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Abstract

The main aim of this project is to understand the surface quasi-geostrophic model (SQG)
and prove the existence of global weak solutions under certain assumptions. Not only do
we aim to understand the physics behind this model, but we also want to study it from
a mathematical point of view.

The SQG system, which is derived in the situation of small Rossby and Ekman numbers
and constant potential vorticity, is physically important as a model to explain atmospheric
and oceanic dynamics. Moreover, it has also been studied mathematically on the grounds
of having similarities with three-dimensional Euler equations.

In the first chapter, the main mathematical concepts that are necessary to tackle the
SQG model are introduced. Among these, we find the definition of the Fourier transform
on the n-dimensional torus as well as some important concepts of functional analysis,
which are the cornerstone of the mathematical study that will be carried out in the
forthcoming chapters.

In contrast, the second chapter provides some key concepts with regard to fluids, such as
vorticity and geostrophic flow. Since the SQG model stems from physical considerations, it
is, therefore, necessary to possess this background information. At the end of the chapter,
the SQG system is shown (not derived yet) and compared to the three-dimensional Euler
equations.

Next, in the third chapter, we derive the mathematical formulation of the SQG system.
In order to do so, all the physical approximations are established previously, including
the geostrophic and hydrostatic ones. In addition, the conservation of quasi-geostrophic
potential vorticity, on which the SQG model is based, will be proved in detail.

In the fourth chapter, once the quasi-geostrophic setting has been introduced, we are
finally ready to prove the important theorem of this project, which states the existence
of global weak solutions for the model under study. Nevertheless, uniqueness is still an
open problem.

Keywords: Fourier transform; potential vorticity; buoyancy; geostrophic flow; quasi-
geostrophic; weak solution



Resumen

El objetivo principal de este trabajo es comprender el modelo ”surface quasi-geostrophic”
(SQG) y probar la existencia de soluciones débiles globales bajo ciertas hipétesis. No
solo pretendemos comprender la fisica detras de este modelo, sino que también queremos
estudiarlo desde un punto de vista matemaético.

El sistema SQG, que se obtiene cuando las constantes de Rossby y Ekman son pequenos
y la vorticidad potencial constante, es un modelo de importancia a nivel fisico, pues
permite explicar la dindmica atmosférica y oceanica. Ademas, también ha sido estudiado
matematicamente por tener similitudes con las ecuaciones de Euler tridimensionales.

En el primer capitulo se introducen los principales conceptos matematicos necesarios
para trabajar con el modelo SQG. Entre ellos encontramos la definicion de la transformada
de Fourier sobre el toro n-dimensional, asi como algunos conceptos importantes del anélisis
funcional, que son de vital importancia para el estudio matematico que se llevara a cabo
en los préximos capitulos.

Por el contrario, el segundo capitulo proporciona algunas definiciones importantes para
el estudio de los fluidos, como la vorticidad y el flujo geostréfico. Dado que el modelo
SQG se obtiene a partir de consideraciones fisicas, es necesario conocer estos conceptos
previamente. Al final del capitulo, se muestra el sistema SQG (todavia no deducido) y
se compara con las ecuaciones de FEuler tridimensionales. La unicidad sigue siendo un
problema abierto.

A continuacién, en el tercer capitulo, deducimos la formulacién matematica del sis-
tema SQG. Para ello se introducen previamente todas las aproximaciones fisicas que son
necesarias, incluidas las geostroficas e hidrostaticas. Ademas, se probard en detalle la
conservacion de la vorticidad potencial cuasi-geostrofica, en la que se basa el modelo

SQG.

Una vez que se han explicado las raices fisicas del modelo SQG, en el cuarto y ultimo
capitulo probamos el teorema importante de este trabajo, que establece la existencia de
soluciones débiles globales. Sin embargo, la unicidad sigue siendo un problema abierto.

Palabras clave: Transformada de Fourier; vorticidad potencial; empuje; flujo geostrofico;
cuasi-geostrofico; solucion débil



Chapter 1

Mathematical preliminaries

The aim of this section is to provide the reader with the necessary mathematical tools that
we shall use in the forthcoming chapters. The first topic that we will tackle is Hilbert and
Banach spaces, for the important role that they play as far as partial differential equations
analysis is concerned. Whereas spaces like C* or C* have limitations when dealing with
the solutions of partial differential equations of mathematical physics, functions belonging
to Sobolev spaces, which are Banach spaces, represent a good compromise as they have
some smoothness properties [1].

