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Approximating a continuously stratified hydrostatic
system by the multi-layer shallow water system

Mahieddine Adim *
July 21, 2023

Abstract

In this article we consider the multi-layer shallow water system for the propagation of
gravity waves in density-stratified flows, with additional terms introduced by the oceanog-
raphers Gent and McWilliams [14] in order to take into account large-scale isopycnal
diffusivity induced by small-scale unresolved eddies. We establish a bridge between the
multi-layer shallow water system and the corresponding system for continuously stratified
flows, that is the incompressible Euler equations with eddy-induced diffusivity under the
hydrostatic approximation.

Specifically we prove that, under an assumption of stable stratification, sufficiently
regular solutions to the incompressible Euler equations can be approximated by solutions
to multi-layer shallow water systems as the number of layers, IV, increases. Moreover, we
provide a convergence rate of order 1/N2.

A key ingredient in the proof is a stability estimate for the multi-layer system which re-
lies on suitable energy estimates mimicking the ones recently established by Bianchini and
Duchéne [3] on the continuously stratified system. This requires to compile a dictionary
that translates continuous operations (differentiation, integration, etc.) into corresponding
discrete operations.

1 Introduction

Equations at stake This work is concerned with the multi-layer shallow water system
OpH; + 0, ((H; + H)(U; + Us)) = k02 H;

N . .
o,U; + (Qi + U, — ,@M> Ui +g 3 i%&ﬂj —0, Vie{l,---,N} (1.1
j=1 '

ﬂi'i‘Hi N

as an approximation to the continuously stratified system

Oth + 0,((h + h)(u+ u)) = KO2h, s
atu+(g+u—n§i’é)8wu+§8mwzo, (1.2)
Pbott @  Pbott
where 0,9(t,2,0) = pswt [ Ouh(t,z,0)dd + [ [ Ouh(t,x,0")do"do'.
Psurf Psurf Ql

When k = 0, system (1.2) is a reformulation of the incompressible Euler equation with
hydrostatic approximation using isopycnal coordinates. Such reformulation is possible when
the fluid is stratified, by which we mean that sheets of equal densities realize a foliation of
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the fluid domain; see e.g. [15, 8]. When the stratification is stable, that is the density is
increasing with depth for all horizontal space locations z € R, the reformulation with isopycnal
coordinates makes use of the inverse of the density function z — p(-, z), which we denote
0 — n(-,0) for 0 € (psurt, Prots) Where pgy is the (constant) density at the free surface and
Poott 1s the (constant) density at the rigid flat bottom. Since the graph of 7(-, 9) represents in
Eulerian coordinates the isopycnal sheet of density p, the function defined as h+h := —9,n is the
infinitesimal depth of this isopycnal sheet. Then, u + u is the horizontal velocity component of
fluid particles at the isopycnal sheet. We decompose the depth and horizontal velocities as h+h
and u + u where (h, u) represent the background shear flow and are given functions depending
only on the density variable ¢ € (pswt, Pvott), and (h,u) are the unknowns representing the
deviations from the equilibrium and depending on time ¢, horizontal space z € R, and density
variable ¢ € (psurt, Ppott). Finally, ¢ is the constant gravity acceleration and 1 is the so-called
Montgomery potential. It is responsible for the interaction between isopycnal sheets.

Still with x = 0, the system (1.1) corresponds to a situation of N layers of immiscible
fluids with constant densities p;, © € {1,---, N}. Applying the hydrostatic approximation and
columnar assumption, we arrive (see e.g. [23, 4]) at the multi-layer shallow water system (1.1)
where H, + H; represents the depth of the i'" layer (H, being the depth at rest and H; the
deviation) and U, + U; being the layer-averaged horizontal velocity (U, being the background
velocity and U; the deviation).

In (1.1) (respectively (1.2)), the terms proportional to x have been introduced by Gent
and McWilliams [14] so as to represent the large-scale contribution of unresolved eddies. They
appear as additional effective velocities U} := —k }?f”le (respectively u* := —/f,?i’}t) and act as
diffusivity contributions in the mass conservation?elquations. Interestingly, similar terms have
been introduced in the work of Duran, Vila, and Baraille [13] so as to control the discrete energy
of a semi-implicit numerical scheme for the multilayer system (1.1). From the mathematical
viewpoint, as discussed below, the regularizing effect of diffusivity contributions is essential to
our analysis as it provides appropriate stability estimates, and we shall always assume x > 0.

Stability aspects In the situation x = 0, system (1.1) is a system of conservation equations
and the well-posedness theory of the initial-value problem (and more generally stability prop-
erties) relies on hyperbolicity conditions; see [7]. Yet as soon as N > 2, explicit formula for
the hyperbolic domain of the system become out of reach [28, 5, 33]. In [12, 20|, the authors
provide sufficient conditions for strong hyperbolicity when the fluid is stably stratified (that
is p; < py < --- < py) but these conditions are obtained using perturbative arguments with
respect to the situation without shear velocities and degenerate as N — oo to

{(H,+ H,U;+U)) €R*N : H,+H; >0, U+ Uy =Uy+ Uy =--- = Uy + Ux},

preventing any study at the nonlinear level or including shear velocities. We let the reader refer
to the interesting discussion in [29, §5| concerning stability results for the multi-layer systems
when increasing the number of layers, in relation with stability results for the continuously
stratified system. It is recalled therein the celebrated stability criterion of Miles [25] and
Howard [16], preventing normal mode instability of continuously stratified shear flows if the
local Richardson number is everywhere greater than 1/4. Its is also clarified that this notion
of stability (as well as other results, obtained by Holm and Long [15] and Arbanel et al. [1]) is
too weak to imply the control of deviations from equilibria in particular at the nonlinear level.

Consistently, the well-posedness of the initial-value problem in finite-regularity spaces for
the continuously stratified system (1.2) in the absence of diffusivity (k = 0) is an open problem.
We let the reader refer to the work of Kukavica et al. [21] for the existence and uniqueness of
a solution in spaces of analytical functions (in the rigid-lid setting), and to Cao, Li & Titi |9]



among many other works (see |21] for a recent account) for the situation with horizontal vis-
cosity and diffusivity contributions. While the aforementioned works deal with the hydrostatic
Euler equations written with Eulerian coordinates and do not rely on the stable stratification
assumption, the work of Bianchini and Duchéne [5] is closer to our setting as it specifically deals
with the system in isopycnal coordinates with the additional terms of Gent and McWillams,
that is (1.2). They show that sufficiently regular initial data satisfying the non-cavitation as-
sumption (h+h)|;=0 > h. > 0 (which in fact represents a stable stratification assumption) gives
rise to a unique solution on a time interval [0,7] with 77! <1+ & (|u/[3. + M3)

((psurf 7Pbott))
where M is the size of the initial deviations from the equilibrium.

Main results Our first main result is the analogous conclusion for the multi-layer system,
namely that under natural hypotheses and in particular the stable stratification assumption
(in fact we assume for simplicity that densities are equidistributed, i.e. p;,, — p; = Lhettolaut)
and the non-cavitation assumption (H, + H;)|;=0 > h. > 0, the solutions to (1.1) are unique
and exist on a time interval analogous to the one of the continuously stratified system, which
in particular is uniform with respect to N.

Our second main result states that for any sufficiently regular solution to the continuously
stratified system (1.2) satisfying the non-cavitation assumption and appropriate bounds, the
solutions to the multi-layer systems (1.1) with suitably chosen densities p,, reference depths
H,, background velocities U, and initial deviation (H;, U;)|,—o are at a distance O(1/N?) to the
continuously stratified solution.

In order to achieve these goals, we rely mostly on two ingredients:

1. a consistency result, stating that sufficiently regular solutions to the continuously stratified
system may be projected into N-dimensional valued functions satisfying the multi-layer
shallow water systems up to a remainder term of size O(1/N?);

2. a suitable stability estimate on the linearized multi-layer shallow water systems, which is
uniform with respect to N.

The consistency result amounts to controlling the difference between the N-dimensional pro-
jection of the contribution of the Montgomery potential, %&cw in (1.2), and the corresponding
contribution in (1.1) when (H;);eq1,.. vy is the N-dimensional projection of h. The O(1/N?)
estimate is obtained by exploiting Taylor expansions at suitable values of densities p, in the
spirit of the midpoint rule in numerical quadratures.

The stability estimate on (1.1) relies on the energy method, for a carefully constructed
energy functional. In order to obtain suitable bounds on the correct time scale, we make
use of a partial symmetric structure of the hyperbolic system (when x = 0) and rely on the
regularization effect of diffusivity only when necessary. This partial symmetric structure and
the construction of the associated energy functional relies on a decomposition of the linear
operator

N
1 min(p;, p;)
M (Hi)ieq, Ny + Z N 5 : Hj)z‘e{l,n-,N}
7j=1

which echoes directly an analogous decomposition of continuous operator

Pbott O Pbott
1 / / /! !/ /
Mot psurf/h@)dw/ /h(g Jdo'do

Psurf Psurf 0



and which is a key ingredient in the study of Bianchini and Duchéne. More generally, our
energy estimates mirrors the ones in [3| after introducing a dictionnary between continuous
operators and analogous discrete operators, with several adaptations to fit our framework.

Related works To the best of our knowledge, this is the first time that the convergence
between solutions to multi-layer systems and continuously stratified equations is rigorously
proved (while formal connections are discussed for instance in the pioneering works of Ben-
ton [6], Su [30], Killworth [20]), with the notable exception of the work of Chen and Walsh [10)].
In the latter work, the authors consider the framework of periodic traveling waves without the
hydrostatic approximation (and without diffusivity contributions). They prove that for suffi-
ciently small periodic traveling wave solutions to the continuously stratified equations satisfying
natural assumptions (in particular that the stratification is stable, sufficient regularity of the
streamline density, and the absence of stagnation points), there exist corresponding traveling
wave solutions associated with any piecewise smooth streamline density function (hence in
particular solutions to multi-layer systems which correspond to piecewise constant streamline
density functions, the velocity field being irrotational within each layer) in an L* neighbor-
hood, and that the mapping from streamline density functions to the corresponding traveling
wave is Lipschitz continuous in suitable functional spaces, the distance between two streamline
densities being measured through the L* norm.

This result, which is quite strong and versatile, does not directly compare with ours. Most
importantly, the framework of traveling waves is of course very different from our framework
allowing non-trivial dynamics. Roughly speaking, the traveling wave problem can be recast
into a problem of elliptic nature, while our systems of equations are hyperbolic/parabolic.
Consistently the tools used in our work, with the exception of a semi-Lagrangian change of
coordinates to fix the fluid domain (called the Dubreil-Jacotin transformation in the context of
traveling waves, which is equivalent to the isopycnal change of coordinates) are very different
from the tools used in [10]. Moreover, the hydrostatic approximation also modifies the nature of
the problem, as it discards dispersive effects. As such, nonlinear traveling waves are inexistent
within the hydrostatic approximation framework, and could be replaced —if one desires to study
simplified dynamics— with simple waves [11, 27]. It would be very natural and interesting to
extend our results to the non-hydrostatic framework. Let us notice however that multi-layer
equations without the hydrostatic approximation suffer from Kelvin—-Helmholtz instabilities,
and hence require a regularizing mechanism (possibly offered by the Gent and McWilliams
contributions) to allow for solutions in larger functional spaces than analytical functions |31,

119, 22].

Finally, as discussed in [10], the “reverse” limit consisting in approaching a bi-layer (or
multi-layer) situation with continuously stratified problems has been studied (in the framework
of traveling waves) in particular by James [18], after Turner and Amick [32, 2]. This limit is
only apparently related to the limit considered here. Let us mention in particular that negative
lower and upper bounds on the vertical derivative of the density function (through the non-
cavitation assumption) are crucially used in our analysis as well as in [3]. We leave the study
of this interesting problem to a later work.

Outline of the paper In section 2 we introduce all the notations and conventions used
throughout this work. In section 3 we provide preliminary results, including detailed product
and commutators estimates that will be used in the proofs of our main results. Section 4 is
dedicated to the proof of our first main result, namely the local well-posedness of our multi-
layer systems on a time interval independent of the number of layers, N. We first provide a
preliminary well-posedness result on a short time interval (depending on N) in Proposition



4.1. The next step is to extract the quasilinear structure of the equations (Section 4.1) and to
provide energy estimates associated with the extracted linear equations (Section 4.2). Finally,
in Section 4.3, we prove of our large-time well-posedness result, Theorem 4.5. In section 5 we
prove our second main result, Theorem 5.5, stating that solutions to the multi-layer system
(1.1) converge towards sufficiently regular solutions to the continuously stratified hydrostatic
system (1.2) satisfying the non-cavitation assumption, with a O(1/N?) convergence rate. As
already mentioned, this results relies in part on a consistency result, obtained in Section 5.1,
and on the other part on stability estimates which we collect in Section 5.2.

