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2 ROUSSEAU, TEMAM, AND TRIBBIA

ABSTRACT

This work aims to contribute to what is considered as a major com-
putational issue for the geophysical fluid dynamics (GFD) for the com-
ing years, that is the boundary conditions for numerical computations
in a limited domain, with a boundary that has (at least partly) no
physical justification. Numerical computations in limited domains in
ocean and atmosphere are ”constantly” required (and sometimes lead
to commercial softwares) in order to provide forecasts for agriculture,
tourism industry, insurances, aircraft navigation, etc. This article fo-
cuses on the nonviscous primitive equations in a limited domain, in
space dimension 2, 2.5 and 3 and provides in each case a set of bound-
ary conditions wich is shown to lead to a well-posed problem. The
suitability of these new boundary conditions is also computationnally
evidenced in space dimension two.

1. INTRODUCTION

Limited area models (LAM) are constantly used for numerical sim-
ulations of geophysical flows. Indeed when refined information are
needed, it would be far too costly and in fact not computationnally
feasible at all, to perform simulations for the whole atmosphere, or for
the whole ocean. Numerical computations in limited domains in ocean
and atmosphere are hence ”constantly” required (and sometimes lead
to commercial softwares) in order to provide forecasts for agriculture,
tourism industry, insurances, aircraft navigation, etc. LAM are used in
an essential way for strongly perturbed systems such as tropical storms,
squall lines or mid-latitude cyclones, to overcome the error due to the
parametrization schemes and numerical truncation errors introduced
purely by insufficient model resolutions for large areas or global mod-
els.

The penalty for using a limited area model is the appearance of a
domain with nonphysical boundaries where no physical law will pro-
vide natural boundary conditions. Hence beside the usual difficulty of
writing boundary conditions on top or bottom of the ocean or atmo-
sphere, now appears the difficulty of writing boundary conditions on
the nonphysical lateral boundary. Such a difficulty has been known
since early works of J. von Neumann and J.G. Charney and various
remedies have been proposed and implemented over the years; see e.g.
Charney, Fjortoft, and von Neumann (1950), Bennett and Kloeden
(1978), Bennett and Chua (1999). However it is expected that, for the
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high resolution models which will be used in coming years with the in-
crease of computing powers and computer memory, the remedies which
have been used will lead to spurious modes which will damage the whole
computation; see for example in Temam and Tribbia (2003, Figures 3
and 4), the effect of spurious modes and their resolution. The tutorial
article by Warner, Peterson, and Treadon (1997) describes the motiva-
tions and the computational difficulties for this problem. The present
work aims to contribute to what is considered as a major computa-
tional issue for the geophysical fluid dynamics (GFD) for the coming
years, that is the boundary conditions for numerical computations in a
limited domain, with a boundary that has (at least partly) no physical
justification.

Beside the computational difficulty, a mathematical difficulty arises.
Indeed, as we explain below, for the equations that we consider (the
primitive equations without viscosity), there is no set of boundary con-
ditions which produces a well-posed problem. Hence, for the boundary
conditions that we propose, we need also to address questions of well-
posedness, which we do in the context of the linearized equations.

The equations concerned by this kind of applications are well-known:
primitive equations (PEs) and shallow water equations (SWEs). This
work is fully dedicated to the PEs, that we will recall later on. More
precisely, we only consider inviscid PEs since the viscosity effects mainly
appear after a few days, that is beyond the forecast period that we are
interested in. For the case of viscous PEs, for which the mathemati-
cal aspects have been widely studied from the initial works of Lions,
Temam, and Wang (1992a,b) to the most recent results of Cao and Titi
(2007), Kobelkov (2006), Kukavica and Ziane (2007), and numerous au-
thors in between, the reader is referred to the review papers Temam and
Ziane (2004) and its updated form Petcu, Temam, and Ziane (2008)
in this volume. To the best of our knowledge, the inviscid case has
been left unexplored for years since the negative result of Oliger and
Sundstrom (1978), that showed that inviscid PEs could not be well-
posed for any set of boundary conditions of local type. Recent needs in
geophysical fluid dynamics put these problems back on the frontstage,
and the issue of open boundary conditions has been recently studied
in Temam and Tribbia (2003), Rousseau, Temam, and Tribbia (2005b,
2007), Blayo and Debreu (2005). The use of such boundary conditions
is now taken into account in realistic numerical simulations, at least
for the so-called barotropic mode (see e.g. Madec, Delecluse, Imbard,
and Lévy (1998), Dumas and Lazure (2007)).
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We focus our study on the linearized PEs, since the boundary condi-
tion difficulty is already fully present in the linear case. However, the
numerical simulations presented in the sequel relate as well to nonlinear
simulations. They seem to indicate that the nonlinear system behaves
like the linear one, at least for sufficiently small times and initial data,
as far as the boundary conditions are concerned.

Before recalling the equations and the negative result Oliger and
Sundstrom (1978) quoted above, let us draw the outline of this arti-
cle. In Section 2, we both provide the mathematical and numerical
results obtained in Rousseau, Temam, and Tribbia (2005b, 2007), and
that concern the two-dimensional (x — z) case. Then, before going into
the full 3D model, we propose in Section 3 a simplified 2.5D model,
in view of performing (in dimension two) computations of physical sig-
nificance ; see the introduction to Section 3 for a detailed description
of the motivations for this model. Finally, we end this overview with
the most recent mathematical results on the full three dimensional case
presented in Section 4.

In summary our contributions in this article are as follows:

(1) In space dimension 2, 2.5 and 3 we propose sets of boundary
conditions which lead to well-posed initial and boundary value
problems for the linearized primitive equations without viscos-
ity.

(2) Numerical simulations performed in space dimension two sup-
port the conjecture that the nonlinear analog of these boundary
conditions produce a well-posed nonlinear problem.

(3) Numerical simulations performed in space dimension two show
that the boundary conditions that we propose satisfactorily
solve the problem of lateral boundary conditions for the lim-
ited area models (LAM), with a precision of a few percents.

The rest of this section is devoted to describing the primitive equa-
tions, their linearization around a stratified state, and the normal mode
expansion in the vertical direction.

1.1. The Inviscid Primitive Equations. We now recall the Prim-
itive Equations (PEs); the emphasis will be on the case of the ocean.
The case of the atmosphere can be studied similarly with minor changes,
as well as the coupled atmosphere and ocean; see e.g. the article Petcu,
Temam, and Ziane (2008) in this volume. The equations are derived
from the Boussinesq equations by making the hydrostatic assumption
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which amounts to replacing the conservation of momentum in the ver-
tical direction by the hydrostatic equation. Hence the equations

ov __. .. _0v 1 _

(11&) E—F(VV)V—FUJ%—{—JC]{?XV—{—%VP—F;,
dp ~
1.1 -

(1.1b) e g,
(1.10) vt 2oy
dc vt 4, =0

oT - ~ 0T
(1.1e) p=po(l—a(T—1T)).

In these equations v = (u,v) is the horizontal velocity, w the ver-
tical velocity, p the pressure, p the density, and T the temperature; g
is the gravitational acceleration, and f the Coriolis parameter. The
horizontal gradient is denoted by V. Equation (1.1e) is the equation of
state of the fluid, py and Ty are constant reference values of p and T,
and o > 0 is constant; this equation of state is linear, although more
involved nonlinear state equations could be considered.

Equation (1.1b) is the so-called hydrostatic equation. The other
equations correspond to the Boussinesq approximation (see e.g. Ped-
losky (1987), Washington and Parkinson (1986) and Salmon (1998) for
more details).

In the physical context the forcing terms Fy = (Fy, Fy) and Q5 do
not exist, but we introduce them here for mathematical generality and
to study the case of nonhomogeneous boundary conditions by homog-
enization of the boundary contitions.

We now consider a reference stratified flow with constant velocity
Vo = (Uy,0) = Uge,, and density, temperature and pressure of the
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form po 4+ p, To + T, po + P with dp/dz constant and thus

Here N is the buoyancy frequency or Brunt-Viisala frequency, as-

_ N2

T(z) = a—gz,

) = —maTls) =20
Lo =2

%z) = —%N%

3—2(2) = —(po+7)g.

sumed to be constant.

We then decompose the unknown functions v, p, f, p in the following

way:

(1.7)

Uge, + v(z,y,2,1),

Po + p(2) + plx,y,z,t),
T + T(z) + T(x,y,z1),
Po + ﬁ(’Z) + p(x,y,z,t).

Equations (1.1b), (1.1d) and (1.1e) become

(1.8)

(1.9)
(1.10)

9% _ _

az_ pg’

or . or N?

—_— T — + —w=F
at+(VV) +w82+04gw T
p=—poaT.
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We infer from (1.1) and (1.8)-(1.10) the following equations for u, v,
w, ¢ =p/poand ¢ = ¢, = agT:

%4_? @4_ @4_ @4_ @
at " %ar  “ar Vay " Vo

(1.11a) —fv—l—%:Fu,

@4_? @4_ @—F @4_ @
at " ar  Yar ‘oay Vo

(1.11b) +fu+g—j=Fv—on,
o op oy O O

(111c) =— +Up—+u—+v—+w——+N

ot ox ox dy 0z
do _ p
(1.11d) 9, = pog—@/),
(1.11e) Ou Ov, Ow_y
e or oy 0z
From equation (1.11e)we find:
O ou A OV , ,
(112) w(l’7y7 Z) - /Z (%(x7yaz)+a_y<xayaz))dza

which makes the vertical velocity w a diagnostic variable, whereas it is
a prognostic one in the Navier Stokes Equations.

_ The PEs (1.11a)-(1.11e), linearized around the stratified flow v =
UO €, ﬁa T7ﬁ7 read:

(1.13a) %juﬁo?—fwr% = F,
(1.13D) %+UO%+fu+g—j = F,— fU,,
(1.13c) %+Uog—f+N2w = F,
(1.134d) %:—f@g = 1,
(1.13¢) %Jrg—ZJrg—Z = 0.

We will consider the flow in the three-dimensional domain M =
M’ x (—=L3,0) where M’ is the interface atmosphere/ocean, M’ =
(0, Ly) x (0, Ly). Naturally, we supplement equation (1.13) with the
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following top and bottom boundary conditions (just imposed by kine-
matics):
(1.14)

w(w,y,z = —Ls,t) =w(z,y,2=0,t) =0, Y(x,y) € M',t > 0.

The aim of this work is to introduce some lateral boundary conditions
at x = 0, L, and y = 0, Ly, that are both physically reasonable and
computationnally satisfying! , and that lead to the well-posedness of
the problem (1.13).

1.2. Normal Modes Expansion.

The first step of the analysis of (1.13) consists, by separation of
variables, in looking for solutions of the form

(1.15)
u(z,y, z,t) =U(z) u(z,y,t), v(x,y,2,t) =V(z) 0(x,y,t),

~

.y, 2,1) = V(2) ¥(z,y,1), A
’LU(SL’,y,Z,t) = W(Z) ’LZ)(.T,y,t), ¢(x7yvz>t> = @(Z) ¢(x7y7t)

Substituting these expressions into (1.13), we find that U, )V, ® must
be proportional and W proportional to W. So we just take V = & = U,
and U = W. Indeed the third equation (1.13) implies that

Qﬁt +U0172x W /
T w59

and these quantities are constant since the left-hand side of the last
equation depends 2 on x,y and ¢ and the right-hand side depends on z
only. For the sake of simplicity we can take this constant ¢| equal to
one, that is W = W. Similarly, applying the operator 9/t + Uy 0/0x
to the first and second equations (1.13) we obtain that ¢/, ) and ® must
be proportional, and so we can take f =V = ®. Finally the fourth
and fifth equations (1.13) imply that

e+, W, 6 v

— c - =—=c
i U SRR T

1 Assuming that we are willing to pay the price of a nonlocal (mode by mode)
boundary condition, for increased accuracy. The necessity of nonlocal boundary
conditions appears below.

2We recall that the buoyancy frequency N is assumed to be constant.
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where ¢, ¢ are constant; hence W = ¢, U and

(1.16) U+ NU=0, W'+ W =0,

with A2 = —c,/c4. By (1.14), the natural boundary conditions for w
and W are W = 0 at z = 0 and —Lg; thus & and W are solutions of
the two-point boundary value problems consisting of (1.16) and

(1.17) U(0) = U'(—L3) = W(0) = W(—Ls) = 0.

We denote by A2 the corresponding eigenvalues and write
(1.18)

Ay, = —, A2 =
LS7 " an7

1 L2
ie H,=—23

gn2m?’

2 2 1
Wh = — s /\n ) U, = T )\n ) > 1, Uy = —.
1/ I, sin(\,2) 1/ I, cos(A\,2), n =5

As usual the functions U,,, W,, have been chosen to form an orthonormal
set in L?*(—Ls, 0).

The equations satisfied by u, v, etc., will appear below. Indeed hav-
ing found these special solutions to equation (1.13), we now look for
the general solution in the form

(4, 0,8) = D Un(2)(ttn, Vs d0) (9, 1),

(1.19) (w, ) = Z_Wn(z)(wn,%)(x,y,t).

n>1
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Substituting these expressions in (1.13), we arrive at the following
systems, for n > 1,

(1.20)

(

For n = 0, wy

(1.21)

\

au 8un a¢n o
5 +an fUn+%—07
(%n 8vn 8¢n o
¥ an—+f +8y =0,
Oy, Oy, 2
N —
81& +UO a + Wy = O
1 1 [Ou, Ov,
¢n__)\_nwna wn__)\_n((?:c +8_y)
= 1y = 0 and there remains
( Ouyg Jug dpo
v + Up—— I — fvo+ o 0,
8?)0 8 a¢0 o
Bty Tt g, =0
8u0 82}0 o
(o Ty 7Y

Note that, since the considered problem is linear, there is no coupling
between the equations of modes m and n for m # n.

In the sequel, we will always study the barotropic mode (n = 0) sepa-
rately and, for n > 1, we use the last two equations (1.20) and rewrite
the first three equations in the form

(1.22)

S

7

\

ou, Gun L oY,
ot +UO fn_/\_nar _07
ov, vy, L oY,

B +an—+f "\ Oy =0,

Mo = Oy N2 (Ou,  Ov, 0
ot O o e

+ T 5t oy

As indicated before, our aim is to propose boundary conditions for
(1.20)-(1.22) which make these equations well-posed and consequently
the equations (1.13) also. As we shall see in Sections 2-4 below (see
also Rousseau, Temam, and Tribbia (2005b)), the boundary conditions
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are different depending on whether
1<n<n, or n>n,.
where n., \,, are such that

NeT

(ne+ 1)m
Ls '

N
=\ < = < A 41 =
C c+1 L3

(1.23) =

We will not study the non generic case where LsN /7l is an integer,
that is we will assume throughout that

— N NL
(1.24) Uy # —, ¥n > 1, or equivalently —> ¢ N.
)\n 7TU()

The modes 0 < n < n, are called subcritical, and the modes n >
n. are called supercritical. 1t is convenient to introduce the sub and
supercritical components of the functions defined by:

(1.25)
u’ = Pyu = leouo,ul = Pu= Zunun, u'l = Pru = Z T

n=1 n>ne

and similarly for all the other functions; of course the zero mode ° is
a subcritical mode, but, as we will see, we need to treat it separately.
With these notations, the equations (1.13), (1.20), (1.22) are equivalent
to the following system:

ud + Ugul — fo° + ¢ =0,
(1.26) v + Ugv? + fu’ 4 ¢) = 0,
ug + vy =0,

ul +Upul — fol +¢L =0,
(1.27) of + Upvl + ful + ¢! =0,
Ol + Ul + N*w' - =0,

ull + Ugul! — foll 4 91 =0,
(1.28) o' + Ugull + ful + ¢l =0,
!+ Ul + N2 =0,
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with the additional relations ¢ = ¢(¢), w = w(u,v) :

Ne 1 ne 1
¢I = - Z A_¢nun7 wI = - Z )\_(unz + Uny>Wna
oy \n n
1

1
¢II = - Z )\_wnuna wII = - Z )\_(unx + Uny)wn-

n>ne n>ne

(1.29)

We will also set U = (u,v,1),U° = PB,U,U! = PU, U = Py, U.

1.3. Position of the Problem. Let us focus on system (1.22) for the
moment. Considering for the sake of simplicity that the functions do
not depend on y (see Section 2 below), one can notice that the charac-
teristic values of the resulting system are (Ug, Uy — N/, Ug + N/\y).
Since Uy > 0, N/, > 0, we always have at least two positive eigenval-
ues. But Uy— N/, can either be positive or negative®. We say that the
corresponding mode is supercritical in the first case and subcritical in
the second case (see above); it appears then that the subcritical modes
require two boundary conditions on the left of the domain (z = 0)
and one boundary condition on the right (r = L), whereas the su-
percritical modes require three boundary conditions at x = 0. Based
on this remark, Oliger and Sundstrom concluded in Oliger and Sund-
strom (1978) that the boundary value problem associated with (1.13)
is ill-posed for any set of local boundary conditions (see also Temam
and Tribbia (2003)).

Hereafter, our aim will be to study separately the subcritical and
supercritical modes, proposing suitable boundary conditions for them,
and to combine them and obtain existence, uniqueness and regularity
of solutions for the whole linearized problem. In each case we will study
one (subcritical /supercritical) mode separately and then combine them
for the whole subcritical and supercritical components.

2. Two DIMENSIONNAL x — 2z CASE

We start our study with the 2D (z,z) model, for which both the-
oretical and numerical results have been established. We first rewrite
the equations, assuming that the functions do not depend on the y
variable, both in their nonlinear and linear formulations. Then, a well-
posedness theorem is established in Section 2.3 for the linearized PEs.

3In the ocean, taking e.g. the following values Uy = 1m.s~!, N = 0.001s~* and
L3 = 1000m , we end up with three subcritical modes. Realistic physical situations
usually lead to a number n. of subcritical modes between one and five, see Temam

and Tribbia (2003) for more details.
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After introducing the numerical scheme that is used, we end this study
of the 2D-case with some numerical simulations for the linear and non-
linear cases that achieve two objectives. On the one hand the absence
of blow-up in these computations indicates that the nonlinear inviscid
PEs are well-posed when supplemented with the boundary conditions
that we propose. On the other hand they show a very good coinci-
dence on the subdomain €2; of the two solutions, thus showing also the

computational relevance of these new boundary conditions®.

2.1. Linear and Nonlinear 2D Primitive Equations. Let us con-
sider the nonlinear primitive equations without viscosity (1.11), with-
out any dependance on the y variable:

(2.1a) % +u % ——fv gi = F,,
(2.1b) %+ug—v+ gz+fu = F,,
@2.10) N
(2.1d) % - —ﬁg = 1,
(2.1e) % + 88_1,: = 0.

We will consider the flow in the 2D domain M = (0, L1) x (— Lz, 0),
and supplement equation (2.1) with an initial data ug, vg, ¥9. The top
and bottom boundary conditions (just imposed by kinematics) are the
same as for the complete 3D problem (see Section 1 above):

(2.2)  w(x,z=—Ls,t) =w(x,z=0,t) =0, Vx € (0,L1),t>0.

and we also have:

0 )
2.3) e = b - [ e
(2.4) w(z,z) = 20 %(m,z’) dz',

where ¢4(z,t) = ¢(x,z = 0,t) is the surface pressure divided by p,
and ¢’ its derivative with respect to .

4See Section 2.4 for the full description of this numerical test.
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The 2D PEs (2.1), linearized around the stratified flow vy = Ug e, p, T, D,
read:

(2.5a) %+Uo%—fv+% = F,
(2.5b) %JFUO%JFM = F,— fU,,
(2.5¢) %+Uog—f+N2w = Fy,
(2.5d) %:—pﬁog = 1,

The aim of this section is to consider some lateral boundary condi-
tions at x = 0 and x = L; that are both physically reasonable and
computationnally satisfying, and that lead to the well-posedness of the
problem (2.5).