Moving on to the second subsection, we will define the Fourier transform in the torus
and prove some important results, such as Plancherel’s identity or Parseval’s relation,
which are rather powerful mathematical tools as we will see.

Thirdly, in the subsection Schwartz class and distributions, we will show the main defi-
nitions and prove some results as well. For further information, it is advisable to see an
analysis book, for instance, [2]. The salient result of this part is the fact that we will be
able to extend the concept of Fourier transform to a type of distribution.

Eventually, we will introduce the Riesz transform. In hindsight, this concept is funda-
mental with regard to the SQG equations, to be introduced later.

1.1 Hilbert and Banach spaces

Beginning with, let ¢; : 1 < 7 <n be the canonical basis in R". We say that a function
f:R™ — C is 2w-periodic in each variable if

f(x+2me;) = f(z), VeeR"1<j<n

The n-torus is defined as T™ = R"/(277Z)™. That is, the n-dimensional torus is the quotient
of the Euclidean space R™ by the set (27Z)", so we identify equivalence classes with their
canonical representatives in [0, 27). In other words, for z,y € R", we say that

r=y

if + —y € (2nZ)". In the case n = 1, this set can be geometrically viewed as a circle
by bending the segment [0, 27] so that its endpoints are brought together. Whereas in

>
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the case n = 2, every point in R? is identified with a point in the square [0,27]* and, in
addition, the identification brings together the left and right sides of the square and also
the top and bottom ones. It is well-known that the resulting figure in the two-dimensional
case is a surface in R? that looks like a donut. See Figure below.

Figure 1.1: Graph of the two-dimensional torus T?. Tmage has been taken from [3].

Functions on T™ are functions on R" that satisfy f(x +m) = f(x) for all z € R" and
m € (2nZ)", so they are clearly 2m-periodic in each variable. Although the spaces that
will be introduced later are typically defined on R", in this project, they will be defined
on the torus T", for reasons of convenience that we will see in the forthcoming chapters.
For further knowledge on this topic, I suggest consulting the book [4] and the article [5].

Definition 1.1 (Multi-index notation). Let o = (ay, o, ..., ) € N™ be an n-tuple of
non-negative integers. Then we define:

[ B« S i e 2} 1o n
% =axftay? .y, for x € R,

n
o == "oy,
j=1

N i o \% olel
0= H (8_%> Ot Oxon

J=1

Definition 1.2 (L?*(T") space). L?(T™) is the space of the square-integrable measurable
functions on T":

LA(T") = {f(a:) Lebesgue measurable in T" : |f(z)|2dx < oo} :
Tn

Clearly, L*(T") is a linear space, since if f, g € L?, then af + g € L? for any «a, 3 € R.

Definition 1.3 (Inner product). Let V' be a vector space over R. An inner product (-, -)
is a function V- x V. — C with the following properties:

1. Yu € V,{u,u) >0, and (u,u) =0< u = 0.
2. Yu,v € V, holds (u,v) = (v,u) .
3. Yu,v,w € V, and Ve, 8 € R holds {au + v, w) = a (u, w) + 5 (v, w).
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Definition 1.4 (Inner product on L*(T")). Let f,g € L*(T™). Then we define the inner
product:

(f9)2 = . f(@)g(x)de. (1.1)

Furthermore, the norm on L*(T™) is defined by this inner product:

1/2
I =D = [ WfG@Pac) 12)

To see that ((1.1]) is indeed an inner product see pages 386 and 387 in the book [6].

Definition 1.5 (Banach space). A Banach space is a linear space that is normed and
complete.

Definition 1.6 (Hilbert space). A Hilbert space is a Banach space whose norm is given

by an inner product.

For instance, L*(T") is a Hilbert space. We refer to [6] to see the proof. Other examples
of Hilbert and Banach spaces are the following:

1. Sobolev spaces H*(T") (Hilbert spaces based on L? norms):

HAT) =S f(z): Y (

0<]a|<k

1/2
|8°‘f(x)|2dx) <00 . (1.3)

T

Moreover, on the grounds of (1.3) it holds that H°(T") = L*(T") and H* C H** C
... C L2. The inner product in H* is defined in terms of the L? inner product:

(f,9) e =Y _(0'f,0'g) ., (1.4)
i=0
2. LP spaces (Banach spaces):

1/p
LP(T"):{f(x): ( . |f(x)|pdac> <oo}, 1<p<oo. (1.5)

For 1 < p < oo, the norm in LP is given by

1= ([ 1) (16)

For p = oo, L* denotes the space of bounded measurable functions on 7™ and its
norm is

[fll o = sup | f ()

xeTn

. (1.7)

The many relationships of inclusion among these spaces, and their associated inequalities
of norms, are important information for the analysis of PDE (see, for instance, [I] and

7).