2 Notations and conventions

In what follows, we use as convention that g = 1 and ppoyy — pswt = 1. This choice can be
enforced without loss of generality through a suitable rescaling of the variables and unknowns.
We also set (p;)icqa,.. N} GS

l) Poott — Psurf
) -

ViE{l,--',N}, pi:psurf—i_(i_ N

Again this choice does not convey a restriction on admissible density profiles but only that we
decide to discretize a continuous streamline density with a piecewise constant function with
equidistributed values; see Figure 1. Notice however that the upper and lower bound assumption

we later on impose on the depth variables do express negative lower and upper bounds on the
vertical derivative of the density profiles we can consider.
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Figure 1: A density profile and its piecewise constant approximation

We shall use matrix and vector formulations when dealing with the multi-layer system
(1.1). We then use capital letters without indices for N-dimensional vectors, sans serif fonts
for N-by-N matrices, and indices to denote each components.

For F = (Fy,--- ,Fy)', G = (Gy, -+ ,GN)" two vectors, we define the product FG :=
(F1Gy, -+, FyGy)', and for a function ¢ : R = R, o(F) := (@(F1), -+ ,o(Fn))".



With these conventions, (1.1) reads

OH+ (U+U)o,H+ (H+ H)0,U = kd:H

U + (U+U — nes) 0,U +T0,H =0, (2.1)
Wlthﬁ (H T HN)?Q (U177QN)t7H:<H17H277HN>t7U:(U1)U2a7UN>t7
andr”.:ﬁ,M for all 1 <i,5 < N.

We now mtro&uce matrix operations which will be used in our proofs.

e Denote Id € My (R) the identity matrix, P := Diag(1,0,---,0) € My(R) the projection
onto the first component, and C = Id — P.

e We define the operator T := vV NP € My(R) which can be interpreted as the discrete
analogue of the trace operator on the surface (acting on the density variable in the con-
tinuously stratified case).

e Let S € My(R) be the discrete integration operator defined as

1 1 1
1
S:i=— 0
N . o
0 0 1

We also define Sg € My y—1(R) to be the matrix S without the last column.

o Let D, € Mn_1 n(R) be the discrete differentiation operator defined as

1 -1 0 - 0
p,—n|0 1 -

0

0 0 1 -1

With an abuse of notation we will write D2 6 D, € My_s n(R), where 5 is the matrix
D, without the last line and last column. Moreover we will use the conventlon D0 Id.

o Let M € My_; n(R) be defined as

1 1 0 0
1
Mo~ 0 1 1
: 0
0 0 1 1

With an abuse of notation we will write M2 = MM € Mn_5 y(R), where M is the matrix
M without the last line and last column, hence it is in the matrix space My_s y—1(R).
Moreover we will use the convention M° = Id.

e Finally, we denote Ry, Rq € My_1 n(R) the upwards and downwards reduction operators
defined for F = (Fy,---, Fy)' € RY, by

RuF = (Fy,---  Fy)'  and  RqF = (F,--, Fy)".



We shall map functions defined on [psuwt, Prott] (associated with the continuously stratified
framework) to N-dimensional vectors (associated with the multi-layer framework) with the
following operator:

PN: C([;Osurfapbott]) — RN
f = (f(p)h<isn

Let us now describe some functional spaces we use in this work.

e In order to describe tensored functional spaces for functions with variables in the strip
Q := R X(psurt, Poott), We use the equivalent notations H*(R) = H? (the usual L*-based
Sobolev space on R) and W*(R) = Wk (the L>-based Sobolev space on R), and
similarly L?(( psut; Poott)) = Lz and W5 ((psurt, Prott)) = Wf"’o. We denote for instance

LZL:?;O = LQ(psurfa oot L°(R)) = {[f : ess sup,ep | f(z,7) | € Lz((ﬂsurf, Poott)) }-
Notice L2L2 = L2L2 = L*() and LYPLY = LELY = L>(Q).
e Let s € R, k € N, where k£ < s, we define the functional space
XoRQ) = X2 ={f:Q—R; VjeEN, j<k 0fecLHTR))},
endowed with the topology of the norm

k
2 ; 2

=0

e For any ¢ > 1 we define endow R" with the following normalized 19 norms:

N .
(5mr)
| F |,y = —~——F%— and |F|.:= sup |F|

ie{1,,N}
Moreover for p,q > 1, we introduce the following functional spaces
LH(1%) = {F = (F1,- -, Fn) € (LP(RO))Y5 [ F iy |l 5 < 00}

H(LY) ={F = (Fy,--- , Fy) € (PR)Y; [ ([ Fi [l ) < oo}

1<i<N ‘lq
endowed with the following norms || ' || 1» jay := || [ F' |4 | 12 and || F'[[0zry = | (Il 7 e
Notice that H F HL%(P) — ” F HZQ(L%).

e Let (-, ->L212 be the scalar product of the Hilbert space (*(L2(R)) such that for F,G €
I2(LA(R)) we have

(F, G>L%l2 = / < F(z),G(x) >p dx = %E;/Fz(x)Gz(x)dx

R

k
e For FF € RY and for k € {0,1,2} we define the following norm | F'| . := > | DLF | .
i=0

)1§i§N |l‘1'



o Let se R, k€ {0,1,2}, where k < s, we define the functional space

s,k o . N . . . j s—7J
H*R)={F:R—R"Y; VjeN, j<k, DFeH 7 (R)"},

endowed with the topology of the norm

I £

k
2 2
ok = DN OpF Nz
j=0

e We use standard notations for functions depending on time. For instance, for £ € N and
X a Banach space as above, C*([0, T]; X) is the space of functions with values in X which
are continuously differentiable up to order k, and L?(0,7T; X) the p-integrable X valued
functions. All these spaces are endowed with their natural norms.

We conclude with a few additional notations.

e For any a, b € R, we use the notation a < b if there exists C' > 0, independent of relevant
parameters, such that a < Cb.

e We generically denote by C(---) some positive function that has a non decreasing depen-
dence on its arguments.

e We set

0 ifa <b,
<Ba>a>b _{ B, otherwise,

e We denote A = (Id — 9?)/2, so that for all s > 0, H*(R) = {f € L*(R); A*f € L*(R)}.

e Let A = (4ij)i<ij<n and U = (Uy,--- ,Uy)" where A;;,U; are in a suitable functional
spaces such that the linear operator P is well defined on that space (most of the time
P = A® with s > 0 or P = 0% with a € N) we define the commutators

[P, AU := P(AU) — AP(U)
[P;A, U] := P(AU) — AP(U) — P(A)U.

We conclude by introducing a new type of commutator adapted to the Leibnitz formula
displayed in Lemma 3.1 below.
Definition 2.1. Let A, B € RY, j € {0,1,2}, we define, the following commutators:
[02D), AIB = 02 (D}(AB)) — (WAYODB),
[0:D%; A, B] := 07(DJ(AB)) — (M7 A) (03D, B) — (M’ B) (9D A).
Recalling the convention that M° = Id, we have

[02DY, A]B = [92, A,
[02D%: A, B] = [0%; A, B].



3 Technical tools

In this section we provide several preliminary results that will be used throughout this pa-
per. In particular, we provide embeddings, product and commutator estimates adapted to our
functional framework, and which mostly follow from standard estimates in Sobolev spaces.

Lemma 3.1. Let N € N*, F,G € RY, we have the following identities:

1. (Abel’s summation)

S(FG) = F(SG) — So((D,F)(R,SG)).
2. (first order Leibnitz formula)

D,(FG) = (D,F)(MG) + (MF)(D,G).
3. (second order Leibnitz formula)

DX(FG) = (D3F)(M?G) + (M?F)(D2G) + 2(MD,F)(MD,G).

Proof. 1. Let F = (Fy,--- ,Fy) € RY, G = (Gy,---,Gy)t € RY, the identity results from
the fact that

N N N-1 N
Y FG —FY Gi==> (F;—Fu1) Y G, Yief{l---,N-1}
J=t k=i j=i k=j+1

2. It results from the fact that

(FGs — (), = (P (G - 6 + (B7 ) (R - )

3. It results directly from multiplying the first order Leibnitz formula by 6p and reapplying

this formula a second time using the fact that f)pl\/l = MD,.
O

Lemma 3.2. Let N € N*, F € RY. For any p,q € [1,00] the following estimates hold true:

| Flp < |Fl, whenp < g.

|| T HZOO—>12 < 1; || S ”lP—>lq <1
The same continuity estimates hold for Sy instead of S.

Lemma 3.3. Let N e N*, se R, F € H”%’l(R). There exists C' > 0 independent of N such
that

H ANF ||loo(Lg) <C || F ”Hs+%,1 :
%
—
Proof. Let us assume that N is even, and define ¢ := (1,--- , 1, %, cee %, %, 0) e R¥Y hence
N 4
2
——
D,(¢) = N(0,---,0,%,---, )", Furthermore we notice that

[¢lie <1, [Dp(0) |1 < 2.

9



Let i € {1,---,5}. Using Lemma 3.2 with Parseval equality we have
I8F = [ 1R
[ (o))
= [ (so(ma)aF?)) + [ (so(maFr)0,000) ).

- (so((M@(AS*%Dp<F>><MAs+%F>))i+ [ (so(mear)o,(00)

7

<200l [ 1A OUPNATER) o+ [ IMATFR D) |
SUF I g
Let F; := Fy_;1 fori € {1,---, N} and from what proceeds and for i € {1, e ,%} we

have
| AFi 5 S ITA™2F ) + A2 (D F) [z, -
Hence the result follows immediately since || As_%(DpF) ||l2(L%) = || As_%(DpF) ||l2(L%) and
I ASTIF li2(z2) = |l ASHEF l12(z2)- We can easily adapt this proof when N is odd. O
Lemma 3.4. Let N € N*, F € RY, h, > 0 and H € RY such that inf H, > h,. Then

i€{1,,N}
there exists C'(h;') independent of N such that

1. | NF|l2 <2|F|; and | NF|l2 <2|D,F .
2.|D21|lm§0( )(|D2H|lm+]DH|lm).
Proof. 1. It follows immediately from the fact that %F = (F — Fy,-+ ,Fxy_1 — Fy)! and
that ”F N(Fy —2F, + F3,--+ ,Fy_9 —2FN_1 + Fy)".

2. We have fori € {1,--- ,N — 2}

1 2 1
D2 _N2
( H) (H Hz+1+Hz 2>

— A2 (2<ﬂi+2 H, )(H,—H;)—H; (Hyp—2H, +ﬂz))

H HH—IH

and the result follows immediately.

Lemma 3.5. Let N € N*, tg > %

1. For any s, s1, s € R such that s; > s, s9 > s, $1+ So > 0 and sy, + sy > s + tgy, there
exists C' > 0 independent of N such that for any (p,q) € {(2,00), (00,2)} and any F =

(Fy, -+, Fy)t € (Hsl(Rd))N and G = (Gy,--- ,Gy)' € (HS2(Rd))N, FG € I2(H*(RY))

and
C || F | Hsl-&-%,l H G | H52,0
” FGle(Hs) < CHFHZP(H;l) ||G||lq(H;2) < or
CHE g0l Gl opezn

10



2. For any s > —tg, there exists C' > 0 independent of N such that for any (p,q), (p,q) €
{(2,00), (00,2)} and any F = (Fy,--- , Fy)t € (H*RY)" and G = (Gy,--- ,Gy)' €
(H*®R) ™ N (HRY)", FG € 2(H*(R?)) and

1 FG gy < C I F lhogagoy |G lhagagy +C (I F iy I G lliagas )

>to
H F HHmax(to,sH%,l ” G ”HS,O
<C<K or

I £l 0 1G]

Hmax(to-&-%, Hmax(t0+%,s),1

3. For any s € R and s1, s € R such that s; > s, s > s — 1 and sy + s3 > s + to,
there exists C > 0 independent of N such that for any (p,q) € {(2,00),(c0,2)} and any

F=(F, -, Fy) € (H'®RY)" and G = (Gy,---,Gy)" € (H2(RH)", [A*, FIG €
(LQ(Rd))N and

CNF N, oy |G llens
I[A% FIG 222y < C A F |2y | AP G 2y < q or
¢ || F ’ Hs1:0 || G | o2t 5l

4. For any s > 0, there exists C > 0 independent of N such that for any (p,q),(p,q) €
{(2,00),(00,2)} and any G = (G1,--- ,Gy)' € (Hs_l(Rd))N and any F = (Fy,--- ,Fy)' €
(LOO(]Rd))N with 0, F; € H~'(R?) N H*(R?), one has [A*, F]G € (LZ(Rd))N , and

1A%, FIG | Dl < C A @:F) a1 Gl
+ O (1A 0eF) llsazy I AG iz )

s>to+1
H 81‘F ‘|Hmax(t0+%,sf%),1 H G HHS_l’O
<C«¢ or

10 F | o [ Gl

Hmax(t0+%, Hmax(s—l,t0+%),1

5. For any s > 0, there exists C' > 0 independent of N such that for any (p,q), (D, q)
{(2700)7(0072>} and for any F = (Flf” 7FN)t7 G = (le"' 7GN)t with EuGz
H*(RY) N HotY(RY) for alli € {1,--- , N}, one has [A*; F,G] € (LQ(Rd))N and

S
S

A% F Gl e Nl < C AT F ) AT G gy + 1A F oz A G gz

H F ||HmaX(t0+%,s—%),1 || G ||Hmax(s—1,t0+1),0
<(C<{ or

1]l s Gl

Hmax(t0+% Hmax(toJr%,sfl),l

The result holds true if we replace A* by 9 for 0 < a < s.