2.2. The Modal Equations and Boundary Conditions.

We consider a normal mode decomposition of the solution of the fol-
lowing form (see Section 1 above for the details and the justifications):

(2.6) (4, 0,0) = Y Un(2) (ttn, v, da) (2,1),

n>0

(2.7) (w, ) = Y Wa(2) (wa, n) (. t).
n>1
We now introduce the expansion (2.6)-(2.7) into equations (2.5). We
multiply (2.5a), (2.5b) and (2.5¢) by U, (2.5¢) and (2.5d) by W,, and
integrate on (—Ls,0), and we find the same equations (1.20) but with
no depence on the y variable, namely, for n > 1:

¢ _ o,
85@” + UO %uxn - fvn + a;z, = Fu,na
% + UO% + fun - Fv,m
oy, = O, 2 _
(2.8) o+ Uoger + Nuw, = Fyn,
- _1
¢n - )\nlﬁn,
_ 1 Ou,
S v
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The constant mode in z (n=0) is different (simpler), and we postpone
its study to Section 2.3.5 below. Taking into account the last two
equations of (2.8) the first three become:

du,, 77 Ou, 1 0, _
ot T Yoy Jon Ao Ox = Fum
ovy, 77 O0v, _
(29) % + Uo 8_1;: + fun - FU,TH
o, = O, N? Ou, _
ot T Uy — X or = Fun
For the nonlinear PEs, the normal modes decomposition reads
2.10 = BunU :Fun7
(2.10a) 5 +U — fun ‘|' B + ) 7
ov, — Ovu,
(2.10b) ai + T, ai + ftn + Bun(U) = Fyp,
o, o,
(2.10c) (;i + Uy aw + N?wy, + Byn(U) = Fyp,

where B, ,,, B, and By, are the following modal parts of the nonlin-
earities:

0 ou ou
(2.11a) BM_/ (w52 w0 Sy
0 ov ov
(211b) va = /LS(U% +w &)Un dZ,
© oy 31P

with u, v, 1, w truncated to M modes.

Let us now introduce the lateral boundary conditions which, for each
n > 1, will supplement this system. We recall (see Section 1.3 above)
that lateral boundary conditions at * = 0 and x = L; cannot be im-
posed without separating the subcritical and supercritical modes.

The boundary conditions for the subcritical modes were discussed in
Rousseau, Temam, and Tribbia (2005a, 2004), they are recalled below.
The boundary conditions for the supercritical modes are less problem-
atic, we now present them. For m > n., a set of natural boundary
conditions for system (2.9) is:

( 0
(2.12) vn(0,) = 0,
( 0
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In (2.12) and (2.14) we chose, for simplicity, homogeneous boundary
conditions, but we discuss in Section 2.3.4 below the case of nonzero
boundary values.

For 1 <n < n., Uy — N/\, <0, and the corresponding eigenvector
is 0, = Uy, + ¢, /N. The eigenvectors related to Uy and Uy + N/\, are
respectively v, and &, = u, — ¢, /N. Thanks to (1.20), we have, for

Using the variables &, v,, n, we rewrite (2.9) as follows:

&, 0%,

G+ T+ %2 - fu = R
(2.13) % + Uy %@g + S f(Entm) = Fun,

I _ Ny _

ot t Wo—x) g = Fun

Hence, for these subcritical modes (n < n.), a set of natural and
nonreflective boundary conditions is the following

£,(0,1) =0,
(2.14) 0n(0,) = 0,
nn(L17t> = O

In Section 2.3, we will prove the well-posedness of the linear Primi-
tive Equations (2.5) (equivalent mode by mode to (2.8)) with the modal
boundary conditions (2.12) and (2.14).

For the nonlinear case, we perform the same change of variables
&n = Up — U /N, My = Uy + 1, /N, and obtain the nonlinear version of
(2.13), namely:

0%,  — &,
(2.15a) a—i+(U0+ —) ;x fon+ Ben(U) = Fe,
A, n+ T
(2.15b) a—”t+Uo nypd “’ + Byn(U) = Fy,
o, — N._on
(2.15¢) a—nt + (Uo — )\—) % = fon+ Byu(U) = Fyn,

where B¢, = B,,,, — By,,/N and B, ,, = By, + Byn/N.

We assume in the following that the initial data is such that the nonlin-
ear part is small compared to the stratified flow (U, 0,0), so that the
characteristic values do not change sign, at least during a certain pe-
riod of time. Assuming so, we conjecture that the boundary conditions
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provided for the linearized system will give a well-posed problem for the
nonlinear equations, at least for some time. We leave the theoretical
analysis to subsequent studies, and perform hereafter the correspond-
ing numerical simulations based on this hypothesis, which is conforted
by the lack of numerical blow-up. Hence the boundary conditions that
we consider for the nonlinear case are also (2.12)-(2.14).

2.3. Well-Posedness Results. We aim to implement the boundary
conditions (2.12) and (2.14) in the linear case, and we first set the
functional framework appropriate for these boundary conditions.

2.3.1. Theoretical Framework. We aim to write the initial value prob-
lem under consideration as a functional evolution in an appropriate
Hilbert space H:

dt

Here A is an unbounded operator with domain D(A) C H, the
forcing F' taking is values in H and the initial data Uy € D(A) are
given.

We define H by setting

(2.17) H = H, x H, x Hy,

dU
“= 4+ AU =F
(2.16) { * ’

H, — {u e L} (M) / /_OL3 u(z,z)dz =0 a.e. on (O,Ll)},

H, = H, = L*(M),
where M is the 2D domain (0, L;) x (—L3,0). We endow H with the
scalar product®

~ _ _ 1 - ~
(2.18) (U, 0)m — / (Wi + 0T+ U9 IM, V(U.T) € B,
M
and the associated norm
(2.19) | U la={(U,U)u}?, VU e€H.

The space H, is clearly closed in L*(M), and H = H, x H, x Hy is a
closed subspace of (L?(M))3, which we endow with the scalar product
and norm derived from (2.18) and equivalent to those of (L*(M))3. We

5Tt is not surprising to have 1 /N? as a multiplicative coefficient in front of the
last term of (U, U) g, since Iy (u? + v?)dM represents the kinetic energy whereas
N2 [ M 12 d M is the available potential energy so that the square of the norm in
H represents the total energy.
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denote by P the orthogonal projector from L*(M) onto H,. For every
g € L*(M),

(2.20) P<g><x,z>:g<x,z>—i / gl e
(2.21) (I —P)(g)(x,2) = Lig /L g(x,2")d7.

It is easily checked that Pg € H, and (I — P)g 1 Pg. Finally H. is
identical to L2(0, Ly). Indeed for g € H-, (I — P) g = g, so that g does
not depend on z and belongs to L2(0, L;). Conversely if h € L2(0, L),
then for every w € Hy, (u,h)r2m) = OLl h(x) fBLg u(z, z)dzdr =0
and h € H-.

We are now in position to define the operator A; its domain D(A) is
defined by
(2.22)

Uz, Vg, Vo L*(M
D(A) = {U = (u,v,) € H / Eu,v,¢) Vgriefy (5.23)) and (2.24) }

Here and in the sequel u,,u, denote the partial derivatives du/0x,
Ou/0z of a function w.

The boundary conditions (2.23) and (2.24), identical to (2.12) and
(2.14), are written in the following form®. For the subcritical modes
(1 <n<n):

/ /_ w(0, 2) Upn(2) dz — 1 (0, 2) W, (2) dz = 0,

({43 N —Ls
(2.23) / v(0, 2)Un(2) dz = 0,
—Ls

0 0
/ u(Ly, 2)Uy(2) dz + 1 (L, 2) Wy(z)dz =0,
e N J.

6We note that the boundary conditions on v do not depend on the modes (see
also the boundary condition on the constant mode vg in Section 2.3.5 below), hence
they could be written in the form v(0,2) =0, Vz € (—L3,0). However we keep the
modal notation by analogy with the other functions u and v, and because this is
the way this boundary condition is actually implemented in numerical simulations,
see Section 2.5 below
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and for the supercritical ones (n > n.):

( /0 u(0,2)Uy(2)dz = 0,

. Z/{n d = )
(2.24) /_ 0.2 th(z)dz = 0
¥(0,2) Wy(z)dz = 0,
\ —L3

For every U = (u,v,¢) € D(A), AU is given by:

P[Ugu, —fv—/o Uy (z, 2') d?']

Uovx—f—fu
U0w1+N2w

where w = w(u) is given by (2.4).

(2.25) AU =

We now intend to prove the well-posedness of equation (2.16), corre-
sponding to the linearized PEs supplemented with the boundary condi-
tions (2.23) and (2.24), in the context of the linear semi-group theory.

2.3.2. Main Theorem. To prove the well-posedness of the initial value
problem (2.16), we will use the following version of the Hille-Yosida
theorem borrowed from Burq and Gérard (2003) (see also Brézis (1973),
Henry (1981),Lions (1965),Pazy (1983),Yosida (1980)):

Theorem 2.1. (Hille-Yosida Theorem) Let H be a Hilbert space
and let A : D(A) — H be a linear unbounded operator, with domain
D(A) C H. Assume the following :

(i) D(A) is dense in H and A is closed,

(i) A is > 0, i.e. (AU, U)yg >0, VYU e D(A),

(111) 3o > 0, such that A+ pol is onto.

Then —A is infinitesimal generator of a semigroup of contractions
{S(t)}+>0 in H, and for every Uy € H and F € L'(0,T; H), there exists
a unique solution U € C([0,T]; H) of (2.16),

t
(2.26) U(t)=S(t) Uy + / S(t—s) F(s)ds.
0

If furthermore Uy € D(A) and F' = dF/dt € L'(0,T;H) then U
satisfies (2.16) and

(2.27) U eC([0,T]; H) N L>(0,T; D(A)), C;—(t] e L=(0,T; H).
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We now state and prove the main result for the homogeneous bound-
ary conditions in 2D:

Theorem 2.2. Let H be the Hilbert space defined in (2.17) and A
be the linear operator defined in (2.25) corresponding to the linearized
Primitive Equations with vanishing viscosity and homogeneous modal
boundary conditions.

Then the initial value problem (2.16), corresponding to equations
(2.5) supplemented with the boundary conditions (2.23) and (2.24) is
well-posed, that is for every initial data Uy € D(A) and forcing F €
LY0,T; H), there exists a unique solution U € C([0,T]; H) of (2.16).

2.3.3. Proof of Theorem 2.2.

We want to apply Theorem 2.1 to equation (2.16). To this aim we
verify the hypotheses (i), (i4) and (ii7) of the Hille-Yosida theorem
(Theorem 2.1); we start with (i) and (i4i), and postpone the proof of
(i) to Lemma 2.3 below. We start with the proof of (4i):

Lemma 2.1. For every U € D(A),(AU,U)g > 0.
Proof. For any U € H, let us compute the scalar product (AU, U)y:

(AU,U)H = /M P(Ugum—fv—/o wx(x’zl)dzl)ud./\/l

+/M (Uovx+fu)vd./\/l+/M (Uowz—i-NQw)%dM.
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Since u € H,,, we have, using (2.4):

(AU Uy = /M (Uouz—fv—/zo bl #') d2') udM
+/M(Uovz—|—fu)vd/\/l
+/M(Uo¢x+N2w)%dM

= [ B () 0 ) -0

1, 2

1 1
Pz V() = 1z V() d

- /M {u(x, 2) / ’ ba(z, 2') d?’

—QZJ(I,Z)/Z um(x,z/)dz’}dxdz.

Here u(Ly), u(0) stand for u(Ly, z), u(0, ), etc. Using the expansion
(2.6), (2.7) with (1.18), it is easy to check that:

Una ()

'—/ Uola,2)dz = % (1 — Uy (2))
(2.28) = 9(%)—2%553:) Un(2),
/ ug(z,2')dz" = —Zun;flm) Wi(2).

where 6 = 0(z) is an L?-function depending only on z.
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Using again the expansion (2.6), (2.7), and remembering that u €
H,, the integral [, u6dM vanishes and we find:

(AUUY = 3000 ()~ u2(0) 4 02(La) — 22(0)

2
G0
+20 (L)~ 30))

1 [
n>1 " Y0

Using the boundary conditions (2.23) for the subcritical modes and
(2.24) for the supercritical ones, we find:

AU = 30 00 (uA() —u2(0) +2(Ln) + (L) — 20))
AR DI (AT RRIAL)
DI CIARIAES o)
-y —nun(L1)¢n(L1)~

For every subcritical mode (when n < n,):
— 1 N
Uo (u2(L0) = u2(0) + 5 v3(L0)) + 1= (w2 (L1) + 2 (0)

— N U N
= T+ ) ud(Ln) + L eA(L) + (5~ To) w2 (0) > 0
the latter quantity is nonnegative, thanks to the definition of n.. For

every supercritical mode (when n > n.):

U
S (L) + 0L + 3 ¥EED) = 5 walLa) (L)
U U N 2
::gﬁmnﬁ%wm—mM%@g
U N?
v (1 = AZ) V2(Ly) > 0.
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This quantity is also nonnegative, which achieves the proof of Lemma
2.1. [

Due to (1.24), which is assumed throughout, we can choose f such
that:

(2.29) po # [ (1 =Ty \2/N?), ¥n > 1,
(2.30) po# UGN /N, ¥n > 1.
With this choice of pg, we can prove the following lemma:

Lemma 2.2. The operator A+ pol is onto from D(A) onto H, where
Lo satisfies (2.29) and (2.30).

Proof. For iy as indicated, we are given F' = (F,, F,, F}y) in H, and we
look for U = (u,v,%) in D(A) such that (A+ uol)U = F. Writing
this equation componentwise, we find:

( v(z, 2) + pou(x, 2

fo( )
/ Up(z, 2 )d2' + P(x) = Fu(z,2),
UOUz(m z +fu(x7z) + Ho ’U(:L‘,Z) = FU(ZE,Z),
| Uotu(z, 2) + N2w(z,2) + pop(z,2) = Fy(z,z).

To obtain the modal equations corresponding to (2.31), we multiply
the three equations by U,,, U, and W, respectively, and integrate on
(_L37 O) :

Uoux x,z)

(2.31)

Of course, since F' = (F,, F,, Fy;) € H, we also have the following
modal decompositions:
(

Fu(z,2) = Y Un(2) Funlx),
(2.32) ) Fue,2) = Y Un2) Fonl),
Fy(x,z) = EWn(z) Fyn(z).

Note that for F' as for U, since F, € H, C L*(M), F, o =0 and the
decomposition of F,, starts from n = 1.

For the barotropic mode n = 0 (constant in the variable z), we only
consider the first two equations, since multiplying the third one by
Wiy = 0 would be useless. Integrating the equation for v and reporting
in the equation for u (in which ug = 0, see above), we find vy (formerly
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denoted vy) and the surface pressure ¢4, up to an additive constant

¢s(0):

xT

w(r) = UA Fyo(a') e =2 #0/To 4o
¢s(r) = ¢5(0) +/0 (fvo(iﬂ) - §¢nx(m )) x'

Naturally, the above expression of ¢, depends on the other modes
(n > 1). We now write the equations, derived from (2.31) mode by
mode:

Uounx_fvn_l',uoun_)\_lnwnx = Fu,7m

(2.34) UO Upg + fun + Hovn = Fv,m
— 2
U0¢nm_]/\\/v_nunm+///0¢n = Fdz,n'

We recall that the functions (u,,, v,,1,) only depend on the x vari-
able. Hence (2.34) is just a linear system of ordinary differential equa-
tions for uy,, v, Un.

As usual, to solve (2.34), we first consider the corresponding homo-
geneous system. Dropping the subscripts n for the moment, we write:

— 2 2
Uo—gxlgb - fv - %g;é} + pou = 0,
— 2

(2.35) Uo%g + fu + v = 0,
— 92 2 92

The general solution of this linear system is of the form
3

(2.36) (u,0,9) = > (Ai, B;, C;) e
i=1
where the coefficients R; are as follows:
(
R = o
1 an
77 N (o 2 (772 12 /AT2 1/2
s 10T+ 5 (4 = 2 Ty X2/N? — 1)
2 - 2 9
— N
(2.37) Uo~ 7
_ —9 /
—HoUp — X(Mg — [P (U \*/N? — 1))
Ry = —o N?
\ Yooz
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The coefficients (A;, B;, C;)1<i<3 satisfy the equations:

239 ez e
with
ap = 0,
(2.39) { - _fR_/l\’
and, for ¢ = 2, 3:
.= _UoRit+po
(2.40) o s

c; =

AU Ri + o)
Now, returning to the nonhomogeneous system (2.34), we look for a
solution (t,, Uy, y,) = (u,v,1)) of the form:

3
(2.41) Y = (u,v,9)" = Z(ai, 1ei,)" Bi(x) et

i=1

where the (a;,c¢;) and R; have been defined above. Equation (2.34)
reads then:

(2.42) MY'+NY =F,
where
7 1
Vo 0 =% po —f 0
(2.43) M = O2 Uy 0O , N=1 f wmw 0 |,
-8 0 T 00 mo
(2.44) F=(F,F,F)".

Thanks to assumption (1.24), Uy # N/\,, the matrix M is regular
and it can be inverted. Equation (2.42) then implies:

3
(2.45) > (ai,1,¢)" Bi(x) e = MT'F = F.

%
=1

We now write the latter equation component by component. We
find:

(246)  A(2).(Bi(x), By(x), By(x))" = (Fi(x), Fy(x), Fy(w))",
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with
0 asef2® qgelis®
(2.47) Az) = efiz  eltee elts®
cpefir cyefte® cgelis®

Let us check that the matrix A(x) is regular for every z € R; it is
clearly sufficient to do so for x = 0, for which

0 o as
Aoy = 1 1 1
Ci C2 C3

We call Ly, Ly and Lj the lines of A(0). It is clear that L; and Ly
are linearly independent vectors. Then if A(0) were not regular there
would exist (a, 3) € R? such that Ly = aL; + 3Ls. After some easy
computations we would find that necessarily:

(248) as <C2 — Cl> = a2 (C3 - Cl>,
which leads (see (2.39) and (2.40)) to:
(249) UO (Rg - Rg) f2 )\2/N2 = — o Rl (R3 - Rg)

From (2.29) we find that Ry # Rs, and thanks to the definition of
Ry equation (2.49) becomes:

—2
(2.50) Ty /2 N /N? = a2,

which contradicts (2.30). Thus the matrix A(x) is regular for every
z € R.

Back to equation (2.46), and thanks to the latter result, the func-
tions B.(z) are uniquely determined for ¢ = 1,2,3. It remains to use
the modal boundary conditions to determine the constants B;(0) and
thus the functions B;(x).

At this point, it is desirable to reintroduce the indices n, i.e. to
return to the notation (u,,v,,¥,), since the boundary conditions de-
pend on the mode considered. For the supercritical modes (n > n.),
the modal boundary condition is that in (2.12). We thus look for the
B;(0) satistying:

as BQ(O) + as Bg(O) = O,
(2.51) Bi(0) +  By(0) + Bs(0) = 0,
C1 Bl(O) + ¢ BQ(O) + c3 Bg(O) = 0.

The matrix of this system is again A(0) which was shown to be reg-

ular (see above). We conclude that the constants B;(0) are uniquely
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determined by (2.51) and equal to zero. The functions B;(x) for the
supercritical modes (n > n.) are now fully determined.

If n < n,, the mode is subcritical and we consider the boundary
condition (2.14). We thus want to solve the following system:
(2.52)
-+ (CLQ — NCQ) BQ(O) + (CL3 — NCg) 83(0) = 0,
By (0) + By(0) + Bs3(0) = 0,
+ (a2 + Nc) B2(0) + (ag+ Neg) Bs(0) = T,

(2.53) P=-Y /Ll (a; + N ¢;) B\(z) dz.

1=1

The quantity I depends only on the data and on the B, hence it is
known at this stage. After some computations and using hypotheses
(2.29) and (2.30), we check that the matrix of the linear system (2.52)
is regular (same proof exactly as for A(0)). This achieves the determi-
nation of the B; in the subcritical case, and the lemma is proved. [

Remark 2.3. The case when there exists n > 1 such that Uy = N /An
is slightly different and actually simpler since the third equation (2.13)
becomes On,(x,t)/0t = F, ,(t), which can be integrated directly. We
note that no boundary condition (neither in the subcritical case nor in
the supercritical one) would then be required for ,, so that (2.23),(2.24)
would have to be modified. But we do not want to go into the details
since this nongeneric situation seldom occurs in numerical simulations.

To conclude there remains to verify the hypothesis (i) of the Hille-
Yosida theorem, that is:

Lemma 2.3. The domain D(A) of A is dense in H, and the operator
A is closed.

