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ABSTRACT. This paper is concerned with a complete asymptotic analysis as
¢ — 0 of the stationary Munk equation 9,1 — A2 = 7 in a domain Q C R?,
supplemented with boundary conditions for ¢ and 9,%. This equation is a
simple model for the circulation of currents in closed basins, the variables x
and y being respectively the longitude and the latitude. A crude analysis shows
that as € — 0, the weak limit of ¢ satisfies the so-called Sverdrup transport
equation inside the domain, namely 9,1° = 7, while boundary layers appear
in the vicinity of the boundary.

These boundary layers, which are the main center of interest of the present
paper, exhibit several types of peculiar behaviour. First, the size of the bound-
ary layer on the western and eastern boundary, which had already been com-
puted by several authors, becomes formally very large as one approaches north-
ern and southern portions of the boudary, i.e. pieces of the boundary on which
the normal is vertical. This phenomenon is known as geostrophic degeneracy.
In order to avoid such singular behaviour, previous studies imposed restrictive
assumptions on the domain §2 and on the forcing term 7. Here, we prove that a
superposition of two boundary layers occurs in the vicinity of such points: the
classical western or eastern boundary layers, and some northern or southern
boundary layers, whose mathematical derivation is completely new. The size
of northern/southern boundary layers is much larger than the one of western
boundary layers (¢1/4 vs. &!/3). We explain in detail how the superposition
takes place, depending on the geometry of the boundary.

Moreover, when the domain Q is not connex in the z direction, 1° is not
continuous in €2, and singular layers appear in order to correct its disconti-
nuities. These singular layers are concentrated in the vicinity of horizontal
lines, and therefore penetrate the interior of the domain . Hence we exhibit
some kind of boundary layer separation. However, we emphasize that we re-
main able to prove a convergence theorem, so that the singular layers somehow
remain stable, in spite of the separation.

Eventually, the effect of boundary layers is non-local in several aspects.
On the first hand, for algebraic reasons, the boundary layer equation is radi-
cally different on the west and east parts of the boundary. As a consequence,
the Sverdrup equation is endowed with a Dirichlet condition on the East
boundary, and no condition on the West boundary. Therefore western and
eastern boundary layers have in fact an influence on the whole domain €2, and
not only near the boundary. On the second hand, the northern and southern
boundary layer profiles obey a propagation equation, where the space variable
z plays the role of time, and are therefore not local.
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CHAPTER 1

Introduction

The present paper is mainly concerned with mathematical methods investigat-
ing singular behaviours on the boundary of a bounded domain €2, when the size of
the boundary layer depends strongly on its localization, and more precisely when
it becomes degenerate on some part of the boundary.

Such a situation has been depicted in many former works, but never really dealt
with insofar as additional assumptions were often made to guarantee that boundary
terms vanish in the vicinity of the singularity. This is the case for instance of our
study [5] of the 8-plane model for rotating fluids in a thin layer where we suppose
that the wind forcing vanishes at the equator. The same type of assumption was
used in the paper [19] of F. Rousset which investigates the behaviour of Ekman-
Hartmann boundary layers on the sphere. This holds also true for the work of
Desjardins and Grenier [6] on Munk and Stommel layers where it is assumed that
the Ekman pumping (which is directly related to the wind forcing) is zero in the
vicinity of the Northern and Southern coasts. The difficulty was pointed out by D.
Gérard-Varet and T. Paul in [9].

We intend here to get rid of this non physical assumption on the forcing, and
to obtain a mathematical description of the singular boundary layers. More gen-
erally, we would like to understand how to capture the effects of the geometry in
such problems of singular perturbations on domains with possibly characteristic
boundaries.

1.1. Munk boundary layers

The equation we will consider, the so-called Munk equation, can be written as
follows when the domain € is simply connected:

Dpt) — EA%p =7 in Q,
Yoo =0, (n-Vi)aa=0.

This model comes from large-scale oceanography and is expected to provide a good
approximation of the stream function 1 of oceanic currents, assuming that

(1.1)

e the motion of the (incompressible) fluid is purely two-dimensional 2 C R?
(shallow-water approximation),

e the wind forcing is integrated as a source term 7 € W4°(Q) (Ekman
pumping),

e the Coriolis parameter depends linearly on latitude (S-plane approxima-
tion),

e nonlinear effects are negligible,

e the Ekman pumping at the bottom is negligible.

1
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We refer to Chapter 5 for a derivation of the equation together with a discussion
of the physical approximations involved. When () is not simply connected, the
boundary conditions are slightly different. We refer to paragraph 1.2.3 for more
details.

1.1.1. State of the art. Desjardins and Grenier studied in [6] a time-
dependent and nonlinear version of (1.1). Their result implies in particular the
following statement for the linear Munk equation:

THEOREM 1. Let  be a smooth domain, defined by
(12) Q:= {(xvy) € R2a xW(y) <z < xE(y)v Ymin < Y < ymaaz} ’

where TE,Tw € C2(ymina yma:p)-
Assume that the wind forcing T € H*(Q)) vanishes identically in the vicinity of
the North and of the South

(AO) JA > Oa T(l‘,y) =0 ny S Ymin +/\ ory Z Ymax — Al

Denote by ug = V+ipe any solution to the wvorticity formulation of the 2D
Stokes-Coriolis system

COAY + Dp1p — EA*)p =7,
Yoo =0, (n-Vy)aa =0.
Then, for all N € N, if s is sufficiently large, there exists

(1.3)

N
N _§ : i/3(, int BL
U’app_ ¢ (ui +uz )
=0

such that
Jue — ull L0112 () < CENH/E,

The main order term ui™ = V40 is the weak limit of ug in L? as € — 0 and
satisfies the Sverdrup relation

(1.4) Y’ =71, Y, =0,
where I'g s the East boundary
I'p={(z,y) €090,z =1xp(y)}.

The boundary layers uPL are located in a band of width &'/3 in the vicinity of the
FEast and West components of 02.

The approximate solution gy, is computed starting from asymptotic expan-
sions in terms of the parameter €.

e At main order in the interior of the domain, we get the Sverdrup relation
O’ = 7.

We can then prescribe only one boundary condition, either on the Eastern
coast or on the Western coast.

e Since uf™ does not vanish on the boundary, we then introduce bound-
ary layer corrections, which are given by the balance between d,4?% and
€A2¢BL. Because the space of admissible (localized) boundary correc-
tions is of dimension 2 on the Western boundary, and of dimension 1 on
the Eastern boundary, we can recover all the boundary conditions except
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IOFE = 0, which is chosen as the boundary condition for the Sverdrup
equation.

The proof relies then on a standard energy method. The assumption on 7 guar-
antees that 1° is smooth, and that the coefficients arising in the definition of the
boundary layer terms are uniformly bounded, and small enough to be absorbed in
the viscosity term. Desjardins and Grenier actually study a nonlinear version of
(1.3), for which a smallness condition on 7 is required to deal with the nonlinear
convection term.

1.1.2. Boundary layer degeneracies.

Our main goal in this paper is to get rid of the assumption (A0) on the forcing
7, and to treat more general domains € (e.g. domains with islands, or which are
not convex in the z direction). This problem related to singular boundary layers
has already been studied (at the formal level) by De Ruijter [20] for some simplified
geometries involving typically rectangles.

The main difficulty to get rid of assumption (A0) is that the incompatibility
between the formal limit equation and the boundary conditions

Yoo =0, (n-Vi)pa =0

is not of the same nature depending on the part of the boundary to be considered:
at the North and at the South, the transport term is tangential to the boundary
and therefore is not expected to be singular even in boundary layers.

Introducing boundary layer terms to restore the boundary conditions, we will
find typically

bW — €pbpw =0,

on the lateral boundaries, and
Oothn.s — €Iyhn,s =0,

on the horizontal boundaries. This implies in particular that western and eastern
boundary layers should be of size /3 while northern and southern boundary layers
should be much larger, of size /4. Of course there are superposition zones, which
have to be described rather precisely if we want to get an accurate approximation,
and prove a rigorous convergence result.

This is actually the first step towards the understanding of more complex ge-
ometries. Additional difficulties will be discussed in the next section.

1.1.3. Stability of the stationary Munk equation. Another important
difference with [6] comes from the fact that (1.1) is a stationary equation, so that
classical energy methods ([12, 22]) are irrelevant.

Denote by 14y, the solution to the following approximate equation

Oz Vapp — @A2¢app =7+ 67 on £,
Vapploa =0, (1 Vhapp)jaa = 0.

In particular, denoting 69 = 1 — 9app, we have

(1.5)

0,01 — €A261p = 67 on Q,

1.6
(1.6) 90 =0, (n-Véy)aq =0.
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The stability estimates used in this paper rely on the use of weighted spaces
as suggested by Bresch and Colin [1]. From the identities

- [@sversi—; [ @upe

/(A%qp)eﬂﬂ&p = / (Ady)%e® + 2/ e A1) 0,09 +/ e A1 6,
Q Q Q Q
together with Cauchy-Schwarz inequality, we indeed deduce that

1—-¢

1€ [ 5p2er 4 & / (Ad)%e” < — / Srove’ — 26 / AGpO,50be” .
2 Jao 2 Ja Q Q

Assume that d7 can be decomposed into
0T = 1 + 679,
with 071 € L?(Q), d2 € H~2(Q). Then, using the Poincaré inequality,

’/ oTope”

/Q e" A5 0 cw‘ < Ol A8 12|06 | 2 < C||ASY|[357 |53 ]| 152

< C(16mllz2 1091l L2 + (1672l m -2 | Ad]| £2),

while

It comes finally, assuming that ¢ < 1,

07sll%
(1) 5wl + €180l < € (Ror s + 722 )

We then define some relevant notion of approximate solution.

DEFINITION 1.1.1. A function a,, € H*(Q) is an approzimate solution to
(1.1) if it satisfies the approzimate equation (1.5) for some 67 € H=2(Q) such that
0T = 611 + 619 with

6t + €7 1|072 |3 -
(1.8) U TR e R
€0 [[Yappll72 + €| Athappl|72
Plugging (1.8) in (1.7) we obtain

Hw - wapplﬁ'ﬂ + 6HA(w - wapp)HQL? = 0(“¢dpp”%2 + €||A¢GPP||%2)
meaning that ¥y, ~ 1.

By such a method, we exhibit the dominating phenomena in terms of their
contribution to the energy balance. In particular, for the oceanic motion, we expect
to justify the crucial role of boundary currents as they account for a macroscopic
part of the energy.

In view of the energy estimate (1.7) and of the expected sizes of boundary
layers (see (1.21) and (1.22) below), the idea is to prove that 1,,), satisfies equation
(1.5) with an error term 67 = é71 + J72 such that

(1.9) 16711l 20y = 0o(€/%),  [|o72]| 1120y = o(€Y).

Notice that the energy estimate (1.7) allows us to capture both types of boundary
layers and the interior term, as we will explain in Theorem 2.

DEFINITION 1.1.2. In the rest of the paper, we say that T = 071 + 672 is an
admissible error term if it satisfies (1.9).
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Our main result, Theorem 2, is the construction of an explicit approximate
solution with an admissible error term in the sense of Definition 1.1.2.

1.2. Geometrical preliminaries

The goal of this section is to state the precise assumptions regarding the domain,
under which we are able to derive a nice approximation for the Munk problem.

As we will see in the course of the proof, error estimates depend strongly on
the geometry of the domain, and especially on the flatness of the boundary near
horizontal parts.

We will therefore consider

e the generic case, when the slope of the tangent vector vanishes polynomi-
ally;

e a special case of flat boundary, for which the exponential decay is pre-
scribed;

e the case of a corner between the East/West boundary and the horizontal
part (as considered by De Ruijter in [20]).

The specific assumptions in the case of corners will be considered separately
in subsection 1.2.4, in an attempt to keep the presentation as simple as possible.
Therefore the regularity and geometry assumptions detailed in subsections 1.2.1,
1.2.2, and 1.2.3 apply to the first two cases above.

1.2.1. Regularity and flatness assumptions. First of all we assume, with-
out loss of generality, that € is bounded and connected!. We further require that
(H1)

the boundary is a compact C* manifold, described by a finite number of charts.

In particular, the perimeter L is finite, and the boundary of {2 can be parametrized
by the arc-length s. If 99 is connected, we will often write 9Q = {(z(s), y(s)) /0 <
s < L}; if 99 has several connected components, such a representation holds on
every connected component of 2. We further choose the orientation of the arc-
length in such a way that the local frame (¢,n) with n the exterior normal is direct.

Furthermore, by the local inversion theorem, there exists § > 0 such that any
point (z,y) € Q at a distance z smaller than § from 9 has a unique projection on
the boundary. In other words, on such a tube, the arc-length s and the distance to
the boundary z form a nice system of coordinates.

We thus introduce some truncation function xo € C2°([0, +00), [0, 1]) such that

(1.10) Suppxo C [0,0) and xo =1 on [0,5/2].

As mentioned in the previous heuristic study, we expect the boundary layers
to be singular on the horizontal parts of the boundary. In order to understand the
connection between both types of boundary layers and to get a nice approximation
of the solution to the Munk problem, we therefore need precise information on the
profile of the boundary near horizontal parts.

We assume that the horizontal part I'yy UT's of the boundary consists in a finite
number of intervals (possibly reduced to points where the tangent to the boundary

¢ Q is not connected, since (1.1) is a local equation, we can perform our study on every
connected component, and we therefore obtain a result on the whole domain Q.
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FIGURE 1.1. Positions of the abscissa s;

is horizontal). Denote by 6(s) the oriented angle between the horizontal vector e,
and the exterior normal n. By definition, we set

= {s €099, cosf(s) =0 and sinf(s) =1},
T :={s €09, cosf(s) =0 and sinf(s) = —1}.

We also introduce the following notation (see figure 1.1): let s1 < 59 < -+ < sp,
such that

cos(0(s;)) =0 1<i<k

and for all ¢ € {1,---,k}, either cos(f(s)) is identically zero or cos(f(s)) does
not vanish between s; and s;;;. Throughout the article, we use the conventions
Sk+1 = S1, So = Si. We further define some partition of unity (p;)1<i<k

; € C2°(09,]0,1]) i(s) =1,
(1.11) P Zp

Supp p; ]Si—la Siv1l-
We denote by I'g, I'yy the East and West boundaries of the domain:
g :={s€dQ, cosb(s)>0},
I'w :={s€0f, cosf(s)<O0}.
Eventually, let
(1.12) I, :={ie{l,---,k}, s; € OTg}.

The profile assumption states then as follows: for any s;, for o = 4 such that
cosf(s) # 0 on [si, Sis1),
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(i) either there exists n > 1 and C' # 0 (depending on 4 and o) such that as
S — Si, S € (Si,Sigl),

cos0(s) ~ %(s —s)",
(H2(i)) '

and 00 (s) ~ s —s;)" " for 1 <1 <inf(3,n);

O
(n—1)!
(ii) or there exists C' # 0 and « > 0 (also depending on ¢ and o) such that as
S —S8i, S S (5i75i<71)7
cosf(s) ~ Ce/Is=sil,
H2(#i Ca
(H2(i1)) and 0'(s) ~ ————e~/ls=sil,
s
The first situation corresponds to the generic case when the cancellation is of finite
order. The second one is an example of infinite order cancellation: in that case,
which is important since it is the archetype of C* boundary with flat parts, we
prescribe the exponential decay because there is no general formula for error esti-
mates. Notice that we do not require the behaviour of # to be the same on both
sides of s;, provided the function § belongs to C3(9), so that (z(s),y(s)) € C*(9Q).
This profile assumption will essentially guarantee that, up to a small truncation,
we will be able to lift boundary conditions either by East/West boundary layers,
or by North/South boundary layers at any point of the boundary. This is therefore
the main point to get rid of assumption (AO0).

1.2.2. Singularity lines. In the case when the domain 2 is not convex in

FIGURE 1.2. Discontinuity lines of a general domain {2

the x direction, we will see that the asymptotic picture is much more complex,
especially because the solution ¢° to the Sverdrup equation (1.4) is discontinuous
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as soon as I'p has more than two connected components (notice that if cos # has an
isolated point of cancellation in the interior of T'z, so that I'z has two connected
components but I'g is connected, then there is no discontinuity in °.)

We therefore introduce the lines X;;, across which the main order term will be
discontinuous, which will give rise to boundary layer singularities: we set

M
FE = U Fj,
j=1
where I'y, - - - , '3 are the closed connected components of I'. For j € {1,---, M},

we set
A; i ={(z,y) €Q, I’ €R, (¢',y) €T, and (tz + (1 —t)a’,y) € Q Vt €]0,1[}.

We have clearly

M
Q=4
j=1
We also define (see Figure 1.2, and also Figures 3.2 and 3.3 in [20])
(113) Zij = /L' n Aj for ¢ 7& j, = U EU
1,3

It can be easily checked that every set 3J;; is either empty or a horizontal line with
ordinate y;; such that there exist x;,x; € R with (x;, ;) € I's, (2;,v455) € T';, and
either (z;,y;;) € OT'; or (xj,y;;) € OT';.

Eventually, we parametrize every set I'; by a graph x%, namely

T ={(@%W),1): Yhin <Y < Yhaa}-

We will therefore need to build singular correctors which are not localized in
the vicinity of the boundary. This construction is rather technical, and for the sake
of simplicity, we will use two additional assumptions, which are quite general:

The set {s, y(s)=y, and cos 6(s)=0}={t }U{t }
is not connected.

FIGuRrE 1.3. Example of a domain when assumption (H3) is not satisfied
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(H3) Yyo € R, the set
{s € 09, y(s) = yo, cosb(s) =0}
is a connected set (see Figure 1.3).
(H4) Let s; € {s1,--- , s} be a boundary point such that
® s € O'g Nol'w;
e and ) is not convex in z in a neighbourhood of (z(s;),y(s;)).
Then cos(s) = O(|s — s;[*) for s — s;.
Assumption (H4) will be discussed in Remark 3.4.7.

1.2.3. Domains with islands.

When the domain 2 is not simply connected, the boundary conditions on 92
are slightly different. This case has been studied in particular in [2], where the
authors investigate the weak limit of the Munk equation in a domain with islands.
Let Qy,---Qk be C* simply connected domains of R2, such that

e (0, €y fori>2;

e 0,NQ;=0for2<i<j<Kj;

o ():=() \UiZQQi satisfies (Hl)—(H4)
Let C; = 09); for i > 1. Notice that of course, the presence of islands gives rise to
discontinuity lines ¥ as described in the preceding paragraph.

Then the Munk equation can be written as

Dpt) — EA%p =7 in Q,
(1.14) Ony = 0 on 092,
Yo, =0, Y, = ¢ fori > 2.
The constants ¢; are different from zero in general: indeed, the condition u-nsq = 0,
where © = V14 is the current velocity, becomes 1) = constant on every connected

component of ). However, the constants are not required to be all equal. In fact,
the values of ¢, - , cix are dictated by compatibility conditions, namely

(1.15) Vi > 2, @/ anm—/ T+-n=0,
Cj Cj

where 7 = curl T.
We explain in Appendix A where condition (1.15) comes from. The constants
Ca,-++ ,Ck are then uniquely determined, as shows the following

LEMMA 1.2.1. e Following [2], define ¢, -k by
Outy — €AYy =T,

(1.16) Y190 =0, Onihrjoa = 0,
and fori > 2,
Dpthi — €AY = 0,
(1.17) Ontbijpa =0,
Yijo, =05 Vje{l, - K}
Then 9 satisfies equation (1.14) for some constants cy,- - - cx if and only if
(1.18) =1+ Y ety

i>2
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e Define the matriz M¢ and the vector D by

]\46 = (Qf/ G,LA%) 5
C; 2<i,j<K

D¢ = <cs/ anmpl+/ Tt n>
C; C;

Then the following facts hold:
o MC is invertible;
e v is a solution of (1.14) satisfying the compatibility condition (1.15) if
and only if v is given by (1.18) with M%c = DE.

2<j<K

The proof of Lemma 1.2.1 is postponed to Appendix A.

e The formula (1.18) shows that it is sufficient to understand the asymptotic
behaviour of the functions ;. Indeed, the coefficients ¢; (which depend on &) are
obtained as the solutions of a linear system involving the functions ;. It is proved
in [2] that for any domain V' C € such that VNY = (), where X is defined by (1.13)

P — 0 in L*(Q),
Y1 =y i L2(V),
where 1/ is the solution of the Sverdrup equation (1.4), and
Y — 1p, in L*(Q),
Vi — 1p, in L*(V),
where B; is defined by

B :={(z,y) €Q, I’ >z, (2/,y) € C;NTg
and (txr + (1 —t)2',y) € QVt € (0,1)}.

This result is in fact sufficient to compute the asymptotic limit of the coefficients
¢;, which converge towards some constants ¢;. We refer to section 2.5 for more
details. We will go one step further in the present paper, since we are able to
compute an asymptotic development for the functions v;, and therefore give a rate
of convergence for the coefficients ¢; and the function .

1.2.4. Periodic domains and domains with corners.

The case when the connection between the horizontal part of the boundary and
the East or West part is a corner, which is typically the case of rectangles considered
by De Ruijter, is actually easier to deal with, because there is no superposition zone
for the boundary layers.

This corresponds to have a parametrization of the boundary by a function
which is piecewise C*, with some jumps for the angle 6(s)

cosf(s)=0on 'y UTg, Fi&ﬁ |cosf| > 0.
E w

We need only to suppose that angles in West corners are obtuse.

Our arguments also allow us to investigate domains of the type Q = T x
(y—,y+), where T = R/Z. The interest for such domains stems from the analysis
of circumpolar currents: indeed, realistic ocean basins consist of a part of a spherical
surface, and for some latitudes y €]y, , yT[ there may be no continent. The latter
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FIGURE 1.4. Definition of the domains B;

part of the fluid domain is called the “circumpolar” component. More precisely, De
Ruijter considers domains of the form

(1.19) Q=Qu . USTUS; UQTUQ,,
where (see Figure 1.5)

Qeire = Tx]y;7y:r[?
{(z,y) e Tx Ryl <y <7/ (x)},

{(z,y) e TxR,y; >y >~ (x)},
oE =T x {yF},

+
Q.
C

Q

where vF are smooth periodic functions such that v (0) = y*, and v (z) > v
for all z € (0,1), v (z) <y, for all z € (0,1).

It is very likely that the analysis of the case (1.19) is in fact a combination of
the arguments for “standard” smooth domains in R2, which are the main concern
of this article, and periodic domains of the type T x (y_,y,). However, because
of strong singularities near the junction points (0,yF), the construction and the
energy estimates become very technical, without seemingly exhibiting any new
mathematical behaviour or ideas. Therefore we will focus on the periodic case and
explain, within this simplified geometry, why circumpolar currents appear.
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Qcirc

FiGURE 1.5. Circumpolar domain

1.3. Main approximation results

1.3.1. General case. We first describe our result in a domain Q C R? satis-
fying (H1)-(H4), and then explain how our result can be extended to other types
of domains.

We will prove the existence of approximate solutions in the form

(1.20) Yapp = V" +Ypw + N, + U

where

e " is a regularization of ¢° (or of ¥° + ZfiQ ¢i1p, when the domain Q
has islands), and ¢° is the solution to the Sverdrup equation (1.4). Let
us emphasize that this regularization includes boundary layer correctors
located in horizontal bands of width &!/4 in the vicinity of every singular
line ;. Furthermore, ||t — 40|12 = o(||¢)"™| 2);

e Y w groups together eastern and western boundary terms, which decay
on a distance of order &'/3;

® s is the contribution of southern and northern boundary layers terms,
which decay on a distance of order &'/4;

e and ¢~ is an additional boundary layer term, located in horizontal bands
of width &'/ in the vicinity of every singular line %;;.

Notice that ™, ¥gw, ¥ns and 1> do not have the same sizes in L? and
H?: typically, if the boundary condition to be lifted is of order 1, the size in L? of
a boundary layer type term is A™'/2, where A~! is the size of the boundary layer,
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while its size in H? is A/2. As a consequence, we roughly expect that

(1.21) 19" |2 > [Un,sllie ~ 197 22 > 1Y w2,
N——
~1 ~E1/8 ~E1/6
while
(1.22) [0 a2 ~ [on,sllzz ~ 107 a2 < |[bpw a2,
~E—3/8 ~E—1/2

Our result is the following;

THEOREM 2. Assume that the domain Q C R? satisfies assumptions (H1)-
(H4). Consider a non trivial forcing 7 = curlT € W4(Q), and let v be the
solution of the Munk equation (1.1) (or (1.14)-(1.15) when Q has islands).

Then there exists a function Vqp, of the form

1papp = ,(/}int + wE,W + wN,S + ¢E
satisfying the approzimate equation (1.5) with an admissible remainder in the sense
of (1.9).
More specifically, VPP is a good approximation of ¥, in the following sense: let
V C Q be a non-empty open set. Then, for a generic forcing term 7, the following
properties hold:
o Approximation of the interior term: if V. € Q is such that VNY = (),
then
1 = 40 2vy = o([9°]| L2 (v));
o Approzimation of the ¥ boundary layers: if V- & Q is such that VNE;; # 0
for some i # je€{l,---, M}, then

[ = (@™ + ™)Lz vy = o[ | L2(v)),
1 — (@™ + ™) a2 vy = o™ + 97 | 52 (vy)-
e Approzimation of the North and South boundary layers: if VN f‘N,S # ()
and VNTegw =0, VNI =0, then
[ = (° +¥n.s)llL2 vy = o(l[¥w sl L2vy),
1Y — ¥n.sllmzvy = o(ll¥n,sllr2(v))-
e Approzimation of the West boundary layer: if VTw # 0 and VT y g =
D, VNE=0,VNTg=0,
¥ = Ywlla2vy = o([¥wl m2(v))-

In the above Theorem, the term “generic forcing” is necessarily unprecise at this
stage. It merely ensures that the terms constructed in the approximate solution are
not identically zero. We will give a more precise assumption in the next chapter (see
Definition 2.4.1). The interior of 'y, s, namely IO“N,S, is to be understood through
the induced topology on 0. If the forcing is generic, some rough estimates on the
sizes of the different terms are given in the table page 105.