Proof. 1. The proof results immediately from the following classical product estimate in
Sobolev spaces for scalar function f, g

19y < CUS gz 19 gz (3.1)

then conclude with Lemma 3.3.
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2. The proof results immediately from the following classical tame estimate for products in
Sobolev spaces and for scalar function f, g

Ifg]

2 SOl N9y +C (1 i N o) (3.2

then conclude with Lemma 3.3.

3. We fix (p,q) € {(2,00),(00,2)} and we have [A*; F|G = ([A®, F;]G;),, hence the proof
results immediately using the following classical commutator estimate in Sobolev spaces
for scalar functions f, g

1A% g s S TA™ S lla 1A% g 2 (3:3)

then conclude with Lemma 3.3.

4. The proof results immediately from using the following classical tame estimate for com-
mutators in Sobolev spaces for scalar functions f, g

114, 19 Wz < CUAD@Df) s 14 gl +C (I AT @) o I A )

>to+1

then conclude with Lemma 3.3.

5. We have [A*; F, G| = (A*(F;G;) — A°(F;)G; — F;A°(G))),, the result follows immediately
by using the following classical estimate for the symmetric commutator and for scalar
functions f, g, where [A%; f, g] := A*(fg) — fA*g — gA®f € L*(R)

1A% foal e < CH F ol 9]

H:! +C H / ‘

- 19 1 ross (3:5)

then conclude by Lemma 3.3.
O

Lemma 3.6. Let N € N*, t5 > % then we have the following

1. Let s € N such that s > ty + %, then there exists C' independent of N such that for any
F,G e H*" k€ {1,2} we have

[paey

e < C| F

wsk || G

Hs:k *

2. Let s € N such that s > to + %, then there exists C' independent of N such that for any
F,G € H%? it holds

I FG |

Hs»2 S CY(||F'|

w2 G

goa L F

goa || G

HS,Q) .
Proof. 1. Let F,G € H*' then by Lemma 3.1

I FG

Hen = [[A°(FG) ||122(Lg) +[[ATHD,(FG)) ||522(Lg)
S IAFG) ey + 1A ((MF)(D,G)) [ z2) + | A7 (MG)(D,F)) [l 12 -

Since s >ty + %, and using Lemma 3.5 (2) we have

IA*(FG) 22y S N E goa G o

12



and

aor [1G

Hs:1 -

A ((ME)D,G) i) S I F

Symmetrically || A7 ((MG)(DoF) [|(r2) S I F ll e || G
nach algebra.

s1- Consequently H*! is a Ba-

Let F,G € H*? then || FG|%.. = | FG|
that H*! is a Banach algebra we have

i ) A*2(D2(FQ)) ||l22(L2). Using the fact

I FG

o SF

w2 G

Hs»2 -
By Lemma 3.1
DX(FG) = (M*F)(D2G) + (M*G)(D2F) + 2(MD,F)(MD,G).

Then by Lemma 3.5 (2)

IA2(MPE) (DG o zzy S N E g |G llggee -
Symmetrically we deduce that || A*"*((M*G)(D3F)) [|i2z2) S I F Nl gsz | G Il .- Moreover
by Lemma 3.5 (1) we have
I A*"2((MD,G)(MD, ) a2y S I E e [ G ll g2

2. The proof follows the steps seen previously in 1 with this time using Lemma 3.3 and
Lemma 3.5 and choosing the convenient values of p, ¢, p, ¢, in addition relying on the

fact that s >ty + % when estimating.
O

Lemma 3.7. Let N € N*, to > L then the following holds

1. Let s € N with s >ty + %, then there exists C' > 0 independent of N such that

e Fforanya e N, with0 < a <s

o2 |G

Hs—1,1 -

1102, FIG 22y < C I F

The result holds true if we replace 0 by A°.
e Foranyj€{1,2} and « € N such that 0 < a<s—j

o2 |G

Hs—1,3

107D, FIG llpaz2y < C' I F|

The result holds true if we replace 9 by A5,

2. Let s € N with s > 2+ %, then there exists C > 0 independent of N such that for « € N
with 0 < a < s — 2 we have

11920, F1G [l222) < C Nl F Ml oz | G Ml gro2n -

The result holds true if we replace 0% by A*=2.
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3. Let s € N with s > ty + g, then there exists C' > 0 independent of N such that for any
je{1,2} and a € N such that 0 < o < s — j then

110707, F. Gl 22y < C I F |

a2 | G

Hs—1,2 -
The result holds true if we replace % by A*~7.
Proof.

1. Using Lemma 3.5 (4) we have
G

o0 T || O F |

1107, FIG ez < € (10 | 101G Ly ) -

For j =1and 0 < a <s— 1, we have by Lemma 3.1 and Lemma 3.5 ((2) and (4))
[0:Dy, F1G = 97(D,(FG)) = (MF)(3;(D,G))

— 97 (MF)(D,G) + (MG)(D,F)) — (MF)(2(D,G))

= [07, MF|D,G + &7 (MG)(D, F))

S [[0:ME| 3 | DG ([ re-20 + | DpF' |l

o+ s

- [MG|

Hmax(t0+2 5—7 Hmax(t0+%, Hmax(t0+%,s—l),1 .

For j =2 and 0 < a < s—2, we have by Lemma 3.1 we have by Lemma 3.1 and Lemma
3.5 ((2) and (4))
[05D;, FIG = 05(D,(FG)) — (M*F)(97(D;G))
= (03, M*F|D2G + 207 ((MD,G)(MD,F)) + 85 ((DZF)(M*G))
SNOMPE | acceor om0 1 DG [l s + [ MD,F ||
+[IDRF || 2o | MPG |

Hmax(t0,572)+%,l H MDpG | Hs—2,0

Hmax(to,s—2)+%,l
2. The result follows from the fact that
[02D,, FIG = [, MF]D,G + 2 (MG)(D,F))

and using Lemma 3.5 (2) and (4) and choosing the corresponding (p, q) € {2, 00} with
to=s— %, then using Lemma 3.3.

3. For j =1and 0 < a <s— 1,we have by Lemma 3.1 and Lemma 3.5 (4)
[07Dp; F, G = 97(D,(FG)) — (MF)(9;D,G)) — (MG)(9;D, F)
= 97 (MF)(D,G)) + 37 (MG)(D,F)) = (MF)(9;D,G) — (MG)(3;D, F)
— [0°, MF]D,G + [0%, MG]D, F
S [10:MF |

Hrrlax(t0+%,sf2),1 || DpG ||Hmax(to+%,572)7l

+ | 0:MG || | DpF |

Hmax(t0+%,s—2),1 | Hmax(t0+%,s—2),1 .

For j =2 and 0 < a < s — 2, we have by Lemma 3.1 and Lemma 3.5 ((2) and (4))
[02D}; . G] = 92(DL(FG)) — (M*F)(9;D;G) — (M*G)(92 D, F)
= 07 (D2F)(M?G) + (D2G)(M?F) + 2(MD,F)(MD,G))
— (M*F)(92D2G) — (M*G) (95D F)
= [02, M*G]D2F + [0%, M*F]D2G + 202 ((MD,F)(MD,G))
SN OM? G masteor y-sr0 | DpF Il e + | M2 F ||
F MDD F || fnascug s 20 [IMD, G|

s—3),1 || D2G|

max t0+2 Hs—3,0

Hn)ax(t0+§,s—2),l .
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This concludes the proof. ]

Lemma 3.8. Let h, M, M* > 0, t, > 1 and s € N such that s > ty + 2 2, there exists
C(h;Y, M, M*) > 0, such that for any N € N and any H € w>>, H € HSQ(R), satisfying

ES
Hs—1,1 S M 9

inf H,+ H;(x) > h.,

(2,)€R x {1, ,N}

the following holds

Iz 7| <cetanary i, (3.6)
' 2 <O MM H (3.7

H+H H Hs—-1,1
Proof. Fori € {1,---, N} fixed, since s is sufficiently large we notice by Sobolev injection that
H; vanishes at infinity as a consequence we have H, > h,. Let ( TTE % = Hi T HL =
i(H;), where p; € C*(R;R) such that ¢;(z) = H1+$ _E when H,+x > h:, Irzlore(;;er we ngiz;ice

that there exists C(a, hy1)(independent of i) such that || o) | oo ((he 1, 100y < Cle, 1), using
the fact that H € w?* we can choose ; in such a way that there exists C (o, h;') (independent
of i) such that || %(a) roegmoon—m,)) < C(a,h;'). Hence using the composition Lemma in
Sobolev spaces (see Lemma A.4 in [8]) and Lemma 3.3 we have

AR 1
'A (ﬂ+H_E>
1

< OO | H o) |1 H |
12(L2)

5.0 - (3.8)

1
A C(h,' || H ioy) || H || pro-1.0 - 3.9
' (H+H H) papy = OO N o) 1 H s (3.9)
By Lemma 3.1 and Lemma 3.4 we find that
< C(h;Y | H, 2o .
Hs2 ( * |_|w2’ ) ‘ﬁ—i—H Hs:2
<ChY | H, b .
Hs—1,1 ( * |_|w11 ) ’ﬂ_l_ H Hs—1,1

We have for ¢ € {1,--- ,N — 1}

(O (vm)), = [t (B ovon s (B35
1

X .
(H; + Hi)(H,;yy + Hit)

then

D, (Hfﬂ) (D, H)(MH) + (D, H)(MH)| Rq <ﬂiﬂ) R, (ﬂiH)

We have for i € {1,--- , N — 2}

(Dp (Rd (ﬂ i H) R (ﬂ}r H)))Z T (H+ Hz)éi\f%%j)g; + Hiya)
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and hence

o () [-mmem s (s ). )
a — 2[~M((D, H)(MH)) + M((D, H)(MH))] (MD,(H + H))
1

1 1
X RaRa (H+H) RaRy <H+H) R“R“< +H>'

Using the previous equalities and the following arguments
e The spatial derivatives commute with the operators Rq, Ry, , M, D,,, Dg‘

=

e The operators Ry, Ry, M are bounded in {? and [*.

e Lemma 3.6 and estimates (3.8) and (3.9).

We obtain | .
HH +H E Hs:2 = C(h*_l’ |ﬂ|w2ﬂ°°’ || H | HS—lal) | H | Hs:2 *
1 1 1
ﬂ‘{’ H - E [ S O(h* ) |ﬁ|w1v°°7 || H | Hsflﬁl) || H | Hs—1,1 -
Hence the proof is then completed since the constant C' is increasing in its arguments. [

We conclude this section by collecting continuity estimates on the operator Py defined by

C([psurfapbott]) — RN
f = (f(pi))i<isn

Lemma 3.9. Let s € N, s > 2 there exists C > 0 such that for any N € N* and any
f e X°%2(Q) the following holds

|| PNf|Hs,0 < O”fHoo,s,O; ||PNf|

Proof. 1t is immediate that

PNZ

ot SO fllsn  [1PNS

Hs»2 S C || f ||oo7s72 N

2 2
1Pt o < 1 1oy

For i € {1,--- N}, using the mean value theorem

LN ) = A7 i) P < 10f

hence || A" 1D, Pxcf lsgrey S 119 e resys and | Pucf e S 1 F Wiy + 106 o)
Using the Taylor expansion for the map o — A*72f(-, o) we have

/]R | N2<A872f(357 p;i) — 2A372f($7 Pz‘+1> + AS*Zf(ﬂUa Pi+2>> |2 dr <2 33A872f Hig@(L%)?
consequently,
IA*2DPNf N2y < 211 A F [l o2y -

This concludes the proof. O
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4 Large-time well-posedness

This section is dedicated to the proof of our first main result, Theorem 4.5, concerning the well-
posedness of the initial-value problem for the multilayer system (1.1). Let us for convenience
rewrite the system here, using conventions and notations introduced in Section 2.

OH+ (U+ U)o, H+ (H+ H)0,U = kd2H
8tU+(Q+U H+H)8U+F8H—O (41)
where we recall that for all 7 € {1, - —1}, pp—pi=yand [ = }VM

We first state in Proposition 4.1 below the easy-to-prove local well-posedness of multi- layer
system on a “short” period of time, that is a priori vanishing as the number of considered layers
N goes to infinity. The goal in this section is to improve this result by obtaining a time of
existence uniform with respect to N. In order to achieve this goal we shall rely on the energy
method. We extract the quasilinear structure of the equations in Section 4.1 and provide useful
estimates on the extracted linearized equations in Section 4.2, while the completion of the proof
of Theorem 4.5 is achieved in Section 4.3.

A crucial ingredient in our energy estimates, dictating our choice of the energy functional,
is the following decomposition

pl = p;(TS)TS + S'CS (4.2)

(recall Section 2 for the definition of the matrices C, S and T). This decomposition mimics an
analogous one of the operator

Pbott @  Pbott

oM h = pout / h(¢')do" + / / h(¢")dg"dg’,
Psurf Psurf @
used by Bianchini and Duchéne in [3] to obtain the analogous well-posedness result for the

continously stratified system (1.2).

The following result concerns the well-posedness of the shallow water multi-layer with the
r regularization system (4.1), where the time existence of the solution depends on the number
of layers N. The strategy of the proof is fairly standard, and we only sketch the main steps.