Proof. We first verify that the orthogonal in H of D(A), D(A)*, is
reduced to {0}

Let v be an element of D(A)*. Since A + pol is onto, there exists
u € D(A) such that (A + puol)u = v. Then:

0= (v,u)n = ((A+ml)uu) = polulh:
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hence u = v = 0, which implies that D(A)* = {0}, and D(A) is dense
in H.

To show that A is closed, we consider a sequence (u;,vj,v;) = U; of
D(A), such that :

(2.54) U, — UinH,
(2.55) AU;=F; — FinH,

and we want to verify that U = (u,v,9) € D(A) and F' = AU, so that
the graph of A is closed.

Thanks to (2.54), we know that

(2.56) uj — uin H, C L*(M),
(2.57) v; — vin L*(M).

We also find from (2.25) and (2.55) that
(2.58) 7, v, fu; — Fy in LA(M)

Hence the sequence (Jv;/0x);ey is bounded in L?(M), and thanks
to (2.57) we obtain that v, € L*(M).

In view of proving that (u,1.) € L?*(M), we consider the decom-
position in normal modes. Thanks to (2.54), we have for every n > 1:

(259) Ujn — Up n L2(07 Ll)?
(260) Uj,n — Up iH L2<07 L1)7
(261) wj,n — wn in L2(07 Ll)a

and the quantities Z [l Z [vj,|* and Z |1, n]* are bounded uni-
n>1 n>1 n>1
formly in j.

Similarly, we infer from (2.55) that for every n > 1 the following
convergences in L*(0, L):

— 0%u, 1 0%, :
2.62 I fu, - — 2 = [ Fun
( 6 ) UO .CEQ fU /\n ('33:2 un K3
_ 2 n )
(2.63) Uo a”g T fun=Fl, — Fun,
x
— 0%, N? 0%, -
(2.64) U Vim _ N7 O, Fl, — Fyn,
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and the quantities Z \FiL P2, Z |F7.|* and Z |1171/]m|2 are bounded
n>1 n>1 n>1
uniformly in j.

Combining (2.62) and (2.64), we find that:

82’&]'” 1 — : — Fi’”

v — U F] U n ) :
o e e STt 50
hence the (du;,/0x);>1 are bounded in L*(0,L;) and (du,/dz) €
L*(0, L,). Moreover, we find that”
(2.66) |
> |5 < S TalFLa 12Ty ol 22

_— . _2
n>1 min |U0 - NQ//\ZF n>1
n>1

(2.65)

so that the latter quantity is bounded uniformly in j. This guarantees
that u, € L?*(M). Following the same idea, and using either (2.62) or
(2.64), we also prove that 1, € L*(M).

To insure that U € D(A), we need to verify that the modal boundary
conditions (2.12) and (2.14) are satisfied by U. This is clear since the
convergence of (., Vjn, ¥jn) t0 (Un, Uy, ) is in fact in H(0, Ly), so
that the boundary conditions pass to the limit.

Finally, let us show that AU = F. Thanks to (2.54), we find that
AU; — AU in the distribution sense in M, hence AU = F in the sense
of distributions on M. We infer from U € D(A) that AU € L*(M),
and conclude that AU = F in L*(M), which ends the proof of Lemma
2.3. O

2.3.4. The case of nonhomogeneous boundary conditions.

In practical simulations, we want to solve the PEs with nonhomoge-
neous boundary conditions on U at x = 0 and x = L4, that is U given
respectively equal to U%! and U 9", We assume that these boundary
values are derived from a solution U given or computed on a domain
M larger than M® .

We discussed in Section 2.3.3 above the case when U9 = U9" = 0.
The issue is now to determine which components of U9 and U9" are

"Thanks to (1.24), we know that m>1111 |U§ — N2/)\2| > 0.

8 Assuming e.g. periodical boundary conditions for M.

),
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needed to obtain a well-posed problem. In this context all components
of U%! and U9" are available but we know (or surmise at this point)
that they will not be all used, those used depending on the mode that
we consider.

Based on the data U9!,U9", let us now construct the following func-
tion U9 = (u9,v9,19) depending on z and ¢ and defined by:

(2:67) (w0, u)(z:8) = D (wh(8) U (), (DU (2), BAOWa2) )

where (ug,v9,49) are found using the boundary values U%! and U9"
by:

B

Uty — Fesl(n),

ul(t) — Fus(t) = ug(
7l(t)a 1 §n§nc,

(2.68) vI(t) = w
u(t) + & v(t) = ugr(t) + 4 s (e),

SIS

ui(t) = ud'(t),
(2.69) i) = vdl(t), n>n..

n

() = ¥,

We note that U is a function of z and ¢ only, and hence it does not
depend on the horizontal coordinate z. Setting F# = F — dU9/dt and

U = Uy — U where U = U9(t = 0), we will look for U# solution of

au* 4 _ p#
o) UL | AU# = F?,

U#(t =0) = UZ.

Like (2.16) this equation corresponds to the case with homogeneous
boundary conditions. In order to apply Theorem 2.2 to (2.70), we
would need to have

(2.71) Ul = Uy, — UL, € D(A),
and

F#
(2.72) F#, % € L'(O,T; H).

We will state in Theorem 2.4 below some assumptions on U¢%! and
U9" which guarantee that Ul and F# satisfy (2.72) and (2.71). Writ-
ting U = U# +UY, we find that U is solution of (2.1), and the boundary
conditions of U at x = 0 and x = L; are those of UY, that is for the
subcritical modes (1 <n < n,):
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(2.73 . .
/ ()dz—% w(Ozt)W()dz

/ ud(z,t) U, dz—— wglzt W (2) dz

—Ls3

Uy (2 )dz-/L v (2, ) Uy (2) dz,

o 0
I

w(Ly, 2, t) Uy (2 )dz—i—i (L, z,t) Wh(z) dz
Ls N
0
/ u (2, t) Uy (2) dz + i I (2, 1) Wh(z) dz,
\ L3 N —L3

and for the supercritical ones (n > n..):

( /0 uw(0, 2, ) Uy (2)dz = /0 W (2, ) Uy (2) d,

—L- L
0 3 0 3

(2.74) /L v(0, 2, ) U, (2)dz = /_L v (2, ) Uy (2) dz,

0 0
(0,2, t) Wy(2)dz = / VI (2, 1) Wh(2) dz.
—Ls

\ —L3

Thus we have established the following result:

Theorem 2.4. Let H be the Hilbert space defined in (2.17) and A be the
linear operator defined in (2.25) corresponding to the two-dimensional
linearized Primitive Equations with vanishing viscosity. We are given
the boundary values U%' and U™ which are in L'(0,T; L*(—Ls, 0)?),
together with their first time derivatives, and F and F' = dF/dt €
LY0,T; LA (M)3).

Then the initial value problem corresponding to equations (2.1), sup-
plemented with the boundary conditions (2.73) and (2.74) is well-posed,
that is for every initial data Uy € U§ + D(A)°, there exists a unique
solution U € C([0,T]; H) of (2.1) wverifying (2.73) and (2.74), and

2.3.5. The barotropic mode.

We now return to the mode constant in z, when n = 0. This mode
does not raise any mathematical difficulty, but it is fundamental in the

9This means that Uy has the same smoothness as a function of D(A) and
(2.73),(2.74) are satisfied at t = 0.
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numerical simulations, since it carries much energy.
Integrating (2.5a),(2.5b), and (2.5¢) on (—Ls,0) we find:

8u0 8u0 8¢0 .
(2.75) B an— fvo+ o Fuo,
vy v
(2.76) = +an°+fu0::zym
8u0
2. — = 0.
(2.77) o 0

We propose to supplement this system with the following boundary
conditions:

(2.78) up(0,t) = w(t),
(2.79) vo(0,t) = wlt),

with wu;, v; given (not necessarily zero, as in Section 2.3.4).

Then, since dug/0z = 0, ug does not depend on x, and it is thus
equal to u;(t) everywhere, so that (2.78) means in fact that

(2.80) up(x,t) = w(t), Y(z,t) € (0,L1) x RY.
Introducing (2.80) in (2.76), we find that:

(91}0 (%0

+ U,

ot O o
When we supplement (2.81) with the boundary condition (2.79), we

have a simple well-posed problem and vy is given in terms of the data

by integration along the characteristics.

Finally, once both uy and vy are known, equation (2.75) gives ¢g, up
to an additive constant (as expected):

(2.81) =F,0—f(Up+u).

(2.82) do(at) = o(0,8) + /{fvoxt 88 (/) }da’
= Go(0.t) —zul(t) + f /0 vl t)da’

2.4. Numerical Simulations. In this section and the next one, we
describe the numerical simulations performed in the 2D linear and non-
linear cases. We start by presenting the numerical scheme.
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2.4.1. Vertical Decomposition. In the vertical direction, we proceed by
normal modes decomposition as in (2.6), (2.7). From the numerical
point of view, we will need to transform some grid-data into modal
coefficients in the U,, or W,, bases of L?(—L3,0), and vice versa, using
Fourier and inverse Fourier transforms for example.

Given a function f represented by its values f; on a grid z; = —L3+[Az,
0 <! <lnaw, Az = L3 [ ljpaz, we want to find its coefficients f,, in the
modal decomposition (2.6)-(2.7), limited to 0 < m < M. To this aim
we use the second order central point integration method, with the z
as collocation points. For the functions u, v and ¢, we decompose them
in the U, basis of L*(—Ls,0). For 0 <m < M:

(2.83)

{um7vma¢m} = Az mf ( ) {u v gb}(zl) 5 <Zl+1> {U,U,gf)}(zH_l)’

1=0
and for w and ¢, 1 < m < M:

(2.84)

"W (2) - {w, 3 (2) + Winl(ziaa) - {w, 9} (211)
{wm,m} = B2 Y =2 T o

=0

This approach which is that proposed by the physicists is different
from the more mathematical approach to spectral and pseudo-spectral
methods as in e.g. Bernardi and Maday (1997), Gottlieb and Hesthaven
(2001). The advantage of such a choice is that the orthogonality re-
lations (see Sectionl.2) are satisfied from the numerical point of view.
Further studies and comparisons of the two approaches will be needed
in the future.

On the contrary, if the function is given by its modal coefficients, the
values on the z-grid z;, 0 <1 < [0, is simply given by:

(2.85) (,0,0)(21) = > (U, U, ) U (21),
(2.86) (w,9)(z) = Z(wmﬂbm) m(21)-

In the numerical simulations, we are given some initial data on the
physical grid (z;)o<i<i,... We transform them into modal coefficients
thanks to formulas (2.83) or (2.84), and if the problem is linear, we
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keep them all along the computations, except for graphic purposes, for
which we use the inverse formulas (2.85)-(2.86) to return to the physical
space. Naturally, in the nonlinear case, we will need to operate (2.83)-
(2.86) once at every time step, in order to avoid the computation of a
convolution product, that would cost too much in term of CPU time
and is not considered an appropriate (stable) numerical procedure. We
compute the nonlinear terms of the equations in the physical space
(x, z) thanks to Fourier and inverse Fourier transforms.

2.4.2. Finite Differences in Time and Space. Looking at the form of
(2.13), we choose to discretize these equations in the horizontal direc-
tion with a finite differences method. Naturally, care has to be taken
to the sign of the characteristic values, in order to take an upwind
(hence stable) spatial discretization of the z-derivative. Whereas U
and Uy + N/, are always positive, the third characteristic value of the
mth mode, in the linear case, is Uy — N/\,, and can either be positive
or negative for the actual physical values that we consider.

With this in mind, for every subcritical mode m < n., we discretize
(2.15) as follows:

(2.87a)

n+1 n n n
(2.87b)

U%;;nv;’j N UO U:@,j _Az?n,j—l ny fg@,j —i2_ n;l%j _ F:,m,j _ me
(2.87¢c)

n+1 n n "

where the right-hand-side of (2.87) contains the nonlinear terms, com-
puted explicitly thanks to an Adams-Bashforth scheme.

Equations (2.87a) and(2.87b) hold for 1 < j < J, whereas (2.87c) is
written for 0 < j < J — 1. There are no equations for &, vify
and 77;‘:,1, these quantities being given by the boundary conditions
as required in (2.23), (2.24), see also Rousseau, Temam, and Tribbia

(2005b). On the contrary, if m > n. (supercritical case), we propose
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for 1 < j < J the discretized equations

(2.884)
fnJrjl _ é-n ; - N gn ) n )
m, m, U o mgj — Smyj— — fo = F" — B™
At’n + ( 0 + )\m ) A.’L‘ é‘ m,j €7m7],
(2.88b)
n+1 n n n n n
o — o =l &+
m,j m,Jj m,j m,j 1 m,j mv] n n
U =F, - B
At" L Az +f 2 Vg vimag?
(2.88¢)
n+1 n n
nmj_nm] - N nm]_nmj—l n n
)Ty (g — — ) T = F - B
NG + (Uo M ) Azr 7,13 URLY
Either &', vi!d and !} are given by the boundary conditions defined

as in (2.23), (2.24) (see also Rousseau, Temam, and Tribbia (2005b),
transparent boundary conditions case), or they satisfy the periodicity
conditions (2.95) below (periodical case).

For every function f(x,z,t), fy, ; represents fn,(z;,t,) for 0 < j < J,
0 <n < Nypae, with

(2.89) O=zp<z1<..<7;<..<w5=1,
(2.90) O=to<ti<..<t,<..<tn,.. =T,
L
(291) Ax = Tjp1 — L5 = 7,
(2.92) At =t —tyn

In the numerical experiments, we choose an homogeneous space dis-
cretization (Ax = const = L/J). For the sake of simplicity, we choose
an explicit time-scheme, with a constant time-step At, which will be
restricted by the well-known CFL condition to guarantee stability in
the linear case:

A A
(2.93) At < S e
lg%XM(Uo,Uo-F)\ |U0——D U0+)\—1

When the equations are nonlinear, the characteristic values depend
on time since U, has to be replaced by u + Uy, but we assume that
the initial data is such that |ug| << Up, which is physically relevant
(Temam and Tribbia (2003)). We actually base our computations on
the data in the already quoted article Temam and Tribbia (2003), that
is the initial data is such that the ratio between the perturbation and
the reference flow Uy ey is less than 10%, which is physically relevant.
In the case of numerical simulations with periodic boundary conditions,
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we multiply the initial data of Temam and Tribbia (2003) by sin(7mz/L)
to make it periodic and avoid any boundary layer at ¢t = 0.

2.5. Numerical Results. We present hereafter two different sets of
numerical results. In Section 2.5.1 we resolve the nonlinear PEs in a
domain Q4 = (0, L) x (— L3, 0) with periodic boundary conditions in the
horizontal (x) direction, and w = 0 at 2 = —Lg3, 0. These numerical re-
sults will provide the boundary conditions needed for the computations
of Section 2.5.2 below. In Section 2.5.3 the transparent properties of
the boundary conditions are introduced, and we compare the solutions
computed in Section 2.5.1 and those of Section 2.5.2; this allows us to
confirm the computational suitability and relevance of the boundary
conditions that we have introduced.

The computations are done as follows. We fix M (the chosen num-
ber of modes) and compute (u?, v2, ¥° )oom<arr from the given data
u®, v, 90 thanks to (2.83)-(2.84).

Then, for every mode m < M, we consider the modal equations
(2.15) and their discretization (2.87)-(2.88), and supplement them with
the appropriate boundary conditions, either (2.96) for the periodical
case or (2.100)-(2.101) for the case of transparent boundary condi-
tions. We recall here that for every m, (&, m)=(Um — N U/ A, U +
N Y, /Am) will be the numerical unknowns to be computed, so that
(U, Wiy Ymy Gm) can be obtained with

(2.94a) (2, 1) = 2 ; (1),
(2.94b) Wi (1, 1) = —1;”; (z,1),
(2.94¢) (1) = N(”WT_&”)(M),
(2.94d) Om(x,t) = —f—m(x,t).

As a consequence, we will only consider the quantities (&, Vm, D) in
the sequel, the other physical quantities beeing easily computed thanks
to (2.94).

2.5.1. Periodic boundary conditions for the large domain )y. In the
periodical case, we consider the following modal boundary conditions:
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z w=0
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w=0

FIGURE 1. Domain €2

(2.95a) Em(0,8) = &n(L, 1),
(2.95Db) Um(0,t) = v (L, 1),
(2.95¢) N (0,t) = nm (L, t).

For each time step At"™ = At satisfying (2.93) we compute the un-
known functions (€7, o™+t prtl) thanks to (2.87) and (2.88), with

the numerical boundary conditions:

(2.96a) iy =&mt,
(2.96b) u;;fol = v;ﬁ},
(2.96¢) el =t

The following figures plot u, v and % in the domain €2y at two different
times. Figures 2, 3 and 4 represent the initial data (¢ = 0) for these
three quantities, whereas Figures 5, 6 and Trepresent u, v and 1 at
t=t; > 0.
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FIGURE 8. Subdomain €24

2.5.2. Transparent boundary conditions for the subdomain 2y C €.
We now intend to simulate the PEs in the subdomain ; = (a,b) X
(—Ls3,0), and the boundary conditions at x = a and b are those con-
sidered in the linear case, see (2.23) and (2.24); see also Rousseau,
Temam, and Tribbia (2005b). In the numerical simulations below we
will consider a domain ; = (a,b) X (—L3,0) such that 0 < a <b < L,
so that € is fully imbedded in Q4 = (0, L) x (—Lg3,0). The space dis-
cretization points are now changed to x; =a+j(b—a)/J, 0<j < J.
At the boundaries z = a and x = b, we will consider the nonhomoge-
neous form of the transparent boundary conditions of (2.23), (2.24).
We use the computations of Section 2.5.1 above to provide the right-
hand-side of the boundary conditions (2.98) and (2.99) below, and af-
terwards use them for comparison in the whole subdomain 2;. These
boundary conditions, expressed in a general way, are given in (2.23),
(2.24). They consist in an infinite set of integral boundary conditions.
For example:

(2.97) /0 v(a, z,t)Upn(z) dz = /O v(a, z, ) Un(z)dz, ¥Ym < M,

—Ls —L3

where U =(u,v,w, J, 5) are known functions, computed in the domain
o using the periodic boundary conditions (see Section 2.5.1 above).
Hence, for every subcritical mode (m < m,) and every time ¢ > 0, we
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have:

(2.98a) Enla,t) = Enla,t),
(2.98b) vm(a,t) = vn(a,t),
(298C) nm(b7 t) = ﬁm(bv t),

where §~m and 7, are defined as usual.
For the supercritical modes, we set for every ¢ > 0:

(299&) gm(aw t) = gm(aa t)a
(2.99Db) Um(a,t) = v (a,t),
(2.99¢) Nm(a,t) = nm(a,t).

To implement these boundary conditions, we discretize equations (2.15)
with the finite differences method, taking into account the sign of U, —
N/, for the discretization of the first ax-derivative of 7, in equation
(2.15¢) (see equations (2.87) and (2.88) of Section 2.2 above).

For each time step At" = At satisfying (2.93) we compute the un-
known functions (€27, vt prtl) thanks to (2.87) and (2.88), with
the numerical boundary conditions:

(2.100a) = Emla, tus),
(2.100Db) upte = Om(a, tha),
(2.100c) s = T (b; tng1),
if m is subcritical (m < m,.). If m is supercritical (m > m.), we set
(2.101a) &) = Ela, tys),
(2.101D) Uplo = Um(@, tnyn),
(2.101c) Ml = T (@, tayr).

The following figures plot u, v and % in the domain 2; at two different
times. Figures 9, 10 and 11 represent the initial data (t = 0) for these
three quantities, whereas Figures 12, 13 and 14 represent u, v and v
att=1t; > 0.

Here, one can see that Figures 12, 13 and 14 respectively match well
with Figures 5, 6 and 7 in the domain €2;.
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FIGURE 15. Subdomains 2y and €2

2.5.3. Comparisons. In order to quantitatively confirm what can be ob-
served, we finally choose an interior point (g, z9) = (5.8 x 105, —4.0 x
10%) € ©, and plot in Figure 16 the values of (u,v,v)(x, 29,t) com-
puted in €y with transparent boundary conditions, compared to the
same quantities computed in )y with periodic boundary conditions.
The results are similar if one considers another choice of (g, zp); this
shows the transparency property of the boundary conditions (2.98)-
(2.99).

