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Introduction

The aim of this survey is to describe the influence of the Earth’s rotation on geophysical flows,
both from a physical and a mathematical point of view.

In the first chapter, we gather from the physical literature the main pieces of information con-
cerning the physical understanding of oceanic and atmospheric flows. For the scales consid-
ered, i.e., on domains extending over many thousands of kilometers, the forces with dominating
influence are the gravity and the Coriolis force. The question is therefore to understand how
they counterbalance each other to impose the so-called geostrophic constraint on the mean
motion, and to describe the oscillations which are generated around this geostrophic equi-
librium. The main equations are then introduced, along with the approximations commonly
used by Physicists. The rest of the survey is devoted to the mathematical study of those
equations.

At mid-latitudes, on “small” geographical zones, the variations of the Coriolis force due to the
curvature of the Earth are usually neglected, which leads to a problem of singular perturbation
with constant coefficients. The study of that problem is the object of Chapter 2, which consists
in the recollection of rather classical mathematical results and the methods leading to them.
We are therefore interested in the wellposedness of the three dimensional Navier-Stokes system,
penalized by a constant-coefficient Coriolis force, as well as in the asymptotics of the solutions
as the amplitude of the force becomes large. We focus on two types of boundary conditions,
which lead to two very different types of convergence results. In the case when the equations
are set in R3, we exhibit an interesting dispersive behaviour for the Coriolis operator which
enables one to deduce a strong convergence result towards a vector field satisfying the two
dimensional Navier-Stokes system. In the periodic case, dispersion cannot hold; it is replaced
by a highly oscillatory behaviour, where the oscillations are linked to the eigenvalues of the
Coriolis operator. Once those oscillations have been filtered out, a strong convergence result
can also be proved. In both situations (the whole space case and the periodic case), the global
existence of smooth solutions for a large enough rotation is also proved, using the special
structure of the limiting system in each case. References to more general, constant coefficient
situations are given at the end of Chapter 2.

A first step in order to a get a more realistic description, is to take into account the geometry
of the Earth (variations of the local vertical component of the Earth rotation). Chapter 3 is
therefore devoted to the study of the three dimensional Navier-Stokes system with a variable
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Coriolis force. We assume that the direction of the force is constant (taking into account only
the vertical component of the Earth’s rotation), and that its amplitude depends on the latitude
only (and does not vanish). The price to pay is that the analysis can no longer be as precise
as in the constant case, and in particular we have no way in general of describing precisely
the waves generated by such a variable-coefficient rotation. As in the previous chapter, the
questions of the uniform existence of weak or strong solutions are addressed, and we study
their asymptotic behaviour as the amplitude of the rotation goes to infinity.

In the last chapter we focus on equatorial, oceanic flows. In view of the typical horizontal
and vertical length scales, it is relevant to consider in a first approximation a two dimensional
model with free surface, known as the shallow-water model, supplemented with the Coriolis
force. In such an approximation all the vertical oscillations are neglected; this (unjustified)
simplification seems to be nevertheless consistent with experimental measures. The question
here is then to understand the combination of the effects due to the free surface, and of the
effects due to the variations of the Coriolis force. Contrary to Chapter 3, the particularity
of such flows is that the Coriolis force vanishes at the equator. Note that, for the sake of
simplicity, we will not discuss the effects of the interaction with the boundaries, describing
neither the vertical boundary layers, known as Ekman layers, nor the lateral boundary layers,
known as Munk and Stommel layers. We indeed consider a purely horizontal model, assume
periodicity with respect to the longitude (omitting the stopping conditions on the continents)
and infinite domain for the latitude (using the exponential decay of the equatorial waves to
neglect the boundary). As in the previous chapters, the questions addressed are first to solve
this system, and then to understand the asymptotic behaviour of the solutions. Using the
betaplane approximation of the Coriolis force, we are able to carry out computations further
than in the abstract case studied in the previous chapter. In particular we recover rigorously
the well-known trapping of the equatorial waves.

Acknowledgements.  The authors are very grateful to D. Gérard-Varet for his careful
reading of a previous version of this work, and for his useful comments.



Contents

1 Modelling geophysical flows 7
1.1 Physical background . . . . . . .. .. L Lo 7
1.1.1  Geostrophic and Hydrostatic approximations . . . . .. ... .. .. .. 9

1.1.2  Departures from geostrophy . . . . . . . . . ... oL 15

1.1.3 Prediction of the observed motion . . . . ... ... ... .. ...... 24

1.2 Mathematical modelling . . . . . . .. .. ... L 28
1.2.1 Introducing a general mathematical framework . . . .. ... ... ... 28

1.2.2 Taking into account the geometry of theearth . . . . .. ... ... .. 31

2 A simplified model for midlatitudes 39
2.1 Introduction . . . . . . . . . L 39
2.2 Statement of the main results . . . . . . . . . ... 40
2.3 Uniform existence . . . . . . . . . . .. 43
2.4 Weak asymptotics . . . . . . .. L 43
2.4.1 Compactness of vertical averages . . . . . . . .. .. .. .. 44

2.4.2 The weak limit of the nonlinear term . . . . . . . .. .. ... ... ... 45

2.5 Strong asymptotics . . . . . .. L. 49
2.5.1 The whole space case . . . . . . . . . . ... e 49

2.5.2 Theperiodiccase . . . . . . . . ... 55

2.5.3 More general boundary conditions . . . . . ... ... ... ... .. 62

2.6 References and Remarks . . . . . . . . ... oo 63



6 CHAPTER 1: PHYSICAL BACKGROUND
3 Taking into account spatial variations at midlatitudes 65
3.1 Imtroduction . . . . . . . . . . . . 65
3.2 Statement of the main results . . . . . . ... ... oL 66
3.3 Weak asymptotics . . . . . . . .. 67
3.3.1 Study of the Coriolis operator . . . . . . . . ... .. .. ... ... 68

3.3.2  Proof of the weak convergence theorem . . . .. ... ... .. .. ... 69

3.3.3 Some general remarks . . . . . ... ... 76

3.4 Strongsolutions. . . . . . . ... 7
3.4.1 Global solutions for small data . . . . . . ... ... ... ... ..... 78

3.4.2 Local solutions for large data . . . . . . . .. ... .o 79

3.5 References and remarks . . . . . .. ..o 80

4 The tropics 81
4.1 Introduction . . . . . . . .. e 81
4.2 Statement of the mainresults . . . . . . . . . ... Lo 82
4.3 Weak asymptotics . . . . . . ... 85
4.3.1 The geostrophic constraint . . . . ... . ... ... 85

4.3.2 The compensated compactness argument . . . . . . . ... ... .. .. 87

4.4 Strong asymptotics . . . . . . ... 90
4.4.1 The equatorial waves . . . . . . . .. L oL 90

4.4.2 The quasigeostrophic motion . . . . . . . ... ... ... 94

4.4.3 Interactions between equatorial waves . . . . . .. .. .. ... ... 95

4.4.4 Propagation of regularity . . . . ... ... 0oL 99

4.4.5 Stability and strong convergence . . . . . . .. ... 100

4.5 Ahybridresult . . . . .. L 108
4.5.1 Strong compactness of IIn®. . . . . .. .. ..o Lo 108

4.5.2 Strong convergence of @, . . . . ..o oL Lo 111

4.5.3 Taking limits in the equation on II\®. . . . . . . . ... ... ... ... 112

4.5.4 The case when capillarity isadded . . . . . .. ... ... ... ... .. 117



Chapter 1

Modelling geophysical flows

The first chapter of this survey is essentially descriptive, it aims at familiarizing the reader
with the basic notions of geophysics, both from the experimental and the theoretical points
of view.

In the first part, we collect from the books of J. Pedlosky [50] and A. E. Gill [27] the main
pieces of information concerning the physical understanding of the oceanic and atmospheric
flows. This understanding is based upon a comparison between the orders of magnitude of the
various measurable physical parameters. A heuristic study allows then to separate the mean
flows on large time scales (which obey some strong constraint, called geostrophic equilibrium)
from the deviations consisting of fast oscillations which can be classified.

In the second part of the chapter we introduce the fundamental mathematical models which
should allow in the sequel to describe systematically the observed qualitative features of the
geophysical flows. This formalism lies essentially on the classical fluid mechanics theory. The
main points to be considered are the occurence of the Coriolis force, and the determination of
relevant boundary conditions. We will also introduce simplified models (which are expected
to provide a good approximation of the fundamental ones under some conditions) to be used
to analyze mathematically some precise phenomenon.

1.1 Physical background

In a first approximation the atmosphere and oceans rotate with the earth with small but
significant deviations which we, also rotating with the earth, identify as winds and currents.
It is useful to recognize explicitly that the interesting motions are small departures from solid-
body rotation by describing the motions in a rotating coordinate frame which kinematically
eliminates the rigid rotation. Since such a rotating frame is an accelerating rather than an
inertial frame, certain well-known forces will be sensed, namely the centrifugal force and the
subtle and important Coriolis force.

Before discussing further the effects of rotation, let us introduce some basic notation. Both
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8 CHAPTER 1: PHYSICAL BACKGROUND

in the case of the atmosphere and of oceans, the situation to be considered is that of a thin
layer of fluid close to the earth’s surface. It appears therefore that the direction which is
orthogonal to the earth’s surface, i.e. radial in the spherical approximation, is somewhat
special. In the sequel, it is called “vertical”, and is denoted x3. In this direction, the length
scales are characterized by the parameter D. Conversely, we call “horizontal” and denote
by the subscript h the vector components parallel to the earth’s surface. More precisely, we
use generally the notations x; and x5 respectively for the eastward and northward directions.
The corresponding length scales are characterized by L. The coordinates considered here and

Figure 1.1: Description of a thin spherical layer of fluid

depicted on Figure 1.1 are therefore

(i) neither associated with an inertial frame because of the rotation of the earth;

(ii) nor cartesian coordinates because of the curvature of the earth.

These facts have of course important repercussions on the dynamics that are naturally taken
into account in the heuristic description and will be discussed in a more formal way in the
second part of this chapter.
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1.1.1 Geostrophic and Hydrostatic approximations
The gravitational force

A first force with dominating influence is gravity. In the absence of relative motion, it must
be balanced by the pressure p, so that the pressure is given by the hydrostatic law :

p=po(r3), p=po(x3), with ? = —po9;
T3
where p is the density of the fluid and g the gravitational acceleration. Note that we consider
in this text atmospheric or oceanic flows, that are motions occuring in a thin layer of fluid
close to the surface of the earth, so that we can assume that the gravitational acceleration is
a constant

g=29.8ms 2

It actually comes out that the vertical distribution of density po(z3) in both the atmosphere
and the oceans is almost always gravitationally stable, meaning that heavy fluid underlies
lighter fluid. Such a stable stratification implies in particular that motion parallel to the local
direction of gravity is inhibited and this constraint tends to produce large scale motions which
are nearly horizontal.

A measure of this stratification is given by the Burger number

Ap D
S=9g————> 1.1.1
where Ap/p is a characteristic density-difference ratio for the fluid over its vertical scale of
motion D, while L is its horizontal scale and €2 is the angular speed of rotation of the earth.
The nondimensional parameter S may be written in terms of the ratio of length scales,

2
()"
L
where the length Lp is called the Rossby deformation radius.

Figure 1.2 shows a typical height profile of density in the atmosphere : the density decrease
indicates gravitational stability of vertically displaced elements even if the compressibility of
air weakens this stability. Major atmospheric phenomena have a characteristic vertical scale
D ~ 10km, while L ~ 1000km. For such phenomena, the Burger number is S ~ 1.

Figure 1.3 shows a similar depth density profile for the ocean. The depth of the ocean rarely
exceeds six kilometers, and the vertical extent D of major current systems is usually much
less than that. Yet the horizontal scale L is hundreds of kilometers. For such currents, the
Burger number is S ~ 0.1.
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Figure 1.2: Distribution of density with height in the atmosphere (from NASA, 1962)
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Figure 1.3: Distribution of density with depth in the ocean (from Pedlosky [50])
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Remark 1.1 Note that in both situations and more generally for almost all large-scale geo-
physical flows, there is an important disparity between horizontal and vertical scales of motion,
which is measured by the aspect ratio

The Coriolis force

When considering winds or currents, i.e., relative motions of the oceans or atmosphere, because
the reference frame is rotating, another force has to be taken into account, namely the Coriolis
force. An important measure of the Coriolis force, i.e. of the significance of rotation for
a particular phenomenon is the Rossby number, which is defined as follows. Let L be a
characteristic horizontal length scale of the motion under consideration, or in other words
a length scale that characterizes the horizontal spatial variations of the dynamic fields (for
instance the distance between a pressure peak and a succeeding trough). Similarly let U be a
horizontal velocity scale characteristic of the motion. The time it takes a fluid element moving
with speed U to cross the distance L is L/U. If that period of time is much less than the
period of rotation |Q|~! of the earth, the fluid can scarcely sense the earth’s rotation over the

L
time scale of motion. For rotation to be important, then, we anticipate that i > Q7 or

equivalently we expect the Rossby number to be small

U
= <1. 1.
== oz <1 (1.1.2)

For the purpose of this text we will only consider large-scale motions, namely those which are
significantly influenced by the earth’s rotation :

Q] = 7.3 x 1075571,

Note that the smaller the characteristic velocity U is, the smaller L can be and yet still qualify
for a large-scale flow.

For the troposphere, the characteristic length scales are D ~ 10km and L ~ 1000km. The
distribution of wind speed along latitude circles (called zonal wind ) given in Figure 1.4 shows
that U ~ 20ms~!. The Rossby number is therefore ¢ = 0.137 and we can expect the earth’s
rotation to be important.

The Gulf Stream has velocities of order U ~ 1ms~!. Although its characteristic horizontal

scale as shown in Figure 1.5 is only L ~ 100km, the associated Rossby number is ¢ = 0.07.
Although the use of the local normal component of the earth’s rotation would double this
value at a latitude of 30°, it is still clear that such currents meet the criterion of large-scale
motion.
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Figure 1.4: Distribution of wind speed along latitude circles, (from Palmén & Newton [49])

Balance between gravity and rotation

e General considerations on rotating fluids allow to determine some constraints in order that

motions with time scales long compared to the rotation period and with relative vorticity w
small with respect to 2|Q| can persist.

- In the absence of friction the production of vorticity due to the pressure must indeed cancel
the production of relative vorticity by the stretching and twisting terms. This constraint can
be written
(Vp A 'Vp)

202

where u denotes the local velocity of the fluid, p its density and p its pressure.

(Q-V)u—QV-u=—

- If the relative motion has a small aspect ratio &, which is generally satisfied by currents and
winds, only the local vertical component of the earth’s rotation f = ||sin# where 6 denotes
the latitude, is dynamically significant (the horizontal Coriolis acceleration due to the vertical
motion and the vertical Coriolis acceleration due to the horizontal motion are both small

terms when compared to the pressure gradients in their respective equations). The constraint
states therefore

_ (VoA VD)
(fes - Vu, = B (1.1.3)
fegv s Up = 0,

where f is the Coriolis parameter or inertial frequency defined as the local component of the
planetary vorticity normal to the earth’s surface. Since the density variations are commonly
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connected with temperature variations, the winds or currents satisfying the first equation
relating the variation of the horizontal velocity to the density variation are called the thermal
wind.

- If in addition the fluid is barotropic, meaning that the pressure p is a function of the density p,
then
(fes - V)up =0,

which implies that a material line once parallel to 2 must always remain so.

- If the fluid is essentially incompressible, the incompressibility constraint implies further that
(fes  V)uz =0,

so that all three components of the relative velocity are independent of the vertical coordinate.
This constraint is called the Taylor-Proudman theorem. If the vertical component of the
velocity is zero at some level, for example at a rigid surface, the motion is then completely
two dimensional and can be pictured as moving in columns parallel to the rotation axis referred
to as Taylor columns. The simplest situation in which such motions can occur is in the slow
relative motion of a homogeneous fluid.

e Specifying conservative forces leads to a more explicit constraint, expressing the balance
between gravity, pressure and the Coriolis force (in the absence of friction) :

p2Q AN u = —Vp — pges. (1.1.4)

In the absence of relative motion, such a constraint reduces to the Archimedian principle for
a static fluid.

- If the relative motion has a small aspect ratio §, we have seen that only the local vertical
component of the earth’s rotation fes is dynamically significant. Furthermore the pressure
and density are small departures from their basic states, the magnitude of which is of the
order of

0212

gD
with the previous notations. Then (1.1.4) can be approximated by

€

1
up = —ez A Vp,
" e (1.1.5)

pg = —03p.

The first relation is the geostrophic approximation expressing the balance between the hori-
zontal pressure gradient and the horizontal component of the Coriolis acceleration. It gives
no direct information about the vertical velocity (without further assumption on the ther-
modynamic properties of the fluid). The other equation does not involve the velocity at all,
it is just the hydrostatic approximation describing a balance between the vertical pressure
gradient and gravity.
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e The geostrophic approximation is very useful to predict the motion of geophysical flows :
once the pressure field is known, the horizontal velocities, their vertical shear and the vertical
component of the vorticity are immediately determined. Nevertheless

(i) the approximation fails in the vicinity of the equator since f cancels. A more complicated
dynamical framework is then required in the equatorial regions.

(ii) even at higher latitudes, the geostrophic relations do not allow to calculate the pressure
field nor predict its evolution with time. Consideration of small departures from complete
geostrophy is then required to complete the dynamical determination of the motion. These
small departures involve either the relative acceleration terms, of the order of the Rossby
number, or the frictional forces.

1.1.2 Departures from geostrophy
Waves arising in the case of shallow water

In order to determine the corrections to the geostrophic motion, we first consider the case
of a shallow rotating layer of homogeneous, incompressible and inviscid fluid. Such a fluid is
described by its height H which is assumed to be a fluctuation n around a reference height
Hy, and by its purely horizontal velocity .

The specification of incompressibility and constant density immediately decouples the dynam-
ics from the thermodynamics, and imposes a condition of non divergence on the velocity w.

The shallow-water assumption, based on the smallness of the aspect ratio 6 << 1 consists in
ignoring stratification and considering only the two-dimensional motion of the fluid. Such a
simple case contains some of the important dynamical features of the atmosphere and ocean.
Of course it does not allow to catch physical phenomena which depend in a crucial way on
stratification.

In this framework, the geostrophic approximation reduces to

Fy_
u-V(HO>O,

where Hy is the reference depth (in absence of relative motion), meaning that streamlines are
the isobaths. Of course real motions are not precisely geostrophic and we now consider what
happens when the constraint of steadiness is relaxed.

Perturbations (7, ) to this geostrophic approximation satisfy
O (07 + fA)n+V - (C5Vn)) — gf (01Hodom — 2HoO1m) = 0,
(0f + 1w = —g (0% + fan)
(O + *)uz = —g (95m — fOn)

where f denotes the Coriolis parameter and Cy = +/gHy is the classical shallow-water phase
speed.
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Wave solutions which are periodic in x and ¢ can be sought in the form
exp(i(ot + k1x1 + koz2))

where o is the wave frequency and k is the wave vector (which is possibly quantized if the
domain under consideration is a partially bounded region). These free oscillations can actually
be classified into three types, planetary waves, gravity waves and non-rotating waves, as shown
in Figure 1.6.

e Gravity waves, also known as Poincaré waves, satisfy the dispersion relation
o? = [+ C2K?, (1.1.6)
They depend crucially neither on the geometry of the domain, nor on the variations of f.

The presence of rotation increases the wave speed. Indeed it is clear that all these waves
have frequencies o which exceed f, i.e. have periods less than half a rotation period and
consequently are at frequencies considerably in excess of those of large-scale, slow atmospheric
and oceanic flows. In particular these waves are far from being in geostrophic balance.

For instance, in a channel of width L oriented parallel to the xi-axis, the boundary conditions
constrain ks to take discrete values, namely n7/L with n € Z, and the corresponding modes
are given by

L nw o

_ o Cgkl NmTITo _f7L . /NTIo -
ul—HO( . cos( T ) sm< ) cos(kix1 — ot + ¢),

nmw
L 02 2,2
Uy = _%% <f2 + 0227r> sin (m;x2> sin(k1z1 — ot + ¢),

n = 1o <cos <n7rx2> Lk sin <n7rL:r2)) cos(kix1 — ot + ¢),

meaning that the fluid flow is primarily in the direction of the pressure gradient. Note however
that the Poincaré wave corresponding to the value ky = 0 is not physically relevant for a
rotating fluid (boundary conditions cannot be taken into account).

e In this last case (i.e. when the domain has at least one internal boundary), the set of
Poincaré modes is supplemented by the so-called Kelvin waves. They satisfy the dispersion
relation

o? = C2k3, (1.1.7)

which is also the dispersion relation for gravity waves in a non-rotating fluid.

The corresponding modes are given by

N = 1y exp (ifg2> cos(ki(z1 £ Cot) + ¢),
0

C x
77;]00 exp (j:fCOQ> cos(ki(z1 £ Cot) + ¢),

uyp =

UQZO.
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04 Poincaré modes

Kelvin mode
_ o= —-Cok

Poincaré modes

Figure 1.6: Dispersion diagram for shallow water in a channel (from Pedlosky [50])

There are several extraordinary features to note. The cross-channel velocity us is identically
zero, whereas the flow in the xi-direction is in precise geostrophic balance even though the
frequency is not, in general, small with respect to f. More precisely, the Coriolis acceleration
is balanced by a free surface slope. This cross-channel slope is exponential, with intrinsic
length scale R = Cy/f which is independent of any property of the wave field. This intrinsic
length scale is linked to the Rossby deformation radius. Note that R — oo as f — 0, so that
the Kelvin waves become in that limit the missing gravest modes of the Poincaré set.

These two types of waves give a complete picture of the departures from geostrophy in the
simplest case, when the Coriolis parameter can be considered as a constant. Such an approxi-
mation is relevant at mid-latitudes for small geographical zone such as lakes or small portions
of the oceans.

e When considering more extended domains, the variations of the Coriolis parameter has to
be taken into account and a third family of waves appear. The planetary waves, also called
Rossby waves, whose existence requires both f and V f to be nonzero, have a very different
dynamical structure.

They are low-frequency oscillations, in the sense that their periods are greater than a rota-
tion period, or in other words that o/f << 1. To lowest order in o/f, the velocity fields,
though changing with time, remain continuously in geostrophic balance with the pressure
field. Thus the motion is quasigeostrophic and it is the very small cross-isobath flow, which
is a nongeostrophic effect, which produces the oscillation.
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Another characteristic property of the Rossby waves is that, for high wave numbers, the
frequency decreases as the wave number increases, in contradistinction to both the Poincaré
and Kelvin waves. For instance, if the Coriolis parameter depends linearly on the northward
coordinate xo

f(x2) = fo + Bro with fo = f(29) and B = 9o f(a)

(which is locally a good approximation, known as beta-plane approximation), the dispersion
relation for the Rossby waves states

Bk C§

The last feature of the Rossby waves we would like to mention here is that their phase speeds
in the z1-direction are always negative, as shown by the dispersion relation (1.1.8).

In the particular case of a channel of width L oriented parallel to the xi-axis, the explicit
formulas for the Rossby modes to lowest order are

1 = 7)o Sin <£L$2) cos(kixy — ot + @) + O (ﬁfL> 7
Uy = —§%770 cos (@) COS(kl:El — ot + ¢) +0 (ﬁfL> ,
U = —%kﬂo sin (@) sin(kizy — ot + ¢) + O (6fL> )

Equatorial trapping

As mentioned in the first section of this chapter, the adjustment processes are expected to
be somewhat special in the vicinity of the equator when the Coriolis acceleration vanishes. A
very important property of the equatorial zone is that it acts as a waveguide, i.e., disturbances
are trapped in the vicinity of the equator. The waveguide effect is due entirely to the variation
of the Coriolis parameter with the latitude.

e The simplest wave that illustrates this property is the equatorial Kelvin wave. As for the
usual Kelvin waves, the motion is unidirectional, being everywhere parallel to the equator. At
each fixed latitude, the motion is exactly the same as that in a non-rotating fluid. Nevertheless,
because of the variations (and the cancellation) of the Coriolis parameter

2Q
R

)

f(z2) ~ Bexa with B = 02 f(0) =

rotation effects do not allow the motion at each latitude to be independent : a geostrophic
balance is required between the eastward velocity and the north-south pressure gradient. The
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equatorial Kelvin wave shows therefore an exponential decay in a distance of order a., where a,

is given by
Co \ /2
e = (25e> (1.1.9)

and is called the equatorial deformation radius because of its relationship with the decay scale
for the usual Kelvin waves.

e In addition to the Kelvin wave, there is an infinite set of other equatorially trapped waves,
with trapping scale of the same order that for Kelvin waves, namely, the equatorial defor-
mation radius defined by (1.1.9). Note that another important effect of the waveguide is the
separation into a discrete set of modes n = 0,1, 2, ... as occurs in a channel. The dispersion
curves for equatorial waves are given in Figure 1.7.

- For n > 1, the waves subdivide into two classes. For the upper branches, the appropriate
dispersion relation has the same form as that for Poincaré waves, approximately

o? ~ (2n+1)BCy + KIC2, (1.1.10)

and so these waves are called equatorially trapped Poincaré waves.

On the lower branches of the curves, the dispersion curves are given approximately by

N BCok1 .
Cok? + (2n+1)8

o (1.1.11)

The corresponding waves are called equatorially trapped Rossby waves.

Note that there is a large gap between the minimum gravity wave frequency and the maximum
planetary wave frequency, so these waves are easily distinguished. The frequency gap for
wave n involves a factor of 2(2n + 1), which is equal to 6 for the lowest value n = 1.

- For n = 0, the solution is somewhat special. The dispersion curve, given by

4 g
— +k——=0 1.1.12

is unique in that for large positive ki it behaves like a gravity wave, whereas for large nega-
tive k1 it behaves like a planetary wave. For this reason it is called a mixed Rossby-gravity
wave. The phase velocity can be to the east or west, but the group velocity is always eastward,
being a maximum for short waves with eastward group velocity (gravity waves). Particles fol-
low anticyclonic orbits everywhere.
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Poincaré modes

Mixed Poincaré-Rossby mode

Rossby modes

Figure 1.7: Dispersion diagram for shallow water in the equatorial waveguide (from Gill [27])

Effects of stratification

The large-scale field of vertical motion in the atmosphere is of great importance because strong
upward motion is associated with the development of severe weather conditions. Note that
the vertical motion cannot be easily measured (due to its smallness compared to horizontal
scales), but deductions can be made from properties of the pressure field. We therefore have to
study the adjustment processes for continuously stratified fluids, i.e., fluids with continuously
varying density.

The fluids to be considered will be actually restricted to a class such that the density depends
only on entropy and on composition. The motion that takes place is assumed to be isentropic
and without change of phase, so that p is constant for a material element. Such a fluid is
therefore incompressible. The equilibrium state to be perturbed is the state of rest, so the
distribution of density and pressure is the hydrostatic equilibrium given by :

p=po(x3), p=po(r3) with dzpo = pog.

For such an incompressible stratified fluid, free oscillations exhibit different behaviours ac-
cording to the frequency regime to be considered.

A first relation between the vertical velocity uz and the pressure perturbation p’ is associated
with the vertical part of the motion, and thus is unaltered by rotation effects :

Ofus + N2ug = —py Oy,
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where N (x3) is a quantity of fundamental importance to this problem, defined by

o, d
N2 = —gpold—xspo. (1.1.13)

N has the dimensions of a frequency, and is known as the buoyancy frequency since it is
the frequency of oscillation for purely vertical motion. The restoring force that produces the
oscillation is the buoyancy force.

The other equation relating ug and p’ is provided by the horizontal part of the motion, and
more precisely combining the equation for the vertical vorticity and the incompressibility
constraint :

07,03us + f203us = py O Anp,

which involves the inertial frequency f but not the buoyancy frequency N.

e The dispersion relation for internal Poincaré waves in a rotating fluid with uniform buoyancy
frequency N is therefore

o [*k3+ N2k}
In the atmosphere and ocean, N usually exceeds f by a large factor, typically of order 100,
so the contribution of the Coriolis parameter in (1.1.14) is essentially negligible, and the
dispersion curves will not look any different because of rotation, except that the vertical axis
would have to be labeled /N = 0.01 instead of zero.

(1.1.14)

More precisely, when N/ f is large, different regimes appear according to the value of o/ f as
shown in Figure 1.8.

Frequency
o 0,1f f 10f N 10N R

A L 4 S 3 4 g

Period 1 week 1 day 6h 1h 10 jmin Imin

(typical value)

Regime Quasi- Rotating Hydrostatic Potential flow
geostrophic nonrotating

Vertical Evanescent Evane- | Wave | Wave Wave | Evane- | Evanescent

structure scent scent

Figure 1.8: Effects of stratification on a rotating fluid (from Gill, 1982)
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- The nonhydrostatic wave regime is defined as the range of frequencies for which o is of order
N but ¢ < N. In this range the dispersion relation is approximated by

5  No?
1+ 02
which is the relation obtained when rotation effects are ignored.

- The hydrostatic “non-rotating” wave regime is defined as the range of frequencies for which
f << o << N. In this range the dispersion relation is approximated by

o ~ N252.