We finish this section with some definitions that will be used later.
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Definition 1.7 (Linear functional). Let V' be a vector space over a scalar field k. We say
that u : V — k is a linear functional on V if it satisfies

1. u(vy + va) = u(vy) + u(vg), Vui,v9 € V,
2. u(aw) = au(v),Ya € k,v € V.

Definition 1.8 (Dual space). Let X be a normed space. The dual of X is the vectorial
space X' whose elements are continuous linear functionals on X.

If (X, |-]lx) is a normed space and f € X', then

[fllx = sup {[f(2)] : @ € X, [[zflx <1}

defines a norm in X’. For further reading see [§].

Definition 1.9 (Weak convergence). Let X be a normed space. A sequence {x]} C X' is
weak* convergent to ¥’ € X' and we write x!, = x' if

(af x)y — (2, z) Vo € X.

1.2 Fourier transform on the torus

In this section, we will define the Fourier transform and prove a couple of important
results of functional analysis that follow from it, for instance, Plancherel’s identity and
Parseval’s relation.

Definition 1.10 (Fourier transform on the torus T"). Let f € L'(T") be a complez-valued
function. The Fourier series of [ on the torus T" = R"/(2nZ)" is

> fm)e™, (1.8)
mez"
where the Fourier coefficients are given by

~ 1
fm) = (2m)™ Jon

(z)e” ™" dx. (1.9)

Proposition 1.1. Let f,g € L*(T"). Then for all m,k € Z", and X € C we have
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— 1

Proof. 1. f+g(m)= 2n)

= Gy ( 5 (z)e "™ dx + /n g(a:)e_im”“"da:)

—im-x 1 —im-T _ m a(m
= g | F@e e+ o [ @) = Fom) +5m)

[ (@) + gtapemda

(2m)" /Tn()\f(ﬂi))e—im'xdx - A(Qi’)" . (a:)e_im'xda: = )\f(m)

7 L F@)e oy — F(x)eimrdy = x)etm Ty
3. Fm) = s [ T@e et = o [ Fedn = o [ fajenea
= A(—m).
4. <€ik(-)f)/\(m) _ (2711_)n /n eikmf(x)efim-xdx _ (2;)71 /n f(I)eii(mik)'zdx
= f(m—k)
O

We refer to [4] for the proof of the following proposition.

Proposition 1.2 (Fourier inversion). Suppose that f € L'(T™) and that

> 1f(m)] < oc.

mezZmn

Then R '
flz) = Z f(m)e™* a.e.,

mezZ"

and therefore f is almost everywhere equal to a continuous function.

Once the Fourier transform has been introduced, it is possible to give an alternative
characterisation of the space H* than (|1.3)), as stated in [9]. In fact, a function f € L*(T")
belongs to H*(T") if and only if

ST 1+ mP)" [Fm)]? < oo, (1.10)

mezZm”

and the H® norm is given by

1/2
1l = (Z (1+ mf?)’ |f<m>|2) .

AL

What is more, the dual of H*(T") is the space H*(T"), whose norm is defined as

1/2
1l - = (; mlf(m)lz) :
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Definition 1.11 (Complete orthonormal system). Let H be a separable Hilbert space with
complex inner product (-,-). A subset E C H is called orthonormal if (f,g) = 0 for all
f,g in E with f # g, while (f, f) = 1 for all f in E. A complete orthonormal system
15 a subset of H with the additional property that the only vector orthogonal to all of its
elements is the zero vector.

Proposition 1.3. Let H be a separable Hilbert space and let {¢y}, ., be an orthonormal
system in H. Then the following are equivalent:

1. {pk}rez is a complete orthonormal system.