In the left column of Figure 16, we plot (u, v, 1) (zo, 20, 1), these quanti-
ties beeing computed with the two types of boundary conditions. In the
right column, we plot the corresponding relative errors | fo, — fo,|/| fao|
where f is successively u, v and 1. The reader might think that the
relative error reaches some local high values, but this is actually due
to the fact that the quantity ugq, (or vg,, ¥q,) vanishes; these local
maximum are not meaningful.

3. SPACE DIMENSION 2.5

3.1. Motivations. We now pursue our study with a simplified 3D
case, in which we allow the unknown functions to mildly depend on
the y variable. This case, whose motivations are given below, is called
the 2.5 dimension case.

The numerical simulations performed in Section 2 were mainly mo-
tivated by computational preoccupations and the need to support the
idea that the proposed boundary conditions are computationally fea-
sible and lead indeed to well-posedness. In view of performing (in
dimension two) computations of physical significance, the last author
expressed the wish that the flow were a perturbation of a geostrophic



BOUNDARY VALUE PROBLEMS FOR THE INVISCID PES 45

Y '
0
0 _ u91
2
4
0 2 4 6
4
2 02 x10
1 0.15 1
0 0.1
_q 0.05
-2 0 JL
0 2 4 6 8 10 0 2 4 6 8 10
4 4
0.02 x10 0.03 x10
Ve
0.015 P’
__ Yo 0.02
0.01
0.01
0.005
0 0
0 2 4 6 8 10 0 2 4 6 8 10
x 10* x 10

FIGURE 16. Computations of (u, v, ) (zo, 20, t) with two
different types of boundary conditions (left). Relative
errors (right).

flow (which is not the case in Section 2). Now, the geostrophic equation

(3.1) py = —pfu,

implies that there does not exist any geostrophic solution depending
only on x and z'°. In this context it is then necessary, even in dimension
two, to introduce some y-dependence. A number of natural choices had
to be abandoned, in particular the use of a few Fourier modes in y for
a Lorentz type model. Indeed this model would produce undesirable
Gibbs phenomena when we approximate the periodic extension of the
function o(y) = y on [0, Ls], this function being introduced in the
model by (3.1). In this way we were led to choose, for the y-direction,
a three-mode linear finite element model. In this section, we present
the full derivation of the model and study the well-posedness of the
linearized equations, leaving for further studies the nonlinear case and
the numerical studies.

1002 is the local west-east direction, Oy is the local south-north direction, and
Oz is the ascendant vertical.
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This section is organized as follows. The model is derived in Section
3.2. We first derive the Galerkin finite element approximation based
on the use of three piecewise linear elements in the direction y; we thus
arrive at three coupled systems, each one similar to the 2D primitive
equations in the variables x and z (and ¢). We then perform the nor-
mal mode decomposition of these equations in the direction z as in
Section 2, the normal modes in z being either sines or cosines (depend-
ing on the functions), and these sines and cosines are the eigenfunctions
of the two-point boundary value Sturm-Liouville problem (1.16)-(1.17)
(Temam and Tribbia (2003)). At this stage, each mode consists of three
coupled equations for the functions of the variables x and ¢ (Section
3.2.2). We finally introduce, in Section 3.2.3, the boundary conditions
for the latest systems in x and ¢, the boundary conditions depending
on the nature of the mode (subcritical or supercritical), the subecriti-
cal modes being the mathematically most challenging and physically
most relevant ones. In Section 3.3 the objectives are as follows: we
first establish, in the absence of the zero mode, the well-posedness of
the linearized PEs, all the non-zero modes taken into account. We
then pay special attention to the mode zero (barotropic part), and fi-
nally consider the case of nonhomogeneous boundary conditions; we
classically reduce this case to the homogeneous case by homogeniza-
tion of the boundary conditions. We consider in Section 3.4 a related
model, physically interesting but with fewer degrees of freedom. The
well-posedness of this model is addressed in a similar way as in Sec-
tions 3.2 and 3.3 for the first model. For this model we only emphasize
the parts of the proof and the discussions which are different from the
first model. The actual numerical simulations will be performed and
discussed in a separate work.

3.2. The 2.5D Primitive Equations. We rewrite the 3D primitive
equations for the ocean and the atmosphere without viscosity with the
same notations as in (1.1)

(

~ ~ SO - 1 __
Vi+ (V- V)V+wv, + fkx v+ —Vp = Fy,
Po

b = _ﬁga

T,+ (v- V)T + T, = Qz,
(7= po(1 — (T = Tp)).
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Here v = (u, v) is the horizontal velocity, w the vertical velocity; p is

the density, p the pressure, and 1" the temperature; V denotes the hor-
izontal gradient operator; v, = dv/0t, etc. The independent variables
are (I‘,y,Z) eM= <07 Ll) X <07 LZ) X (_L37 0)7 and t > 0.

As said before, in the physical context the forcing terms Fy =
(Fg, F5) and Q4 vanish, but we introduce them here for mathematical
generality and, below, to study the case of nonhomogeneous boundary
conditions by homogenization of the boundary conditions.

After introducing the basic stratified flow, following the steps of Sec-
tion 1, we reach the following system with five equations and five un-
knowns:

((w, + Ugty — fv + ¢y = 0,
vy + Ugvy + f(Up +u) + ¢, =0

(3.3) 4 ¥+ Upthe + N?w = 0,
Uy + vy +w, =0,
\QSZ:w

The functions w,v,..., are related to u,v by (1.7).

3.2.1. Finite Element Fxpansion in the y-Direction. The aim is to find
(and numerically study) a 2D version of (3.3), which is physically in-
teresting. For that purpose we want the flow to be close to geostrophic
equilibrium, so that v = w9 + ¢/, or & = @ + u? + ' 1, etc., where
u?d, ete. (and as well @ + u9, etc.), are geostrophic, and u/,v’, ete. are
small compared to u9, v9, etc., which are themselves small compared to
u, v, etc.

The geostrophic equation

(3.4) py = —pofu’

prevents us from taking functions u = u? +u, p = pY +p, ..., indepen-
dent of y. Indeed if we consider a space periodic approximation with
two or three modes of the Fourier series in y, (3.4) will introduce the
Fourier series expansion of

(3.5) h(y) =y, 0 <y < Lo,

and, as is well-known, the discontinuity of (the periodic extension of)
h leads to numerical oscillations.

HThe notations v/, v/, ete. are not used in the sequel.
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FI1GURE 17. The hat functions hq, hs, hg and Eg.

Hence our 2.5D model will allow linear variations in y, and, in view
of (3.4) it is then natural to introduce piecewise linear finite elements
in the y direction. We introduce one middle point 0.5 L, in the middle
of the interval (0, Ls): 0, Lo play the role of boundaries, and values
at 0.5 Ly play the role of the flow “independent of y”. We introduce
three hat functions (finite elements) hy, ho, and hj (see Figure 3.2.1)
corresponding to the points 0, 0.5 Ly, and L. Instead of the usual hat
function hy (see Figure 3.2.1), we use hy such that hy, hy, and hs are
orthogonal.

We now look for approximate solutions of (3.3) of the form of

(u~ uy(z,z,t)hi(y) + ua(z, 2, t)ha(y) + us(x, 2, t)hs(y),
v~ vz, z,t)hi(y) + valz, 2, t)ha(y) + vs(z, 2, t)hs(y),
(3.6) w ~ wi(x, z,t)hi (y) + wae(z, 2, t)ha(y) + ws(x, 2, t)hs(y),
¢ = ¢1(z, 2, 1) (y) + ¢2(z, 2, D) ha(y) + d3(z, 2, 1) ha(y),
| ¥ = Uiz, 2, 0)ha(y) + vo(w, 2, ) ha(y) + Us(x, 2, ) hs(y),

and consider the corresponding finite elements (Galerkin) approxima-
tion of (3.3). We then introduce the expressions (3.6) for u, v, w, ¢
and ¢ into the system (3.3), multiply each equation by hy, hy and hs
respectively, and integrate over (0,1). Thanks to the orthogonality of
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hi, ho and hg, we obtain the following system:
(uy + Ugu, + @, — fv =0,
v+ Upve + fu+ Ap + f =0,

(3.7) Q¥+ U, + N?w =0,
u, +Av+w, =0,
\ {l/) = ¢)z'
Here
u = (U17U2,U3)T, v = (7)1,7)2,7}3)T7 ¢ = (¢1,¢27¢3)T7

Y = (¢17¢2;¢3)T> w:(w1,w2,w3)T7

and
1 -3 -9 0 1 21U,
2 0 9 3 2 §on

Note that the matrix A which has the physical dimension of length™!
can be basically seen as the discretized form, in the context of this
Galerkin procedure, of the differential operator 0/0y.

We denote by M’ = (0, L;) x (—Ls3,0) the two-dimensional spatial
domain for the system (3.7).

3.2.2. The normal mode expansion. As in Section 2 for the 2D case,
we consider a normal mode expansion of the solutions of system (3.7).
That is, we look for solutions of this system in the form:

’U, v ¢ Zu unavna¢n)(x7t)’

n>0

= Wa(2)(wn, ,)(,1).

n>1

(3.9)

Here u,,, v,, etc., are vector functions as u, v, etc. , but are inde-
pendent of z. We refer the reader to Section 1 (or Temam and Tribbia
(2003)) for the justification of the normal mode expansion. The specifi-
cations of the eigenfunctions ,, and W,, given in Section 2 are repeated
here for convenience of the reader:

Uy = and U,, = —cos (An2) forn > 1,
VL3 VI
Wn:\/—sm(/\ z) forn > 1,
Ls

(3.10)
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where )\, = nm/Ls. We observe that, for n,m > 1,

¢ 0
/L{n(z)um(z)dzzdn,m,
—Ls
0

Wi (2)Wi(2) dz = 6,

_L3

/Oun(z)Wm(z) dz =0,

UL(2) = —AW(2),
| Wh(2) = Alhn(2).

(3.11)

A\

We then introduce (3.9) into the system (3.7). For each n > 0, we
multiply each equation by U,, (or W, for the 3rd and 5th equations),
and integrate over (—L3,0). When n = 0, we obtain a system for uy,
vy and @, only:

wor + Ugtbon + P, — fv0 =0,
(3.12) vor + Ugvor + fuo + Ay + fo =0,

Uo, + A'U(] =0.

Here A is the same as in (3.8), and

(3.13) fo=VLsf

When n > 1, the corresponding system for each mode has the same
form:

( Uyt + U(]unm + ¢ng} - fvn - 07
Unt + U()vn:p + fun + A¢n = 07

(314) ’lbnt + Uo’@bnz + N2wn =0,
Up, + Av, + \yw,, =0,
From the last two equations we notice that
1 1
(3.15) ¢, = —)\—@bn, w, = —)\—(um + Av,,),

which means that ¢, and w, are determined by the other three un-
knowns, they are diagnostic variables. Then we can eliminate ¢, and
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w, in (3.14), and obtain a system for u,, v,, and ¥,,, for each n > 1:

(

= 1

Upt + U[)unx - )\_’ltbnz - fUn = O,
= 1
N? _ N2

In Section 3.2.3 we will present the boundary conditions at = 0
and L; for the modes n > 1. These boundary conditions will ensure
the well-posedness of the system (3.7), which we are going to establish
in Section 3.3. Due to its different, and somehow irregular form, the
system (3.12) of the zero mode will be treated separately at the end of
Section 3.3.

3.2.3. Boundary Conditions at x = 0, L;. The analysis by which we
determine the boundary conditions for the systems (3.16), and ulti-
mately for (3.7), is similar to that in the 2D case. We will review the
spirit of the analysis here for the sake of completeness, and then list
the boundary conditions that we propose for the systems (3.16).

The matrix associated with the coefficients of the first order terms
with respect to x reads:

U 0 —ﬁ
0o U, 0
—X 0 U

There are three eigenvalues to this matrix, namely Uy + N [ Ans Uy and
Uy — N/\,. Because U and )\, are positive, each mode has at least
two positive eigenvalues. However, as before and depending on n, the
third eigenvalue Uy — 1/\, can be either positive or negative for the
actual (physical) values of Uj. We say that the corresponding mode is
supercritical in the first case, and subcritical in the second case. The
supercritical modes require three boundary conditions at z = 0, while
the subcritical modes require two boundary conditions at x = 0 and
one at x = L;. This mandates that we impose different boundary
conditions according to the type of the modes.

We first note that the sequence { \, } is monotone and A\, — oo as
n — o00. Therefore there are only a finite number of subcritical modes,
which however are the most challenging and also the most important
ones as they carry much energy.
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We continue to denote by n. the number of subcritical modes, which
is defined as in (1.23):

NeT 1
A = < =
¢ L, Uy
(ne+1)m 1
A = .

Remark 3.1. When Uy — N/), = 0 for some n, the mode will be
neither subcritical, nor supercritical. But this can be easily avoided
by modifying as necessary the velocity of the reference flow. For this
reason we assume as in (1.24) that Uy # N/, for all n’s.

For the supercritical modes, i.e. when n > n., we take the natural
boundary conditions:

u,(0,t) =0,
(3.17) v,(0,1) =0,
1,,(0,t) = 0.

For the subcritical modes, i.e. when 1 < n < n., we impose the
boundary conditions in the following way:

€n(0>t) =0,
(3.18) w2(0,) = 0,
nn(L17 t) = 0.

Here &, = u, — ¢, /N, v, = v,, and n,, = u,, +,,/N are the three
eigenvectors corresponding to Up+N/\,,, Uy and Uy— N/ \,, respectively.

Remark 3.2. In this subsection the boundary conditions are given for
each mode. The boundary conditions for the system (3.7) will come di-
rectly from (3.17) and (3.18), and will be presented later on (see (3.22)
and (3.23)).

Remark 3.3. For most of this section the boundary conditions will be
homogeneous. But at the end we will explain how to handle the non-
homogeneous case. Some technicalities related to the so-called com-
patibility conditions will appear.

3.3. Well-Posedness of the Linear System.
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3.3.1. The functional setting. We want to write (3.7) (the zero mode
excluded, see Remark 3.4 below) as an initial value problem of the form

dU
— + AU =F
(3.19) a " ’

Here U = U(t) stands for (u(t),v(t),4(t)), and A is an unbounded
operator in H with domain D(A) C H, and Uy € D(A), F € H. The
space H is defined as follows:

(3.20) H = H, x Hy, X Hy,

where
0

H, = H,= {u e L*(M') | / u(zr,z)dz =0, for ae. z € (O,Ll)},
—Ls

Hy, = L*M).

In the definitions above M’ is the two dimensional domain (0, Ly) X

(—Ls3,0) (see at the end of Section 3.2.1). The convention that L?(M’) =
(L*(M"))? has been used. Similarly, later in this section, we will use

H'(M"), D(M’), etc., for the corresponding vector function spaces; H

is endowed with the following scalar product:

(U, U)y = / ,(u-a+v-%+%¢-¢)dM’.
Clearly H is a closed subspace of (L?(M’))3, and the norm of H derived
from the scalar product (-,-)y is equivalent to that of (L?(M’))3.

We denote by P the orthogonal projector from L*(M’) onto H,
(and also onto H,, since H, and H, are identical.) Hence, for each
g € L*2(\M'),

1 /0
P(g)=g9——+ [ g(z,2)dz

Ls | 1
(3.21) ? L

0
1-Pg)= 1 [ g
3.J-Ls

We can easily check that P(g) € H,, and (I—P)(g) € H:. We can also
show that H} = L2(0, L;). Indeed, for each f € L2(0,L,), P(f) = 0,
and so f € HX. If, on the other hand, f € H., then (I — P)f = f.
Hence f is independent of z, and f € L2(0, L,).

The unknown U is subjected to modal boundary conditions, which
are listed below. The parallelism between the modal boundary condi-
tions for U and the boundary conditions for each mode (see (3.17) and
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(3.18)) is obvious.
Forn > n. (i.e. for the the supercritical modes),

;

/O u(0, 2)U,(z)dz = 0,

—Ls

(3.22) /0 v(0, 2)U,(z)dz = 0,

7L3

(0, 2)W,(2)dz = 0.

\ J/—Ls3

For1 <n <mn, (i.e. for the subcritical mades)

/ w(0, 2)y(2) — = ¢<o W,(2)dz =0,

(3.23) /_ v(0, 2)U,(2) = 0,

We now define D(A) as follows:

(3.24) D(A)={U¢€ H|U, € (L} (M))?,
and Uverifies the BC’s (3.22) and (3.23) }.

Then for every U € D(A), AU is defined by

Uotsy — fv — P[[2 4, (2, 2) d2]
(3.25) AU = | Uy, + fu— P[f Ap(x,2')d2]
U, +N2f (u, + Av)dz’

Remark 3.4. By the definition of the spaces H and D(A), we include
in the system (3.19) all the modes with n > 1. The zero mode (n = 0)
is excluded from the system, and will be treated separately.

3.3.2. Main Result. We will prove the well-posedness of the system
(3.19) with the help of the Hille-Yosida theorem, Theorem 2.1. The
main result of this section concerning (3.19) is as follows;

Theorem 3.5. Let H, A and D(A) be defined as in Section 3.3.1.
Then the initial value problem (8.19) is well-posed. That is, for ev-
ery ty > 0, and for every Uy € D(A), F € L' (0,ty; H), with F' €
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LY0,ty; H), (3.19) has a unique solution U such that

(3.26) U € C([0, 1] H) N L0, 11 D(A)), % € 1°(0, t1: H).
3.3.3. Proof of Theorem 3.5. We first want to rewrite AU in another
form, and we also want to introduce the adjoint A* of A and its domain
D(A*), which are needed in the course of the proof.

We want to express AU in terms of u,, v, and 1,,. This form is
more convenient for the calculations. To this end, we simply introduce
the normal mode expansions (3.9) of u, v and % into (3.25). Note
that, since uw € H,, and v € H,, uy and v, vanish. After working out
the integrations, and grouping the coefficients of the eigenfunctions we
obtain

Z(Uounx - i¢nm - f’Un) U,

n>1 An
— 1
(3.27) AU = > (Uovna + ftn — A Un
n>1 n
N? _ N?
Z<_)\_umﬁ + Uo”’bmﬁ - )\_A/Un) Wn

n>1

We recall (see e.g. Rudin (1991)) that, given an unbounded operator
A from D(A) into H, the domain of its adjoint consists in the U in H
such that U — (AU, U) is a linear functional K on D(A), continuous
for the norm of H, in which case A*U = K. The determination of A*
introduces the following boundary conditions for U:

For the the supercritical modes, i.e. n > n.,

u,(0,t) =0,
(3.28) v,(0,7) =0,
1, (0,t) = 0.
For the the subcritical modes, i.e. 1 <n < n,,
n(L1) — -, (L1) = 0
U, 1 N n 1) — Y,
1 ~

0 (0) + 4, (0) = 0.
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A simple analysis, which we skip'?, shows that the domain D(A*) of
A* is as follows:

(3.30) D(A*)={U e H|U, e (L2 (M")?,
and Uverifies the BC’s (3.28) and (3.29) }.

Furthermore for U € D(A%),

An
n>1
- — < ~ 1, 7~
(3.31) AT =] (U000 — i — = AT, ) Uy
n>1 n
N2 s N2
> (e — Unth,, — —ATT,)W,
n>1 An An

The coefficient matrix A in (3.31) is the same as in (3.8), and AT is its
transpose.

The proof of Theorem 3.5 essentially consists of the verification of
the hypotheses of Theorem 2.1. We will do it in the Lemmas 3.1 to
3.5. We will then summarize the proof of Theorem 3.5 at the end of
this section.

Lemma 3.1. There exists 6 > 0 such that A+ 61 > 0 and A* +
61 >0, that is, (A4 1)U, U)y > 0 for each U € D(A) and ((A* +
dNU, U)y >0 for each U € D(A").

