in situ [35, 36], laboratory experiments [36, 37, 38, 39|, theoretical
analysis [40, 41, 42], and, more recently, numerical simulations [43, 44, 3, 45].

The typical thermal stratification of natural lakes and hydraulic reservoirs consists of a warmer less
dense surface layer, a colder denser bottom layer, and a middle layer characterized by a steep vertical
thermal gradient, the center of which is the thermocline. Classically, in the literature the lake temperature
distribution is schematized by a two-layer or three-layer thermal stratification.

When wind blows over these enclosed stratified water systems, the thermocline is deflected upward in
the upwind region. The thermocline behaves as a barrier between an upper region with circular fluid motion
that has the same direction as the wind at the surface, and a lower region with fluid rotating in the opposite
sense. If the wind is sufficiently strong then the thermocline reaches the surface at the upwind end of the
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basin and upwelling of colder fluid in the windward region occurs. This is quite different from the effect of
wind forcing a homogeneous basin, where wind induces a simple circular motion of the fluid mass.

6.4.1. Comparison with an analytical solution
In this section we simulate the steady setup of a two-layer flow subject to wind stress and we compare
the results obtained through our numerical model with a local analytical solution. We consider a fluid in a
rectangular basin of length Lj, = 3 m, and we impose a constant uniform wind stress from left to right at the
free surface. The simulation starts with a flow at rest with the following two-layer temperature distribution

(see Fig. 7):
25°C if z— Zh Z H0/27

To(z,2) = { 8°C otherwise, .

where Hy = 1 m is the initial water height. Note that since at to = 0 we have

dp
£ <
0z =0

the initial state corresponds to a stable equilibrium. With these initial conditions, if wind is not too strong,
the system is expected to reach the stationary regime described schematically in Fig. 7.

Ty = 25°C

T, =8°C

X

Figure 7: Steady setup of a two-layer flow subject to uniform and constant wind (from left to right). Flow domain with
water height H(z,t) and layer interface Hi(z,t) (thermocline). At ¢y we have Hi(z,to) = Ho/2 and flow at rest. The
steady configuration is characterized by deflections of opposite sign of the free surface and of the thermocline, and by opposite
circulations in the upper and lower layer.

We use a viscosity v = 0.003 m? - s~!, a Navier friction coefficient x = 0.1 m -s~! and a wind velocity
of 6 m-s~! leading to a = —395.51, K=2347m- s, a3 =3.631072m? s, a1 = 8.63 1072 m? - s~ 1,
Tw = 6.051075 m? - s72 and 7 = 2.72 m? - s72 in the formulas (A.5) and (A.6).

In agreement with the expected behavior, the results of the simulation show that the flow reaches a
stationary configuration characterized by two circulation regions rotating in opposite sense below and above
the thermocline. See the computed temperature distribution and vector velocity field at time ¢ = 600 s in
Figure 8-(a). For this test problem, and also for the one considered in the next subsection 6.4.2, the shear
stress due to the wind induces a gradient of the free surface. Nonetheless, the deflection of the free surface
is very small, and it is not visible in the plots of the results (Figs. 8 and 10).

Additionally, we display in Figure 8-(b) the results obtained by performing a simulation with the same
initial conditions of flow at rest and tracer distribution as in (95), but for the constant density case, that is
we set p(T') = po. In such a situation we see that the wind induces a simple clockwise circular flow motion
and a corresponding advection of the tracer T. In this case the flow velocity field attains a stationary
rotating regime, but note that the only possible steady tracer distribution corresponds to the homogeneous
conditions T'(x, z,t) = T. Let us also remark that for this test with constant density the convergence of the
simulation results towards the analytical solution has already been investigated by the authors, see [5].
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Note, moreover, that when the density variations are not considered the velocity profile along the vertical
axis satisfies - far from the shores -
0%u
022
whereas when the density variations are taken into account this quantity changes of sign when z varies from
the bottom to the free surface. Because of the viscosity, the latter situation induces large dissipation and
this explains why the velocities are smaller in Fig. 8-(a) (variable p) than in Fig. 8-(b) (p = po).

>0,

P —

e o wini =T T e e
Tfi B "‘:"“““:-,.__“’*"/
el A = a
Temperature (C) T Temperature (C) -
8.0 12, E} 21. -25. 8.0_12. E} 21. -25.

(a) (b)

Figure 8: Computed temperature distribution and velocity field at time ¢ = 600 s. (a) Case of variable density, p(T) =
po(1 — ar(T — Tp)?). The thermocline is tilted upward in the upwind region and two circulation regions appear. (b) Case of
constant density, p(T) = po. A simple circular flow motion appears; in this case T' is merely a tracer advected by the flow.

Under several simplifying hypotheses on the Navier—Stokes equations, for the steady stratified flow setup
problem described above it is possible to derive an analytical solution for the horizontal velocity vertical
profile at a position Z (far from basin ends) where the assumptions of vertical velocity w = 0, and 0,u =~ 0,
Ozt = 0 are reasonably satisfied. In particular, we consider as T the mid-length of the lake. For the case of
constant density, this analytical result is detailed in [46]. Here we extend the derivation of this local solution
to the case of variable density, see Appendix A. Note that we have a < 0 with |a| > 1, meaning that the
deflection of the interface z = H is significantly larger in amplitude and has opposite sign with respect to
the deflection of the free surface.