REMARK 1.3.1. Note that the present result does mot say anything about the
validity of East boundary correctors. Indeed, their amplitude is typically O(€Y/3)
on the zones where cosf is bounded away from zero, and therefore they are too
small to be captured by the energy estimate. We will comment more on this point
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in section 3.2 (see Remark 3.2.3). Note however that in non-degenerate settings, a
solution can be built at any order (see [6]), and therefore the energy estimates may
capture the east corrector in this case. Moreover, the east boundary layer equation
is somewhat indirectly justified by the fact that the interior term vanishes on the
east boundary.

The construction of an approximate solution relies on a local asymptotic ex-

pansion of the form
Y ) + P (s, A(s)2),

where 9° is the interior term, which solves the Sverdrup equation (1.4), s is the
arc-length, z is the distance to the boundary, and A(s) > 1 is the inverse of the
boundary layer size. The boundary layer term ¢BL (s, Z) is also assumed to vanish
as Z — oo. Plugging this expansion into equation (1.1), we find an equation for
BL | in which both P% and A are unknown. The idea is then to choose X in a
clever way, depending on the zone of the boundary under consideration, and then
to solve the corresponding equation on ¥BL. As a consequence, different equations
for the boundary layer are obtained on different zones of the boundary, and a
matching between these zones must be performed: this is the difficult part of the
mathematical analysis, which is absent from [20]. Eventually, once the approximate
solution is defined, we check that the corresponding error terms are all admissible
in the sense of Definition 1.1.2.

REMARK 1.3.2 (About the geometric assumptions). The geometric assumptions
are mostly used in the zones of transition between the different types of boundary
layers. Note that they may not all be necessary, but we found no systematic way of
dealing with all possible cases simultaneously.

e (H1) can be weakened since we are able to deal with corners (corners
involving only Fast or West boundaries are handled by a simple truncation
while corners with horizontal boundaries will be discussed in chapter 3);

e (H2) is used to have explicit estimates for the transition zone between
East/West boundary layers and North/South boundary layers. In partic-
ular, the rate of cancellation of cos8 determines:

— The size of the truncation of the forcing T in singular zones, see (3.4),
(3.5);

— The domain of validity of the east and west boundary layers, see (2.8),
(3.15), (3.16);

— The zone on which energy is injected in the north and south boundary
layers, see (3.23)

o (H3) allows to avoid the connection between some X layer and a horizontal
boundary. It is not completely clear whether or not we would be able to
handle such a singular transition;

o (H4) is a technical assumption (comparable to (H2)) to get good estimates
on the 3 layer, and in particular, on the impact of the X layer on the west
boundary. It is discussed in detail in Remark 3.4.7.

REMARK 1.3.3 (Comparison with previous results). e One of the main features
of our construction lies in the precise description of the connection between bound-
ary layers. In particular, we prove that the sizes and profiles of the North/South
and East/West boundary layers are unrelated; the transition between both types of
boundary layers occurs through their amplitude only. Notice that this result is rather
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unexpected: indeed, most works on boundary layers (see for instance [9]) assume
that an asymptotic expansion of the form

P~ ™+ Bl (s, N(s)z)

holds, where the size of the boundary layer, ™', is defined on the whole boundary
and is continuous. Here, we exhibit a different type of asymptotic expansion, which
shows that a superposition of two types of boundary layers occurs on the transition
zone. Also, on this transition zone, the ratio between the sizes of the two boundary
layers is very large, so that the asymptotic expansion above cannot hold.

e The analysis we present in this paper can be extended without difficulty to very
general anisotropic degenerate elliptic equations, in particular to the convection-
diffusion equation

00 — CAY =71

which has been studied for special domains by Eckhaus and de Jager in [8)], followed
by Grasman in [11], and more recently by Jung and Temam [13]. Note that in the
case of the convection-diffusion equation, the mazimum principle (which does not
hold anymore in our case) can be used to prove convergence in L. In the paper [8],
the authors exhibit parabolic boundary layers on the North and South boundaries,
but only treat the case when the domain € is a rectangle, which turns out to be
easier, as explained in the next chapter.

Note that the tools we develop in the present paper allow to consider more
general geometries, for which

- there is a continuous transition between lateral and horizontal boundaries,
- there are singular interfaces X5, and even islands.

1.3.2. Periodic and rectangle cases. Our arguments also allow to consider
the cases when the domain € is a rectangle (x_,xy) X (y—,y4+) or an z-periodic
domain T x (y_,y4+ ), which are in fact much less involved than the case of smooth
domains.

In the case of a rectangle, the approximate solution is given by

(123) wapp = w? + wE,W + wN,Sv

exactly as in the case of a smooth domain. It turns out that the interaction between
east/west boundary layers and north/south boundary layers in the corners is rather
simple.

In the periodic case, the definition of approximate solution has to be changed a
little bit because the circumpolar current ¥ (see definition below) is generically
very large in all norms, so that comparing the size of the error with ¥°"¢ does
not give any precise information on the asymptotic expansion of the solution .
Moreover, the weight exp(x) (or, more generally, any increasing function of  whose
derivatives are bounded from below) cannot be used in the energy estimates, since
only periodic weights are allowed. Therefore the energy estimate (1.7) for equation
(1.6) becomes

(1.24) QHAaw”LZ(’EX(y,,er)) < H(sT”H—?(TX(yﬂyH)'
We therefore replace Definition 1.1.1 by the following:

DEFINITION 1.3.4. A function ¢ay, € H*(T X (y—,y+)) is an approzimate so-
lution to (1.1) if it satisfies the approzimate equation (1.5) for some 67 € H~2(T x
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(Y-, y+)) with

. 07 || -2
1.25 lim : =0.
( ) ¢—0 GHA('(/Japp - wmrc)HLz

In this case, the approximate solution is defined by

(1.26) Yapp = P + U0 + YRS

where

o 1)CIC = ¢)¢i¢(y) is the circumpolar current, due to the average forcing by
the wind, namely

—€O YT = (1) (), Y€ (Y-, ys),
Viy=ye =0,
0y ly=yE 0,

where (f) := [ f for any periodic function f.
) wge,. is the classical Sverdrup current in ..., defined by

8w'(/)ger('r7y) = T(l‘,y) - <T> (y)’ reT, ye (y—7y+)a

with (92} () = 0.
) 1/)11\3,{3 are periodic North and South boundary layers, whose definition differ
slightly from usual North and South boundary layers.

We then have the following results:

PROPOSITION 1.3.5. (1) Assume that Q = (z_,24+) X (y—,y4+) and that
7 € WH(Q). Then tapy defined by (1.23) satisfies (1.5) with an ad-
missible remainder in the sense of (1.9), and is therefore an approzimate
solution in the sense of Definition 1.1.1.

(2) Assume that Q =T x (y—,y4+) and that 7 € H*(QQ) for s sufficiently large.
Then gy, defined by (1.26) satisfies (1.5) with a remainder 6T satisfying

67 -2 = O(€),
so that for generic forcing T,

1 = (@7 + YR 2 = o(l¥R sl 2)-

In particular, Yqpp is an approximate solution in the sense of Definition
1.3.4.

REMARK 1.3.6. Notice that because of the lack of an L? estimate, the Sverdrup
part of the solution in the periodic case is not captured by the energy estimate.
However, if T is sufficiently smooth, the construction can be iterated and an ap-
proximate solution can be built at any order, so that the existence of every term in
the expansion can be justified. Indeed, there is no degeneracy in the problem, and
therefore no singularity. The construction of North and South boundary layers only
costs a finite, quantifiable number of derivatives on .
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1.3.3. Outline of the paper. Since the proof of Theorem 2 is very technical,
we have chosen to separate as much as possible the construction of 14y, and the
proof of convergence. Therefore the organization of the paper is the following.

In Chapter 2, we expose the main lines of the construction of the boundary layer
type terms, namely ¥z w, ¥n,s and ¥*, without going into the technicalities. An
important point is that, while the East and West boundary layers 15 w are defined
by some local operator, 1 s and 1> are obtained as the solutions of some parabolic
equations, which accounts for the terminology of parabolic boundary layers used
by De Ruijter in his book [20]: “when the southern boundary of the continent
A coincides with a characteristic the first approximation in the free shear layer is
not only dependent on the matching conditions but also on the initial condition at
the rim of the parabolic boundary layer. In this way the information about the
processes along the southern coast of A is reflected in the interior of the basin. ”

In Chapter 3, we give all the necessary details for the construction insisting on
the connection between the different types of boundary layers, and we estimate the
sizes of the four terms defining 1,p,. Even though this part can seem essentially
technical, there are two important features of the construction to be noted. The
first one is that the connection between boundary layers has to be understood as a
superposition: amplitudes are matched, but not profiles. The second ingredient is
that the order for the construction of the different correctors is prescribed and this
has something to do with the disymmetry between East and West: the construc-
tion is essentially Westwards, as are the transport by the Sverdrup equation and
the diffusion in the parabolic layers. We also explain how rectangular or periodic
domains can be handled.

Eventually, in Chapter 4, we prove the estimate on the error term (1.9), which
entails that 1,,, is an approximate solution. Moreover, as a very large number of
notations are introduced throughout the paper, an index of notations is available
after the Appendix. We also included a table summarizing the sizes of the different
parameters and terms.






CHAPTER 2

Multiscale analysis

Searching as usual an approximate solution to the Munk equation (1.1)

Ot — €A%y =7

in the form

Vapp = V0 +PE if Q is simply connected (no islands),

K
and Yy, = 0 + Z cilp, +¢PL  if Q has islands,
i=2

with 9° satisfying the Sverdrup relation

O’ =7inQ, P, =0,

we see that both ¢° and 12~ present singularities near the North and South bound-
aries of the domain, i.e. as cosf vanishes, as well as on the interfaces ¥;;.

e First, the main term of the approximate solution, %, is singular near
all smooth “North-East” and “South-East corners”. More precisely, com-
bining the integral definition of ¢° together with equivalents for the co-
ordinates of boundary points given in Appendix B, we see that the y
derivatives of ¥° explode near such corners.

Moreover, as we explained in paragraph 1.1.1, the size of the boundary
layer becomes much larger as cosf — 0, going from &'/3 to /4. This
also creates strong singularities in the boundary layer terms, which are
completely independent from the singularity described above. In fact,
there is a small zone in which both boundary layers coexist and are related
to one another through their amplitude.

Finally, for complex domains, i.e. for domains where the closure of the
East boundary Iz is not connected, the solution of the interior problem /°
has discontinuities across the horizontal lines ¥;;. These discontinuities
gives rise to a “boundary layer singularity”, which is apparented to
the North and South boundary terms, the size of which is therefore &'/4.

Because of these three types of singularities, the construction of the solution is
quite technical. We therefore start with a brief description of all kinds of boundary
type terms (see Figure 2.1).

2.1. Local coordinates and the boundary layer equation

As usual in linear singular perturbation problems, we build boundary layer
correctors as solutions to the homogeneous linear equation

D) — EA%Y =0,

19
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North boundary layer, size v'*

Discontinuity
boundary layer,
sizev* T T —— T — — ==

113

West boundary layers, size v

FI1GURE 2.1. Overall view of the boundary layers

localized in the vicinity of the boundary (therefore depending in a singular way of
the distance z to the boundary)

Y = YPBL (s, Az) with 9,98 = NazypPL > 9,48F

PPl - 0as Z — oo,

and lifting boundary conditions

wBL(sv O) = _¢int(s7 O)v

Note that the parameter A > 1 is expected to measure the inverse size of the
boundary layer, it can therefore depend on s.

It is then natural to rewrite the homogeneous Munk equation in terms of the
local coordinates (z,s). We have by definition of 8, s and z,

979 (5,0) = =8,9™(s,0).

or o
(2.2) 9z Os | [—cosf (1+20)sinf
| oy oy | \—sin@ —(1+426")cosd
0z Os
so that
0z b
9z 9y _ —cosf —sinf
Os Os N (1+Z€’)7lsin0 *(1+29/)71C080 .
dx  dy
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We therefore deduce that the jacobian of the change of variables (z,y) — (z,s) is
equal to (1 + 26")~!. Furthermore,

sin 0
1+ M\"1Z¢

On most part of the boundary the second term is negligible compared to the first
one. Nevertheless we see immediately that on horizontal parts the first term is zero,
so that we have to keep the second one. Since A > 1, we approximate the jacobian
term (1 +A"1Z6)~! by 1.

Similar computations allow to express the bilaplacian in terms of the local
coordinates (which involves more or less twenty terms). However in the boundary
layers, we expect that the leading order term is the fourth derivative with respect
to 2

/
0, = — cos ONDL BT + DspPL + %Z@WBL .

APE = NagyPt + O(N).
We will thus consider only this term and check a posteriori in Chapter 4 that the
contribution of other terms is indeed negligible. Note that, as we want to estimate
the H~2 norm of the remainder, we will only need to express the laplacian (rather
than the bilaplacian) in local coordinates.
We will therefore define boundary layer correctors as (approximate) solutions
to the equation

(2.3) A cos 0005 + sin 0 0,07" + %Z@ZMJBL) — eNaLyBl = 0.

This equation remaining still complicated, we will actually consider two regimes
depending on the precise localization on the boundary. For each one of these
regimes, we will neglect one of the first two terms in (2.3) (i.e. part of the 0,
derivative), so that the size of A as well as the profile of ¢?L will be different. Of
course we will need to check a posterior: that the term which has been neglected
can be dealt with as a remainder in the energy estimate.

2.2. East and West boundary layers

In this section, we construct the boundary layers on the lateral sides of the
domain. We retrieve rigorously the result announced in the introduction, namely
the intensification of Western boundary currents and the dissymetry between the
East and West coasts.

2.2.1. The scaled equation.

Along the East and West coasts of the domain, on intervals on which cos
remains bounded away from zero, it can be expected that the main terms in the
boundary layer equation (2.3) are Acos 89z f(s,Az) and €A% f(s,Az). Hence we
take A such that

(2.4) )\EW<cos6|)1/3

¢
and f such that
(2.5) 03 f = —sign(cos())dz f.

We recall that Z is the rescaled boundary layer variable (Z = Az), so that Z €
(0,00).
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We look for solutions of the above equation which decay as Z — oo. Conse-
quently, the dimension of the vector space of solutions of the simplified boundary
layer equation (2.5) depends on the sign of cos(f):

o If cosf > 0 (East coast), decaying solutions of equation (2.5) are of the
form

F(s,2) = A(s) exp(~Z)

e If cosf < 0 (West coast), decaying solutions of equation (2.5) are of the
form

f(5,2) = Ay (s)exp(—€"™*Z) + A_(s) exp(—e "/ Z).

Notice that we retrieve the dissymetry between the East and West coasts: indeed,
only one boundary condition can be lifted on the East boundary, whereas two
boundary conditions (namely, the traces of 1/° and 9,,4°) can be lifted on the West
boundary. As a consequence, ¥ must vanish at first order on the East coast, so
that the role of YL on I'g is merely to correct the trace of 9,1°.

Note that, in order that the trace and the normal derivative of ¥° + 5% are
exactly zero on I'g, we will actually need an additional corrector, which is built in
the next chapter.

In first approximation, the boundary layer terms on the East and West coasts,
denoted respectively by ¥ g and vy, are thus defined by

(s, Z) = Als) exp(~2),
dw(s,.2) = 3 As(s) exp(~c*/Z),
+

where the coefficients A, Ay, A_ ensure that the trace and the normal derivative of
¥0(s, 2) + ¢PL (s, \g wz) vanish at main order on the East and West coasts. This
leads to

(2.6) A(s) = Ag'Ontipa(s),
(A+<s>> _ ( Y ) 40 (s)
A_(s) Awei™/3 Apye /3 8,11/)‘089 (s)

1 i /6 _i\—1 —% (s
(2.7) —— ( s ‘M_VlV) 5 00(%)
V3 \e i\ nw‘ ha(8)
Let us emphasize that the precise value of A on East boundaries is in fact irrelevant
in energy estimates, since equation (2.6) implies that A = O(&'/3) on zones where
cos @ does not vanish. Therefore the East boundary layer itself is not captured

by energy estimates. But its incidence on the interior term, through the fact that
|0FE =0, is clearly seen in the L? estimate.

2.2.2. Domain of validity.

Simplifying (2.3) into (2.5), we have neglected the terms MA~1Zdz f and 9, f.
As f is an exponential profile, the term corresponding to MA~1Z0,f is smaller
than X102 f and Acos(0)9z f as long as

| cos B|*/3

4) _

!/
3
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which leads to
(2.8) 30’ |cos 0”7 <« 1.

As for the term 0s f, using (2.6) and (2.7), we obtain that, if 1/1‘089 and anloaﬂ
are smooth with respect to s, the corresponding error terms can be neglected as
long as

A cos(B)] > 1, ie. |cos(6)] > &/4.

This last condition is less stringent than (2.8). Hence we only keep (2.8) in order
to determine the interval of validity of the construction.

The intervals on which the East and West boundary layers are defined follow
from the validity condition (2.8). More precisely, if cosé # 0 on (s;, s;4+1) (West or
East coasts), we set

si = sup{s € (sz,sz—i_;zﬂ) ,EY310'| [ cos ]~/ > 1}7

Sip1 = inf{s € (si—i_;iﬂ,siﬂ> L EY310] | cos 9773 > 1}.

Notice that s, s;,, depend on € and are well-defined as long as 6 € C*([0, L]).
By definition,
EV310| [cosO] TP <1 Vs € (s],s),

i
and it is easily proved that cos(f(sF)) vanish as € — 0, so that
. + _ . —_ _
Byl = o st = sin
REMARK 2.2.1. Notice that (2.8) is not satisfied in the vicinity of s, s;, ;.
Moreover, the derivatives of 1/1‘069 and andﬂoaﬂ with respect to s may become very

large as s approaches s; and s;+1. Chapter 4 is devoted to the estimation of the
corresponding error terms and to the proof of their admissibility.

2.3. North and South boundary layers

In this section, we construct the boundary layer terms near the intervals where
cos 6 vanishes. Notice that these intervals may in fact be reduced to single points.
On the horizontal parts of the boundary, we get a parabolic equation of order 4
with constant coefficients, as obtained by De Ruijter in [20]. However to account
for the part of the boundary which is “almost horizontal” we will need to consider
a more complicated equation with variable coefficients.

2.3.1. The scaled equation. We consider in this section an interval (s;, $;41)
on which cos 6 is identically zero and sin § = —1 (South boundary), so that equation
(2.3) becomes

)\l
(2.9) s f + Xzazf +eEXoLf=0.

As in section 2.2, we have to choose A and f so that the above equation is satisfied.
The simplest choice is to take

(2.10) An,g =€ 1/4



24 2. MULTISCALE ANALYSIS

so that A = 0, and the boundary layer equation becomes a diffusion-like equa-
tion, with the arc-length s playing the role of the time variable. Note that such
degenerate parabolic boundary layers have been exhibited in [8] for instance.
This raises several questions:
e What is the direction of propagation of “time” in (2.9)? In other words,
what is the initial data for (2.9)?

e Is equation (2.9) well-posed?

e What is the domain of definition (in s) of the South boundary layer term?

e How are the South, East and West boundary layers connected?

We will prove in this section that equations of the type
Dsf+05f =0, s€(0,T), Z>0,

fls=0 = fin

fiz=o = fo, 0zfiz=0 = f1,

with fin € L?(0,00), fo,f1 € WH>(0,T), are well-posed, and we will give some
energy estimates on the solutions of such equations. In the present context, this
means that on South boundary layers, equation (2.9) is a forward equation (in s),
while on North boundary layers it becomes a backward equation. This is consistent
with the definition of the interior term ¥°: in all cases, the boundary condition in
s is prescribed on the East end of the interval.

I

| | \

s* | | S, Initial condition for
the South

S boundary layer

FIGURE 2.2. The arc-lengths o, ,s;, s;, Sit+1, s;’;l,cf;:l on a South boundary

Let us also recall that the domain of validity of the West and East boundary
layer terms does not reach the zone where cosf = 0 (see (2.8)). As a consequence,
the South boundary layer term must be defined for s € (o7, s;) and s € (si41,07, ;)
where the arc-lengths o;, UIH will be defined later on and should satisfy (see Figure

2.2)

o, <S;, 0;:_1 > 0’;:_1.
This requires to slightly modify the boundary layer equation. From now on,

we define the South boundary layer term g as the solution of
0 1
Dutps — € VA2 g g - = Ohps =0, 5> 07, Z >0,
sin 6 sin 0
(2.11) Vsjsmor =0,
VYs1z=0 = Yo, Oz¥s|z=0 = V1,

with Wg, ¥ to be defined later on (see (2.14)). Notice that we choose Ay g = €~ 1/4
even in the zones where cos 6 # 0, i.e. outside the interval (s;, s;41).
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2.3.2. Study of the boundary layer equation (2.11):
In this paragraph, we give a well-posedness result for equation

Osf +7(5)0zf + p(s)zf =0, s€(0,T), Z>0,
(2.12) fis=0 = fin,
fiz=0 = fo, 0zflz—0=f1.

We first note that, up to lifting the boundary conditions, we are brought back
to the study of the same parabolic equation with homogeneous boundary conditions
and with a source term: indeed f is a solution of (2.12) if and only if

9(s,Z) = f(s,2) = fo(s)(Z + 1) exp(=Z) — f1(s)Z exp(—Z)
is a solution of
059 +7(8)0z9 + ()09 = S(s,Z), s€(0,T), Z >0,
9|s=0 = Gin,
giz=0 =0, 0z9/z—0 =10,
where
gin = fin = fo(0)(Z + 1) exp(=Z) — f1(0)Z exp(—Z)
and
S(s,Z) = —fo(s)(Z+1)exp(=Z) — fi(s)Z exp(—2)
+7(s)fo(s)Z exp(=Z) — v(s) f1(s)(1 = Z) exp(—Z2)
—1(s)fo(s)(Z — 3) exp(—=Z) — p(s) f1(s)(Z — 4) exp(—2Z).
Our precise result is then the following:

LEMMA 2.3.1. Let T > 0, and let p € L*(0,T), v € L>®(0,T), fo,f1 €
CY([0,T)), gin € L?*(0,00), and S € L*((0,T), L*>(R)).
Assume that there exists pg > 0 such that

w(s) > po  for a.e. s€(0,T).
Then the equation
Bsg +(5)029 + u(s)039 = S(s,Z), s€(0,T), Z>0,
(2.13) 9ls=0 = Gin:
giz=0 =0, 0z9,z=0 =0,
has a unique solution g € C([0,T], L*(R))NL?((0,T), H?(R.)) which satisfies the

energy estimate

1 S
1906 ey + [ 1020 ey

s 2
smn;mﬂ+(é|wwmmmﬂm).

PROOF. Let
V= {v e H?*0,00), Vz=0 = 0, Ozv|z—¢ = 0}.
For u,v € V, s € (0,T), define the quadratic form

a(s,u,v) = /000 v(8)0zu(Z) v(Z) dZ + p(s) /0OO oZu(Z) 0%v(Z) dZ.
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Then for all u,v € V, the map
s+ a(s,u,v)

is measurable, and for almost every s € (0,7")

a(s, w0 < (Illeeom + lullsom ) Il ol
a(svuvu) > /1,0”8%’LLH%2(R+)
2 ,LLO(HU||?'-12(R+) - |\5’ZU||%2(R+) - Hu||2L2(R+))'

Notice that if u € V,

logul2, = / (O7u)? = - / wdu
0 0

o Ml No3ul3s
- 2 2
We infer eventually that
3po
a(s, u,u) = ||u||H2(R+) - ||UHL2(R+)

Using Theorem 10.9 by J.L. Lions in [3], we infer that there exists a unique so-
lution g € L*((0,7),V) N C([0,T], L*(Ry)) of equation (2.13) such that dsg €
L2<(OaT>7H_2(R+))'

Multiplying equation (2.13) by ¢ and integrating on R, we infer

e [ 1aR s us) [T 10Bae)P = [ 865 210, 2) 2

Therefore
d 1 2 ° ! 2 AYIP !
75 |3 le6)lze + ; 1(s)10zg(s) |72 ds
< 1S()lz2llg(s)lz2
\/‘ 1 2 ° / 2 "2 / 1z
< V2056)lee | llg()ze + ; u(s)10zg(s") |72 ds
Integrating with respect to s leads then to the desired inequality. (|

We deduce easily that (2.11) has a unique solution on any interval of the form
(07,0 1) such that sin6 does not vanish on [o; , 0}, ], and that it satisfies

[¥s($)lzmey < CU%o(s)] + [Wa(s)] + [Polo7 )] + [P (o7 )])

+C/ (T (s")] + W, (s)]) s’
c / N (D (To(s)] + [T1(s)]) ds'.

with u(s) = —1/sin6(s), y(s) = —€ Y% cosf(s)/sind(s).
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2.3.3. Boundary conditions for s € (s;, s;+1). In order to satisfy the bound-
ary conditions

Yoo =0,  Inhjaq =0,
the South boundary layer term constructed above must be such that for s €
(8is8it1),
s(s,Z = 0) = —¥jpo(s),

¢ Y495(s,Z = 0) = —6n1/)|039(3)~

In equation (2.11), we therefore take, for s € (s;, 8;+1),

(2.14) Wo(s) == —{ha(s),

(2.15) Uy (s) i= €V20,0000(s).