Rotation effects do not appear to this order of approximation, which is the reason for calling
this a “non-rotating” regime, although it must be remembered that rotation does have an
effect at the next order of approximation, and it is sometimes important to consider this.

- The rotating wave regime is defined as the range of frequencies for which o is of order f
but ¢ > f. Since f/N is small, « is small and the hydrostatic approximation applies. The
approximate dispersion relation reads

o ~ f2 4 N262,

which is effectively the dispersion relation for Poincaré waves.

o If the variations of Coriolis parameter are taken into account

f(x2) ~ fo+ By with fo = f(29) and B8 = 02 f(x9),
we have to consider furthermore the vertical propagation of planetary waves.

As previously, in the case of a uniformly stratified incompressible fluid, the dispersion relation
for vertically propagating waves is the same as that for a single mode, but with the wave
speed Cy replaced by N/ks. In other words, for vertically propagating Rossby waves, it reads

Bk

= 55— 1.1.15
e e

Such upward-propagating waves have a very particular structure, with phase lines tilting
toward the west with height, meaning that warm air is carried poleward and cold air equa-
torward, so that there is an apparent net poleward transport of heat. The corresponding
buoyancy fluxes play an important role in the atmosphere, in the phenomenon known as a
sudden stratospheric warming, which occurs in winter.

The classification of vertically propagating waves begun previously can now be carried to
larger scale ki ! that correspond to lower encounter frequencies

oc=Uky
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for an observer traveling with the mean flow at speed U. If this flow is uniform, the distur-
bances are trapped (evanescent) at scales k; ! larger than that given by Uk; ~ f, i.e., for
scales greater than about 100km. This is because gravity waves (also called Poincaré waves
and defined by (1.1.14)) are negligible at such frequencies (see Figure 1.8).

If, however, the scale k| Uis further increased, thereby reducing the encounter frequency to
levels at which variations with latitude of the Coriolis parameter become important in the
dynamics, the situation is changed once again because planetary waves may now be possible.

Frequency
o wup” 0.1f
| | »
A A g
Period 1 month 1 week
(typical value)
Regime B-plane f-plane
quasi-geostrophic quasi-geostrophic
Vertical Evanescent Evanescent
structure

Figure 1.9: Effects of stratification on an inhomogeneous rotating fluid (from Gill, 1982)

It is then clear that

- the f-plane quasi-geostrophic regime occupies the spectral gap defined by |U/f| << ki <<
u/s|M2,

- the so-called (3-plane quasi-geostrophic regime is a new regime to be considered for ki !
of order |U/3|'/2. This is about 1000km for the atmosphere, i.c., the scale of the major
topographic features of the earth’s surface, so the response to these features falls within this
regime. The corresponding scale for the ocean is 30 to 100km. Note that in this new regime,
there is a major asymmetry between eastward and westward directions of the undisturbed
flow. Westward currents are in the same direction as the phase propagation of planetary
waves, so stationary waves are not possible : disturbances remain evanescent no matter how
small the wavenumber.
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1.1.3 Prediction of the observed motion
Contribution of small scales

Although a single wave of arbitrary amplitude is an exact solution of the quasigeostrophic
equation, a superposition of waves will not be. The nonlinear interaction between the waves,
by which the velocity field of one advects the vorticity of another, leads to a nonlinear coupling
and energy transfer between the waves.

When the Rossby number € << 1, the characteristic period of the waves describing the
departures from geostrophy is much less than the advective time : the nonlinear coupling
term can be therefore considered as a perturbation of the linear equation governing the waves.
In particular, on can try to proceed by successive approximations and to characterize the
resulting motion as a perturbation of the linear superposition of waves. The interaction of
the mth and nth waves produces then a forcing term in the problem for the first correction
which oscillates with the sum and difference of their two phases, i.e., a forcing term with wave
vector
Kpn =Ky £ K,y

and frequency
Omn = Om £ op.

The problem for the first correction is a linear, forced problem, and therefore the response
to each forcing term can be considered separately and the results summed. If the forcing
frequency o,y is not equal to the natural frequency of oscillation of a free wave with the wave
number K,,, of the forcing, such a process converges : these interactions merely produce a
small-amplitude background jangle of forced waves whose amplitudes are small. Otherwise a
resonance occurs, that is, two waves then combine to force a third wave with a wave number
and frequency appropriate to a free, linear oscillation. A simple example is the case of the
Kelvin waves. Such interactions, called resonant interactions are of great interest because of
the slow growth of the first correction on the nonlinear advective time : the approximation
process is then clearly invalid. This means that, filtering the high frequency waves, one obtains
a motion on the advective time-scale which is nonzero.

Note that to the lowest order the filtered motion conserves both the energy (defined as half
the average of the square of the velocity) and the enstrophy (defined as half the average of
the square of the vorticity), or in other words that the resonant interaction is an energy and
enstrophy preserving mechanism.

In naturally occuring situations, there is usually a whole spectrum of waves, i.e., a superpo-
sition of waves with wavenumbers varying continuously over some range of values. In such
cases, wave interactions occur in the same way as they do when a small number of waves
is present, and provided that the wave amplitude is not too large, the transfer of energy is
dominated by those waves that are associated with the resonant triads (if such are present).
The phases of the different wavenumber components in the spectrum are often assumed to
be distributed randomly and this assumption can be used to calculate the evolution of the
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spectrum with time. This behaviour can be largely understood by considering the following
three mechanisms :

- Induced Diffusion occurs when two nearly identical waves interact with another wave of
much lower frequency and much smaller wavenumber. The shear of the latter wave acts to
diffuse wave action (wave energy divided by frequency) among vertical wavenumbers.

- Elastic Scattering occurs when two waves with wavenumbers that are almost mirror images
in the horizontal plane interact with a wave of much slower frequency and double the vertical
wavenumber. The latter wave tends to equalize the energy between upward- and downward-
propagating waves. The conditions for elastic scattering to occur are satisfied only for waves
with frequency substantially greater that f, so near-inertial frequency waves are little affected.

- Parametric Subharmonic Instability occurs when two waves of nearly opposite wavenumber
interact with a wave of much smaller wavenumber and of twice the frequency. The process
transfers energy from low-wavenumber energetic waves to high-wavenumber waves of half
frequency, and so tends to produce inertial frequency waves with high vertical wavenumber.

These processes have a strong influence on the internal wave spectrum, and one result is that
the spectrum has a shape that varies rather little.

Dissipation coming from viscosity

The observed persistence over several days of large-scale waves in the atmosphere, and the
oceans shows that frictional forces are weak, almost everywhere, when compared with the
Coriolis acceleration and the pressure gradient. Friction rarely upsets the geostrophic balance
to lowest order.

Nevertheless friction, and the dissipation of mechanical energy it implies, cannot be ignored.
For the time-averaged flow, i.e., for the general circulation of both the atmosphere and the
oceans, the fluid motions respond to a variety of essentially steady external forcing. The
atmosphere, for example, is set in motion by the persistent but spatially nonuniform solar
heating. This input of energy produces a mechanical response, namely kinetic energy of the
large-scale motion, and eventually this must be dissipated if a steady state - or at least a
statistically stable average state of motion - is to be maintained.

Finally, even though friction may be weak compared with other forces, its dissipative nature,
qualitatively distinct from the conservative nature of the inertial forces, require its consider-
ation if questions of decay of free motions are to be studied.

e To estimate the frictional force a representation of F must be specified. Considering the dis-
sipation due to the interactions at the microscopic level, this force is proportional to the spatial
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derivative of the stress tensor, with a coefficient depending in principle of the thermodynamic
state variables, the so-called molecular viscosity. Then

F vU
raEl
where p is the local density, L the length scale characterizing the variations of the velocity
field, and v is the order of magnitude of the molecular viscosity. The ratio of the frictional
force per unit mass to the Coriolis force acceleration is a nondimensional parameter, called
the Ekman number, E :

vU/L? v

E==0u ~ 002

(1.1.16)

If v is the molecular kinematic viscosity of water, for example, a straightforward estimate for

E for oceanic motions, would be, for L = 1000km, v = 10~%m?2s~1,

E ~ 1071,

This is a terribly small number, and such frictional forces are clearly negligible for large scale
motions.

e The important issue is whether this representation of F is adequate if the state variables are
to describe only the large-scale motions. The previous paragraph shows indeed that motions
on one spatial scale interact with motions on other scales. There is therefore an a priori
possibility that small scale motions, which are not the focus of our interest, may yet influence
the large-scale motions. One common but not very precise notion is that small-scale motions,
which appear sporadic or on longer time scales, act to smooth and mix properties on the
larger scales by processes analogous to molecular, diffusive transports.

For the present purposes it is only necessary to note that one way to estimate the dissipative
influence of smaller-scale motions is to retain the same representation of the frictional force
but replace v by a turbulent viscosity, of much larger magnitude than the molecular value,
supposedly because of the greater efficiency of momentum transport by macroscopic chunks
of fluid. This is, of course, an empirical concept very hard to quantify.

Influence of boundary conditions

Rotation effects have thus far been studied in the absence of boundaries. If now a boundary
is inserted that crosses the isobars, further adjustment would have to take place because no
flow is possible accross the boundary. This indicates that the adjustment process is strongly
affected by the presence of boundaries, at least in the neighborhood of those boundaries.

e Consider first the action of a stress at the horizontal surface. For instance, on the ocean
surface, this stress is due to the action of the wind. It produces a direct response called
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the Ekman transport, which is principally confined to a thin layer near the ocean surface.
In fact, the Ekman transport is thought to be usually found within the upper mixed layer
of the ocean, which is mostly between 10 and 100m deep. A sudden change of wind can
cause oscillations in the Ekman transport of inertial period, or can reduce the amplitude of
preexisting oscillations.

If the wind stress were spatially uniform, the ocean below the mixed layer would be little
affected by the wind, which would produce a time-varying Ekman transport that is confined
to the near-surface region. However spatial variations in the wind (which of course occur)
cause spatial variations in Ekman transport. In other words, the Ekman flow will cause mass
to flow horizontally into some regions and out of others. This results in vertical motion. For
instance, if the horizontal flow is converging in a particular region, vertical motion away from
the boundary is required in order to conserve mass. The vertical velocity just outside the
boundary layer which is so produced is called the Ekman pumping velocity. It is this velocity
in the ocean that distorts the density field of the ocean and thereby causes the wind-driven
currents.

The stress at the underlying ocean (or land) surface, from the atmospheric point of view, is
a frictional drag whose magnitude is dependent on the strength of the wind, usually called
bottom friction. With the stress is associated an Ekman transport in the atmosphere whose
horizontal mass flux is opposite to that in the underlying ocean. Consequently variations in
Ekman transport produce Ekman pumping with a vertical mass flux that is the same in the
atmosphere as in the ocean.

Such a bottom friction exists also for the ocean. The boundary layer at the bottom of the
ocean (the benthic boundary layer) is much thinner than is the atmospheric boundary layer,
typically in the range 2 to 10m, which affects the relative importance of topographic effects.
Detailed modeling of the velocity structure of the boundary layer is therefore particularly
difficult.

The important feature of this process, called spin-down, is that the presence of (turbulent)
friction in general tends to reduce motion and make the system tend toward a state of rest.

e The second mechanism to be understood is the adjustment process in presence of side
boundaries. In fact, the presence of such a boundary implies that the longshore component
of the Coriolis acceleration vanishes at the boundary so that the mutual adjustment of the
longshore velocity field and the pressure field along the boundary is more like in a non-rotating
fluid than like in a rotating one.

This is certainly true in the extreme case in which there are two boundaries close together, as
in a narrow gulf or estuary. The rotation effects can be neglected at the first approximation
because the motion is mainly along the gulf and the component of the Coriolis acceleration in
this direction is negligible. At the next order of approximation, rotation modifies the flow in
two ways. One is to give a cross-channel pressure gradient in order to geostrophically balance
the longshore flow. The other is to produce a shear whenever the surface elevation departs
from its equilibrium level, this being required in order that potential vorticity be conserved.
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The narrow channel approximation can be applied with success to studies of tides and seiches
in gulfs, estuaries, and lakes, and even to tides in the Atlantic Ocean.

When the two sides of a channel are not close together, the question arises as how far from
the shore the longshore component of the Coriolis force can be neglected. The answer is a
distance of the order of the Rossby deformation radius, so channels must have width small
compared with this scale for the narrow-channel approximation to be valid. For wide channels,
there is a special form of adjustment near the boundary by means of a Kelvin wave whose
peculiarity is that it can travel along the coast in one direction only, and whose amplitude
is only significant within a distance of the order of the Rossby deformation radius from the
boundary. Note that the presence of boundaries also affects the Poincaré waves, but effects
of the end of the channel can be quite difficult to work out. Of course details are strongly
influenced by the complicated shape of the world’s oceans.

1.2 Mathematical modelling

The starting point of geophysical fluid dynamics is the premise that the dynamics of meteoro-
logical and oceanographic motions are determined by the systematic application of the fluid
continuum equations of motion. The dynamic variables generally required to describe the
motion are the density p, the vector velocity u, and certain further thermodynamic variables
like the temperature T or the internal energy per unit mass e.

1.2.1 Introducing a general mathematical framework

In the absence of sources or sinks of mass within the fluid, the condition of mass conservation
is expressed by the continuity equation

Op+ V- (pu) =0. (1.2.1)

Newton’s law of motion written for a fluid continuum takes the form
p(Or +u-V)u=—-Vp+ pVop+ F(u), (1.2.2)

meaning that the mass per unit volume times the acceleration is equal to the sum of the
pressure gradient force, the body force pV¢ where ¢ is the potential by which conservative
force such as gravity can be represented, and the frictional force F.

Unless the density is considered a constant, the momentum and continuity equation are insuf-
ficient to close the dynamical system. The first law of thermodynamics must be considered;
it can be written as

p(Or +u-V)e=—pp(0r +u-V)p~ " +kV>T + x + pQ, (1.2.3)

where k is the thermal conductivity, T is the temperature, () is the rate of heat addition per
unit mass by internal heat sources, and y is the addition of heat due to viscous dissipation -
which is negligible in all situations to be discussed.
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To complete the system, further thermodynamic state relations expressing the physical nature
of the fluid are required.

Mathematical features of geophysical fluids

For example, in the atmosphere the state relation for dry air is well-represented by the ideal-
gas law

p
== 1.24
P=op (1.2.4)
where R is the gas constant for dry air. The local conservation of energy then becomes
6 k
O +u-V)=——1-VT
@+ V=g { oV Q).

where the potential temperature 6 is defined by

R/C,
0—T(m) ,
P

for some reference pressure pg. We have denoted by C), the specific heat at constant pres-
sure.Note that in the absence of conductive and internal heating 6 is a conserved quantity for
each fluid element.

For the oceans, density differences are so slight that they have a negligible effect on the mass
balance, so that the local conservation of mass can be approximated by

V.u=0, (1.2.5)

which is the incompressibility relation. Note that the incompressibility constraint does not
imply that the fluid is homogeneous, meaning that (9; + u - V)p is generally not assumed to
vanish.

The Navier-Stokes model with Coriolis force
We noted earlier that the most natural frame for which to describe atmospheric and oceanic
motions is one which rotates with the planetary angular velocity €.

Let r be the position vector of an arbitrary fluid element. We have

dry _ (dr +QAr
dt), \dt)p ’

where the subscript I denotes rates of change as seen by the observer in the non-rotating
inertial frame. The velocity seen in the non-rotating frame u; is therefore equal to the velocity
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observed in the rotating frame augmented by the velocity imparted to the fluid element by
the solid-body rotation 2 A r. We may write this as

ur =ur + QAT

where up is called the relative velocity. As Newton’s law of motion equates the applied forces
per unit mass to the acceleration in inertial space, we have then to express this acceleration
in terms of quantities which are directly observed in the rotating frame :

du du
=1 = (=L + Q Aug
at ), dt ) p
d ds2
(& +20NuR + QA (QAuUR)+ — AT
dt ) p dt
The discrepancy between the accelerations perceived in the different frames is equal to the
three additional terms on the right-hand side. They are the Coriolis acceleration 22 Aup, the
centripetal acceleration QA (2 Ar) and the acceleration due to variations in the rotation rate
itself, which can be neglected for most oceanographic or atmospheric phenomena. Since the
centrifugal force can be written as a potential

Qnr?
gl
2
it is included with the force potential. The Coriolis acceleration 22 A r is therefore the only

new term which explicitly involves the fluid velocity, and it is responsible for the structural
change of the momentum equation.

QANQAT) =

If we note that spatial gradients are perceived identically in rotating and non-rotating coor-
dinate frames, the momentum equation becomes

p (O +u-Vu+2QAu)=—-Vp+pVo+ F. (1.2.6)

It is important to note that the total time rate change of any scalar such as the temperature
is the same in rotating as in non-rotating frames. Thus the equation of conservation of mass
and the various thermodynamic equations are unaffected by the choice of coordinate frame.

Boundary conditions

In most cases of interest the (turbulent) Ekman number E is sufficiently small that it might
appear that friction could be neglected. However, the viscosity v is the coefficient of the
highest spatial derivatives and thus the fact that it is nonzero is quite important as regards
the mathematical structure of the equations of motion, and the number of boundary conditions
to be imposed.

If the surface 030 of the fluid layer is in contact with a solid surface, for instance in the
case of the bottom boundary of the ocean, the natural condition to be considered is a no-slip
condition :

U|33(9 =0.
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If the surface 93O of the fluid layer is free rather than in contact with a solid surface, for
instance in the case of the interface between the ocean and the atmosphere, the appropriate
boundary condition is continuity of pressure and continuity of frictional stress accross the
fluid surface

a0 n =0, (v(Vu+ (Vu)T) — pld)p,0 - n = constraint.

Then, for models of atmospheric phenomena the Ekman layer or some more elaborate model of
the friction layer at the lower boundary usually suffices to represent the frictional interaction
of the fluid and the boundary.

Models of oceanic (or lake) dynamics which explicitly recognize the fact that the water is
gathered together in basins have to be supplemented by a no-slip boundary condition at the
lateral boundaries :

U,|aho =0.

In such a framewok one has generally to introduce side-wall friction layers whose structure
differ considerably from that of the Ekman layer.

1.2.2 Taking into account the geometry of the earth

The situation to be described is schematically depicted in Figure 1.10.

We consider motions on a sphere of radius rg, meaning that we will ignore ab initio the slight
departures of the figure of the earth from sphericity. The characteristic vertical scale of the
motion, D, is in all cases of interest small compared to rg so that the effective gravitational
acceleration g can be considered constant over the depth of the fluid. The horizontal scale
motion L is large in the sense described in the first section (i.e., L is large enough so that the
Rossby number is small), but in the sequel we will focus our attention on the situation where
L is considerably smaller than rg.

The equations of motion in spherical coordinates

The coordinate system to be used in the spherical system is shown in Figure 1.11. The position
of any point in the fluid is fixed by r, # and ¢, which are the distance from the earth’s centre,
the latitude and the longitude respectively. The velocities in the eastward, northward, and
vertical directions are wug, uy and u,, as shown.

The equation for conservation of mass (1.2.1) in these spherical coordinates is

2u, O 0 0,
ur g (up cos 0) L Ootig
T rcos 6 7 cos b

d
P TP (&«ur + =0, (1.2.7)

dt
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Figure 1.10: Characteristic length scales for geophysical flows

Figure 1.11: Spherical coordinates for the description of geophysical flows
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where the total time derivative is defined by

d
R
7 cos 6

Oy + %8@ + Uy Op.

The momentum equations are

—ug + ug (ur — g tan 0) — 2Q) sin Oug + 29 cos Ou, = — Opp + ’
i r prcosf p
d upug + u? tan @ 1 Fi
g+ ———— 4 2Qsinfuy = ——pp + 2 (1.2.8)
dt r pr p
d uZ + uZ 1
—u, — @0 _ 2Qcosbuy = ——0p — g+ &’
dt r pr P

where Fy, Fy, F; are the three components of the frictional forces acting on the fluid. The
equations of motion must as previously be completed with the addition of a thermodynamic
equation, for example the incompressibility constraint

2u7~ + 89(11,,9 COS (9) n 8¢u¢ N

Dy + (1.2.9)

r 7 cos 7 cosf

Consider now the description of a motion, in either the ocean or the atmosphere, whose
horizontal spatial scale of variation is given by the length scale L and whose horizontal ve-
locities are characterized by the velocity scale U. Geometrical considerations imply that if
the vertical scale of motion is D, the corresponding slope of a fluid element’s trajectory will
not exceed D/L, so that appropriate scaling for the vertical velocity is DU/L (note that the
actual scale of the vertical velocity may be less than DU/ L if other dynamical constraints act
to reduce the vertical motion). The scaling of the pressure and density is more subtle. For
small Rossby number, the relative velocities are small and the pressure is expected to be only
slightly disturbed from the value it would have in the absence of motion, whereas the hori-
zontal pressure gradients should be of the same order as the Coriolis acceleration. Similarly
we may anticipate that the buoyancy force per unit mass will be of the same order as the
vertical pressure gradient, since an observed feature of large-scale motions is the excellence of
the hydrostatic approximation. Such considerations allow to scale the equations so that the
relative order of each term is clearly measured by the nondimensional parameter multiplying
it. It is then possible to systematically exploit the smallness of the parameters ¢ (Rossby
number), § (aspect ratio), L/rg and F = (2Qsinfy)?>L?/gD. Note that these parameters are
all independent, and their relative orders will vary from phenomenon to phenomenon. The
nature of the approximations will depend on these relative orders. Below we present the
shallow water approximation, and refer for instance to [42] or [56] for other simplified models.
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Some geometrical approximations

e If the motion occurs in a mid-latitude region, distant from the equator, around a central
latitude 6y, it becomes convenient to introduce new longitude and latitude coordinates as
follows.

Define x1 and x5 by

x] = d)%o cosfy, x2=(0—"6h) (1.2.10)

o
T
They are however measures of eastward and northward distance only at the earth’s surface
(r = r9) and at the central latitude y. Although z; and z9 are in principle simply new
longitude and latitude coordinates in terms of which the equations of motion may be rewritten
without approximation, they are obviously introduced in the expectation that for small L /rg
and D /rg they will be the Cartesian coordinates of the -plane approximation as introduced
page 18. It is also convenient to introduce

1
T3 = B(T - TO)?

so that

0y = %0089081, By = %082, O = = 0s.

To this point no approximation has been made.

As we focus our attention on the situation where L is considerably smaller than rg, the
trigonometric functions can be expanded about the latitude 6 :

L LN\? 232
sinf = sinfy + —xycos by — () ﬂsin00+ e
To To 2

L L\? 22
cosf = cosbfy — —x9sinby — () @coseo—k...,
To To 2
L 2

I 2
tan @ = tan 0y + —x2(cos 90)_2 — <> Pl tan 6y (cos 00)_2 + ...
To To 2

This allows to simplify system (1.2.7)(1.2.8) and (1.2.9) in the following way (where the
Coriolis force has not yet been approximated):

d
Zo=0
dtp )
d L L 1
—uq — 2Qsin | Oy + 2 ug + 22 cos | 0y + =2 uz = —01p + ﬁ?
dt T T pL P
d L L 1
—ug + 2Qsin | Oy + —r2 w1 + 2Qcos | Oy + ~r2 ug = —0ap + é, (1.2.11)
dt ro ro pL P
d L L 1 F:
—ug — 2§ cos 90—i-ﬂ up + 2€) cos 904—& uzz—azap—g—i-i,
dt 70 To pD p
1

1
(81u1 + 8QUQ) + —d3uz = 0,

L D
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where
i—a+l( o1 + 8)+l 0
at t Lu11 U202 DU33-

We then introduce

2QL L d
fo=2Qsinby, p[o= cos by = <f>
To ro df 0—0,

as the reference Coriolis acceleration and northward gradient of the Coriolis parameter at the
latitude 6y. Note that

Bo/fo L

e To€

Thus while € measures the ratio of the relative vorticity and the planetary vorticity normal to
the sphere at 6y, the magnitude of the relative-vorticity gradient and the planetary vorticity
gradient is measured by the parameter erg/L. While € may be small, erg/L may be large, order
one, or small, and each of these possibilities gives rise to a quite different quasigeostrophic
dynamical system.

- If the geographical zone to be considered is small, meaning that erg/L >> 1, we will neglect
the variations of the Coriolis parameter and use the f-plane approximation :

sin 6 ~ sin 6.

Most of the mathematical studies on geophysical flows deal with this framework. As the
Rossby operator has constant coefficients, one can make use of a powerful mathematical tool
to study the asymptotic behaviour of the fluid as the rotation rate tends to infinity : the
Fourier transform allows indeed to carry out explicit computations and to establish qualita-
tive properties of the Poincaré waves (dispersion, resonances...). Thereby, the rotating fluid
equations in the f-plane approximation have been the object of a number of mathematical
works in the past decade, and the second chapter of this survey aims at giving an overview
of the main results as well as the methods of proof.

- If the geographical zone to be considered is more extended, meaning that L/erg = O(1), more
subtle adjustment processes due to the variations of the Coriolis parameter, and characterized
by time scales large compared with f; ! have to be taken into account, which is done using
the mid-latitude (B-plane approximation :

sin 6 ~ sin 6y + Goxo.

This situation is much more complicated to study from a mathematical point of view than
the previous one, since the techniques based on the Fourier transform can no longer be used.
The works devoted to this study are presented in the third chapter, they essentially allow
to determine the mean motion of the fluid in the absence of boundaries : in particular we
do not get any description of the boundary layers. Concerning the waves, we obtain some
informations about the oscillating modes (which are the eigenmodes of the Rossby operator),
but nothing on their shape equations.
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e For motions near the equator, the approximations
sinf ~ 60, cosf~1

may be used, giving what is called the equatorial 3-plane approximation :

20 L
f ~ Boxs with By = — =2.3 x 107 m~ts! (1.2.12)
o
Note that half of the earth’s surface lies at latitudes of less then 30° and the maximum
percentage error in the above approximation in that range of latitudes is only 14 percent. In
particular, this approximation can usefully be applied over the whole of the tropics.

The shallow-water approximation

- Assuming that the aspect ratio is very small § << 1, vertical motion can be neglected in view
of the scalings imposed by the incompressibility constraint. Indeed it is natural to consider
the non dimensional unknowns

_ T _ T
ui, Uz = LU and ug = U

where 7 is the order of the times to be considered. Rescaling time and plugging the previous
formulas in (1.2.11) leads to

(@—i—ﬁ-V)p:O,
L L 1
(9, + - V)iy — 2Qsin <90 n x2> s + 20 cos (00 + m) diig = Lo+ 2L,
To To p p
L L 1
(9 + @@ - V)iia + 2Qsin (90 + 1:2) i1 + 20 cos (90 + “) Sity = ~0up + 22,
To 70 P p
L L 1 2
(0y + w-)dus — 282 cos 90—i-ﬂ 1 + 29 cos Qo—l—ﬂ ﬂzz—ﬁgﬁ—Lg—l-ﬁ,
To To 5 L
V.-a=0,

In particular, if the vertical viscosity is strong enough (for instance independent on ¢), we
expect u to be asymptotically independent on the vertical variable. Thus taking formally
limits as & — 0 we obtain the horizontal momentum equations

L 1 r
(Or + Up, - V)1 — 2Qsin <90 + iﬁz) fio = ~01p + 57
To P p
_ _ , Lz . 1. _ F 1.2.13
(O + ap, - V,)Ug + 2 sin (00 + a:2> Uy = 0o+ 727 ( )
To P p
Osup, = 0.

Note that this accounts for the fact that only the vertical component of the rotation of the
Earth f = 2Qsin @ is considered.
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- If we suppose moreover that the Rossby deformation radius is very small S << 1 or in other
words that the fluid is almost homogeneous p ~ pg, the pressure is given at leading order by
the hydrostatic law

P = pogn,
where g is the non dimensional gravity constant, 7 is the depth variation due to the free surface,
and the continuity equation is, taking into account the form for the divergence operator,

on+ V- (D+n)u) =0 (1.2.14)

These sets of equations are the ones derived by Laplace, but with the tide-generating terms
omitted. Because a shallow layer is considered, r can be taken as a constant equal to the
radius of the earth.

Note that, from a theoretical point of view, it is not clear that the use of the shallow water
approximation is relevant in this context since the Coriolis force is known to generate vertical
oscillations which are completly neglected in such an approach. Indeed the components of the
Coriolis acceleration that are associated with the horizontal component of the rotation vector
are not everywhere small compared with the terms retained.