2. For every f € H we have

1A =D 1) 17

keZ

The proof of Proposition [1.3[ can be found in Rudin [10].
Let us now recall that L?(T") is a Hilbert space with inner product

(f,9)2 = | f@)g(x)dz.
T
Theorem 1.1 (Plancherel’s identity). Let f € L*(T"). It holds that

If17 = @m)m D 1Fm)P? (1.11)

mezZn

Proof. Let us compute the following integral in one dimension:

27 - 2 2 2
/ eimxeikzdx:/ ez(m_k)xda::/ cos((m—k)x)dx+i/ sin((m—k)x)dz. (1.12)
0 0 0 0

Thus, on the one hand, it is clear that if m = k, then ((1.12) is equal to 27. On the other
hand, if m # k then

/cos((m _ k)e)ds = W N /0 " cos((m — k)z)dz — 0,

_cos((m

/sin((m — k)x)dx = —kk:)x) = /0 ’ sin((m — k)x)dx = 0,

m —

and the integral (1.12)) vanishes. Hence, if we define {p,,} as the sequence of functions
£r—

¢ ¢ indexed by m € Z" we have

1 ifm =k,
/ om(@)on@)ds = {
[0,27]™

(2m)"

0 ifm#Ek.

So the sequence {¢,,} is an orthonormal set of functions. Now we are left to show the
completeness. It holds that

1

x)e " dy = 27T”Am,v LA*(T™).
T L@ V@) flm), v € 12(T)

<fa @m) =
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Thus, if (f,¢m) = 0 for all m € Z" then f(m) = 0 for all m € Z", and by Proposition
we have that f = 0 a.e. Hence, {¢,,} is a complete orthonormal set and we can apply
Proposition obtaining

117 = > o Fm))P = @m)" D |f(m

mezr kezn
[

Theorem 1.2 (Parseval’s relation). Let f, g € L*(T"). It holds that
fgdx— @2m)" > f(m)g(m). (1.13)

mez”
Proof. First, we replace f + ¢ in (1.11)) and it gives

If +gll2 = @) Y 1(F + 9)(m))?

mezn

Now we expand the squares. On the one hand,

On the other hand,

ST TP = 3 1Fm) +gem)P = 3 (Fm) +§m)) - (Fm) + ()
" e e S (1.15)
= > (If(m)!2 +[Gm)? + Fom)(m) +G(m) F(m))

Recalling that according to (1.11)) we have

[ 1f@Pds = 2 3 (Fom

mezZm™

/\g Pz = 2n S [Gm)

meZm™

We can easily compare equations (|1.14) and - and derive the following identity:
[, ($@s@) + 9 @) do = 20" 3 (Fom)lm) +gom)flm)) . (116)
T2 mezn

Next, we replace g + i f in and expand the squares, as we did previously.

lg+if]2. = o)™ S I(g+if)(m)]

mez™
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The left-hand side term expands as
lif + ol = [ lif@) + g@)Pda = [ (if(@) + o)) - (F@) + 9@
= [ (if@) + gta)) - GT0) ~ iF e = [ 11@Pda+ [ lola)Pe

+ [ (#3097 do.

(1.17)
Whereas for the right-hand side term, we have
> 1GF +g)m)P = 3 [if(m = D_ (@f(m) +g(m)) - (if (m) +5(m))
mez” mezL™ mezr
= > (IFm) + [5m) ? + i F(m)5(m) — ig(m) F(m))
mezm
(1.18)
Comparing [I.17] and [I.1§) yields the following identity:
/ (f(ac)M 4@ @) do = o) Y (FRFHE -a0Fk) . (119)
kezr
Eventually, we add equations [[.16] and [I.19] to get:
f@)g(e)de = (2m)" " F(m)g(m),
T mezr
which is Parseval’s relation. O
Corollary 1.1. For all f,g € L*(T") and m € Z™ we have
= > JRgm—k) =" fm—k)gk). (1.20)

kezm kezm

Proof. First of all, one has

1
(2m)"

Next, Parseval’s relation yields

E(m) = /n fl@)g(z)e ™o de = 1 _ /n F(2)g(x)eim=dz.

P —

f@)g(a)eimede = 2m)" Y f(k)g(r)em= (k)
T kezn
. Using Proposition (3) and (4) we eventually obtain

= 3 Tty (s@em) (k)= 3 F5l—m) = 3 Fk)alm — k).

kezn kezZm kezZm
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1.3 Schwartz class and distributions

Definition 1.12 (Schwartz class). The Schwartz class, represented by S, is the function
space of all C* functions that are 2m-periodic in each variable. That is to say

S=8(T",C):={f:feC=(T"C)}.
Remark 1.1. It follows directly from definition[1.19 that
S =0%(T",C) =Cx(T",C).
Proposition 1.4. Suppose f € S. The following identity holds:
(2° 1) = (im)].

Proof.

A _ 1 —im-x _ 1 —im-x a“%
(35f) (m) = @) /En e 85f(x)dx = @n) /n e —8x11...8xn" f(z)dz
N

im)?