Proof. Let U € D(A). Then U has the normal mode expansion

U= (3 walh, > 0l > 0,0,

n>1 n>1 n>1

12Gee in Section 4 a more involved analysis in dimension 3.
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Using the expression (3.27) for AU, we compute,

Ly
AUUH—//AU Udzdz

:/0 [Z(Uoum CU, — /\iibnx “Up — fon - uy)

n>1 n

_ 1
+ Z(Uﬁvnm v+ fuy, v, — /\—n/\ibn : vn)

n>1
1
(- um Wb, + (;z,bm-z,bn—A—Avn-z,bn)] dw
n>1 n
UO 2 UO UO 2
= [—un Su(0) + v, (L) = 0,%(0)
n>1
oy ¥n (L) = 5 ¥ (0)

_ /\in/OL1<A¢n.vn+Avn-1j)n)dx]

We now separate the supercritical and subcritical modes, and drop

those terms that vanish according to the boundary conditions (3.17),
(3.18). There remains:

(AU v) =3 [%u (L) + L02(10) + 2 2(1)

= 2 2N?
1
- )\—nun(h) ' 1/Jn(L1)]
Z [%u,ﬁ(l}l) — (;0“”2(0) + %vnQ(Ll)
1<n<nc
U, U,
+2—]\?2 a2 1)—2—]\?2 .2 (0)
1 1
s un(L) (L) + - ua(0) -, (0) |+

> )\_/0 (—Ap, - v, — Av, -9, da.
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We then write

(AU, U)= > T+ Y 1L, +1II,

n>ne 1<n<nc
where
UO [7 UO
L, = - Un 2(Ly) + = 5 U n (L) + on2 ¥n o (L)
1
- /\_u'ﬂ<L1) : Ipn(Ll)?
Uo 2 U() 2 Uo 2 U() 2
Lo = Srwa™(Ly) = S un™(0) + Sroa™(La) + 51m¥n” (L)
UO 2 1 1
T oN? n (0) = )\—Un(Ll) b, (L1) + )\—nun(o) -1,,(0),
Ly
111 = Z / —AY, v, — Av, -, da.
n>1

We see that I, is the sum of a quadratic form and the positive term
Upv2(Ly)/2. We find the determinant for the quadratic form to be
A, 2 — U2/N~2 which is < 0, thanks to the fact that Uy — N/\, > 0
for each supercritical mode. Hence we have

I, >0, foreachn > n..

Using the boundary conditions (3.18) for the subcritical modes we find
that

U _ N N _
I, = 20 v5(Ly) + (Up + )\—)ui(Ll) + (A_ — Up)u (0)
>0, for each 1 < n < n,.

The last inequality is due to the fact that Uy — 1/, < 0 for each
subcritical mode. We also find an upper bound on the absolute value
of III:

1
|IH|§ZN>\/D (A, - v, + Av,, - ap,,)| dz

n>1

C/ Ll,”b 2 Ly %
< ;(/ epa ) (/ |vn|2dx)
n>1 n 0 0

<C—IIZ </L1|%\2dyc—i—/L1 v |2dx>
=9 s ; N ; n )

N =
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where ¢] is the norm of the matrix A. Hence, § > ¢|/2\, for every
n > 1. Then
C/
1
2\
and, for any § > ¢} /2\; the operator A + 1 is positive.
That A* 4+ 01 > 0 (possibly with a different §) can be shown in a
similar way. And we can always choose a constant ¢ such that the
operators A + 01 and A* + §I are both positive. This completes the

proof of Lemma 3.1.

) < U,

U
Lemma 3.2. D(A) is dense in H, and A is a closed operator.

Proof. To show that D(A) is dense in H, consider U = (u,v,%) € H.
Since (D(M’))3, the set of C* functions with compact support in M,
is dense in L?(M’), U can be approximated in L*(M’) by elements of
(D(M"))3, say &7 = (&I, DI @Zp), 1 < j < oco. Since P is continuous in
(L2(M))3, (PDI,, PDI CIDL,) also converge to PU = U in H as j — 0.
The function ® are compactly supported in M’, and, by the definition
of P, the functions P®’ are also compactly supported in M’. The
necessary boundary conditions are satisfied and it is then clear that
(P®,, PP}, @) belong to D(A).

To show that A is closed, we need to show that for a sequence {U7 21
in D(A), such that

(3.32) Ul — U inH,
(3.33) AUI — F  in H,

with U, F' € H, then U € D(A) and F = AU. For each component of
U7, U and F, (3.32) and (3.33) mean

v — u in Hy,,
(3.34) v/ — v in H,,
’(bj E— ’l’b il’l H’lln

and
( — . . 0 .
Upw?, — fv’ — P[/ Pl (x,2')d2'] — F,  in Hy,,
0
(3.35) Ugv? + ful — P[/ A (2,2)dY] — F, in H,,
Upp?l, + N2/ (ul + Av’)dz’ — Fy  in Hy.
\ z
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With regard to each mode, (3.34) implies that

w! — u, in L*0, L),
(336) Uf, — Uy in LQ(Oa Ll)v
Yl — 1, in L0, Ly);

(3.34) algo implies that ) -, ‘uzz‘%Q(le)? > ns1 |v%\%2(07L1), and
> st ¥l Z2(0,1,) are uniformly bounded in j, by a bound of the [U"[3;.
Similarly, (3.35) implies that
(3.37)

(. 1 . ;

oty = 3= %he = SV = Fliyy — Fun 0 L*(0, Ly),

_ ) 1 . )
Upvl,, + ful, — A—Angl =F), — F,, inL*0,Ly),

N2 . _ . N2 . .

— -, + Uy, — ~—Avl, = F),, — Fy,  inL*0, Ly),

\ )\n )\n ’ ’
and that anl ‘F'Z,,n|%2(07L1)’ ZnZl ’Fg,n’%2(0,L1)’ and anl ’F] n %Q(O,Ll)
are uniformly bounded in j, by a bound of the |AU"|%. By the second
convergence in (3.37) we have

1

. 1 4
(3.38) v, == (—fuﬁl + 3

A + FI ).
UO ¢n+ 'u,n)

Each term on the right hand side of (3.38) converges in L*(0, L;),
and therefore v7, also converges in L?(0,L;). In addition, since on
the right-hand side of (3.38), 3,1 [Whl720.0,) Doms |¢%|22(07L1), and
> st |1 Fd nl720.1,) are all uniformly bounded in j, 37 o) [v].[72¢0 1, 18
also uniformly bounded in j. These two facts imply that v/ converges
in L?(M’). Combining this result with (3.34), we conclude that v,
belongs to L%(M’), and

(3.39) v/ — v, in L*(M).

By the first and third convergences in (3.37) we obtain

2

— N — 1
|:(on + )\—QA)’Un + U()Fu,n + A—Fw’n} s

n

1
02 — N2/)2

(3.41) v, = ! N2(f+UA)v +N2F + UyF.
. nr — Ug—]\ﬂ/)\% )\n 0 n )\n un 0L'spn | -

(3.40)  wp, =
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Following the similar idea as for v,, we can show that u, and 1, belong
to L%(M’), and
(3.42) ul — u, in L*(M'),
(3.43) ) —ap,  in L2(M).
To finish the proof it remains to check that U € D(A) and AU = F.

It is implied in the argument above that for each mode,

w! —s u, in HY(0,L,),
(344) /Uzz — Up in H1<07 L1)7

1/’% - lpn in H1<Oa Ll)
By the Sobolev embedding theorem, the convergences also hold in the
space C([0, Ly]), and thus the boundary conditions pass to the limit.
Hence U € D(A). We infer from (3.34), (3.39), (3.42), and (3.43) that
AU — AU in H. By (3.33), we have AU = F. This completes the

proof of Lemma 3.2.
O

Lemma 3.3. A* is a closed operator.

Proof. This is a consequence of Lemma 3.2 and of the following stan-
dard lemma, which can be found in Rudin (1991) and other functional
analysis books.

O

Lemma 3.4. If T is a densely defined operator in H, then T* is a
closed operator.

We now state a well-known result and give a direct proof for the
convenience of the reader (see Hille and Phillips (1974) and, for Banach
spaces, see Brézis (1970)):

Lemma 3.5. Let A and A* be linear unbounded operators in H with
domains D(A) and D(A*) respectively, and let A* be the adjoint opera-
tor of A (as an unbounded operator). It is also assumed that both D(A)
and D(A*) are dense in H. If furthermore A and A* are both positive
and closed, then A+ pol and A* + uol are onto for every py > 0.

Proof. Consider € > 0, which will eventually converge to zero. For each
value of €, we construct a bilinear form b, on D(A):

(3.45) be(U,U) = e(AU, AU) it + (AU, U) g + po(U, U) .

It is easy to check that b, is bilinear, bounded and coercive on D(A).
Then, by the Lax-Milgram theorem, for any given F' € H, there exists
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a unique U, € D(A), such that

(3.46) (AU, AU) g + (AU, U) g + puo(Ue, U g = (F,U) g
holds for any Ue D(A). For each €, we observe that

~ ~ 1 ~
(3.47) U— (AU, AU)y = —(F — poU. — AU, U)m

€
is a linear functional on D(A) continuous for the norm of H. By the
definition of the domain D(A*) of A* (see e.g. Rudin (1991)), this
means that

(3.48) AU, € D(A"),
and
1
(3.49) A*AU, = =(F — poU. — AU,) in H.

€
We then write (3.49) as
(3.50) A" AU, + AU, + U, = F.

Multiplying (3.50) by U, we obtain

(3.51) (AU, AU )y + (AU, U + 1o(Ue, Uy = (F,Ue) .

Since (AU, AU )y > 0, and (AU, Uc)g > 0 by the assumption that A
is positive, we then have

(3.52) \Uelg < c|Flu,

where ¢ is a constant independent of €. Therefore there exists a subse-
quence € — 0 such that

(3.53) Us— U weakly in H,

for some U € H. Multiplying (3.50) by AU,, we also obtain

(3.54) €(A*AU., AU )y + (AU, AU) i + po(AU, Uy = (F, AU .
Since (A*AU,, AU.)g > 0, and (AU, U.)g > 0, we have

(3.55) AU i < |Fla.
This implies that there exists a subsequence, still denoted €', such that
(3.56) AU, — x  weakly in H,

for some y € H. By the assumption that the operator A is closed, and
by (3.53) and (3.56), we see that

(3.57) UeD(A) and x= AU.
We find from (3.50) that
(3.58) A" (eAU.) = F — AU, — poU..



BOUNDARY VALUE PROBLEMS FOR THE INVISCID PES 63

Since both AU, and U, converge weakly in H,
(3.59) A*(eAU,) =0 =F — AU — poU  weakly in H.

And since |AU,|p is bounded independently of €, we find that o = 0,
that is,

(3.60) (A+ pol)U = F.

Thus the claim that A + pgl is onto for any pg > 0 is proved. That
A* + pol is onto for any pp > 0 can be proved in a similar way.
O

Proof of Theorem 3.5. Let
(3.61) U=¢'UPb,

where 0 is the positive constant chosen in the proof of Lemma 3.1.
Inserting (3.61) into (3.19), we obtain an initial value problem for UP:

duP ~

A4+ 6UP=F

(3.62) a TATITT=F,
Ub(0) = U,.

If we can show that the system (3.62) is well-posed, and U satisfies
(3.26), then, by the relation (3.61), U satisfies (3.26) too, and of course
(3.19) is well-posed. We have in fact verified the hypotheses of Theorem
2.1in Lemmas 3.1 to 3.5 for the operator A+d1 of Theorem 3.5. Now we
readily apply Theorem 2.1 and complete the proof of Theorem 3.5. [

3.3.4. Treatment of the Constant Mode (n = 0). We now introduce
(propose) the boundary conditions for the zero mode, which is impor-
tant because it contains much energy. What follows is valid whether
the boundary conditions are homogeneous or not for the modes n > 1.

We start with a technical point which has no mathematical rele-
vance, especially for the linearized equations for which the modes are
decoupled; it has however a computational and physical importance,
in particular in the nonlinear case when all the modes are coupled: the
function ¢, will be decomposed in the sum

(3-63) Py = QSO + ¢67
where @,, which is not unique, is one of the constant solutions® of
(3-64) Ag’o =—Jo

BDetA = 0, and A is of rank 2.
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with A and f, defined in (3.8) and (3.13) respectively, while ¢ needs
to be determined.'

Then for ug, vy and ¢ we propose the following boundary condi-
tions:

(07 ) = ul( )
(3.65) vo(0,1) = vi(t),
#6(0,1) = ¢y(t).

Of course the third equation in (3.65) is the same as ¢,(0,t) = ¢,(t) =
@ + @,(t). We can obtain v, (0,t) from (3.12),, that is

(3.66) 20,(0, ) = —Uiomt b fu+ Ag).

We then multiply (3.12); by A,

(3.67) (Aug); + Up(Awg), + Ay, — fAvy =0,

and differentiate (3.12)y with respect to z,

(3.68) (vox )i + Ugvoss + fuor + Ay, = 0.

By subtracting (3.68) from (3.67) we obtain, thanks to equation (3.12)s3,
(3.69) (Aug — vor)¢ + Up(Aug — vo,), = 0.

The value of Auy — vg, at x = 0 is known, and therefore we can solve
the equation above for Aug — vo,. Once we have found Aug — v, say
Aug — vo, = k(x,t), then with (3.12)3 we have

(3.70)

g, + A’UO = 0,
{ vor — Aug = —k(x,t).

We can solve this linear ODE system with the boundary conditions for
uy and vy at x = 0, which are given.

We now have wug and vo; we can solve (3.12); for ¢, = ¢, + ¢}, since
the boundary condition for ¢, (or ¢g’) is also given at x = 0.

We leave as an exercise to the reader to find the suitable regularity
assumptions for the data wu;, v; and ¢).

1As we observed, A is essentially the mathematical representation of 9/0y in
the finite-element Galerkin procedure, and ¢, is the part of the basic geostrophic
flow alluded to in (3.1).
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3.3.5. The Case of Nonhomogeneous Boundary Conditions. In practi-
cal simulations we want to be able to solve the Primitive Equations
(3.7) with nonhomogeneous boundary conditions at x = 0 and L;. We
write (3.7) in a form similar to (3.19) corresponding to the elimination
of w and ¢ and the exclusion of the zero mode:

oU
(3.71) o TAU=E
U(t =0) = Up.

Here U = (u, v, ) and F = (F,, F,, Fy) are like before, and A is
the differential operator represented by the right-hand side of (3.25)

r (3.27). The proposed boundary conditions for U at = 0 and L,
will be derived from given functions U%!(z,t) and U9"(z,t). In this
subsection we will demonstrate how to derive from U9%' and U9" the
boundary conditions for U so that the initial boundary value problem
corresponding to (3.71) is well-posed.

As pointed out in Section 3.2.3, the subcritical and the supercritical
modes require different boundary conditions. From the physical and
computational points of view, we can assume that all the components
of U9 and U9" are available. The mathematical issue is then to deter-
mine which components are needed for each mode. The normal mode
expansions for U%! and U9" are given:

(3.72)
U (,t) = (S utl(OUn(=), Yo o2 (00U (2), S5 (W(2)),
Uo7 (2, 1) (Z Wl (U (), S 08 (U (2), S zp,s;f(z)wn(z)).

From U%! and U9" we construct U9 = U9(z,t),
(3.73) U%(z,1) (Z wd (U (2), Y 00 (OU(2), Y «/)g(t)wn(z)),
n>1 n>1 n>1

where, for each n > 1, u?, v9 and ¥? are determined by the following
equations:

1 1
g _ _ alyd — 294 a9
(3.74) vI (t) = v¥(t), if 1 <n <n,,

Wl (1) + ) =l (6) + (D),
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that is

(g (1) + il (6) + i (87 (1) — (1),
(3.75) { vi(t) = v7(t), if 1 <n<n,,

Pl(t) + T (1),

and
(3.76) VI (t) = v¥(t), if n > n,,
!

We observe here that UY is independent of z, i.e., OUY/0x = 0, and
that, for a.e. t € (0, T), U9 € H provided that U9 and U9" are
sufficiently smooth: indeed U9 € L?(M’)3, and the integral conditions
appearing in (3.20) are automatically satisfied since the mode 0 is not
present here (n > 1).

Then we set

(3.77) U=U*+U"

We observe that U# € D(A) (if U# is sufficiently smooth). Then
setting F# = F — U9 /0t — AUY and U] = Uy — U9,—o, we see that
U# is the solution of the following problem:

dU#
L AU = F#
(3.78) a !

U*(t=0)=UZ.

Like (3.19), (3.78) corresponds to the case with homogeneous boundary
conditions. In order to apply Theorem 3.5 to (3.78) we would need to
have

(3.79) U = Uy — U= € D(A),
and

#
(3.80) F#, dE7 LY0,T; L3 (M)?).

dt
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It is easily seen that (3.79) and (3.80) are satisfied if the following
hypotheses are verified (up to (3.85), and see also (3.89)):

(3.81) Up € LA(M)?, % € L2(M)?,

(3.82) F e L'0,T;L*(M)?), %—f € L0, T; L2(M)?),
k119, krT9,T

(3.83) 88%’ aa% € L'(0,T;L*(—L3,0)*) for k=0,1,2.

In addition we must assume that Uy, U%' and U9" satisfy the compat-
ibility conditions which will guarantee that the boundary conditions
included in (3.79) are satisfied. Denoting the function Uy of initial val-
ues by (ug, v, 1~b0), 15 the compatibility conditions for Uy, U9 and U9"
which guarantee that U7 € D(A) are written:

(3.84) 0
/_L’IA,ZO(x = O,Z>Z/{n(2) - % _L';L()(Z' =0, Z)Wn<z> dz

= /0 w9 (2t = 0)Uy,(2) — S 0 W (2t = 0)W,(2) dz,

L3 *LS
0 1 0 _
/ To(x = Lo, Wn(2) + — [ Wyl = Ly, 2)Wa(2) dz
—L3 N —L3
0 1 0
_ / W (2t = OUn(2) + — | 97 (2,t = 0)Wa(2) dz,
\ —L3 N —L3
and
(3.85)
(0 0
/ wo(r = 0,2)U,(2)dz = / u?(z,t = 0)U,(2)dz,
~Ls ~Ls

0 0
< / vo(z =0, 2)U,(2)dz = / vl (z,t = 00U, (2)dz, forn > n,,

—L3 —Ls

0 _ 0
ho(z =0,2)Wa(z)dz = / P (2,1 = 0)W,(2) dz.
Ls

\ /L3 -

15The tildes here on &g, ¥g and 120 are meant to distinguish these initial datas
from the zero modes of U(t), which do not appear in fact in this subsection.
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It should be noted here that (3.81)-(3.85) are sufficient conditions for
(3.79) and (3.80). They have been chosen for their relative simplic-
ity; (3.84) and (3.85) indeed guarantee that the boundary conditions
required in (3.79) (U7 € D(A)) are satisfied.

Now we can apply Theorem 3.5 to the system (3.78), and we obtain
a unique solution U# that satisfies the analogue of (3.26). We then
recover U via (3.77), and we easily see that

(3.86) U e C([0, T];L*(M)?),
(3.87) (Z—Z € L>(0,T;L*(M)?).

We will also have

W e L0, 7;L2(M)?).

(3.88) 5

provided we further require that

oUst U

(3:89) ot ot

€ L™(0,T;L*(—Ls,0)%).

The boundary conditions that U satisfies, expressing the fact that
U#(t) = U(t) — U9(t) belongs to D(A) for a.e. t, are as follows:

For the subcritical modes 1 < n < n,:

'/u(o,z,t)un(z) kS ’Lp(O S OW(2) dz

(3.90) /v(O,z,t)Mn(z)dz:/ 9 (2, U, () dz,
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and for the supercritical mode n > n..:

. /0 u(0, z,t) Uy, (2) dz = /O w2 Uy () dz,

—L3 —Lg

(3.91) / w(0, 2, Uy () dz — / 0 (2, Uy (2) dz,

,OLg 7L8
B(0, 2, )W (2) dz = / B9 (2, )W (2) d=.
\ /L3 —Ls

We summarize the result concerning the case of nonhomogeneous bound-
ary conditions in a theorem.

Theorem 3.6. Let H be the Hilbert space defined in (3.20), A the
linear operator defined in (3.25), A the corresponding differential op-
erator, and let D(A) be the domain of the operator A in H. We as-
sume that the data Uy, F, U9 and U™ satisfy the reqularity conditions
(3.81)-(3.83), and in addition Uy, U9 and U9 satisfy the compatibil-
ity conditions (3.84) and (3.85). Then the initial boundary value prob-
lem corresponding to (3.71) supplemented with the boundary conditions
(3.90) and (3.91) has a unique solution U, and U satisfies (3.86) and
(3.87); U will also satisfy (3.88) if we furthermore assume (3.89) for
U9t and U9".