That very particular case is the matter of the mathematical works presented in the last
chapter. The results obtained are close to that of the third chapter, but because of the
equatorial trapping, the waves - in particular the Rossby waves - have decay properties which
allow to get a more precise strong convergence result. That is due to the fact that explicit
compputations can be written in that framework.
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Chapter 2

A simplified model for midlatitudes

2.1 Introduction

In this chapter we intend to study a model for the movement of the ocean at midlatitudes.
As explained in the introduction, at such latitudes the Coriolis acceleration can in a crude
approximation be considered as a constant, which makes the analysis much simpler than in
the case of the full model. This chapter is therefore devoted to the analysis of the so-called
“rotating fluid equations”, consisting in the three-dimensional Navier-Stokes system in which
a constant coefficient penalization operator has been added to account for the Earth rotation.
The model is the following:

(RF.) { Otu—l—u-Vu—AujL%uL:—%Vp
divu =0,

where ut = (ug, —u1,0). We will be interested in the wellposedness of this system for a
fixed e, as well as in the asymptotics of the solutions as £ goes to zero. We will by no
means be exhaustive in the presentation, neither in the various results that can be found
in the literature nor in the proofs. The aim of this chapter is rather to give an insight to
the questions usually addressed when dealing with this type of system, and to the methods
commonly used to answer them. Those methods will be used in the coming chapters in more
realistic situations (the Coriolis force will no longer be constant), and we feel it can be useful
to present them first in this easier, though unrealistic model.

The question of the wellposedness of this system can be dealt with quite easily, considering
the skew-symmetry of the rotation operator. This is explained in Paragraph 2.3 below. More
interesting is the question of the asymptotic behaviour of the solutions as £ goes to zero. As
noted in the introduction, we expect by the Taylor-Proudman theorem a two dimensional
behaviour at the limit. We show in Paragraph 2.4 that this is indeed the case, as long as weak
limits are considered, rather than strong. Paragraph 2.5 is devoted to strong asymptotics,
where we will see that it all depends on the boundary conditions imposed on the system. We

39
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will mainly focus on two types of boundary conditions, which lead to two very different types
of convergence results. In Section 2.5.1 we consider the case when the equations are set in R?.
This is highly unrealistic, but the fact that the rotation is constant allows to write explicit
calculations in Fourier space, and in particular the formulas found for the eigenvalues of the
Coriolis operator enable us to exhibit an interesting dispersive behaviour for the Coriolis
operator; thus we are able to deduce a strong convergence result towards a vector fields
satisfying the two dimensional Navier-Stokes system. Section 2.5.2 is devoted to the periodic
case: the three variables are supposed to be periodic, and in that case dispersion cannot
hold; it is replaced by a highly oscillatory behaviour, where the oscillations are linked to the
eigenvalues of the Coriolis operator; once again those can be explicitly computed, due to the
absence of boundary conditions and to the fact that the rotation is constant. It is only once
those oscillations have been filtered out that a strong convergence result can also be proved.
In both situations (the whole space case and the periodic case), the global existence of smooth
solutions for a large enough rotation is also proved, using the special structure of the limiting
system in each case. A word on more general domains is said in Section 2.5.3, while references
can be found in Section 2.6. Finally the main results of this chapter are stated in the next
section.

2.2 Statement of the main results

As explained in the introduction of this chapter, we are interested in the uniform existence
of solutions to (RF:), as well as in the asymptotic behaviour of the solutions in the limit of
a fast rotation, that is, as € goes to zero. To simplify the presentation, we will restrict our
attention to the case when the equations are set in a domain with no boundary. We will call
such a domain, and we will denote by €2, the space of horizontal coordinates xp = (x1,x2).
Then Qj, will be indifferently the space R? or T?, and €3, defined by Q = Q;, x Q3, will be
indifferently R or T, unless specified otherwise. Let us start by stating the uniform existence
theorem, which will be easily proved in Section 2.3 below.

Theorem 2.1 Let u® be a divergence free vector field in L*(Q2). Then there is a solution u (in
the sense of distributions) to (RF;) with uj,—g = u®, and which satisfies the following energy
estimate, uniformly in €:

t
¥t >0, [lu(t)Z: + 2/0 IVu(@)IIZ dt’” < [|u”]7-

In particular u is bounded in L? (R™',L4(Q)) for any q € [2,6].

loc

Furthermore if u° € H%(Q), then there is a time T > 0 independent of € such that u

belongs to C(]0,T7, H> ())NL2([o, T), H3 (), with a norm independent of €, and all solutions
associated with u® coincide with u on [0, T].

Remark 2.1 As usual the pressure is not considered as an unknown in this system, since
once u is known, p is retrieved through the formula

1
—Ap = div (u - Vu) + gdivui.
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The important point to notice in that statement is the fact that all bounds are uniform in .
It therefore makes sense to inquire on the limiting behaviour of the solution as & goes to zero.
In particular can one describe the dependence of the life span 7" on €7 Can one find a limit to
the system as e goes to zero? In the following we will emphasize the dependence on ¢ of the
solutions given by Theorem 2.1 by denoting them u.. They will therefore be seen as a bounded
(in L?) family of divergence free vector fields, whose asymptotics as € goes to zero we want to
explore. We will start by studying the weak asymptotics, and recover the Taylor-Proudman

theorem, stating that as rotation increases, the mean flow becomes two dimensional. The

proof of the following result can be found in Section 2.4 below. We have noted V}, def (01, D),

divy, def Vi, and Ay, def 0% + 02. Moreover for any vector field u = (u1, ug, u3) we define uj, =

(u1,ug2). In the next theorem we have defined || as the measure of the set €2 if it is bounded,
and |Q|~! = 0 otherwise.

Theorem 2.2 Let u® be any divergence free vector field in L?, and let u. be any weak solution
of (RF;). Then u. converges weakly in L, (R* xQ) to a limit u which if Q3 = R is zero, and
if Q3 = T is the solution of the two dimensional Navier—Stokes equations in ),

Ou — Apu+ up, - Vyu = (—=Vpp, 0)
(NS2D) divpup, = 01
o = [ W) dos — oo [ (08(0).0) da
T 0

Remark 2.2 We recall that J. Leray proved in [37] that a unique, global solution to the two
dimensional Navier-Stokes equations exists, as soon as the initial data is in L?.

Once the mean flow has been described, it is natural to address the question of the strong
convergence of solutions. In fact the answer to that question depends strongly on the boundary
conditions. We will be mainly interested in two very different situations here: the case when
the equations are posed in the whole space, and the periodic case. Let us state the theorem
concerning each situation, starting by the whole space case which is studied in Section 2.5.1.

Theorem 2.3 Let ©° and w® be two divergence free vector fields, respectively in L2(R2)
and in L?(R3). Let @ be the unique solution of the two dimensional Navier-Stokes equations
associated with u°, and let u. be any weak solution to (RF;) associated with u° 4+ w° (such
a solution may be constructed as in Theorem 2.1 above). Then for any q €]2,6] and for any

time T', we have
T

lim [ flus(t) = (1)) 4 gs) dt = 0.

e—0 0

Remark 2.3 Theorem 2.3 shows that the weak convergence result stated in Theorem 2.2 is
in fact strong. All xs-dependent vector fields converge strongly to zero as € goes to zero, and
at the limit remains only the two- dimensional behaviour — note that the presence of @’ in
the initial data enables one to understand precisely that two-dimensional behaviour; if the
initial data is purely three-dimensional (that is, if u® = 0), then Theorem 2.3 states that all
weak solutions u. converge strongly to zero with €.
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The main ingredient in the proof of that result is a dispersive estimate, implying that the
eigenvectors corresponding to the oscillatory modes created by the Coriolis operator converge
strongly to zero. That fact, when applied to strong solutions, will enable us to prove the global
wellposedness of (RF;), despite its likeness to the 3D Navier-Stokes equations for which such
a result is unknown. We state the result in an unprecise way here, and refer to Theorem 2.7
page 55 for a precise statement.

Theorem 2.4 Let @’ and w® be two divergence free vector fields, respectively in L*(R?)
and H %(RP’). Then a positive g exists such that for all ¢ < eq, there is a unique global
solution u. to the system (RF.) associated with u° + w°.

We will also be interested in the periodic situation. In that case the equations are set in a

periodic box T3 def (R /Z)3, and we will also be able to prove the global existence of strong
solutions; however the asymptotic behaviour of the solutions is less easy to describe: due to
the absence of dispersion, we need to filter out the oscillatory modes before taking the strong
limit. In the next theorem we have defined the operator £(t) = e** where L is the Coriolis
operator

L:uel?—Put)elL? (2.2.1)

and P denotes the Leray projection from L?(Q2) onto its subspace of divergence-free vector
fields. In that statement, a limit system is also referred to, which will be studied in Sec-
tion 2.5.2. That system is presented page 58, and the main steps of the result are described
in Section 2.5.2.

Theorem 2.5 Let u’ be a divergence free vector field in H %(T?’). Then a positive &
exists such that for all ¢ < eg, there is a unique global solution to the system (RF;)

in Cp(RT; H2 (T%)) N L2(RT; H? (T3)) associated with u°. Moreover we have

lim sup <u —L(z)u> =0 in L®R';H2(T%)NL}(R'; H2(T?),

e—0

where u is the unique, global solution of the limit system (RFL) page 58 associated with u’.

Remark 2.4 Let us compare this theorem with Theorem 2.4 stated above. As far as the life
span of the solutions is concerned, those two theorems state essentially the same result: for
any initial data, if the rotation is large enough, then the rotating fluid equations are globally
wellposed, although they are very like the 3D Navier-Stokes equations, for which that is an
open question. In other words, the rotation term has a stabilizing effect. In the case of the
whole space R? this global wellposedness for small enough ¢ is due to the fact that the Rossby
waves go to infinity immediately; that is a dispersive effect. In the case of the torus, there is of
course no such dispersive effect (at least for uniform time intervals). The global wellposedness
comes in a totally different way: it is a consequence of the analysis of resonances of Poincaré
waves in the non linear term v - Vv, using again the explicit formulation of the eigenvalues
of the Coriolis operator, in Fourier variables. As far as the asymptotics are concerned, the
statements of Theorems 2.3 and 2.5 are very different since in the whole space case, there is
no trace of the rotation at the limit whereas in the periodic case, the limit system includes
spectral information on the rotation operator.
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The rest of this chapter is devoted to the proof of those results.

2.3 Uniform existence

In this short section we address the question of the wellposedness of system (RF.) and we
prove Theorem 2.1. This system is very like the three dimensional Navier-Stokes system, for
which it is well known that global (possibly not unique) weak solutions exist if the initial data
is of finite energy (meaning it belongs to L?). Furthermore local in time, unique solutions exist
if the initial data is smooth enough (say in the Sobolev space H %) The proof of both those
results relies on energy estimates, the main ingredient consisting (formally) in the first case
in multiplying scalarly the system by u, and by Vu in the second — of course there is much
more to the proofs than that calculation, and we refer to [36] and [20] for the original proofs,
and for instance to [13] for a more recent presentation (as well as the application to (RE;)).
Since the Coriolis operator is skew-symmetric in every Sobolev space, in the sense that for
any s € R,
(uL | U)Hs =0,

the previous proofs go unchanged if we add the rotation term to the Navier-Stokes equa-
tions. Theorem 2.1 follows therefore immediately, once the corresponding proofs for the three
dimensional Navier-Stokes system are known. ]

2.4 Weak asymptotics

In this section we are going to describe the weak limiting behaviour of u., and prove Theo-
rem 2.2. Let us start by making some general comments on the asymptotics of u. as € goes
to zero. As the family (u:)eso is bounded in the energy space, up to the extraction of a
subsequence it has a weak limit point u. Formally taking the limit in the equation satisfied
by u. allows to expect the weak limit points u to satisfy

divu=0 and wuw'=-Vp

for some function p. It is easy to see that, in the absence of nonvanishing boundary conditions,
this is equivalent to the fact that dsu = 0 and divy up, = 0. We therefore formally recover the
Taylor-Proudman theorem: the mean motion at the limit is governed by a two-dimensional,
divergence free vector field. Let us now find rigorously the nature of the weak limit points
of u.. Below H'(Q) denotes the homogeneous Sobolev space of order one, made of the
distributions f such that V f belongs to L?(12).

Proposition 2.5 Let u" be any divergence free vector field in L*(2). Denote by (u:)eso
a family of weak solutions of (RF.), and by u any of its limit points. Then u is a three
component, divergence free vector field satisfying

ue L°(RY; L2(Q,) N L2(Q) N LA(RT; HY(Q)).
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Moreover we have / up(t, zp) dep = 0.
Qp,

Remark 2.6 If Q3 = R then the only possible limit point is 0. Indeed there are no vector
fields other than 0 which are in L?(Q x R) and do not depend on the vertical variable.

Proof of Proposition 2.5. The proof simply consists in multiplying (RF;) by a divergence-
free test function ex, where y € D(RT xQ). Integrating with respect to ¢ and z gives directly,
using the bounds coming from the energy estimate, that u € Ker(L), where L was defined
in (2.2.1). Then it is just a matter of determining the kernel of L, and an easy computation
gives the following proposition. We omit the proof here (for the interested reader, it is written
in Chapter 3 in a more general case, see Proposition 3.3). ]

Proposition 2.7 If u is a divergence free vector field in L?(Q2) belonging to Ker(L), then u
is in L?(Qy) and satisfies the following properties:

divp, up, =0 and / up, dxp, = 0.
Qp

The next question consists in finding the evolution equation satisfied by u. Due to Remark 2.6,
we shall now consider only the case when Q23 = T. Moreover to simplify we normalize T in

the following so that / dxs = 1.
T

The idea to find the limit equation is to take weak limits in (RF;), the difficulty coming of
course from the nonlinear terms. The first step of the analysis consists in proving the compact-
ness of the vertical average of u.. The second step then consists in proving a compensated-
compactness type result to show that there are no constructive interferences of x3-dependent
vector fields.

2.4.1 Compactness of vertical averages

Let us start by proving the following proposition, which shows that the defect of compactness
of the sequence of solutions u. can only be due to functions depending on the vertical variable.

Proposition 2.8 Let u° be any divergence free vector field in L?. For all € > 0, denote by u.
a weak solution of (RF;), and define

U (zp) def ue(z) drs and . (ugp(x),0) d.
T

B ‘Qh| Q}LXT

Then the sequence (. — Uz )e>o is strongly compact in L?([0,T] x Qy), for all times T.

Proof of Proposition 2.8. Let us take the vertical average of (RF.). Since horizontal
mean free, x3-independent vector fields are in the kernel of L due to Proposition 2.7, we have

/ P(ul) dzs — 1
T

P(ul)dz =P ((u. —a.)") =0.
] oy P05 2= P (=70
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It follows that
O (U — W) — ApTe + P/ ue(z) - Vue(x) des = 0. (2.4.1)
T

Regularity with respect to space variables follows from the energy estimate, since u. is uni-
formly bounded in L2([0,7], H'(2)) for all times 7. Regularity with respect to time is
obtained classically by finding an a priori bound on 9:(u. — u.). It is indeed easy to see
that u.-Vu, is bounded in L?(R*; H~3/2(Q2)), and that Au, is bounded in L*(R*; H~1(Q)) C
L*(R*; H3/2(Q)), so d. is uniformly bounded in L2(R*; H=3/2(Qy,)). We can therefore
infer by interpolation (using Aubin’s lemma for instance) that (. —Tc )e>0 is strongly compact
in L? (R™;L?(Qy,)), which proves the proposition. O

loc

We infer from that result that xs3-dependent vector fields are the only obstacles to taking
the limit in the non linear term. We are going to see that such vector fields do not interfere
constructively in the non linear term of the equation.

2.4.2 The weak limit of the nonlinear term

This section is the main step of the analysis of the weak limiting behaviour of (RFy), since it
consists in proving that when taking the limit of the nonlinear term, there are no constructive
interferences of oscillations. We will start by giving the general strategy of the proof, before
going into the details.

Strategy of the proof

Our aim is to prove that the limit of the nonlinear term only involves the nonlinear interaction
of the weak limit. More precisely we want to prove that as € goes to zero, we have

P/ Ue - Vuedzs — P(u - Vu),
T

where u is a weak limit of u.. Of course that convergence must be made more precise, in
particular we need to determine in what function space it holds. In fact since we are dealing
with nonlinear quantities involving weak solutions to our system, it will be convenient to
start by regularizing the family u. by introducing a smooth vector field ug which converges
uniformly towards u. in L2 _(R';L%(Q2)) as § goes to zero. That is possible due to the
additional smoothness of u. given by the Laplacian. Then we will be able to carry out
computations on nonlinear quantities involving ug without worrying about regularity issues
(only at the very end of the argument will we let 4 go to zero). Those computations consist
in writing out the nonlinear term ug . Vug as the expected limit « - Vu, to which one needs to
add error terms. Those error terms naturally involve functions which are oscillatory in time,
and using the algebraic properties of the wave equations associated with those oscillatory
functions (see Lemma 2.9), it is possible to prove that they contribute to negligible quantities,
up to gradient terms. The precise statement is given in Proposition 2.10 below.

In the following we will therefore start by writing out those wave equations, applied to
smoothened vector fields. It turns out that the computations are best carried out on the
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vorticity formulation of the equation (since the vector fields are smooth for a fixed ¢, that
does not create additional regularity problems). Using those equations given in Lemma 2.9,
we are then able to prove the expected convergence of the quadratic term (Proposition 2.10).

Convergence of the quadratic term

The proof of that result requires some preparation, and we will start this study by rewriting
the equations in a convenient way for future algebraic computations. Let us start by taking
the rotational of the equation, by defining

def ~  def ~ 1~ ~ 1
we = O1ueo —ous1 and Q. = (1ot Ue)), = Vi Ue g — 03Uz,

with / §a7h(m) dxs = 0. We write, for any vector field a,
T

a(xp) = /Ta(:nh,xg) drs and a=a—a, with /ra(a:h,xg) dxs = 0.

In particular we have a = 34, with / g(xh,mg) dzxs = 0. Equation (2.4.1) derived in the
T
previous section implies that
e0w: = (1 Fen — F:1)

where F. denotes the flux term

F Y Apu. — PV (ue @ u2).

It is easy to see that (81 F.2 — 92F: 1) is bounded in L2(R*; H=5/2(Q)) (see for instance the
proof of Proposition 2.8), so we can write

£0yw. = 7., where T, is uniformly bounded in L>(R¥; H~%/2(Q)).
Similarly an easy computation yields the following equation for .:
e0iw, — divpue p, = €7, where 7, is uniformly bounded in L2(R+; H—5/2 (Q)).

For the other components of the vorticity, the computations are similar: since V /\ui_:L = O3,
we find after integration in the vertical variable

satﬁah + U p = dég, where ﬁg is uniformly bounded in LQ(RJF; H_5/2(Q)).
Now let us proceed with the regularization: let x € C®°(R3; R¥) such that x(x) = 0 if || > 1
and / kdx = 1. We define
Q

Kt @ > %n <5> (2.4.2)

as well as def et ~

2wk kg =00+, and Q2 F Q. * ks
It is not difficult to see that the following result holds. We leave the details to the reader
(see [24]).
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Lemma 2.9 Let u® be any divergence free vector field in L?. For all € > 0, denote by u. a
weak solution of (RF.). Then, for all ¢ > 0, there is a family (ul)s~o of smooth vector fields
in L*(R™; N H*(Q)) such that

;irr(l) wl=wu. in L} (RT;LP(Q)) forall pe[2,6], uniformlyin e,

and such that the functions

f S f ~ . S
w? de alugz - 82u§’1 and 83927,1 de (rof; ué)h, with /1‘ Qgh(x) dxs =0

satisfy the following equations:
00 = &7,
Q) — diviul ), = ere,

and sﬁthh + ﬁgh = ER‘;h

where for all § > 0, the functions 7 and 72, as well as the vector field ég}h are uniformly
bounded in € in the space L*(R"; L%(Q)).

With that lemma we are ready to study the limit of the non linear term. Let us give the main
steps of the proof of the following result.

Proposition 2.10 Let u° be any divergence free vector field in L?>. For all ¢ > 0, denote
by u. a weak solution of (RF.), and by (ul)sso the approximate family of Lemma 2.9. Then
for any € > 0 and any 6 > 0, we have

u2]?

=0 |2

u 5 o~
5 dmg—vh% +e0y / G20 ) Hdzstepl
T T

[ (w2 92) doy =t @) 49

T

and .
/T (ug . vu§)3 day = diva (T 572 ) + 5204 /T (0, - 0508 ) ) das + ep,

where the vector field p? satisfies

Yo >0, VI >0, SUI[Z)) ||pg||L1([0,T};L6/5(Q)) < +o0.
e>

Proof of Proposition 2.10. Since ug is divergence free, we have

) 5 5 5 \U5|2
ul - Vul =V - (u ®ul) =V—- —

& 3

ul A (V Aud), (2.4.3)

so we shall now restrict our attention to the term ud A (V A u?). We have of course

/uﬁ/\(VAug) dxg_uﬁ/\(V/\u‘g)Jr/ WA (VAT das. (2.4.4)
T T
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Let us start by considering the first term in the right-hand side of (2.4.4). A direct computation
gives

1
—6 =0 —6 |12, —0 (=50 \Ll : —6 —0
u; A (VATZ) = §V|Us,3‘ + e p (W ) — divy (g 3¢ p)es.
To compute the second term in the right-hand side of (2.4.4), we will use the equations derived

in Lemma 2.9. To simplify the presentation we shall set to zero all remainder terms appearing
in that lemma. We have

(2.4.5)

ag A (V A ag) — ( (ag,h)J_&g - 83(63,3(Qg,h)L) B divhag,h(gg,h)L ) _

_(ag,h)J_ : a3Qg,h
Let us study first the horizontal components in (2.4.5): by Lemma 2.9, neglecting all remainder
terms, we have

(@)@l - divhag,h(ﬁg,h)J_ = —Eat(ﬁg,h)L&g - divhﬂg,h(ﬁg,h)l'
But by Lemma 2.9 again, we have
—divpul , = —e0,@?,
SO
/T (350 — divgiid (@0, day = <, /T (@2 )5 des.

Now we are left with the last term in (2.4.5), which is the third component: we can write, by
Lemma 2.9,
a’g’h = _Eatﬂgh,

SO
(ﬂg,h)L ) 63Qg,h = —Eaf(Qg,h)L ) 83Qg,h'

Then we just need to notice that
~ ~ 1 ~ ~ 1 ~ ~
581‘/(92,/1)L : 8:BQS,h = —55&5 (Qg,h : (3392,h)L) + 533 (Qg,h : (58th,h)L) .

Putting those computations together yields finally the proposition. Note that the regulariza-
tion procedure is useful here, as the (omitted) remainder terms go to zero in the expected
functional space as € goes to zero, for all § > 0. The parameter § will go to zero at the very
end of the argument leading to the theorem. ]

That result enables us easily to infer the following corollary.

Corollary 2.11 Let u° be any divergence free vector field in L?. For all € > 0, denote by u.
a weak solution of (RF;). Then for any vector field ¢ € H' N Ker (L), we have the following
limit in W=11([0,T)) for any T > 0:

e—0

i ([ 9w oo o~ [ Vi@ om) - o(an) dim ) =0,

Qp
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Now we are ready to prove the convergence theorem.

Proof of Theorem 2.2. The proof of Theorem 2.2 follows quite easily from the previous
results: we have seen that u. converges weakly in L2([0,7] x ) towards a vector field u
depending only on the horizontal variable and mean free, due to Proposition 2.5. Then
we proved that u. — u. is strongly compact, therefore converges strongly towards « in the
space L2([0,T] x ) (since v = u and u = 0). Finding the equation satisfied by the limit
is therefore a matter of computing the limit of Equation (2.4.1). The linear terms converge
in the sense of distributions of course, and to find the limit of the nonlinear term we use
Proposition 2.11 as well as the following weak-strong limit argument: we have

V- (ﬂe ®ﬂs> =V- (ﬁe & (Ha - i&)) +V- ((ﬂs _is) ®is))) +V- ((Hs - is) b2y (ﬂs - i6))

The two first terms converge towards zero in D’'(Q2) since U, — . is compact and U, converges
weakly to zero, whereas the last term satisfies

V(e —t)® (U —0)) - V- (u®u) in D(Q).
That gives the expected result: the limit u satisfies the two dimensional Navier-Stokes equation
Ou — Apu+ PV, - (u®@u) =0.

Theorem 2.2 is proved. ]

We therefore recover as expected the Taylor-Proudman theorem. Now the question consists in
making that convergence result more precise, by describing more finely the oscillations of ..
We have seen that they do not contribute to the limiting behaviour of the system, but it
remains to understand if they are actually an obstruction to the strong convergence or not.
The answer to that question depends on the boundary conditions, as shown in the following
section where the case of the whole space R? and the periodic case are studied. As pointed
out in the introduction, the fact that the rotation is constant will enable us to describe very
precisely the oscillations, by use of the Fourier transform.

2.5 Strong asymptotics

In this section we are going to prove precised versions of Theorem 2.2, by analyzing the strong
asymptotics of u.. We will mainly focus on two situations, first the case when the equations
are set in the whole space R? (proving Theorems 2.3 and 2.4), and then the periodic case
(proving Theorem 2.5). Comments on more general boundary conditions can be found in
Paragraph 2.5.3.

2.5.1 The whole space case

Let us suppose here that the equations are set in R?, and let us consider again a family of
weak solutions to (RF.). Due to the result proved in the previous section, we know that
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the weak limit of any such family is necessarily zero, and the question is to know whether it
converges strongly or not. The answer is given in Theorem 2.3, where in order to give a more
general statement we have considered the case when the initial data is the sum of a purely
two-dimensional vector field (with possibly three components) and a three dimensional vector
field.

Proof of Theorem 2.3. We shall leave as an exercise to the reader the proof of the
existence of a solution to (RF:) with initial data u° + w° in L?(R?) + L%(R3), which is an
easy adaptation of Proposition 2.3. The main ingredient of the proof of the strong convergence
result is a so-called “Strichartz estimate” on the Coriolis operator, which we will write now.
Let us consider the linearized equations

ok
oov—Av+ —+Vp=f
(LR:) div 1)8: 0
U|t=0 = an
which yields in Fourier variables ¢ € R3
_ ~ GUAE 2
0 + |€]*0 + =f
P e

=~ _ 0
U|t:0 =v".

We will denote by for F f the Fourier transform of any function or vector field f, defined by

Fi©) = [ @) da.

The matrix Mv & &)’E‘;\g has three eigenvalues, 0 and iié‘g‘- The associate eigenvectors are
O(ey _ ¢
e'(¢) = *(0,0,1) and
1
+ t . . 2
e (§) = —=—— " (§&1&3 F i&2/€|, o T i&u1lE], —|Enl7) -
V2|16l ( )

The precise value of those vectors will not be necessary for our study; all we shall need to
know is that the last two are divergence free, in the sense that & - e¥(£) = 0. Furthermore
they are orthogonal, in the sense that if v belongs to L?*(R3) then

o]22 = [lot ]2 + o= 2. where vt & F1((@(€) - eX())e*(€)) .

We are now led to studying the application
. {77 2 i . Efi 20 il o,
GH(r): g | GO g = gly)e TR gy,
R} RY x R
and we will start by considering the case when g is supported in C, r for some r < R, where

Crr=1{6€R?/|&|>r and [¢] < R}. (2.5.1)
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In that situation we can multiply g(£) in the previous formula by a function 1 in D(R?\{0}),
such that 1) = 1 in a neighborhood of C, g, and which is radial with respect to the horizontal
variable £, = (£1,&2). For instance we suppose that 1 is supported in the set C, /5 2r. We are
now led to studying the following function:

K*(t,m,2) & / B(E)HTAOHFEE g where a(¢) L 2.
R} I3
The following result is the main step of the proof of Strichartz estimates; it is a dispersion
estimate.

Lemma 2.12 For any (r, R) such that 0 < r < R, a constant C, g exists such that Vz € R?,

\K*(t,7,2)| < Cppmin{l, 772} e 2"t

Proof of Lemma 2.12. For the sake of simplicity we will only consider K, the term K~
being dealt with exactly in the same way. This proof is very like the proof of the more usual
dispersive estimate for the wave equation. First using the rotation invariance in &, we restrict
ourselves to the case when zo = 0. Next, denoting a/(§) def —0g,a(€) = &&3/|€]3, we introduce
the following differential operator:

def 1

X = m(1+i04(5)352)7

which satisfies X'(e!™®) = ¢/7%. Integrating by parts, we obtain

+ — iTa(§)+iz1&1+izaés [t —t[€]?
K*(t,7,2) /Rse (2 (@(©e™)) ac.
Easy computations yield

1
1+ 7102

ty (w(f)eft\a?) _ < 1 (0e,0) ( 1— Ta22> B(E)etEP _

e —tl¢]?
14 7a? 14+ 7a?) Oe; (e * ¢(§)> '

As ¢ belongs to the support of 1, which is supposed to be included in C,/32r as defined
in (2.5.1), we can prove that

‘t_)( (wg)e—tlflz) < 1?,71_%5% i

so we obtain, for all z € R? |

1 ds
K*(t,1,2)| < C 5”2/ —
K47, ) < Cppen3® [ 2
which proves Lemma 2.12. ]

Lemma 2.12 yields the following theorem, whose proof is quite classical in the context of
Strichartz estimates (it is based on the so-called TT* argument) and is omitted.
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Theorem 2.6 For any positive constants r and R such that r < R, let C, r be the frequency
domain defined in (2.5.1). Then a constant C,. g exists such that if v° € L*(R?) and f €
LY(R™'; L2(R?)) are two vector fields whose Fourier transform is supported in Cy. g, and if v
is the solution of the linear equation (LR.) with forcing term f and initial data v°, then for
all p € [1,400],

1
[0l o g+ Lo (m2)) < COrre™ (HUOHL2(R3) + HfHLl(R+;L2(R3))> :

We see that the solution of the linearized equations converges strongly to zero as € goes to
zero. Now let us conclude the proof of Theorem 2.3. We define w. = u. — u, and we are going
to prove that w. goes to zero as e goes to zero, in L} (R™; LY(R3)) for any 2 < ¢ < 6. One
can prove, by an energy estimate on the equation satisfied by w,, that

t
V20, e [ V)R dt < o) exp (C1a1R e
0
Indeed we have formally

t t
el +2 [ 1Vw@ear = | it
0 0

[ (e 9wt ) da

and using the two-dimensional Gagliardo-Nirenberg inequality we can write

‘/ (we - V)u - we dx
RS

< [ IVl ) g s

< HVUHLQ/R”wé('ax3)HL2(R2)vaé‘('?mi’))HL?(R?) dzs
< vaaHiz(R?’)+CHVEH%2HU)€H%2(R3);

and the above estimate follows from Gronwall’s inequality.