(2m)"

[ e fads = m)? fom),

where we have integrated by parts [ times taking into account that the boundary terms
vanish since f and its derivatives are periodic. O

The following result states an important property related to S and LP(T") spaces, how-
ever, we will not provide its proof since it is not the core of this section. A proof can be
found for instance on page 12 of [2].

Theorem 1.3. S is dense in LP(T") for 1 < p < oc.

Let u : & — C be a linear functional on the space S and let ¢ € S be a 2m-periodic
function. We denote by (u,¢) the number obtained by applying u to ¢. Let us also
consider in the Schwartz class & the topology defined by the norm

[l = [10°¢]| 1 , Vo € N™.

Hence
¢; = ¢in S & sup |0%(¢(x) — ¢,(x))| — 0,Va € N™.

zeTn

Definition 1.13 (Tempered distribution). A tempered distribution is a continuous linear
functional on S. We denote by S’ the space of tempered distributions.

Given u,v € &', we say that u=v on T" if (u, @) = (v, ¢) for all ¢ € S. For further
reading on this topic see [2].

Remark 1.2. Every integrable function u on T™ can be regarded as a distribution if we
define

(u, ) = /n u(z)p(x)de.

In this case, continuity stems from the Lebesque dominated convergence theorem.
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Now that the concept of distribution has been introduced, we move on to explain how
we can extend operations from functions to distributions. We shall need a couple of
definitions before.

Definition 1.14 (Linear operator). Let U and V' be two vector spaces over a field k. We
say that the map T : U — V' is a linear operator if it satisfies

T(ax+ py) = aT(z) + pT(y),Ve,y € U,a, B € k.

Although definition provides the general definition, here we will only consider the
case in which U and V' are the same space and we will say that 7" is a linear operator on
U.

Definition 1.15 (Dual of a linear operator). Let T' be a linear operator on S that is
continuous in the sense that if ¢; — ¢ in S then To¢; — T¢ in S. Suppose there is
another operator T" verifying

| @@= [ o)) @de o0 s
Then, we say that T' is the dual or transpose of T.

Taking into consideration definition|1.15] it is possible to extend 7" to act on distributions
as

(T, ¢) = (u,T'¢) . (1.21)

Note that Tu on S is continuous since 7" is assumed to be continuous.

The following proposition allows us to differentiate any distribution as many times as
we want, obtaining other distributions.

Proposition 1.5. Let u € 8’ and ¢ € S. Then

<aau’ ¢> = (_1)|o¢\ <u> aa¢> :

Proof. Let us define the operator 7' = 0% and let 1,19 € S be periodic functions.
Integrating by parts |a| times we obtain

/(T¢1)¢2 = /(5a¢1)¢2 = (1)l /%01(3&@/12)-

Therefore, T" = (—1)1*10* and we conclude by (1.21]). ]

Definition 1.16 (Fourier transform of a tempered distribution). Given u € 8" we define
u via the formula

u(m) = 2n) (u,e”"™*) Nm € Z". (1.22)
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1.4 Riesz transform

Definition 1.17 (Riesz transform). For any function f € L*(T™), the Fourier transform
of the j-th Riesz transform of f is given by

.My .
— —i—=f(m), if |m| #0,
R;f(m) = [ml
0, if m=0.

Proposition 1.6. Let f € L*(T"), then R;f € L*(T").

Proof. First of all, let us observe that

feLXT) & [fll7: <ooe @) Y [f(m)P <oce Y [f(m) < oo

mezZ" mezZmn

Therefore - N
D IRFm)P < Y 1fm) < oo,

mezZm™ mezZmn

and it suffices to apply the same reasoning backward

ST IR Fm)P < 00 & 2m)" S |Rif(m)P < 00 & |R;if|}2 < 00 & R;f € L*(T").

mezn meZ"

[]

Definition endows the Riesz transform with usefulness regarding partial differential
equations. In fact, suppose that f € S is given and let u be a distribution such that
V2u = f, where V? denotes the Laplacian. Computing the Fourier transform in Laplace’s
equation gives

-~

~Jmf?i(m) = flm).
Hence, for all 1 < 7,k < n one has
00 = (i) i) (on) = ~(imy) i) T = ~BRD). (129

In view of (1.23)), we are capable of expressing the second-order derivatives of u in terms
of the Riesz transforms of f. For further reading see [4].