3.4. Special Case of Impenetrable Boundaries. We now consider
another interesting model with only one degree of freedom for v (one
unknown component for v). In this case we require that v vanishes at
y = 0 and 1, which in physics corresponds to impenetrable boundaries
at the North and South. To impose this boundary condition, we use a
single mode in the y-direction for v, namely hs (see Fig. 3.2.1), and the
other unknowns u, w, ¢ and ¢ are decomposed as they were in Section
3.2.1; hence:

(u >~ uy(z, 2, t)hi(y) + uz(z, 2, t)ha(y) + us(x, 2z, t)hs(y),
v~ vo(x, 2, ) ha(y),

(3.92) w ~ wy(z, z,t)h(y) + welz, 2, t)ha(y) + ws(x, z,t)hs(y),
¢ = ¢1(w, 2, )P (y) + d2(z, 2, ) ha(y) + ¢3(, 2, 1) hs(y),

¥ =iz, 2, 0)ha(y) + Pa(z, 2, Dha(y) + ¥s(x, 2, 1) hs(y).

Then we introduce (3.92) into (3.3). We perform the same operations
as after (3.3), except that we multiply the equation for v, (3.3),, by hs,

integrate over (0, 1), and divide it by fol h2dy. Thus we arrive at the
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following approximation of the system (3.3):

(w + Ugtty + @, + froon =0,
02t+U002x+f0'3'U+U4'¢+ngo =0,
Y, + Uotp, + N?w =0,

U, + V902 +w, = 0,
\ 11b = ¢z'
The vector notation, i.e. w = (uy, ug, ug), w = (wy, we, w3) etc., has

been used, and
(3.94)

(3.93)

—1 1 1 -1
3

1 ) 02 = 3 O ) O3 = — _6 y 04 = 5 0

—1 —1 1 1

1
0'125

The dot in (3.93) represents the dot product in the FEuclidean space.
We note here that all the equations in (3.93) are vector equations except
the second one, which is a scalar equation for the scalar unknown v,.

From here on, we proceed essentially as in Sections 3.2.2, 3.2.3 and
Section 3.3, and below we only highlight the differences with the pre-
vious case.

The normal mode expansion for u, w, ¢, 1 are the same as before,
and for v, it reads

(3.95) vo(x,2,t) = ngn(az,t)un(z).

n>0
The system for the zero mode is
wg; + Ugtor + @, + fr2001 = 0,

(3.96) U20t+UOU2Ox+f0'3'UO+U4'¢0+;L?%JCUO =0,
Ugy + Vo902 = 0.
For n > 1 the system is
(s + Uty + @y + fr2001 =0,
Vant + UgVong + fO3 - Uy + 04 - ¢, =0,
(3.97) Yy + Uy, + N?w,, = 0,

Upy + VopO2 + /\nwn = 07

- /\nqbn = 17bn
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Eliminating ¢,, and w,, from (3.97) we obtain a system for u,, v, and
1, (n > 1), namely:

;

_ 1
Unt + Uouna: - )\—V,an + fv2n0-1 - 07
_ 1
(3.98) Unt + UoVng + fO3Un — =04 - 1h, =0,
NZ2 _ N2
YV — N Una T Uo,,, — V02 = 0.

The coefficient matrix associated with the first order derivative terms
(with respect to x) terms in the first and third equations in (3.98) is

_ 1
U02 oY
N _

SRR §/
A\, 0

This matrix has two eigenvalues: Uy + N/, and Uy — N/\,,. The first
eigenvalue is always positive, while the second one could be positive,
which corresponds to supercritical modes, or negative, which corre-
sponds to subcritical modes. As before, we let n. denote the number of
subcritical modes, and for each n > 1 we also introduce the variables
£, =u, — ¢, /N, n, =u,+1,/N. By an analysis similar to that in
Section 3.2.3 we are led to propose the following boundary conditions
for the subcritical modes:

§,(0,1) =0,
(3.99) v9,(0,1) =0, for 1 <n <mn,,
n,(L1,t) =0,
and, for the supercritical modes:
£,(0,1) =0,
(3.100) v9,(0,1) = 0, for n > n,.
1,(0,t) = 0.
Again we want to transform (3.93) (except the zero mode, which
needs a separate treatment) into an abstract initial value problem of

the form

AU
L AU=F
(3.101) a TAU=E

For this purpose we introduce the following function spaces:
(3.102) H = H, x H,, x Hy,
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0
H, = {u e L*(M') | / u(zr,z)dz =0, for a.e. x € (0, Ll)},
—Ls

0

H, = {vg € L* (M) ‘ / ve(z,2)dz =0, for a.e. x € (O,Ll)},
—Ls

Hy = L*(M).

We endow H with the inner product

/

(3.103) (Uﬁ)H—/ (u - u+vgv2+—1/) p)dM' for U,U € H

With this inner product, H is a Hilbert space. We let P denote the
orthogonal projector from L?*(M’) onto H,. For convenience we also
use P for the orthogonal projector from L?*(M’) onto H,,.

The boundary conditions for w, vy and 1 follow those we chose above,
mode by mode ( see (3.99), (3.100)); hence:
For the subcritical modes (1 < n <n,),

[ oo - 5 [ woamiieas o

(3.104) / " (0, 24 (2) = 0,

L3

0
/ (Lb N/ ’lp Lla )dZ = 07
\ Ls

and for the supercritical modes (n > n.),

4

/Ou(O,z)L{n(z) dz = 0,

_L3

(3.105) /O v9(0, 2)Uy,(2)dz = 0,

—Ls

(0, 2)W,(2)dz = 0.

\ J—Ls

The domain of the operator A is defined as

(3.106) D(A)={U € H|U, € L*(M') x L*(M') x L*(M),
and Uverifies the BC’s (3.104) and (3.105) }.
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For each U € D(A), AU is given by

3 0
Upuy + fueoy — P[/ P, (x,2')d]

0
(3.107) AU = | Uyvgy + fos-u — P[/ o4 YP(x,2")d]

0
U()’l,[)x + NQ/ (’U,m + ’020'2) dZ/

In the process of establishing the well-posedness of the initial value
problem associated with our new model we need to determine the ad-
joint operator A* of A (as an unbounded operator in H), and its domain
D(A*). We now list, without details of the calculations, the definitions
of the operator A* and its domain D(A*). The functions U = (%, Us, %)
in D(A*) satisty the following boundary conditions.

For the subcritical modes (1 < n < n.):

/Lﬁ(Lhz)Un(Z) jlv Bl W) 8 =0,

(3.108) / (L. V() = 0.

L3

0
0, 2)U, /¢0z z)dz =0,
\/L5< N

and for the supercritical modes (n > n.):

( /Oﬁ(Ll, o (2)dz = 0,

—Ls

(3.100) / (L. o(2) dz = 0.

—Lg

0
P(Ly, 2)W,(2) dz = 0.

\ /L3

The domain D(A*) is then defined as follows:

(3.110) D(A*)={U € H | U, € (L} (M) x L}(M') x L2(M"),
and Uverifies the BC’s (3.108) and (3.109) }.
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For each U € D(A*), A*U is given by

_ 1 ~ _
Z(—Uoum + N_/\nd)"x + fU2n,03)Un

n>1
~ = ~ 1 ~
(3.111) AU = Z(_UOUan + fu, o1 — m’%bn o2)Uy,
n>1 n

N _ _ o~ N _
Z(A_unm - UO,l/)na: - _U2na4)wn

n>1 n /\n

where the (u,, von, ,,), for n > 1, are the normal modes of U.
The following theorem, which is a copy of Theorem 3.5 with minor
modifications, gives the well-posedness result about the system (3.101).

Theorem 3.7. Let H, A and D(A) be defined as above. Then the
initial value problem (3.101) is well-posed. That is, for every Uy €
D(A), and F € LY0,T;H), with F' € L'(0,T;H), (5.101) has a
unique solution U such that

dU
(3.112) U € C([0,T); H) N L>=(0,T; D(A)), T € L>(0,T;H).
Theorem 3.7 is also a direct consequence of Theorem 2.1. The veri-
fication of the hypotheses of Theorem 2.1 can be done similarly as in
Section 3.3.
For the system of the zero mode (3.96) we can also decompose ¢,

into two parts:

(3.113) by = do + o
where @, is one of the stationary solutions of the equation
_ 3. 1 _

Then we impose the boundary conditions on the left boundary:
uo(0, 1) = u'(t),

(3.115) 90(0, 1) = vh(t),
¢5(0,1) = ¢"(t).

With the boundary conditions above, we can treat the zero mode in a
way similar to that in Section 3.3.4. First, by combining the first and
second equations (now with ¢;) of (3.96), we find and then solve the
resulting equation for o4 - ug — v9g,. Once o4 - ug — V9, is known, say
04Uy —g, = K(x,t), we can solve for uy and vy from this expression
and the third equation of (3.96). Then when wug and vy are known,
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the first equation in (3.96) gives ¢,. We leave it as an exercise for the
reader to check the details, and to address the case of nonhomogeneous
boundary conditions as in Section 3.3.5.

4. THE FuLL 3D LINEAR CASE

4.1. Equations and Preliminary Results. In this section we con-
sider the Primitive Equations in space dimension 3. We focus on the
linearized equations since the boundary condition difficulty is already
fully present in the linear case (see Section 2 above).

This section is organized as follows: we first recall the PEs and their
linearized form. We also recall the normal modes expansion of the un-
knowns and their decomposition into the subcritical and supercritical
modes. These two sets of modes necessitate different treatments and,
unlike in Sections 2 and 3 above, the study of the supercritical modes
is not straightforward. This Section 4.1 also contains (Section 4.1.3) a
study of the associated stationary operator A, a trace theorem adapted
to this stationary operator which shows that if U = (u,v,%) and AU
are square integrable, then the traces of v and v are defined on the
whole boundary and the trace of u is defined on part of the boundary
(Section 4.1.4); finally Section 4.1 finishes with the study of the zero
mode -in the modal decomposition (Section 4.1.5). Section 4.2 is de-
voted to the study of the subcritical modes for which the stationary
problem, partly elliptic and partly hyperbolic, possesses a regularity
result. Section 4.3 is devoted to the study of the supercritical modes
handled in a different manner; the stationary problem is then fully hy-
perbolic, and it does not produce any regularity. Finally in Section
4.4 we consider the full linearized Primitive Equations containing both
the subcritical and the supercritical modes and we prove our main ex-
istence and uniqueness results for homogeneous and nonhomogeneous
boundary conditions.

Note that the boundary conditions proposed here for the subcritical
modes are different than those studied in Sections 2 and 3 in dimensions
2 and 2.5; this change is of no importance in view of the computational
objectives (see Section 2). The related open problem is the determi-
nation of all the sets of boundary conditions making the nonviscous
primitive equation well-posed. The full nonlinear PEs with boundary
conditions similar to those proposed here, will be studied in a separate
work.

4.1.1. FEquations and Normal Modes Erpansion. We now recall the
Primitive Equations (PEs) and their normal modes expansion. The
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reader is referred to Section 1 for further details. The nonlinear 3D
Primitive Equations read:

( g—:ﬂv-www%me%vg:o,
o
(4.1) 9. I
v.v+ Y g
- oz _
\ %—fﬂv V)T+wg—fzo, 5= 3(T)

The notations are as follows: u = (w,v,w) is the velocity of the wa-
ter, v the horizontal velocity, p is the density, p the pressure, T the
temperature; p = p(7T) is the equation of state. In agreement with
the Boussinesq approximation, the density p is constant everywhere,
p = po, except in the second equation (4.1). The salinity equation is
not present in (4.1), but this would raise little additional difficulty to
take into account the salinity S. As indicated before, the viscosity is
not present in the equations (4.1), this is a crucial point in this study.
Equations (4.1) correspond to the f-plane approximation of the PEs
near the latitude 6 = 6y, and f = fy + By, fo = Qsinfy where 2 is
the angular velocity of the earth, and 8 = (df /dy) at 8 = 6, that
is B = fo/a at midlatitudes, (§y = 7/4); k is the unit vector along
the south to north poles; g is the gravitational constant. The domain
occupied by the water is M = (0, Ly) x (0, L) x (—Ls,0) in the Ozyz
system of coordinates.

We linearize Equations (4.1) around the simple uniform stratified
flow (4.2)

(4.2) u="Uy, =0, T=T(2), p=po(l — (T —Tp)),

where Uy > 0, po > 0 and Ty > 0 are reference average V_alues of the
density and the temperature, a > 0 is a constant and 7" and p are
linear in z. We introduce the Brunt-Vaiséld (buoyancy) frequency

NQ_ gdﬁ

 podz
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and we assume that N does not depend on z. We write ¢ = p/po,
v = gT /Ty, and we set u = U+ u, v = U + v, etc. We obtain as in
(1.13):

( ut+U0ux_fv+¢x:Oa
ve + Ugv, + fu+ ¢, =0,

(43) wt + Uowz + N2w = 0,
Uy + vy +w, =0,
\ sz = ¢

4.1.2. Normal modes expansion. As indicated in Section 1, the first
step of the analysis of (4.3) consists, by separation of variables, in
looking for solutions of the form

(4.4)
w(,y, 2, 1) =U2) alz,y,1), v(,y,2,1) = V(2) 0(z,y,1),
U(x,y, 2,t) = U(z) ¥(x,y,t), )
w(w,y,z,t) = W(z) 0(r,y,t), ¢(z,y,2,t) = 2(2) ¢(,y,t).

Substituting these expressions in (4.3), we end up with the following
systems (see Section 1 above), for n > 1,

( Ou, aun 8¢>n B
at + UO fvn 833‘ - 07
(%n 8 a(bn o
815 +an—+fun+a—y—0,
(4.5)
O On 9
8t + U() a + N Wy = 0
1 1 [/Ou, Ov,
4 ¢n——)\—n¢n, wn__)\_n(ax +8_y)
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For n = 0, wy = 99 = 0 and there remains

8’&0 — 8UO 8¢0 .
gt Uy T Tut g =0
a’Uo — 81)0 8(]50 .
(4.6) 5 T Uog +fuot dy 0,
8u0 81}0 .
L o Ty

Note that, since the considered problem is linear, there is no coupling
between the different modes; see e.g. Section 2 above for the nonlinear
case which indroduces these couplings. We will study the zero mode
separately (see Section(4.1.5)), and, for n > 1, we use the last two
equations (4.5) and rewrite the first three in the form

( Ou, - Ou, 1 oYy,

g T0gy TI e T
avn —8vn 1a¢n_
(4.7) E—Fan—m‘i‘fun—/\—nay =0,

O = Oty N? (Ou,  Ov,\
\ at+U”ax_A_n<ax+a_y)_o'

As indicated before, our aim is to propose boundary conditions for
(4.5)-(4.7) which make these equations well-posed and consequently
the equations (4.3) also. As we shall see (see also Sections 2 and 3
above), the boundary conditions are different depending on whether

1<n<n, o n>ng,

where n., \,, are such that

N (ne+ 1)m
=\, < = <A =—
Ne UO ne+1 Lg
We will not study the nongeneric case where LyN/7Uj is an integer.
The modes 0 < n < n, are called subcritical, and the modes n >
n. are called supercritical. 1t is convenient to introduce the sub and
supercritical components of the functions defined by:

(4.8)

(4.9)
uw’ = Pyu = Upug, u! = Pru = ZZ/{nun, ull = Pru = Z Uy,
n=1

n>ne
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and similarly for all the other functions; of course the zero mode u° is
a subcritical mode, but, as we will see, we need to treat it separately.
With these notations, the equations (4.3), (4.5), (4.7) are equivalent to
the following systems:

ud + Ugul — f0° + ¢2 =0,
(4.10) vf + U + fu® + ¢9 =0,
ud + 712 =0,

ul +Ugul — fol +¢L =0,
(4.11) of + Ul + ful + ¢! =0,
O+ Ul + N2w' =0,

Wl 4 Ogull — foll + oI =0,

(4.12) vl + Uy’ + fu'l + )0 =0,
1{] + Ug¢£l + NZwII — 07

with the additional relations ¢ = ¢(¢), w = w(u,v) :

Te

Ne 1 1
D D A N DES (I
n=1""

n

(4.13) 1 n=1 1
¢H = - Z )\_nwnu’rw w' = — Z )\_n(unw + Uny)Wn‘
n>ne n>ne

We will also set U = (u,v,),U° = PBU, Ul = PU, U = Py, U.

Hereafter, our aim will be to study separately the subscritical and
supercritical modes, proposing suitable boundary conditions for them,
and to combine them and obtain existence, uniqueness and regularity of
the solution U. In each case we will study one (subcritical /supercritical)
mode separately and then combine them for the whole subcritical and
supercritical components. We now conclude this section with some
remarks concerning the stationary (time independent) equations asso-
ciated with (4.6), (4.7), and by a trace theorem which will be used
repeatedly in the sequel.

4.1.3. The stationary equations associated with (4.6)-(4.7). The (phys-
ical) spatial domain under consideration will be M = M’ x (—L3,0),
where M’ is the interface atmosphere/ocean, M’ = (0, L1) x (0, Ls).

We introduce, componentwise, the differential operators A,, = (A1,
Ana, An3) operating on U, = (um Un, ¢n)7
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_ 1
U nr — N ¥nx
ou )\n?ﬁ

_ 1
(414) AnUn UO'Una: - >\_¢nya

_ N2
Uowmc - )\_(unz + Uny>7
\ n
with Uy, N and A, > 0 as above.
Our object here is to study (recall) the nature of the stationary (time
independent) equations in M’ :

(4.15) AU, = F, = (Funy Fon, Fyn), n> 1.

We momentarily drop the indices n for the sake of simplicity and
although this is not of direct use in the sequel, it is useful to look for
the characteristics of the differential system AU = F. We write this
system in the matrix form

(4.16) EU, +GU, = F,
with ~
U 0 —% 0 0 0
E=( 0 U 0], g=(0 0 —%
-2 0 0 0 -2 o0

and the equation of the characteristics (see e.g. John (1982)) is given
by

det (Edx — Gdy) =0,

that is -
o 0 _§
det| O o % | =0,
2 2 —
-5 % U

with u = dz/dy. Hence the equation for pu:

_ B N2 N2
(4.17) Uopt KU& - F) 2 F} = 0.
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The (real) solution py = 0 exists in all cases, producing the charac-
teristics * = constant (parallel to the background flow Upe,). This
corresponds to the first equation:

9 (A Y

I (ou-)=F, + fo.

or ( ol /\> + f’U

Then in the supercritical case, U2 — N2A\~2 > 0 and we have two more

real characteristics

dz. N (., N? —1/2
4.18 — = =4 (2 —
(4.18) dy He A < 0 )\2) ’

whereas, in the subcritical case, these two characteristics are imaginary.
For the stationary zero mode, we obtain from (4.6) after dropping
the Coriolis term:

Uoux + ¢a: = Fu7
(419) UOUJZ + ¢y = Fva
Uy + v, = 0.

By elimination of ¢ we find

UO (u:ry - U:m:) = Fu,y - Fv,m
and hence we find the fully elliptic equation

(4.20) Ugg + Uy = _i (Foow — Fuy) -
Uo

We infer from this remark that the stationary system A,U,, = F,, is
fully elliptic for the zero mode, partly hyperbolic and partly elliptic for
the other subcritical modes (one real characteristic) and fully hyper-
bolic in the supercritical case (three real characteristics). This remark
will underly the studies in Sections 4.2 and 4.3, although, as we said,
we do not use it directly.

4.1.4. A trace theorem. We consider the same differential operator A =
(A1, As, A3z), as in (4.14) operating on U = (u, v,), but the indices n
are dropped for the sake of simplicity:
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( Uotie — %@bx,
(4.21) AU =< Upv, — %wy,

e Ny,
with Uy, N, A = \,, > 0 as above, and we consider the space'®
(4.22) X ={U e L*(M)? AU € L*(M')*},

endowed with its natural Hilbert norm (|U\%2(Fi)3 + ‘AU&Q(BP)%' We
have

Theorem 4.1. If U = (u,v,¢) € X, the traces of v and ¢ are defined
on all of OM', the trace of u is defined at x = 0 and Ly, and they
belong to the respective spaces H; (0, L1) and szl(O, Ly). Furthermore
the trace operators are linear continuous in the corresponding spaces,
e.g. U € X — ulp— is continuous from X into H;'(0, Ly).