Proposition 4.1. Let N e N, 0 <k <1, s > 1+ %, 0 < h* <1, My > 0. There exists
Tn > 0 such that for all (Hy, Uy) € (H*(R))™ x (H*(R))™ such that ||Ho|| =0 + ||Uo|| g=o < My

and Hy + H > h*, there exists a unique (H,U) solution to (4.1) with (Ho,Up)|i=o = (Ho, Up)
such that

H € C(0,Ty]; H*(R)Y) N L2(0, Tl H ' (R)Y), U € C(0, T B (®)")

and satisfying

inf H,+H,>h"/2 on [0,Ty] xR (4.3)

e{1,--,N}

Sketch of the proof. The solution can be constructed through a Picard’s iterative scheme, con-
sidering (4.1) as transport diffusions equations (on the variable H) and transport equations (on
the variable U), coupled through order-zero terms. Specifically, we define inductively (H™, U™)
for n € N as the solutions to the decoupled equations on each i—th layer for ¢ € {1,--- N} as
follows

((OH + (UM + UM, HM — kO2HM = f,, fi = (H”+Hﬁ)8fo,

(9tU‘n+1 (Un+Un_5H%+Hn)axU?+1:gi7 :—Zr”a Hn
< (4.4)
n+1
H :1 =0 = 0
U™ =0 = Uip-
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One can find a corresponding time T, depending on s, N, k, h* and M, but not on n such
that the sequence (H™,U™) is uniquely defined on [0, Ty] by (4.4), remains in a ball (in the
functional space corresponding to the regularity of (H,U) displayed in the theorem endowed
with its natural topology) and satisfies the non cavitation assumption (4.3). Moreover one
shows that it is actually a Cauchy sequence in a weaker functional space, hence using weak
convergence and interpolation in Sobolev spaces we can pass to the limit n — oo in the
equations and obtain the solution (H,U) to (4.1). We infer consequently the continuity in
time with respect to the strong topology, as well as uniqueness of solutions at this level of
regularity. All these steps are justified using the well-posedness theory of both transport and
transport diffusion equations (see for instance chapter 3 of [3]), relying in particular on the
energy estimates which are displayed in the forthcoming Lemma 4.3. O

4.1 Quasilinearization

In this subsection we focus on linearizing system (4.1), this is done by applying the operators
S, T, 0., D, to the equations so as to obtain linear equations satisfied by the derivatives of our
unknowns H,U.

Lemma 4.2. Let s € N such that s > 2+, and M, M, h, > 0. There exists C' = C(s, M, M, h,)
such that for any N € N*, k > 0 and any (H,U) € w** such that

| P |zoo + | P_l |zoo + |ﬂ |w2,oo + | DpQ |w1,oo <M,
and any (H,U) € C([0,T]; H**(R)) solution to (4.1) with some T > 0 and satisfying
FH ) N ggemrn HISHE ) o + I TSHE ) oo + 1UE ) oz +52 [ H(E ) [ oo < M
for allt € [0,T] and

inf H, + H;(t,x) > hy, the following holds.
(t,x,i)€(0,T)xR x{1,--- ,N}

e Foralla e N, j€{0,1} with0<a<s—1-—7j , we have
805D H + (M (U + U))8,05D) H = k005D H + R
where for every t € [0,T), Ra;(t, ) € *(L*(R)) and
I Reast.) sy < OM.

o Foralla € N with 0 < a < s, we have

0,0°H + (U + U)0,0°H + (H + H)0,0°U = k0?0°H + R 0
O, H
H+H

0,0°U + T0,0°H + <Q +U-k ) 0,0°U = R

where for everyt € [0,T], (SRao(t,"), TSRao(t, ), Rao(t,*)) € *(L*(R))*x I*(L*(R)) and
| SRa0(t, ) 22y + [ TSRao(t, ) lli2grz) + | Rao(t, <) li2pa) < CM(1+ & || 0. H |

He2)-
e Forany a € N, j € {1,2}, such that 0 < o < s — j, it holds

athsagH + Ry(MHU + U)o, (DgsagH) = mag(DgsagH) + Raj

. A o, H .
aDIU + (MJ <Q+ U= rg H)) 0,(DIO2U) = Ry,

where for every t € [0,T], (Ra(t,*), Ra;(t,-)) € *(L*(R)) x I*(L*(R)) and
I Rai(t ) a2y + 1 Bai(ts ) [li2p2) < CM(1+ k|| 0o H |

1o2)-
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o Foranya €N, j€{0,1,2},0<a<s—7j, it holds
ODIOTH + (M (U +U)) 0.(D)0s H) = k0Z(DIOSH) + T j + OxTa
where for every t € [0,T], (ro;(t,-), Ta;(t, ) € P(L*(R)) x I*(L*(R)) and
52 || 7ai () llequzy + [ o () iy < CM.
Proof.
Estimates for Ry = —[05,U + U0, H — 0 (H+ H)0,U), with 0 <a <s—1.

Since s —1 > 3 + 3, and using Lemma 3.5 ((2) and (3)) and Lemma 3.3 we have

197 (H 0:U) llp 2y S | H |

w10 [ U Lo+ [HH | o [1U [] oo,

and
105, U102 H || 122y S NN U Mo 1H || gre-r.0,
moreover
105 (H0:U) lizray S TH oo (| U [l groo -
Hence

I Rao lli2z2) S (| H Lo + 1 H [ gro-1.0) 1 U ] o -

Estimates for R, 1 = —[09D,, U + U]0,H — 03D,((H + H)0,U), with 0 < a <s— 2.

By Lemma 3.1 we have

(4.5)

02D, ((H + H)9,U) =05 (D, H) (M, U)) + 05 (D, H) (M3, U)) + 7 (MH) (D,0,U)))

+3; (MH) (D,0.U)) .

Using Lemma 3.5 (1) and since s — 2 > £ we have

192 (D, H) (MO, 12y S 1| Dy [ s [ MOU |, 3.
S A g 1U o
and
192 (M) (0,0.0)) a2y S IME g2 11Dp0u e
5 ” H | Hs—1,1 || U | Hs)1 -
Using Lemma 3.7 (2) and since s — 2 > £ we have
110700, UIOuH 122y S WU Nl groz [ H [l o1,

once again with Lemma 3.1

11020, Ul0H |22 = || 92 (D,U) (MO H) [[ 1212y < [ Dl | || H |

Hs—1,0 -
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We immediately have
107 (DoH) (MOU)) [li2 12y < Do oo | U Ml 10,
and
107 (MH) (Dp0:U)) 22y < TH oo [ U [l o1 -
Hence

[ Raalleay S (L H |y + 1 H [ gros) [ U Nl oz + DU oo || H | 10 - (4.6)

We have Ruo = —[0%,U)0,H — [0°, H|9,U and Rao = — [ag,g+ U—k BIH] 0,U. We

H+H
notice that

SRy,o = —S([afﬁ“; U,0.H] + (8;‘U)((9IH)) — S([@f; H,0,U] + (8;“H)(8$U)).
On the other hand using Lemma 3.1 and since Sy, S, Ry, D, commute with 0, we have
-Slog: U0, H] = - (S92 (U0, ) ~ S(U0.02) = S (020)0.11) )
= — (8;‘ (U0,SH) — 93 (So((D,(U))(Ry0,SH))) — U0,SO0yH

+ (DU RSO H) — (V) OLSH) + Su((D, (V) ROLSH) )
= —[0%;U,0,SH| + S¢[0%;D,(U), R,0,SH]

and
—S((0;H)(9,U)) = — ((@CU)(S@?H) - So((Dp(ach))(Ru(Sa?H))),
and finally we find
SRao = —[0%:U,0,SH] — (0,U) (S0 H) + S ([ag; D,(U), Rud.SH] + (Dp(aggU))(RusagH))
- S((@g‘U)(&CH) + [0 H, &CU]>.

Since vV NP[0%; U, 9,SH] = [0%; U, 9, TSH], we immediately recover a similar equation for
the trace case

TSRuo = —[05;U, 0, TSH| — (0, U)(TSOYH) + TSy ([8;“; D,(U),Ru0,SH| + (Dp(amU))(RuSﬁg‘H))
TS ((OgU)(&,;H) oo H, c%U]) |
Estimates for SR, o, TSRy with 0 <o <s .

Using Lemma 3.3 and since s > % + %, we have

1OU)(STH) [l 212y < 192U o0 g0y | SAH Mo 2y S N SH Nl oo 1T | o
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and

1@eU)TSOH) Nli22) < 1 92U e g0y | TSAH [lp213) S | TSH |

woo [ U]

Hs.1 -
Using Lemma 3.5 (6) and since s — 2 > 1 we obtain

11075 U, 0:SH [ 212y S N1 U
SIU]

Hmax(372+%,57%),1 || a.Z’SH ||Hmax(571,572+1),0

SH |

Hs)1 ‘ Hs09

and

11075 U, 0 TSH [l 2y S 1Tl
SIU]

Hmax(s—2+%,s—%),1 H achSH ||Hmax(s—l,s—2+l),0
TSH || ;00 -

po |

Moreover using Lemma 3.2, and estimate (3.5) and since s — 1 > 1 + 1 we have

1[0 Dp(U), Ru@aSH] |y [l 2 S 1A (Dp(U) M2 g2y 1A (0aSH) 212,
+ AT OO iz 1A (0aSH) [l 1.2

SHUNgea [SH]

Hs09
and
1075 H,0:U] |1 ”Lg S ANT'H Hz2(L§) | A= (9.U) ||l2(Lg)

+ | At (0.U) ||l2(Lg) | AT H ”lQ(L%)
SIH|

wo-10 || U |

Hs0 -

Using Lemma 3.2 and classical product estimates in Sobolev spaces and the fact that and since
s—1>%—|—1wehave
U0 H) | 2 S NA* ) Niprzy 1A (0 H) o1z
S MU s TH [ gro-r0,

and

H(Dp(@=UN(RaSOTH) [y 2 S N A HDLU) llpa g2y 1 ASH [lpa )
S U ggsa [1SH [ oo -

Using the fact that ||Soll;i 2 < 1, | TSollis;e < 1, S|l < 1 (Lemma 3.2) we can
deduce estimates of the remaining terms of TSR, o follow directly from the previous estimates

and moreover we have

pero + | SH |

gso+ || TSH |

#e0) [ U]

I1SBa0 lli2zz) + | TSRap iz zay < (1 H | per e (47)

Estimate for R, with 0 < a <s.

R.o=—[05,U]0.U + k

[8;“,8IH]830U+/<;[ o1 ] (0. H)(D,D).

H+H "H4+H
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Using Lemma 3.5 (4) and since s — 2 > 1 we have

go1a || 02U |

Hs—1,1

1107, Ul0:U [| 212y S Il 02U |
SV

2
Hs)1 -

Using Lemma 3.5 (4) and since s — 2 > 1 we have

1
o, 0, H)(0,U <kl [|A2 (0, N (0. H)(0,U
s ) emen)| se(|v (g )| 16 @M e
1
| A2 (0 H)(D,U)) [|yoo g2y || A5 (ax ) )
I ((0:H)(0:U)) [ljoe (12 H 1) |
Moreover one has for any sq > %, o > 0 and any i € {1,---, N}, using classical product

estimates and composition estimates in Sobolev spaces we have

1 1
(55— g ) OuHi
He ‘ (ﬂ? (H; + Hi)Q)

H
) 1 1
< (W) 10 Hil gy + ‘(? - m) 1O Hi] g
i1, ELY) i Hy
0. H,; H;ZO>
Hg o>S80

+<‘(Ei_ (ﬂiiﬂm)

120) | 0 Hi ||

1

0. H;
az xX K3
ﬂi+Hi

B 0, H;
Hg - (ﬁz + Hi)2

H?

HZ

< C (b | Hi

and therefore

: 1
AR (D,
i (rgew)

s—1 1
‘ A (aﬂ +H

Using classical product estimates in Sobolev spaces we have

_ s—3 53
SO (W A3 H pmay) AT 300H [z

1°(L3)

and

_ s—3 s—
SO (W I H lyy ) 1A 0:H gy
12(L3)

s_3 s_3 s_3
I1A°72 (O H )(02U) e (r2) S 10N 2 H |lpoo 12) | A7 200U Nlpoo 12 S N H [l gron 1U g -
By Lemma 3.5 ((2) and (4)) and since s —1 >  + 1
1A (0 H) () Nlizqrzy S I H e 11U [l gy -
and
1
02,0, H)0,U SR (| 02H || goern || 05U || gye-
RE—FH[:D’ ] lQ(LQ)N,{/ * (H T |H 1v1H ‘H 171)
S R (1 0eH || e 1U Ml o) -

Consequently, using Lemma 3.3,

IR0 2y S N0 Wggen +8C R AVH o) (VH g + 10 H N ggoa) 1 U g - (4.8)
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Estimates for R, ; for j € {1,2}, with0 <a <s—j.

For j = 1 using the fact that D,S = Ry, we have
Rox =Rq (=107 UIH — 07 (H)(0:V))) -
Using Lemma 3.5 (4) and since s — 1 > 3 + 1 we have

110775 ULH [z g2y S 11 00Ul pamrn [1H [l ggom
SIU gen [1H |

Hs—1,1 -

and

105 () (U)) llizrzy < [ H | [ U]

Hs0 -

For j = 2, using Lemma 3.1 and the fact that DIQ)S = R4qD,, we have
R, 2 :Rd( —[09D,, U+ UJo,H — 0;D, ((H + H)@IU))).