There remains to define ¥y and ¥q for s € (0, , ;] U [i+1, 0;;1).

2.3.4. Connection with East and West boundary layers.

e In the most simple cases, the North or South boundaries are connected on
the one hand to the East boundary, and on the other hand to the West boundary.
This corresponds to the situation when
- the North boundary y = y; is a local maximum of the ordinate;

- the South boundary y = y; is a local minimum of the ordinate.

Without loss of generality, we assume that the corresponding piece of 0f is a
“South” boundary, meaning that cos# < 0 in a neighbourhood on the right of s; 41,
cos @ > 0 in a neighbourhood on the right of s;, and sinf = —1 for s € [s;, s;+1].

The connection with the East boundary is fairly simple: we will introduce some
truncation ye of 7 close to the East corner (parametrized by s;). Therefore the
solution to the transport equation 9,9 = Tx¢ is identically zero in a vicinity of
(zi,9:), as well as the East boundary layer (which lifts the trace of 9,1Y), so that
we merely require wS‘S:(r_ =0.

Concerning the connection with the West boundary layer, the situation is not
as straightforward. In order to satisfy the boundary conditions

Yoo =0, Onjaq =0,
the West and South boundary layer terms must be such that
Yw (5,2 =0) +1s(s, Z = 0) = —fjpa(s),
AwOz9w (s, Z = 0) + AsOzs(s, Z = 0) = —0ny] 50 (5)
in a vicinity of s = s;41. As a consequence, we take
Pw (s, Z = 0) = —pir1(5)ip0(s),
dzvw (5,7 = 0) = =Xy 0it1(8)0n |90 (5),

and 0
¥s(s,Z =0) = =(1 = piy1(s))¢y00(s),
dz¢s(s,Z = 0) = =A5" (1 = 0i11(5))0n )90 (5),
where ;1 is a truncation function which we will define precisely in the next
chapter. We emphasize that with this definition, the South and West boundary

layers are related via their amplitude only: in particular, the sizes of the boundary
layers are not related.
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e The case when the boundary has non smooth corners between the horizontal
part and the meridional boundaries (see paragraph 1.2.4)

cosf(s) =0on 'y UTg, FiBIE |cos @] >0,
E w

typically the case of rectangles studied by De Ruijter [20], could seem more singular
at first sight but is actually easier to deal with.

Near East corners, there is no need to introduce the truncation xe since the
solution to the Sverdrup equation is smooth.

Now, on the West boundary, if we lift the function 1° + ¥ + ¥n s, we obtain
local boundary terms which vanish identically when s — s;. Hence there is no error
due to the trace of West boundary terms on the horizontal part of the boundary.
Notice that:

e If the angle between a horizontal and a western boundary is exactly 7 /2,
our construction works without any adaptation;

e If the angle is obtuse, the North/South boundary layer needs to be ex-
tended beyond the corner, in the spirit of the connection between the
discontinuity boundary layers and western boundary layers (see Remark
3.4.2).

e If the angle is acute, the correct rescaled boundary layer variable on the
western boundary is (z — zw (y))/€"/? instead of 2&~1/3 so as not to
pollute the trace on the North/South boundary. Notice that this is the
boundary layer variable used by Desjardins and Grenier in [6].

We leave the technical details to the reader, and treat in complete detail the case
of rectangles in the present article.

e In more complex cases, the line y = y; intersects the interior of 2, and we get a
singularity which is not only localized in the vicinity of 0€2. Techniques of boundary
layers allow however to understand the qualitative behaviour of the solution in the
vicinity of the line of singularity. This heuristic approach is presented in the next
paragraph.

2.4. Discontinuity zones

Discontinuity zones occur when the East boundary I'p is not connected. At
leading order, we expect the solution to (1.1) to be approximated by the solution
1Y to the transport equation with suitable truncations ye near East corners

awz/}? =TXe,
0
'l/)tlFE - 0
If the domain © has islands, we add to ¥? the quantity ZJKZQ ¢jlp;. We will give
more details on this case in the next section. Note that, because of the truncation

Xe, the main order approximation % now depends (weakly) on €.
Therefore on every set A;, ¥ takes the form

zn(y)

PP (z,y) = —/ Txe(z',y) da'.

Unlike the main order term in Theorem 1, 1Y does not belong to H*(Q) in general. It
is indeed obvious that 1 and 5'y1/)? may be discontinuous across every (nonempty)
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line X;;. More precisely, the jump of ¢ across a given line ¥;; takes the following
form (up to an inversion of the indexes i and j)

zj
[¢?]Eij = _/ (TXG)(xl>yij) dz'.
Ty

The existence of such discontinuities in the main interior term is a serious im-
pediment to energy methods. Indeed, inequality (1.7), for instance, requires the
approximate solution to be at least in H?(2). In fact, we will prove that this
discontinuity gives rise to a “boundary layer singularity”: the corresponding
corrector is a boundary layer term located in the vicinity of 3;;. Since the normal
vector to ¥;; is parallel to e,, this boundary layer term is apparented to the North
and South boundary terms constructed in Section 2.3, and therefore the size of the
boundary layer is &1/4.

We now define what we have called in Theorem 2 a “generic forcing 77:

DEFINITION 2.4.1. We say that the forcing T is generic if all the following
conditions are satisfied:

e For alli# j such that X;; # 0, there exists ¢, > 0 such that

for all € sufficiently small,

=2

K
w?—i-Zclel} 2 Cx;
Xij

o If f‘N,s # 0 (for the induced topology on 9Q), then for any V C T'yg,
there exists cy > 0 such that

for all € sufficiently small, ||’(/J?|69||L2(V) > cy;

e For any nonempty V C Uy, there exists cyy > 0 such that

=2

K
for all € sufficiently small, <w9 + Zélle> >cy.

|02 L2(V)

e From now on, for the sake of simplicity, we restrict the presentation to the case
when M = 2, i.e. ['p has two connected components, and 1! has exactly one
line of discontinuity. Of course, our construction can be immediately generalized
to the case when there are more than two connected components, and therefore
several lines of discontinuity: we merely add up the local correctors constructed in
the vicinity of every ¥;;. In particular, when € has islands, there are always at
least two discontinuity lines. We will sketch the necessary adaptations in the next
paragraph and leave the details to the reader.

Thus we henceforth assume that  has the following form (see Figure 2.3):

O=0"uQ U,
where

QF are non empty, open and convex in z;
at = {(x’y) €qQ, y>yyorr> xl};

Q" ={(z,y) €Q, y<y; and z < x1 };
Y={(z,1n) €Q, v <z}
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FI1GURE 2.3. Two possible configurations for the domain €2

and (z1,y1) = (2(s1),y(s1)) for some s; such that cosf(s;) = 0. Without any
loss of generality, we further assume that sinf(s;) = —1. This type of domain can
correspond to two different configurations (see Figure 2.3).

We will use the following notations

X =localycy,, X =1-x"

which somehow stand for 1o+ : their role is to avoid any artificial singularity on 0.
We also set I‘ﬁ = 90* NT'p. We parametrize each set Ff, by a graph (aszJ (¥),y)-

As explained above, the function Y and its y derivative are discontinuous
across Y. More precisely, for z < 1,

x5 (y1)

z}(yl)
- - / (xe) (@) da’ + / (rxe)(@yn) da’

x

z}(yl)
- / (rxe) (@ 11) da’.

=(y1)

Notice in particular that the jump is constant along Y. In a similar way, since
(txe)(xg(y),y) vanishes in a neighbourhood on the left of y,

Oyl 1) = —(@@p) () (rxe)(@h ) 1)

1‘;5(2/1) , ,
—/ Oy(Txe) (', y1) da’.

5 (1)

We now construct the boundary layer type correctors ', >, The role of 1!t
is to counterbalance the jump of 1?, and of its normal derivative 9,1, across ¥:

W5 = —[yls,  [0,9" s = —[0,¢]]s -

When we lift these boundary conditions, we introduce a source term in the equation.
This source term is then handled by a boundary layer type term 9>, which has no
discontinuity across ¥: ¢* € H2(Q).

At first sight, if we consider the whole singular corrector 1"'f* 44> this problem
could seem underdetermined. Indeed there are two jump conditions to be satisfied,
and possibly two boundary layers (on Q and on Q7), each of which is the solution
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Q+

FIGURE 2.4. The interior singular layer

of an equation of the type (2.11), and therefore having each two entries (¥ and
Uy).

However, when looking at the error terms, we see that the traces of 851/)@ and
ﬁgwllgt appear in the energy estimates (see the proof of Lemma 2.4.3 below, and in
particular the derivation of equation (2.22)). Therefore we have further to request
that

[aiwlift}z _ [83wlift]2 =0.
Because of this constraint, the energy of the boundary layer discontinuity is dis-
tributed on both sides of ¥. The boundary term ¢!if* 4 1/* is unequivocally de-
fined, since roughly speaking, there are four jump conditions and four entries for
the boundary layer terms.

2.4.1. Lifting the discontinuity. Let us start by introducing some notation.
Consider the closed set {s € 99, y(s) = y1}. We denote by I its connected
component containing s;. Then I is a closed interval (possibly reduced to a single
point). Without loss of generality, we assume that s; = sup I;, which means (recall
that sinf(s;) = —1) that s; is the West end of I;. Hence we have either Iy = {s;},
or Iy = [sg, s1] with sp < s1. As in equation (2.11), we introduce a point o, which
will be the initial point for "' and 1>, and which we will define more precisely in
the next chapter (see (3.36) and Figure 2.4).

In order to keep the construction as simple as possible, we use that the cancel-
lation of cosf near inf I is strong (assumption (H4) in section 1.2), which implies
in particular that the boundary of QT near the junction point of arc-length inf I;
has C* regularity.

The role of ¥ is to lift both the jumps of ? and 9, across ¥, and the
traces of ¥ and 9,9Y on the portion of JQ between oy, and s, so that ¥ + !t
belongs to H?(f2).

We have indeed the following

PROPOSITION 2.4.2. Let 1 be a function on  such that
Yo+ € H(QY), - € H(Q7), and [¢]x = [0n¢]z = 0.
Then 1 belongs to H?(2).
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PRrROOF. The squared L? norm being additive, the only point to be checked is
that

(2.16) Ap = A(px™) + Adx )
in the sense of distributions, which is obtained by a simple duality argument.
For any ¢ € C2°(Q), because of the jump conditions on 1 and 9, we have

(6, M) = /Q MG +bx")
- [0y~ [ vo- i)
D) Q+
+ [0 = [ Vo-vix)
= [ onwxh+ oo+ [ oaw)~ [onus

= [ o)+ Awx)
from which we deduce that Ay € L?(Q), and Ay = A(Px™) + Ay ™). O

We therefore seek "'* in the form

(2.17) 0 Go) = (LA ) o) + 0Ga)y - )],
where the truncation x € C§°(R) is such that
(2.18) Suppx C [-1,1], x(y) =1 for |y| <1/2,
and satisfying the conditions
(1) Yihirroa = —(1—@)Ulag, for s € (gin,51),
n¢|8mmag =—(1-9) n¢?|89 for s € (din, 1),

(i) i = —[s, 00 = —[0,4]]s.

As in section 2.3, ¢ is a partition function in s, whose role is to ensure a smooth
transition between the East/West boundary layer on [o;,,inf I1] and the disconti-
nuity boundary layer.

A straightforward computation then provides the following formulas for the
coefficients a and b

b(z) =(1 = p(s)) | = 5in 6(5)90 1] o (5) + €05 0(5)Dtf] o0 (5)
(2.19) — cosf(s)¢’ ¢t|89(

a(@) = = (1= ¢(s))¥fjoa(s) = b((s)(y(s) — 1),
for x1 <z = z(s) < z(0in), and by

alz) = —[¥]s,
(2.20) blar) = —[0,00

For x > x(04n), we merely take a(x) = b(x) = 0.

for x < z;.

Of course, however, ¥'* is not a solution of (1.1), even in the approximate
sense. More precisely, we have the following proposition :
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PROPOSITION 2.4.3. With the previous definition and notations,

(0 — €A2)(¢? + wlift) — 7 4 §rlift (m7 Y- y1) + 7"111& + 7"12ifta

@1/4
where
bl 2oy = o(€7%),  lriall-2(o) = o(€*/*),
and
oM@, Y) = xT(xy+ €)X (Y) {a'(:v) + &‘31/4b’(:c)Y}

—xF @,y + @YD (Y) [a(@) + €/ (@)Y ]
—4x (w1 + €YV O (Y)b(a).

DEFINITION 2.4.4. In the rest of the paper, we set
(2.21) it = 1/)? + wlifté

which is consistent with the statement of Theorem 2, in which ¥t was described
as an H? reqularization of 0.

SKETCH OF PROOF. By Proposition 2.4.2, 19 + 9!t belongs to H?(Q) and,
using (2.16),

Ou () + 1) = TXe+x+x(%;il>@f@ﬁ+bﬁwﬂy—yn%

AW + 9™ = XA +9) + X7 (AY)).
Moreover, as we have the following trace identities on Q™
(A¢lift)\z =0, (3yA1/)lift)\z =0,
using again (2.16), we get

CALCAYT) = exTx (%jf) (! (@) + b (@)(y = y1))

(222) saeavny (L) @) + ) - )
i@ (YA ) lalo) + o)y~ )

Yy—un
A ATy <$, E1/4 )b(x)

We thus define

y—y y—y
rﬁﬁ::4€w4X+X,< @hql)b”@ﬂ-F2€”2x+x"( elml)(a”@04-UTny-—yﬁ)

ﬁﬁ=7ue—U+€fw(%;T)0““@+””@ﬂy—wD

— EAZ(xTyy) — €A (x ).
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so that
(0n — €A%) (4 + ¢

= 4" (55, L yl) + Tl + T

¢l/4

e The remainder terms will be dealt with in the last chapter, using some
technical estimates on a, b and their derivatives (see Lemmas 3.1.1 and
C.1 and paragraph 4.1.2).

e The source term 67" is not an admissible error term in the sense of
Definition 1.1.2. Therefore it has to be corrected by yet another boundary
layer type term.

O

2.4.2. The interior singular layer. The lifting term """ has introduced
a remainder 67" which we now treat as a source term. By analogy with North
and South boundary layers, we therefore define 1) as the solution of the following
equation

0, — 03 p™ = =67 2 < x(0y,), Y >Y_(x)
Vhama(ow) =0 UPvmy (o) = Oniy=y (@) =0,

where the function Y_ parametrizes the lower boundary of the interior singular
layer (see Figure 2.4)

(2.23)

e which has typical size é,, where J, is a parameter such that d, > e/
e which is of course included in 2.

Note that we use here cartesian coordinates z and Y = (y — y1)/€/*4, since the
discontinuity line ¥ is essentially horizontal (which is not the case for North and
South boundary layers which are extended on macroscopic parts of the adjacent
East and West boundaries). The precise definitions of Y_ and o, will be given in
the next chapter (see page 62).

2.5. The case of islands

When Q is not simply connected, the solution of (1.14)-(1.15) is given by (see
Lemma 1.2.1)

K
=11+ Y cithi,
=2
where ; is the solution of a Munk-like equation, and the constants ¢; satisfy a
linear system whose coefficients depend on the ;.

Therefore, as explained in the introduction (paragraph 1.2.3) the main issue
is to compute the asymptotic behaviour of every function ;. Following the steps
described in the preceding sections (and which will be developed in the next chap-
ter), we are able to construct a function ¢;*? for every 1 < i < K. Of course, there
are a few minor changes, due to the non homogeneous boundary condition, but we
leave those to the reader, as they do not bear any additional difficulty.

Let us admit for the time being that Theorem 2 holds for the functions ;,
namely that we are able to construct ;" such that

(224) s = 957l = o(€/%), i = 9™ a2 = o(€7%5).
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Hence, in order to prove Theorem 2 for the function v, it suffices to define
K
Vapp = P17 + Z ciPPapiPr
i=2
where the constants ¢;"” are such that
(2.25) g — 2P| = o(€Y/®),  MPP = O(1).
According to (1.21), (1.22), we have ||[¢){P"| 12 = O(1), ||0fPP ||l g2 = O(€~1/?), so
that (2.24) and (2.25) imply
10— Wappllze = (€)1 — Yappll 2 = o(€/).
We now turn to the proof of (2.25), which relies on the following Lemma:

LEMMA 2.5.1. For alli € {2,--- K}, let g; € C>(Q) such that g; = 1 in a
neighbourhood of C;, and Supp g; N C; =0 for i # j.
Let us define the matriz

. app
e (- [ o)
Q 2<ij<K

D = (/ (ngJrl/JTppazgj)Jr/ T n)
Q c;

Then the following facts hold (recall that M ¢, D€ are defined in Lemma 1.2.1):
o [M® = 20| — o(€1/%), D€ — v = of €'/
o M%, M®P are invertible matrices, with (M%)~! = O(1),(M®P)~1 =
01);
e D*P = ((1).

and the vector

2<j<K

Before addressing the proof of the lemma, let us explain why (2.25) follows: by
definition,

2
ME| | =M%=DE,
CK
so that
M®(c — ¢™P) = (MPP — M%)c"P + D® — DUP,
where c®PP is defined by
MGPPCGPP — Dapp.

Using the last two items of Lemma 2.5.1, we infer that ¢*?? = O(1). Therefore
ME€(c — PP) = o(€!/®).
Since (M%)~1 = O(1), (2.25) holds.
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PrROOF OF LEMMA 2.5.1. e The first step is to use the equation satisfied by

every 1; in order to express the coefficients of M¢, D¢ as integrals on . More
precisely, we have, since Vg; = 0 on a neighbourhood of 02,

¢ / DA, = € / G100 A
C; o0

¢ / G2, | € / VA - Vg,
Q Q

/giaw'(/)j - Q‘f/ VA%
Q Q

—/ Y;0x9; + 6;j ea;'n—(’f/ V;A%g;.
Q ) Q

C

Since C} is a closed curve, we obtain eventually

¢ / DA, = — / R / A2,
C; Q Q

In a similar way,
~¢ [ 2,801 = [ (rg;+ vidag) + € [ it
Cj Q Q

The energy estimate (1.7) shows that ||¢;]| L2 = O(1) for 1 < j < K, so that
we= (= [vpa) o,
Q 2<i,j <K

¢ — Tq; 102G, +.n .
D—(/ﬂmwagm/cj ) +o(e)

2<j<K

(2.26)

Replacing every function t; by 45" and using the error estimate (2.24), we obtain
the first point of the lemma.

e To prove the second point of the Lemma, we will use identity (A.2) in Appen-
dix A, from which we will deduce the following coercivity inequality: there exists a
constant C' > 0, independent of &, such that

(2.27) Va = (ag,--- ,ax) € REL ZMSGiaj < —Clal*.
2]

Of course this entails easily that (M%)~! is bounded. Using the first item of the
Lemma, we infer that MYPP satisfies the same type of coercivity property, and
therefore (MPP)~! is bounded as well.

Let us now prove (2.27). Let a € RE~! be a fixed vector. Let V C Q be an
open set such that V is a neighbourhood of T'yy, namely

e OV NIN C I'y (notice that this implies that V does not intersect I'n,s,
nor I'g);

e VNY =0 (V does not meet the discontinuity boundary layer) ;

e VNB; #0,and VN B;NTy # () for all 2 < i < K (V intersects the
West boundary of every set B;).
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Then we may write, with 2P = 3" a;1);"",

¢ [ 1auP

¢ / AP 4 o(€V/5al?)
Q

v

¢ [ 1aveP + o€ laP)
:

K
> ey [ v o€l
i=92 VNnB;

Notice that € [, |A,]*> = O(1) (thanks to energy estimates), while 5P is pro-
portional to a; on V N B;. These are the two main ingredients for the proof of the
coercivity inequality. More precisely, on every set V N B;, by definition?,

6:I:i71'/6

Yo =a; (14 x0(2) Y

2 \/gexp()\weii“/?’z)) .

Consequently, at the main order,
p5im/6 s 2
X0 )Z 7 exp(—Apet™/3z)

o B T S
VNnB; VNB; +
)

(=
> C@af[ ) Ay (s) ds
VAB;NTw

> C’af.

1

ds dz

Gathering all the terms, we obtain (2.27).

e The fact that D?? = O(1) is obvious and follows from (1.7), which yields
[P1]lz2 = O(1). O

For the sake of completeness, we also give the system satisfied by ¢ = lime_,gc =
lim@*}() cPP:

COROLLARY 1. Let ¢ be the solution of
Me =D,

M= <_/ ez-n> ,

9B;NC; a<i <K

D= </(ng+¢08xgj)+/ TL'”)
Q c;

Then ¢ = lim@*)() C;.

ol

where

2<j<K

PROOF. We pass to the limit in the formulas (2.26). It is proved in [2], and it
can be easily deduced from our construction, that

. 2 .
Y; = 1p, in L7(Q) for 2 <j <K,
INotice that on B;, the main order of wgpp is 1p,, whose normal derivative on 9% is zero

(away from the end point of ¥). As a consequence, several corrector terms, whose construction is
necessary in the general case, are identically zero here.
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and therefore

—/ ViOngs = — 0z9i = —/ €y - M.
Q Bj BBJ-OC,-

Hence the identities (2.26) imply easily that
M¢® - M, D¢ — D.
Passing to the limit in inequality (2.27), we infer that M is also coercive, and

therefore invertible. Thus ¢ is well-defined. The corollary follows.
O

2.6. North and South periodic boundary layers

When the domain 2 is Q := T x (y_,y+ ), boundary layers occur in the vicinity
of y_, y+. Because of the periodicity, they can be easily computed by using Fourier
series in the x variable. Therefore this kind of construction is covered by article
[9]; we include the computations here for the sake of completeness.

By definition of the Sverdrup term in (1.26), the boundary conditions to be
lifted on the north and south boundary have zero average. Let us focus for instance
on the south boundary; setting Z = (y — y_)/€&Y*, the equation satisfied by the
boundary layer term is

OBl —0LyBL =0 in T x Ry,
w,ng/:O = f07 6lw§|lé:0 = f17
with (fo) = (f1) = 0. Looking for wSBL in the form
i@, Z2)= > w(Z)exp(ika),

ke2rZ\ {0}
we infer that v, is given by
De(Z) =) Aj exp(— k[N Z),
+

where ' ,
A= N = eI i k>0,
N =T8NS =8 i k<0,
and R
AL+ Ay = folk),
AAT + DAL = —|k|TVAf (K).
Hence

A1 < O fo(R)] + [k fu(R)]).
It follows easily that

18" o2y < C | D IRPA(foR) + KTV A KD |

k#£0
(2.28) ?

10508 L2 r. 2y < C | D KP4 fo k)| + [ (k)
k0



CHAPTER 3

Construction of the approximate solution

The approximate solutions to the Munk equation (1.1) are obtained by gath-
ering together the different elementary pieces described in the previous chapter,
namely

e the interior term which is essentially the solution to the transport equation
(1.4), regularized in the vicinity of “East corners” and of the interface ¥;

e East and West boundary layer terms, which lift locally the boundary
conditions but become singular in the vicinity of the points s;;

e North and South boundary layer terms, which lift the boundary conditions
on the horizontal parts of the boundary but in a non local way;

e singular layer terms, which make up for the source terms introduced by
the regularization of the discontinuity at 3.

We have now to understand the interplay between those different elementary pieces.

Of course, the equation (1.1) being linear, the errors induced by all these terms
are simply added, so that the control on the remainders in the approximate equation
will be rather simple to obtain. The point to be stressed is that we need each
elementary term to be smooth enough (namely H?), with suitable controls on the
corresponding derivatives.

More precisely, we will consider here only one basic problem among (1.16)(1.17),
say the case (1.16) with homogeneous boundary conditions ¢q = 0,¥)q = 0 and
forcing 7. We will further assume, without loss of generality, that we have the
simple geometry described in the previous chapter

=0 U0 U,
where

QF are non empty, open and convex in z;
QF ={(z,9) €Q, y>yi1or x> a1 };

Q" ={(z,y) €D, y<yrand z < 21 };
Y={(z,11) €Q, <z}

and (z1,y1) = (z(s1),y(s1)) for some s1 such that cosf(s;) = 0 and sinf(s;) = —1.
We emphasize that the only simplification here regards notations, and that more
complex domains satisfying assumptions (H1) — (H4) are handled exactly in the
same way.

Periodic and rectangle cases will be dealt with separately in Section 3.6.

We will actually focus on the following technical difficulties

e the precise regularization process for the interior term in QF (section 3.1);

39



40 3. CONSTRUCTION OF THE APPROXIMATE SOLUTION

e the fact that the East boundary layer does not lift simultaneously both
boundary conditions (correcting the normal derivative introduces indeed
an error on the trace). This implies that one has to introduce an additional
corrector defined on a macroscopic domain in the vicinity of the East
boundary but far from corners (z;,y;) where it would be singular (section
3.2);

e the connection with North/South boundary layers (even if the correspond-
ing horizontal part of the domain is reduced to one point (z;,y;)): we in-
deed expect these boundary layers to lift the boundary conditions both on
the horizontal parts and on the East/West boundaries close to the corners
(4, y:) (section 3.3). Note that, since these North/South boundary layers
are defined by a non local equation, we need to check that they do not
carry any more energy beyond some point, so that they can be truncated
and considered as local contributions;

e the truncation of the surface layer near its West end, in order that its
trace on the West boundary is not too singular (see 3.4);

e the precise definition of the West boundary layers, which have to lift the
traces of all previous contributions (see 3.5);

We will also derive estimates on the terms constructed at every step.