Last, let us introduce a useful notation:

1. The perpendicular of a vector v = (vi, vy) is v+ = (—vy, vy).

2. R*f = (—Raf, Rif), where R; is the j-th periodic Riesz transform (See Chapter 2
n [I1]). Thus
L
m-—- ~
Ff(m)

REf(m) = i



Chapter 2

General insights about fluids and the
SQG model

The Navier-Stokes equations are a set of second-order partial differential equations relating
first and second derivatives of the vector field fluid velocity u : R™ x [0,00) — R",
W@, .oy Ty t) = (wi(@1, ..., Ty, 1)), and first derivatives of the scalar field pressure
p:R" x [0,00) = (0,00), p = p(z1, ..., 7, t). We will consider both to be C* functions.
Moreover, we take n = 2 or 3 for physical situations.

These equations have a wide range of applications in all areas of science as far as con-
tinuum phenomena are concerned. A fluid is said to be incompressible when its velocity
field is divergence-free, i.e., V - u = 0, and in the case of an incompressible Newtonian
fluid, the Navier-Stokes equations read

0
p(a—?+u-Vu) = —Vp+vVu + pf, (2.1a)

V.u=0. (2.1b)

Here, f = (fi(z1,...,Zn,1)),<;<, is the force term acting on every single fluid particle,
v is the viscosity of the fluid, which tells the ease with which the fluid flows when body
forces are exerted on it, and p = p(z,t) is the density of the fluid. For a derivation of

(2.1a)) see [12] or [13].

Regarding the motion of a fluid, the velocity field depends on both, position and time.
Besides, the same applies to other physical properties of the fluid. Hence, it is useful to
define a derivative that takes into consideration both, the rate of change and the change
in position in the velocity field u. On the grounds of this reasoning, we define the material
derivative as:

D 0
Ft—a'f‘u-V, (2.2)

which is typically used in fluid dynamics.

Notice that using the material derivative, it is straightforward to rewrite [2.1al as

Du

Por = —Vp +vV3u + pf.

16
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In addition, on page 11 in [I4] the well-known mass conservation equation is obtained

dp
! . =0 2.3
BT + V- (pu) (2.3)
or equivalently
Dp
— cu = 0. 24
Di +pV-u (2.4)

On the one hand, if p is constant, then [2.3]yields the incompressibility condition V-u = 0.
On the other hand, according to [2.4] if our fluid is incompressible then its density p is
conserved along the flow. That is to say

Dp

Vu=0=—=0.

Dt
Hence, the fact that density is constant in any fluid parcel, that is, any infinitesimal
volume of fluid moving in the flow, is equivalent to incompressibility. In many situations,
when dealing with incompressible fluids, it is common to take p = 1 for the sake of
simplicity. Putting equations (2.1a) together with the incompressibility condition we
obtain the following system of equations:

ou; ou; dp 0%u; .
+ Z = +VZ 6$2+fia221a"an'

ot " 2w “op; T o, ,
1<j<n 1<j<n T
(2.5)
> G
—~ Oz; '
1<i<n

If v =0, system ([2.5)) is called Euler equations and it models ideal fluids, i.e. nonviscous
and incompressible. On the contrary, if v # 0 the system is known as the Navier-Stokes
equations, and it models the flow of incompressible fluids. For further knowledge on this
topic [13] is recommended.

In the following, we will work with three-dimensional fluids, so we take n = 3 in ([2.5)).
The velocity components will be denoted by

Uy = U, Uy = U2, Uz = U3

and the spatial ones by
r ==, Y=, Z = X3.

2.1 Vorticity and streamlines

Definition 2.1 (Vorticity). We define the vorticity of a fluid as w =V X u.

Vorticity w plays a central role in geophysics. For further reading on vorticity see [14].
Our goal now is to express the Navier-Stokes equations in terms of the vorticity.

Proposition 2.1. The following identity holds

%V(u-u):(u-V)U—FUX(VXU)-
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Proof. Let {e,,e,, €.} be the canonical basis in R?® such that u = uze, + uye, + ue,.
Plus, we use the notation 0, d,, 0, for the partial derivatives with respect to z,y, and z,
respectively. Then

€z ey 62’
ux (Vxu)= Uy Uy U,
Oy, — O,y Oyuy — Oy, Opy — Oy,
= [uy (Opy — Oytiy) — U (Osuy — Opuz)|er + [us(Oyu, — Osuy) — Uy (Opuy — Oyus)]ey
g (0t — Opuiy) — Uy (Oyu, — O,uy)e., (2.6)