Using Lemma 3.7 (2), Lemma 3.6 (1) and since s —2 > 1, we have

102Dy, UL0.H sz S 11U g | H s

and
195D, (H)(0:U)) lli2rzy S N H | e 1 U [l o -

Moreover we have

11070, UN0:H [[12(12) < | DU ljos [| H || o104
and

195D, (H)(0:U)) lli2(r2) S TH |yroe [ U [ ot -
Hence

| Rajllizrzy S (N H | grora + 1 H |00 + DU 1o )| U [ oz + [ H || gro-10)- (4.9)

Estimates for R, ; = H@O‘DJ U+U gﬁ{ﬂ 9,U — 02 (D) (T, H)), with j € {1,2} and
0<a<s—7.

By means of Lemma 3.1 and Lemma 3.4, we easily infer

0. H _
C(h ' | DpH |y, | DR |y0) | O H |

Hs2 -

H52

Since s > % + %, by Lemma 3.7 we have

110705, U10:U llia2y S 11T |

w2 102U |

Hs—1,2 .

By Lemma 3.1, we have

110705, U10uU lliz(r2y < (IDpU | + 1 DU o) U |

Hs.1 -
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Moreover using Lemma 3.7, Lemma 3.6 (2) and Lemma 3.8 it follows that

. 0. H ﬂ o.H
k|| (02D 0,U Sk 102U [| o2
|:|: i’ ﬂ+H 12(Lg) ﬂ—i_H Hs»2 H
0. H 1 1
< a s s xH s - 7
~ K ﬂ Hs’2||U|H72_|_K’||Uv|H72||a |H’2 E‘i‘H ﬂHsfl,l
1 1
5,2 xH s—1,1 E—
+K“HUHH7H8 ‘H ) E‘FH ﬂHs,Q
S RC(h I DoH | o) [ 0o H |l e [ U [l e
+ K || U | Hs:2 || 8CCH | Hs»2 C(h*_lvMa M) || H | Hs—1.1
+ 65 | U gz [1H [l gge2 C(h, ML M) [ H | e
Using (4.2) we have
0 (D) (Fo,H)) = 9z (D) (p1p ' (TS)'0, TSH)) + 85 (D) (p~'S'Ca,SH)) ,
consequently using Lemma 3.1 and the fact that D,p = —(1---,1)", D2p = (0,--- ,0)",
D,(TS)Y(TS) =0 and D,S = Rq, D,S* = —R,, one has
102 (03 (0107 (TS0, TSH)) 1) S 21 (107! o) 192 TSH s
SPC (|7 ,) ITSH || 0
and
195 (D (p™'S'COSH)) || 212y S C (|07 1) 10T SH 212
SC(lp ) ISH |l e -
Hence
IRaj lliezzy S C (P o7 1) (NTSH |l e + 1SH [l ge0) + (DU | yroe + 1 U Ml pe2) 11U [ e
+ ROV H |y 1 H | ggemsn) (NH e+ 1 0 H o) 11U Ml e - (4:10)

Estimates for ro o = —[09T; U, H]+ (02U) (0, H), to0 = —(0°U)(H) — 0% (HU), with 0 < a <
s.

Using Lemma 3.5 with Lemma 3.3 and since s — % > % we have

1055 U H ey S IH o 1T 1ot
and
1 (07U) (0:H) [ 122y S N H | s [ U [l grovos
and
1OZU)H) 22y S N H [ go—1a | U |l oo -
Finally,
105 (HU) [l 122y S TH | [[ U [l grovo -
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Estimates for 7, ;, ro; for j € {1,2} such that 0 < o < s —j.

We have

raj = —[027'D3; U, H] + (0°DIU) (M0, H),

ro; = —[D}, UJ0YH — 07 (D)(HU)) — (9;D)U) (W H).
Using Lemma 3.1, we have

0D, U102 H llporz) < 1 Dol lyee 1 H [l gga-s + DU |y || H |

Hs—2,09

and

wo2 T DpH oo [ U]

10 (DL(HU)) llpz2) S TH | U | freotn T Do oo | U | ez -

Moreover using Lemma 3.3 and since s > % + % we have

IOZDLU) (W H) 1) S 1 H [l jgasa U]

Hs2»

and

1OEDLU) (M 0o H) [lp2 g2y S 1 H [l gea 11U [l -
Sincea+1<s+1—jands+1>2 s+1>2+1 then by Lemma 3.7 (3).
11027'D2; U, H] 22y S U |

w2 | ]

Hs:2

Hence for j € {0,1,2} such that 0 < a <s—j
7o lezy S WH gz U 1l g2 (4.11)
H Taj HlQ(Lg) S, (| ﬂ |w2700 + ’ DPQ ’wl,oo + H H ”Hs—l,l)(H U | Hs:2 + H H HHs—l,l)-

Collecting estimates (4.5) — (4.11) the lemma is proved. O

4.2 Energy estimates

In this section we give some energy estimates of linear equations arising in Lemma 4.2. We
first recall some energy estimates of transport and transport diffusion equations:

O,H +U0,H = k0*H + R + 0,R. (4.12)

OH+Ud,H=R. (4.13)

Lemma 4.3.

1. There exists a universal constant Cy > 0 such that for any N € N*, Kk > 0 and T > 0,
for any U € L>(0,T;1°(L2(R))) with 0,U € LY(0,T;1®°(LX(R))), for any (R, R) €
L2(0,T;12(L2(R))) and for any H € C°([0,T); *(L2(R))) with 0, H € L*(0,T;1*(L2(R)))
such that (4.12) holds in L*(0,T; (H“*(R))") we have

. . .
| H || o 0, 702(22y) 767 1 02H [ 20,0222
: 1
< Co <|| Hli=o 22y + | Bl o razgrzy +6 2 | R ||L2(O,T;12(L%))>

exXp (CO | 0.U HLI(o,T;loo(Lgo))) - (4.14)
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2. There exists a universal constant Co > 0 such that for any N € N*, T" > 0, and any
H e L>(0,T;*(L2(R))) solution of (4.13) with initial data H|i—o € [*(L?), with
R e LY0,T;1?(L2(R))), we have

| H [ 0,102 (22)) < <|| Hli=o [l;2(z2) + | RHLl(o,ﬂ?(Lg))) exp (CO | 0:U ||L1(0,T;zoo(Lgo))> :
(4.15)

Proof. Let i € {1,---, N} fixed, then H; satisfies the following equation
It is standard (see Chapter 3 in [3]) that we have the estimate
. l .
| H; ||Loo(o,T;Lg) +r7 || O, H, ||L2(0,T;Lg)
: _1
< Co (Nile=o N3 + I R o rzy 5 I R lloirizs))
exp <C’0 | 0.U ||L1(0,T:100(Lgo))> .

Taking the /?-norm of this estimate and using triangular inequality we infer (4.14).

In the same way (4.15)) is obtained using standard energy estimates for the transport
equation (see Th. 3.14 in [3]).

]

We now consider system

OH + (U +U)0,H + (H + H)9,U = k0*H + R, (4.16)

: : o, H :
8U + T, H + (Q—I—U—K;ﬂ_'_H) 9,U = R, .

where we recall that I satisfies the decomposition (4.2).

Lemma 4.4. Let h,, M, p, >0 . There exists C = C(M, py, h.) > 0 (independent of N) such
that for all k > 0, N € N* and any H,U € RY and any T > 0 and (H,U) solution to the
system (4.1) on [0, T] with (H,U) € C([0,T]; H**(R)?), H € L*(0,T; H*™V*(R)), satisfying for
almost every t € [0,T] the upper bound

10 H (t, ) | oo 2y + 11 QU (Es ) e ey < M,

and the lower bound

inf H, + H;(t,x) > hy, (4.17)
(¢,z)e{l, ,N}xR

and for any (H,U) € C([0,T];12(L*(R)?) with H € L*(0,T;1*(H'(R))) satisfying (4.16) with
R, R € L*(0,T;1*(L*(R))), the following estimate holds.
1
1, - . K2 . 1 .
E2(H,U)(t) + 5 1 0:CSH | 120 1a2(12)) + (P16)2 | Ox TSH || 120 1212,
¢
< 5%(H,U)<0)+c/s

0
t

xoxp (€ [ (148D + D)) ) d |

0

N|=

(R, R)(T)dr
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where we denote
o 1 T2 P T2 1 : :
EH,U)(E) =5 | CSH [Jjzr2) Ly | TSH [[3212) +3 /R <U,P(ﬂ+ H)U>l2

Proof. In this proof we consider (H,U) to be a sufficiently regular solution to the system (4.16)
so that the following computations and integration by parts hold true. The case of (H U ) with
the regularity mentioned in the Lemma is then done by the classical argument of regularization
and passing to the limit.

By applying CS to (4.16); and then testing it against CSH, and using Abel’s summation of
Lemma 3.1 we obtain
1d . .
57 | CSH [z + (U + U)OLCSH, CSHT) 1y — (CSo ((Dp(U+ 1)) (Ru(8,SH) ), CSHT)

+(CS ((H + H)0,U) ,CSH) 1, = || 0,CSH [ y3) +(CSR, CSH) 1y

In the same way by applying TS to (4.16); and then testing it against plTSH and using
Abel’s summation of Lemma 3.1 we obtain

1212

+ p1<TSO ((Dp(g n U))(Ruast)) TSH) 0 — pr(TS ((ﬂ + H)aﬁU) TSH) 0

1212

By testing (4.16), against p(H + H)U and using the identity (4.2) and the fact that (H,U)
satisfies (4.1) we have

1d

= (<U, p(H + H)U>L%p) + p(TSO,H, TS <(ﬂ + H)U) o + (CSO.11,CS ((H +H)U ) o

= (R, p(H+H)U),, ..
Collecting the above, £(H,U) satisfies the following differential equation:

d . .
—E(H,U)(t) + k|| 0,CSH ||122(Lg)+/31/f|| 3xTSH||122(Lg)

dt

= —((U+U)0,CSH, CSH) ., — py(T ((g + U)@mSH> TSH) (4.18)

+ (€S ((Dp(U + UN(Ru(@:SHT)) . CSH) o + P2 (TS0 (D, (U + U))(RUDSH) ) , TSH)
(4.19)

— p(TSOH, TS ((H + H)U) ) oo — (CSOM,CS ((H+ H)U) ) (4.20)

— py(TS ((ﬂ + H)@J]) TSH),, — (CS ((ﬂ + H)@zU) (CSH) 0 (4.21)

+(CSR,CSH),, , + (R, p(H + H)U}W + p (TSR, T5H>Lgﬂ. (4.22)

Before estimating all the terms in the previous equality we notice that
3 | CSH [[32(2) +?1 | TSH 212 +1T 1 U lli2(r2) < E(H, U)(L).

Hence we can now begin the estimating process to establish a differential inequality.
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We estimate the terms of (4.19) using Lemma 3.2 and Cauchy Schwarz inequality.

'<CSo (<Dp<a + U))(Ru@xsﬂ)) ,CSH) 4,0

< / (D, (U + U))(Ru(0CSE) |, | CSE |,

< IDp(U+U) ooy 0,CSH li2z2) |l CSH 222

K : N .o

B CSH [z " Dol + U)oy EC, D))

IN

In the same way we have

. . K .
(TS, ((Dp(g n U))(Rué)xSH)> TSHY, | < 5 1 0.CSH [[fsey
+ 2670y | Dp(U + U) oy E(H, U) (1)
We estimate now the terms in (4.18). Using integration by parts, we have
. . 1 . .
—((U+U)0,CSH,CSH) |, ), = §<(8xU)(CSH), CSH)
and consequently

< S 102U oo (oo |l CSH ”122(Lg) <|o.U HZOO(L};O)S(Hv U)(t).

N | —

‘ — ((U+U)0,CSH,CSH) ., ,,

In the same way

‘ —pu(T (W +)0,SHT)  TSH) .,

p . -
< 10U ey I TSH llrzy < 110U [l re) ECHL U)(2)

Let us now consider the terms (4.20) and (4.21). Integrating by parts it follows that
—(Cs ((g n H)&JJ) (CSH),,, = (CS ((&CH)(U)) (CSH) ,, +(CS ((ﬂ n H)U) 0,CSH)
and

—p (TS ((H+ H)D.0) TSI 010 = po(TS (0 H)(O) ), TSH) 1,

+ p(TS ((ﬁ + H)U) O, TSH) .
Hence,
(4.20) + (421) = (CS (@ H)(0)) ,CSH) 1y o + pr(TS ((BH)(D) ) TSI 1

Using Lemma 3.2 it follows that

‘(cs (@H)(@)) , CSH)

< /R|81H|12|U112‘CSH|12

< O || i) I U iz I CSH o
1

Vhepy

< HaxHHLgO(P)S(H» U)<t)7

and similarly,

(TS ((@,ﬁ)(m) TSH)

Spl/lalelathleSHIzz
R

1
Vh.

L212

<

10 H || e g2y €(H U)(E).
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The terms of (4.22) are easily controlled using Cauchy-Schwarz inequality.
(CSR,CSH) 1, H(R, p(H + H)U) oo + py (TSR, TSH) .,
< EH,U):(HER,R)2(t).
Gathering all the above estimates we have

d . K . i
%5(1{7 U)(t) + 5 | 0,CSH ||122(Lg) +p15 || 0, TSH H122(L3)

- 1 1 oo
< (204 POR DAL+ U)oy #2000 iy H e+ ) 10:H ey )G 00

+E(H,U)H(ER R (1),
and hence there exists C' = C(h; !, p;, M) such that

*

d . . o . .
Eé’([—[, U)(t)+§ | 0.CSH ||z22(Lg) +p15 || 0, TSH ||122(Lg)

<C (1 + &7 D, (U + U) Higo(,g)) E(H,U)() + CE(H,U)z (t)E(R, R)2 (1).