Note that, for boundary layers, the construction must be performed in
a precise order, starting with East boundaries, then defining North/South
(and surface) boundary layers, and finally lifting the West boundary con-
ditions. This dissymmetry between East and West boundaries is similar to what
happens at the macroscopic level for the interior term.

3.1. The interior term

As in the previous chapter, we define

zE(y)
(3.1) POla,y) = - / (o y) de,

where z5(y) is the abscissa (or longitude) of the projection of (z,y) on I' i alongside
e.. We have seen that 1% does not belong to H?(f2) in general: indeed,

e The function zg has singularities near the points y; = y(s;),i € I4;
e Since xp takes different values on Q and Q~, the function ¢ and its y
derivative are discontinuous across X.

Therefore, ¢)° cannot be used as such in the definition of the approximate solution
PP of (1.1).

Let us first consider separately the domains QF. We remove the singularities
by truncating the function 7 near the end points of I'g (with abscissa s;,i € I.).

The size of the truncation depends on the rate of cancellation of cosf near s;.
Since the rate of cancellation may be different on the left and on the right of s;, we
seek for truncation functions with different behaviours on the left and on the right
of every cancellation point. More precisely, let

(32) Xe(z,y) = H Xi(@ — iy — yi)

i€l
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N

7 7 ',/////4////////
% ////////4 7/ / - .

2
S,

FIGURE 3.1. The function 7 is truncated in the hatched zones. In
the picture, Iy = {1,2,3,4}.

where (z;,y;) are the coordinates of the point of 9Q with arc length s;. Each
function y; takes the following form:

Xi(x,y)::{x(%i’ ) if >0,

Y
6'_’:’
;‘((655 %) if 2 < 0.

e The function y is defined by
1= x(z,9) = (1= x1(2))1 = X2()) (2,) € R?,
with x1, X2 € C*°(R), and
1
Xi(z)=11if |z] > 1+ To,| xX1(z) =0if |z| <1,
x2(y) =11if ly| > 1, x2(y) =0if ly| <1/2 which does not depend on €.

It can be easily checked that all the = derivatives of y vanish for x = 0, so that x
belongs to C5°(R?). Furthermore, it satisfies obviously

0<x<1,
1
X(w,y) = 0if [y < 5 and o] <1,

1
- —1if |y >1 >14—.
xX(x,y) if [y| > 1 or x| > +|1n5y|

e Let us now give the definition of the truncation rates. We take

(3.3) 8, = Y4 In¢|V/5(In|n¢) 75,
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for some arbitrary exponent S > 0. Note that a rate of this type is mandatory
in the case of an exponential cancellation (assumption (H2ii)). In the case of an
algebraic cancellation (assumption (H2i)), there is more flexibility, but the above
choice still works.

The definition of J, is a little more involved. We define ¢, so that if we start
from the point (zg(y;),y:) (i.e. from the end point of ') and perform a shift of
size 0, in the x direction, —sin 6(s;)d, in the y direction, the end point still belongs
to I'g. This leads to the following definitions:

e If xp(y) is defined on both sides of y;, i.e. if s; belongs to the interior of
I'g, then we set

5;,4- = |xp(y; —sinb(s;).0,) — ],

(3.4) , )
O — = |zE(y:i +sin0(s;).0y) — 4] -

e If z5(y) is defined only on one side of y;, say for y > y;, then we take

(3.5) O = 0y — = zp(ys +0,) — .

In particular, if (zg(y),y) € Supp ¢, then

—Yi 1 . —
either inf v — uil >~ or inf Supw—:p)i >1
i€y Oy 2 el & 5
According to (3.4)-(3.5), the above condition becomes
either inf ly = il > — or inf sup (xE(y) Ti)+ > 1
i€ly 0y 2 dely £ |rp(y Fsinb(s;)dy) — x;)]

Since z g is locally a monotonous function (near y = y;), this amounts to
inf |y —y;| > 6,/2.
iet, ly — il > y/

We infer that

. 5
(3.6) (ze(y),y) € Suppxe = Vie I, [y —yi| > 5‘”
‘We then set
0 wE(y) ’ 2 /
(3.7) W(a,y) = — / xe (&', y)r(a,y) do

With this definition, ¢9 € H?(QF), but ¢? ¢ H?(Q): indeed ¢ and 9,1? are
still discontinuous across ¥.. The term 9''* constructed in paragraph 3.4.1 of the
present chapter will lift this discontinuity.

Moreover, by definition of 1, we have

Oy — €A%Y) =7+ 57 on QT UQT
with
(3.8) 61 = 7(xe — 1) — €AY,
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PROPOSITION 3.1.1. Assume that Q satisfies assumptions (H1), (H2). Let
B >0 be arbitrary, and let §,, 6, as in (3.3), (3.4)-(3.5). Then

I7(xe — )|l -2 = o(€>/%),
AP 20y = o(€73/8).

This proposition will be proved in Chapter 4.

REMARK 3.1.2. Notice that the rate of cancellation in y, namely d0,, is the same
for every function x;. It is far from obvious a priori that such a choice can lead
to a suitable truncation. However, in order not to further burden the notations,
we have chosen to anticipate on this result, which follows from the proof of Lemma
3.1.1 below.

The z derivative of the function X is unbounded (it is of order |Ind,| in L>).
This choice is mandatory in the case of an exponential cancellation of cos@ around
si (assumption (H2ii)). If the cancellation around s; is algebraic (assumption
(H2i)), the function X can be any smooth function vanishing near zero and such
that 1 — x has compact support.

We conclude this paragraph by giving some estimates on the trace of ¥ and
0,1pY. These estimates will be useful when we construct the boundary layer terms
lifting these boundary conditions. For the sake of readability, we introduce the
following majorizing functions

1
M =
(y) 11;[4. ma,x(|(y7yi)ln|y7yi|,5y‘ln5y|)

M*(y) = M(y) H 1\y—yi\26y/2 .-

Sy

LEMMA 3.1.3. Let ¥ be defined by

zE(Y)
V) (@, y) = —/ (Txe) (', y) dx'.

x

e Trace estimates on 0N): There exists a constant C, depending only on £ and
T, such that for all s € 010,

||1/1?|39HL<>C(89) < C,
O aa(s)] < CM(y)
Moreover, for all s € 0 such that (x(s),y(s)) ¢ 2,
|531/J?‘39(S)| + (5y|858n¢?‘89(s)| < Clcosf(s)[M(y(s))

1 |cosf?
o (5, Hman)

C cosf cosd|?
2600 (6) + 8,080,014 120 L),
y y y

and

10207 00(8)] + 0,870,090 (5)]

IN

IN
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FEventually, on the Fast coast, we have the following more precise estimates:

16" (s)]

0300y, ()] < 3. cos6(s)] I Lueor-wiizs,r2:
y i€l
16/ (s)[?
|6§’87L¢?|FE(S)| < W H 1iy(s)—yi|>6, /2
i€l

o Jump estimate on X: The jumps )]s, [0y¢?]s are constant along ¥. More-
over, there exists a constant C such that

sl < € fowilsl < 5

Proor. The L* bound on z/ng 5q 1s obvious: we merely observe that

[foall= @) < ITlLe@ — sup |z —a|.
(z,y),(z,y)€Q

As for the bound on 9,?, we have 9,, = cos 03, + sin 60y, so that

(3.9) Ontan(s) = —sinb(s)zp(y(s))(Txe)(@r(y(s)), y(s))
e(y(s))
(3.10) —sinf(s) / Oy(Txe)(z,y(s)) dz
z(s)
(3.11) +cos0(s)(Txe)(x(s),y(s)).

The formulas in Appendix B together with (3.6) imply that for all ¢ € I, in
the vicinity of y;

C
3.12 ry(y)| <
(3.12) s W) < Ty — P
so that
C
(@5(y),y) € Suppxe = [p(y)] < CM(y) < s 5.
y| n5y|

Recalling eventually that for all ¢ > 1, for € sufficiently small,
19y xello = O, ),
Supp dyxe C U [xl — cé?_,xi + 052,_‘_] X [y — Oy, Yi + 6y,

Sy

with 6, . = O(|Iné,| "), this leads to the estimate on anzp?lm. We have indeed
(3.13)

e (y(s)) e (y(s))

[ are s de] <O X Ioxellwtiyics, [ e ds
z(s) i€ly z(s)
zp(y(s))
| L XeloTl()ds

i€l

0y
<C <1 + 51y—yiS5y> .
Y
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The estimate on 941) is obtained by differentiating the identity

ze(y(s))
() = — / L et de

with respect to s. Using (2.2) and therefore the relation

d;“ls(nc(g)7 y(s)) = (sinb(s), — cosb(s)),

we infer that

Ostioa(s) = cosO(s)ap(y(s))(txe)(@p(y(s)),y(s))
+sin0(s)(xe)(x(s),y(s))

ze(y(s))

—cosf(s) /( ) Oy(Txe)(z,y(s)) d.
(s

The estimates (3.12) and (3.13) above yield the desired inequality.

The other trace estimates are derived in a similar fashion. Notice that is is
hard to derive a sharp global estimate, since the angle 6(s) for s € T'yy is in general
different from the angle 8(s’), where s’ € ' is such that y(s) = y(s’). Therefore,
there is no simplification for terms of the type cos?(6(s))z’s(y(s)) when s € Tyy.
On the East coast, however, we can use the formulas in Appendix B, from which
we deduce that

0'(s)
cos B(s)

Notice also that 1Y vanishes on I'g by definition, that anflrE is supported in
{ly(s) — yi| > 6,/2}, and that all terms of the type

cos?(0(s)) 'y (y(s)) = Vs € I'g.

zE(y(s)) .
/( ) 9, (txe)(z,y(s)) dz

are zero for s € I'g. The upper-bounds for 6523nw?|FE, 8§6nw?|FE follow.
As for the jump estimates, we recall that with the notations of Chapter 2,
Section 2.4,

Iz(yl)
s = — / (7xe) (@, 1) da,

1

and therefore the jump of v is of order one. Notice that the assumptions of Chapter
2, Section 2.4 imply that 21 = 2 (y1). The jump of the y derivative is given by
!/
[6y7/’?]2 = —»TJPE (yl)(TXe)(l’E(yl),yl),
_ _
+2g (Y1) (Txe) (@R (Y1), v1)
rg(yﬂ
- [ arxedw) e
x1

The points (z%5(y1),y1) do not depend on €. Therefore, either (z5(y1), 1) is an
East corner (1 € 1), and then (7x¢) (x5 (y1),y1) = 0 for all € > 0, or (x5 (y1),y1) is
not a corner, and then x%l(yl) is bounded by a constant independent of &. Hence
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the first two terms of the right-hand side above are bounded as € — 0. Using
inequality (3.13), we infer that

C

IE(yl)
< — .
/ ay(TXQ)(x7y1) dl‘ — 5y|1n§y|

z)

At this stage, we have built on each subdomain Q% an interior term ?

e which vanishes on I'g,

e which belongs to H?(Q%) (typically with derivatives of order O(s,') in
the vicinity of East corners),

e and which approximately satisfies the transport equation 9,9 = 7.

Nevertheless 99 does not fit the boundary conditions, and therefore boundary layer
correctors must be defined. Following the direction of propagation of the equation
at main order, we start with the East boundary layers.

3.2. Lifting the East boundary conditions

In this section, we focus on an interval (s;,s;4+1) C I'g. We recall that the
domain [s;, s7,,] C [s;, 5i41] of validity of the East boundary layer is given by

st = sup{s € <52,51+251+1) L EY310| | cos 0773 > 1},

Sip1 = inf{s € <8i+28i+1,5i+1> €310/ | cos O] 7T/3 > 1}.

Easy computations based on the explicit rate of cancellation of cos # near s; provide
then the following Lemma, which shows in particular that, because of the trunca-
tion, the trace of 9,1 is zero outside the domain of validity of the East boundary
layer.
LEMMA 3.2.1. Under assumption (H2i),
S;L — 8§; ~ Cl@ﬁ .

Under assumption (H2ii),
4o In|ln ¢ 1
+
. — 8§, = ——— ]_ — 00— _— .
5 T8 ln(’f( 0 In € +O<ln€>>

ly(sh) —yil < 6,

In particular,

and
(3.14) Ap(si) > Cce/4,

PROOF. Lemma 3.2.1 is obtained by straightforward computations :
o If (H2i) is satisfied, then for s > s;

4n+3

€310/ (s)| [cos O(s)|TT/3 ~ C"EM3|s — 55|77
so that there exists a positive constant C; such that

(3.15) s — 8; ~ C;€TT5

K2
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o If (H2ii) is satisfied, then for s > s;

4o
exp ( 35
@1/3|9/(8)| ‘COS@(8)|_7/3 ~ 0/61/3 (5(3(Si)2))
so that
da In¢
—2In(sf —8) + ——— = —InC' — — 1).
n(s; S)+3(3¢+_3i) n 3 +o(1)

Computing an asymptotic development of s — s; leads to

4o In|In €] 1
t g — — _
(3.16) s — s e (1 6 e +0 (ln@))'

Using the formulas in Appendix B, we infer in particular that in case (H2i),

ntl
y(sf) — y; ~ C&ints,

and (n+1)/(4n+3) > 1/4, so that |y(s;") — yi| < §,. In a similar way, if (H2ii) is
satisfied,

In¢ In |In €|

N —2 e -1
ly(s;) — yil Clln €| exp(a4a <1+6 e + O(|In €| )))

In€

~ COlln¢|2exp (4 + gln|1n ¢+ O(l))
~ C|ne[~Y2el* <« 4,

Therefore, in all cases, we have |y(s;) — ;| < &, so that the extremities of the
domain of validity of the East boundary layer are in the truncation zone. (|

3.2.1. Traces of the East boundary layers.
By definition of 99, we have

(), = 0.
We thus define the East boundary layer to lift the trace of 9,9?, i.e.
VE(s, Z) = =5 (8)Ontiir,, (5) exp(—Z)

where

As(s) = <co;9>1/3'

But then 9 + ¥BL (s, A\gpz) no longer satisfies the zero trace condition on I'f.
More precisely, since anw?m; vanishes for |y(s) — ;| < d,/2, we have the following
trace estimate:

LEMMA 3.2.2. The trace of Vg satisfies the following bound

1/3
(3.17) Wpiz—o(s)] < OO

< CWM*(ZJ(S))~
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Moreover, its derivatives with respect to s satisfy
0s0mz=0(s)] < CE&Y35, | cos 0P M (y(s)),
9/
Oz < syt POy,

Y |cos@(s)|t/3

Cel/3s-1 16/ (s)]?

02051 2=0(5)] Y Toos0(s)*/3 “(y(s))-

IN

These estimates are a straightforward consequence of Lemma 3.1.3 and of the
formula defining v g.

Hence the remaining trace on I'g is non-zero, and must be corrected. Note in
particular that the bounds above are too singular in the vicinity of s;,7 € I in
order that we can lift the remaining trace by a simple macroscopic corrector. We
lift the trace in two different ways depending on the value of s:

e If s is far from any point s;,% € I, we lift the trace thanks to a macro-
scopic corrector ¢¥§’"", which we construct in the next paragraph;

e If s is in a neighbourhood of size one of any s;, we lift the trace of ¥ g
thanks to the North and South boundary layer terms; we will explain the
latter construction in the next section.

REMARK 3.2.3. Since the Fast corrector is not captured by energy estimates,
as explained in Remark 1.3.1, it would be tempting to construct a boundary layer
corrector which is not a solution of the East boundary layer equation, but which
lifts the trace of the normal derivative of 1Y without perturbing the zero order trace
on the boundary, namely a corrector of the type

A(s)z exp(—z/€P),

for some p > 0 and for an adequate choice of A(s). However, because of the strong
singularities of angaﬂ(s) near s; and s;11, it can be proved that no choice of the
parameter p leads to admissible error terms. In other words, close to the singularity
zones, the corrector should be an approzximate solution of the equation. This justifies
the need for an elaborate construction, even though the corresponding terms are
negligible in the final energy. This is in fact classical in multi-scale problems: quite
often, it is necessary to construct high order correctors, whose sole purpose is to
ensure that the remainder terms are admissible, but which are not seen by the total
energy.

3.2.2. Definition of the East corrector.
The idea is therefore to split each East boundary component [s;, s;+1] in three
subdomains (independent of &)

e one which is far from the singularities
o 0iia] Clsiy i
so that we have uniformly small bounds on the trace of 2% on [0}, 07, ;
e two which are (macroscopic) neighbourhoods of the singularities and such

that

)

(NN

(3.18) Vs € [si,0; U 07,1, 8i41], [sinf(s)| >

so that we can extend the North or South boundary layers on these parts
of the boundary.
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We therefore define suitable truncation functions in s, namely ¢, ¢, €
C*>(R,0,1])

1
@j(s) =1if s> O’;r, @j(s) =0if s < 5(51 + O';_),
(3.19) .
Yii(s)=1if s <o, 1, @i (s)=0if s> §(S¢+1 +0i1)

The East corrector is then expected to lift cpj'goi]_lzj)E‘Z:O, which is the part of
the trace which is known to be small. More precisely, we set, for s € [s;_1, s;],

(3.20) E(5.2) = —¥mz=0(5)0; (8)9i_1(8)x0(2).
Using Lemmas 3.2.1 and 3.2.2, we infer that
(3.21) 95" gm0y = O(E/3) ¥m < 3.

corr

Moreover, wg"%’b\FE =0, and an;z;Em = 0 by definition of xg. Notice also that

(V) + vE(s, Ap2) + VE Mot om ) =05
O (W) + ¥E(s, Apz) + VF )ir, = 0.

Therefore, at this point, we have restored both boundary conditions on the
subdomain [0, ;] of [si, si11], but not the condition on the trace in the neigh-
borhoods of the singularities. This is handled by the North and South boundary
layers, which we now address.

In the next section, we set

(3.22) B i= U0+ o (U5 + e (s, Au(5)2),
where g is the macroscopic truncation defined in (1.10), so that on the boundary

Ploonrs = Vloo\rs»

an%aQ\FE = nwg\ag\rEv

Visirsirn) = (1= 0F 0131 ¥B12=0(5),

Oyr, =0,

where (s;, $;41) is a connected component of I'g.

3.3. North and South boundary layers

In order to lift the boundary conditions both on the horizontal parts and on
the East/West boundaries close to the points (z;,y;) for 1 < i < k, we then define
North and South boundary layers. Without loss of generality, we focus on the case
of South boundaries (the case of North boundaries can be deduced by a simple
symmetry).

Denote by s; and s;_1 the curvilinear abscissa of the endpoints of the horizontal
part to be considered, with s; = s;_ if it is just an isolated point of the boundary
with horizontal tangent.

There are several point to be discussed in the present section:

e In the first paragraph, we give a precise definition of the interval on which
energy is injected in the South boundary layer (i.e. we define the support
of the functions ¥y and ¥y appearing in (2.11));
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e The second paragraph is devoted to the derivation of regularity and mo-

ment estimates on Yg;

e Eventually, we explain how we truncate 1 g beyond the support of ¥y and

v,

3.3.1. Definition of the initial boundary value problem.
We first define the extremal points of the interval on which some energy
is injected in the boundary layer :

(3.23)

(3.24)

o If cosf(s) > 0 for s > s; (East boundary), we need to lift the East

boundary condition on a macroscopic neighborhood of s;, namely [s;, o]
where o is defined by (3.18).
Similarly, if cos 8(s) > 0 for s < s;_1, we define o;_; by (3.18). Truncation
functions ¢, ;| are then defined by (3.19).
If cosO(s) < 0 for s > s; (West boundary), we only need to lift the West
boundary condition on a small neighbourhood of s;, precisely when the
West boundary layer becomes too singular (Recall that the trace of ¥ is
not zero in general in the vicinity of s; on West boundaries). We therefore
denote by crj' the arc-length beyond which no energy is injected in the
boundary layer (see Figure 3.2), and we expect that af > sj > s;, and
|0;‘r — Sl| <K 1

Note that, in order that the transition between the two types of
boundary layers is not too singular, we have to choose |o;r — sj| as large
as possible. But in order that the transport coefficient b in (2.11) remains
bounded in L', we need that cosf(s) is small for s < o;". We thus choose
o} satisfying the condition

ot
/ |cosO(s)| ds = €1/4,
Sq
We further define p; € C*°(R, [0, 1]) such that
o (s) =0if s < s and Supp(l — ¢]) C (00,0} ].

Similarly, if cos(s) < 0 for s < s;_1, we define o,_; by

Si—1
/ |cos O(s)| ds = &/,

and ¢;_; € C*(R,[0,1]) such that
Supp(l — ¢; ") Clo;_y,00) and ¢, (s) =0if s > s;_ ;.
We will take
+
—+ _ + S — S
P (8) = (31‘ + o-_i_;j_)

3

where ® € C*°(R) is such that ®(s) = 0 for s < 0, ®(s) =1 for s > 3,
0 < ® <1 and all the derivatives of ® are bounded.

REMARK 3.3.1. There are two cases of South boundary layer terms which will
not be considered in this section, since they both give rise to interface boundary
layer terms:
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s> 0" y,, compensates
the traces of g, 9

“Mixed” zone

South coast:
s<'s’: y  compensates cos 8=0, sin 6=-1
the traces of W, 3 ¢

FIGURE 3.2. The interplay between the North/South and
East/West boundary layers

o whencosB(s) <0 fors < s;—1 (West boundary on the right) and cos 0(s) >
0 for s > s; (East boundary on the left);

o when cosf(s) > 0 for s < s,_1 and for s > s; (East boundary on both
sides), with s;—1 < $;;

We will indeed consider the corresponding South boundary together with the
singular interface ¥ in the next section.

As in Lemma 3.2.1, we can compute asymptotic developments for U;" and o,_;.

LEMMA 3.3.2. The transition functions @f have controlled variations:

o Ifcos® > 0 for s € (s;,8i+1) (East coast), then there exists a constant
¢ > 0 such that

|si o | > C,
and therefore
105¢] [l = O(1)  Vk.
o Ifcosf <O fors € (s, 8i41) (West coast), then

7 1
oF — s~ ClETE

if (H2i) is satisfied in a neighbourhood on the right of s;, and
4 In|l
+ @ (18n|n€|+0(|1n€|1)>

R R Y- e
if (H2ii) is satisfied in a neighbourhood on the right of s;.

(3
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In this case,
105 o oo < CETHT,
105 [l < Cemt=D+/T,

PROOF. The proof follows from the definition of aj' and cpj' on East and West
coasts.
On the West coast, if cos vanishes algebraically near s;, then

1 1
sj‘ —s; ~ €3 and Jj' — §; ~ EanFl,

On the other hand, if cos# vanishes exponentially near s;, then
st —si~0 —s;~—4a/In€ and o — s = O(In(|In ¢|)/(In €)?) < |s] — s4].

K2
Therefore we always have|s — s;| < |o]" — o]
Furthermore, by construction, we have

1080 oo = O(IsF — 7| 7% + |55 — | %) if (54, 8:41) C Tw,

529 108 E e = O(1sE — o [75) i (s1,5081) € T
so that
0k o = OEH/49) resp. 0571 = 0 ((LREE)¥)
s s In|In €]
To derive L' estimates, we merely multiply the L™ estimate by the size of
Supp O O

Let us then define the initial boundary value problem on s >0, ;, Z > 0.
Denote

(3.26) Yieti = (L= )1 —9;_4) -

The South boundary layer is therefore described by
Osps +(s)0zs + u(s)dzhs =0, s>0, 4, Z >0,
Ys1z=0 = Yo, 9z9¥siz=0 = V1

where (s) = —€ 4 cosf(s)/sinf(s), u(s) = —1/sinf(s), with boundary condi-
tion

(3.27)

Tg(s) := —’yi_l,ﬂ/ﬂaﬂ(s),
Uy(s) = —@1/4%71,1'371@39(5),

and zero initial data prescribed at s = o;_ ;. We recall that 1 is defined by (3.22).

Note that, when the two types of boundary layers meet (that is on the support
of (vi—1,:)’), the width of the North/South boundary layer is much larger than
the one of the East/West boundary layer. Indeed, the width of the North/South
boundary layer is always &'/4 while that of the East/West boundary layer is at
most, using Lemma 3.2.1 and hypothesis (H2),

Azl (sh) = ¢ Ve <C Ednrs in case (H2i),
B,WAT cos(s;) - /4 In €32 in case (H2ii).

(3.28)

Therefore, it seems more accurate to talk about a superposition of the boundary
layers, rather than a connection.



3.3. NORTH AND SOUTH BOUNDARY LAYERS 53

3.3.2. Estimates for 9y 5.

LEMMA 3.3.3 (Trace estimates). The functions Wy, Uy defined by (3.28) for
s € (0;_q,8i+1) are such that

105W || poe + 05T || < CEFT for ke {0,---,3},
05 ozt + |0s V1|11 < C,
020l oo + 102011 < €5, 1020l + 1020 o < O3 €T,

Moreover,
7 %oll Lt + [y ¥z = O(1),
10s(Y%0)|| 1 + [|0s(Y¥1)]|| 2 = o(E1/9),
102(vT0)|[ 11 + [|02(YT1)| |12 = O(E~ /7).