In order to use the Strichartz estimates of Theorem 2.6, we have to get rid of high frequencies
and low vertical frequencies. Let us define the following truncation operator

D
Prf % (R> f, where x€D(-22), x(&) = 1for || < 1

In other words we have

#Paf(©)=x(5) 1)

Let us observe that, thanks to Sobolev embeddings and the energy estimate, we have, for
any q € [2,6],

lwe = Privell 2 ipamsy < Cllwe =Pruel |, oo sa-1))
~ CR_aq”ngLQ(RJ,-;Hl) (252)

< CR™||u)| 2 exp (C2°)12, g2 )

A
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1 ~
with aq def 3_ 3 Now let us define X( )f def & (X(f—?’>f(g)) We have
q r
()P < [(3) P
L2(RF;L>) T L2(R*;LY)
so using the fact that |{| < R and a Cauchy-Schwartz inequality one can prove that
H ( *)Prw < Crrt w2 exp (Cla0| 2 s (2.5.3)
X RWe L2(R+;L°°) >~ VR L p LZ(RQ) . 0.

Let us define P, def

Id _X<3)>PR- The following lemma, whose proof is postponed for
r
a moment, describes the dispersive effects due to fast rotation.

Lemma 2.13 For any positive real numbers r, R and T, and for any q in |2, +0o0|

Ve > 0,

;(1_2)
Pr.r we < (Ce® 7,
’ L2([0,T];L9(R?))

the constant C above depending on r, q, R, T, |[©°||;2 and ||w®||;2 but not on ¢

Together with Inequalities (2.5.2) and (2.5.3), this lemma implies that, for any positive r, R
and T, for ¢ €]2,6],

1012
Ve > 0 ”ngLQ ([0,T);L) < CR % +CR7'2 +0358( q>

)

the constant C3 above depending on r, R, T, |[@°||;2 and ||[w®|| 2 but not on . We deduce
that, for any positive r, R and T, for ¢ €]2,6],

lim sup [|wel[2(o,79;00) < CR™ + Crri.
e—0

Passing to the limit when r tends to 0 and then when R tends to oo gives Theorem 2.6
provided of course we prove Lemma 2.13.

O

Proof of Lemma 2.13. Thanks to Duhamel’s formula we have

Pr,rwe (t) Z ) pwe(t)  with
def (T
Plaw.(t) € g (E)PTRwO,

Prac) [ 6“0 ParQuu ) el d - ana

P () / 6 ("L )P (@) 7)) + Q). we (1)
We have defined Q(a,b) =

P(a-Vb). Theorem 2.6 implies that

1
1Py gwell 2 (m ey < Cromes w2
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By interpolation with the energy bound, we infer that

12 L
IPLwelzaqoiryen < Crnre® 78 2 exp (G170 22 )
Using again Theorem 2.6, we have

IP? gwe |l 20,7000y < CrRESHPRQ(weawé‘)”Ll(OT] 12)-

Let us recall Bernstein’s lemma, : if a function F' has its Fourier transform supported in a ball
of radius R, then for all k € N and all 1 < p < ¢ < o0,

k d 11
sup [|0°F || gy < CRGT0| F| .

|laf=k

That lemma together with the energy estimate implies that

IPrQ(we, we)ll Ly (o,ryr2y < CR|Pr(we © we)llL1(jo,r);12)
< CRH%Hwa ® well Loyt
< ORT|u® 2 s exp <CHHO||%2(R2)> .

By interpolation with the energy bound, we infer

1(1_2 2(1-1) |
P2 g lzaqoimyen < Crnre o)l ™ exp (O 2u ).
Still using Theorem 2.6, we have

1 _ —
||P§,Rw8||L2([O,T};L°°) < Crpres ||PR(Q(w£,u) + Q(u,wg)) ||L1([0,T];L2)-

Similarly, using an anisotropic-type Bernstein inequality, we can prove that

1, |
1P} rwell 2o, ry;n0e) < Crrr €3 @] 2w 2 exp (Cl[@)172)

and by interpolation with the energy bound, we get

(1-
1P pwel z2(jo.17,00) < Crog1 88( >HUOHL2 w2 exp (Cl°)|72) -
The lemma is proved. L]

Once the behaviour of weak solutions has been investigated, it is natural to consider strong
solutions. The question of their convergence is easily settled due to Theorem 2.3 (in partic-
ular if the initial data is in H %(R3) then the strong solutions converge to zero, and if it is
in L2(R?)+H 2 (R?) then they will converge towards a two-dimensional vector field satisfying
the two dimensional Navier-Stokes equations). However since that limit system is known to
be globally well posed, one can try to use this information to recover a better bound on the
life span of the solutions to the rotating fluid equations in H2 (Rg) depending on e. This is
achieved through the following theorem, which is a precised version of Theorem 2.4 stated in
Section 2.2.
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Theorem 2.7 Let ©° and w® be two divergence free vector fields, respectively in LQ(RQ)
and H%(R?’). Then a positive €y exists such that for all € < ggy, there is a unique global
solution u. to the system (RF;). More precisely, denoting by u the (unique) solution of the
two dimensional Navier- Stokes equations associated with @°, by vp the solution of (LR.)

with initial data w® (with f = 0), and defining w; def ue — U, then for € small enough, w, is
unique in L (R, ViE R3*))NL2RT, H2 (R?)) and we have, as € goes to zero,

w. € CRT;H2(R?)  and Vw. € L2(RT; Hz(RY)),
wE—UF—>0 in LOO(R+,H%(R3))
and V(w: —vp) — 0 in L*RT; H%(R3))

Proof of Theorem 2.7. We will not give the details of the proof here but simply some
indications. The first step consists in checking that there is indeed a unique solution u. =
u+ we to (RF;) in H %(R?’) for some finite time. This is achieved in a similar way to the
case of the Navier-Stokes equations (up to the presence of the perturbation term involving ,
which is not in L®(R*; H %) but only in the energy space; however it only depends on two
variables so an anisotropic Gagliardo-Nirenberg inequality gives the desired estimates). To
prove that w. exists globally in time one needs to use more than an energy estimate, since
such an estimate would be similar to the case of the 3D Navier-Stokes system, for which the
global existence in time of a unique solution is not known. The idea is to subtract from w,
the solution vp of (LR.), which we know goes to zero (at least for restricted frequencies)
by Strichartz estimates. We are then led to solving the system satisfied by w. — vp, which
has small data (involving the extreme frequencies of w) and small source terms (due to the
Strichartz estimates of Theorem 2.6). The usual methods for the 3D Navier-Stokes equations
can then be used. Of course there are a few additional difficulties, the main one being that
one needs to cope with the interaction of two dimensional and three dimensional vector fields;
for that an anistropic-type Strichartz estimate is needed, but we shall not pursue this question
here and refer to [13] for details. O

2.5.2 The periodic case

This paragraph deals with the rotating fluid equations (RF;) in a purely periodic setting: we

define the periodic box T3 def (R /Z)3. All the vector fields considered in this paragraph will
be supposed to be mean free. We are interested in the (strong) asymptotic behaviour of u.
as € goes to zero, proving Theorem 2.5. The first step of the analysis consists in deriving a
limit system for (RF.), which will enable us to state and prove a convergence theorem for
weak solutions. The main issue will then consist in studying the behaviour of strong solutions.
The proof of Theorem 2.5 relies on the construction of families of approximate solutions. Let
us state the key lemma, where we have used the following notation:

t
9 def < 2 INTP /)
= t 2 t dt').
Julfy & sup (o, +2 [ IVu)12,
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Lemma 2.14 Let u° be a divergence free vector field in H 3. For any positive real number 7, a

family (wapp)e,n exists such that lim S(l)lp lim S(l)lp H“appHH 3 < 00. Moreover, the families (Uapp ),
n— e—

are approximate solutions of (RF;) in the sense that gy, satisfies

1
atuapp - Auapp + P(Uapp . VUapp) + gP(Ui_pp) =R iIn T3

. _ 9 =
Toany Tiany {[ttapp ), — ] 3 =0,

(2.5.4)

with

%li% lim IRl L2t 172y = 0
Remark 2.15 The stability of strong solutions to the Navier-Stokes equations enables us to
prove that as soon as € and n are small enough, the solution u. to (RF.) remains arbitrarily
close to the solution gy, of (2.5.4): indeed both equations are the same up to the initial data
and forcing terms, which can be made arbitrarily close. In particular u. satisfies

Jim, Tian sup [ue = tappll 1 =0,
which implies directly the global existence result of Theorem 2.5. It follows that the con-
struction of the families (uapp)e,n is the main step in the analysis of (RF;) in a periodic box.
Moreover it will also enable us to further describe the asymptotics of u. as € goes to zero,
thus achieving the proof of Theorem 2.5.

Let us give the main steps of the construction of the approximate family. Fast time oscillations
prevent any result of strong convergence to a fixed function. In order to bypass this difficulty,
we are going to introduce a procedure of filtering of the time oscillations. This will lead us to
the concept of limit system. So we start by defining the filtering operator, the limit system
and to establish that the weak closure of (u.).>¢ is included, after filtration, in the set of weak
solutions of the limit system. Then we prove that the nonlinear terms in the limit system have
a special structure, very close to the structure of the nonlinear term in the 2D Navier—Stokes
equations, which makes it possible to prove the global wellposedness of the limit system. The
families (uqpp)e,n can then be constructed.

So let us start by finding a limit system. We know that there is a bounded family of solu-
tions (ue)e>0 associated with the initial data, so one can extract a subsequence and find a
weak limit to (us)e>0. Then we will need some refined analysis to understand the asymptotic
behaviour of (ug)e~o. Let £ be the evolution group associated with the Coriolis operator L
defined in (2.2.1): the vector field £(t)v° is the solution at time ¢ of the equation

Ov+Lv=0, wv—g= Y.

As L is skew-symmetric, the operator £(t) is unitary for all times ¢, in all spaces H*(T?). In
particular the “filtered solution” associated with wu.

~ t
Ug def L <—€> Ue ,
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is uniformly bounded in the space L®(R™¥; L?(T?))NL2(R*; H'(T?)). It satisfies the following
System:
(RNFE) { atas - Qf(ﬂsvaj) _0 Aﬂs =0
Uglt=0 = U~
noticing that £(¢/e) is equal to Identity when ¢ = 0. We have used the fact that the operator L
commutes with all derivation operators, and we have noted
t

Q.(a,b) %' —% (c(—t) P(L()a- vz(é) b) + L) P(ﬁ(é) b. vc(g) a>> (2.5.5)

€ €
The point in introducing the filtered vector field . is that one can find a limit system to (RNFS)
(contrary to the case of (RF.)): if u® is in L2(T?), it is not difficult to see that contrary to the
original system, the family (0, )e>¢ is bounded, for instance in the space Ls ([0,T]; H~Y(T?))
for all T > 0. A compactness argument enables us, up to the extraction of a subsequence, to
obtain a limit to the sequence u,, called u. The linear terms . and Au,. converge towards dyu
and Aw respectively in D'((0,T) x T?), so the point is to find the limit of the quadratic
form O.(ue,u:). Let us study that term more precisely. For any vector field u = (uq, u2, us),

u is the quantity
/ u(xp, x3) dzs.
T

Note that if u is divergence free, then so is u, = (u1,u2). Finally we decompose u into

(zy) <

U = U+ Uopsc,

where the notation wu,s. stands for the “oscillating part” of u. Now in order to derive formally
the limit of Q., let us compute more explicitly the operators L and £. As in Paragraph 2.5.1,
the eigenvalues of L,, (where n € Z* denotes the Fourier variables) are 0, in/|n|, and —in3/|n)|.
We will call e*(n) the associate eigenvectors, as defined in the previous paragraph. Now we are

ready to find the limit of the quadratic form Q.. In the following, we denote o def (01,09,03) €
{+, —}? any triplet of pluses or minuses, and for any vector field h, its projection (in Fourier
variables) along those vector fields is denoted

Vnezd, Vie{1,2,3), h%n) % (Frn)- %)) e (n).

Proposition 2.16 Let Q. be the quadratic form defined in (2.5.5), and let a and b be two
smooth vector fields on T3. Then one can define
Q(a, b) % lim Q.(a,b) in D'(R*xT%,
E—>

and we have

FQa,b)(n) =~ > [a7(k)- (n = k)] [b7(n k) - ™ (n)]e” (n),
U€{+7_}3
kekg
where K7 is the “resonant set” defined, for any n in Z* and any o in {+, —}3, as

def k3 ng — ks n3
]CZI{kEZS/Ul—i-UQ —0320}’
|| In — k| n|

(2.5.6)
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Proof of Proposition 2.16. We shall write the proof for a = b to simplify. We can write

~FO.(a,a)(n)(t) = 3 (TR T [0 () ] (002 () - €99 ()] ().
(k,m)EkZG,J€{+,—}3
+m=n

To find the limit of that expression in the sense of distributions as € goes to zero, one integrates
it against a smooth function (t). That can be seen as the Fourier transform of ¢ at the
1 ks mg n3 . o ks
point — | 01— + 02— — og3— |, which clearly goes to zero as e goes to zero, if 01— +
TR ] Tl &
02—3 — O’3ﬁ is not zero. That is also known as the non stationary phase theorem. In

n

|m|

particular defining, for any (n, o) € Z3\{0} x {+, —1}3,

def k3 ng — ks ns3
g(k‘) = 01— + 09 — 03—
|k In — k| [n
we get
~FQa,a)(n) = D> > (a7 (k) (n—k)][a”(n— k)7 (n)]e (),
oce{+,—}® keZ3

wZ(k)=0

and Proposition 2.16 is proved. ]

So the limit system is the following:

Ou — Au— Q(u,u) = 0

Ujt=0 = U,

(RFL) {

and we have proved the following theorem.

Theorem 2.8 Let u® be a divergence free vector field in L?(T?), and let (u:).>o be a family
of weak solutions to (RF.). Then as e goes to zero, the weak closure of (L(—%)uc)es is
included in the set of weak solutions of (RF'L).

Now let us concentrate on the quadratic form Q: we are going to see that it has particular
properties which make it very similar to the two dimensional product arising in the 2D incom-
pressible Navier—Stokes equations. We state the following fundamental result without proof
— its proof requires a careful analysis of the resonances in the nonlinear term, and is based
on the fact that if the frequencies n € Z3, k1 € Z and ko € Z are fixed, then there is a finite
number of k3 satisfying the resonance condition (2.5.6), contrary to a classical product with
no such condition, where the number of k3 is infinite.

Proposition 2.17 The quadratic form Q given in Proposition 2.16 satisfies the following
properties.

1)  For any smooth divergence free vector field h, we have

—/ O(h, h) dzs = P(h - V).
T
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2) Ifu,v and w are three divergence free vector fields, then

Vs >0, (9w, UOSC)‘(_A)SUOSC)LQ(TQ,) =0, and

‘ (Q(uosca Uosc) ‘wosc)H% < C(HUOSC”H% H'UoscHHl + ||'UoscHH% ||uoscHH1) HwoscHH% .
Remark 2.18 1) The first result of Proposition 2.17 is no surprise if one recalls Proposi-
tion 2.10: we saw indeed in Section 2.4.2 that the vertical average of the non linear term at
the limit can only involve interactions between two-dimensional vector fields.

2) The second result of Proposition 2.17 is a typical two dimensional product rule, although the
setting here is three dimensional. The estimate means indeed that one gains half a derivative
when one takes into account the special structure of the quadratic form Q compared with a
usual product.

Notice that the limit system (RF'L) can be split into two parts: indeed if u solves (RF'L) then

one can decompose u into u = U + uyse, Where u satisfies the two dimensional Navier—Stokes

equation

Ou — Apu+Pp(u, - Vyu) = f
U

(NS2D) { 0

ﬂ|t=0 = ’

where P}, denotes the two dimensional Leray projector onto two dimensional divergence free
vector fields, and wu,gs. satisfies the coupled system

{ Ortose — AUpge — Q(2ﬂ + Uose, Uosc) = fosc
0

Uosclt=0 = Upsc -

IS osc Where 70 the vertical mean of u°, and similarly f = f + fosc,
where f is the vertical mean of f. Using the proposition stated above on the limit Q, it is
not difficult to prove the following global wellposedness result.

Of course here u? = @° + 0

Proposition 2.19 Let u® be a divergence free vector fields in H%(TB’). Let us consider also
an external force f in L*(R™; H 3 (T3)). Then there exists a unique global solution u to the
system (RFL), in Co(RT; Hz(T?)) 0 LA(R™; H2(T?)).

Let us now give the strategy to describe the asymptotic behaviour of u.. It is natural to
write an asymptotic expansion of u. as E(ﬁ)u +eU' + ... and to identify the powers of ¢
after plugging that expansion into the equation. Unfortunately a few drawbacks appear
instantly. First such a method is regularity-consuming, since the equation involves derivatives
and nonlinear terms, so one needs to start by smoothing out u. That is possible because of
the special properties of Q pointed out above, which in particular imply the stability of the
limit system. More precisely one can prove that if uy converges towards u (in our case uy will
be spectrally supported in a ball of radius N), then Q(uy,uy) converges towards Q(u,u), in
appropriate function spaces. The next difficulty, more serious than the previous one, is that
the quadratic form Q is only a weak limit of the original quadratic form. So it is not clear that
the next term in the expansion, eU!, does indeed exist (in other words it is not clear that the
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convergence of u: — L£(£)u to zero is strong, and is even a O(¢)). But the difference between Q
and the original quadratic form is oscillatory in time, and U' will roughly correspond to a
time integral of that difference (which again can be defined because the frequencies of u have
been restricted to a fixed ball; only in the very end will we let N go to infinity).

To make this sketch more precise, we are going to construct the smooth, approximate fam-
ily (wapp)en, and prove Lemma 2.14 using the previous results. In particular we will then only
be dealing with smooth functions. As we proceed in the construction we will in fact also show
that (uapp)en is a (strong) approximation of the limit solution £(£)u, by writing an Ansatz
of the type sketched above, and identifying the powers of € in the equation. In doing so we
will prove the following theorem, which gives of course Lemma 2.14, and Theorem 2.5 due to
Remark 2.15.

Theorem 2.9 Let u® be a divergence free vector field in H > and let u be the unique,
global solution of the limit system (RFL) associated with u® constructed in Proposition 2.19
(with f = 0). For any positive real number 1), a family (uapp)e,, exists such that

T t
i, Tim sup ltapp = L )ull 3 = 0.

Moreover, the family (uapp)e,n, satisfies the conclusions of Lemma 2.14.

Proof of Theorem 2.9. Let n be an arbitrary positive number. We define, for any positive

integer N,

def _ ~
uy =Pyu = FL (1‘n|§Nu(n)) ,

and obviously there is N, > 0 such that

1 S pt’:‘ﬂ]a

1), — w3

where p. ;, denotes from now on any non negative quantity such that

lim lim sup p. , = 0.
n—0 «—0

We will also denote generically by R.; any vector field satisfying

HRE’””L%R*;H‘%) = Pem-

We can, from now on, concentrate on uy, , and our goal is to approximate L(g)u N, in such a
way as to satisfy system (2.5.4). So let us write

t
tapp = L(2)un, + eU?

where U is a smooth, divergence free vector field to be determined. To simplify we also define

t
U0 LS,
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as well as the operator

1
L.w def Ohw — Aw + —w.
€

Then we have
Letapp + Uapp - Vigpp = LU +eL .U + Uapp * VUapp, (2.5.7)

and the only point left to prove is that there is a smooth, divergence free vector field U! such
that the right-hand side of (2.5.7) is a remainder term. We notice that by definition of U°,

1
PL.U° = POU - AU + g(Uo)i)

1 t 1 t 1
= L(-)(Owun, — Aun,) + gaTﬁ(g)uNn +—P E(g)uNn

M|+ M|

= L(-)Pn,Q(u,u).

But it is easy to prove (using the special form of Q) that

t t
”ﬁ(g)PNnQ(U, u) — E(E)Q(um,, UN,])\\LQ(R+;H_%(T3)) < Pe-
We infer that
t
P Lettapp + P(Uapp - Vlapp) = Ry + E(E)Q(UNM un,) + ePLU" + P(tapp - Vidapp).
Now we write, by definition of Q.,

t
P (tapp - Vtapp) = _ﬁ(g)Qe(UNna un,) + Fep,

where

Fg,n d:ef —Eﬁ(é)ge <UNT],£(_§)U1> _ €2Q6 (‘C(_Z)UI,E(_(Z)U1> )

Going back to the equation on u,p, we find that

t t
PLettapy + Plttapp - Vitapy) = Rey + £(2)Qun, ) - L(g) Q. (u,, uy,) + Frpy +ePLU".
Let us postpone for a while the proof of the following lemma.

Lemma 2.20 Let n > 0 be given. There is a family of divergence free vector fields U?,
bounded in (L N L')(R™; H*(T?)) for all s > 0, such that

t
L2)(Q: — Quw, un,) = <PLU + Re,,

Lemma 2.20 implies that
P Lettapp + P(Uapp - Vapp) = Rey + Fe

and the only point left to check is that F; , is a remainder term. But that is obvious due to
the smoothness of U! and u N,,- So the theorem is proved, up to the proof of Lemma 2.20. []
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Proof of Lemma 2.20. We start by noticing that by definition,

(Q: — Q(uny,un,) ==F 1 > e A Wy 1 e,
kK
UE{+7_}3

X[u” (k) - (n = B)][u”(n — k) - €7 (n)]e? (n).

The frequency truncation implies that |w? (k)| is bounded from below, by a constant depending
on 7. That enables us to define

~1 def ~_1 eiiéwﬂk) o1 o9 o3 o3
S e, s, 07 (- (n B[ ()" ()7 ()
kgKs, "
U€{+7_}3

e0U' = (Q — Q.)(un,,un,) + Ry,
where R; is the inverse Fourier transform of
e_ZEWZ(k‘) ag (o} O; g;
Wl\k\ﬁl\fnlln—kléf\fn [Oru (k) - (n — k)|[u”(n — k)-e7*(n)]e”(n).

Notice that eU" is defined as the primitive in time of the oscillating term Q. — Q, as explained
in the sketch of proof above, and it is precisely the time oscillations that imply that U is
uniformly bounded in €. We therefore have

U — sc(g)atﬁwafc(g)ﬁl
t t t o~ \"
= E(g)(Q—Qe)(uNn,uNn)—i—aE(g)Rt—P (L’()U) ,

so finally
t t
U +P (UY) = L(2)(Q = Qe)(uny, un,) + L(2) Rr.

Since U! is arbitrarily smooth (for a fixed ) and so is R;, Lemma 2.20 is proved, and so is
Theorem 2.5. 0

2.5.3 More general boundary conditions

We have presented above two different strong convergence results in the case of a constant
rotation, depending on the boundary conditions (whole space or periodic). Those boundary
conditions are of course highly unphysical, so it is natural to try to consider now more physical
cases. In this short section we will only list a few cases that have been studied in the literature
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and give references. We will also discuss a few open questions, still in the case of a constant
rotation.

The first more general situation was considered by E. Grenier and N. Masmoudi in [32]
where they studied the case of a fluid rotating between two horizontal plates, with vanishing
Dirichlet boundary conditions. In the case of initial data independent of z3 (so-called well
prepared initial data), they were able to prove the convergence of weak solutions towards a
two dimensional vector field satisfying a damped, two dimensional Navier-Stokes system. The
damping term is present when the initial viscosity is anisotropic (the vertical viscosity being
of the order of ¢, or else everything converges strongly towards zero) and is known as the
Ekman pumping term (see the Introduction); it is due to the presence of boundary layers
which dissipate energy. The general, ill prepared case was first investigated by N. Masmoudi
in [44] in the case of periodic horizontal boundary conditions, while the study of both the
periodic and the whole space horizontal boundary conditions can be found in [13]: in the
case of horizontal variables in R?, dispersion occurs which gives at the limit the same system
as in the well prepared case, whereas in the periodic case, oscillating boundary conditions
have to be considered, and the limit system is more complicated (though still damped). One
should mention at this point the study of D. Gérard-Varet [26] who considered non smooth
boundaries, meaning that the horizontal plates are replaced by rugous plates with a periodic
rugosity of size e. D. Bresch, B. Desjardins and D. Gérard-Varet [7] considered the case of a
cylindrical domain, and under a generic assumption on the domain and a spectral assumption
on the spectrum of the Coriolis operator they studied the asymptotics of the rotating fluid
equations. Note that more recently, C. Bardos, F. Golse, A. Mahalov and B. Nicolaenko were
able to prove in [5] that in the case of a cylindrical domain, the spectrum of the Coriolis
operator is discrete.

We leave out here the widely open cases concerning yet more general domains, like rotating
spheres for instance, and refer to [13] or [53] for a discussion on those subjects.

2.6 References and Remarks

The rotating fluid equations presented in this chapter have been the object of a number of
mathematical studies in the past decade. Let us mention the pionneering works of E. Gre-
nier [31] and of A. Babin, A. Mahalov and B. Nicolaenko [2]-[4], who were interested in the
wellposedness and the limiting behaviour as € goes to zero, in the periodic case, using S.
Schochet’s method [54] presented in Section 2.5.2. The fact that the limiting system (RF'L) is
globally wellposed is due to [4] and putting together the works [4] and [21] gives Theorems 2.5
and 2.9. The whole space case was studied a little later, mainly in [12], where the disper-
sive character of the Coriolis operator was pointed out, along with the strong convergence
theorems. The compensated compactness result can be found in [24].

It should be finally noted that the study of the asymptotics of rotating fluid equations in the
constant case is part of a general program analyzing the asymptotics of hyperbolic, parabolic,
or mixed hyperbolic-parabolic equations, penalized by a skew-symmetric operator. One has
to mention here the fundamental works of J.-L. Joly, G. Métivier and J. Rauch (among other
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references one can refer to [33] or [34]) concerning abstract equations, as well as the study of
the incompressible limit ([14],[16],[18],[22],[23],[41],[45]), or the gyrokinetic limit ([29])... Note
that we have not considered other models where similar methods can be used, like for example
the primitive equations (see [10], [11]).



Chapter 3

Taking into account spatial
variations at midlatitudes

3.1 Introduction

As noted in the introduction, one cannot reasonably study the movement of the atmosphere
or the ocean if one neglects the spatial variations of the Coriolis force. The preceding chapter
enabled us to go quite far in the description of the waves generated by a constant coefficient
rotation; in this chapter we shall replace that rotation by a variable one. Of course the price
to pay is that the analysis can no longer be so precise, and in particular we will have no way
in general of describing precisely the waves generated by a variable-coefficient rotation. We
will not be considering the most general penalization operators, but with the application to
geophysical flows in mind (or to magneto-hydrodynamics), we will suppose that the Coriolis
operator is
Lu=P(uNB), where B =b(xy)es

and b is a smooth function, which does not vanish, and which only depends on the horizontal
coordinate xp = (x1,x2). We recall that P denotes the Leray projector onto divergence free
vector fields. More assumptions on b will be made as we go along. We will study the system

1
8tu—|—u'Vu—Au—|—gu/\B+Vp:O on R* xQ,
V-u=0 on R"xQ, (3.1.1)

U= = uw’  on Q

where Q = Qp, x Q3, and Q, denotes either the whole space R? or any periodic domain of R?,
and similarly €23 denotes R or T. As in the previous chapter, we will address the questions
of the uniform existence of weak or strong solutions, and we will study their asymptotic
behaviour as € goes to zero. Considering the generality of the setting, we will not be able to
write as precise computations as in the constant case studied in the previous chapter, and in
particular the question of the strong convergence will not be raised except for some remarks
in Section 3.3.3.

65
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3.2 Statement of the main results

The first question to be addressed, and which is easily dismissed, concerns the existence of
uniformly bounded weak solutions. The Coriolis operator here is no longer skew-symmetric
in all Sobolev spaces, since it has variable coefficients, nevertheless it still disappears in L?
energy estimates, and it is therefore easy to prove the following theorem, which we leave as
an exercise to the reader.