We conclude by using Gronwall’s inequality. O

4.3 Large time well-posedness of the multi-layer system

In this subsection we state and prove our first main result, concerning the well-posedness of
system (4.1) with a time of existence uniform with respect to the number of layers N.

Theorem 4.5. Let s € N be such that s > 2 + %, and M, M*, h,,h* > 0. Then, there exists
C > 0 such that for any N € N* and any x > 0,

o for any (p, H,U) € R*" such that
1P 1o 1P e + 1 H | oo + [ U | 2o < M,

o for any initial data (Hy, Uy) € H>? with

My = || Ho llgpe-r + | SHo | o2 + | TSHo | e + | Ut Il ez +52 || Ho |l oz < M
and
inf H,+ (Hp)i(x) > hy, sup H,+ (Hp)i(x) < h*,
(xvi)ERX{lr'"vN} ( 0) ( ) (x,i)RX{l,“',N} ( 0) ( )

the following holds. Denoting

T = C (147 (DU +2)) (1.23)

there exists a unique strong solution (H,U) € C([0,T); H**(R)?) to (4.1) and initial data
(H,U)|i=0 = (Ho,Uy). Moreover, H € L*(0,T; H**?(R)) and one has, for any t € [0,T], the
lower and upper bounds

h.
inf H,+ H;(t,x) > —, sup H,+ H;(t,x) < 2h",
(i,z)€{1, ,N}xRd 2 (i,2)€{1, N} xRl

and the estimate

I (H, U)|(8) < C Mo,

where we define
1
ICH, UM (@) = ([ H () [ gpamra + I SHE, ) [ gz + I TSHE ) | oo + N U ) | e +52 [ H(E, ) |
1 1 1
+ K2 || 0. H L2(0,4Hs—11) TH? | 0.SH ||L2(0,t;HS,2) +r2 |0, TSH ||L2(O,t;H5!0) +r || 0. H “L?(O,t;H&

Hs.2
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Proof. Let us denote T* € (0, +00] the maximal time of existence and uniqueness of (H,U) €
C([0,T*); H**(R)?), H € L*(0,T*; H*™"%(R)) as provided by Proposition 4.1, and

h.
T, = sup {0 ST<T :¥e(T], = <H+Hltr)<2h and |(HU)||,(#) < COMO} ,

where ¢y > 1 will be determined later on. By continuity in time of the solution we deduce that
T, > 0. Let t € (0, T%).

By Lemma 4.2 and Lemma 4.4 and using the fact that |S|._,,» < \/LN | TS |2 +1CS e,
we find that there exists ¢ > 1 depending on py, py, h«, h* and C' > 0 depending additionally
on M, coMj such that

[ A®SH () 2oy + | ATSH(E, ) 22y + AU ) iz re

1 s 1 s
+ K2 || 0.SA°H ||L2(o,t;z2(Lg)) +r2 || 0,A°TSH ||L2(o,t;z2(L_?;))
< ¢ (I A*SHo llaguz) + I Ao gy + | ATSHo gy +CeoMo(t + V)
t
<oxp (€ [ (14 KDL+ U)o i) d

0

(4.24)
For all j € {1,2} and applying Lemma 4.2 and Lemma 4.3 (1) it follows that
. l .
IDSSH(E, ) || grs-s:0 +2 | DS H | 20 goprs—ivoy
t
< Co (1107 Ho o0 +CaaMa(t + VD)) exp | Co [ 10.0(7) ey 7 |
0
(4.25)
and moreover using Lemma 4.3 (2) we have
I D50t ) 50 < (Do llgo-s0 +CeoMo(t + V)
t
0. H
X exp C’o/‘ﬁm (Q—I—U—/{ )(T,-) dr | . (4.26)
/ H+H oo (3°)

For j € {0,1}, and using Lemma 4.2 and Lemma 4.3 (1) we have

l .
frs—1-j.0 TH?2 || a:cDi)H ||L2(07t;Hs—1—j,0)

t
< Co (H DiHO | o150 +CCOM0t) exp | Co / | 9:U(7, ") ||z<><>(LgO) dr
0
Finally, for any j € {0, 1,2} using Lemma 4.2 and Lemma 4.3 (1) we have

1 .
k2 || Dy H(t ) |

Hs—3,0 +/{ || aa:Di;H ||L2(O7t;H5*ij)

< Co (v | Dy Hs |

t
e +Cealot + VD) exp | o [ 10,06 lm sy dr
0

(4.27)
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Since s > 2 + %, by using Lemma 3.3, and the continuous injection || - ||l°°(L°°) <]
and the fact that

H57%’1

Hs—%,l?

(i)

'y ||axH(7—’)|

and

19U (T, ) e ey < NU(T, ) |
_l’_

2 H
S (7_7 )
1o (L) H+H 1o (L)

< C(h)(1 9 H ()|

(i)

we have then

0. H

and

1o(Lg°)

2
HSi%’ H.sf%,l)?

<Ch)(IU(T, )|

re2):

po2 TH (| 0 H (T, ) |

Hs:2 +K || H<7-7 ) |

1o(Lg°)

2 2 2 2
ID,(U + U) ooy S NDpU M2 + 11U [7e2 < 11D Iz +(coMo)™.
Hence gathering estimates (4.24) — (4.27) we find that

t

||<H,U>||s<t>Sc(MowcoMo(tM))exp C(e+vit [ DL +Hat) ir | |

where we recall that ¢ > 1 depends on h, and h*, and C' > 0 depends on M, h,, h*, coMy. Hence
choosing ¢y = 2¢, we find that there exists C; > 1 depending only on M, M*, h,, h* such that

3
t(1+r(|DU % +M)) < Ct = ||[(H,U)|,(t) < 7 oMo

Moreover we notice that since for all i € {1,--- | N}
O H; = kO2H; + g;, with g, = 0, (H;U; + H,U; + U, H;),

by the positivity of the heat kernel we have

(i,x)e{f,?.,zv}xu{d (t,r) > (i,x)e{ll,].[.l.,N}de (0,) ||g||L1(0,t,l (L>°))
sup Hi(t,z) < sup Hi(0,2) + 1| 9 | 12 (0,100 (10, -
(i,$)6{1,~~'7N}><Rd (Z7$)6{177N}XRd

By Lemma 3.3 and by Lemma 3.6

19 [l gy S TH |yproe 1U [ o + U [0 | H |
< C(M)(1+ &1MR).

por T U

wo [1H |

Hs:1

Hence augmenting C' if necessary we find that
2 3
t(1+r7"'M7) <Cr' = V(i,x) € {l,--- ,N} x R, gh* < H,+ Hi(t,z) < §h*.

Hence by continuity in time of the solution we find that for all ¢ € (0,7,) satisfying that
t(1+ s (] D,U ||z +Mg)) < Cy', there exists § > 0 such that [t — 6,t + 6] C (0,T.). By a

continuity argument we deduce that T, > (Cy (1 +x~1 (|| DU ||% —i—Mg)))_l, which completes
the proof. O
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5 Convergence estimate

This section is dedicated to the proof of our second main result, Theorem 5.5. We prove that
considering a sufficiently regular solution of the hydrostatic continuously stratified system (1.2)
satisfying the non-cavitation assumption and appropriate bounds, the solutions to the multi-
layer systems (1.1) with suitably chosen densities p;, reference depths H,, background velocities
U, and initial data (H;, U;)|;—o are at a distance O(1/N?) to the continuously stratified solution.

This convergence result is deduced from a consistency result obtained in Section 5.1, and
on stability estimates derived in Section 5.2. The proof of Theorem 5.5 is then completed in
Section 5.3.

5.1 Consistency
Let ppott > Psurt > 0 and xk > 0. Let (h,u) and (h,u) be a sufficiently smooth solution to the

continuously stratified system
Oth + 0, ((h+ h)(u+ u)) = KO?h
o + (g—i—u—na"h) 0 u + 1/\/13 h=20

h+h (5.1)
hji—o = ho
Ujt=0 = Uo,
Pbott Q@ Pbott
where (Mn) (-, 0) = powt [ 0(-,0)dd + [ f (-, 0")do"dg'.
Psurf Psurf Q

Let N € N* and recall (see Section 2) the definition of the linear operator Py

C([,Osurf7 pbott]) — ]RN

Fu: f = (f(Pi))i<isn

where P; = Psurf + (’L _ %)Pbott*/’surf

Notice that Py(fg) = Pn(f)Pn(g). Hence applying Py to (5.1), we see that (Pyh, Pyu)
satisfy
8tPNh + 8 (PN(h + h)PN(u + U,)) = H82PNh

o, ) 8, Pyu + T8, Pyh = Ry

P (5.2)
Pnhj—o = PN(ho)
PNU\t:O = PN(UO)a
with [ ; = L w and
1
Ry =T0,Pvh — Py (E/\/l@zh> ) (5.3)

We now estimate Ry .

Lemma 5.1. For any pyott > pswt > 0, there exists C' > 0 such that for any N € N*, and any
sufficiently reqular function h : R X (psut, pros) — R, Ry defined by (5.3) satisfies

C

1R e < g (1 000AR iz + 11020 R (e )
Proof.
We recall that the densities p; are defined for alli € {1,2,--- N} as p, = psurf—i— (pbott Psurt ),
and in this proof we extend this definition to i € {2, 5 ,N + 2}. In this proof we denote
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by C(pswt, Ppots) > 0 a constant that depends only on pguf and phet and which will increase if
necessary throughout the proof. Fori € {1,---, N} fixed and for almost every (¢t,z) € [0,T] xR
with 7" the time of existence and uniqueness of the solution (h,u), integration by parts yields

Pbott Pi  Pbott
(MO h)(z, p;) = psurt / 8xh(:r,g)d@+/ /%h(x,@’)d@’d@

Psurf Psurf @
P Pbott

_ / 00, h(z, 0)do + p, / 9, h(, 0)do

Psurf P;
Pbott

Psurf

This yields the following identites.
Firstly, one has

P 1
(PN Ry), = — /mm 0, P;)0:A°h(-, 0) — min(p;, p;) 0 A°h(-, p;)do

?

:—Z/ (0B ) — PR oo — 0y 3 / (0:A°h(-, 0) = DA°(-, p;))do

. Jj= H—l 1
]77 -2
P p“‘%
- /(anAsh(-,@)—pﬁx/\sh(-,pi))d@—pi /(@Ash(-,g)—&:Ash(»pi))dg-
Pi,% Pi

Hence by numerical integration midpoint rule (applied to the first two terms) and the rectangle
rule (applied to the last two terms) we infer

s C(psurt, Ppo s s
(A R, ]2 s% (100N ) a2y + 120N R(E ) ez - (5:4)

Secondly, one has

(Dp(pA31RN)) = N ((PAS*IRN)i - (PAS*lRN)z‘H)

:_NZ / 6i(0)0u N1 h(-, 0) = ai(p;) 0N R(, pj)do

1
2
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where ¢; : 0 — min(p, p;) — min(o, p;;). After simple computations we infer
Pit1
(Dp(pAs_lRN>> == N( / (P = 0)0:A"Mh(:, 0) = 2N (p; — iyt ) 0N (., pz-+1)d@>

Pi

§
— N(p; = pit1) ( / 0 A A+, 0) — 3xAs_lh('7Pi+1)dQ>

Pit1

- Z (/ AR 0) — axAs_lh(-,pj)dQ>.

J=t+2
Im2

Consequently, using the Taylor expansion of ¢ — 9,A* 'h(-,0) up to the first order in the

neighborhood of p;,; and up to the second order in the neighborhood of p; for j € {i +
2,--- N}, we obtain
C(,Obott)

I (Dp (pAS_lRN)>i HL% = N2

Using Lemma 3.1 (2) and the fact that D,p = —(1,---, 1)’ € R¥"! in addition to the previous
estimate (5.4), we infer

(H D0 Tt ) ey + 1| 2007 D (1, ) HL?(L%)) .

s— C(psur » Pbo ) s— s—
| (DA R, 2 <SP (100 A1, e gy + 1 B20A R ) )
(5.5)
Lastly, one has
(Dg(pAHRN)) = N ((D,(pA2Ry)), = (D, (A" *Rx)), )

P 1

:—N2Z /ki(g)axAs-%(-,g)—ki(pj)axAs‘Qh(-,pj)d@ ;
=1\,
I—3

where k; : o — min(p, p;) — 2min(o, p,,,) + min(p, p;,,). After simple computations we infer
Pit1 P2
(Di(pAS‘QRN)) == N2< / (pi — 0)0:A*h(:, 0)do + / (P = 2pi1 + 0)0:A"?h(:, 0)do
: P Pit1
1 s—2
- N(Pz — Piy1)0:NTR( Pz’+1)> :

Consequently, using the Taylor expansion of ¢ — 9,A*2h(-, 0) up to the second order in the
neighborhood of p; ;, we obtain

C(pbott)
N2

HDi(pA572RN)HL§ < <H a O\~ 2h( , ’-) “Lgo(L%) + H 8381A3*2h(t7 . ) “L?(L%)) .