PROOF. We recall that ¢ = ¥? +xo (V"™ +vr (s, Ae(s)z)). Notice that thanks
to assumption (H3), ¥ is continuous (and even C?) on the interval (o;_;,0;"). The
estimates are slightly different depending on whether (s;_2,s;—1) and (s;, $;11) are
portions of I'g or I'yy. We focus for instance on the portion (o;_;,s;—1), keeping
in mind that the portion (s;, ;") is analogous.

Connection with West boundaries.
If (0;_4,8i—1) C I'w, then by definition (3.23) of o;,_4,

(3.29) Vs € (0, 1,5i-1), |y(s) —ui| < €Yt <4,

Moreover, 1) = Y on (0;_1,$;) in this case. Therefore Lemma 3.3.3 is a consequence
of the trace estimates on v stated in Lemma 3.1.3.

First, the L bounds together with the definition of ;_; imply that || o]l L~ =
O(1). Moreover, for s € (0;_4,5;), using Lemma 3.1.3 and inequality (3.29), we
have

|asw?|asz(5)\ <C <1 + |COS‘9(5)|> 7

dy|Indy|
so that, using the definition (3.18) of o3 together with the definition (3.3) of d,,

ot

C’(l+@71/4|ln€\76/5(ln|ln€|)ﬁ/i |cos9(s)\ds)

IN

0
||a~;7/’t\8§2||L1(g;1,si)

Ti—1

IA

C(1+ |In€|7%/5(In|In &|)?).
We infer that

H‘I’SHLl(gi—_l,si) < ||w7(5)|8§2”00Has%fl,i”Ll(gt—_l}si) + HaswﬂaQuLl(g;_l,si) <C.
In a similar fashion, Lemma 3.3.2 and assumption (H2) yield

61/4”871,(/)389||L°°(o,;1,si)

1
1/4 1 - <
ce ( +6y|1n5y> =¢

IA

1l Lo (o509

IN
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and eventually
[

IN

(’31/4”88%7171'||L1(U;l,si) Hanwﬂaﬂ HLOC(Ulll,s?;)
+CEY4050, 04 00| 11 (o -

_154)

5 1 | cos 6|
Cl1+ @1/4/ ( + )
( o7, Oy 5§| Ind,|
61/4 61/2 )
< Cl14+4—+—"—]<C.
( dy 5§‘ln5y|

The higher order estimates are obtained in a similar way. We use the estimates
of Lemma 3.3.2, which lead to

10571400 = O(ek/T), 105141 = O(e=(=D+/T),

In a similar fashion,

IN

|| cos® 9||Loo(a; = O(e¢*/®), || cosk Ol (o, s0) = O(ek+1)/8y,

_1.8i) i 1:5i
Lemma 3.1.3 implies that for s € (o;_, ;)
20 6
W5 (s)| + %7 (s)] < C (5;1 (1 - (s)) +el/T (1 ML) — (s)>>
y y
+C (10307 |+ 1070;41) »
| cos 8| |cos€)|3>
Jr

o (s)] + |00 (s)| < €6 <1 +

5, 52
2
+oe V751 <1 + Coség(s)>
Yy

0 .
roes/ (14 L2000 4 o (ager+ oo
Yy

from which we easily infer the estimates of the Lemma.
The estimates on y¥y and vV, are a consequence of the following estimates on

v:
v =0on (s_1,8),

Moy =1
by definition of o,_; on West coasts, and
||’Y||Loo(a;17si,1)7 ||3s’Y||L1(g;1,si,1) =0(e™/®),
1021 sy = O(EH0).
Indeed
105 o vy < COA €I ).
Using assumption (H2) together with the definition of o, we infer the desired

result; notice that the most singular case corresponds to n = 1 in (H2i) for the
estimates on v and J57, and to n = 2 for the estimate on 9%7.

i_19Si—1

Connection with East boundaries
If (0;_4,si—1) C I'g, the estimates are different in several regards:

e The function 7;_1,; has bounded derivatives;
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e Because of the truncation ye, the traces of ¢y and 9,1? are identically
zero on the vicinity of s;_1;
e The trace of ¥ is zero on (0,1, Si—1).

e The normal derivative of ¢ = ¥? + ¢p + %™ is identically zero on
(0;_1,8i—1) by definition of g, so that ¥1 =0 on (o;_, si—1);
Therefore it suffices to prove that «;_1 ;% gz—o satisfies the desired estimates on
the interval (o;,_;, s;—1). Notice that the estimates on (s;_1, s;) can be treated with

the same arguments as in the first case.

We use the estimates of Lemma 3.2.2 and assumption (H2), together with the
formulas of Appendix B, in order to compute y(s), cosf and 8’ in terms of s. We
infer that on (o,_,, s;—1), Yo satisfies the following bounds:

e If (H2i) is satisfied in a neighbourhood on the left of s;_1, then for k =
1,2,3,s € (0;_q,8i-1),

dngts |In(s;_1 —s)|7*1

Wy

IN

1/3 S
ce (|3 Si-1] ca;/<'”“>§|sfsi_1\31/2+1)’

N

Ok, < €35 (|sfsi,1|7%7k|ln(si,1fs)|7110511’/(n+1>S‘s_si71|§1/2+1).

We infer in particular that

_ 4n+3
1ol oo o sy < C€Y26, 57T [Ing, |71

Since 3%21?) < 4/3 for all n > 1, we infer that

%ol foo (- ) < Cce/3s 3 mel < C|melh

i—105i—1

As for the other estimates, we have, for k = 1,2, 3,

n

_ n43k

|\8§\I/0||Loo(gf si1) < C@1/35;15y 3(n+1) | In Qf‘*l,
k 1/3 515~ “Foni —1
108l ) < CEVESTS, €.

It can be checked that the most singular estimates on the L* norm, and
on the L' norm as soon as k > 2, correspond to n = 1. We then obtain
the following (non optimal) upper bounds

109 oy < Clineg]

,8i—1)

109 oo yo 1OPP gy < CETY 2],

Sio1) —
1029° e, 0300 ) < CET e

i _1:8i—1)" | _1s8io1) —

”aSLPOHLoo(g; ) §C€*1/3|1n€|71.

i—1Si—1

o If (H2ii) is satisfied in a neighbourhood of the left of s;_1, then for s €
(0;_1,8-1) and k=1,2,3,

_ 4o
[Wo(s)| < CEY3)s — 51| hexp [ o | Liy(o)—ys1/26, /2
3‘8— Si_1|
_ 1 (6%
08 To(s)| < C€V35, s — 51| exp <3s—31|) Liy(s)—yi_a|>6,/2-
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Moreover, in case (H2ii), we recall that
a
—yii1~C(s—si1)° T )
o) = i1 ~ Ol = s esp (- =)
so that for k =0,1,2
10590

_158i—1)’

105 w0

(0;_1:8i-1)
< CeV5 A8 me T < O nehE
and similarly

1029 o (o - < Clel?.

_158i— 1)

Therefore we retrieve the desired on the norm of ¥y. Concerning the
estimates on yUy, we use the following inequalities on (o;_4,s;_1)

()| < CE/ 2 o0 My(s)),
D Wo(s))| < CEY12(5 cos B/ 416/ (3)] cos 8] *) M(y(s))

|07 (vTo(s))|

Once again, we distinguish between (H2i) and (H2ii), and we obtain in the worst
situation

IN

C& /7% (57 os 01910/ (5)] + 12 L) (o)),

| cos §]—1/3

[7Wol[z: < C|In €™,
(W)l < CEE25,1 < OO €/ In e,
Os(v¥ 061/125?!1 CE1/6( 10 ¢~ 1/5| 1n | 1n @18
[02(vTo) |1 < 061/126;7/6 < e 5/,

]

By Lemma 2.3.1, we then have the well-posedness of equation (3.27), as well
as suitable a priori estimates for the solution ¥g

[¥s(s)l2my) < C(IWo(s)| + [Wa(s)])

(3.30) +C/ (1o (s + [Wi(s)]) ds

+C/ ')+ (D (Wo(s)] + [W1(s)]) ds”.

In order to show that the South boundary layer is stable, we will need additional
estimates on the boundary layer terms, namely regularity and moment estimates.

LEMMA 3.3.4 (Regularity and moment estimates). Let ¥g be the solution to
(8.27) with boundary conditions (3.28), defined on

Is:={s>o0,_,/Vs €lo;_1,8], |sinb(s)| >

2

A~ =

Then
(3.31)

11+ 285 (5, 2) | (15,02 + 11+ Z5)050s || 1215 xm4) = O(1),
(1 + 27055 || Lo (15.22) + (1 + Z)0%050s || L2(1s xRy ) = O(8,1),
(1 + Z5)024s | oo 16,22y + (1 + 27050305 || L2 (15 xR ) = o€ | Ine[™).



3.3. NORTH AND SOUTH BOUNDARY LAYERS 57

REMARK 3.3.5. The condition |sin 8| > 1/4 in the definition of Is is somewhat
arbitrary: we just want to prevent sin@ from touching zero, but obviously any fixed
positive number will do.

PROOF. Such a priori estimates are obtained by combining precised energy
estimates for the parabolic equation (3.38), together with high order estimates on
the traces.

e Define as in the previous chapter

S(s,2) = —=V,(s)(Z+1)exp(—Z) — V) (s)Z exp(—Z)
+7(8)Po(s)Zexp(—Z) — v(s)¥1(s)(1 — Z) exp(—2)
— w(s)¥o(s)(Z = 3) exp(=2) — p(s)¥1(s)(Z — 4) exp(—2).

From the trace estimates in Lemma 3.3.3, we deduce that, for all £ > 0,

1278l < C,
12%0,8||2 < C5,Y, (| 2502810 < Co e

Notice also that by definition (3.19), (3.24) of ¢, we have Supp(l — ¢; ;) C
lo;_q,00[, so that ¥y and ¥, are identically zero on a neighbourhood of o;_;.
Therefore &fws‘s:all =0.

e In order to derive estimates on 9¥1g for k > 1, we lift the boundary conditions
to get

959+ 7(s)0z9 + u(s)dz9 = S(s,Z), s€(0,T), Z>0,

(332) gls=0 = Oa
giz=0 =0, 0z9,2=0=0,

then differentiate the equation and proceed by induction on k. We start with
05(959) + 05 (7(5)929) + 05 (u(s)dz9) = 05

Integrating against 0%g, we get

S

1
Sk + [ w(s)lz0ka(s) I, s

< [ 1Sy kgl g ds

1

+> 0 / 1OE I 1102009(5) 12 105 9(5") | 2, ds”

j=0 i—1

k—1 s
+Zci/f 10%0%9(5") I 12,105 (s 11102029 ( ) 12, ds”
i=0 Yo

i—1
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and therefore, since p is bounded from below,
ok ko2
1959113 ) H 105029072 (o )02
< CHakS”Ll ).L2) 0% QHLoc((g 5),L2)
c k=i Diglh2 , 100%g]L . [|0F
+C Y 2o 1053 s o . || gIILm a2 19202911 1212, 1959l L 22

O 0E Tl 103030 12021012

Le=((o

HCZN

Eventually, using the Cauchy-Schwarz inequality, we obtain for k < 2

k k
(333) 19501 < - a2y 1503 1)
<C||ak5||L1<<a o)
FOTNT IO e 1088 o7, 9,230 19030 2y

+C Y2 ||3’“ ’MII 0{0%97

Lo (o7 s)H L2((0_,,8)xRy)’
Next recall that p is bounded, and that all its derivatives are of order O(1)
p>po>0, [0l <C.

In order to bound the term involving ~, we have to distinguish between the cases
when (SZ‘_Q,Si_l) CIl'gor I'y:

o If (s;—2,8,-1) C I'w, then v = E~1/% cos O satisfies
103l /s (o, oy = O(ET5HE5) = O(€77/2),

||8§7||L4/3(ai oty = o(e -3t %12) — O(@—S/lﬁ)_

Notice that in this case, we also have (s;,s;+1) C 'y since we have
excluded for the moment the case leading to a discontinuity line X.
Inequality (3.33) therefore yields, for k = 0,

<C||S||Ll L2) < C

then, for k = 17
1059ll 0 z2) + 1102059l 22, < €87,
and, for k = 2,
102g] Lox 13 + 10502912 , < €6, €318 = o(&=7/19),
o If (s,-2,5,-1) C I'g, then for s € (0,1, 8i-1)
1027 pass o gy = O(& )

for all j and for all s > o,_;. In this case, we refer to the proof of Lemma
3.3.3 and we state that

||SHL1((UI 1sio1),LE) = =O(|lnel™t),
||8 S||L1 198in 1) L2) — O(Qf 1/6)’
||‘935HL1<<o;17sifl>,L2Z> = o(€™7/2),
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Inequality (3.33) therefore yields, for k = 0,
2 -1
||9||Loo((g,;1,si_1)7L2Z) + ||3zg||L2((g;1,s,;_l),L2Z) <C[Ine€l™",
then, for k =1,
2 ~1/4 -1
1058l < (o, 01y, 22) + 1020500 2 (o | r1),22) < CE/ 4 Ine| ™,
and, for k = 2,
2 2 92 —1/2 -1
HangLoo((U;_l’siil)’Lzz) + ||(9235g||L2((ai—_1’5i71)’Lzz) <cCe / ‘ln Qf| .
There remains to derive bounds for s > s;_1. There are essentially two
cases:
— either (s;,s,41) C 'y, and in this case the estimates on (s;_1,0;")

are similar to the ones of the case (s;—2,5;-1) C I'y. The only change
lies in the initial data: we merely replace

k _
0, Yjsmo—, = 0
by
108 gsms, Iz = O(E**[In€|~") for k=0,1,2,

We infer that

9/l e (2 + H!JHLjZ =0(1),
1059 L) t HangLiZ = O(éy_l)v
10290l e 22) + 1039ll 2 , = O(& /2 In €[ ™).

— or (84, 8;+1) C I'g. Notice that in this case, s; = s;_1 (i.e. there is no
flat horizontal boundary), otherwise the corresponding piece of flat
boundary would be the beginning of a X layer, which will be treated
in the next section. Whence we can treat the interval (s;, o;") exactly
as (0;,_q,si—1), and we obtain

19l zz) + llgllzz , = O(/In ¢,

10 gl ez + 105l 2, = O(@ M4 I €|™) for k = 1,2

e We get moment estimates in a similar fashion

0s(Z%9) + Z%((5)029) + Z" (u(s)0%9) = Z*S.
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Integrating against Z*g, we get
1 S
P25 + [ nle) 2 029(s)I2 d

Ti—1

S/_ 1Z*S ()22 11 Z* g (") p2, ds”

i—1

+ k(k — 1)/7 u(s1250%9(s )| 2 12" 2 g(s") | L2 ds”
A simple recursion then leads to the expected uniform bound for the moments of
s and 0%9s.

e Combining both arguments we obtain the moment estimates for higher order

derivatives.
O

3.3.3. Extinction and truncation.

We emphasize that w5|s:%+ is not small in general: there is still some energy
in the South boundary layer, even though the boundary conditions are absorbed by
the West boundary layer only for s > o;7. We deal with this somewhat unexpected
phenomenon by propagating the boundary layer term g beyond J;" . We prove
that when cos @ becomes bounded away from zero, g vanishes. As before, there
are two cases, depending on whether (s;, s;11) is a part of I'yy or I'g:

e First case: (s, 8,11) C I'g: looking closely at the proof of Lemma 3.3.4, we
see that in this case,

(3.34) [951| oo ((s1,5),22) = O/ In €[ 71)

for all fixed 5 > o (independent of &) such that |sin | > 1/2 on (s;, 5). Therefore
g is small on the West boundary layer, on intervals of size one.
e Second case: (s;,8;41) C I'w: we use the following result:

LEMMA 3.3.6 (Extinction of the South boundary layer). Let 1)g be the solution
to (8.27) with boundary conditions (3.28), defined for s > s; as long as sinf(s) < 0.
Then

/ & 1/4) cos 0(s") [ s ()| ds’ < C.

Before proving Lemma 3.3.6, we now explain how we truncate the South bound-
ary layer on (s;, s;4+1). We introduce a function ;_1,; € C*(99) by
(3.35) SuppFi—1,; C {s €]si—2, s;+1[/ sinb(s) < 0},
' ¥i—1; = 1 on a neighbourhood of Supp(1 — ;") N Supp(1l — ¢; ).

Notice than we can always assume that 7;_1; has bounded derivatives.
The South boundary layer on (s;_2,s;+1) is then defined by

Fi-1,i(8)s(s, 2@,
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Using either Lemma 3.3.6 or estimation (3.34), we infer that [[¢s]|2 = O(|In ¢=h
on the support of 4;_; ;. We will prove in the next chapter that this is enough to

ensure that the error terms generated by 7;_1,; are admissible in the sense of Defi-
nition 1.1.2.

PROOF OF LEMMA 3.3.6. By Lemma 3.3.4, for every s € (s;,8;+1) such that
sinf(s) < 0,
11+ Z)sl = O,

and

/7 (%o ()] + Wi ()] + (u(s) + () ) ([ Wo(s)] + [Wa(s)])) ds = O(1).

i—1

Moreover, for s > o, W (s) = U1(s) = 0. Integrating (3.27) against Z1g, we infer
that there exists a constant C' > 0, which does not depend on €&, such that for all
s > s; such that sinf(s) < 0

/°° Zy3(s) dZ + / € (tan 0(s') " [es (5|72 ds” < C.
0 s

i

which gives the desired estimate. O

3.4. The interface layer

Let us now focus on the interface ¥ = 9Q+TNINQ~. We recall that, by construc-
tion, 1Y is discontinuous across ¥ so that

e we need to lift this discontinuity to get a smooth (H?) approximate solu-
tion,

e we then have to define a corrector (in the form of a singular layer term)
to remove the energy created by the lifting term.

3.4.1. The lifting term !,

We first construct the term "' which lifts the discontinuity across . The
construction has already been explained in Chapter 2. Since th is now defined
precisely by (3.23) for West boundaries and (3.18) for East boundaries, we can
define oy, in the following way

Uf if .[1 = {81},
(3.36) Oin =14 o, if I} =[sg,s1] and (oy ,50) C I'w,
So if I; = [50,81] and (O'O_,So) CcI'g.

Notice that if I; = {s1}, then we always have (o7 ,s1) C 'y (an isolated point
of cancellation of cos @ on the East boundary does not create a discontinuity line).
The reason why we choose to take sy instead of o, as an initial point in the last line
is essentially technical: we have chosen to write the equation on the discontinuity
type boundary layer in cartesian coordinates, rather than curvilinear ones (see
equation (2.23)). This is legitimate as long as cosf < 1, so that the normal vector
coincides almost with —e,, while the tangent vector coincides with —e,. However,
by definition of aii on East boundaries, cosf takes “large” values on (og,So),
and therefore the present construction cannot be used. We by-pass this problem by
considering separately the East boundary for s < sg and the discontinuity boundary
layer (which will be justified in Remark 3.4.4).



62 3. CONSTRUCTION OF THE APPROXIMATE SOLUTION

We thus define a truncation ¢ by

(pl_ if Il = {81},
p:=1q ¢, if Iy =[sg,s1] and (oy,50) C T'w,
0 if Iy = [s0,51] and (0g,80) C I'g.

Notice that in the last case, ¥ vanishes identically in a neighbourhood of (zg, yo),
and thus there is no need for a truncation in s.
We then define as in (2.17)

Pt (2, y) = xty (y@—l/Z?) la(z) +b(z)(y — y1)] s

where x is a truncation function as in (2.18) and a and b are defined by (2.19) and
(2.20).

Eventually, in order to simplify the present analysis, we truncate the function
7 in the vicinity of inf I; and sup /;, even in the case when these points do not
belong to I. Note that this does not change anything to the estimates of Lemma
3.1.1.

3.4.2. The interior singular layer 1)>. The lifting term 9"t has introduced
a remainder 67" in the approximate Munk equation (see Lemma 2.4.3), which we
have to treat as a source term. As suggested in the previous chapter, we therefore
define 9% as the solution of equation (2.23)

DY — 03 p™ = =67 2 < x(0y,), Y >Y_(x)
Vhrea(om) =00 V¥oy (o) = Oy —y (o) = 0.
The function Y_ is any C* function satisfying the following conditions:

y(x) —

Y-(@) = i

Y (z) =Y. >6,e Y4 fora <at]),

Vk <4,¥p>1, 3C >0, ||Y—||kap(:f,z(cr*)) < CHY—Hwk,p(x(gfr)vx(gf))v

for z € (z(¢]"),z(c7)),

where
(3.37)
o =inf{s >s1, [y(s) —y(s)|=4,}, # =inf{s >s1, [y(s) —y(s1)| =24},
y(x) is the ordinate of the point of 9 with abscissa x in the vicinity of (x1,y;1) and
of (z(s0),y(s0)), and Z is an arbitrary fixed point such that the vertical line z = Z
does not intersect .

Then the solution 1> of equation (2.23) can be expressed as

VP (@,Y) = ¢ (2, Y — Y_(x)),
where ¢~ is the solution of the backward equation
D™ = Y. (2)07¢™ — 070> =
(3.38) =6z, Y_(2) + 2), x<z(0wm), Z>0,
Frmaoi) = 0 Pz = 020150 = 0.
which is precisely an equation of the type (2.13). In the equation above, we still

denote the rescaled boundary layer coordinate by Z, in order to be consistent with
(2.13). However, in the present context, Z is just a scaled cartesian coordinate.
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F1GURE 3.3. The interior singular layer

Notice that 1> and ¢* depend in fact on & through the function Y_ and the
coefficients a and b. The asymptotic value of 1> as & vanishes will be given later
on.

This indeed requires a refined version of Lemma 2.3.1 giving high order a priori
estimates on the solutions to the singular layer equation (2.23), as well as Lemma
C.1 in Appendix C controlling the sizes of a, b and their derivatives.

LEMMA 3.4.1. Let ¢* be the solution to (3.38), and ¢¥*(z,Y) = ¢*(z,Y —
Y_(x)).

Denote by (zVV,y1) = (z(s¥V),y(sVV)) the projection of (z1,y1) on the West
boundary.

Then, for all z < z}V,

197 [l L% (2,200 ), L2(v- 00)) = O(1),

Hazr’(/JE HL‘I((EwI(Uz’n)),L2(Y_700)) — 0(6_1/19)7

Haﬁd)zHLQ((i71(U7Ln))7L2(Y,700)) - 0(672/19)_

Furthermore, for all integers k,l with k +1 < 3,

142148k

Halafalsz“Lw(i@(ti)) < CE¢ “sx1m |
where t7 is defined by (3.37).

REMARK 3.4.2. The function * is defined beyond the West end of {(z,y) €
Q) /y = Y_}: indeed, for some values of s in a neighbourhood of s\, x(s) may
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be smaller than z}V (notice that this is the case as soon as sin@(s!V) # 0, i.e. as

soon as the tangent to O at s = s1V is not vertical). Thus the trace wlzl“w involves

values of Y= at points x < x}V.

PROOF. Such a priori estimates are obtained by combining precised energy
estimates for the parabolic equation (3.38), together with a refined description of
the geometry Y_, and high order estimates on the source terms.

¢ Estimates on ¢>.
Denoting by S(z,Z) = =671 (2, Y_(x) + Z) the right-hand side of (3.38), we
recall that

$@,2) = (1= Locayzv <o) X(Z + V-(2)) [d/(2) + €/ (@)(Z + Y- ()|
+ (1= Lacay 247 01<0) XD (Z + Y- (2)) [ale) + €/0(2)(Z + Y (x))]
+ 4 (1= Loen, 21y (@)<0) XPUZ + Y_(2))€4b().

Notice that the indicator function does not create any singularity on the domain of
integration = € (7, 2(0,)) x (0,00): indeed, x® and x* are identically zero in a
neighbourhood of zero, so that 1y .ox® (Y) is in fact a C> function for k = 3, 4.
Moreover, for x < x1, a and b are constant, so that

Lica 124y <o X(Z + Y- () (@ (2) + €/ (2)(Z + Y- (x))) = 0.

Eventually, for x = x1, Y_ =0, so that 1z-0lz.y_ (z1)<0 = 0.
It is easily checked that

I1S(x, )r2r,) < Cllal + |o| + €/4[p] + €/4b]),
so that, using Lemma C.1 in Appendix C,

1S (2 ,2(0im)) L2 R4 )) < C.

According to Lemma 2.3.1, we then have
167 || oo (3,2 (00n ). L2(R1 ) + 10707 || L2 ((7.0(01m)) xBL) = O(1).