In Fig. 9-(a) we compare the analytical solution with the results obtained with the multilayer model for
different vertical discretizations. Fig. 9-(a) presents the results obtained with 10, 30 and 50 discretization
layers. For each computational grid the horizontal discretization is very fine, thus the error associated with
this horizontal discretization is not relevant. We see in Fig. 9-(a) that our numerical results are in good
agreement with the analytical solution.

In Fig. 9-(b) we display the rate of error versus the accuracy of the vertical discretization, namely the
number of layers. The plot shows the log(L' — error) of the horizontal velocity at mid-length of the domain
versus log(ho/h;). We denote by h; the average cell height, while kg is the average cell height of the coarser
mesh. These error values have been computed on 5 grids with 5, 10, 20, 30 and 50 layers. It has to be
noticed that, from (A.7), 851 is proportional to a and thus % < 0. Since the velocity at the interface is
tangent to z = Hj, this means that we have w # 0 near z = Hy, so the underlying assumption w = 0 of
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the analytical solution is not rigorously true. For these reasons, the analytical solution and the simulated
velocity at mid-length of the basin are not completely consistent and the convergence rate appearing in
Fig. 9-(b) is not completely meaningful.

1 — 0 : ,
_ 1% order convergence
0sr ] 05y 2" order convergence
08y + Reference solution i ar
07t Multilayer model, 10 layers| 15F
. — Multilayer model, 30 layers %
E06 Multilayer model, 50 layers| s 2
§ 05 8 525
B o
H [}
i 0.4f ] g 3
[$)
0.3+ q -3.5
02t 8 -4t
0.1 b -4.5
0 , , , 5 , . \ ,
-4 2 4 6 8 0 05 1 1.5 2 25
Velocity at mid length (m.s™) x 10" log h

(a) (b)

Figure 9: Comparison between analytical and computed velocities at mid-length of the basin.

6.4.2. Upwelling

We now consider a test problem with the same configuration as the one in the previous section, but with
a greater wind velocity. The domain is again a rectangular basin of length L, = 3 m, and we set an initial
water height Hy = 1 m. The computational grid has 100 nodes in the z direction and 30 layers. The wind
velocity (from left to right) is 20m - s~!. We have used a viscosity v = vy = 0.001m? - s~ and a Navier
type bottom friction with x = 0.1m -s~!. In Fig. 10 we show at different times the computed temperature
distribution and the velocity field.

We observe, as expected, an upward deflection of the thermocline in the windward region (Fig. 10 at
time t1), until it reaches the surface and upwelling of colder water occurs (Fig. 10 at time ¢5). Analogously
to the experiment of the previous section (Fig. 8-(a)), two circulation regions appear above and below the
thermocline, with opposite sense of rotation.

Due to the simplicity of our physical model (uniform diffusivity, hydrostatic pressure, lack of a turbulent
mixing model), the aim of our numerical tests here is not attempting to reproduce realistic limnological pro-
cesses on a long time scale. Rather, we emphasize the influence of density variations on the hydrodynamical
response of the water body. In particular, the results of the simulations with variable density show that
the numerical model is able to describe the tilting of the thermocline and upwelling of deeper fluid to the
surface. Thus we are able to capture the essential features of the expected hydrodynamical behavior until
the occurrence of upwelling. The post-upwelling flow dynamics cannot be modeled effectively by the present
simplified model.

6.5. A test case with dry areas, shocks and varying densities effects

In the previous numerical experiments we have considered situations with rather smooth solutions (low
Froude number, small gradient of the free surface). However, in geophysical flows severe conditions and stiff
processes may occur.

We conclude this section devoted to numerical results with a test case emphasizing the capability of our
model to deal with dry areas, hydraulic jumps (shocks), and large and rapid variations of the free surface.
We expect that for this type of problems our simulation tool offers superior performance with respect to

28



At time t; =10 s At time t5 =70 s

Temperature (C)
I25.OO

20.75

|1o.50

I12.25

8.000

At time t3 = 140 s

Figure 10: Temperature distribution and velocity field during the simulation of a simplified upwelling phenomenon. The three
sub-figures display the tracer distribution and the velocity field at times t; = 10 s, t2 = 70 s, and t3 = 140 s.
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commonly used Navier—Stokes solvers, which, to our knowledge, would encounter difficulties in dealing with
strong discontinuities and large free surface distortions of flows over variable topography with dry bed zones.
We consider a topography characterized by two bowled-shaped depressions, defined by