Theorem 3.1 Let u® be any divergence free vector field in L*(Q2). Then for all £ > 0,
Equation (3.1.1) has at least one weak solution u. € L>®°(R*, L?) N L*(R", H'). Moreover,
for all t > 0, the following energy estimate holds:

t
lue (O)11Z2 + 2/0 Ve (t) 172 d’ < u|[7-

The existence of strong solutions is a much more intricate problem, since the Coriolis operator
no longer disappears, as soon as one takes derivatives of the equation. We will see that it is
nevertheless possible to prove the uniform local existence and uniqueness of a solution in H*
(global for small data), using the fact that B does not depend on the third variable. The
precise theorem is the following; it is proved in Section 3.4.

Theorem 3.2 Let s > 1/2 be given, and suppose that B = b(xp,)es is a smooth, bounded
function. Then there is a constant ¢ such that the following result holds. Suppose that u°
is a divergence free vector field in H*(S2), such that |[u°||gs < c¢. Then for all € > 0, the
system (3.1.1) has a unique, global solution wu., which is bounded in the space Cy,(R™; H®) N
LQ(R+;HS+1).

Moreover if B only depends on w3, then for any s > 1/2 and u° in H*(Q) divergence free,
there is a time T' > 0 such that for all ¢ > 0, the system (3.1.1) has a unique solution u.,
bounded in the space C([0,T]; H*) N L?([0, T]; H5*1).

Remark 3.1 A more general theorem can in fact be proved, where the Laplacian in the
equation is replaced by Ay only. To simplify the presentation we have chosen here to state
the less general result although it should be clear from the proof that the diffusion in the
vertical variable plays no role in the analysis.

The next question concerns the asymptotics of the solutions. We will only state results
concerning the weak asymptotics of Leray-type solutions. Before stating the theorem, let
us make the following additional assumption. We suppose that b has non degenerate critical
points in the following sense: denoting by u(X) the Lebesgue measure of any set X we suppose
that

lim 1 ({o € @ / [Vb(x)| < 5}) = 0. (3.2.1)

The convergence theorem is the following. It is proved in Section 3.3 below.
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Theorem 3.3 Suppose that B = bes where b = b(z},) is a smooth function which does not
vanish, with non degenerate critical points in sense of (3.2.1). Let u° be any divergence free
vector field in L?(§)), and let u. be any weak solution of (3.1.1) in the sense of Theorem 3.1.
Then u. converges weakly in L} (RT x) to a limit u belonging to Ker L. If Q3 = R then u
is identically zero, and if {23 = T it is defined as follows: the third component us belongs

to L®(R*; L?) N L*(R*; H') satisfies the transport-diffusion equation
Orug — Apug +up, - Vyug =0, Jgug = 0, Ugjt=0 = / ug(xh, xg) drs In RT x €,
T

while the horizontal component u, € C(R*Y; H=Y(Qy)) N L2 (RY; H'(Sy,)) satisfies the fol-

loc

lowing property: for any vector field ® € H(Q,) N Ker(L) and for any time t > 0,
t
(un(8)|®h)2(0) +/O (Vhun(t)|[Vi®h)r2(q,) dt' = (u})|®h)2(0,)- (3.2.2)

Remark 3.2 Formally Equation (3.2.2) can be written as a heat equation on Ker(L), as
writing II the orthogonal projector in L? onto Ker(L) the equation formally reads

8tuh - (HAhu)h =0.

That result is surprising as all non linear terms have disappeared in the limiting process. This
can be understood as some sort of turbulent behaviour, where all scales are mixed due to the
variation of b. Technically the result is due to the fact that the kernel of L is very small as
soon as b is not a constant, which induces a lot of rigidity in the limit equation.

The rest of this chapter is devoted to the proof of those results, starting with the weak
convergence result in the next section. The proof of that theorem will follow the same lines
as the proof of Theorem 2.2 in Chapter 2, with the additional difficulty of course that the
rotation vector is no longer homogeneous. The proof of Theorem 3.2 in Section 3.4 will only
be sketched, as it involves techniques which do not have much to do with the fast rotation
limit but consists in rather subtle anisotropic estimates, and are beyond the scope of this
review article.

3.3 Weak asymptotics

In this section we are concerned with the weak asymptotics of the solutions to the rotating
fluid equations with a variable Coriolis force, and we will prove Theorem 3.3. Let us start by
noticing that as soon as the initial data is in L?, it generates a bounded family u. of solutions
to (3.1.1), so up to the extraction of a subsequence there exists u € L°(R*, L2)NL*(RT, H),
such that

u, — u in w-LE (R' xQ) as ¢ — 0.

As in the constant case studied in the previous chapter, we will prove that u belongs to
the kernel Ker(L) of L, so in the next section we present the operator L and study its main
properties (in particular its kernel). The following section is devoted to the end of the proof of
Theorem 3.3, using a compensated-compactness argument to deal with the nonlinear terms.
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3.3.1 Study of the Coriolis operator

The kernel Ker(L) of L is characterized in the following proposition.

Proposition 3.3 If u is a divergence free vector field in L*()) belonging to Ker(L), then u
is in L?(Qy) and satisfies the following properties:

dth up = 0
up - Vpb=0

/ up A B dxp = 0.
Qp

Remark 3.4 1) In the case when Q3 = R, Proposition 3.3 shows that the kernel of L is
reduced to zero since L*(Q,) N L?(Q) = {0}.

2) In the case when Qp, = T2, the fact that divy up = 0 does not necessarily mean that up
can be written as up = Vﬁgo for some function ¢ because the horizontal mean of uy, is not
preserved by the equation.

Proof of Proposition 3.3. If u belongs to Ker(L) then we have P(u A B) = 0, so in

particular
/ up AN Bdx = 0.
Q

Moreover in the sense of distributions, rot (u A B) = 0, which can be rewritten
(V-B)u+ (B-VYu — (u-V)B — (V-u)B = 0.
As V- B =V-u =0 and B = bes, we get
bOsu — (u-V)bes = 0. (3.3.1)

In particular, d3u; = d3us = 0 from which we deduce that uj, belongs to L?(2). Note that in
the case where Q3 = R, the invariance with respect to z3 and the fact that u belongs to L?(£2)
imply that u1 = ug = 0 (and therefore us = 0 by the divergence free condition).

We suppose from now on that {23 = T. Differentiating the incompressibility constraint with
respect to xz leads then to

3?33”3 = _8%3U]_ — 3223U2 =0
in the sense of distributions. The function dsus depends only on x1 and zs, and satis-
fies /83U3dx3 = 0. So d3uz = 0, uz belongs to L?(£,), and djuy + Gaus = 0. Finally

by (3.3.1) we get uyp, - Vb =0 and / up, A bdxy, = 0. The proposition is proved. O
Qh

Remark 3.5 Before applying this result to the characterization of the weak limit u, let us
just specify it in two important cases. If Vb = 0 almost everywhere (for instance if the
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Coriolis operator is constant, which corresponds to the case studied in the previous chapter),
then u € L? is a divergence free vector field in Ker(L) if and only if

u = Vi + aes,

for some Vi € L?(,) and o € L?(Qy). If Vb # 0 almost everywhere, then the condition
arising on u is much more restrictive : if u € L? is a divergence free vector field in Ker(L)
then it can be written

for some « € L*({2,), with the additional condition that

. uh-Vib 1 up - Vb L
divy, <|VJ-b|2v bl =0 and bwv bdx = 0.

Using this characterization of Ker(L), we deduce some constraints on the weak limit u. The
proof of the following result is exactly the same as in the constant case (Proposition 2.5
page 43), so we leave it to the reader.

Proposition 3.6 Let u’ be any divergence free vector field in L?(Q2). Denote by (u:)->0 a
family of weak solutions of (3.1.1), and by u any of its limit points. Then

uwe LR L2(Q)) N LA(RY; HY(Q,))
and satisfies the following properties:

dth up = 0
up - Vpb=0

/ up A B dxp = 0.
Qh

3.3.2 Proof of the weak convergence theorem

In this section we shall prove Theorem 3.3. If Q3 = R, then v = 0 due to Remark 3.4, so
from now on we can suppose that {3 = T. The strategy of the proof is quite similar to the
constant case: we have first to give a precise description of the different oscillating modes,
and then to prove that these oscillations do not occur in the limiting equation. Finally we
need to show that the limiting equation is in fact linear.

As in the constant case, vertical modes generate fast oscillations in the system, meaning that
the whole part of the velocity field corresponding to Fourier modes with k3 # 0 converges
weakly to zero. The corresponding vertical oscillations depend directly on the order of mag-
nitude of b. The main difference comes then from the fact that, in the case of a heterogeneous
rotation, the kernel of the penalization is much smaller: restricting our attention to the hori-
zontal modes (k3 = 0), we see that the Coriolis term penalizes all the fields which are parallel
to Vb, which implies in particular that the vertical average of the horizontal velocity is no
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longer strongly compact. The corresponding two-dimensional oscillations are then governed
by Vb, and possibly become singular if Vb cancels.

In the following we will therefore only be able to prove that the vertical average of the
vertical velocity is strongly compact, and the use of that information alone, coupled with
some compensated compactness argument, will enable us to establish the equation satisfied
by the weak limit of the velocity field.

Proposition 3.7 Let u" be a divergence free vector field in L*(Q2). For all € > 0, denote

by u. a weak solution of (3.1.1) and by T, def /uedmg. Then, for all T > 0, (U:3)e>0 IS

strongly compact in L*([0,T] x Q).

Proof of Proposition 3.7. The computation is similar to the constant case studied in
the previous chapter (Proposition 2.8 page 44), only for the fact that one must restrict one’s
attention to the vertical component only. By the energy estimate, u. and consequently u. are
uniformly bounded in L?([0,T]; H'). Integrating with respect to x3 the vertical component
of the penalized Navier-Stokes equation leads to

8@673 + /V . (Ugu&g)d{ﬂg — Ahﬂag =0,

from which we deduce that 9;. 3 is uniformly bounded in L2([0, T], H~3/2(Q2)), and the result
follows by Aubin’s lemma. O

Now let us describe the oscillations.

Lemma 3.8 Let u’ be a divergence free vector field in L?(Q2). For all e > 0, denote by u. a
weak solution of (3.1.1), by u. = [ u.dxs and by @, = u. — u.. Define

We = 81“’6,2 - 82“6,17 We = / We dT3, We = We — We,
T

and 83(257h = Vﬁ?je’g — 83&5%,1, with / Q&h drs = 0.
T

Then, regularizing by a kernel ks as in (2.4.2), we get the following description of the oscilla-
tions

@ —1, - Vb= —erd — &
Vi - W, =0

O o (3.3.2)
e0Y, p, + bug , = —erg — s¢
Q) — V- (baly,) = —erd — 8

denoting generically by rg and sg some quantities satisfying

V>0, VT'>0, sup|rifzorxaq) <+
£

and VT >0, sup5_1||sg||Lz([o’T}XQ) < 400.
€,0
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Proof of Lemma 3.8. Denote, as in the previous chapter, by F. the flux term
F.= -V (u: ®ue) + Aue.

The energy inequality and standard bilinear estimates yield that F. is uniformly bounded
in L2([0,T], H~3/2(Q2)). Using that notation, (3.1.1) can be simply rewritten

eOle +U: N B+ V,p. = eFe,

Vi e p =0,
D + Ui. A B + Vp. = eFy,
V-u. =0,

splitting the purely 2D modes (k3 = 0) and the vertical Fourier modes (ks # 0). Using the
vorticity formulation for the horizontal component of ., we get

€O, — Uepp - Vb= —eVy - Fep,

Vi T = 0. (3.3.3)
Then taking the rotational of the other part of the equation yields
eV AN +V A (U AB) =eV A F.
and integrating the horizontal component with respect to x3 leads to
aﬁtﬁah +busp, =e(VA ég)h, (3.3.4)

£8i0- — Vi - (Uepb) = —eVik - Fupy

where és is just defined by 8365 = ﬁs and / éedibg = 0, and thus satisfies the same uniform
T

estimates as F;.

The second step of the proof consists then in regularizing the previous wave equations (3.3.3)
and (3.3.4). We therefore introduce, as in the previous chapter, a smoothing family s defined
by ks(z) = 6 3k(671x) where & is a function of C°(R3, R™) such that s(x) = 0 if |z| > 1
and [ kdx = 1. By convolution, we then obtain

e —Tl ), - Vb= —eVik - Fop =, - Vb+ (U - VD),
Vil =0,
and - ~
€0 ), + bl ), = e(V NGO, + bl — (b ),
€0 + V- (U b) = —eViy - F2y 4+ Vi - (@l 1b) — Vi - (e d)°.

It remains only to check that the source terms satisfy the convenient a priori estimates. It is
easy to see that

sl ey < 628l s
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so the terms generically called rg satisfy a uniform bound for any fixed ¢ :
Vi 'Fih, (VA éﬁ)h and Vj - ﬁgh are uniformly bounded in L?([0,T] x Q) (of order 6—%/2),

since Vi - Fep, (VA G.)p and Vi - ~5 » are bounded in L2([0,T]; H5/2(Q)). We then have
to estimate quantities of the form u5¢ (ue)? for smooth functions 1. We have

Woh(a) — (ueth) ()] = \ [ rstwuete ~ )@@ ~ bl - )y
< 81V ey (5 ] (),

so in particular,

[ ), - Vb — (T - V) |l p2(o.1yx) < SIID?D|l poo () e £2(po.71x0)
132 5, — (bTie,n)° | 22071 x2) < Ol DB|l Loo (@) el L2(po.1yx )
IVh - (@2 4b) = Vi - (Uend)’ | r20,1)x0) < 6(IDbl poo @) + 11D?b]| oo o) llte | 120,77, 11 (92))

meaning that the terms generically called sg converge to 0 as § — 0 uniformly in ¢, according
to the bound
VT >0, supd (|52 L2 r1x0) < o0

€,0

Lemma 3.8 is proved. ]

Now let us compute the coupling term. As remarked in the introduction of this paragraph,
the fact that Vb can get very small could lead to a defect of compactness of vertical averages.
The non degeneracy assumption (3.2.1) will enable us to deal with regions of space where Vb
is small, simply using a cut-off function. Let us state the result.

Proposition 3.9 Let u" be any divergence free vector field in L*(). For all £ > 0, denote
by u. a weak solution of (3.1.1). Define the truncation xs by

Xs(x) = x(67*Vb(x))

where x is a function of C2°(R? R™) such that x(x) = 1 if |z| < 1. Then, with the same
notation as in Lemma 3.8, the averaged nonlinear term in (3.1.1) can be rewritten

5 5 \U5’2
/ <V (ug @ ug) — V;) dxs

@l 5
=V, - ( U, hug 3)63 -V 23 + 5:06 + J
€ AV Vb
2 t‘wa| ( Xﬁ)‘Vb‘Q ( X5)( Ug p \Y )’vwg

vib
[Vo]?

~ Vb € ~ ~
(Q VLb)(Eathh . Vb)dl'gw + 27)8,5 /(Qg,h : (5gﬂg7h)L)d:B3€3

6‘ . ~

+ bat/wg(ﬁgh%dxﬁ szat/(mh Vb)2da3
1
b2
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where pg and O'g are quantities satisfying the following estimates

¥ >0, vI'>0, sup 121 21 o.77,267502)) < +00,
E—>
- 5
and VT >0, %136 sup o2l L1 (jo,7);6/50)) = 0-

Proof of Proposition 3.9. Let us first remark that

/V dxg V- ®u /V diL'3

which allows us to consider separately purely 2D modes and vertical modes. As in the constant
case, due to (2.4.3) we can in fact further restrict our attention to the quantities —u° A (V A%?)

and — / A (V A @8)dxs. We will finally simplify the computations by neglecting all the

remainder terms in Lemma 3.8, and leave the precise computations to the reader, as in the
constant case in Chapter 2.

(i) We start with the study of the purely 2D modes. A simple computation leads to

TN (VAT) = —a A (Vial s+ les)
al o (3.3.5)

=-wl(u gh)L—Vh + Vi (u z—:hug?)) e3.

d

We can decompose uy ; as follows

V4b
Vo[

Vb

|Vb|2 +( eh va)

), =@, Vb ey

as soon as Vb # 0, and we will actually do so, using the truncation x, only if |Vb| > §1/4,

Using the first identity in (3.3.2), and neglecting remainder terms, we obtain

Vb V+ib
—0 —0 1
Ug p = Eatwe ‘Vb‘g ( Ue h * \Y b) ’vmg
and replacing in (3.3.5) provides finally
w2 Vb Vb
(AT = = (= )DL (1 ) (- )t
2 |V |V
. (3.3.6)
=5 |2
u5,3‘

— xs@ (@)t = Vi + V- (@ 5)es.

That concludes the first step of the proof since

| xswiad | < I1xsll o[l 207100 [T all 20712900

LY([0,T],L5/5())

< (e € 0 / 9@)] < 64))°
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which goes to zero with § according to Assumption (3.2.1), hence can be incorporated in the

term ag.

(ii) We have now to deal with the vertical modes. A simple computation leads to

—WA(VAT) =~ A (3592, + Dles)
= 2@ )"+ 303(Q0 )t — (@, - (9592 ))  es

so that using the divergence free condition,
~ [@AT AT = [ (<FE @) T ) dra = [ (@ (a8 s,
In order to determine the horizontal component, we then use the last two identities in (3.3.2)
_ / (50 A (VA T0))pdas = / ag%(aatfzghﬂdxg + / (ﬁgh)%(ga@g @, Vb)des
:%at / B9 ) dws + / (@) = e@tQE p - Vbdzs.
We can decompose ﬁgh as follows

Vb
[Vo|?

Vb

00, = (0, NI

+(Q2, - V)

as soon as Vb # 0, that is almost everywhere by assumption. Finally we get

1
b
—/(agA(VAag))hdxg _at/ @) s+ = at/( V) iy Y
202 VI )
1 [ =5 N ~5 Vb o
b2 (Q A Vv b)(satQ b Vb)de‘VbP’

which is the expected formula. In order to determine the vertical component, we use the third
identity in (3.3.2) and an integration by parts with respect to x3, to find

-~ ~ 1 ~ ~
/ @y, - (0500 ) g = — / ggatszg,h (0592 ) das

1 ~ ~ ~
T <(€6t9 n) - (0392))" — (010591 ) - (Qﬁ,h)L) das,
from which we deduce
/aﬁ,h . (83537 )rdas = _%at/(ﬁg’h ) (83§§,h)i)dx3. (3.3.8)

Combining (3.3.6), (3.3.7) and (3.3.8) gives finally the proper decomposition of the averaged
nonlinear term. Proposition 3.9 is proved (up to the computation of the remainder terms). [J]

Now we are ready to take the limit.
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Proposition 3.10 Let u’ be any divergence free vector field in L*(Q). For all € > 0, denote
by u. a weak solution of (3.1.1) and by u. = /u€ dx3. Then, for all p € H*(Q2) NKer(L), we
have the following limit in W~11([0, T]), for all T > 0:

/ V- (ue ® ug) - pdx — / Vi - (U pUe,3)p3dx — 0 as e — 0.
Q Q

Proof of Proposition 3.10. We first introduce the same regularization as in the previous
paragraphs, and split the integral as follows

/V . (UE X ug) . (bdl‘ — / Vi - (ﬂg7hﬂ€73)¢3d$
/ V- ® u ) - pdx — / Vi - (U, hua 3)<Z>3dx
(3.3.9)
/ V- - u ) @ ug) - pdx — / Vi ((te,n — u‘s Bl 3)P3dx

+ /g; V- (us ® <u€ - us)) - pdr — /Q Vi, - (ﬂe,h(ﬂ€73 - ﬂs,?)))(b?)dx‘

By the energy estimate, we deduce that the four last terms converge to 0 as § — 0 uniformly
in € : indeed,

) @ ue) - pdx

< IVl 2o lluell 2 om0 @) 1u8 — uell 2 (0.77.23(0)
Li([0,T])

< WO IVl L2 lluell 22 o 71,21 (02

where the function w(d) goes to zero as § goes to zero.

We are then interested in the difference between the first two terms. By Proposition 3.9, and
using the fact that
030 =0, V-¢=0and ¢-Vb=0,

it can be rewritten

/V ®u d)dl’ — / Vh €hu€ 3)¢)3dx

/¢> (€pe,s + 0c5) w—ﬁt/| @221 - x5)
) S8 ) od ) Q° VvaLb d
+ €04 nga( s,h) pdr + 0y ﬁ( e,h’ )|Vb|2¢x

b0y [ (@ (@i ouda,

We just need to check that all the terms in the right-hand side of (3.3.10) can be made
arbitrarily small. For instance the second term in the right-hand side converges to 0 as § — 0

uniformly in e, since
[ ous-oda
Q

J_

|Vb|2 - pdx

(3.3.10)

<@l zslloesllLr o, L6750
Li([o,T])
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The other terms are dealt with as easily, and are left to the reader. Taking limits as ¢ — 0
and then as § — 0 in (3.3.9)-(3.3.10) shows that, for all ¢ € H'(Q) N Ker(L),

/ Vo (ue @ ug) - pdx — / Vi - (U plUe,3)p3de — 0 as e — 0
Q Q

in W~11([0,T7), which proves Proposition 3.10. O

Theorem 3.3 follows easily. ]

3.3.3 Some general remarks

Remarks on the strong convergence. Now that the weak asymptotic behaviour of weak
solutions has been understood, one can try to study the strong asymptotics, as in the constant
case. However this seems quite a difficult task, as we have no information in general on the
nature of the spectrum of the variable-coefficient Coriolis operator. As the next chapter will
show (in the case of a model for the tropics), it is possible to write explicit computations if
one relaxes the generality of the setting, even if the Fourier transform is not available.

A few general remarks are in order however. Due to the RAGE theorem [52] one can expect the
continuous spectrum to have no influence on the convergence. That was clear in the constant
case: in the case of the whole space, the spectrum is indeed continuous and a Strichartz
theorem (which one can understand as a precise version of the RAGE theorem) enabled us
to get rid of all oscillations and to find that the weak convergence was in fact strong. In the
periodic case however there is no continuous spectrum and the weak convergence only becomes
strong once the oscillations are filtered out. In the variable case one expects therefore to find
a strong convergence once the discrete spectrum has been “filtered out” in some way, but
the precise way to do so is not so clear. Furthermore even if one does manage to understand
precisely the oscillations and to introduce the corresponding filtering operator, the question
of the existence of solutions to the limit system is unclear: in the periodic case the terms that
could cause some trouble to solve the system miraculously satisfy 2D-type energy estimates. If
that were not the case then the limit system would only have a short time life span (supposing

the spectral projectors are continuous in H %, which is also far from clear). To understand
the limit system better one would probably have to introduce some non resonant conditions.
That program will be carried out in the coming chapter, in the particular case of the tropics.

Remarks on the role of b and Vb. As suggested before, the parameter b is responsible
for the vertical waves, whereas Vb rules horizontal waves. If Vb vanishes on sets of nonzero
measure, one therefore expects to recover the constant b situation, that is, a limit satisfying
the 2D Navier-Stokes system inside such sets. Of course that generates transmission problems
on the boundary of those sets, with a possible degeneracy of the horizontal waves.

On the contrary if b vanishes on sets of nonzero measure, then the penalization itself disappears
from the equation in such regions. The equation being nonlocal this will have an incidence
everywhere in the system and can create coupling problems. If b vanishes at a point only,
with a non degenerate singularity, then one can make the weak compactness argument work,
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although one must be careful with the functional setting; a special case is considered in the
next chapter, with a model for the tropics.

The case when the direction of B is not fixed. It seems reasonable, from a physical
point of view, to retain only the vertical component of the rotation vector in the Coriolis
force. This should be mathematically justified by considering more general models where the
direction of the rotation vector is allowed to vary. The algebraic compensated- compactness
argument in that case seems to still hold (under the same type of non degeneracy condition as
that required in this chapter). However serious geometrical problems appear to understand
precisely the structure of the kernel of the rotation operator: the constraint established here
on the vertical averages should be replaced by a constraint on the averages over level lines
of B, which implies some geometrical understanding on those level lines (are they closed or
not, have they a finite length or not...).

3.4 Strong solutions

In this section we want to investigate the question of strong solutions to (3.1.1), and to prove
Theorem 3.2. The usual methods to prove the local existence and uniqueness of solutions for
the 3D Navier-Stokes equations yield the existence and uniqueness of a solution to (3.1.1) as
soon as the initial data is in H %(Q), but unfortunately one realizes quickly that with such
methods, the life span of the solution decays to zero as € goes to zero, while all norms (other
than the energy norm) blow up. On the contrary to ensure large time existence of a unique
solution one would need to require the norm of the initial data to go to zero with . That
is due to the fact that contrary to the case of a constant rotation studied in Chapter 2, the
Coriolis operator does not commute with derivatives, and creates large, unbounded terms in
the estimates. Our aim in this section is nevertheless to prove the existence and uniqueness
of a solution on a uniform time interval, or the global existence and uniqueness for small
initial data, independently of €. For technical reasons, the local in time theorem only holds if
the rotation vector only depends on one variable, say xs (which as noted in the introductory
chapter is consistent with some models of geophysical flows, like the tropics).

Let us explain the structure of the proof of Theorem 3.2. The idea is that since B does not
depend on z3, one is allowed as many vertical derivatives as one likes in the energy estimates.
Only horizontal derivatives create an unbounded commutator term. So the first step of the
analysis consists in proving the global existence and uniqueness of a solution for small data
in an anisotropic-type Sobolev space, where derivatives are only placed on x3. The local
existence and uniqueness for arbitrary data in such an anistropic Sobolev space can also be
proved, as long as B only depends on x; — the proof is rather technical however, compared
to the global existence result. Once that step is accomplished, one proves a propagation of
regularity result, enabling the replacement of the anisotropic Sobolev space by H®. Those
steps are explained in more detail in the next sections. To simplify the analysis we will place
ourselves in the case where Q = R3; the periodic case can be proved by slight modifications
of that case. Moreover we will not be giving any details of the anisotropic-type estimates
involved in the proof, as they are quite technical and beyond the scope of this review article;
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we merely want to point out here the main ideas and estimates giving the result, and we refer
to [43] for all the details.

3.4.1 Global solutions for small data

Let us give the definition of the anisotropic Sobolev spaces we will be using. Calling as usual u
the Fourier transform of u, we define the Hilbert space H** by the norm

1
def 2 28 |~/ £ (2 2
fullae ([ 0+ 6P+ Py )P )
We will need to write an energy estimate in such spaces. The following inequality is the main
ingredient to prove the next proposition. We refer to [12] and [48] for a proof. For any vector
fields v and v, with u divergence free,

1 1 1 3
(- Volv) gos| < C <HUI|§10,SIIVWIIIZ0,SHvll}‘}o,sHthlli,o,s + ‘vhuHHO»S||UHH073||vhU||H°vS) :

Using that inequality and noticing that the Coriolis operator is skew- symmetric in H%*, it is
not too difficult to prove the following proposition, stating the global wellposedness of (3.1.1)
in H%*(Q) for small enough data.

Proposition 3.11 Let s > 1/2 be given. There is a constant ¢ such that the following result
holds. Suppose that u° is a divergence free vector field in H%*(2), such that ||u®||go. < c.
Then for all € > 0, the system (3.1.1) has a unique, global solution wu., which is bounded in
the space Cyp(R*; H**) N L2(R"; HY*) and satisfies

t
920, o+ [ IVaul) o dt < B
0

Once that result is obtained, on can infer the first part of Theorem 3.2, by writing an energy
estimate in H®. Of course this time the Coriolis operator does not disappear, but since B is
smooth and bounded one has

1 C. 9

z (uABlu)gs| < ;”uHHs-

The main point is then that one can prove, using an anisotropic Littlewood-Paley decompo-
sition and an anisotropic-type paraproduct algorithm (this is quite technical and omitted),
that

1
(- Vulu) o] < SIIVRullre + ClIIVaulFos el (1 + TullZo..)-

That estimate is better than a standard H*® estimate, as it involves the H%* norm of « and V.
An H? energy estimate therefore yields, using the energy estimate of Proposition 3.11 and a
Gronwall lemma,

Ct
IOl < 1o e exp (S + CllBe + ClaCl )

which allows to prove the first part of the theorem.
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Remark 3.12 It should be noted that the H® norm of the solution is unbounded with e.
The global existence result is therefore not as satisfactory as in the constant case, since one
does not have a bounded family of solutions in H®, as € goes to zero.

3.4.2 Local solutions for large data

In this section we suppose that the rotation vector B only depends on xo. This appears like
a technical assumption but it is not clear how to deal with the more general case. As in the
previous section, we start by proving a result in an anisotropic space.

Proposition 3.13 Suppose that B only depends on x2, and let s > 1/2 be given. Suppose
that u° is a divergence free vector field in H**(Q). Then there is a time T > 0 such that for
alle > 0, the system (3.1.1) has a unique solution, bounded in C([0, T]; H%*)NL2([0, T); H*).