In order to derive estimates on 9¥¢* for k > 1, we differentiate equation (3.38)
and we proceed by induction on k. Notice that because of the various truncations
and of the choice of 0;,, ¢~ is identically zero in a neighbourhood of = z(0y,),
so that the initial data is always zero, together with the boundary conditions.
Moreover, as explained before, the indicator function in the right-hand side does
not raise any singularity. Using the same kind of estimates as in Lemma 3.3.4, we
infer that

(3.39) 10567 | Lo () + 1020567 12,

< OGS L (@ aom). L2 ®e))
k—1

k—1
+C Y IV s atonnyy (10567 Nne (22 + 10506512, ) -
=0

¢ Estimates on 9%S.
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As in the proof of Lemma 3.3.2, the most singular estimates for Y_(k) are ob-
tained when cos 6 vanishes algebraically near s = s1, with the lowest possible ex-

ponent n. Moreover, by assumption (H4), the exponent n above satisfies n > 4.
Hence we have

IY¥ ) < Clme/se 2,

(3.40) .
1Y 8| Lays < C|In€|/5eli—R

We now use the estimates of Lemma C.1 in Appendix C together with (3.40).
Denoting

—k
A = 02 ) + E PN L1001 0) = OLET ).
for all k € {1,--- ,4}, we have

10280222 < C((Ar + Az) + ||V [l (Ao + A1),
102S)1e < C(Ag + Az) + |V [0 (A1 + As)

+O([Y oo + 1Y 12 (Ao + Ay),
103812 < C(As+ Ag) + ||V [|oo(As + A3)
+O([Y" oo + 1Y [2) (A1 + Az)
(Y Dloo + 1Y oo 1Y llow + Y7 12,) (Ao + Ar),
so that
(3.41) 1058232 < CEH.

o Wk estimates on ¥>:

e Gathering (3.39), (3.40) and (3.41), we prove easily by induction that for
ke {0,---3},

Ha’;¢2“Lw((i,w(ag),LQ(R+)) + Ha%a];qsz||L2((i,a:(oo_)7L2(R+)) = O(e /1),
The first estimates on > follow from the identities
0% (2,Y) 0p ™ (2, Y = Y_) =Y 0z (x,Y —Y_),
PP (2,Y) = 92¢%(x,Y —Y_) —2Y' 9,029 (2,Y —Y_)
—Y"920% (2, Y —Y_) = Y 20%0% (2, Y — V).
Then, notice that for x < 2(t]), Y_ = Y_, so that

”1!}2”W’Cvm((i’,z(tf))x(f/,,oo)) = ||¢E||ka°°((i,:r(tl+))><(O,oo))'

We then use Sobolev inequalities in order to bound the L norms. More precisely,
we use repeatedly the following Lemma :

LEMMA 3.4.3. There exists a constant C > 0 such that for any f € H*(R;)
satisfying flz—o = 0z fz—0 = 0, we have f € W3°(Ry) and for k =0,1,2,3,

ke 72k 4 142k
||azf||L°°(R+) < O||f||L28(R+)||6Zf||L28(R+)-
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Lemma 3.4.3 is proved in Appendix D. Notice that for z < x(t]), ¢~ satisfies
0,0” = 930" =(1z47-<o — XD (Z+Y 7 )@+ €*0(Z+ V7))
4 (1= 1yeyy 21y ()<0) XEUZ +Y_(2)) €V *b(),
so that for k > 2,
oke* = 0,08 1*, x<ax(t]),Z>V".
Lemma 3.4.3 and equation (3.38) imply that for k& > 1,
[P SSNS E a [PRPN 127 220 A

7/8 1/8
= A AT [l [EAT
< C@*%@*m
< (C¢ ﬁ_sxllg,
while
7—-21)/8 1421)/8
Halz‘ﬁzHLoo((z,z(tj))x(o,oo)) = C||¢Z||(Loo(L)z/ ||5Z¢EH(L;(L)2/
(1421)/8
< C (||3a:¢2||L;o(L’;) + HSHL;o(L;))
1421
< (¢ &xis,

Similar estimates can be derived for terms of the type 989, ¢>, with k+1 < 3. This
concludes the proof of Lemma 3.4.1.
O

REMARK 3.4.4. e Because of the function Y_ and the coefficients a and b,
the profile ¥> depends on € in general, which is not entirely satisfactory for an
approzimate solution. However, the estimates of Lemma 3.4.1 show that ¥*> is
uniformly bounded in L>°(L?) N L?(H?).

Let x € (%,x1) arbitrary. Then x(t]) > z for & small enough, so that Y_(x) =
Y_ for x € (z,z). Estending ¥* by zero below Y_, we infer that 1* is uniformly
bounded in L*((Z,z), H*(R)). Up to the extraction of a sub-sequence, > converges
towards a function Y* weakly in L*((Z,z), H*(R)). Passing to the limit in the
equation satisfied by 1>, we obtain

Dptp™ — 0™ = S(Y), in D'((z,2) x R),
where
ah(v1)
S(Y) = —ax®(Y), with a = — / 7(x, 1) d.
25 (y1)

e Notice that with this construction, there remains a non zero trace on the
East part of the boundary (s1,s2), and also on (Sg—1,80) if (Sk—1,50) C T (since
Oin = So according to (3.36), and therefore the trace of wg on (o ,s0) is not lifted
by YU ). These traces correspond to Vg z=0(1 — ©Tv5) and YE|z=0(1 — 0o Pi_1)-

The right way to proceed is to lift first Vg z—o(1 — apggo:_l) thanks to a South
type boundary layer vg, exactly as explained in the previous section, then to con-
struct the Y1 and > corresponding to ™ 4+1)g, and finally to construct another
South boundary layer to lift g z—o(1 — @T(p;). The principle as usual is to restore
boundary conditions starting from the Fast. This will introduce minor corrections in
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the approximate solution, and will not change the a priori estimates on the different
terms, nor the connection with the West boundary.

3.4.3. Connection with the West boundary. The question is then to de-
scribe the West junction, that is the connection with the West boundary layer. The
traces of the discontinuity terms 1t + >y (%ﬁ“) on the West boundary create
yet another singularity in the West boundary layer term: indeed, the coefficient
A(s) in (2.7) now lifts the traces of 1" 4+ ¢, and thus changes abruptly near the
point s}V € T'yy. We recall that 1™t = ¢ + it

At this stage we encounter another difficulty: the function dsA can be written
as
1/3

cos f(s) sin 9(3)851/}mt(x(s), y(s))

0sA4(s) =

cos
+differentiable terms.

The function 5)5(1/)? + 1) is discontinuous across ¥: more precisely,
(05 () + )]s = [057]s,

and the jump of 979 across ¥ is constant along ¥ and of order §, . As a conse-
quence, A’ is not continuous, which is problematic, because the error estimates for
the West boundary layer involve L? norms of A”, as we will see in the next chapter
(see the proof of Lemma 4.2.6).

In order to avoid the apparition of a Dirac mass in A”, we add yet another
corrector term which has the following form

xx(s%),

corr 2,0 2 Yy—in
(342) qu)E = *[8y1/)t]21y>y1 (y - yl) X < ¢1/4 ) X (|10g €|_1/5

It is obvious that ¢ € H?(£). Moreover, ¢§™" satisfies the following estimates:
LEMMA 3.4.5. For all k € {0,1,2}, we have
[958 lwr.e = 06, €57 ) = o(€+/4).
Moreover,

1057 N2 () = o(€1/%), [ €APYE || 5120 = o(€%).
PROOF. The estimates are fairly straightforward, noticing that for [ € {0, 1, 2},

ke N,
y—y
H(?/ - y1)lX(k) ( 61/41>

Since [921)f]x does not depend on x nor y, we have

k corr __ 2.0 2 Yy—uy k/5. (k x_m(s‘ljv)
Oy = —[3y¢t}21y>y1(y—y1) X( El/4 ) | In €| / X( ) (W )

= O(e'/4),
LOO

so that
|05V (| = O(5,2€ /2| In €[*/%) = O(|In €| | In| In €| [*%).
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Let us now estimate 9y1§’™"; the rest of the estimates are left to the reader. We
have

r — X SW
0,087 (o) =~ (Y 10— )

y—y - y—vy
X [2x< 61/41) +E Ay —y)y (Q‘Sl/éll)] )

10,57 |0 < C|[059)s| €% < €5, 2 €™,
More generally, for £k =0,1,2

so that

|05V (| = O(5, €T ) = O(€ /4 In €[ ~2/%| In| ln €| [%).

The W estimates follow easily. Moreover, since the support of Y™ is included
in the rectangle

(2l —2|Ine|7Y5 2V 4 2| In €| 7Y/5) x [y — 2€1/4 y; + 2¢1/4),
we infer that
102957 || L2 () = O(| In €| ~/%| In | In €] [*P| In €|~/ 10&1/%) = o(€!/%),
[AYE™ || 12() = O(€ 2| In €| ~%/%|In|In €] |?%|In €|~ /10" /8) = o(¢ /7).
0

In the rest of the paper, we set

1/72 — ,(z)lift + ¢ZX <y g yl) + w%‘orr'
y
With this definition, Y + 5 € H2(Q).
Moreover, we have

Ox (VY + s) — EAZ () 4+ 9Ps) = 7+ 6T + riyg + rig + 07, on Q

where 07 has been estimated in Proposition 3.1.1, i +rZ, is controlled by Propo-
sition 2.4.3 and

(3.43) 07y = BT — EAZYTT 4 €92 — A%y,

PROPOSITION 3.4.6. Assume that Q satisfies assumptions (H1)-(H4). Then
67y is an admissible remainder in the sense of Definition 1.1.2.

This proposition will be proved in Chapter 4. - -
Note further that, by assumption on X, the trace of ¥s + %) + ¢y 5 on the
boundary I'yyy vanishes in the vicinity the points s; € I'yy.

REMARK 3.4.7. If one looks carefully at the construction above, there are several
reasons why the assumption (Hj) is necessary: some of them are technical, and
others are probably more fundamental. We first notice that if I = [sg, s1] with
so < s1, assumption (H) is always satisfied, as OQ is C* near so. Therefore we
focus on the case Iy = {s1}.
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o First, assumption (H4) is required so that the coefficients a and b have

derivatives of order four; if cos @ vanishes only at order n near sy, withn <
3 in (H2i), then such a regularity is not achieved in general. Therefore,
if (H4) is not satisfied, an additional regularization of a and b must be
performed.

Moreover, the estimates on > are more singular if the cancellation of
cosf near s = sy has a lower order. This could have two different conse-
quences: on the one hand, it could be possible that the estimates on > and
its derivatives in the interior of  are not sufficient to prove that the error
terms are admissible. This, however, is unlikely: indeed, the estimates are
exactly the same as the ones for North and South boundary layer terms,
for which we are able to prove that the error terms are admissible even
when cos 6 vanishes at the lowest possible order.

On the other hand, if cos@ vanishes at a low order near s = sy, the
estimations on ||1> ||y become much more singular, and therefore the
trace of ¥> and its derivatives on the West boundary are much larger.
In this regard, assumption (H4) does not seem to be merely technical: it
is possible that the discontinuity boundary layer may destabilize the West
boundary layer if > becomes very large. This could in fact be achieved
with a low order of cancellation of cos € near s;. However, such consider-
ations go beyond the scope of this paper.

3.5. Lifting the West boundary conditions

We recall that the boundary layer term on West boundaries takes the form
Y (s, Z) = A(s)tf(Z), where A(s) is defined by

(3.44)

1 e —ingh (=W + ¥s)aa(s)
A(s) = /3 <e_”/6 MX) <5n(¢? +¢2)aﬂ(s))

for s € I'yy and

- (35

LEMMA 3.5.1. Define the amplitude of the West boundary layer by (3.44). Let
(84, 8i41) be a portion of Ty .
Then there exists a constant cy such that the following estimates hold:

(3.45)

(3.46)

(3.47)

e Far from the West end of 3, i.e. for |s — s{V| > cod,, and for all s €

Supp(; v 1),

|A(s)] < G,

[A'(s)] < C (14 |cosfM(y(s)))
” 1 (cos®)?
S C(%*ézunau)'

o If|s—slV| < cody,

142k

0FA(s)| < Ce™ 37515 for k€ {0,1,2}.

ProOF. Consider a component [s;_1, s;] of the West boundary. There are two
zones on which the s derivatives of A become singular:
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e near s;_; and s;, or, more generally, near points of 9 such that |y(s) —
yjl = 0 (y; # y1); on such zones, the derivatives of the function ¢ become
unbounded, while s, is identically zero.

e near sl the end point of ¥; we recall that the trace of 1! is discontin-
uous at this point, and that this discontinuity is lifted by the term it
Additionally, the s derivative of 9,1! is also discontinuous, and this dis-

corr

continuity is corrected by the term %™ introduced in equation (3.42).
Notice however that on this zone, cos# is bounded away from zero.

Away from these zones, A and its derivatives are bounded, and cos 6 is bounded
away from zero. Whence we now focus on the two pathological zones. Since the
proof of the estimation on each zone is rather different, we separate the two.

e Estimate near points such that |y(s) —y;| < 1 (y; # v1):

In the vicinity of such points, thanks to assumption (H3), 9! is C> (with
derivatives which are not uniformly bounded). We also use the following bound:

nt1 . .
Eants in case (H2i),

1
sup |>\W (5)| < O{ @1/4‘ 1n€|—1/2 in case (HQii),

s€Supp(w; @i ;)

so that sup, cqupo(e- ot ) I\ (s)] < €4 < §,. In the rest of the proof, we write

i—

A for Ay Using Lemma 3.1.3, we infer that for all s € Supp(¢; @i ,),
(3.48) [A(s)| < C (1 + M) " M(y(s)) <C.

The estimates of the s derivatives are a little more involved. Using (3.44), we have

_ N
40)] < € (10:8a(o)] + N 0:0,580(6) + |

|an¢?.m<s>) .

Notice that on the support of ¢; ‘P;p

)\/
A2

@1/3|01‘

<S W S ‘COS&|

thanks to the validity condition (2.8). Lemma 3.1.3 then implies, for s €
Supp(p; @i 1),

cos
|A'(s)| <C [ 1+ 6!11151|J| Z Liy(s)—y;l<s, + | cosO|M(y(s))
: Tgely

In a similar fashion,

!

476 < (10emol + |

0.0,18) 05
(%)

160'|2 + 16" | cos 8]).

+C (IAl |(020n¢7) 00 ()] +

‘(X)/ @1/3
—)|<C
)\2

|<anw?)ag(s)|> :

‘We have

- |cos€\7/3(
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Since cos 6 vanishes always at a higher order than ¢’, we infer that on Supp(y; ¢;" ,),

N / @1/3|9/‘2
— <(C———= <C.
()\2) = " |cosf|T/3 ~

Finally, we obtain, for s € Supp(p; ¢ ,),

1 (cosf)?
|A"(s)| < C < + ) :
5y 62[Ind,|

¢ Estimates near the end point of X:

As explained above, since the interior term is now 1Y 4+, the coefficient A(s)

changes abruptly near s!V, on an interval whose length is of order dy. Moreover,

since (H3) is satisfied, we have
cosO(sVV) # 0,

so that ¢; ¢ | and its derivatives are O(1) in a neighbourhood V of s}V indepen-
dent of €. As before, we use (3.44) and we obtain

A=y < O] + sz + €y + dsllwr),

A vy < CUWY + Pxllwree + €29 + dxlwe).
The W*> norms of the right-hand side are to be understood in a neighbourhood
of size O(1) in Q of (z(s}V),y(s}")). We now recall that thanks to the addition of
the corrector term ¢&"", the amplitude A’ is differentiable at s = s]", and

A" [z vy < C([9] + Psllw + EV2[14) + Pslws.).
We now estimate |49 4+ ¢g||yk. using Lemmas 3.1.3, 3.4.1, 3.4.5, together with
the explicit definition of ¥'if*. We infer that
[ + dellwee = O(€57550) for k € 0,3},

which leads to the desired estimates.

3.6. Approximate solution in the periodic and rectangle case

3.6.1. In the periodic case. , the solution has already been completely de-
fined (see (1.26) and section 2.6). We therefore only give here a few estimates on
that solution.

We recall that

wapp = "l)CiTC + 1/)2er + 7/}J€T,LS

where wger and 1/)}3%3 are defined as before and "¢ = ¢)i"¢(y) is the circumpolar

current, due to the average forcing by the wind, namely
—€I e = (1) (y), Y€ (y—,y+),
Vi, =0
s =0
Provided 7 is sufficiently smooth (i.e. belongs to H® for s large enough), we have
[eirellmrs < C€H 17|l geo-ns s

(3.49)
140 m= < CliTll e,
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and consequently by (2.28)

(3.50)
||8a]c€8lzwjf\gf,%9”L2(T><R+) < C(ng:yi ||Hk+%—§(rﬂ‘) + e1/4”(974 S:yi ||Hk+ﬁ—g(m)
< C(HT”H]C‘Fé‘F% + 61/4||T||Hk+£+%)'

3.6.2. In the rectangle case. , i.e. when Q = (z_,z4+) X (y—,y4), the
construction explained in the preceding sections for a smooth domain Q2 C R? still
works:

e Since cosf does not vanish at the north and south ends of the east boundary,
there is no need for a truncation. We therefore simply define

o’ =7 inQ,
0 _
W, =0.

e We also construct an East boundary layer corrector and a macroscopic corrector
(see section 3.2) on the whole East boundary; again, this is possible because there
is no singularity in 4. We denote by ¥g(x,%) the sum of these two terms.

e We then construct north and south boundary layers wﬁfs, lifting the traces of
(W +95)|ymy. » Oy (V' + ¥ E) =y, , With zero initial condition at 2 = 2. When 7
is sufficiently smooth, ¥o = —(¢° +g) |y, and ¥y = —€Y40, (Y0 + )=y,
are smooth functions of z with large derivatives of order 2 or higher (because
of the east boundary layer), which satisfy better estimates than in the case of a
regular domain. Typically

1Vl Lee + (|09 L~ < C,
205 =O(1)p~ + O 3L, 1coers).

Furthermore, as wﬁLs is a smooth function of z and Z,

BL _ o4 ,,BL —
awl/)N,SLr:a:Jr - aZ,(/)N,Sh::er =0.

As a consequence, the trace of 1/’11\31,% on the east boundary and the trace of its
normal derivative (i.e. its « derivative) is identically zero: the North and South
boundary layer correctors do not pollute the East boundary.

e The next and last step is the construction of the western boundary layer. The
latter lifts the trace of 1 + 1/)11\3,{3 and its normal derivative on x = x_. Let

(Ae00) = L (220 i) (B,
where

fO(y) == <¢?|m_z_ (y) + @ﬁL (:E, W) Xo(y) + ng <‘ra yé;i) XO(ZJ)) ’

1) = 0utece )+ 0 (2 o) valo) + 008" (0 ) vl

as the macroscopic truncation o can be chosen as a function of y only. Notice

that by definition of 1/1}\3,7% Ay (y) and A_(y) both vanish at y_ and y;. There-
fore the amplitude of the western boundary layer is zero at y = y4: its trace
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vanishes on the northern and southern boundaries. Thus there is no need
for additional south and north boundary layers.
Using the energy estimates of Lemma 3.3.4, we obtain

||8§¢J]\31f9||Lgo(L§) + Hafa%fﬁﬁ%HLg(L;) < e (k=1/3

from which we infer, using Lemma 3.4.3, for £ > 0 and [ € {0, 1, 2, 3},

7—21 1421
Haialzw]%,LS”L;"Z S Clla];wﬁ,%”L;(L%)”858%1/)]?/,%“[,;([,22)

+ CG_(k_l)Jr/?’
7—21 1421
k  BL k+1 ,BL |5
< CHaach,S||L§,30(L22)||8yg+ ¢N,S||L§o(mz)
+ e (k-1+/3
S _(7—21)2(5—1)+_(14;il)k

This implies that for I € {0,1,2}
(3.51) 0L At || ey ) < CETHA

The construction of the approximate solution in all the cases considered in the
introduction is now complete. There remains to check that the function which we
built is indeed an approximate solution in the sense of Definitions 1.1.1 and 1.3.4.
In other words, we still need to prove that the remainder terms created by the
various approximations are admissible. This is the goal of the next chapter.






CHAPTER 4

Proof of convergence

The approximate solution 14y, we have built in the previous chapter

(i) satisfies exactly the boundary conditions

Yappaa = (Onthapp)joe =0

by definition of the boundary layer terms;

(ii) has H? regularity, but with non uniform bounds on the derivatives (see for
instance the definition of the interior term near East corners and surface
discontinuities);

(iii) but does not satisfy the Munk equation, only the approximate version

OxWapp — QEAzwapp =17+ 0T,

where 07 comes from both the interior and boundary terms.

The goal of this final chapter is to estimate the different contributions to this
error term 07, and to check that it is admissible in the sense of Definition 1.1.2 (or
satisfies (1.25) in the periodic case). At this stage, there are no more conceptual
difficulties: all the proofs are based on technical computations. Exactly as in the
previous chapters, we focus mainly on the case when () is a smooth domain in
R2, and we have gathered in a paragraph at the end of the chapter the estimates
corresponding to the periodic and rectangular cases.

4.1. Remainders stemming from the interior term ¢ = 9 4 !t

Going back to the construction of the interior term, we see that its contribution
O0Tint to the remainder is made of two kinds of terms.

e Because of the truncation, the solution ¥ to the transport equation satis-
fies the Munk equation with source terms 7(1 — x¢) and —€A2)?, which
are admissible remainders according to Proposition 3.1.1.

e The lifting term which restores the H? regularity near discontinuity sur-
faces also introduces correctors. Part of them, namely 67", are consid-
ered as source terms for the singular surface boundary layers. The other
ones will be proved to be admissible remainders as stated in Proposition
2.4.3.

4.1.1. Error terms due to the truncation yx¢.
Let us first prove Proposition 3.1.1, i.e. the following estimates :

I7(xe — V)|l ar-2(0) = o(€*/),
[AY|| 2%y = o(€3/3).

75



76 4. PROOF OF CONVERGENCE

e We start by localizing the problem around (z;,y;) thanks to a partition of unity:
for i € I, let f; € C5°(R?) such that

Z fi=1 onQ,
i€l
and

e forallie I, f; =1 in a neighbourhood of (z;,y;),
o for all i # j, d((z;,v:), Supp f;) > 0.
Then, according to the definition of x¢, for € small enough,
T™Xe = Y [fiTxe
i€l
= Z firxi (@ =z y — yi) -
i€l
Thus, defining ¢? by
Outy = firxi (v — @iy — yi)
w?\FE = 0;

we have ¥ = 39?9, and it suffices to prove that under the assumptions of Propo-
fitxi (x — miy — ys) — 1] HH_2(Q) = o(€%/®),

sition 3.1.1,
IEAZYY | -2 () = €| AYY|| p2(x) = o(€Y/E).

In order not to burden the notation, we drop the indices ¢ and we shift the
origin of the arc-length parametrization so that s; = 0. We also shift the origin of
the axes so that (z;,y;) = (0,0), and we rename respectively 7 and x¢ the functions
fim and x;(z —x;,y —y;) (which have the same regularity as the original functions).

Note that, by definition of y ¢, we have the obvious estimates

51 952 |1I1($ | 51 1\ %2
1071052 xel L~ < Cmfx< 5%74 5 )

5198 Ind, S1/ 1\ %2
H5w18y2(1 —xe)llz2 < Cmiax (<51y|) <5> (5ic5y)1/2) .
© y

(4.1)

e We now give an upper-bound for the source term 7(1 — x¢) in terms of 6, §,.
Without loss of generality, we can assume that s = 0 is a North boundary point of
I'g. Define, for (z,y) € ,

Y y'
sewn)= [ @y [ dle-1)0o)
so that
a§¢€ = Xe — 17 QS@((E,?J) =0 for (xay) € Qv d((‘r7y)7aQ) > 51753;
Since the support of 1 — x¢ is included in the rectangle

(=05 (14 18y |71), 65 (1 + [In 6, [71)] x [y, 8y,
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FIGURE 4.1. cos® has a local minimum at s =0

we have
be(w,y) = 0if 2> 07 (1+[d,| ™) or & < 07 (1+ [ Ind,| ™),
and ¢e(z,y) =0if y < —d,.

Notice also that
pe(z,y)| < C(o; +yldy) V(w,y) € Q.
Therefore, parametrizing locally 9Q by a graph (z, yn(z)), we obtain

Ibell20) < 0/5 (

/yzv(r)
7 (14| Iné, |~ <z<sF (14| Ind,|—1) J—§,

(5;1 + 553/2) dy dx.

In order to bound the right-hand side of the above inequality, we have to distinguish
between two cases, depending on whether cos 6 has a local extremum at s = 0.

e No local extremum at s = 0: either cos# changes sign across s = 0, or
cos 6§ is identically zero in a neighbourhood on the left or on the right of
s = 0. Notice that in this case, zg(y) is only defined on a neighbourhood
of the left of y = 0, and thus we have 6, = &7 =: §,. Moreover the
function yn(z) remains non-positive for |z| < 6,(1 + [Ind,|~!). In this
case, we simply obtain

I$e 720y < COyds
e Local extremum at s =0 (see Figure 4.1) : we have

0
el < o355+ C [ s o BN+ Sl @) de
—O0g +|1n

yl™)

We now estimate the right-hand side using the formulas in Appendix B:

yn(z) ~ Cz" Tt in case (i),

yn(z) ~ Cx?exp <|3> in case (ii).
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As a consequence,
0 (6, )nt2 in case (i),
/_6;(1+|1n6y|—1) o (@) de < C{ (6, ) exp (_W) in case (ii)
and
/ 0 (@) dr < c{ ) i case (i)
57 (14 o, |- 1) - (6;)8 exp (—WM) in case (ii)
We infer that in all cases,
pell7z(q) < Coy (6 +6;).
An integration by part shows that
1T (xe = Dllgr-2(0) < I9e7llrzi) + 2lléedyTlr2 (@) + [6edyTlr2(0)
Then, by definition of §* and 0y, We get
(4.2) I (xe = Dllg-2() < Cll7 w2 @5 In €["/?(In | In €])75/25,/% = o(€>/%),

since in the worse case

« 4o

— +57) o ~
0, = max (0, ,0,) o, " el

x Y x

Note that the choice of ¢, is dictated by this estimate (which fixes both the power
of & and the power of |In €).

e It remains then to estimate the viscous term €A2¢? in H~2(Q%), that is to
estimate €AyY in L2(QF). We indeed recall that, by Proposition 2.4.2,
Awint _ X-&-Awint 4 X—Awint'

We then start from the identity

0 5 i (y)
AW = By(rxe) - 02 / xe

(4.3) = Xe0,T + 70 xe — / (X@aiT + 20,70y xe + 7'65)(@)
(4.4) —225(y) (XeOyT + TOyXe) =2 p(y) — TEY)(TXe) (TE(Y),y)
4.5) ,|x'E(y)|2 (xe0LT + T8xx@)|w:m(y) .