(u- Vu)u = (u- Vu)uzge, + (u- Vu)uye, + (u- Vu)uze, = (u0puy + uyOyty + u,05u,)e,
+(uyOptty + uyOyuy + 1,051y )€y + (UugOyu, + uyOyu, + u,0,u,)e,, (2.7)

V(u-u)=V(u?) = 0,(u)e, + 0,(u?)e, + 0.(u?)e.. (2.8)

On the one hand, let us now consider only the x-component in equations (12.6)), (2.7 and
add them:

Uy (Optty — Oytty) — Uz (Oxuy — Opy) + UpOytly + Uy Oytly + 1,0,y
= U Oplly + UyOyuy + u,0,u,.
On the other hand, considering the x-component in equation ({2.8]) we have
O (u3) + 0y (ul) + 0:(u2) = 2(uaBptts + uydyuy + .0 u.).

For the y and z components, the computations are analogous, so the proposition is proved.
O

Proposition 2.2. The following identity holds
Vx(uxw)=w- -Vu—(u-Vw+uV- -w) —wlV-u)

Proof. As we did in the proof of Proposition [2.1] we will only prove the identity for the
x-component, since the computations are analogous regarding the other ones. Having said
that, let us begin by expanding the x-component of the term V x (u X w), which yields:

V X (u X w) - e = Oylugwy — uyw — ] — 0, [ty — Uy,
= Wy Oyl + UpOywy — WyOytly — Uy Oywy — WyOyUy — U, 0,wy + W,0,Uy + U Osw,.  (2.9)
Whereas for the terms on the right-hand side, we have
(w-V)u- ey = wy0ptiy + wyOytly + w,0,uy,
(u-V)w - e, = upOpwy + UyOywy + w,0,Wy,
w(V - w) - ep = u (V- w) = 1,0,wy + Uy Oywy + 0w,
wW(V - 1) - e; = wy0ptly + WOyt + w0 1.

All in all,
(w-Vu—(u-Vw+uV-w) —wV-u)-e,

= WyOylly + W, 0, Uy — UyOywy — Uz 0,Wy + Uy Oywy + Uy 0o, — WOyt — wWpOyu,.  (2.10)

It is now easy to check that (2.9) and ([2.10)) are the same and this completes the proof. [
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Proposition 2.3. If the body forces acting on the fluid are conservative, then equation
18 written in terms of the vorticity w as:

aa—i+u-Vw:w-Vu+VV2w. (2.11)

Equation 1s the so-called vorticity transport equation.

Proof. We will need the following results in the forthcoming calculations:

(u-V)u= %V(u-u)—ux (V x u), (2.12)
V x V¢ = 0 for any scalar field ¢, (2.13)
Vx((uxw)=w-Vu—u-Vw+uV- -w—wV-u. (2.14)

To begin with, equation is straightforward to prove. It suffices to assume that ¢
is regular enough and flip derivatives according to Schwarz’s theorem. Equations
and have been proved in propositions and , respectively. Moreover, since
V.w=V-(Vxu)=0and V-u =0, equation can be simplified as

VX (uxw)=w-Vu—u-Vw. (2.15)
Substituting (2.12)) in (2.1a]) gives
ou 1
E—{—éV(u-u)—uxcu:—Vp—i—yAu%—f. (2.16)

Now, we calculate the curl of the left-hand side of (2.16]), which yields

ow 1
E—f—éVxV(u-u)—Vx(uxw). (2.17)

By equation (2.13), V x V(u - u) = 0, and taking into consideration (2.15)) as well, we
conclude that the curl of the left-hand side is

ow
— —w- . . 2.1
5 Y Vu+u-Vw (2.18)

Taking the curl of the right-hand side in equation ([2.16)), we have
—V x (Vp)+V x f+vVw. (2.19)

Again, equation ([2.13)) yields V x (Vp) = 0. Furthermore, by hypothesis, the body forces
are conservative, so the curl of f equals zero. Hence, equation (2.19)) simplifies to

vV3w. (2.20)

Eventually, equations ([2.18]) and (2.20) must be equal, so

g—i+u-Vw:w-Vu+VV2w.
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Before moving on to the next topic, let us mention that we will consider the two-
dimensional case n = 2. In other words, we will neglect the variable z and focus only on
the x and y components instead. Notice that since u is divergence-free, it is possible to
introduce a streamfunction 1 such that

_ply o (LY W
u_vw_( ®%h). (2.21)

For further reading on the streamfunction [I5] and [16] are recommended.