Proof of Proposition 3.13. The first step consists in solving the linearized equation
1
O — Av,. + EP(UE ANB)=0

for smooth initial data, say v.;—o = x(|D|/N)u’, where x is a smooth cut-off function in a
ball centered at zero and N is a large enough integer. Then clearly v, is globally defined and
bounded in Cy(R™; H%®*) N L2(R"; H%*), and since B depends neither on z; nor on z3, its
frequencies in the £ and &3 direction are in a ball of size N. Then one needs to solve the
perturbed equation satisfied by w. = u. — v, and prove it has a solution on a uniform time
interval. The equation is the following:

1
Orwe + we-Vw, + we- Ve + ve-Vwe — Aw, + gwa AB 4+ Vp=—v.-Vu,
V-w: =0
w0 = (1= x(IDI/N) ).

This is a 3D Navier-Stokes type equation, with a non constant rotating term which is harmless
since we will write an energy estimate in H%*. The initial data can be made arbitrarily small
as soon as N is large enough. It moreover has a forcing term due to the presence of v,
and transport-reaction terms. Those latter terms classically do not cause much trouble as
they contribute in an exponential in the final estimate (through a Gronwall lemma), which is
independent of € and N. More troublesome is the forcing term —v. - V., but using the fact
that two frequency directions of v. are bounded, it is possible to write an estimate of the type

t 1 1
| e Vel () ] < COV Pt + 51 e .

Proving such an estimate is of course the main difficulty of the analysis and is left out. It
is here that the fact that B does not depend on x, is crucial: without that assumption, the
constant C(N, ||u®||;2) above would depend on e, which would prevent the life span from
being independent of €. Once that estimate is proved, one finds that for a small enough time,
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depending on N but not on €, one can solve the system on w,, hence going back to the original
equation, there is a solution u. on a time interval independent of e. ]

To infer the second part of Theorem 3.2 one uses again a propagation of regularity type result.
We omit the details. J

3.5 References and remarks

The analysis of the weak convergence of weak solutions presented in this chapter is probably
the first attempt in understanding mathematically the behaviour of a variable coefficient
Coriolis operator, and the original analysis can be found in [24]. Note that the study is not
unrelated to works on the incompressible limit. As recalled in Section 2.6, the idea of using
compensated compactness methods originates in the article [41] for the incompressible limit.
The uniform existence of strong solutions presented in Section 3.4 is due to M. Majdoub
and M. Paicu [43], and concerning the difficulty of studying strong solutions one can also
refer, among other studies to the paper by G. M étivier and S. Schochet [47], concerning
nonisentropic, compressible Navier-Stokes equations (see also T. Alazard [1]), or to the recent
works [8] and [9].



Chapter 4

The tropics

4.1 Introduction

In this chapter we will be concerned with a shallow water system governing the movement
of the ocean at the tropics, presented in the introduction (see (1.2.13). Using the cartesian
approximation (1.2.10) of the latitude and the longitude, and the shallow water approximation
of the Navier-Stokes system with free surface, we obtain the following system for the depth
fluctuation 7 and the horizontal velocity u:

om + %V- ((1 + an)u) =0,

8t((1 + ET])U) +V. <(1 +enu® u) + %(1 + en)ut + %(1 +en)Vn

—A(1 4+ en,u) =0,
Mieo = 0", tj—o = u’. (4.1.1)

We will suppose that the space variable x = (z1,z2) belongs to T x R. As in the previous
chapters, we have denoted ut = (ug, —u1). The operator A represents the viscous effects,
and from a physical point of view, it would be relevant to model such effects by the following
operator

A(l+en,u) =vV - ((1+en)Vu),

meaning in particular that the viscosity cancels when 1 + en vanishes. Then, in order for
the Cauchy problem to be globally well-posed, it is necessary to get some control on the
cavitation. Results by D. Bresch and B. Desjardins [6] show that capillary or friction effects
can prevent the formation of singularities in the Saint-Venant system (without Coriolis force).
On the other hand, in the absence of such dissipative effects, A. Mellet and A. Vasseur [46]
have proved the weak stability of this same system under a suitable integrability assumption
on the initial velocity field. All these results are based on a new entropy inequality [6] which
controls in particular the first derivative of /1 + 7. In particular, they cannot be easily
extended to (4.1.1) since the betaplane approximation of the Coriolis force prevents from
deriving such an entropy inequality.

81
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For the sake of simplicity, since we are interested in an asymptotic regime where the depth h =
14-en is just a fluctuation around a mean value, we will consider the following viscosity operator

A(h,u) = vAu,
so that the usual theory of the isentropic Navier-Stokes equations can be applied.

Note also that we do not consider realistic boundary conditions in the x; variable, but that
enables us to give a complete description of the asymptotics. In the presence of boundaries
one would have to take into account boundary layers (namely Munk-type boundary layers;
see [17] for instance).

As in the previous chapters, the questions we shall address are first to solve this system
uniformly in €, and then to understand the asymptotic behaviour of the solutions as € goes to
zero. The mathematical setting is not quite the one studied in the previous chapter, since the
rotation vector vanishes for zo = 0. However the advantage of our situation is that it is an
explicit function, so it will be possible to carry out computations further than in the abstract
case studied in the previous chapter.

4.2 Statement of the main results

We obtain the following result as a consequence of the global existence of weak solutions
to the isentropic Navier-Stokes equations, remarking that the penalization (which is a skew-
symmetric operator) does not modify the energy inequality.

Theorem 4.1 Let (n°,u°) € L*(T x R) and consider a sequence ((n2,u?))e~o such that

1
sup <2 / (\772]2 +(1+ 6772)\712[2) d:I:) < &% and

e>0

(4.2.1)
(n?,u) — (n°,u’) in L*(T x R).

Then, for all ¢ > 0, System (4.1.1) has at least one weak solution (n.,u.) with initial
data (n°,u?), satisfying the uniform bound

1 t
sup (2 /(7752 +(1+ 8775)\%\2) (t,x)dx + 1// / ]VuEIQ(t’,x)dmdt’> <& (4.2.2)
e>0 0

In particular, there exist n and u belonging respectively to the spaces L>®(R"*; L*(T x R))
and L¥(R"; L*(T xR))NL?(R"; H(T x R)) such that, up to extraction of a subsequence,

(e, ue) = (n,u) in w-L (RT x T x R). (4.2.3)

It therefore makes sense to inquire on the limit behaviour of the solution as ¢ goes to zero. We
will start by studying the weak asymptotics, and establishing that as the rotation increases,
the geostrophic flow is governed by a linear equation. The proof of the following result can
be found in Section 4.3 below.
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Theorem 4.2 Let (n°,u°) € L?(T xR) and (n2,u?) satisfy (4.2.1). For all ¢ > 0, de-
note by (n.,u.) a solution of (4.1.1) with initial data (n°,ul). Then up to the extrac-
tion of a subsequence, (n.,u.) converges weakly in L} (RT x T x R) to the solution (n, )

in L®°(R*; L?(R)), with u also belonging to L*(R*; H'(R)), of the following linear equation
(given in weak formulation)

us =0, —PBrour + 8217 =0, (4.2.4)

and for all (n*,u*) € L? x H'(R) satisfying (4.2.4)
t
/(m]* + wui)(t, x) de + 1// /Vul Vui(t,x) de dt = /(770?7* +udui)(z) de.  (4.2.5)
0

Once the mean flow has been described, it is natural to address the question of the strong
convergence of solutions. As in the case of midlatitudes (when the Coriolis penalization is
assumed to be constant), for periodic boundary conditions we need to filter out the oscillatory
modes before taking the strong limit. Indeed equatorial waves are known to be trapped (see
Chapter 1), thus we cannot expect to establish any dispersion.

In the next theorem we have defined the operator £(t) = e~** where L is the Coriolis operator
L: (n,u) € L*(T xR) = (V- u, fzyu™ + V). (4.2.6)

We moreover denote by Iy the L? projection onto the kernel of L, and by II| the projection
onto (KerL)*:. Finally for any three-component vector field ®, we denote by ®’ its two last
components. In the following statement, a limit system is referred to, which is obtained as in
Chapter 2, by a filtering method. It will be studied in Section 4.4. Special function spaces
are also used, they are defined by the following norm:

def
Vs> 0, [0 CId - A+ 522320 oz . (4.2.7)
The limit system is presented in Paragraph 4.4.2, and the main steps of the result are described
in Paragraph 4.4.5.

Theorem 4.3 Let ®° = (n°,u%) € L*(T x R), and consider a family ((n2,u?))e=o such that

1
2/ (122 + (1 + en?)|ulf?) dx < £°  and
1 (4.2.8)

5 [ (2 =P+ (1 el — ) do 0 ase

For all e > 0 denote by (1, u:) a solution of (4.1.1) with initial data (n°,u?). Then

e there exists a weak solution in L>°(R™'; L?(T x R)) to the limit filtered system (given to

simplify notation in compact formulation rather than in weak formulation as in (4.2.5) above)
615@ + QL(q), Q)) - I/A/L(I) =0

(4.2.9)
(I)\t:O = (1)07
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where A, and Qp, are defined in (4.4.11). Moreover I1; ® belongs to the space L>(R™; H}).
If 11, ®° belongs to Hf' for some a > 1/2, then for all but a countable number of 3, the weak
solution satisfies for all t € R

t
/ IV - @ (1) oo x mydt! < +00. (4.2.10)
0

o If we further assume that I1, ®° belongs to H 1/ 2, then there exists a maximal time inter-
val [0, T*[, with T* = 400 under the smallness assumption

ITo®°|| 22 (T < R + HHL<I>°HH£/2 <Cv,

such that ® is the unique (strong) solution to (4.2.9), and I1| ® belongs to LS ([0, 1], Hé/z) N
L, (0.7 1),

loc

e Finally if 11, ®° belongs to H{ for some o > 1/2, then for all but a countable number of 3,
the sequence of filtered solutions (®.) to (4.1.1) defined by

0= £ (1) (),

converges strongly towards ® in L? ([0, T*[; L?(T x R)).

loc

Remark 4.1 The limit equation (4.2.9) is obtained as usual (see Chapter 2) by studying
resonances in the nonlinear term. It so happens that the limit quadratic form is shown to
satisfy three-dimensional type estimates in Hj spaces, although the setting here is purely
two-dimensional. That is due to the particular structure of the eigenvalues and eigenvectors
of the penalization operator L and will be discussed in Paragraph 4.4 below. That is the
reason why we are only able to prove the local in time wellposedness of (4.2.9).

The following, final result, is an intermediate statement between the two convergence theorems
stated above. The proof is presented in the final section of this survey, Section 4.5 below.
We have denoted by & the set of all the eigenvalues of L (which turns out to be exactly the
spectrum of L).

Theorem 4.4 Let (n°,u") € L?(T xR) and (n?,u?) satisfy (4.2.1). For all ¢ > 0, denote
by (ne,ue) a solution of (4.1.1) with initial data (n2,u?), and by

d. =L (—z) (Ne, ue).

Then up to the extraction of a subsequence, ®. converges strongly in L} (R"; H (T x R))
(for all s < 0) to some weak solution ® of the following limiting filtered system: for all i\ € &,
there is a bounded measure vy € M(RT x T x R) (which vanishes if A\ = 0), such that for all

smooth ®% € Ker(L — i\ld),
t
/<I> - @5 (x) do — V/ /A'LCI) O3 (¥, x) dadt’
0
t t
—i—/ /QL(CD,CI)) O3 (', x) dadt’ +/ /V (@) va(dt'dx) = /<I>0 - @3 () dx,
0 0
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where Qr, and A, are defined by (4.4.11), and where ®° = (n°, u?).

Remark 4.2 e Note that, by interpolation with the uniform L? (R™, H(T x R)) bound

loc
on u., we get the strong convergence of u. in L? (R, L?(T xR)) : up to extraction of a

loc
subsequence,
t /
= (e(2))
€

e The presence of the defect measure vy at the limit is due to a possible defect of compactness
in space of the sequence (1:)e>o. As the proof of the theorem shows, that measure is zero
if one is able to prove some equicontinuity in space on 7., or even on en.. Since we have
been unable to prove such a result, we study in the final paragraph of this chapter a slightly
different model, where capillarity effects are added in order to gain that compactness. Note
that the model introduced in Paragraph 4.5.4 is unfortunately not very physical due to the
particular form of the capillarity operator (see its definition in (4.5.8) below).

— 0 in Li,.([0,T)).
L2(T x R)

4.3 Weak asymptotics

In this paragraph we intend to prove Theorem 4.2 stated above. The structure of the proof is
similar to the previous chapters: we study the kernel of the penalization operator and show
that the limit is necessarily in that kernel, and a compensated compactness argument allows
to take limits in the nonlinear terms.

4.3.1 The geostrophic constraint

The first step consists in proving that the weak limit defined by (4.2.3) satisfies the geostrophic
constraint (4.2.4), or in other words belongs to the kernel of L. We skip the proof of the
following proposition: as in the previous chapters one proves that the limit is in KerL by
multiplying the system (4.1.1) by ¢ and taking limits in the sense of distributions thanks to
the uniform bounds coming from the energy estimate. The constraint (4.3.1) is easily shown
to characterize elements of KerL.

Proposition 4.3 Let (n°,u°) € L*(T xR) and (n%,u?) be initial data satisfying (4.2.1).
Denote by ((ne,uc))e>0 a family of solutions of (4.1.1) with respective initial data (n?,u?), and
by (n,u) any of its limit points. Then, (n,u) € L®°(R™'; L?(T x R)) satisfies the constraints

us =0, —PBzoui + 32’!7 =0. (4.3.1)

To go further in the description of the weak limit (7, u), we have to isolate the fast oscillations
generated by the singular perturbation L, which produce “big” terms in (4.1.1), but converge
weakly to 0. The idea to get the mean motion is to consider the weak form of the evolution
equations, testing (4.1.1) against smooth functions of KerL.
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Note that contrary to the previous chapters, we are missing regularity in the unknown 7.
(which does not satisfy a uniform L} (RT,H'(T xR)) bound), so we will need to use
smoother functions in the kernel of L than merely H' functions as in the previous chap-
ter. In fact a careful study of the constraint (4.3.1) indicates that the Hermite functions are
naturally associated with KerL. Let us therefore introduce the Hermitian basis of L?(R)
constituted of Hermite functions (¢, )nen where

— gl + B3, = B(2n + 1)1y,

We recall that

nlaz) = o0 (~222) B2 /B)

where P, is the n-th Hermite polynomial, as well as the identities
Y (x2) + Brothn(22) = \/2Bntn-1(22),
U (22) — Brathn(2) = —/26(n + 1)ihn 41 (22).

Then decomposing any element of KerL on the Hermite basis one can show that it is a linear
combination of the following

(4.3.2)

—1o(w2)
(n0, uo) = Po(z2) and
0

V2D ) + \/ﬁ:”wnﬂ(:cg)

) for n > 1.
(170, n) \/@wn—l(xz) - \/ﬁ2>n¢n+1(x2) o
0

We will therefore restrict our attention to those particular vector fields, which are smooth and
integrable against any polynomial in x2, and then conclude by a density argument.

Using the conservations of mass and momentum (4.1.1) it is easy to see that, defining m. =
(1 + ene)ue,

¢
/ (Nenn, + me1un 1) (¢, ) doe + V/ /Vual Vup1(t',z) dz dt’
0
t
— / (10 + 0 1t 1) () i+ / / (me - (ue - V) (£, 7) dadt!.
0
The difficulty is then to take limits the nonlinear terms, which can be simply written

t
/ /me,lugg@guml(t',x) dxdt’.
0

This is achieved by a compensated compactness technique presented in the next section.
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4.3.2 The compensated compactness argument

The analysis of the nonlinear terms lies essentially on the structure of the oscillations. A
rough description of those fast oscillations will be enough to prove that they do not produce
any constructive interference, and therefore do not occur in the equation governing the mean
(geostrophic) motion. As in the previous chapters, £ denotes a regularizing kernel.

Lemma 4.4 Let us define
5 _ dmd — 1 _ .8 5
ne = kg *ne and mg = kg * ((1+ene)ue) = ug + (neue)

which converge uniformly in € as § — 0 to n. and m. in L°(R", Hi (T x R)) for any s < 0.
We also introduce the approximate vorticity

6 _ vl J
wg = V= -mg.

Then the following approximate wave equations hold

587577? + V- mg =0,
edym? + Bra(md)t 4+ Vil = esd + 602, (4.3.3)
e0y(wl — Branl) + Bml = eq? + 6pl,

denoting by sg, qg and af_f , p‘g some quantities satisfying, for all T' > 0,

SupSUP(HUSHLQ([O,T];Hl(T><R)) + ||pg”L2([0,T];L2(T><R))) < 400,
6>0 >0 (4'3‘4)

Vo >0, Sl>llg<||32||L1([o,T};Hl(TxR)) + HngLl([O,T];LQ(TXR))) < 0.

In order to prove this lemma, we proceed in two steps as in the previous chapters, first stating
the wave equations for (1., m.), then introducing the regularization (n,m?). We omit the
details.

Equipped with this preliminary result, we are now able to establish the compensated com-
pactness result, which implies that the nonlinear term actually converges to zero.

Proposition 4.5 With the previous notations, we have locally uniformly in t

¢
lim/ /m671u€7282un71(t',x) dxdt’ = 0.
0

e—0

Proof. Let us define, as in Lemma 4.4,

ng:ﬂa*lﬁig, ug:ug*ﬁg and mg:mg*/ig.
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Then

t t
/ /maluag@zun’l(t',x) dxdt’ = / /mgjlmg@@gun,l(t’,x) dxdt’
0 0

t
+/ /ng(Ug,Q - mgg)agun’l(t',x) dzdt’
0

) (4.3.5)
+/ /mgl(ug,g - ugg)agun,l(t’,a:) dxdt/

/ / M1 — e 200ty 1 (', ) dzdt.

e From the energy estimates we can prove that the two last integrals converge towards zero
as 0 goes to zero uniformly in . Indeed for all & > 0 there exists some bounded subset T x),
of T x R such that

| So(R\Qa) S Q-
Then, for 0 < s < 1,
/ Me,1 — e 209U, 1 (¢, ) dadt!
< Hme,l = 5,1”L2([07T];H*S(T w2 lte 2|l 20,7711 (T x R)) 1 O2un 1 [l1.00 (R)

+ 2allme 1| 20,1955 (1 x R)) [Ue 2l 20,7951 (T % R))>
which goes to zero as « then § go to zero, uniformly in € by (4.2.2) and Lemma 4.4.

Similarly, we get, for 0 < s < 1,

1 (U2 — ug,z)awn,l(t/, r) dxdt’

< m 1l 2o rpm-s(r x Ry lue,2 — u oll L2 (o775 (T x| (T x R)

+ 2allme 2|l 20,115 (7 x R 1Ue, 1 | L2 (jo,77: 7 (T x RY)
which goes to zero as « then § go to zero, uniformly in € by (4.2.2) and Lemma 4.4.
Next we prove that for all 6 > 0, the second integral in the right-hand side of (4.3.5) goes to
zero as € — 0. But n.u. and consequently m, are uniformly bounded in L?([0,T]; H*(T x R))

for s < 0. Therefore, for fixed § > 0, (n.u.)® and m? are uniformly bounded in L?([0, 7] x
T x R). Then

m§,2)82un,1(t’, x) dzdt’

§ §
< EHms,1 ||L2([0,T}><T xR) (| (Netie,2) ||L2([0,T}xT xR) |02, 1 ||L°°(R)

which goes to zero as ¢ — 0 for all fixed § > 0.
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e So finally we need to consider the first term in the right-hand side of (4.3.5). We are going
to prove that the limit of that term is zero using Lemma 4.4. Integrating by parts, we have

t
/ /mg,1m§,252un,1(t’, x) dzdt
0
t
B _/ / ((a2mg’1)mg72 + mg,l(%mgz)) un1(t', ) dzdt’
0
t
= —/ / ((wg + almgz)mgg + mgjl(v . mg — @1mg71)) un,l(t,, .’L‘) dl’dt,
0
t
= _/ / ((wg - szng)mg,z + ng(ﬁxzmg,z + 61772-5) + mg,lv . mg) Up1 (', x) dzdt’
0
1 [t 5 o . / /
_ 2/0 /81 ((me,Q) - (ma,l) - (na) ) Un,l(t 7$)d$dt

and the last term is zero because 9iuy,,1 = 0.

Lemma 4.4 now implies that
t
/ /mg,lmgzaguml(t’, r) dxdt/
0
! € § 52, € § 55, 0 ) 5\,.0 ’ /
= ; %815(/8'7;2775 - ws) + E(ﬂmm - wz—:)qs + B(ﬂxQUE - we)ps un,1<t 7x) dxdt
t
+ [ [ (otutmd ) = enst = 6002, ) wna ) dad.
0
Now we notice that

< CNl(1 + 23) 2w 1 | oo (r) 192N L2 (0. 77.22(T < R))

t
/ /(ﬂxgng — ) plup i (1, ) dadt!
0

X (Tl/2\|77§||Loo(R+;L2(TxR)) + ”ngLQ([O,T];LQ(TxR))) ,

and similarly

t
‘/ /nggg,1un,1(t',:li) dxdt’
0

So writing

< CTY2 02| oo meto2(m ) ltim | oo vy 02 20,7522 (7 x R)) -

|l 2o r2er < Ry < IV - ulll 2o c2r x ryy + €IV (2Ud) | 220 71.22(T x R))»

) =0, and

> =0, uniformly ine.

we infer that

(o] 5 6y, 0 / /
%1_{% ll_{% (5 /0 /(/Bx2775 - w&)psun,2(t 7x) dxdt

t
lim ((5 / /ngagluml(t’,x) dzdt’
0—0 0 ’
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On the other hand,

<C (”nguLm(R*;L?(TXR)) + ng”LOO(RJF;L2(T><R))>

¢
/ /(ﬁxQng — wg)qgumg(t’, x) dxdt’
0

(1 + 23) 2w 2|l oo (o xR 1621 L2 07722 (T < RY)

1
<C <||77gHLoo(R+;L2(T xr)) T glluell e mti2r cry + eV (n2ud)|| oo (m+ 22 (1 R))>
1L+ @3)un 2l zoo (1 < RN 21 ((0,77:22(T % R))»

and

t
/ /77?8‘3,1%,1(75’,&:) dxdt’
0
. E t s 5 s / /
lim (ﬁxzni - wa)Qaun,l(t ,l’) dxdt
e—0\ 3 0

t
lim (5 / /ngsg \Un (', x) dedt!
e—0 0 ’

So we simply need to let € go to zero, then §, and the result follows. O

< Ol poo rez2(r x ) [tm 1 |2 (1 ) 82| 11 0,522 x R))

SO

> =0, foralld >0,

> =0, foralld>D0.

4.4 Strong asymptotics

In this section we aim at getting a complete description of the asymptotic behaviour of the
ocean in the fast rotation limit, including the various equatorial waves — thus proving the
strong convergence result stated in Theorem 4.3. In the first Paragraph of this section (Para-
graph 4.4.1) we present the various waves involved, which are eigenvectors of the singular
perturbation and constitute a Hilbertian basis of L?(T x R). That basis enables us to intro-
duce the filtering operator and to formally derive the limit filtered system. Then, proving
that the limit filtered system has strong solutions (see Paragraphs 4.4.2, 4.4.3 and 4.4.4) and
using the strong-weak stability of (4.1.1) (see Paragraph 4.4.5) leads to the strong convergence
result.

4.4.1 The equatorial waves

In view of the structure of the rotating shallow-water equations (4.1.1), we expect the oscil-
lations of (7, u:) to be mainly governed by the singular perturbation L. The crucial point is
that the description of the eigenmodes of L can be achieved using the Fourier transform with
respect to 1 and the decomposition on the Hermite functions (1, )n,en with respect to xa.

In order to investigate the spectrum of L (which is an unbounded skew-symmetric operator),
we are interested in the non trivial solutions to

L(n,u) =it(n,u).
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Rewriting that equation as on equation on us only, one checks easily that necessarily
™ — (K + B(2n + 1)) + Bk = 0, (4.4.1)
for some n € N.
o If k#0 and n # 0, (4.4.1) admits three solutions
T(n,k,—1) < 7(n,k,0) < 7(n, k, 1),

and one can check that these solutions are eigenvalues of L associated to the following unitary
eigenvectors (the coefficient Cy, ;. ; ensures they are unitary)

! pn i B(n+ 1)
k_ﬂw\/jwn—l(%z) + T(n,k,j) + k 5 Yny1(z2)

Uy kj = Cn,k,jeikxl i Bn i B(n+1)
N A (I s TR ) R B B

Tﬂn(m)

(4.4.2)
The modes corresponding to 7(n, k,—1) and 7(n, k, 1) are called Poincaré modes because

T(n,k,£1) ~ £/k? + (2n + 1) as |k],n — oo,

which are the frequencies of the gravity waves.

The modes corresponding to 7(n, k,0) are called Rossby modes because

Bk

TR0 S e+ 1)

as |k|,n — oo,

meaning that the oscillation frequency is very small : the planetary waves ¥,, ;. g satisfy indeed
the quasigeostrophic approximation.

e If £ =0 and n # 0, the three solutions to (4.4.1) are the two Poincaré modes 7(n,0,£1) =
++/03(2n + 1) and the non-oscillating mode 7(n,0,0) = 0. The corresponding eigenvectors
of L are given by (4.4.2) if j # 0 and by

N CITESSIS SN TS
S _ 443
,0,0 0,0 \/@wnﬂm) - @¢n+1($2) ( )
0

e If n = 0, the three solutions to (4.4.1) are the two Poincaré and mized Poincaré-Rossby
modes

ko1
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with asymptotic behaviours given by

7(0,k, — sgn(k)) ~ —k as |k| — oo,
7(0, k, sgn(k)) ~ % as |k| — oo,

and the Kelvin mode 7(0,k,0) = k. The corresponding eigenvectors of L are given by (4.4.2)
if 7 # 0 and by
—tpo(z2)

Voo = —=e""1 | dolez) |- (4.4.4)
Vin ¢

One can then prove the following diagonalization result (whose technical proof is omitted
here).

Proposition 4.6 For all (n,k,j) € N xZ x{—1,0,1}, denote by 7(n, k,j) the three roots of
(4.4.1) and by W, . ; the unitary vector defined above. Then (W, k. ;) (nk.j)eN x Z x{—1,0,1} 15 &
Hilbertian basis of L>(T x R) constituted of eigenvectors of L :

LWy =im(n, k, §) Un k- (4.4.5)

Furthermore we have the following estimate : for all s > 0, there exists a nonnegative con-
stant Cs such that, for all (n,k,j) € N x Z x{-1,0,1},

1o lloerxmy < Co and Wil msnwsce(m < ry < Cs(L+ [k2 +0)* 2 (4.4.6)

Moreover the following property holds : if T(n,k,j) = 7(n*, k,5*), then n = n* and j = j*.
Finally the eigenspace associated with any i\ # 0 is of finite dimension.

As mentioned in the introduction, the adjustment processes are therefore somewhat special
in the vicinity of the equator (when the Coriolis acceleration vanishes). A very important
property of the equatorial zone is that it acts as a waveguide, i.e., disturbances are trapped
in the vicinity of the equator. The waveguide effect is due entirely to the variation of Coriolis
parameter with latitude. Note that another important effect of the waveguide is the separation
into a discrete set of modes n = 0,1, 2,... as occurs in a channel.

The next definition will be useful in the following.

Definition 4.7 With the previous notation, let us define
P =Vect{V, ;/(nk,j) € N* xZx{-1,1} \ {0} x {(k, —sgn(k) / k € Z"}},
R=Vect{¥, 1o/ (n, k) € N*xZ"},
M =Vect{Wy;/k € Z" j=—sgn(k)},
K =Vect{Ugro/k € Z"},
so that
L) TxR)=P&R& M & K @ KerL.

Then we denote by Ilp (resp. Ilg, s, Ik and Ily) the L? orthogonal projection on P (resp.
on R, M, K and KerL).
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We are now able to define the “filtering operator” associated with the system. Let £ be the
semi-group generated by L : we write £(t) = exp(—tL). Then, for any three-component
vector field ® € L?(T x R), we have

LD = e "I, (4.4.7)
IANES

where IT) denotes the L? orthogonal projection on the eigenspace of L corresponding to the
eigenvalue i\, and & is the set of all eigenvalues of L.

Now let us consider (7., u.) a weak solution to (4.1.1), and let us define

d. =L (—z) (Ne, ue). (4.4.8)

Conjugating formally equation (4.1.1) by the semi-group leads to

t t t t t
0. + L (_) Q <£ () . () q>5> oL (_) AL () 2. =R  (449)
€ € € € €
where A’ and @ are the linear and symmetric bilinear operator defined by
A'® = (0,AD) and Q(®,®) = (V- (Po®'), (®' - V)P') (4.4.10)

denoting by @ the first coordinate and by ®' the two other coordinates of ®, and where

t ENe
= —= — A .
R. =L ( 5> (0, ul o Ue)

We therefore expect to get a bound on the time derivative of ®. in some space of distributions.
A formal passage to the limit in (4.4.9) as € goes to zero (based on formula (4.4.7) and on a
nonstationary phase argument) leads then to

815(1) + QL((I), (I)) - I/A/L(I) = 0,

where A, and @, denote the linear and symmetric bilinear operator defined by

Ap® =D IHAT® and QL(®,®) = Y ILQUIL® ). (4.4.11)
IAES Z)\Ali;fi;ele

Note that this formulation makes a priori no sense, but should be understood in weak form.