Using Lemma 3.1 (3) and the fact that D2p = (0,---,0)" € RV"? in addition to the previous
estimates (5.4), (5.5), we infer

s— C Psurf; Pbo ) s— s—
IDZ(A* Ry )|l 12 < % (||a OuN 2Rt ) | o) + 1 050N 72(E ) [l e 2y )
The proof is complete. O
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5.2 Stability

In this subsection we will provide the key ingredients towards stability estimates on the dif-
ference between the solutions to the continuously stratified system (5.1) (after applying the
projection operator Py) and the corresponding solutions to (4.1). These stability estimates are
obtained by considering the linearized system satisfied by the difference and their derivatives,
carefully estimating the remainders that result from this linearization. In the following Lemma
we estimate these remainder terms.

Lemma 5.2. Let s € N, s > 2+ %, there exists C' > 0, such that for any N € N*, k > 0,
and any (H, H,U) and (h, h,u) sufficiently smooth respectively on R and € := (psurt, Poott) X R,
setting

Rl == —(U — PNu)axPNh - (H — PNh)f)xPNu,

R __((U_PNU)_K(ﬂ—f—H_PN (h_i_h)))axPNu,

the following estimates hold.

1.
B s < €U = Pl |00h oy 4T H = Pl |00
2.
ISR oo + 1 TSR g < OV — P g 10 s +C I SCE = Pt g |9t
FO TS = Pt g |5t ey +C 1 = P | it
3.
0. H Ozh
IR o < 0 = Pralyen D0l 0| 755 = P (255 )| N0l
4.
0. H Ozh
T T L I e ()| I LTINS

Proof. The proof of 1., 3., and 4. follows immediately from Lemma 3.1, Lemma 3.5 (2) and
Lemma 3.9. For 2. we use Lemma 3.1 (1) to infer the identity valid for 0 < a <'s

8§‘SR’ :Sﬁg‘ <(U — PNU)(axPNh)) — (0xPNu)(58§(H — PNh))
+ So ((Dy (0 Pyu)) (RSO (H — Pyh))) — S (05, 0p Pyul(H — Pyh)).

The estimate on ||SR'|| ;.0 follows from Lemma 3.2, Lemma 3.5 (2), and Lemma 3.9. The
estimate for || TSR’ || ;.0 follows in the same way from the analogous identity. O

Lemma 5.3. Let h., M, M, M > 0, s € N such that s > 2+3. There exists C(h;', M, M., M) > 0
such that for any N € N*, and any h € W2 ((psut; pvott)), H = Px(h), and any h and H
sufficiently smooth respectively on R and Q := (psurt, prors) X R, satisfying

|H|w2v°° SM? ||H|

poian M, A < M.,

00,5s—1,1 —
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inf H, + Hi(z) > hs, inf h(o) + h(z,0) > ha,

(i,l‘)e{l,'-',N}XR (mvg)eRX(psurfvpbott)

one has

Ozh
H—l—H h+h

(H O (H — Puh) o + 1| H — Pk [ yoa( H |

< C(h;', M, M., M)x

Hs»2

oz T 02l ] o 11)

+ || H = Pyh|

w11 | Ouh o o0+ | H — Prh|

s [0l || ooy 1 (I H |

e 11 ||oo,s,2>).

Proof. We notice that

O, H B, 1 1\  8,(H — Pyh)
Hem N (h+h) O (H = PNh)<H+H_ﬁ) H
8y Pxh 1
Pyh — H) + 8,P Pyh—H
+ i (Pvh — H) + 0, Nh<H+H YH + Pyl H2>( Nh ),

and

<ﬂ+H>(1ﬁ+pNh>_é (H+H H) (ﬂ Pyh _)
ci (v w)* (g w))

Since s > 2 + 3, using Lemma 3.6 (2), Lemma 3.8 and Lemma 3.9 we obtain the desired
estimate. []

We can now collect all estimates on remainders which will be used in the proof of our second
main result, namely Theorem 5.5

Lemma 5.4. Let ppoty > pswt > 0, s € N, s > 2 + %, hoe, M, M., M > 0. Then there
exists C' > 0 such that for any N € N*, xk € (0,1], and any (h,u) solution to (5.1) with
h,u € W2 ((pswt, prott)) and (H,U) solution to (4.1) with H = Pyh,U = Pyu, assuming that
these solutions both exist on a time interval [0,T) with T' > 0, and that the following estimates
hold for any t € [0,T)

|p|loo+|p_1 |loo+|ﬂ|w2,oo+|g|w2,oo+|Q|W2,oo+|g|w2,oo SM?

1
WH () [ oeaa + U E ) e +67 | HE ) e < M,
H h(t7 ) Hoo,s+1,2 + ” aﬂ?T’L(t? ) ‘ 00,s,2 S M
inf H,+ H(t,z) > h,, inf h(o) + h(t,z, 0) > hy,
(i,x)6{1,~~~,N}><R_ ( ) (%,0)ER X [psurt,Pbott] (Q) ( Q>

then the following holds.
o forallaeN, je{0,1} with0<a <s—1-—j, we have
0;00D(H — Pyh) + (W (U + U))9,05DI(H — Pyh) = k0202DI(H — Pyh) + Rl ;
where for every t € [0,T], R, ;(t) € ’(L*(R)) and

H R/a,j(ta ) ||12(L92c) SC(H U — PNU |

H5,2+HH_PN]’L|

H571,1)~
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e Foralla € N with 0 < a < s, we have

0,0%(H — Pxh) + (U 4+ U)0,0*(H — Pyh) + (H + H) 0,0*(U — Pyu) = k020%(H — Pyh) + R
0.H
H+H

ata;é(U — PNU> + (Q+ U—-& ) 833(9?((] — PNU) -+ F@za,‘j(H — PNh) = R/a,Ov

where for every t € [0,T], (SR, o(t), TSR, 4(t), R/a,O(t)) € ’(L*(R))? and

|| SRIa,o(ta ) Hz?(Lg) + ” TSR/a,O(t> ) Hz2(L§) <

oo+ TS(H — Pyh) |

woo T H = Ph|

IR o o2y < | Bov [l g +C(L+ £ [| 0o H || 170 || U = Prul
_’_C(”H_PNthsfl,l—i_K;% HH—PNh|

Hs:1

o2 K[| 0.(H — Pyh) |

H5,2)~
e Forany a € N, j € {1,2} such that 0 < o < s —j, it holds

DISOY(H — Pyh) + Ra(M ™1 (U 4 U))DIS(950,(H — Pyh))
= k02(09DIS(H — Pyh)) + R, ;

- . 0. H . /
0,707 (U — Pyu) + M (Q—i— U— ﬁﬂJr H) 0.(D)02 (U — Pyu)) = R, ;

where for every t € [0,T], (R, ;(t), R, ;(t)) € ’(L*(R)) x I*(L*(R)) and

oz T H = Prh|

I R () llzuay <CUIU = Py o)

IR, o2y S BN e +C A+ 5 || 0oH || a2) [|U = Prvu | e
+ O TS(H — Pyh) | e0 + [|S(H — Pyh) |
+C(HH—PNh|H571,1+/€% ||H—PNh|

o)
gz T || Ou(H — Pyh) |

Hs,2)-
o Foranya €N, j€{0,1,2},0<a<s—j, it holds

atD{,a;;(H — Pyh) + M/ (U +U) am(Dgag(H — Pyh)) = Kag(agog(H — Pyh)) + 14, + 0.7,

where for every t € [0,T], (r}, ;(t), 7, ;(t)) € *(L*(R)) x I*(L*(R)) and

) ahj

| r;,j Hl?(Lg) < C||H - Pyh|
Ire; Il < CUIU = Pyul

Hs2»
Hs,2+||H_PNh|

Hs—1,1 ) .

Above, we denote by Ry the term defined in (5.3).

Proof. Under the hypothesis of the Lemma, (Pyh, Pyu) is a solution to (5.2), consequently
(H — Pyh,U — Pyu) satisfy the following system

O,(H — Pyh) + (U + U)d(H — Pxh) + (H + H)9,(U — Pyu) = k02(H — Pyh) + R,
ONU = Pyu)+ (U +U = w8l ) 0,(U = Pyu) + T0,(H — Pxh) = —Ry + R,
(5.6)
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where

1
RN - r@xPNh - PN (Eax¢) s
R = _(U - PNU)axPNh - (H - PNh)axPNU7

0. H O:h
I _ _ T i i

The contribution from Ry is trivial in this proof. We have estimated R’ and R’ in Lemma
5.2 and Lemma 5.3. The remaining contributions are estimated following the same steps as in
Lemma 4.2.

Estimates for R’

a7.77

forall « € N, 7 € {0,1} with 0 < a <s—1—j, we have
Rl = 02DIR — [02D), U + U0, (H — Pyh) — 0°D% ((H + H)9,(U — Pyu)),

we obtain an estimate of the above by using the same estimates as R,,; (adapted to our case)
in Lemma 4.2 and then applying Lemma 5.2 and Lemma 3.9, consequently we have

” R/a,j(t> ) Hz?(Lg) S(H d:h Hoo,sfl,l + |ﬂ ‘wl,oo + H a HHs—Ll) H U—Pyu HHs,2
+ (11000 || g sy 1 +1DpU lpoo + 1 U [l o) | H = Pyh|

Hs—1,1 -

Estimates for SR, ;, TSR, and R, with 0 < o < s.

For all & € N with 0 < o < s, using Abel’s summation Lemma 3.1 we have
SR, =0;SR' — [07,U,0,S(H — Pyh)| — (0.(U — Pyu))(05SH)

+Sg ([ag; D,U, Rud,S(H — Pyh)] + (D, (0,(U — PNU)))(RusagH))

_s (@gm(ax(ﬂ ~ Ph) + 0% H,0,(U PNuﬂ),

TSR, , =0°TSR' — [0°,U, 8, TS(H — Pyh)] — (8,(U — Pyu))(9°TSH)
«,0 T T T

+ TS, ([a;*; D,U, Ru0,S(H — Pyh)] + (D, (0,(U — PNu)))(Rusa;jH))

_Ts ((a;’U)(al-(H ~ Pyh)) + (00 HL0,(U — PNu>J),

and
K

R =~ iRy + 0 R — [0, U0U — Pyu) + 5

[agaaa:H]ax(U - PNU)
m{ aﬂ—iH} ((0.H)(0,(U — Pyu))).

We obtain an estimate using the previous identities by using the same estimates of SR, .,
TSR, and R, (adapted to our case) in Lemma 4.2. Moreover, applying Lemma 5.2 we find

ISReao(t ) lizuzy + TSR0t ) a2y
S ([02h o a0+ ITSH ([ oo + | SH [ oo + [ H | gro-1.0) [1U = Prvw || o

+ (10st o a0 F N U e )UISCH = Pyh) || oo + | TS(H — Pyh) |

+ (102wl g0+ I U N[ groo) | H — P

Hs,O)

Hs—1,0 -
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In the same way, and using additionally Lemma 5.3, we find

1RG0 2y S 1 BN g
+ C N H g )NU Nl + 1192 [l g o0 51l H |
+C(h;', M, M., M)k || Opu |

x ) ===

iIsal + ” a:r:H |

psa)) X | U = Pyul

Hs)1

00,s,0

H5,2+||H_PNh|

w2 ([ H |

X(MMH—MMI o 0 )

+ || H — Pnh|

Hs—1,1 || aﬂ?h ||oo7572 + || H - PNh |

w1 [ eh g oy 2 (IHH |

ot 1))
Estimates for i}, ;, j € {1,2}, for any a € N, such that 0 <o <s—j.
Recalling that D,S = R4 and Df)S = R4D, we have

Rfy = RaOy R + Rq (—[02", U + UJ07 (H — Pyh) — 0 (H + H)0,(U — Pyu)))
= R0 R' + Ra (02 ((0:U)(H — Pyh)) — 03 ((H)(0:(U — Pyu))))
+Ra (=[02" UI(H — Pyh) = 03 ((H)(0:(U — Pyu)))

and
Rfm :Rdeag'fR’ + Rd( — [[8;"D,,,Q+ U]0.(H — Pyh) — 95D, ((H + H)(0,(U — Pyu))) >

Using Lemma 3.5 (1) to estimate the second and third term of R/, |, and Lemma 5.2 to estimate
the contributions of R" and the same estimates as R, 1, Ra2 (adapted to our case) in Lemma

4.2 for the remaining contributions, we find

e—11 T |E|w1,oo) || U — Pyu | Hs:2
122 + Dol | 1) || H — Pyh|

I B i (E ) 22y SUNOah | ooy g + 11 H |
+ (1 0su ]l oaa +1U

Hs—1,1 -

Estimates for R’

a7] ’

for any o € N, j € {1,2} such that 0 < o < s — j, we have

aryJ amg amni &UH
R/a,j =—0, D%RN + 05 D%R/ — |[ax DJP,Q-F U — Kﬂ—f— Hﬂ ar(U — PNU)

— %D (T9,(H — Pyh)).