Proof. Let us write AU = F = (f1, f2, f3). Since U = (u,v,9) €
LP(M')? = L2(0, Ly; L2(0, Ly)?), we see that U, = 0U/dy belongs to
L2(0, Ly; H,'(0, Ly)?). From AU = Ugv, — A~ 'epy = fo € L2 (M), we
conclude that v, € L2(0, Ly; H, (0, Lz)), and v € C([0, L1]; H, '(0, L)),
so that its traces at + = 0 and L, are defined and belong to H, (0, Ly).
We then have

Uoue — X "thy = f1 € L2(0, Ly; L2(0, Ly)),

Uothe = (N?/ Mg = fo = (N*/A)vy € LE(0, Lu; H, (0, Ly)),
so that both u, and 1, belong to the last space and

u, ¥ € C([0, Lq]; H;l(O, Ly)).
Their traces are defined as well at = 0 and L;. Finally we write
Upvz — Ay = fo,
(Uo — N?/NUo)e — (N?/Nvy, = fs+ N? /AUy,

from which we conclude that v, and v, € L2(0, Ly; H; (0, L)) and
thus v and ¢ € C,([0, Lo]; H,;*(0, L1)) and their traces are both defined

6We will write A,,, X,, when it is necessary to emphasize the dependence on n
through A (A = A,).



BOUNDARY VALUE PROBLEMS FOR THE INVISCID PES 83

at y = 0 and L. Finally all the mappings above are continuous, and
the theorem is proved. U

Remark 4.2. Although the values of Uy, N,A = )\, are intended to
be those above, Theorem 4.1 extends to operators A with the same
structure and more general constant coefficients, and it will be used in
this way at times.

4.1.5. The zero mode. The equations for this mode appear in (4.6) but,
for the convenience of the notations, the subscripts are now changed
to superscripts. Due to the form of the third equation, we proceed by
analogy with the incompressible Navier Stokes equations and we deter-
mine first u® = (4%, v°%) and then ¢° by solving a Neumann problem.
The natural function space for u® is

(4.23)
H® = {u’ = (u°,v") € LP(M')?,u) +v) =0,u” - n=0o0n dM'},

where n = (n,,n,) is the unit outward normal on OM’. Recall (see
e.g. Temam (2001)) that the trace of u®-n on dM’ makes sense for
u’ € L*(M')? with div u® = u) + o) € L*(M')- If the test function
u’ = (a°,7°) € HY is smooth, we classically see that (4.6) implies that

d ~ - ~ ~
(120) (@) o+ Ul @) + flex Au’,T) =0,

where e, = (0,0,1). Conversely if there exists u® such that (4.24) is
satisfied for all such u°, then there exists ¢° such that equations (4.6)
are satisfied.

We then introduce the linear unbounded operator A° in H,

0

(4.25) A%u’ = Pyo (anai + fe. A u0> ,
X

with domain
(4.26) D(A%) = {u’ € H°,u) € L*(M')*},

where Pyo is the orthogonal projector in L?(M’)? onto H°. Equation
(4.24) is then equivalent to the evolution equation
du® 0.0

(4.27) 7 + A"u” = 0.

Using the Hille-Phillips-Yoshida theorem, it is easy to see that equation
(4.27) with initial condition u®(0) given in H® or D(A°) produces a well-
posed initial value problem. For that purpose it is sufficient to show
that —AY is the infinitesimal generator of a contraction semi-group in
H°. Since the operator u’® — Ppo(fe. Au®) is continuous in H?, it
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suffices to show that Au® = PpoU%ug, with domain D(A°) is dense in
H and A° is closed which is easy; also A° > 0 as
(A%u°, u") o = UO/ u) - udM’

(4.28) Uy [
-5/
=0,

[0’ (La, y) = [u[*(0,)] dy

the integration in x being justified for u® € D(A"). We need also to
show that A% is positive, but this results from the fact that A% = —A°,
with the same domain. ! We refrain from giving all the details of the
proof for this partial result and refer the reader to Section 4.4 for the
complete analysis.

4.2. Subcritical Modes. We now proceed and study the subcritical
modes 1 < n < n,.

4.2.1. One subcritical mode (1 < n < n.). We temporarily drop the
indices n and first want to set and study an initial value problem for
(4.7) when the mode is subcritical, that is (see (4.8))

N
A=A <= (0<n<n,).
Uo
There are several possible choices of suitable boundary conditions;

see e.g. different ones in Rousseau, Temam, and Tribbia (2005b) for a
related situation. Here, for a simple subcritical mode 1 < n < n., we
choose the following boundary conditions:

{ Yv=0atx=L;, andy =0, Lo,

(4.29) '
v=0and u=y/\Uy at z =0,

and we introduce the space

(4.30) D(A) ={U € L*(M')*, AU € L*(M')?, U satisfies (4.29)},
and the operator!'®
AU = AU.

In view of Theorem 4.1, the traces appearing in (4.29) are well defined
when U € L?*(M')? and AU € L?*(M’)3, so that the definition of D(A,,)
in (4.30) makes sense.

I"Note that A%* = —A° as well, and of course D(A%) = D(A?) = D(AY).
18When needed we will write also Ay, A,, D(A,) to emphasize the dependence
onn (A= A\,).
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Remark 4.3. As indicated above the boundary conditions (4.29) are
different than those in Section 2 for dimension two (after neglecting
the dependence on ).

We proceed with a regularity result for U in D(A) (see the comments
in Section 4.1.3).

Theorem 4.4. If U = (u,v,v) € D(A), then v and ) belong to
HY(M') and u, belongs to L*(M’)

Proof. For U € D(A), we set AU = F = (f1, f2, f3). Then, in the

distribution sense,

1

U z Y Wr = s
ou )\¢ f1

_ 1
(431) UOUx - Xl/)y = f27

_ N2

UO¢:B - T(uw + Uy) = f3'

\
Combining the first and third equations we find
_ N? N? N?

4.32 U1 - == | Vs — —v, = — .
(4:32) °< A2U3>¢ AR VALRRL
Combining this equation with the second equation (4.31), we obtain

— N? N?
(U(? - V)d)xm - Vd}yy -

(4.33) N2 A2 )
= Tflm + Tny + Uo f3z-

Note that this equation is elliptic in the subcritical case; of course a
similar elliptic equation can be derived for v, but we will not use it. We
associate to this equation the boundary condition ¥ = 0 at y = 0, Lo
and x = L; contained in (4.29). Then for the side x = 0 of M', a
suitable boundary condition is given by (4.32) in which v, = 0 since
v =0 at z = 0; hence

o . N2 \' /N2
434) —Z vy U (11— 2o - at =0,
(4.34) an (8 0 ( N202 )\Uof1+f2 at @
The right-hand side of (4.34) does not make sense on z = 0 for F' €
L*(M'’)3. So we proceed as follows: we approximate F' in L*(M')? by
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a sequence of smooth functions F,,, € C®°(M’)3. For each m, the right-
hand side of (4.34) makes sense and we find a unique solution ), of
(4.32), (4.34) and v,,, = 0 on the other sides of M’. Of course ), is C*
on M’ away from the corners and v, € H'(M'’) (at least), see Grisvard
(1985). Then from 1),,, we determine the corresponding v = v,, up to
an additive constant: vy, and v, are given by (4.32) and the second
equation (4.31), and these equations are compatible (i.e. Upgy = Vpys),
because of (4.33). Note that v,, belongs to H!(M') at least, its trace
on the side x = 0 of M’ is defined, v,,, = 0 on this side because of
(4.34). Hence v,, = 0 on x = 0 by choosing properly the constant.
Finally u,, is determined by the first equation (4.31) and the boundary
condition U, = /AUy at x = 0. In conclusion U,, = (U, Vm, ¥m)
that we just constructed belongs to D(A) and satisfies AU, =

To pass to the limit m — oo, we obtain the suitable a priori estimates
as follows: we multiply the second equation (4.31) by —(N?/A)tp,,
equation (4.32) by —Uyt,,., integrate over M’ and add these equations.

We find
Ug (/\2U2 —1)/ V2 dM' + / P2, dM’

Uy N?
+ 0 / (Umywmx - Umm¢my) dM/ -
I'q

(4.35)

2 2
= —/ / (NTmewmy + NTfmlf(/me —+ UOfmemx) dM/

The integrals involving vy cancel each other because it is legitimate
to integrate by parts (enough regularity) and, by integration by parts,
taking into account the boundary conditions (4.29) for U,,, we find

(4.36) / Vg YmadM' = / Vmamyd M.

’ r;
Since N2 > \2U2, we then easily infer from (4.35) that
(437) ’v¢m‘L2 (M?)2 < C’F ‘LQ )2 < const.

Thanks to the boundary conditions on 1, we have a Poincaré inequal-
ity which guarantees that

(4.38) [ |2y < const,

and 1, is bounded in H'(M’). AS for the construction of wv,,, the
second equation (4.31), (4.32) and v,, = 0 on & = 0 then show that
Uy, is bounded in HY(M'). Finally Uyu,, — /A and its x derivative
are bounded in L?(M’) so that u,, and u,,, are bounded in L?(M’) as
well.
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Passing to the limit m — oo, we obtain U,, — U, with U € D(A) and
AU = F,U satisfying the desired regularity properties. To conclude,
we need to show that U = U, that is A is one-to-one.

We thus consider U € D(A), such that AU = 0. Then U satisfies
(4.31) with f; = fo = f3 = 0 and the boundary conditions (4.29): ¥, v
also satisfy (4.32), (4.33) and (4.34) with F' = 0. The mixed Neumann-
Dirichlet problem of which ¢ is solution shows that ¢» = 0; then v =0
because of (4.32), the second equation (4.31) and v = 0 at = = 0.
Finally u = 0 because of the first equation (4.31) and the boundary
condition Upu — ¢\ = 0 at = 0.

Theorem 4.4 is thus proved. U

4.2.2. Positivity of A and A*. We endow the space H = L*(M')? with
the Hilbert scalar product and norm

(a@H:A<M+W+%#@dMCthﬂamﬂm.

Our aim is now to prove that A and its adjoint A* defined below are
positive in the sense

(4.39)

(AU,U)y >0, YU € D(A),
(A*U,U)y >0, YU € D(A*).

These properties are needed to apply the Hille-Phillips-Yoshida theo-
rem (see Section 4.4). The result for U is now easy thanks to The-
orem 4.4. Indeed the following easy calculations are now legitimate,
vV UeD(A):

(AU, U)H :/ |:<U0’LLI — %wz) u + (U()Ux — %wy) v
T

U 1
+ F(;%ﬂ/f — X(ux + vy)lp] dmM’

Uy (¥

2 Jo

[ [ 0.0 - 0.0 ay

(4.40) (u® +v°) (L, y)dy

U(] L2 — \ —2 —92 2
— (()\Uo) - N )¢ (0,y)dy > 0.
0
All the integrations by parts above are easy to justify for functions
in H'(M'"). We just want to emphasize those involving u. If u and u
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belong to L (0, La; Hy (0, Ly)), then u, @ € L2(0, u2; C.([0, Ly])) and for
a.e. y € (0, L) :

/O (el + i) y)d = (ud) (L, y) — (u) (0, )

and, integrating in y,

/ (Ut + utiy,)dady =
(4.41) b

- / T, (1L, y) — (i) (0, y)]dy.

To prove (4.40), we apply (4.41) with u = u, v, and v.

We now turn to the definition of the formal adjoint A* of A and its
domain D(A*), in the sense of the adjoint of a linear unbounded oper-

ator (see Rudin (1991)). For that purpose we first compute (AU, U)u
for U and U smooth. By integration by parts, using Stokes formula,

we find:
(AU, Ty — /F | [(Uoux _ %w) i+ (Uovx - %w) 5

U ~ 1 )
+ ngbx@/) - X(uw + vy)@b} dmM’

(4.42)

= Iy + I,

where I stands for the integrals in M’ and I; for the integrals on
OM'. For I, we have

(4.43) Iy = / (A’{ﬁu + AUv + N‘2A§I7w> dM’,
r;
with A*U = (AU, A3, U, A3U), and
( _ 1~
_Uoum + X¢Z7
*T7 rrv o~ ]' o
(4.44) AU = —Uo¥z + 1y,
_ -~ NZ_
—Upty + T(ux + Uy).
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For I, taking into account the boundary conditions (4.29), there
remains:

h= [ |G L)+ OaoT) L) = S ) L)

+ /0 B (—% + )\2on> (49)(0,)dy
e /O " (D) (2. L) + (v)(2.0)] do.

According to Rudin (1991), D(A*) consists of the U in H such that
U — (AU,U)y is continuous on D(A) for the topology (norm) of H.
If U is restricted to the class of C*° functions with compact support in
M’ (endowed with the norm of H), then I; =0, and U — I, can only
be continuous if A*U as defined in (4.44) belongs to L2(M’)3. We then
observe that Theorem 4.1 applies to A* as well and to more general
constant, coefficients operators. Hence if U € D(A*) then U € L*(M’)?
with A*U € L*(M')3, and the traces of U are defined as in Theorem
4.1. We now restrict U to the class of C> functions on M’ which
belong to D(A). Then the expressions above of Iy and I; show that

U — (AU,U)y can only be continuous in U for the topology (norm)
of H if the following boundary conditions are satisfied:

{ 1f/JV:0aty:O,L2andx:0,

(4.45) Y TY e
v=0and u=1v/\Uj at z = L.

Hence we conclude that!'®
(4.46)

D(AY) = {(7 € L2 (M')?, A*U € L*(M')?, and U satisfies (4.45)}.

We have shown indeed that D(A*) is included in the right-hand side
of (4.46). Now, with _exactly the same reasoning as in Theorem 4.4,

we can show that if U = (@, 7,1¢) € D(A*), then & and ¢ belong to
H'(M'’) and u, belongs to L2(./\/l ).

Thus using again (4.41), we see that for every U in D(A) and U
in D(A*) (not necessarily C*), then (AU,U)y = Iy + I; as above,
with I; = 0 and Iy as in (4.43), so that U — (AU,U)g is continuous
on D(A) for the norm of H. The opposite inclusion is proven and

Similarly we write A D(A}) when the dependence on n needs to be em-

phasized (A = A,).

no na
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(4.46) is established. This reasoning also shows that, for every U e
D(A*), A*U = A*U, A* as in (4.44).

It is now easy to prove the positivity of A*, that is the second state-
ment in (4.39). We proceed as in (4.40), using (4.41):

- [ [(ts o)
r;

<—U0’U$ + %Qﬁy) v+ (—%1@ + %(ux + vy)) P dM’

= (using the boundary conditions (4.45))

e |
_ (u® +0*)(0,y)dy
> Jy
L2 11, 1 1
- [ R ) - s @]
> 0 [ ()2 = V) e L iy 2
0

Hence the positivity. Note that we cannot just write (A*U,U)y =
(AU,U)g > 0, because U in D(A*) may not belong to D(A). In sum-
mary we have proven the following theorem:

Theorem 4.5. For every U € D(A,), as defined in (4.30), we have
(AU, U) 2(anrys > 0. Similarly, for every U € D(A}) defined in (4.46),
we have (AU, U) 23 > 0.

Remark 4.6. Based on the previous results we can show that, for each
n,1 <n<n.,—A= —A, is the infinitesimal generator of a contraction
semi-group. Then by application of the Hille-Yoshida theorem we can
solve the initial and boundary value problem associated with equations
(4.7) for every such n. We refrain from developing this and will instead
establish a well-posedness result for all modes together, see Section 4.4.

4.3. Supercritical Modes. We now consider the initial and boundary
value problem for one single supercritical mode, that is equations (4.5)
or equivalently (4.7) when n > n.. We temporarily drop the indices n,
and write e.g.

(4.47) A=\, > =
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4.3.1. The operator A and its adjoint A*. Here, for one supercritical
mode we choose the following boundary conditions:

(4.48) u,v, and ¥ =0 at x = 0,
and ¥ =0 at y =0 and Ls.

In this case the operator A = A, is defined by AU = AU as in (4.21),
and
(4.49)

D(A)={U € H=L*(M')*, AU € L*(M'),U satisfies (4.48)} .

Note that, according to Theorem 4.1, the traces of u, v, appearing
in (4.48) and (4.49) are well-defined when U € L?(M’)? and AU €
L2(M")3.

In view of proving that —A = —A,, is the infinitesimal generator of
a contraction semigroup, our main task is now to show that

(4.50) { (AU,U)y > 0,YU € D(A), and

(A*U,U)y > 0,YU € D(A*)2,

where A* is defined below. Our approach for (4.50) is however different
from the subcritical case which was based on the regularity result The-
orem 4.4. In the supercritical case the equations are hyperbolic and
there are no similar regularity results. Instead we are going to prove
that (AU,U)y > 0 when U is sufficiently regular; then we define A*
and prove that (A*U,U)y > 0 for every U, sufficiently regular, in the
domain of A*; and finally, by passage to the limit, we prove (4.50) for
all functions in D(A) and D(A*) respectively.

Positivity of A
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We prove that (AU,U)y > 0 when U belongs to D(A) and is suffi-
ciently regular (say in C*(M’)3):

(AU, U)H = / [(Uoux — %wx)u + (Uvo'l}x — %l/}y)v

2
+ L(Ugwx — NT(ux + vy) )] dM’

= (using (4.48) and (4.47))

UO L2 2 2 1 2
=5 i (u”+v +m¢ )(L1,y)dy

1 [l
-3 [ @
0

_ U ("
2

(4.51)

v}(Ly,y)dy+

0
U (*»,, 1 , 2
7/0 (u +m¢ —)\—UOUW(Ll,y)dy

+
> 0.

The adjoint A* N
Assume that U € D(A) and U € H are smooth functions; then, as
in (4.42):

(452) (AU, ﬁ)H = / / |:(Uoux — %@Z)x)a‘F (UQUQC — %@Dy)’l}

1 - N
+m(Uo@bx — T(UI + "Uy))lﬂ d./\/l/

= IO+[17

where I stands for the integrals on M’ and I; for the integrals on
OM'’. For Iy, we have

I, = / (AT + AT + N 245070 ) dM,
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with A*U = (AU, A3U, A3U) as in (4.44). For I, taking into account
the boundary conditions (4.48), there remains:
Lo

L = O Uol(ut) + (v0) + N2 (¥y)](L1, y)dy

(4.53) - /0 AT+ ud) (L, y)dy

- / A D) Lary) — ()0, y))dy.

According to Rudin (1991) , D(A*) consists of the U in H such that

U — (AU,U)y is continuous on D(A) for the topology (norm) of H.
If U is restricted to the class of C*° functions with compact support in
M’ (endowed with the norm of H), then I; = 0 and U — I can only

be continuous if A*U as defined in (4.44) belongs to L2(M')3. If U
belongs to H and A*U belongs to L2(M’)3, then we already observed
that Theorem 4.1 applies to A* as well. Consequently the traces of U
are defined as in Theorem 4.1 and the calculations in (4.52) are now
valid for any such U (and U in D(A) not necessarily smooth). We now
restrict U to the class of C* function on M’ which belong to D(A).
Then the expressions above of Iy and I; show that U — (AU, U )g can
only be continuous in U for the topology (norm) of H if the following
boundary conditions are satisfied:

{ ﬂ,’ﬁandJ:Oatx:Ll,

(4.54) ~
and ¢ =0 at y = 0 and L.

Conversely if U € H, A*U € L*(M’)® and the conditions (4.54) are
satisfied, then the calculations (4.52) are valid, I; = 0, and U —
(AU,U)y is continuous on D(A) for the norm of H. Hence U € D(A*)
and we conclude?’ that

(4.55)

D(A") = {U € LM, A'T € I(M)*, and U satisfies (4.54)} ;

and that A*U = A*U for U in D(A*), A* as in (4.44).
Positivity of A and A*
The proof of the positivity is not done as in the subcritical case,

since the regularity result of Theorem 4.4 is not available in this case.
Instead, for A, to prove that (AU,U)y > 0, for U in D(A), we will

2IRemember that A, A* depend on n through A = A,; we write A,, A} when
the dependance on n needs to be emphasized.
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construct a sequence of smooth functions U, € D(A) such that, as
n — oo,

U, — U in H strongly,

AU,, — AU in H weakly.