The definition of the quadratic form naturally addresses the question of the resonances induced
by L, which will be studied in Section 4.4.3.
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4.4.2 The quasigeostrophic motion

In this section we shall investigate the wellposedness of the limit system derived formally in
the previous section. The aim of this section is therefore to prove all the results of Theorem 4.3
except for the final, convergence result. Those existence results are based on a precise study of
the structure of (4.2.9), and in particular of the ageostrophic part of that equation, meaning
its projection onto (KerL)*. One can prove in particular that the ageostrophic part of (4.2.9)
is in fact fully parabolic. That should be compared to the case of the incompressible limit of
the compressible Navier-Stokes equations, where again the limit system is parabolic, contrary
to the original compressible system (see [15], [22], [44]). Note however that (4.2.9) actually
satisfies the same type of trilinear estimates as the three-dimensional incompressible Navier-
Stokes system, which accounts for the fact that unique solutions are only obtained for a short
life span (despite the fact that the space variable z runs in the two dimensional domain T x R).

We will not give all the details of the proof here but indicate the main steps, which enable us
to rely on the theory of the three dimensional Navier-Stokes equations.

Let us start by considering the existence of weak solutions. The main argument, as pointed
out above, is that the ageostrophic part of the limit system is actually fully parabolic, in the
following sense: recalling the definition of the spaces H} given in (4.2.7) above, one can prove
that for any ® € (KerL)t N Hg,

@017 ~ > @[ (p x ry < 00 (4.4.12)
ire&\ {0}

Then it can be proved that for all s > 0,

AAUAS (KerL)L, ||‘I)H§15+1(TxR) < CH(I)H?LIZH <O - AIL(I))HS(TXR)a

which implies in particular that once projected onto (KerL)™, the system (4.2.9) is fully
parabolic. The proof of those inequalities relies on three main arguments. First, the struc-
ture of the eigenmodes shows that the diffusion, acting a priori only on the velocity field,
also has a smoothing effect on the depth flucutation. Then one proves the orthogonality in
H*(T x R) of the eigenmodes corresponding to the same eigenvalue i\ # 0, and finally a
“quasi-orthogonality” property on the eigenmodes: one can prove that

VO € (KerL):, [[V®[5. <C Y [[V(IL®)|F-.

ire®\{0}
In the following we will also use the fact that
VP € (KerL)', |[ollF < € Y (L@l (4.4.13)
ire®\ {0}
and [[®'|F. < C ) (L) 7.
iAeS\ {0}

We recall that we have denoted ® = (®g, ®’). Once those results are obtained, the existence of
weak solutions satisfying the usual energy estimate is obtained with a classical approximation
method (the approximate sequence being a truncation to a finite number of Wy, ;. ;’s).
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The proof of the uniqueness of strong solutions is more delicate. Indeed bilinear estimates have
to be established on the quadratic form )7, in function spaces compatible with the diffusion
operator A, typically the spaces H7. One proves the continuity of the quadratic form, and
in particular an estimate of the following type: for any ®,., ® and ®* in H;}, the following
estimate is satisfied

3/4 1/4 3/4 x13/4
(1QL(®,®")) a(r wpy| < CITLO 5 ITL el Frtp gy L@ T 075
1/4 1/4 1/4 1/4
x (I e y L@ oy + M@ 1T, 0 ||L4(TxR))

+ CIIL®, | 20r vy (HHO@HLZ(TXme@*u@ + ||Ho<1>*||Lz<TXRmm@HHQ .

This is exactly the analogue of the usual trilinear estimate for the three-dimensional Navier-
Stokes equations:

|(@.1div (@ © %)) 2(r)

< Ol sy (1913 e V2 2
1) 4 ey |72 2 )
whereas in two space dimensions one would expect

|(@[div (©© ) 12

< Ol gy (1213 e 192 22
197 3 ey | V@22 )-

Similarly, three dimensional-type estimates can be derived for (®.|Qr(®,d*)) /2, and the
L

usual theory of the three dimensional Navier-Stokes equations enables us to prove the expected
existence and uniqueness result. We refer to [25] for all the technicalities; let us simply mention
that the reason for the loss of one half derivative compared to the usual dwo dimensional case
is linked to the fact that differentiation with respect to w9 correponds to a multiplication
by /n instead of n. O

4.4.3 Interactions between equatorial waves

Unfortunately in order to prove the strong convergence result of Theorem 4.3, more regularity
is required on the limit system. We postpone to Section 4.4.5 the end of the proof of the
theorem, and will pursue in this section and the next the study of the limit system, in order
to gather more useful information. In particular we need to study more precisely the resonance
condition A = p + p*, which can be written

T(n,k,7) +7(n*, k*, 57%) = 7(m, k + k™, 0).

Recalling that the eigenvalues of the penalization operator L are defined as the roots of
a countable number of polynomials whose coefficients depend (linearly) on the ratio 3, we
deduce that for fixed n,n*,m € N and k, k* € Z, the occurence of such a resonant triad is
controlled by the cancellation of some polynomial in 3. Therefore, either this polynomial has
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a finite number of zeros, or it is identically zero. The difficulty here is that we are not able to
eliminate the second possibility using only the asymptotics 8 — oco. Because of the possible
resonance with j = j* = £ = 0 which can occur even for large 3, we have to refine the previous
argument introducing an auxiliary polynomial. We refer to [25] for the details, enabling one
to conclude that the limit filtered system can be rewritten in the following manner for all but
a countable number of 3:

O Ilp® — vII A} T = 0,

OIIR® + 2Q), (y®, Ird) + Q; (TP, T z®) — VITRAL® = 0,
Oy ® + 2Q", (®, T ®) — VI AL & =0, (4.4.14)

OI1p® + 2Q", (My®, pd) — VIIpA; & = 0,

Ol ® + 2Q", (Ty®, M ®) + Q) (Mg ®, M ®) — VT A, & =0,

It can be noticed that the only nonlinear interactions are due to Kelvin or to Rossby-type
waves, which will be crucial in the proof of the propagation of regularity.

Let us prove estimate (4.2.10). We can decompose ® in the basis of eigenvectors of L, and
will estimate each projection separately. Clearly we have div (IIo®)" = 0, so let us consider
now the projection onto Rossby modes [I1p®. By definition of the Rossby modes we deduce
the following relation

VEER, V- = > V- 2= ) AP\
INEGR IANEGR

with the notation ®) = II,®, and where G denotes the set of Roosby modes. It follows that,
using (4.4.13),

2
112 — )
V- ||H2(T><R) - HZ z)\(fb,\)o’ H2(T xR)
INEGR

C Y M@ ol ) -
INEGR

IN

But, as Rossby waves correspond to j = 0, we have (denoting by II,j ; the orthogonal
projection onto Wy, 1. ;)

IA@NolFmxry SCAP D 1(Mako®)ollZe(r x m)-
7(n,k,0)=X\

Recalling the explicit form of (¥, 1 ;)o, we see that

(T k.0®)oll7r2¢r  my < C(L+ 1+ k)| (W 0®)ol 3 (1 « R)-
But for Rossby modes, the following asymptotics hold as |k| or n goes to infinity:

_ Pk
)\ = T(n,k‘,O) ~ m
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So we infer that as |k| or n goes to infinity,

AP (1 0®)ol 2 or vy < Cll Mk 0®)oll i x vy-

Finally we infer that

V- @2, < C Z HA(q))\)OHJ%I?(TxR)
INESR
< C Z ||(Hn,k:,0(1))0||§{1(R><T)
(n,k,0)EGR
< Cllel,.

By the embedding of H?(T x R) into L>(T x R) we conclude that V - (IIz®)’ belongs to the
space L2([0,T]; L°(T x R)). The same result can easily be extended to the mixed Poincaré-
Rossby modes (it is in fact easier since n = 0 in that case) and we obtain

My @l 2 o.r,m1) < Cry IV - (s ®) (| 220.77,20(0 x RY) < O -
Finally we deduce that
|V - (T 4 T g + Tar) @) || 22 (0,7, 200 (T x R)) < O -

Let us now consider the equation governing the Poincaré modes which can be seen as a linear
parabolic equation whose coefficients depend on IIg®. We can write

Op® = > eukyVoks,
(n,k,j)ESP

where
Sp=N*xZx{-1,1} U {0} x Z} x{1} U {0} x Z, x{—1}.

We can use Proposition 4.6 to deduce that for each (n, k, j) in Sp the equation governing ¢y, 1 ;
can be decoupled (recall that IIy® only depends on x9):

Ok — VPnki (Y kil AWk i) 20 x R) = —20n.k5 (Y ki1 Q(Vnk g o ®)) L2 (T < R)

which can be rewritten

O (nkj exp (vt (kA Vn k) 2T < R)))
= =200k j (U k5| Q(Wn ks Tl ®)) 2T x B) XD (—VE( Wk 5| A Uy ke ) L2(T x R)) -

From Gronwall’s lemma and the following estimates (due to (4.4.6) and to the bound of ITy®
in L*(R*; L?(T x R))),

(Vs | Qs To®) x| < Caln+ K12,
_<\Pn’k’j‘A/\Ijn7k:j)L2(T x R) > CQ(TI, + kz)v
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we then deduce that there exists a nonnegative constant C,, (depending only on v) such that,

Y(n, k,7) € Spy  |onki ()] < l@nk;(0) exp(=Cy(n + k*)t). (4.4.15)

Now we write

IV - ) Ol o wry < D 1nbs OV - (k) Ol oo r s wy
(n,k,j)ESP

<C D lenpi®ln+ k)
(n,k,j)ESP

since (U, 1 ;) is uniformly bounded in L*°(T x R). Thus, by (4.4.15), we infer that

19 @@ O] gy SC 32 g (O)](n + 632 exp(—Cyn + )0,
(’n,k,j)ESP

Integrating with respect to time leads then to

IV - @r®Y | s rppeernry G0 2L [Pakg O+ k)72
(n,k,j)ESP
1/2 1/2
< D leariO)Pn+ k) S R
(n,k.j)ESp (n,k,j)ESP

from which we deduce that for a > 1/2,

IV - O ®)[| s o,y (r ) < CITLP 7 (1 )

where C' depends only on v and «.

Finally we are left with the Kelvin modes. The difficulty here is that the equation is nonlinear,
and the argument of the Rossby part does not work (there is no natural smoothing of the
divergence). However ITx® satisfies an equation which is actually one-dimensional (modulo a
smooth function with respect to x3), and thus the energy estimate is supercritical in the sense
that the H' norm allows to control the stability. We first note that for the Kelvin modes,
since the decomposition of the eigenmodes of L corresponds to the Fourier decomposition, we
have

(U @|QL(x @, 1k P)) yo(r « ) = U P|QUIK®, Ik ®P)) o x R -

Therefore, using the fact that H*(T) is an algebra for all o > 1/2, we get

(g @|QUIx P, Ik ®)) o x r)| < ClMKP|[ra+1(T x R)

k@[ go® x T) TPl 71 (T < R)

C
< VT @[ a1 R)+;”HK(I)H§{D¢(T « R IME @211« R

by the Cauchy-Schwarz inequality.
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Estimating the linear term as before, we get by Gronwall’s lemma

t
T @ () | Frer < ) +V/O T () [ pesr (o  y < K0 Fe s

C
X exp (y/|¢(7)!ﬁzi(TxR)dT> :

Then,

under the suitable initial assumption. From the orthogonality properties mentioned earlier,
along with the Sobolev embeddings H*(T) C L*°(T) we infer that

IV - (T ®) || 20,17, (T x R)) < O (4.4.17)

provided that a > 1/2.
The estimate (4.2.10) is proved. O

4.4.4 Propagation of regularity

In this paragraph we shall state without proof some useful results concerning the propagation
of regularity for the limit system.

Propagation of regularity for IIy®

Let us notice that the weak formulation of the limit equation given in the statement of
Theorem 4.2 could be written in the more compact way

8y ® — VITpA'TIy® = 0, (4.4.18)

were it not for the fact that the operator IIgATly is a priori not defined on L?(R). The
projection Il is a pseudo-differential operator, whose symbol is

(Bx2)? —ifTats
(Bx2)?2 + &5 (Bx2)>+ &3
181282 & 0
(Bx2)?2 +&5  (Br2)?+ &3
0 0 0

In particular extending Il to Sobolev spaces requires some techniques of microlocal analysis
like the Weyl-Hormander calculus. The singularity at zo = 0 unfortunately prevents one of
using this theory blindfolded, but inspired by the results given by that theory, in particular
its commutator estimates, one can work “by hand” (see [25] for details) to prove the following
proposition.



100 CHAPTER 4: THE TROPICS

Proposition 4.8 Denote by ® the (unique) weak solution to the geostrophic equation
O® — VIIGA'TIy® = 0, ®(t = 0) = d°.
Then, if the initial data satisfies the regularity assumption
0@l rr; < Co
for some s > 1, the solution satisfies for all T' > 0 the regularity estimate

1@l oo jo.17,m3) < O

Propagation of regularity for II,

One can prove bilinear estimates in H} for @, for s € [1/2,1], which allow to deduce easily
the following result.

Proposition 4.9 Denote by ® the (unique) strong solution on [0, T*[ to the envelope equa-
tions

X® +Qr(®,®) —vAL® =0
I, Ot =0)=11,3" ¢ H}/
Mo®(t = 0) = T®° € L*(T x R).
If the initial data satisfies the regularity assumption

0% gy < Co

for some s € [1/2, 1], then the solution satisfies for all T < T* the regularity estimate

ILLL @ oo 0,77, 113 )2 0,17, 105+ < O

4.4.5 Stability and strong convergence

In this final section we shall gather the previous results in order to prove the strong convergence
of the filtered solutions. The idea is, as usual in filtering methods, to start by approximating
the solution of the limit system, and then to use a weak-strong stability method to conclude.

So let us consider the solution ® constructed in the previous paragraph, which we truncate
in the following way:
Oy = JNII P+ 11Dy, (4419)

where Jp is the spectral truncation defined by
Jy= Y T, (4.4.20)
INEGCN

with
Sy = {iT(n,kz,j) c G/n <N, k| < N},
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and II; denotes as previously the projection onto (KerL)*. Finally IIo®y solves
atH(](I)N - I/H(]A,H()@N =0

0
Ho®nj=0 = E 110,097,
0<n<N

where II,, o o denotes the projection onto the eigenvector ¥, oo of KerL. According to Propo-
sition 4.8, for all fixed N € N we have

[Io®x belongs to L (R™; HY), Vo > 0. (4.4.21)

Recall that such a result means that IIgp®y is as smooth as needed, and decays as fast as
needed when zo goes to infinity. Moreover by the stability of the limit system (which is
linear) we have of course

A [[o®y — Ho®|| oo po,71:L2(T x m)) = 0, VT > 0.

Note also that for all fixed N € N, using the smoothness and the decay of the eigenvectors
of L, we get for any polynomial @) € R[X]

Q(z2)®n € L>([0,T]; C*(T x R))
We have moreover of course
VI <T*, [IL(® — @N)lLee(o7:L2(T x R)) — 0 s N — o0,

and
VI <T*, | (- CI)N)HL?([O,T};HE‘“) —0as N — oo.

Finally since Jy commutes with A’ , the vector field @y satisfies the approximate limit filtered

system
®N + INQL(P,®) —vAL Oy =0,

(4.4.22)
Do = I D’

Conjugating this equation by the semi-group £ leads then to

o (e(S) ow) e (e (£) ow) v (2 () e (1) ) -vaie () o=

using the definitions (4.4.11) of @ and A’,. We are going now to follow the same method
as that used in Chapter 2, in the periodic case: we start by rewriting this last equation in a
convenient way

(o) )0 oo ()
= @-an (£(H) ewr (L) ew) v ape (£ e
+(Id— Tn)Qr (c (Z) P, L (2) <1>> + QL <,c (Z) (®n — ), L (z) (@n + @)) .
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The two last terms in the right-hand side are expected to be small when N is large, uniformly
in €, using the stability of the limit system. So we are left with the first two terms, which as
usual cannot be dealt with so easily since they do not converge strongly towards zero. However
they are fast oscillating terms, and will be treated by introducing a small quantity e¢ (which
will be small when € goes to zero, for each fixed N), so that

(@ + %L) (ﬁ (i) aqu) ~—(Q=Q1) <£ (i) B, L (i) <I>N> (A~ ALL (Z) .

Let us now define

O T SR

ON = — : —ILQUIL, N, II;PN) +v — ILATL,®yN,

Aptii WA —p—p) 8 8 Ap, A=) 8
INES ip i€S INEG inES N

(4.4.23)
and consider
O, Ny =Py +edn.

The proof of the following result follows essentially the same lines as in the constant, periodic
case of Chapter 2 (up to the fact that A is not truncated here) and we refer to [25] for details.

Proposition 4.10 For all but a countable number of 3, the following result holds. Consider
a vector field ®° = (no,ug) € L*(T x R), with I1, ®° in HY for some a > 1/2. Denote by ®
the associate solution of the limit system on [0,T*[. Then there exists a family (n: n,us N) =
L (L) ®. n such that 1| (e n,uen) is uniformly bounded in the space L72.([0,T*[, HY) N
L? ([0,T%], Hg“), satisfying the following properties:

loc

e &. v behaves asymptotically as ® ase — 0 and N — oo :

VI <17, Jim T @ n = @l ooy < my) = O (4.4.2)

o for all N € N, (ne N, us N) Is smooth: for all T € [0,T*[ and all Q € R[X],

Q(x2)(ne, N, ue,N) is bounded in L*([0,T]; C°°(T x R)), uniformly ine¢; (4.4.25)

e (1. N, uc N) satisfies the uniform regularity estimate

VT € [0, T*[, sup lim ||V . U&NHLl([O’T];Loo(T xR)) < Cr; (4.4.26)
NeNe—0

e (1., N, ue ) satisfies approximatively the viscous Saint-Venant system (SW;) :

1
O (ne,Ny Ue,N) + EL(na,N7 ua,N) + Q ((ne,Ny us,N)7 (na,Na ua,N)) - VA,(”E,N) U/E,N) = Re,N
(4.4.27)
where R. n goes to 0 as € — 0 then N — oo:

Jim lim (1R NNl 2 0,77 22(T x R)) + E1Re,N | Lo (j0,77%T x R)) = 0. (4.4.28)
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Equipped with that result, we are now ready to prove the strong convergence theorem. The
method relies on a weak-strong stability method which we shall now detail. We are going to
prove that

lim hm (15 ue) — (1, N5 Ue, ) HL2([O,T]><T xRr) = 0, (4.4.29)

N—ooe—

where (7:,n,us n) is the approximate solution to (4.1.1) defined in Proposition 4.10. Note
that combining this estimate with the fact that (1. n,ue n) is close to £ (é) ® provides the
expected convergence, namely the fact that

=0.

VT € [0, 7], lim H(ng,ug) - L (t) ®
e=0 L2([0,T]xT x R)

9

The key to the proof of (4.4.29) lies in the following proposition.

Proposition 4.11 There is a constant C such that the following property holds. Let (n°,u°)
and (n2,u) satisfy assumption (4.2.8), and let T > 0 be given. For all ¢ > 0, denote
by (1., ue) a solution of (4.1.1) with initial data (n°,u°). For any vector field (7, %) belonging
to L>=([0,T]; C>°(T x R)) and rapidly decaying with respect to xs, define

E(t) = ;/ ((ne — ) + (1 + ene)ue — al?) (¢, z)dzx + V/O /|V(u<E —a)|2(t, x)dxdt .

Then the following stability inequality holds for all t € [0,T]:
) < C&(0) exp (x(1)) + we(t)
1
+C/ eX()—x(t / <am + gv ‘u+ V- (nu)) (7 —ne)(t, x)dxdl!
—I-C/ X=Xt /(1 +ene) <8tu + = (Brout + V7)) + (a-V)a — I/AU) (a — ue) (', x)dzdl’,
0

where w.(t) depends on @ and goes to zero with e, uniformly in time, and where
! 2
— — / /
= [ (19 allmiremy + 1 lEacr ) ()

Let us postpone the proof of that result, and end the proof of the strong convergence. We
apply that proposition to (7, %) = (7. N, ue N), Where (1. n, ue ) is the approximate solution
on [0, T*] given by Proposition 4.10. We will denote by x. n and & n the quantities defined
in Proposition 4.11, where (7, @) has been replaced by (7: v, ue,n).

Because of the uniform regularity estimates on (7. v, us ), we have
VT € [0, 77, sgfp gl_{% (HVUa,NH%%[o,T},L?(T xR)) T IV - ue N | L2 (0. 17;25 (T R))) < Cr,
so we get a uniform bound on x. v :

sup lim || xe, || o= (0.17) < Cr-
N €0
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Then, from the initial convergence (4.2.8) we obtain that
VN eN, & n(0)exp(xen(t)) — 0ase— 0in L>([0,T]).

Moreover by Proposition 4.11 we have

1
Oy (775,N; UE,N) + EL(T/&,Nv ua,N) + Q((ne,Ny Ua,N); (na,N7 ua,N)) - VA,(T’E,Nu Ua,N) = Ra,N-
(4.4.30)
Let us estimate the contribution of the remainder term. We can write

t
/ eXe.N(H)=xe, N (t) /R&N ey = 1), (1 + en) (ue v — ue)) (t',z)dzdt
0
= 10+ 12,
with
1 t ’
I;]z[(t) = / eXe.N () =xe, N (1) /RE,N7O(7787N o ng)(t/,x)dmdt/, and
0
t
Ig]z[(t) def / €X5,N(t)_Xe,N(t’)/R;,N(1 +en.) (ue N —ug)(t/,x)da:dt/.
0

The first term can be estimated in the following way:

1
IIé,}V(t)I < COrl|Re, Nl o.17:02(T x R) 17,8 — Mell oo (0,77, 22(T x R))-
For the second term we can write
2
lfé,])v(t)! < CrllV/1+ ene(ue,ny — ve) || Lo o.7:22(T x R IV/T + €0 Re w21 ((0,73:22(T % R)) -
Now we can write

V1 +en-Re w72« vy < CURNT2er « my + Elell2(m <) [ Be N [ Fa g < mY)-

Since
EHRE,NHQM(T xR) = el|Re, Nl Lo (T x R) HRE,NHLQ(T x R)s

we infer that the quantity E%R& N goes to zero as € goes to zero and N goes to infinity, in the
space L2([0,T]; L*(T x R)), so in particular

. . 1
i Lm e | Re vl £ o, 724 (m < my) = 0-

Finally by the uniform bound on 7. in L>([0, T; L*(T x R)) and by the smallness assumptions
on R. n, we deduce that

t
/ eXe.N(t)=xe,N (') /R&N ((e.n —me), (L4 ene)(ue n — ue)) (¢, z)dadt!
0

< 5 Imen — 776”%%([0,T];L2) + V1 + ene(ue,n — US)H%OO([O,T];B)) + we,N (1),

N |
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where

Jim i o (0] oz = 0.
We now recall that by Proposition 4.11, using (4.4.30), we have

Een(t) < C& N(0)exp (XenN (1)) +we N (1)

t
+C/ eXen (O xen (1) /R&N “((e,n —me), (1 +ene)(ue,n — ue)) (t', z)dwdt!
0
where

5€N()

(I = e @12 + VT + 2 (e = wen) (O3
+1// |V (ue — ue n) ()32 ()t
0

l\D\H

Putting together the previous results we get that lim hm & n(t) = 0 uniformly on [0, 77,
—o00e—0
hence that

i 17 v =77 oo (0.73:22 (1 < ) = 05
A}EHOO il_l)% V1 +en:(uen — ua)HLOO([O,T];LQ(T xR)) =0,

MmN fJue, v — tel| g2 0,71, (1 < mY) = O-

By interpolation we therefore find that
i lim (1.8 = 1l oo (o735 020T x R)) + lUen = ucll 20,00, 17 (T x R))) = 0,

hence (4.4.29) is proved. [

To conclude the proof of Theorem 4.3 it remains to give an idea of the proof of Proposition 4.11.
As the energy is a Lyapunov functional for (4.1.1), we have

et -0 < [ 4 [ (G =m0+ en)Glal - w) ) (¢, o)t
4 /0 / (Vi — 2Vu.) - V(' o) dedt!
< [ [@at—n)+ (- enjo @ - ) (i
—/Ot/(amamat((wens)ug)-a—gatns\aﬂ)) (', 2)dedt!

_ /Ot/y(Aa (U —ue) — Aue - u) (¢, z)dxdt’.
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Using the conservation of mass and of momentum we get
t
&) - < [ [ @nn—n)+ 1+ en)@m - vAD) - (@ ) (¢, a)dodt
0
t 1 _ &, _9 / /
+ /0 /Ev (1 + enue) (= Slal?) (¢ @) dadt
! 1+
+ / / <(;n€)(ﬁxgugL +Vn)+ V- ((14+en)u: @ u5)> ~a(t', x)dzdt
0

t
+/ /syneAa- (@ — ue)(t', x)dzdt’ .
0

Integrating by parts leads then to
E(t) — E(0) < /Ot/ (8t7] + év cu+ V- (nu)> (7 —ne) (¥, x)dadt!
+/0t/(1 +ene) (dgu + é(ﬂngﬁ + V) + (@ V)i — I/Au> (@ — ue)(t, z)dadt!
- /Ot /(1 +en) D : (1 — u) P2t @) dwdt

t 1
-] (2n§v At (- )V - () + e w) (¢, 2)dadt + R,
0

(4.4.31)

where .

R.(t) = / /aunEAu (a — ue) (', x)dxdt’.
0
The last term is rewritten in a convenient form by integrating by parts
t 1
[ [ (5w - n0¥ -+ - ) (¢ oydaar
0
t 1
= —/ / <2n§V a4 (7 —ne)(a-Vi+nV-a) +neu - Vﬁ> (t',z)dzdt!

0 (4.4.32)

L1 1
— _/ / (2ngv cu+ (7 — )V - d+ i Vﬁ2> (t', z)dxdt
0
tri
= / /2(175 —7)°V - a(t', z)dzdt’.
0
Plugging (4.4.32) into (4.4.31) leads to
! 1
e -eo< [ | (am V-tV <ﬁa>) (7~ n) (¢ ) dadt
0
¢ 1
+ / /(1 +ene) <8th + g(ﬁm?—ﬁ +Vn)+(a-V)u— VA'H,) (= ue) (', x)dzdt’
0

¢ _ _ / / t 1 _ — /
- /0 /(1 +en) D : (6 — ue) 2% (¢, 2)dadt’ — /0 /2(776 —7)°V - a(t', z)dxdt’ + R.(t).
(4.4.33)
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In order to get an inequality of Gronwall type, one has to control the right hand side in terms
of &. We start by estimating the flux term. We have

t
—/ /(1 +en )V - (a0 — ue)®2 (¢, x)dadt
0
t
< /0 (IVall 2¢r « r) + €llnell L2r x RV Al Loo (T < RY) |7 — UEH%‘l(TXR)(t/)dt/
< C/o (IVall L2t < ry + llnell2er x my IVl Lo (T x m)) 118 = el 207« B)

% (i — e g1 g o gy ()

and

||“_UEHL2T><R)<”m _UHL2T><R)

telnellzer x rylle — vellz(r « m) I8 = vell oo o w)

which implies
@ UEHL? TxR) = 2|/ 1+ ene(u ||L2(T><R) + 1652||77€||L2(T><R o — UEHHl(TxR)

Therefore, using the uniform bounds on 7., /1 4+ en-u. and on u. given by the energy estimate,
we gather that

!
—/ /(1 +en )V : (i — ue)®* (¢, x)dadt!
0
t
< C/ (IVallzz + ellnall 21Vl o) 1v/1 + ens(ue — @)l g2 ||@ — uel| g (') dt!
0 t (4.4.34)
+ Cﬁ/ (IVall 2 + ellnell 2 IV al zoo)lla — el ()t

14
<2 [l e+ S [ 19 T 0 e = DRl + (1),

We also have
! 1 —\2 — (4 / 1 ¢ — = 2 !/ /
| [ =PVl a5 Il crolln e () (4:435)
so we are left with the study of the remainder R.. We have
t
R.(1) < EVH775||L°°(R+;L2(T><R))/O [AG]| Lo x my 1@ — uell Lo < vy (F)dt.