_ 74670‘1(%10)2 . 6670.2(30718)2

zp(x) ,

for z € [0,25] m. The configuration and the initial conditions of the problem are depicted in Fig. 11. Initially
the bowl on the left contains still cold water (T" = 8°C), while the bowl on the right is filled with still hot
water (T' = 25°C). Moreover, at initial time a column of cold water (7" = 8°C) sits on the plateau on the left
of the first bowl, mimicking a dam-break initial condition. Simulation results at different times are shown
in Fig. 12. At time ¢; we observe the arrival of the fluid mass from the initial water column on the left in
the first bowl with a discontinuity of the water depth. Because of the mass supply in the first bowl, and due
to the dynamics induced by the water column, some cold water of the first bowl arrives in the second bowl
filled with still hot water. Then the kinetic energy of this cold fluid arriving in the second bowl decreases,
and it is no more able to compensate the Archimedes force to which is subject due to the pressure gradient
induced by the temperature differences. At time ¢, we see that the cold water in the second bowl begins to
fall because of the Archimedes force.

Temperature (C)
80 12. 16. 21. 25.
| i

Figure 11: Initial conditions for the test case with dry areas, shocks and variable densities effects (section 6.5).

7. Conclusion

We have presented in this paper a new multilayer model with variable density for the simulation of
density-stratified flows. The crucial distinguishing feature of our model with respect to classical multilayer
approaches is its property of allowing inter-layer fluid circulation. The numerical method for the system
solution is based on a kinetic interpretation of the model, which allows building a stable positivity pre-
serving scheme. Well-balancing of source terms is obtained through an extended hydrostatic reconstruction
technique, and the resulting scheme is formally second-order accurate. Numerical results show the ability of
the multilayer model to correctly capture the hydrodynamical behavior of stratified flows related to density
gradients effects.

Work is in progress to include in the present model non-hydrostatic terms, following the studies of the
authors in [47]. In the future, we plan to take into account additional physical phenomena, in particular
surface thermodynamics and turbulent mixing.
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France (INRIA-EDF collaborative research contract n. 8610-APP-5910049348). The authors would like to
thank Benoit Perthame and Marie-José Salengon for valuable suggestions and precious assistance in these
studies.
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Figure 12: Flow dynamics at four different times, t1 = 2.5s, to = 7.55, t3 = 12.55, and ¢4 = 27.5s (plots from top to bottom).
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Appendix A. Local analytical solution for a two-layered flow subject to wind stress

We start with the two-dimensional hydrostatic Navier—Stokes system (1)-(5), with the initial conditions

and the notations defined in Fig. 7. Since we have a two-layered basin, the density can be written:

p(2) = p1+ (p2 — p1)He(z — H), (A1)

where H, is the Heaviside function and p; = p(T;) for i = 1,2.

We look for the stationary solution of this problem, by assuming vy = 0, and by considering a vertical
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viscosity only for the z-momentum equation. Near the mid-length of the basin we can assume

% ~0, and w~=0. (A.2)

Therefore, in this region, the stationary solution of the system (1)-(3), (5), neglecting nonlinear convective
terms, satisfies

0%u o [
— — g T)dz=0. A3
Vo —oge [ elm) dz=0 (A3)
By using (A.1) in the equilibrium condition above, we obtain
82u 8H 8H1
V@ _902%—9(01 _pQ)WHe(Hl —2z)=0. (A.4)

Let 7, and 7, denote respectively the shear stress at the free surface (wind stress) and at the bottom (Navier
friction). A first integration of (A.4) from z, to z gives

v =T = p2g(z — Zb)iax + (p1 — p2)9(z — Zb)BTHe(Hl ~2)
OH
+(p1 — p2)gH: a—lee(z —HY),

and a second integration from z; to z gives

0
viu—up) = (2—2)7p+ %(2—%)2%
OH — 2 H
+9(p1 — 92)37; ((Z;b)He(Hl —2z)+ H; (Z - 21> He(z — H1)> .

Then, the mass conservation condition in the layer where T' = T} gives

H, P29 o OH  (p1— P2)9H2 OH,
1 1 ’

B T R PR’ Oz
while mass conservation in the layer where T' = T5 leads to
H + Hl P29 2 2 oOH H1 8H1
- = —(H*"+HH, + H{)— — —_—
vy B Tp + 6 (H* + 1+ HY) o + (p1 = p2) 5 ox

From the two previous relations, since we have a Navier type friction law at the bottom, i.e. 7, = Kuy, we
obtain

L (p2g 1 20H | (pr = p2)g .0 OH:
S (NCLA £ f i H A5
b o1 < 6 'ox + 6 Loz (A.5)
H} H\H\ 0H H?+HH, + H} H}\ 0H
(pr—po) (o — 2 ) S =22 LT Ly (A.6)
60&1 204170 ox 6 Qo1 (671 ox
with a1y = v+ kH1/2, o190 = v+ x(H + Hy)/2. Now, integration of (A.4) from z;, to n gives
oOH OH,
— Ky = pagH = — po)gH L
Tw = Kup = pagH == + (p1 — p2)gH o
Hence, with obvious notations, we finally have
0H, 0H - OH OH
- = a— =K—, Tp=T—0, AT
or  “ox ar’ v~ "o (A7)

33



and

34