Using (4.1), we can easily check that
1(4.3)]]2> < max (1 +0L2(6%) 2 In g, | + 5;55;3/2) .
Note that we use here in a crucial way the fact that there is no discontinuity line

in the domains Q% : the singularity is localized in a rectangle of width §,.
As for (4.4), (4.5), we use (3.6) together with the formulas of Appendix B:
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e Case (i): we deduce that

o 1/2 1/2
el < ¢ ([ wlPa) o[ bwPa
Y ly|>6y/2 ly|>6y/2

_.n__ 1 _ 3n+l
ntl 2 __ 2(n+1)
Cdy = (4, ,

1/2
C
[(4.5)]2 < max - </ |2 (y)|* dy)
T ly|>d,/2

1 1 2 3n+1

S 0511 n+1 5; nFl _ C5y 2(n+1)_

Hence the choice §, = ¢/4|In(&)|*/®(In|In(€)|)~#, with 8 > 0 arbitrary,
ensures that 47 is an admissible remainder. Notice that any choice of the

type 0, = €7, with y € ( f(g;ilﬁ)), 43((:;;111))), also works in this case.

e Case (ii): similarly, we have

c 1 v 1 v
P E— / —— _ay| +cC / o dy
[[(4.4)]2 5y < yl>es, Y20 ly[)* ) ( [zes, y*(Infy))*

< 8,2 In o, [~

g ) 1/2
4.5 < max _x / A
145)l < mo a;.:<y.265y v (nfy)® y)

< €532 ls, |75

A

IN

A

Thus, with the choice &, = ¢/4|In(€&)[*/*(In|In(&)|)~#, we infer that 67
is an admissible remainder.

This completes the proof of Proposition 3.1.1.

4.1.2. Error terms due to the lifting term ", We give the rest of the
proof of Proposition 2.4.3. Since we have already checked that all the terms are
well-defined, there only remains to estimate the size of the remainders coming from
1t More precisely, we prove that

(4.6) Iriiell 2y = o(€'7%),  Irflli-2(@) = o(€®),
where
y—vy y—y
rhe = ACYHTY (ewl) V() + 262Xy (W*l> ("(z) + " (2)(y = 1)
y—y
i = Tl =1+ Exx (@/) (a (@) + b (@)~ 1)

—CANTAY] + xTAYY).
We rely on Lemma C.1 in Appendix C, which yields

y—y y—y
H2€1/2X” ( 1) (a// —l—b”(y _ y1)) +4€3/4X/ ( @1/41> by’

¢1l/4

L2(Q)
O(€/3(||a"|| L2 + E/H[[b"]| 12)) = o(€/®).
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As for rZ;,, we have already proved (see Proposition 3.1.1) that 7(ye —1) = o(€%/8)
in H~2(Q) and that |EAYY| 20z = o(€%/8). And we have clearly

X x (ygl/ﬁl) (@@ (@) + @)y~ v1)

= (e (S ) @@ V@ - n)) .
so that
Iy = o€/%) + O (€/5(la” = + € /4] 2)) = (&%),
Gathering all the terms, we obtain (4.6).

4.2. Remainders coming from the boundary terms

Following the construction of the approximate solution, we now turn to the
remainders coming from boundary layer terms. This step is more technical since
boundary terms are defined through rescaled curvilinear coordinates, so that esti-
mating the bilaplacian requires tedious computations.

Actually most of the terms will be estimated in H~2 norm, so that we will need
to compute only one iteration of the laplacian.

4.2.1. Laplacian in curvilinear coordinates. In order to get the boundary
layer equation (2.3), we have kept only the leading order term of the bilaplacian,
i.e. the fourth derivative with respect to the scaled normal variable Z. Rewriting
this boundary layer equation as a Munk equation with remainder terms, we have
to estimate the lower order terms of the bilaplacian, which can be done thanks to
the following

PROPOSITION 4.2.1. Denote as previously by (z,s) the local coordinates on a
tubular neighbourhood of the boundary. Let f = F(s,A(s)z) be a smooth function
with Supp f C Supp xo-

Then, we have the following error estimate

o
—1—0( 0 N

1

By )2

|Z0,F| + ‘

2202 F| + |5

|Z82F| + )\9/|8zF|) .

In particular,

e if \ does not depend on s
1/

by
e if F' is an exponential profile with respect to Z, namely if F(s,Z) =
A(s) exp(—pZ), with p € C a constant of order one with positive real

part,
(48) [Af-0..f] < C(|8SSA|+( )|85A> e=%

M\ 2
+ 2| + (A> ) |Ale™?

gt
m(w

(4.7) Af—0..f|<C (assFl |

20, + |/\9'|8ZF|) :

0//

A

)\Il
By

)\/
TN

+

)\2
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where ¢ = N(p)/2.

PROOF. We start from the expression of the Laplacian in curvilinear coordi-
nates

o , 1
= 1550 0. ((1+ 20"0,) + 04 (1+29,83>} .
Given the specific form of the profile f = F(s, A(s)z), we thus have
Af =220, F+ 20 o, (o F s N0,
(49) T T T (4203 Z
’ 1
ssF 2\ 3 F " F I N\2 Fl.
+7(1+29/)2 [8 + 2N 205z F + N'204 —|—(>\Z) 07z ]

Then, using the fact that on the support of x the jacobian of the change of variables
is uniformly bounded from above and from below

0<%§1+z€’§C,
we immediately get the first, general, estimate.
For North, South and discontinuity layers, we always choose
A= 1/
so that M = A = 0. The remainder consists then only on three terms.

For East and West boundary layers, f is a combination of exponential profiles.
Therefore, multiplying by Z or differentiating with respect to Z does not change
the size of the error term.

O

In order to get the expected estimates on the remainders, we first note that
A2 = ()\2022)2 + A(A — /\2(922) + (A — Azazz)(A2azz)
= (N022)* + (A + XN022)(A = N0zz) + [A — N0z, °0z2]

e The first term of the right-hand side has been considered in the equation
for the boundary layers, so it does not introduce any remainder.

e For the second term, we expect that it can be estimated in H 2 using
the previous proposition together with the controls on the boundary layer
profiles and their derivatives up to second order.

e The difficulty comes then from the third term, which is a commutator
between two second-order differential operators. Roughly speaking, it
should be a third-order differential operator, so that we could estimate
the corresponding remainder in L? in terms of the third-order derivative
of the boundary layer profiles.

However we will not proceed exactly in that way, first of all because the com-
mutator [A — A\?0%,,A20%,] involves too many terms so that the computations
would be very tedious, and overall because some terms are not small in L? and
need to be estimated in H—2. The proof will actually be adapted to the case to
be considered: recall indeed that for North, South and discontinuity layers, A does
not depend on s, whereas for East and West boundary layers, F' is an exponential
profile with respect to Z.
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A useful tool in the case when A does not depend on s is the following commu-
tator estimate :

LEMMA 4.2.2. Let p € H?(Q), with support in {d(z,0Q) < §}, and let f €
L*(0Q x Ry). We set \:= & 4. Then
2

||P(5az)(>\23%)f(5a /\Z)||H_2(Q) < C\/\|71/2Hf||L2(anR+) Z \\5’§P|\LN(Q),
k=0

(s, 2)A(f (5, A2l -2y < CIAT 21 f | 200xm ) lollw2 (-
PROOF. e Let us first recall that
Nz : f(s,M\Z) € H*(Ry) — Nz f(s,\Z) € H* Y(Ry)

is a bounded operator (uniformly with respect to &) for all s.
Let ¢ € H?(Q) be an arbitrary test function such that ®laa = Onpjaa = 0.
Then, using the Cauchy-Schwarz inequality,

/Qp(s, 2)(N20%) f (s, \2)p(s,2) (1 + 20') ds dz

/Q F(5: 22002 (5, 2)(s, 2)(1 + 20)) ds dlz

IN

2
CINT2 [ fl2@axry) D105 (090) 20
k=0
2
CIAT 2| flzoaxr Il @) Y 105 pll Lo (o).
k=0

IN

By definition of H2(2),
ot 2020153

= w5 A5, )1+ o8 ds
PEHH(Q), JQ
H(PHH2(Q)S1

from which we deduce the first commutator estimate.
e Concerning the second inequality, we merely develop the commutator [A, p].
We have

p(s, 2)Af(s,Az) = A(p(s, 2) f(s,A2)) = —=2VpV(f(s,Az)) — Apf(s, Az)
= =2div(f(s,A2)Vp) + Apf(s, Az).

The estimate follows.

When the profile is exponential, we will rather use the following Lemma :

LEMMA 4.2.3. Let I C TgUTw be a closed interval, and let X € L>(I,C) such
that inf; R(A) > 0.
Let ¢ € L>°(Q) such that Supp ¢ C I. Then

1/2
6ol exp(-A oy < € ( [ olorGe) as)
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and
16(s)x0(2) exp(=A2)[| 120
1/2
< C (/ B(s)2(RA(s)) ™ ds) + C||9]|so exp(—CiI}f RA).
I
PROOF. We begin with the L? estimate. We recall that the jacobian of the
change of variables (z,y) — (s, 2) is equal to (1 + 2z6’), and is thus bounded (from
above and below) in L*. As a consequence,
Xo(z) exp(— )\2)||L2(Q)

[lo(s)
- / / #(5)%x0(2)? exp(—2R(N)2)(1 4 20) ds dz

/ 42 < / exp! 2§R()\)z)> dsdz

< c /I G2 (RA) ™!

IN

As for the H2 estimate, we have

2
d(s)xo(z) exp(—Az) = 387(¢(8)Xo(2)(>\(8))_2exp(—AZ))

+2¢(5)x0(2)(\) " exp(—A2)
—d(s)x0(2) exp(=A2).

The last two terms are supported in {§/2 < z < ¢}, hence they are exponentially
small in L2. More precisely, they are bounded in L>(2) by

Cligllo exp(=0mf R(A)/4).
As for the first term, if ¢ € HZ(Q) is an arbitrary test function, then
[ s (Bnol&) X)) 7 expl22) o 2)(1 -+ 20 s d
= /m/ az2 xo(2)(A(s)) "2 exp(—Az2)) (s, 2)(1 + 20')ds dz

2
-/ /O ¢<s>xO(z><A)—2eXp(_Az>%(C(s,z)(lﬂe,» o

s 1/2
Cli¢lz(e) (/{m/o d(s)2|\| "t exp(—2R(N)2)ds dz)
1/2
ClI¢]l 2 () (/()Q ¢2(3‘3)\)_5> .

By definition of the H~2 norm, we infer the estimate of Lemma 4.2.3.

IA

IN
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4.2.2. Error terms associated with North and South layers.

In order to simplify the presentation, we focus on a South boundary layer, as
we did in the preceding chapter. Of course, the case of North boundary layers
is strictly identical. We denote by s;_1,s; the end points of the South boundary
under consideration, and we introduce a macroscopic truncation function 7;_1;
(with bounded derivatives) as in (3.35).

LEMMA 4.2.4. Let 1g be the solution to (3.27).
Then
[0, — €A?] (%—1,1'(8)7#5(8, (’371/42)X0(Z)) =r; +717,
with
Il 2@y = o(€Y%),  |Irfllzr-2(q) = o(€>/®).

PROOF OF LEMMA 4.2.4. Since g satisfies (3.27), there are several kinds of
terms in

[0, — €a7] (s(s, € /12)5i1,i(5)x0(2) )

o All terms in which at least one derivative of xo or 4;—1,; occurs are small:
indeed, we have one derivative with respect to z less acting on g, so that we gain
a power /4. By Lemma 4.2.2, we indeed have

3
€02 (Yoxo) — Exodihs = €Y CiNLibs(s, A2)02 I xo

=0
0(65/8Hw5”L§H§) in LQ(Q)
+O(€"/3)|0z1s]| 2 ) in H2(Q).

(4.10)

In the same way,
s (s, € 42)0, (xo(2)Fi-1,4(5))

_ “1/a_\ [sinf(s)
¥s(s, € ?) [1—|—z9’

Using the estimates of paragraph 3.3.3, we infer that
s, €142) cos 0(s)Fi-1.1()0: 00 (2)

0s7¥i-1,i(8)x0(2) + cos 0(s)i—1,i(5)0-x0(2)

= O(¢/8|Ine|™).
L2(Q)

Moreover, on the support of 057,14, either ¢g is zero or ||g|
We deduce that

Hi/)g(s, 93*1/42) sin 0(5)85%_171-(5))(0(2)‘
so that eventually

(4.11) s (s, € 42)00 (x0(2)Fi-1,6(5) | 2(0) = O(€Y/®| In €| ~1).

e The terms stemming from the 0, derivative applied to g can be split into a
remainder term coming from the jacobian

L (L) = O(|lne|™).

= 0(¢"¥|me| ™),
L2(Q)

20’ sin ~ B
T3 X0 Ti-1i(8)0ss(s, €7H12),

and
x0(2)¥i—1,i(s) (6_1/4 cos 00715 (s, 6_1/4,2) + sin 00,95 (s, G_l/4z)) ,
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which will simplify with the term EX*xo(2)7i—1.:(s)(9%)¥s(s, €~ /42) coming from
the bilaplacian.
From the moment estimate in (3.31), we deduce that

20'sin 6 _

(412) || T Ti1i(s)x0(2)Dstbs (5, €/ 12) || = O(@ @) = o(€!/F).

L2

e The most technical part is the control of the remainder terms coming from the
bilaplacian. For the sake of simplicity, instead of commuting the whole laplacian
with A\20%, we will first get rid of the corrections coming from the jacobian, then
commute the remaining part of the laplacian. More precisely, we start from (4.9)
with a constant A

A ()
= A(A = \20%) + (A — N20%)\*0%
/ "
1 —?—920’ ! jezﬁ’)3as T (1 —|—1zt9’)2 883) X022
= A(A = N0z7) + X075 (N 0z — 2070, + Oy ) + 220”03,
Az(6)? 20" ((1+20")3 — 1)) (1+20)% -1
—<1+%,z— (1+20')3 (1+20)2
We have, using the regularity and moment estimates (3.31)
E(A = N0z2)s
' —1zgn
= €O — €GO + s
= O(ee V4e®) . + O(ee/45, 1€ 8) o + O(ee 2 g e!/8) .
We now use the second commutator estimates stated in Lemma 4.2.2 to get
(4.13) 1X0(2)Fi-1,i(8)EA(A = XN0z2) s (s, A2) | r-2() = 0(€%/%).
In the same way, we have
EN)' Dzihg — €20"D1ps + €Dsstbs
= O(ee4e 8, + O(€e 45, e 2 + O(ee /2 In gt/ 1

so that, using some integration by parts together with the first estimate of Lemma
4.2.2,

(4.14) Ex0(2)Fi-1.i(5)A\2072 (MO — 20"y + D5 )05 = 0(EY/8) s .

For the corrections coming from the jacobian, we use the first estimate of the
commutator lemma 4.2.2:

:Am—ﬁ@@+<

Os + 8ss> )\2822.

(A0, (200 1) (A +20) =1, e
' X0Yi—1,i (1 Y 0z — (1 ¥ 20/)3 0s + (1 + ZG’)Q Oss | A°0zz¢s o
- z¥s LE,Z 1 + 2’0l XO’Y’LiLZ W2,oo(Q)
0" (1+20)° —1)
+Oo(e3e' /%y 2%, — s i—1,3
( | 2/1S||Lg’z 2(1+ 20) X07i-1, W2.e ()
9//((1 + Z0/)2 _ 1) 5
19 61/8@1/4 Zaf —— s i—1,1
+0( )| WS”L?,Z 201+ 20))2 Xo0¥i—1, e (@)
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which implies that
(4.15)

HGXO’%—IJ (

N2 1/ N3 N2
M(0)2 20 (L+20)° 1) ) (1+20)° 1

2
1+200°7 (1+ 263 (1+ 267)2 8“)A aZ”’SHHﬁz

= o(€”/®).

The only remaining term is

(4.16) 2@/\9”){0(2)’%_1)2‘(S)azsws = 0(66_1/4(5;161/8)L2.

Combining estimates (4.10)-(4.16) shows that the remainders coming from the
South and North boundary layers are admissible in the sense of Definition 1.1.2. [J

4.2.3. Error terms associated with East and West boundary layers.
We recall that the boundary layer term on the East or West boundary [s;, $;41]
takes the form

vew(s, Z) = (¢ 1) (5)A(s)' [ (2),
where
o A(s) = —/\El(s)ﬁnwflrE(s) and f(Z) = exp(—Z) on East coasts,
e A is the matrix defined by (3.44) and

[ exp (—ei’r/3Z)
f(2)= (exp (—eim/32)
on West coasts,

e o are defined by (3.19) on the East coast, and by (3.23)-(3.24) on the
West coast (see also Lemma 3.3.2).

Combining the definitions of sf, az?t and the equivalents given in Lemma 3.2.1
and Appendix B, we can check that the eigenvalues Ag s satisfy the following
estimates on the domain of validity of the East and West boundary layers:

LEMMA 4.2.5. Under the compatibility condition (2.8), for s € Supp ¢y,

)\I )\// ()\/)2
’)\3 < 1, p < 1, 3 < 1,
and
¢ [1/2
]eml/ﬂ eld
cosf

We can then prove that the error terms associated with East and West boundary
layers are admissible.

PROPOSITION 4.2.6. Let A, f be defined by the expressions above and (3.44).
Then
[0, — €A?] (d’E,W(Sy /\E,WZ)XO(Z)) =rpw +TrEws
with

b wllzz) = o(€%), 7% 4wl -2(0) = o(€/%).
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Proor. Throughout the proof, we write A instead of Ag w, and we set ¢; =
cp;-" ¢;41- Since [ is an exponential profile, we will use the second part of Proposition
4.2.1 to estimate the remainder terms in the bilaplacian. In a first step, we bound
the error terms r} E.w and r? 7w Dy expressions involving €, 6 and A, and in a second
step, we prove that these bounds yield the desired estimates.

First step: estimates in terms of the amplitude A

We claim that for all ¢ such that (s;,s;+1) C T'w NTg,

(0 — €A?)(pi(s)A(s)f (A2)) = 7} + 77,

where

||7’¢1||L2(Q) < CQES/G||(‘P1'A)H”L2(BQ)
(4.17) +CE2 I €V2||(0;A)' || 1 (502)
+C€1/6HAHL°°(BQ) +Ce Kexp(—C/el/ty,

and
1/3 1/2
[rllm2@ < CE€ </(6§(<pi14))2 W(;(S)) dS)
5/3 1/2
(4.18) +C ( / (D:(piA))? % ds)

1/2
+C </ A(s)2(0')2 €3] cos 0]~ 11/3 ds>
Supp ¢;
+C||Al| 0o €6 4+ CE K exp(—C/ /).

We recall the expression of 0, in curvilinear coordinates:

2 = fcosﬁg + 7sin9 2
ox 0z 1+ 20 0s

We now estimate

[0 — €A%] (i(5)A(s) exp(=A(s)2)x0(2)) -

e We start by commuting the differential operator 8, — €A? with the multipli-
cation by xo. Since xo(z) =1 for z in a neighbourhood of zero, all terms in which
at least one derivative of xo appears are exponentially small: indeed, for all k£ > 1,
and for p € {1,e*i™/3},

|05 x0(2) exp (—pA(s)2)| < Chexp(—CE %) W(s, 2) € Supp ¢; X Supp xo-
We also have (see Lemmas 3.1.3, 3.4.1, 3.4.5)
105, 85 (24(5) A(s) exp(—pA()2))| < CEK exp(—eA(s)z)),
for some positive constants ¢, C, K. Hence we infer that

[0: — €A% (pi(s)A(s) exp(=A(s)2)x0(2))
= x0(2)[8: — €A% (pi(s)A(s) exp(—A(s)2))
+0(e K exp(—Ce~4)) in L2(Q).
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e The terms stemming from xo0;(p;(s)A(s) exp(—A(s)z)) can be split into

AcosOyp;(s)A(s)(0zf)(Az)xo,
which will simplify with the term EX¢;(s)A(s)(9%)f(Az)xo coming from the bi-

laplacian, and a remainder term
sin 0
1+ 20/

(4.19) [0s(0iA) f(A2) + A(s)pi(s)2X (02 f)(A2)] xo-

By Lemma 4.2.3, replacing (1+26’)~! by 1 in (4.19) yields an error term whose
square L? norm is bounded by

¢ 2
9/27 s A i 2 A 2 d
¢ Suppp: | cost] <|a‘( vill +c0529| (5)|) s
< CC€][0:(iA) | (90) + CE/T| Al 7 (50)-

Indeed, by definition of ¢;,

Supp ¢; C (57, 57,4),

and using assumption (H2), it can be easily proved that for all i such that (s;, $;41)
is a western or eastern boundary,

/ 02 cos 0]~ = O(|ne)),
st

(4.20) "
/ o 0" cos 0|2 = O(e~ /7).
.

Si

Then, using Lemma 4.2.3, we infer that

Isin Ox0(2)0s (03 A) f (A2)[1 72 e
5/3

< C (88(()01-14))2 ds + O(Qf*K exp(_C€*1/4))
(o9}

and
Isin Ox0(2) A(s) i (5) 2N F(A2)| 720
< C A(s)29/2€5/3| cos 9|_11/3 ds +0(e™ K exp(—Ce—l/‘*)).
Supp ¢;

e We now develop the bilaplacian of (¢;A)(s)f(Az), using Proposition 4.2.1.
We bound all the derivatives of 6 by a positive constant. Moreover, by Lemma
4.2.5 and Proposition 4.2.1,

[(A = XN0z2)(iA)(5)f (A7)

)\/
< o (Itap1+ | 3] 1401+ Pagil ) exp(-ca),

We now evaluate the right-hand side of the above inequality in L?(2) (after multi-
plication by xo). By Lemma 4.2.3, we have

1(AAp:)(s) exp(—clAl2)xo(2)ll 2 () < ClARIAY? |1 < Cl| A€V,
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Therefore
A ((Agi)(5)f(A2)) = (Agi) (s)N* f"(N2)
+ 0 ([1AllL= €70 + [ (Apd) NA2l| g + | () A2 2)
Commuting once again yg and A, we infer that
Cxo(2)A2 ((Agy)(5)F(12)
= Ex0(2)A ((Api) (9N F7(12) + Ofexp(~CEH) s
+ O(|[ Al @6 + €]} (Api) NA~2 | 12 + €]l (Api) A2 2) g2
Lemma 4.2.5 then implies
5/3 1/2
ds)

It remains then to deal with the first term Exo(2)A ((Ap;)(s)A2f"(Az)). We
develop the laplacian one more time. Since f is an exponential, we can use the
computations above and simply replace A by AA?. Then, by Lemma 4.2.5,

Exo(2)A ((4p) ()N (22)
— Exal ) NV + R () (1)

+EO(|| A X"2 | 12 + || (Aps) N A2 12) in L2(Q).

We estimate the second term of the right-hand side in H~2(Q2). This is the only
time where we really need to commute the jacobian terms with the z derivatives,
as explained at the end of paragraph 4.2.1. Using Lemma 4.2.3, we have

¢

€||<A(pi)l>\/)\_3/2||L2 =0 <AQ(85(@1A))2 m

XO(Z) " "
W(A%) )\zf (A2)
. 32( Xo(2)

- (4010

(1420

/ P 12
MAf’(Az)(Agoi)’/ - 6%f(Az)(A<pi)”

+0(II(Ap:)" A2 2 exp(~C/€!/))

+4

L2(Q)
— Ny —1/2 N7\ 1/2
O(I(A) 22 lee) -, o+ O(IAGY N se) o
Inequality (4.20) leads then to
1(Apa) NA2|| 2 < Cll(Agi) |0 €2 In €]'/2.
Gathering all the terms, we obtain (4.17), (4.18).

Second step: quantitative bounds for r}, r?:

We now use the definition of A together with Lemma 3.1.3 and Lemma 3.5.1 in
order to estimate the right-hand sides of (4.17), (4.18). Notice that the estimates
on West coasts are always more singular than the ones on East coasts: indeed, ;
has bounded derivatives on East coasts, and unbounded on West coasts. Moreover,

the estimates of Lemma 3.1.3 show that A is always larger on West coasts, together
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with its derivatives. Therefore, we focus on a West part of the boundary in the
following, i.e. we assume that (s;,s;41) C T'w.

Following Lemma 3.5.1, we treat separately the estimates in the vicinity of s}V’
and in the vicinity of points s such that cosf = 0 or y(s) = y; for some j € I;. In
the rest of the domain, the estimates on r} and r? are easily proved.

e Estimate near points such that |y(s) —y;| <1 (y; # y1):
Let us first recall (see Lemma 3.3.2)

105 @il < CETT ke {0,1,2}.
Therefore

Il
<C (@1/6||A||Oo + €2 In €[V Ao + &0 A" + €K exp(—C/€1/4)) :

Inequalities (3.48), (3.45), (3.46) yield respectively
(421) Al =0Q1),  [[Alle = (8, 106y [7),  [|4" o0 = O(8, |16y 7),

so that ||r}||z2 = o(€!/®). We now address the bound of r?. Using once again
(4.21), we have
1/3 1/2
ds)

20 A2
¢ ( /6 (@2(0)

1/2
< O (g lloo + 1€ llooll A lloo + 114" [loo) </ 1Supp<p7:|00891/3)

1/2
Cce?3|nel™? (/ 1Supp o; | cose|—1/3> .
+

Using the formulas in Appendix B together with the definition of s, s, |, it can
be proved (treating cases (i) and (ii) in assumption (H2) separately) that

¢
cos(6(s))

N

IN

(4.22) / |cosO(s)| ™7 ds = O(€~7/4|In €|~ (2+37/2),
Supp @i

2/ A2
¢ ( /8 (@)

In a similar way, we have

[ @ reosel 1 =0 (€2 me 2,
Supp ¢;

We infer that

¢

1/3 1/2
cos(0(5)) ds) = o(€%/®).

so that
1/2
(/ A(s)2(0')2€5/3| cos )~ 11/3 ds> = O(€8 71| In €|~ /%) = o(€5/8).
Supp ¢;
We now tackle the term

(4.23) /6 A(5) 05

5/3

¢ ds.

cos(0(s))
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By definition, the support of 0s¢p; is located in neighbourhoods of s; and s;11, so
that we can use assumption (H2). We distinguish between the cases (i) and (ii).
By definition of gpj‘,

+ + ot |si — s/ |
Supp dsp;” C | 87, 8] +T .