Then (AU,,U,)g — (AU,U)p and since (AU,,U,)g > 0 by (4.51),
(AU,U)g > 0 follows. The proof for A* would be similar.
Given U € D(A), with F = (fi, fo, f3) = AU € H, we observe that

the calculations (4.31)-(4.33) are still valid but now, since A > N/U,
equation (4.33 is hyperbolic. In fact we are now going to treat (4.33)
as a second order evolution equation in = (wave equation), in which x
is the time-like variable and y is the spatial variable. For such a wave
equation we need to prescribe 1) and ¢, at z = 0, and ¥ at y = 0 and
Ly. These values of ¢ are given equal to 0, and we are missing 1, which
we infer from the first and third equations (4.31) when U is smooth,
which we assume for the moment. Indeed since v =0 at x = 0,v, = 0
and these equations, restricted to x = 0, become a system

Uptie — X 'thy = f1,
Uothe — N?X "My = fs,
which allows us to compute u, and ¢, at x = 0; hence for ,:
(4.56)
N2

1 _
Ve (0,y) = 72N (Tfl(Llay)+UOf3(Ll7y)>70 <y < Ls.

We continue to assume that all functions (fi, fo, f3,u,v,1) are suffi-
ciently regular and we integrate (4.33) from 0 to x. Setting

(4.57) ‘Il(w,y)z/ V(' y)dy
0
we obtain:

(03~ Tl y) ~ (0.9))

N2 N?
_ ﬁkpy?xx’y) = T(fl(x,y) - fl(an))

+ NTF2y(x, y) + Uo(f3(z,y) — £3(0,9)),

where

(4.58) Fi(e,y) = / " f g,
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Taking (4.56) into account, there remains

N? N?
\2 Wor — Wy, =
(4.59)

2

N
= —f1 F2y+U0.f3a

which we aim to consider for x > 0, with the ”initial” and boundary
conditions:

(4.60)

UV=0and ¥, =9 =0at z =0,
U =0aty=0and Ls.

We obtain a prior: estimates for ¥ in a standard way by multiplying
(4.59) by W,, integrating in y and integrating by parts. We find

1, N2 d (" 2d [P
30 =507 | e g [ v

:_/0 [(NQf1 N2F2y+Uof3) Vo] (z, y)dy.

We then integrate in = from 0 to x to obtain, using (4.60):

1 _ N2 2 N2 Lo
3@ =) [ o [
(4.61)

L2 N2 2
/ B oy o)) ) dy,

The term involving F5, can be integrated by parts, using (4.60); we
find, all functions being sufficiently regular:

N2 x Lo
7/0 /0 (ng‘lfz)(x’,y)dx’dy
N2 * L2 / /
=), ) (F2Wyy) (2, y)d'dy

N2 Lo N2 [* Lo , )
-5 [ Evena - [ @iy

N2 Lo T N2 T Lo
_ N / W, (. ) / fola!, y)da'dy — / / (20,)(, y)da'dy.
)\ 0 0 A 0 0
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We insert this expression in (4.61) and integrate (4.61) in z from 0 to
Ly, which leads to:

(4.62)
_ N? N?
O3 30) [ Wwwdsay+ 3 [ Wiy
M M

=20 [ e[ e ey

By
Since Uy > N/, we easily deduce from (4.62) an estimate
/ (U7 + W) (z, y)dxdy

< w1 (| filZz oy + [ fal2zy + [ fsl220)s

where x; depends only on the data, namely, Ly, Ly, Uy, N and . Al-
ternatively (4.63) can be written as

(4.64) / /(1#2 + U2 (z, y)dxdy < /4;1|F]%2(M,)3.

The calculations above have been made under the assumption that
U € D(A) (and AU = F) are sufficiently regular. The lemma below
extends (4.64) to all U in D(A).

Lemma 4.1. In the supercritical case (i.e. assuming (4.47)), (4.64)
is valid for every U = (u,v,v) in D(A). There also exists a constant
ko depending only on the data such that

(4.65) \Ulg < kol AU, ¥V U € D(A).

Proof. Given U in D(A), then AU = F = (f1, fo, f3) belongs to H =
L*(M’)? and it can be approximated in L?(M’)® by a sequence of
smooth functions F,,, = (fim, fom, fam) which are C* with compact
support in M’. With these F,,,, we solve equation (4.59) with boundary
and initial conditions (4.60) so that we obtain the W,, which satisfy
(4.64).

As n — oo, the F), converge to F' in L*(M’)? and the ¥,, converge
to U weakly in H*(M'’), where ¥ is the (unique) solution of (4.59),
(4.60) in HY(M'"). We then define ¢ = ¥ /0z which satisfies equation
(4.33) in the distributional sense and (4.64) is satisfied by ¥, ¥ and
F. By inspection of (4.59), we notice that W,, and Fj, belong to
L2(0, Ly; H, (0, Ly)) so that

¢m - \I}mr S Li(O, Llu Hy_l(oa LZ))a

2 2 x
_2/ /[N fl\Ijx+NT(/0 fo(a!,y)da" )W, + Uy f3V,](z, y)dxdy.

(4.63)
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and ¢ € C,((0, L1}; H; (0, Ly)). Hence (0, -) is defined and it vanishes
according to (4.60).

Now, integrating in x the first and second equations (4.31) and im-
posing u = v = 0 at © = 0, we define u and v by setting

_ 1 _ z

Ut — Xw = / frda!,

(4.66) | o

Oot — ~aj,da’ — / fda.
A 0

We want to show that the third equation (4.31) is satisfied as well:
differentiating the first equation (4.66) in = and the second equation
(4.66) in y we find:

_ 1- _ 1
Uy, — X%: = f1, Upty — X\pyy = Iy,
and then
_ N2 3 B
Uo% - T(u:v + Uy) =
_ N? 1 - 1-
= Uowz - /\—U()<wa + fl -+ X\pyy -+ F2y>
B N2 B N2 B N2
= Uy — —= y — =V, — — F
( 0 )\2U0> v 0, Y AU, (it Fay)
— (by (459))

:f?n

so that all three equations (4.31) are satisfied by U. Furthermore U
satisfies the boundary conditions (4.60) and we conclude that U €
D(A) and AU = F. Since AU = F as well, we will conclude that
U = U by showing that A is one-to-one. B N

To show that A is one-to-one, consider U € D(A) such that AU = 0.
Then U defined by (4.57) satisfies (4.59) and (4.60). At this point we
do not know that U € H(M’), but, at least, we infer from (4.57)
that U € L2(M') since ¢ € L2(M’). We then infer from Lions and
Magenes (1972) that (4.59) - (4.60) has a unique solution in L*(M’), so
that ¥ = 0. From this we conclude that ¢ = 0 and © and v also vanish
since they satisfy equations (4.66), because of the boundary conditions
at z = 0. Hence U = 0 and A is one-to-one.

Returning to U, we conclude at this point that ¢» and ¥ satisfy (4.64)
which was the first statement in this lemma.



98 ROUSSEAU, TEMAM, AND TRIBBIA

There remains to prove (4.65); [¢|r2(my < K|AU|g follows from
(4.64), and the similar results for v and v follow from (4.66) (and
(4.64)).

The proof of the Lemma is complete. O

We can now prove (4.50).%?

Theorem 4.7. In the supercritical case (i.e. assuming (4.47)), for
every U € D(A,), A, defined in (4.49), we have (A,U,U)2npys > 0.
Similarly, we have (AU, U)p2(mrys > 0, for every U in D(A}), A, and
D(A;) defined in (4.55).

Proof. We prove the result for A, the proof would be similar for A*.

Considering U € D(A), we approximate AU = F by a sequence
of smooth functions F}, as in Lemma 4.1. To each function F,,, we
associate U, € D(A) such that AU,, = F,,: each U, is constructed
exactly as we constructed U in Lemma 4.1, and U,, is smooth. We
easily check that, as m — oo, U,,, weakly converges in H to U, whereas
AU, = F,, strongly converges in H to AU = F. Hence

(AUm, Um)H e (AU, U)H,

and since (AU, Up)n > 0 by (4.51), U,, being sufficiently regular, we
conclude that (AU, U)g > 0. O

Remark 4.8. As indicated in Remark 4.6, and based on the previous
results, we can show for each n > n. that —A = —A,, is the infini-
tesimal generator of a contraction semi-group. Then by application of
the Hille-Yoshida theorem we can solve the initial and boundary value
problem associated with equations (4.7), for each such n. We refrain
from developing this and we will study all subcritical and supercritical
modes at once (together) in the next section.

4.4. The initial and boundary value problem for the full sys-
tem. In this section we aim to combine the results of the previous
sections and to investigate the well-posedness for equations (4.3) associ-
ated with the suitable initial and boundary conditions. We successively
consider the case of homogeneous and nonhomogeneous boundary con-
ditions.

22We recall that A and A* depend on n as A = A,.
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4.4.1. The homogeneous boundary condition case. As explained in (4.9)
the function U and its respective components are decomposed in the
form U = U° 4+ U! + U Accordingly the basic function space H will
be L*(M)? or
H = H x L*(M)?,

where H? is the same as Hy in (4.23), and L?(M) consists of the or-
thogonal, in L*(M), of the space of functions independent of z. Like
in Section 4.1.5 the elements of H® will be the vectors u® = (u° ).
The elements of L?(M)? will be the triplets U = (u,v,%); each of
these functions possesses an expansion of the form (1.19) from which
we can accordingly identify the functions with the product of their
components, and the space L?(M) with the product of an infinite se-
quence of spaces L?(M’). The space H is a subspace of L*(M)3, just
remembering that )9 = 0, and its natural scalar product and norms
are essentially those of L?(M)3, more precisely,

O 0)n = (w0, 0), @T9)
= (u,w) 2 + (0,0) 200 + %W,@L?(M)?
Ul = (U, U)u)"?.

Each U can be seen as the sum of its three components

(4.67) U=0"+U"+U",
or it can be identified with the infinite sequence of its components
{U, }n>0, in which case®®

U = Ju’ %2(/\4/)2 + 230:1|Un|%2(/\4)2-

The semigroup

We now introduce the operator A and its domain D(A) in H. We
have D(A) = D(A°%) x D(A?) x D(AH), where the space D(A°) is the
same as in (4.26),

(4.68) D(A%) = {u’ € H%,u) € L*(M')*}.
Then (compare to (4.30)):

BRemember that ¢° = 0 so that U? = u® = (u°,v°).
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(4.69)
D(A") ={U" = (Uh,...,Uy,), U, € L*(M')’, AU, € LA(M')?,
n=1,...,n. U satisfies , (4.70)},
ro_ _ _
(4.70) wj —Oatx—ILl,Ian_dy—O,LQ,
v' =0andu +¢'/Uy=0at x=0.

Here we introduced for convenience the function ¢ = ¢° + ¢! + ¢! =
{#n},50, With, according to (4.5),

1
Finally (compare to (4.49)):
(4.72)

D(A™) = {U" = {Un} 5,  Un € L*(M'), AU,
€ L* M) n=1,...,n., U satisfies (4.73)},

(4.73) wll =l =y =0 atz=0,
' P =0 aty=0and L.

For U = (uo, U',U) in D(A), we set AU = (A", ATUT, ATUTT)

where

0
A'u® = Ppo (ani + fe, A u0>
ox

as in (4.25) and we define AU’ and A”TU™ componentwise by setting

AU, =AU, forl<mn,
A, asin (4.21) with A = \,.

We now need to define the adjoint A* of A and prove that A and A*
are positive which will follow promptly from the results in the previous
sections.

For the adjoint, it is easy to see that

(4.74) D(A*) = D(A™) x D(A™) x D(A"*),

with D(A%) = D(A®) as shown in Section 4.1.5, D(A™*) defined in
(4.46) and D(A'™*) defined in (4.55). Indeed, according to Rudin
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(1991), U € D(A*) if and only if,

U — (AU, U)g = (A%, 0% + (A'UT, Uy + (AU U1,
is continuous on D(A) for the topology (norm) of H. Considering suc-
cessively U = (u®,0,0),U = (0,U’,0), and U = (0,0, U’T), we obtain
that D(A) is included in the space in the right-hand side of (4.74).
Conversely any U in the right-hand side of (4.74) belongs to D(A) and

hence (4.74) is proven.
We can prove the following

Theorem 4.9. The operator — A is infinitesimal generator of a semi-
group of contractions in H.

Proof. According to Yosida (1980) and Hille and Phillips (1974), it
suffices to show that

i) A and A* are closed operators, and their domains D(A) and
D(A*) are dense in H.

ii) A and A* are positive:

(AU,U)y >0, YU € D(A),

(A*U,U)y > 0, VYU € D(A").

For i) we observe, as is well-known, that D(A*) (resp. D(A)) dense

in H implies that A (resp. A*) is closed. We proceed componentwise

for, say, D(A) : D(A°) defined in (4.68) is dense in H°, since the C*

functions u® = (u° v°) with compact support in M’ and such that

div u® = u) + v) = 0 are dense in H’; see e.g. Temam (2001); and
for D(A") and D(A) we simply observe that the C* functions with
compact support in M’ are dense in L*(M’).

Finally for (4.75) we proceed componentwise and use the results of

the previous sections, e.g. for A :

(4.75)

(4.76) (AU, U)g = (A%u®,u®) o + (AU, U)o + (AU, UM o

The first term in the right-hand side of (4.76) has been shown to be
positive (= 0 in fact, see (4.28)). The second term is equal to

nc

Z(AnUna Un)LQ(M’)37

n=1
and each of these terms is positive as shown in (4.39). Finally the third
term

(AU U g = (AnUn, Un) 2y,

n>ne
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and each term of the series is positive according to (4.50). O

The initial and boundary value problems

We now consider the whole system of three-dimensional linearized
Primitive Equations, namely (4.3) and introduce the initial and bound-
ary conditions. We start with the homogeneous boundary conditions
and treat subsequently the case of nonhomogeneous boundary condi-
tions.

As implied by the previous sections the boundary conditions will
be different for the subcritical and supercritical components of U =
(u,v,9) = (U°, U, UT). Hence for U’ = u®(¢° = 0), we set (see
(4.26)):

(4.77) u’-n=0onoM.
For U!, according to (4.29), the boundary conditions read

(4.78) @DI 0atx 1, and y 0, Lo,
v’ =0 and u, =¥,/ A\Upat t=0,n=1,...,n..

For U!! the boundary conditions are inferred from (4.49) and read

I A § SN § _
(4.79) { u' =v' =9y =0at x=0,

and ¥ =0 at y = 0 and L.

All these boundary conditions are taken into account in the domain
D(A) of A. Finally if we add the initial conditions

(480) U(O) = (U(O),'U(O), w(o)) = UO = (Uo, Vo, w())?

then the initial and boundary value problem consisting of equations
(4.3), and (4.77) - (4.80) is equivalent to the abstract initial value
problem

dU
4. o -
(4.81) - TAU=F,
(4.82) U(0) = U

Note that F' = (F,, F,, F,,) which does not appear in (4.3) is added
here for mathematical generality and to study below the case of non-
homogeneous boundary conditions. By Theorem 4.9 this problem is
now solved by the Hille-Yoshida theorem and we have
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Theorem 4.10. Let H, A and D(A) be defined as in (4.67) - (4.73).
Then the initial value problem (4.81) - (4.82) is well-posed. That
is, for every Uy € D(A), and F € LY(0,T, H), with F' = dF/dt in
LY0,T; H), (4.81) - (4.82) has a unique solution U such that

(4.83) UeC(0,T); H) N L*=(0,T; D(A)), Cii_(t] € L>=(0,T; H).
4.4.2. The nonhomogeneous boundary conditions. We now turn to the
case of nonhomogeneous boundary conditions for (4.77) - (4.79), that
is we want to solve (4.3) with (4.77) - (4.79) in which the boundary
conditions are now nonhomogeneous, and with initial condition (4.80).
We assume that all boundary data are inferred from a function U9 =
(w9, U9 UIT) which is defined in M x [0, T]. We also assume that UY
is given by its normal modes expansion:

(4.84) U?(x,y,2,1) = (Z uf (2, y, O Un(2), Y vy, 1) Un(2),

n>0 n>0

S 6 (e, t) wn<z>> .

n>1
We now set

U=U*+U",
and observe that U# € D(A) if U# is smooth enough (homogeneous

boundary conditions). Then U# will be sought as the solution of the
linear evolution equation

dU#

(4.85) o AU =T
U*(0) = Uy,

where

(4.86) Ul = Uy — U)o

and

(4.87) F# =F — % — AUY.

Here AUY is defined by its normal mode expansion, where each (AUY),
is equal to A, U?, A, as in (4.21).

Theorem 4.10 will be applicable to (4.85) and we will obtain the de-
sired existence and uniqueness result for U, provided we assume that
U(fé and F7# satisfy the hypotheses of Theorem 4.10. It is very easy to
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give sufficient (non necessarily optimal) conditions on UY which guar-
antee that U € D(A) and F# and dF#/dt are in L'(0,T;L*(M)?).
We assume e.g. the following

oU, OU, .
0, 0 8y0 € L*(M)?, and div u) = 0,
(4.88) F, %—f e LY0,T; L*(M)?),

ou9 ous QU9 9*UY 9*UY 9*UY

Ug
POt Ox T Oy’ Ot?2 T 9xot’ dyot

€ C([0,T]; L*(M)?).

In addition we require that Uy and UY satisfy certain compatibility con-
ditions, for ¢t = 0, and (z,y) € OM’, conditions which guarantee that

U € D(A). Setting Uy = (o, Do, 1) = (Ug, UO,UOH),24 we require

- n=u%-n, ondM, att=0
@Z(I):zzgfatt:Oandmle, or y =0 or Lo,
Up = 0% and Uy, = zzon/)\nUO =ud — Jﬁ/)\nUo
atr=0andt=0,n=1,...,n,,
up! — ot =gl — et = wU V9 at z =0 and t =0,

1/J0 —QZQIIZO, att =0 and y =0 or Ls.

(4.89)

With the regularity hypotheses (4.88) and the compatibility hypothe-
ses (4.89), we obtain U satisfying

U € C([0,T]; L*(M)?),
(4.90) AU € L™(0,T; L*(M)?),

(M)
— € L™(0,T; L*(M)?),

24The tildes here on ug, Vo, Yo, etc. are intended to distinguish these initial data
from the zero modes of U ().
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and the boundary conditions for 0 <t < T':

W n=uw -non oM, —L;<z<0,

I =y9 at o = Ly and y = 0, Lo,
vl =09 at . =0,

ul =P I\ Uy = udh — 97 /XUy, at x =0, n=1,...,n,,
ull = 9T T — oTT Tl — olT g 7 — ()

I =97 at y = 0 and L.

(4.91)

In summary, we have proven the following theorem:

Theorem 4.11. We assume that Uy, F' and UY are given satisfying the
hypotheses (4.88) and (4.89). Then there exists a unique U solution
of the Primitive Equations (4.3), satisfying the reqularity properties
(4.90), the boundary condition (4.91) and the initial condition (4.82).

5. CONCLUSION

In this article we have analyzed the inviscid linearized primitive equa-
tions considering successively the dimensions two, two and half and
three. In accordance with the previously known result that these equa-
tions cannot be well-posed for any set of local boundary conditions,
we have proposed nonlocal boundary conditions and established their
suitability.

In space dimension two, numerical simulations have been performed for
both the linearized and nonlinear nonviscous primitive equations. The
suitability of the boundary conditions that we have proposed is nu-
merically confirmed in the linear case. In the nonlinear case the same
boundary conditions have been used and have shown to be also numer-
ically suitable. Furthermore the nonoccurence of numerical blow-up is
an indication that these boundary conditions are appropriate in the
nonlinear case as well

Future work in this domain will consist on the theoretical side in consid-
ering more complicated background flows in the linear case, and the full
nonlinear equations. On the computational side the three-dimensional
case and more involved equations (richer physics) should be investi-
gated.
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