Where I is as in (4.2). Again we use the corresponding estimates for R, ; (adapted to our case)
in Lemma 4.2, Lemma 5.2 and Lemma 5.3 for the contribution of R’, and deduce

IR 22y S N BN e H([1 00t g+ U sz + [ DpU [ yroe) X | U = Py || goce
+C(p1, | P 1) (| TS(H — Pyh) || oo + || S(H — Pyh) |
+ C(h | H | yooes | H || racan )| H 3702 + || 0:H |
+ C’(h*_l,M, M, M)k || Opu ||

550)
HS,Q) X ’U_PNU/|

Hs:2

00,5,2

Hs,2+||H_PNh»|

woa (| H |

X(WMH—HMH R TTY I

+ || H — Pyh|

ot 102l |l oo +1H = Pxbll oo | Oeh || g ooy o (N Nl oz + 1 IIOO,S,Q))-
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Estimates for 77, ; and r, ;, for any a € N, j € {0,1,2}, 0 < o < 5 — j, we have

Ocj’

r=— [[8““DJUH Pyh] + (92DIU)(MI8,(H — Pyh)).

;= —[D3, UJ02(H — Pyh) — 92D3(H(U — Pyu)) — (92D3U)(MI(H — Pyh))
— 09D ((U — Pyu)Pyh)).
The estimate of the last term of rﬁw is obtained using Lemma 3.1 and Lemma 3.9. The

remaining contributions are obtained using the estimates of r, ; and r, ; (adapted to our case)
in Lemma 4.2, and we obtain

|’7’;,sz2L 2) S “U’H&2 | H — PNh|Hé2-
Iro; |l S (1 H e + 1 llos2) 1 U = Pt s
+ (| ng|u)1’°° + || U | H572) || H - PNh | Hs—1,1 -
This concludes the proof. O

5.3 Convergence

In this subsection we state and prove our second main result. Specifically, we show that con-
sidering any sufficiently regular solutions to the continuously stratified system (5.1) that is
bounded and satisfies the non-cavitation assumptions on a given time interval, we can con-
struct corresponding solutions (H, U) to the multi-layer system (4.1) on the same time interval
provided that the number of layers N is sufficiently large, and we quantify the convergence rate
between the continuously stratified and multi-layer solutions as N goes to infinity.

Theorem 5.5. Let pyhott > pswt > 0, s € N such that s > 2 +1 5, and M, M., he,h*,k > 0.
Moreover, consider h, u € W*> ((,osurf, Poott)) such that

|h|W2700 + ‘ulwloo S Mu

and (h,u) € C([0,T]; X55t?) solution to (5.1) on a time interval [0,T] with T > 0 such that
for allt € [0,T]

inf h(o) + h(t,z,0) > h., sup h(o) + h(t,z,0) < h* (5.7)

(m,Q)ER x (psurfvpbott) (I,Q)ER X(psurfvpbott)

and

TGt ) o sir T 1Tt ) g s + 000Nt ) [l e r2) + | O30 AL, ) [l o2y < M
(5.8)
Then there ezists ¢ > 0 and Ny € N* such that for all N > Ny and any initial data (Hy, Uy) €
H*(R)?N satisfying
|(Ho — Pnh(0,-), Uy — Pnu(0, )] (0) < eMe,

the solution to (4.1) with H = Pyh, U = Pyu and satisfying (H,U )~ = (Ho, Uy) defined in
Theorem /.5 is well-defined on the time interval [0,T] and satisfies for any t € [0,T]

R
inf H,+ (H)(t,x) > — su H,+ (H)(t,z) <2h%, 5.9
e B R 2 5 s B (H)(7) (5.9)
and
I(H, U)][(t) < a(l + VKt) M, (5.10)
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with a a universal constant, and the difference between the two solutions satisfies

C
I = Pxh U = Pxall(8) < CICH = Pyb,U = Pl 0)exp (G (146~ (DL +(C

t
C C . )
+ gy [ e (;(Hfs i Dpa||p+<0MC>2><t—r>)d¢,

i (5.11)

where || - ||, is defined as in Theorem 4.5, and C depends only on pyott, Psuct, S, M, M, by, B*
(while Ny and ¢ depend also on T and k).

Proof. From Theorem 4.5 (or Proposition 4.1) we set Ty > 0 the maximal time of existence
and uniqueness of the solution (H,U) € C ([0, Tw); H*(R)?") with H € L*(0, Tx; H*""?(R)) to
the system (4.1) with (H,U);—o = (Ho, Uy). We set T, € [0, Ty] the larger value such that for
all t € [0,T.) we have (5.9) and

ICH, D)L (0) < coMe,

where ¢y > 0 will be determined below. We can choose ¢ > 0 sufficiently small such that, by
continuity of the energy functional we have that T, > 0, and we consider below ¢ € (0, T}) such
that t < T.

Notice that the control of the difference (H — Pyh, U — Pyu)(t) induces a control of (H, U)(t)
by triangular inequality: using Lemma 3.9, there exists o > 0 a universal constant such that

|(H, U)||,(t) < ||(H = Pxh,U = Pyu)|| (t) + || (Pxh, Pyu)l| (%)
< |[(H — Pyh,U — Pyu)|| (t) + a(1 + Vkt) M,.

In the following, we prove the estimate (5.11) for ¢ € (0,7,), that is assuming (5.9) and
I|(H,U)||,(t) < oM. From (5.11) we infer that under the assumptions

M. C _
I(H — Puh. U = Pyu)]l,(0) < e5% exp (——(1 +r(IDU I +(00Mc)2)T> L (312)

20 2
1 exp (G4 w1 (DU [lp +(coMe)*)T) =1 M. (5.13)
N+ e DU R HwM)D) 2 |

where € > 0 is arbitrary, we have
I(H, O)II,(t) < (e + a(1 + Vkt)) Me.

Similarly, choosing € sufficiently small, we can infer (5.9) with h, /2 (respectively 2h*) replaced
with 3h, /4 (respectively 3h*/2) from (5.11)-(5.12)-(5.13). Hence setting ¢y = 2(e + (14 /T)),
the usual continuity argument implies that T > T, > T', and the conclusions of the Theorem
hold.

Let us now establish (5.11), assuming (5.9) and ||(H, U)||,(t) < coM.. To this aim we follow
the proof of Theorem 4.5, using the stability estimates analogous to Lemma 4.3 and Lemma
4.4 together with the estimates on remainders of Lemma 5.1 and Lemma 5.4. We use below
the results and notations of Lemma 5.4.

Following the proof of Lemma 4.4 and integrating in time the differential inequality instead
of using Gronwall’s lemma (and using the fact that |S|. .. < \/—% | TS |22 +1CS|pyp) we
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obtain

IS(H — Pxh)(t,) |50 + | TS(H = Pxh) (¢, ) 3700 + (U = Pyu)(t, ) | 3700
+ 4[| 02S(H — Pyh) |70 4up100) 1 | 0= TS(H — Pyh) |70 gupge0)
< c(IIS(H = Pxh)(0,) 30 + (U = Pyu)(0,) 300 + | TS(H — Pxh)(0,) | 320)

t 2
o [ Clom oM (14 17 10,4 00 ) (100 = Pt U = Pewdl (7))
0

t
vef ( S (ISR o7, ) ey + | TSRuo(m ) ey + | R () le@;)))

0<a<s

X (||(H — Pyh,U — PNU)HS(T))dT, (5.14)

where ¢ > 1 depends on hy, h*, psutr and ppots-
Similarly, integrating in time the differential inequalities that yield Lemma 4.3 and recalling
that, by definition,

I(H = Puh)(t,-)| o+ [(H = Pah)(t.) [ .

< ”(H_ PthU— PNU)||s<t)7

Hs—1.1 + H(U - PNU)(ta ) ‘

we find that for j € {1,2},

IDS(H — Pyh)(t, )|

Homso +6 || 0:DIS(H — Pxch) ||72(0 pp15-30)
2
ot / 10, ) e (||<H — Pyh,U - PNu>||5<T>) ar

+/O ( > IRL() ||l2(L§))(T)”<H_PNh7U_PNU)HS(T)dT? (5.15)

0<a<s—j

S || DIS(H — Pyh)(0

for j € {1,2},

IDHU = Pru)(t, ) 570 S DLV = Pyu)(0) |77

t o.H 2
0,(U— k-2 g H—Pyh,U—P d
o oo g e, (10 =Pt el ) o

- ( S IR () ng)) (||<H—PNh,U—Pqus(r))dn (5.16)

0<a<s—j

for j € {0,1},

IDJ(H — Pxh)(t,) gge-s-v0 +5 || 005 (H — Pyh) |20, 7e-5-10)

t 2
< DI — Pal)(0) [ sro + / 10 [y (||<H _ Pyh,U - PNu>||S<T>) ir

+/0 ( > IR ||12<Lg)> (II(H—PNhaU—PNU)IIS(T)>dTy (5.17)

0<a<ls—j—1
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for j € {0,1,2},

k||Dy(H — Pyh)(t, )|

HsyO"’ ||(9DJ(H PNh)||L2(OtHSJ0)

Hwo+/HU

ot | ( ST >uw>||<H—PNh,U—PNu>nS<T>dr

< k|| DI(H — Pyh)(0

2
™ (||(H P U - PNu>||S<T>) ar

0<a<s—j
t 2
+ / ( Z || r/aj( ) ||l2(L2)) dT? (518)
0\ o<a<s—j

where we used Cauchy-Schwarz and Young inequalities for the contribution of ry, ;
Moreover as seen in the proof of Theorem 4.5 we have

0. H
- * < * 2 €T 5 " 5,2 5,2
o (v =g )| ) S TG s 00 s ) H ) )
(5.19)
with C' = C(h;!, coM.) and
10U+ 0) [y SIDL IR+ U s < IDUIE +eMP. (520

Hence gathering estimates (5.14)-(5.18) with (5.19) and (5.20), together with the remainder
estimates obtained in Lemma 5.1 and Lemma 5.4, and using the control of (h,u) in (5.8) and
that for all 7 € [0,¢], ||(H,U)||, (1) < coM., we obtain

(CEEE PNu>||s<t>)2 < (16 - b, U - PNu>||s<o>)2

o [ass ol +<coMc>2>(||<H  Pyh U - PNu>||S<T>) ir

C t
+m/ ”(H—PNh,U—PNu)”S(T)dT
0

1/2

t 2

+C s (1101 - PobU = Pyl () ( [ (= panv = Py ) dr> |
T7€(0,t 0

where C' := C'(ppott, ps_ulrf, h* h', M, coM,) > 1 and the last term stems from the use of Cauchy-

Schwarz inequality in contributions involving either || 0,(H — Pyh) || gs2 Or || Oz H || gs2. Using

Young inequality and augmenting C', this contribution can be absorbed in terms of the other

ones, and we have simply

2

sup (1 = Pyh,U - PNu>||s<t>)2 < (1t - Pyh,U = P, 0))

T€[0,t]

t 2
e / 1+ 5 (DU I +(oMe)?) sup (n(H — Pyh,U - PNu>||S<T’>) ar

7'€[0,7]

/ sup [|(H — Pyh,U — Pyu)||.(+')dr
0

7€[0,7]

By Gronwall’s lemma we infer that sup,c [|[(H — Pyh,U — Pyu)||,(t)* < Z(t) for all
t € 10,T.), where Z is the solution to

{ Z'(1) = C(L+ x| DU |7 +(coM)?) Z(7) + 5 22 (1) 7 €[0,T0),
Z(0) = C*||(H — Pyh,U — Pyu)||,(0)%,
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whose explicit solution is
C
2(0) = (0||<H - Pal,U = Pyl O)exp (5 (04 (1D +(COr)%) )

toe [ (%u + 57D [ +(CMe)) (¢ - T)>d7> |

Consequently we obtain (5.11), and the proof is complete. O

Remark 5.6. e The existence of T > 0 and (h,u) sufficiently smooth solutions to the
system (5.1) over the time interval [0, T satisfying (5.7) and (5.8), as considered in the
previous theorem, results from Theorem 1.1 in [5].

e The dependency of ¢ and Ny on T and k is expressed in (5.12) and (5.13).

Remark 5.7. We used the operator

P - C([:Osurfapbott]) — RN
v f = (f(Pi))i<isn

to map functions defined on [psuct, Poots] to N-dimensional vectors because it enjoys the property
Pn(fg) = Pn(f)Pn(g). However we can adapt the proof of Thorem 5.5 so as to replace Py
with

P_ C([psurfu pbott]) — ]RN
N - 1 Pit1/2
f ~ (Pi+1/2—Pi71/2 Pi—1/2 f(Q)dQ) 1<i<N

In this case the physical meaning of the discretized objects is more_explicit. ~ For instance,
(Py(u+u)), is the i—th layer-averaged horizontal velocity, whereas (Py(h+h)); = N(ni—1—mn;)
15 the rescaled layer depth; see Figure 1.
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