In a neighbourhood of s = s;, in case (i), we have

1
|0spf (5)] < CE& 51 1 1
¢ - Co€Tn3 <s—5,<2C( ¢ TnF3’

so that (4.23) is bounded by

cei-mmmtEs(-%) — o (elgﬁél) — o(@3/).

In case (ii), using Lemmas 3.2.1 and 3.3.2, we infer that

In|ln €|
£
s =l ~ O

7 %

while
+

/il | cos 0] ~%/3 < C&5/12|1n €| /2,
We deduce that the contribution of (4.23) is bounded by
+

st — 0|23 /; |cos0]=%/3 = O(€5/4] In €|~/2(In | In €])~2) = o(€5/4).
Si

There only remains to check that

¢ 5/3 )
(A'(5))? | ——— ds = o(&%%).
/Supp s cos(0(s))
We use inequality (3.45). We have
/ (A'(5))? cos 8] 75/3 ds
Supp @i
< C | cos 0] 7%/3 ds + C | cos O3 (M(y(s)))? .

Supp ¢; Supp p;

Using (4.22), it can be checked that the first term is o(€~%/12). There remains to
estimate the second term of the right-hand side. We have to distinguish between
two cases:
e If |cos | < 1 in a neighbourhood of the point where |y(s) —y;| < 1, then
we can use assumption (H2) and the estimates of Appendix B. We infer
that

[ TeostP B My(s))? < €5, ms, |05
Supp i

e If cosf is bounded away from zero at the point where y(s) = y; for some
s € Supp p;, j € I, then we can use the change of variables s — y in the
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integrals. Since dy(s)/ds = — cosf(s), the jacobian is not singular, and
we have
[ leostl (My(s))? < € Y
8y /2<]y|<1

<06, | Iné, |72

In both cases, we infer that
035/3/ (A'(5))2] cos 0]~%/3 ds = o(€/4),
Supp ¢

This concludes the estimates in the neighbourhood of a point s € 0f2 such that
cos @ vanishes or y(s) =y, for some j € 1.

¢ Estimates near the end point of X:

Using once again Lemma 3.5.1, we infer that the contribution of this zone to
|l7}||z= is bounded by

Cled—s 4 €12 In g /2w 4 ed— i) — o(el/?),
while its contribution to ||rZ|| -2 is bounded by
C(es s 4 @%*%*W?’w(g;/? + @%*%*SX%(;;N) = o(€5/8).

This concludes the proof. ([

4.2.4. Error terms associated with discontinuity layers.

Since we have already proved that the error terms associated with 1§’ are

admissible in the sense of Definition 1.1.2, in order to establish Proposition 3.4.6,
there only remains to prove that

@, - €a?) (w7 (S ) o (U1 ) ) = ort (2 ) v
)

where

Irsliz2 @) = o(€%),  [r3lla-2(q) = o(€%/®).
Note that the computations here are much simpler since all the formulas are given
in cartesian coordinates.
By definition of ¥*, we have

2 by Yy—un Yy—u lift Yy—u
oot (o7 (= 5t ) (52) ) - (= )

_ _ Yy—un lift ¥y~
(4.24) = (x 1)( 5, )(57’ (x, c1/4 )

y—y y—y
3
eilasi—ani o5 (o Y=Y\ @ (YU
(1.26) _ezoci@ 35I=4001) (x . )x( 7 <5y)
iz

The term (4.24) is supported in
{ly =l <€/ {ly | > 6,}.

Since 0y > @'/4 (4.24) is zero for € small enough. Moreover, using Lemma 3.4.1,
we infer that (4.25) is O(€&~2/19¢!/8) in H2(Q). Eventually, using the same
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type of commutations as in the proof of Lemma 4.2.4, we prove that (4.26) is
o(€Y8) 12 + o(€%/8) s,

4.3. Remainders in the periodic and rectangular cases

e We begin with the rectangular case, which is closer to the case of a smooth
domain in R2. The remainder term coming from the interior is —&A210, which is
O(€) in L? if 7 is smooth (say, 7 € H?), and is therefore admissible. The north
and south boundary layers give rise to the same type of error terms as in the case
of a smooth domains; hence these error terms are admissible as well. Eventually,
the error terms coming from the western boundary layer are

(€0} +2€0302) (Z Astyyep (=m0 ) XO@:)) ,
+

which are bounded in H~2 by

im /3L — T
9y Y Asly)exp (—@i /3 e ) Xo()

+ L2
Using estimates (3.51), we infer that the above quantity is bounded by
ce’/s Z ”a@%Ai”LQ(yﬂyH

+

< CeT/fe1/2 = 0(65/8)’

hence the remainder term is admissible.
e In the periodic case, there are very few remainder terms. Concerning the
interior part, we have

(87" - QEAz)(wO + djcirc) =T — €A2¢07

¢

and
€A || ir-2(rx(y_ e )) < CEITIH2(Tx (590 ))-
As for the boundary layer terms, we have
(02 — €AY (OR" (=, (y+ — 9)/€*)x0(v))
= —€(0; +20;00) (UN" (@, (y+ — )€ )x0(y))
+ exponentially small terms in L?

and using (3.49), the first term in the right-hand side is bounded in H~2 by
ce|o2uRt @, (s — 1)/ xoy)|

< 067/8(||w2:yi HHQ%(T)

< CG7/8(||THH2+% + e1/4||7—H1L12’+§ ).

L2()

e, S:inIHQ,g(T))

Hence for 7 € H?%/%, the remainder terms are all O(€) in H~2, which completes
the proof of Corollary 1.3.5.






CHAPTER 5

Discussion: Physical relevance of the model

Of course it is not completely clear whether our simplified model is really rele-
vant from the physical point of view. Let us therefore explain briefly the derivation
of this model (following Desjardins and Grenier [6]), and track the different simpli-
fications that should be compared with experimental data. For further discussions
regarding the physical relevance of such models, we refer to [16],[17] or [10].

e As usual in large-scale oceanography, we start with the 3D incompressible
Navier-Stokes equations in a rotating frame: the velocity field u is assumed to be
divergence-free

V-u=0,
and to satisfy the dynamical equation

\Y% 1
ou+ (u-Vu+2wAu= —p—i—g—l—f}'u
P P
expressing the fact that the fluid evolves under the combined effects of the Coriolis
force, the pressure, the gravity and some turbulent dissipation mechanism. The
precise formulation of this last contribution (involving a turbulent viscosity)

1
;-7:“ = prApu + p3033u

even commonly used by physicists, has no real justification, which is a first limita-
tion of our study.
These equations are set in a bounded domain

D={zxeQxR/hp(xp) <x3 <0}

and supplemented by boundary conditions. On the bottom (which is described by
the topography hp) and on the lateral boundaries, we assume that the fluid-solid
interaction can be catched through a no slip condition (Dirichlet condition) :

u|13:h5 = 07 ’u,‘agh =0.

For the sake of simplicity, the free surface is replaced by a prescribed spherical
boundary corresponding to the depth xz3 = 0 (rigid lid approximation), and the
effect of the wind is modeled by some non homogeneous Navier condition

This drastic but standard simplification is investigated for instance in [15, 7], but
has no rigorous justification, which is the second weakness of the model.

e Far from the poles and the equator, i.e. around a latitude ¢y € (0,7/2),
these equations can be rewritten in scaled cartesian-like coordinates. This involves
many non dimensional parameters characterizing the physical properties of the flow,
especially

95
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— the Rossby number which measures the size of the Coriolis force
B U
€= 2w sin ¥y L
where U and L are the typical velocity of the fluid and (horizontal) length
of observation;
— the aspect ratio and the curvature parameter which characterize the ge-
ometry of the domain, defined respectively by
_h Ry
pP= ’ Ty = I
h being the typical height of the ocean and Ry the radius of the Earth;
— the horizontal and vertical Ekman numbers which account for the viscous

effects
¢ H3 Hh

= ¢ =——.
57 2usin Joh?’ " wsin Vo L2
The Munk equation is obtained in the fast rotating limit with thin layer approxi-
mation, that is when ¢ — 0, with the following choice of scaling

pyrit =0(e), & =0(e)
hg = —?L(l + ET]B),
and sin?d = sinvy(1 + €By) .
where
_ rwcosty
" esindg

e A formal asymptotic analysis (based for instance on asymptotic expansions)
shows that the limiting flow is purely two-dimensional: we indeed obtain at leading
order

(5.1) us = 07 83uh = 07 Vh cUp = 0,

or equivalently
u= Vi

for some scalar stream function 1) depending only on the horizontal variables. Since
these conditions are not compatible with the bottom and surface boundary condi-
tions, one has to introduce boundary layer corrections, referred to as Ekman layers,
which contribute to the global energy balance via Ekman pumping.

The dynamical equation is then obtained at next order (more or less as a
solvability condition): since uy, is divergence-free, it is indeed completely determined
by its vorticity:

(5.2) V(O +u-Viu— Byut) = VE - (€ Apu — BT + nput — ru)

where —ru is the Ekman pumping associated to the energy dissipation by friction
on the bottom, nput accounts for the effects of the topography, and —37 is the
source term resulting from the wind forcing. When the domain  is not simply
connected, (5.2) must be supplemented with further compatibility conditions (see
paragraph 1.2.3).

Note that this formal derivation can be justified by classical energy methods [6],
at least for well-prepared initial data (i.e. for initial data satisfying the constraint
equations (5.1)). Starting from the limiting system (5.1)(5.2), one can indeed build
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a smooth approximate solution, then control its L? distance to the solution wu. of
the Navier-Stokes equations using some strong-weak stability principle. Note that
one even obtains a rate of convergence.

e The apparition of Munk boundary layers and the intensification of oceanic
currents on western coasts we would like to describe with such a model are physical
phenomena which are typically linear and which result from the fact that the no-slip
Dirichlet condition on the coasts of the basin becomes a non admissible boundary
condition if the viscous dissipation is not a leading order term in the equation (5.2).

More precisely, we expect to exhibit such a behaviour when the remaining
rotating term SV - (yut) = Bu, (due to the inhomogeneities of the local rotation
vector) is large compared to €, AV~ - u. In particular, we expect that boundary
layers

e should not depend on the topographical effects and Ekman pumping (if
B is large enough)

e decouple from the convection (at least if boundary layers are stable in the
sense that their kinetic energy remain small)

e are quasi-stationary, meaning that the equation governing boundary layers
does not involve time.

We emphasize that our study remains entirely valid if in equation (1.1), § is not a
parameter, but a smooth function which remains bounded away from zero.
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Appendix A: The case of islands: derivation of the compatibility
condition (1.15) and proof of Lemma 1.2.1

e The compatibility condition (1.15) is inherited from the Navier-Stokes system
satisfied by u = V1) (see [14] for a similar argument in the inviscid case). Indeed,
we start from the stationary Stokes-Coriolis system in dimension 2, with S-plane
approximation, namely

1(1 + Bey)uL —CAu+Vp=T, in Q,
(A1) ‘ diveu =0 in €,
ujgq = 0.
The idea is to take the curl of the first equation in order to get rid of the pressure

term. However, for ® € L?(2)2, the identity curl ® = 0 does not imply the existence
of ¢ € H'(Q) satisfying ® = Vq. Indeed, ® is a gradient if and only if its circulation
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around any closed contour C in ) vanishes:

foi-o
c

where ¢ is the tangent vector to the curve C. If curl ® = 0, this condition becomes
fc- ® .t =0 for all ¢ > 2. Hence we obtain

curl® =0

1 _
e H(QY), ¢=Vq¢ = {and fci@-tzoforallizz

Therefore (A.1) is equivalent to
Bug — EAcurlu = curl 7 in €,
dive = 0,

e =0,

(‘3/ Au-t+/ T-t=0 Vi>2.
Ci Ci

This amounts to (1.14)-(1.15) with u = V11 (notice that, as above, the existence
of 1) is ensured by the divergence free condition on u and by the Dirichlet boundary
conditions).

e Proof of Lemma 1.2.1: the existence and uniqueness of the functions ; €
H?(Q) follow for instance from the Lax-Milgram Lemma. Identity (1.18) is a con-
sequence of the linearity of the equation (1.14) and of uniqueness, and the equality
M¢®c = D¢ follows from the compatibility condition (1.15) and the decomposition

(1.18).
Concerning the invertibility of M ¢, we prove in fact that for all (ag,--- ,ax) €
RK—l
(A2) Saiase [ o.8u=—¢ [ auP <0
i o7 Q
where 1, = Zﬁz a; ;.
We have

aﬁ’l/)a - €A2¢a = Oa
an%\an =0,
wa\Cl = 07 wa|Cl = a”i) Z Z 2'

Therefore, since C; is a closed contour,

1 K
Dptbathe = = a?/ er-m =0,

and

¢ /Q A2,

K
(8/ \Awa|2+2ai(‘3/ O Athy
Q i=2 Ci
@/ \A¢a|2+62aiaj/ DA,
Q i,j Ci

The identity (A.2) follows.



APPENDIX C 99

Appendix B: Equivalents for the coordinates of boundary points near
horizontal parts

In the vicinity of a point s € OI'g such that cos(6(sg)) = 0, the East part of the
boundary can be described as the graph of some function y — g (y). Assumption
(H2) provides then asymptotic expansions of the function zg and its derivatives.

Let (z(s),y(s)) be the coordinates of the point with arc-length s on 9. By
definition, if cos(6(s)) > 0,

z(s) = zp(y(s)).
Moreover,

(B.1) d% (“’8) (—Sgcl)ie((ﬁ ))))>

(

(s0)) = (0,0), we get

2p(y(s)) = —tan(6(s)),
ACE

and setting the origin of the axes so that (x(sg),y

(B.2) 0’

2 (y(s)) = —a

)
cos3(0(s))
Similar formulas hold for a:(E?’) and x

In case (H2i), we have

y(s) ~ C(s = s0)" " ~ Cu(s)" ™,

@

and thus
1
zp(y) ~ Cly|=7,
(B.3) (k) Lk ) g
zp (y) ~ Crly|=7" for k € {1,2,3,4}.

In case (H2ii), using the same kind of calculations as above, we infer that as
y vanishes

C
zp(y) ~ Y
(B.4) N c
e W)~ —*  for ke {1,2,3,4).
= W)~ Fme {1.2:3.4)

We have used the following fact:
s a 5—50)? a
/ exp <— - )ds’w(o)exp (— ) as s — sg.
S0 s — 8o « S — 8o

Appendix C: Estimates on the coefficients a and b.
We recall that (see (2.17), (2.19), (2.20))

P, y) = xTx (ye_l/{il) la(z) +b(z)(y — v1)] »
where a and b are defined by
ba) = (1= p(s)) |~ sin0(s)Ontllan(s) + cos0(s)Dstslpu(s)
— cos () 0o (5):
—(1 = @(s))¥gaa(s) — bx(s)(y(s) —y),

Q
—
=

I
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for v1 <z = z(s) < z(0in), and by

~
I
e}

For x > x(04n), we merely take a(x) = b(x
LEMMA C.1. Let
Tmin = nf{z € R, Jy € R, (z,y) € Q},
Tmaz = sup{z € R, Jy € R, (z,y) € 2}
Then for all k € {1,--- ,4},
Ak = ||a(k)||L1($min7xmaz) + 61/4||b(k)||L1($min7$mam) = O(e%)
Additionally,
Tmin,Tmaz) 0(1)7
) =o(e71/?).

lall 2o i) + €410 e

Ha’” HL2(wminawrnam) + 61/4||b/,||L2(

TminTmax

PrOOF. We recall that a and b were defined in paragraph 3.4.1. Since a and
b are constant for x < z1 and for x > x(om), it suffices to prove the estimates on
(21,2(04n)). On this interval, a and b are defined through formulas of the type

a(z(s)) =a(s), b(z(s)) = b(s).

Differentiating these inequalities with respect to s, we obtain
a'(s)d (x(s)) = a'(s),
and thus, using the formula (B.1),
a(s)
/ _
@ (x(s)) = sinf(s)’

Iterating this process and using the fact that sin # remains bounded away from zero
in the interval under consideration, we infer that for all k € {0,---4},

k
e (a(s))]| < €Y WD),
=0

and eventually, for all p € [1, o0],

k
||a‘(k)||Lp(I1,z(U7:n) S CZ ||a(l)||L”(0'7:n,751)‘
=0

Of course the same type of inequality holds for b as well. Therefore we now compute
the derivatives of a and b with respect to s up to order 4. Since

a(s) = —(1 = @(s)¥aa(s) —b(s)(y(s) — y1)-

we start with the derivatives of b. Recall that
b(s) = (1= p(s)) |~ sinb(s)0tflon(s) +cos ()0, pn(s)]

—cos0(s)¢’(s)1])pa(s).
The computations are lengthy but do not raise any difficulty. It can be easily
checked that the most singular estimates correspond to the case when cos # vanishes



algebraically near s = inf I (assumption (H2i)), with the lowest possible exponent
n. Indeed, if cos# vanishes exponentially near s = inf I, then for all £ > 0

while in case (i)

APPENDIX C

1056l = O(|In €]**),

__k
Hafsé?HLoo = O(E™773),

Similar formulas hold for 851/1?‘ a0 a’:anwfl 50

Therefore in the rest of the proof, we only treat the case (H2i) with n = 4
(Remember that because of assumption (H4), cos § vanishes at least like (s—inf I1)?)
near inf I;). We explain with some detail the estimates of b and ¥, and we leave

the rest of the derivatives to the reader.

First, we recall

for all s € (64, s1). Therefore, using the estimates of Lemma 3.1.3, we have

so that

that by definition of oy, (see (3.36)),

ly(s) — | < €Y* <4,

1

~1/19
5,y +¢ Ccos 9(5)) ,

el < 0

¢/l = O(| In€|7!) = o(1).

Differentiating b with respect to s, we obtain, for s € (o4, 51),

b'(s)

so that

(1— ) {—9' cos eanwgm — sin aasaw,?lm

—0' sin 0017 5, + cos 9852"/}389}

+¢ {sin 98n1/)to‘ag — 2cos 9831/)?‘89 + 6’ sin 91/’?|69]

" ) 0
—p" cos 0y 90,

0|
' < -y |14
pel < 0t-p) 14 g
/ 1 1

_ 6.

+C’|cp\6y“n5y| + C|"| | cos |

Eventually, we retrieve

6] = O(&~ 4 ne™).

The same kind of estimate yields, for k = 2, 3, 4,

Now, since

ak) = chlc (@(l)ag_lwgaﬂ

6®) | = O~ |Ine| ™).

k

dsk—!
=0

0! d*(y(s) — 1)

)
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we infer, for k > 1,
™ < Clle™ |1
+C Z N a0l Lt 00 sn)

1=0k—1
Capaen g [ (s) — )
+CZ€ at 19|1n€| 1 T

1=0k
It can be checked that for [ € {1,--- 4},

g1l
Haiw?\é?QHLl(sf,s+) < C| hl@l 16 2,
’ d'(y(s) —y1)

dst
Gathering all the terms, we obtain, for k > 1,
[a®l = 0.

The estimates of a’ and b in L? go along the same lines.

Lo°(0in,s1)

< Cer.

Lo (sNsy)

Appendix D: Proof of Lemma 3.4.3

The estimates on f and f” are derived in a classical fashion: for instance, write

fzp=-2 " H(2)02f(2) a2,

so that
1£1% < 201 fll2102 2.
Integrating by parts and using the fact that fiz—o = 0z f|z—o = 0, we infer that

lofI3 =~ [ so3s

Ry

and similarly

(D.1) 0313 = [ 04+
Ry

Using several times the Cauchy-Schwarz inequality leads to

1£lloe < V2(£13/ 51105 F1155.

The estimate on dzf goes along the same lines. The estimate on 9% f is a little
more tricky: we write

103712 < 21037120037
1/2 1/2
(D-2) 20171521103 A1l 1% £115°.
On the other hand, an integration by parts yields

1031112 = — /R %05 F — 0% 700 fiz—0
.

VAN VAN

and

1%y = 2 /R 3.
+
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Therefore, using (D.1)
183 F113 < 1F115/ 21105 F1157 + V21|02 Flloo 105 115103 £ 11572
We deduce that
103 12 < ClLFIS 2110 F113% + Cllog FIILL 0% 115,

Inserting the above inequality into (D.2) and using Young’s inequality leads even-
tually to

182 F112 < ClIFIY 195 £1157,
so that » »
1% £ 112 < C|IF1I5 o5 115

The last estimate on |03 f||~ follows easily.

Notations

A;, B; subdomains of €2 where the solution to the Sverdrup equation is continuous,
p- 8, 10

I'g, I'yy East and West parts of the boundary, p. 6
I'y, I's North and South parts of the boundary, p. 6

7i,i—1 truncation of the boundary conditions to be lifted by the North/South bound-
ary layers, p. 52

Fii—1 = Vii—1 truncation of the North/South boundary layers, p. 60
8, = €/4|In ¢[*/%(In|In €|)~# truncation parameter with respect to y, p. 41
64% = 2p(y;i £0,) — g (y;) local truncation parameter with respect to z, p. 42

0(s) angle between the horizontal vector e, and the exterior normal to the boundary,
p.- 6

I set of indices corresponding to East corners (s; € 9'g), p. 6

AE, Aw inverse sizes of the East and West boundary layers, p. 21

AN = As = Ay = ¢~ /4 inverse size of the horizontal boundary layers, p. 23
M majorizing function, p. 43

p; partition of unity, p. 6

s curvilinear abcissa, p. 5

s; curvilinear abcissa of the singular points (s; € OTg Ul ), p. 6

sli extremal points of the domain of validity of East and West boundary layers (if
relevant), p. 23

ti’ curvilinear abcissa of the East end of 3, p. 62
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+

o;  extremal points where energy is injected in North and South boundary layers

(if relevant), p. 48, 50

0in initial point for the discontinuity boundary layer 1"t > p. 61
¥ surfaces of discontinuity (ordinates of critical points), p. 29

7 forcing term (coming from Ekman pumping), p. 1

¢F truncation dealing with the transition between East/West and North/South
boundary layer terms, p. 49, 50

Xo localization near the boundary, p. 5

X+ localization on QF, p. 30

Xe truncation of 7 near the singular point s;, p. 41

x§ = x%(y) graphs of the East boundaries of QF, p. 30

2V abcissa of the West end of X, p. 63

(2;,y;) coordinates of the singular points ((x;,y;) = (2(s;),y(s:))), p- 6
19 solution to the transport equation, p. 40

Y solution to the transport equation with truncated source term, p. 42
¥n,s North and South boundary layer terms, p. 24

Ve,w East and West boundary layer terms, p. 22

Yl interior singular terms lifting the discontinuities of 1%, p. 62

Y* interior singular layer terms, p. 34

Yins = VY + P regularization of the solution to the Sverdrup equation, p. 33

Y = ) + g + Y sum of all terms whose trace is lifted by the North/South
boundary layers, p. 49

Py = Pt ¥y (%) + ¢y sum of all singular layer terms whose trace is lifted
Yy
on the West boundary, p. 68

Y~ parametrization of the interior singular layer, p. 62

Q=0 \ UK ,Q; domain with islands €;, p.9

O subdomains of ) where the transport equation has a continuous solution, p. 29
z distance to the boundary, p. 5

Z = A(s)z scaled distance to the boundary, p. 20



SIZES OF PARAMETERS AND TERMS

Sizes of parameters and terms

Parameter Size/Definition
Case (H2i) | Case (H2ii)
+ gty | Fla (o In[In¢| B
%i 5 Cigmes In¢ (1 6 In¢ +0 In¢
o; —s; (East coast) cy
N , Fda In|In €] 1
. —_— : . n —_— 1 —_ [E—
o —s; (West coast) | CjEn+1 G < 8 G +0 e
0'1_ lf Il = {81},
Oin o, if I} =[sg,s1] and (og ,s0) C T'w,
So if I; = [80,81] and (06,80) Cle.
>\N,S @—1 4
/3
cos O(s
_— Los ]
N (s) B ¢1/3 sign(cos 0(s))0 (s) sin O(s)
BW 3| cos O(s)[4/3
1
Apw (57) ¢ s ¢ /4| In¢|/?
Agw (07) ¢ Tl ¢4 In¢?/3

| Term | Typical size in L?(Q2) | Typical size in H*(Q¥) |

vy 1 o(€~%/%)
le’S 61 8 673 8
l/}W @1 6 @—1 2
wE Qfl 2 0(673 8)
,l/)lift @1 8 6—3 8
QZ)Z @1 8 673 8
%orr 0(@1 8) 0(6_3 8)
orT — —EZ
[P lwr.o = O(8, %€ 7)
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