The above estimate on || —ue||z2(T x ) implies in particular that || —uc||p2(T x r) is bounded
in L*([0,T7]), hence we get that ||& — uel| (T x r) is also bounded in L*([0,T7]). So we infer
directly that R.(t) goes to zero in L*°([0,T) as € goes to zero. That result, joined to (4.4.34)
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and (4.4.35) allows to deduce from (4.4.33) the following estimate:
1 K 1 N ) ,
)& < [ [ (04 1v-a4 V@) G- n) ' 2)deds
0
¢ 1
+ / /(1 +ene) <6ta + —(ﬁ;rgaL + Vi) + (u-V)u— uAﬂ) (U — ue)(t, x)dzdt

+ 5 [ IV TF e = ) By () + 5 / IV -l 17 — e |22 ()t + ()

thus applying Gronwall’s lemma provides the expected stability inequality. ]

4.5 A hybrid result

In this final paragraph we are going to put together some results obtained in the previous
sections, to prove the strong convergence theorem presented in the introduction of this chapter,
namely Theorem 4.4. Due to the unfortunate presence of a defect measure in the limit system,
we propose in Pararaph 4.5.4 an alternate model with capillarity, whose virtue is that it gives
the lacking compactness on en.. Its disadvantage is its unphysical character, along with the
fact that weak solutions are only known to exist for small data.

4.5.1 Strong compactness of 11D,

In order to characterize completely the asymptotic behaviour of (., u.) we know from the
previous section that it is necessary to introduce the filtering operator

c <t> 2 $™ exp < ZM) T,
€ INES €

where I, is the projection on the eigenspace of L associated with the eigenvalue i\.

Lemma 4.12 With the notation of Theorem 4.4, the following results hold.

e For all i\ € &\ {0}, I, ®. is strongly compact in L*([0,T], H*(T x R)) for all T > 0 and
all s € R;

e IIy®. is strongly compact in L?([0,T), H;

loc

(T xR)) for all T > 0 and all s < 0.

Proof.

e For all A # 0, we recall that by Proposition 4.6, the eigenspace of L associated with the
eigenvalue i) is a finite dimensional subspace of H*°(T x R). Therefore the only point to be
checked is the compactness with respect to time, which is obtained as follows.

Let (n,k,j) € N xZx{-1,0,1} be given, such that A\ = 7(n,k,j) # 0. Multiplying (4.1.1)
by Uy ki = (M k,js Unk,;) (wWhich is smooth and rapidly decaying as |x2| goes to infinity) and



CHAPTER 4: THE TROPICS 109

integrating with respect to x leads to

_ _ iT(n, k, J _ _
0[O+ me g e+ PRI L) 0,

—H//VUE : Vg g, (t, x)dr — /mE (U - V)l g j(t, v)dx

1

—3 /nfv “Unk,;(t,x)dr =0

where @ denotes the complex conjugute of u, or equivalently

815 <eXp <Zt7-(,n/’k:’])) /(nfnanﬂ' + Me - un,k),j)(t7x)dx>

3

+V/V (exp <zt7'(n€,k,j)> u5> : Vg g j(t, x)dx (4.5.1)
. . 1
— /exp (th(n,k,j)> (ms (ug - V)l o j + ingv : ﬂnk3> (t,z)dx = 0.

3

From the uniform estimates coming from the energy inequality we then deduce that

Ot <exp (W) /(ngnn,k,j +me - Un i j) (L, :z)daz) is uniformly bounded in ¢.

Therefore the family
it . : 2 S
exp [ — ) IIx(ne, me) is compact in L“([0,T]; H*(T x R)) for any s € R,
€ e>0
and since en.u. converges to 0 in L2(R*; H*(T x R)) for all s < 0, we deduce that

12
exp (Z€> I\ (7e, ue) = I\ ®. is compact in L([0, T]; H*(T x R)) for any s € R..

e For I1y®. = Iy (7e, uc) the study is a little more difficult since the compactness with respect
to spatial variables has to be taken into account. From the energy estimate we have the
uniform bound

®. is uniformly bounded in L? (R*, L*(T x R)).

loc

Recall that we have defined
H = {w €S (TxR)/(Id— A+ f2a2)5¢ € L*(T x R)} :

Equivalently we have

Hy =39 e S(TxR)/ > (14+n+k) (W) o p) <+
n,k,jeS
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where S = N x Z x{—1,0,1}.

As (V0,0 nen is a Hilbertian basis of KerL, we have for all 7> 0 and all s <0

Z (\I'n70,0|<I>E)L2(T «R) U, 00— Ho®e — 0 as N — oo uniformly in e.

n=hN L2((0,7),H3)

Let ) be any relatively compact open subset of T x R. It is easy to see that, for all s > 0
H{(Q) c Hf Cc H(T xR),

and conversely for s < 0,
H*(TxR) C Hj C H*(Q).

Here H{(€2) denotes, for s > 0, the closure of D(2) for the H® norm, and H~*(Q2) is its dual
space.

Thus for all s < 0 and all T" > 0, we have

Z (\Iln,070|<I>E)L2(T < R) Uy 00 — Ho®e — 0 as N — oo uniformly in e.

n<N L2([0,T];H*(£2))

Moreover the same computation as previously shows that for any n € N,

O (/(neﬁn,ﬁ,o + me - ﬂn,0,0)(ta x)d$> + V/Vus : Van,O,O(ta x)d:v

(4.5.2)
- /me (e - V)Up0,0(t,z)dz =0,

and, since en.u. converges to 0 in L2(R+; H*(T x R)) for any s < 0 we get

Z I,,.0.0(7:,u:) is compact in L([0,T] x T x R).

n<N
Combining both results shows finally that

Iy ®. is compact in L*([0,T]; Hi (T x R))

for all T'> 0 and all s < 0. O

As & is countable, we are therefore able to construct (by diagonal extraction) a subsquence
of @, and some ®) € Ker(L — ¢AId) such that for all s <0 and all 7" > 0

Vi€ &, I\®. — ®y in L2([0,T]; H (T x R)).

Note that the @) defined as the strong limit of 11, ®. can also be obtained as the weak limit

of exp (%) (1e, ue). The following lemma is easily proved.
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Lemma 4.13 With the notation of Theorem 4.4, consider a subsequence of (®.)c~q, and
some @) € Ker(L —iAId) such that for all s < 0 and all T > 0

Vi€ S, I\®. — @y in L*([0,T]; H (T x R)).

Then, for all i\ € &, e%(ng, uz) converges to ®y weakly in L?([0,T] x T x R). In particular,
for all i\ € &, @), is bounded in L*([0,T); H' (T x R)) uniformly in .

4.5.2 Strong convergence of .

As a corollary of the previous mode by mode convergence results, we get the following con-
vergence for ..

Lemma 4.14 With the notation of Theorem 4.4, the following results hold. Consider a
subsequence of (®.), and some ®) € Ker(L — i\ld) such that for all s <0 and all T > 0

Vi e &, I\®. — ®y in L*([0,T]; H (T x R)).

Then,
O, =@ =) &, weakly in L}, (R"; L*(T x R)),
IANES
and ®, — ® strongly in L2, (R™; Hi (T x R)) for all s < 0.
Moreover, defining Ky = Z I1,, 1. ;, we have for any relatively compact subset )

(nk.j)eS
(n+[k[*)/2<N
of T xR, for all T > 0 and for all s <0,

t
1(Td = Kn)@ell 210,100y + 1(Td = KN)L(D) Pell 20,1y 0(0) — 0 as N — 00, (4.5.3)

uniformly in €.

Proof. The first convergence statement comes directly from the uniform bound on ®.
in L2 (R™; L*(T x R)) and the L? continuity of II). In order to establish the strong con-

loc
vergence result, the crucial argument is to approximate (uniformly) ®. by a finite number of

modes, i.e. to prove (4.5.3). The main idea is the same as for the approximation of IIp®. in
Lemma 4.12. We have for all 7> 0 and all s <0

Z (‘I’n,k,j\q’a)Lz(T X R) Uk — Pe — 0 as N — oo uniformly in ¢,

n<N <N L2([0.T):H; (T x R))

and similarly

i )t t
D T (W10 o gy Wk — £(2)Pe —0as N — o0,

n<N,|k[<N L2([0,T];H} (T x R))
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uniformly in e. Therefore for all relatively compact subsets €2 of T x R, the embedding of Hj
into H*(£2) implies that both quantities

Z (Wn7k7j|¢€)L2(T xR) Unkj — e
n<N,|k|<N

and

. A4 !
Do e TR (W10 o gy Yk — LG
n<N,|k|<N

converge strongly towards zero in L2([0,7]; H*(2)) as N goes to infinity, uniformly in e.
So (4.5.3) is proved.

The strong convergence is then directly obtained from the following decomposition:
O, —P=(Id— KnN)P. + Kn(P: — P) — (Id — Kn)9.

The result is proved. U

4.5.3 Taking limits in the equation on II,®.

The final step is now to obtain the evolution equation for each mode @, taking limits in (4.5.1)
and (4.5.2). In the following proposition, we recall that the first result (concerning the
geostrophic motion) relies on a compensated compactness argument, i.e. on both the al-
gebraic structure of the coupling term and the particular form of the oscillating modes, which
implies that there is no contribution of the equatorial waves to the geostrophic flow. That re-
sult was proved in Section 4.3. Here we will prove the second part of the statement, concerning
the limit ageostrophic motion.

Proposition 4.15 With the notation of Theorem 4.4, consider a subsequence of (®.), and
some family (®))iree such that @y € Ker(L —iAId) and such that for all s < 0 and all T > 0

Vixe &, I\®. — ®y in L2([0,T]; Hi (T x R)).

Then, &y = (no, ug) satisfies the geostrophic equation : for all (n*,u*) belonging to KerL and
satisfying u* € H'(T x R),

t
/(T]on* + up,1u})(t, x) do + V/ /VUOJ Vui(t',z) dodt’ = /(7707]* + u(l)uf)(x) dzr. (4.5.4)
0

Moreover for A # 0, &) = (@g,fb’)\) satisfies the following envelope equation : there is a
measure vy in M(R' x T x R), such that for all smooth ®} = (®% ,, (®})’) € Ker(L —i\d),

t t
/@A - @5 (t,x) dv + V/ /V(I)/)\ :V(RY) (', x) do dt’ + / /V (@) va(dt, dz)
0 0
t
+ Z / Q(P,, ®p) - O3(t, x) da dt’ = /<I>0 - ®% () dz,
- 0

where () is defined by (4.4.10).
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Proof. Let us first recall that for A # 0, Ker(L — ¢A\Id) is constituted of smooth, rapidly
decaying vector fields, so that it makes sense to apply Il to any distribution.

Starting from (4.5.1) we get that for all smooth ®} = (@3 , (®3)) € Ker(L — i\ld)
Zt)\ X % > % T I ok
[ (%) 0834 me - @)oo~ [0085 4 m - (@5 (e)is

i /Ot / v (exp (m) U> V(@) (', x)dadt! (4.5.5)
_/Ot/eXp (?) (ms (ue - V)(®3)" + mV (<T>§)’>(t’,m)dxdt’ —0.

Taking limits as € — 0 in the three first terms is immediate using Lemma 4.13 and the
assumption on the initial data. The limit as € — 0 in the two nonlinear terms is given in the
following proposition.

Proposition 4.16 With the previous notation, we have

/Ot/exp (”?) me - (ue - V)(®3)' (', z)dwdt! —>/ / > o, V(@) (', z)dzdt’,

ptpa=XA
ip,ileS

and

;/ot/eXpCts)\) EV - (RY)'(, 2)dadt’ — 5 // Z ®,0%0V - (BY) (1, 2)dadt’

nta=A
T, RES

—/0 V - (®3) va(dt dz).

The fact that this result gives Proposition 4.15 is an algebraic computation left to the reader.
Let us prove Proposition 4.16. The idea is to decompose ®. on the eigenmodes of L, by

writing
o) = £ (L) @t = 3 P Iarn)

IAES
Note in particular that by (4.5.3), for any s < 0,

(necue)(t) - £

) Kele) 0 i L2, (RS H(T % R)

as N goes to infinity, uniformly in €. Let us also introduce the notation

t
CDE,N = L <_6> (ﬁs,N,UE,N) = KN(I)E, and
. v = 1P n.
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We will start by considering the first nonlinear term in Proposition 4.16, namely

/ot Jexw (") e e V)@)€ .

€

We can notice that

[ e (") me - 9@ ¢ o
- /Ot/exp <it’)\) encue - (ue - V(@) (¢, 2)ddt!

5

¢ lt/A Tk \/ [/ /

+ exp | —— | Ue - (ue - V)(PY)' (', x)dxdt’.
0

The uniform bounds coming from the energy estimate imply clearly that the first term con-
verges to 0 as € — 0. Then we can decompose the second contribution in the following

way':
! Zt/)\ Tk \/ (4! /
exp | — |t (ue - V)(PY) (', x)dxdt

0

! Zt/)\ T\ (4! !/
= exp | — ) ue - (ue - V)(®Y) (¢, z)dzdt
0 JT x(R\[-R,R]) €
¢ ’Ltl}\ A\ (4! /
+ exp | — | (ue — ue,N) - (ue - V)(@Y) (¢, x)dxdt (4.5.6)
0 JT X[—R,R]

9

t <g/
n / / exp (“”) ey - (e = e ng) - V) (B3 (¢, 2)dadt!
0 JT x[-R,R] €

t ”
+/ / exp <Zt>\> Ue N - (ue s - V)(@Y) (Y, z)dxdt .
0 JT x[-R,R)] €

Let us consider now all the terms in the right-hand side of (4.5.6). The uniform bound on u.
and the decay of ®} imply that the first term on the right-hand side converges to 0 as R — oo

uniformly in €.

By the inequality

t Zt/A Tk \/ /4! !
exp (| — ) (ue —uen) - (ue - V)(®Y)' (¢, x)dzdt
0 JT x[-R,R] €

< Cllue — ue Nl 220,115 (7 |- B,R)) e | L2 (0,771 (7 x R | A W20 (T < R

with —1 < s < 0, we deduce that the third term converges to 0 as N — oo uniformly in e.

Now let us consider the third term on the right-hand side. Since wu. y corresponds to the
projection of @, onto a finite number of eigenvectors of L, we deduce that

VN € N, HCN,VE > 0, HUE,N||L°°(R+;H1(T><R)) < CN
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Thus

it )
exp <1 ) Ue,N - ((us — Ua,M) . v)(q)f\)/(t/,x)dxdt’
T x[-R,R] €

< Cn|lus — ua,M”LQ([O,T};Hs(T x[-R,R])) H‘I’KHWZOO(T X R)
and, for all fixed N and R, the fourth term converges to 0 as M — oo uniformly in €.

It remains then to take limits in the last term of (4.5.6). It can be rewritten

¢ Zt/A F kN (4! /
exp | — | ue N - (ue, s - V)(PY) (¢, x)dxdt
T x[—R,R)] €

o )
/ / exp (FOZLZIDY @) (Bar- VE) ()
T x[—R,R) ”

€
This in turn can be written in the following way:

//I‘x[ R,R]
//I‘X[ RR]WW66
//I‘x RR]WWGG

//I‘x[ R,R)

We have denoted

T, zuEG

exp (it’(A —Eu —fi)

) (I)/a,u,N ( e, ,M ° V)((I)*) (t/,aj)d.%'dt,
i, z,uGG

it (N — Ww— [ .
b <(5)> (®Ln — P ) (DL par - V)@Y (', ) dadt!

W= p—ji .
exXp <(€)> ;L,N . ((®/,M,M — ®/~,M) . V)((I))\),(t/,x)dxdt,

"N —p—fn) ’ / /
exp | — N (@ - V(@) (), 2)ddt’.
i, z,uEG ( < > a ’

(I)u,N = HM(I)N7 where (I'N = KNCI).

The first two terms on the right-hand side go to zero as € goes to zero, for all given N, M
and R, due to the following estimates: for —1 < s < 0,

// ‘( e,u,N q) ) ((I)/,uM V)<q))\ t , L ‘dl‘dt
T x[—R,R]

,IAeES

< Cnumll®e v — Ol 2o, (1 x - RoR) 1Pt | oo (0,770 (7 < BY) | P w200 (T < R)

and similarly

/ / S |0 (@ g — @ng) - 9@ (F, )| dadt!
TR, imes

< Cnumll®z v — Pl 2o, 13;05 (T x[— R R 1PN | oo (0,795 (7 x B IR X w200 (T < R)-
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Finally let us consider the last term, which can be decomposed in the following way:

[ o

N )
exp <M> L (@ - V(@) (¢, @) dadt!

z,uz,uGG ¢
/ / Wy (B V)@ (¢, 2)dad!
TX[ RR Z[.L ZMEG
=p+i
t ) _ o B
+ / / S exp <W”“)> v (@ V(@) (@) dadt.
0 JTX[-R,R] ;, izce €

AFEp+f

For fixed N and M, the nonstationary phase theorem (which corresponds here to a simple
integration by parts in the t' variable) shows that the second term is a finite sum of terms
converging to 0 as ¢ — 0. And the first term (which does not depend on €) converges to

// Z o, - V(%) (¢, z)dxdt

X, z[,LGG

as N, M, R — oo, because @y, converges towards ®’ strongly in L?([0,T]; L?(T x R)) when N
goes to infinity, and then by Lebesgue’s theorem when R goes to infinity.

Therefore, taking limits as € — 0, then M — oo, then N — oo, then R — oo in (4.5.6) leads

// o (157 ) me e V)@ .ttt / [ X @ V@) ot

pta=XA
X ip,tREeS

Finally let us consider the second term of the proposition, namely

1 t -4/ _
2/0 /exp (Zte)\) 2V - (@) (¢, x) dadt’.

The first step of the above study remains valid, in the sense that one can write

t ”
1/ /exp (M\) 2V - (@) (¢, ) dedt
2 Jo €
¢ ”
= 1/ / exp (zt/\> 2V - (%) (¢, x) dedt’
2 Jo JR\T x[-R,R] €

1 [ it/ -
+/ / exp <M> 2V - (@) (Y, ) dadt
2 Jo JTx[-R,R] €

and the first term converges to zero uniformly in € as R goes to infinity, due to the spatial
decay of the eigenvectors of L. For such a result, a uniform bound of 7. in L*(R™; L?(T x R))
is sufficient. However the next steps of the above study do not work here, as we have no
smoothness on 7. other than that energy bound. In order to conclude, let us nevertheless
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decompose the remaining term as above, for any integers N and M to be chosen large enough
below:

1/t it -

/ / exp <Z> 2V - (@3 (¢, ) dedt!

2 Jo JTx|-R,R] €

1/t it'\ .,
= / / exp <> (Ne = e.n)V - (X)) (', ) dadt!
2 Jo JTx|-R,R] €

1 [t it'\ e ,
+ = exp | — | ne,N (e — ne,m)V - (R3)' (', ) dodt
2 Jo JT x[-R,R] €

1t it'\ TR\ (4] i
+ = exp ( — ) e nNe 'V - (PY)' (), ) dadt’.
2 Jo JTx|-R,R] €

1 it
The sequence —3 exp <Z) (e — Me,N )N is uniformly bounded in N € N and € > 0 in the
€

(4.5.7)

space Lllo C(RJr x T x R), so up to the extraction of a subsequence it converges weakly, as e
goes to zero, towards a measure vy y, which in turn is uniformly bounded in MR x T xR).
Denoting by vy its limit in M(R" x T x R) as N goes to infinity, we find that

1/t it’' A _,
/ / exp () (Ne = Nen)V - (93 (H, ) dadt!
2 Jo JT x[-R,R] €

t
o / / V- (B%)vx (' dx)
0 JT x[-R,R

as € goes to zero and N goes to infinity, which in turn converges to

- /0 t / V- (B%)vx (' dz)

as R goes to infinity, due to the smoothness of V - (CEX)’ . Note that as & is countable, one
1 it' A

can choose a subsequence such that for all ¢\ € &, the sequence —5 &XP <Z> (e — Ne,N)Ne

€

converges towards vy as € goes to zero and N goes to infinity.

Finally the two last terms in (4.5.7) are dealt with as in the previous case, and we leave the
details to the reader.

Proposition 4.16 is proved. OJ

4.5.4 The case when capillarity is added

In this final paragraph we propose an adaptation to the Saint-Venant model which provides
some additional smoothness on e7., and which enables one to get rid of the defect measure
present in the above study. The model is presented in the next part, and the convergence
result stated and proved below.
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The model

Let us define the capillarity operator
K(h) = k(—A)**h, (4.5.8)

where k£ > 0 and o > 1/2 are given constants. The system we shall study is the following:

1
on + EV- <(1 + en)u) =0,
1
@uL +-Vn— Y Au+ ekV (—A)?n = 0, (4.5.9)
€ € 1+4+en

_ 0 _ .0
Mt=0 =1, Up=0 = U -

Ou+u - Vu +

In the next part we discuss the existence of bounded energy solutions to that system of
equations (under a smallness assumption), and the following part consists in the proof of
the analogue of Theorem 4.4 in that setting. One should emphasize here that the additional
capillarity term that is added in the system will not appear in the limit, since it comes as
a O(e) term. Moreover it is a linear term, so it should not change the other asymptotics proved
in this chapter. However its unphysical character (as well as the smallness condition on the
initial data) made us prefer to study the original Saint-Venant system for all the convergence
results of this chapter.

Existence of solutions

The following theorem is an easy adaptation of the result by D. Bresch and B. Desjardins
in [6] (see also [39] for the compressible Navier-Stokes system).

Theorem 4.5 There is a constant C' > 0 such that the following result holds. Let (n2,u?)
be a family of H** x L?(T x R) such that for all ¢ > 0,

1

3 /((77?)2 22| (= A) 0 + (1 -+ end)ul?) (x) da < &°,

If £° < O, then there is a family (n.,u.) of weak solutions to (4.5.9), satisfying the energy
estimate

1

t
5 [ (2 + -yl + (Lt eluc) o) do+ v [ [ (9uP(e ) dot < €.
0

Convergence

In this section our aim is to show that the capillarity term enables us to get rid of the defect
measure present in the conclusion of Theorem 4.4. As the proof is very similar to that theorem,
up to the compactness of 7., we will not give the full details. The result is the following.
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Theorem 4.6 Under the assumptions of Theorem 4.5, denote by (1., u:) a solution of (4.5.9)
with initial data (n?,u?), and define

0. = £~ (e

Up to the extraction of a subsequence, ®. converges weakly in L7 (R*; Hi (T xR)) (for

loc

all s < 0) toward some solution ® of the following limiting filtered system: for all i\ in & and
for all smooth ®3 in Ker(L —iAld),

t t

/<1>-<1>;(x)dx_y/ /A’L@-(I)f\(t’,x)d:cdt’+/ /QL(q>,q>)-q>§(t',x)dxdt’:/@0-q>§(x)d:c,
0 0

where ®° = (n°, u).

Let us prove that result. We will follow the lines of the proof of Theorem 4.4; the only
difference consists in taking the limit as € goes to zero, of the equation on IT,®..

Equation (4.5.5) page 113 can be written here as follows: for all smooth @} = (@3, (®})")
belonging to Ker(L — i\ d),

[ ("2) g + - @30 0o~ [ 0085+ 02 (83w

ek /0 t / (—A)® exp <”;_A> oV - (—A)(BL) (E, 2)dadt!

t v Zt,)\ Tk \/ [/ /
/0 / T+en’ <6Xp (E) u5> (@3) (¢, x)dwdt (4.5.10)

e fom () e

t =g/
‘/ / o (?) Neue - VO ot x)dadt’ = 0.
0

Remark 4.17 We have chosen to keep the unknowns (1., u.) and not write the analysis in
terms of (1., m.) as previously (recall that m. = (1 +en:)uc): the study of m. rather than u.

is indeed unnecessary here as the factor which appears in the diffusion term in the

ETe
equation on u. can be controled in this situation, contrary to the previous case. The advantage

of writing the equations on (1., u.) is that there is no nonlinear term in 7., contrary to the
previous study, but of course the difficulty is transfered to the study of the diffusion operator;
the gain of regularity in n. will appear here.

Taking limits as € — 0 in the two first terms is immediate. For the third term, we simply
recall that 7. is bounded in L (R*; L?(T x R)) and 7. is bounded in L>®(R*; H>**(T x R)),
s0 €n. goes strongly to zero in L®(R™; H*(T x R)) for every s < 2a. Since ®} is smooth, we
infer that
! Iltl)\ Tk \/ 4/ /
EH/ /(—A)O‘ exp <E> NeV - (=A)*(®Y) (¢, x)dzdt’ — 0, ase — 0.
0
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Let us now consider the fourth term,

t v A .,
_/0 / 1+ enaA (eXp <€> “6) (@3 (', x)dzdt’.

It is here that the presence of capillarity enables us to get a better control. Let us write
t v it' A -
_ A (DY (¢ /
/0 / = (exp < 5 ) u5> (@) (', z)dzdt
¢ Zt/)\ Tk [/ /
=v V | exp —Jue ) V(@) (t', z)dzdt
0
t it’ A ENe =
— — : oY) ) (¢, z)dzdt’.
U/o /V<exp<5>ue> v<1+€775( A)>( )

Clearly the first term on the right-hand side converges towards the expected limit: we have

t 1y t
t'A = _
V/ /V <exp <Z> ug) V() (¢, x)dxdt’ — V/ /V@i\ : V(Y (¢, x)dxdt,
0 € 0
as € goes to 0. To study the second one, we can notice that
5778 Tk \/ 57’8 Tk \/ 8775 Fk\/
\Y ) =V V) + V(®y),
<1—|—£ng( )‘)> <1+5ng>( Y 1+4+en: (®3)

and since the second term on the right-hand side is obviously easier to study than the first
one, let us concentrate on the first term. We have

ENe eV 52776V776

v — )
1+en. 14en.  (14en:)?

Since en. is bounded in L>®(R*; H2*(T x R)), we infer easily, by product laws in Sobolev
spaces, that

e2n.Vn. is bounded in L®(R™; H°(T x R)), for some o > 0.
But on the other hand 7. is bounded in L>®(R™; L?(T x R)), so we have also
2. Vn. -0 in L®RT; H** (T x R)).
By interpolation we gather that
e2n.Vn. — 0 in L®(RY;L*(T xR)),
and the lower bound on 1 + 7. ensures that

5277€V775

— ETE in L¥MRT:L*(T xR)).
(1+6n5)2_>0 in (R™; L*(T xR))

. so we can conclude that
14 en.

! v it' A . ¢ .
—/0 /1+€%A (eXp( - >u5> (@) (¢, x)dwdt’ — I//O /V@,\ : V() (', x)dxdt .

The argument is similar (and easier) for the term
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Finally we are left with the nonlinear terms: let us study the limit of

IR

The study is very similar to the case studied above (see Proposition 4.16), so we will not
give all the details but merely point out the differences. First, one can truncate the integral
in 9 € R to x9 € [—R, R], where R is a parameter to be chosen large enough in the end.
As previously that is simply due to the decay of the eigenvectors of L at infinity. So we are
reduced to the study of

it' A
€

t "
> (ue - Vue - (03) (¢, x)dxdt’ — / /exp <zt€)\> NeusV - @;jo(t’,x)dxdt'.
0

K Zt/)\ AN\ (4! /
exp (ue - V)ug - (93)'(t', x)dzxdt’ and
0 JT x[-R,R] €

! it/)‘ B * / /
- exp Nette - VO o(t', z)dxdt’.
0 JT x[-R,R] € ’

The limit of the first term is obtained in an identical way to above, since u. satisfies the same
bounds, so we have

it' A

/ot /T i D (5) (e - V)ue - (®3)' (', )dadt’
- /ot/ D (@), -V (83) (1, w)dwdt,

HtA=A
i, leES

as € goes to 0 and R goes to infinity.

Now let us concentrate on the last nonlinear term. With the notation defined in the previous
section, we can write

t it' A . )
exp Nette - VO (', z)dxdt
0 JT x[-R,R] € ’
! Zt//\ T * / /
= exp | — | (e — ne.n)ue - VO o(t', z)dxdt
0 JT x[-R,R] €
it'\

t
+/ / exp () Ne, N (Ue — Ue p1) - Vo3 o', z)dzdt’
0 JT x[-R,R) € ’

! it' A L /
+ eXP | — | Me,NUe,M * VQ))\ O(t ,JI)dLL’dt .
0 JT x[—R,R] g s

The first two terms on the right-hand side converge to zero, due to the following estimates:
for some —1 < s < 0 and for all ¢ € [0, 77,

! it'\ o /
€Xp (e — ns,N)Us : VCI)/\Q (t', x)dzdt
0 JT x[-R,R] €

< CrlIne = 1,8 | poo (0,791 (T x[— 7, 1)) |0 L L2 (0,775 (7 x[— R R)) | @A W20 (T ¢ R).
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and similarly

' it' A . /
eXp 77€,N(us - UE,M) : V(I))\70(t ,x)d:vdt
0 JT x[—R,R] €

< COrn|ue — UE,MHL?([O,T];HS(T x[—R,R])) ||‘i)§\||w2vo°('r xR)"

Finally the limit of the third term is obtained by the (by now) classical nonstationary phase
theorem, namely we find, exactly as in the proof of Proposition 4.16, that

! it' A . /
exp | — | ne,Nue v - VO ot v)dxdt
0 JT x[-R,R] 3 )

t
—>/ / E B, 0P - VO o(t', x)dxdl,
0

pAp=A
i, peES

as € goes to 0 and M, N and R go to infinity.
That concludes the proof of the theorem. ]
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