Definition 2.2 (Streamlines). Streamlines are defined as lines that are everywhere tan-
gential to the velocity field, that is to say, u-n =0, where n is the unit normal vector to
the streamline.

Proposition 2.4. A linel: (a,b) C R — R? is a streamline at a time t € Ry if and only
if the streamfunction 1 is constant along l(s).

Proof. = Let I(s) be a streamline. Then u || d,l(s) = V1 || O4l(s) = Vb L dlx(s).
Hence Vi(I(s),t) - Osl(s) = 0 = ¢(l(s),t) is constant.
< Let us assume that 1 is constant along the line I(s), i.e., ¥(I(s),t) is constant. We

can now derive with respect to s and apply the previous reasoning backward, concluding
that [(s) is a streamline. O

Proposition 2.5. Let ¢ be the streamfunction defined in . For n =2, the modulus
of the vorticity is w = V2.

Proof. Since n = 2, we can write u(x,y,t) = u,(z,y,t)e, + uy(z,y,t)e,. Hence

Ou,  Ouy
But we also have that u = V4, thus u, = —a—w, y = % nd
dy ox
w = 32_1/; 4 (92_1b — V2¢
©0x2  Oy? '

]

Remark 2.1. Note that in Proposition an abuse of notation has been made, since we

have used the variable w for both, the vorticity vector and its modulus. The reader should

be aware of this and distinguish whether w is a vector or not depending on the context.
Ou,  Oug

Remark 2.2. While n=2, the vectorw =V xu = | — —
ox oy

whereas Vu lies within the xy plane. In conclusion: w - Vu = 0. Moreover, if the flow is
nonviscous, i.e. v = 0, we obtain the following system:

O
a—c:%—u-Vw:O, (z,y,t) € R* x Ry,

w=V%4%, u=Vtiy.

The system 18 an equivalent formulation for the Euler equation in the 2D case. It
consists of two PDFEs for w and v rather than the initial formulation with three variables
Uz, Uy, and p.

) e, points the z direction,

(2.22)
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Theorem 2.1. Let vorticity w satisfy and let fluid velocity u be divergence-free.
Under the assumptions that w(z,y,0) € L* and lim w(x,y,t) =0, the LP norms (1 <
T,y—00

p < o0) of w are conserved for any t € R,.

Proof. Let p > 0 be an integer. Then

d 1

@i R2w(x,y,t)p“dx:/ w(z,y, t)Pow(x,y,t)dx

R?

= —/ w(@,y,t) - Vw(z,y, hw(z,y,t) dz
RQ

1
=—— | w(z,y,t)-Vw(z,y,t)Pde
T e (z,y,t) - Vw(z,y,t)
1
—— | V-u(z,y, w(z,y, t)P de = 0.
=T (z,y, t)w(z, y, 1)

The last integral vanishes due to the divergence-free condition V - u = 0. Hence

1 d d
T @l =0 = — (bl =

Integrating in time we get
1 1
(@175 = lw(O) 1755
This proves that ||w(t)||,+1 = ||w(0)]| ;o1 for any ¢ € Ry and for any 1 < p < +o00. We

are now left to show that the L> norm of the vorticity is also conserved in time. First of
all, let us recall a result of functional analysis (proof can be found in [17]):

If there exists ¢ < +o00 such that f € L>(S) N LI(S), then: || f|l 0 = lm || f]l -
p—00
By hypothesis we have that w(z,0) € L, thus

[w(O)][ oo = lim [Jlw(0)[| 1, = lim [lw(t)]],, - (2.23)
pP—00 pP—00

This implies that the function p — |w(t)]|;, is bounded and therefore w(x,t) € L.
Eventually, we have that

Jeo®)l = Tim (®) = [(0)]~ by equation EZ3).

2.2 Buoyancy and Brunt-Vaisala frequency

Let us imagine that there is a fluid parcel with a different density than that of its envi-
ronment, for instance, an air parcel with density p’ submerged in the atmosphere, with
density p (see Figure 2.1). In addition, let us also consider a non-inertial reference frame
that spins with the Earth, such that the x-axis points eastwards, the y-axis points north-
wards, and the z-axis points upwards. This topic will be explained further way in the
next section. In this way, the acceleration due to gravity is given by —ge,, where e, is
the unitary vector in the z-direction.
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PropA
l z+Az
p'AAzg p
L,

pbottomA

Figure 2.1: Forces acting on an air parcel with density p’ in an environment with density
p. Image has been taken from [I§].

Let us now assume, for the sake of simplicity, that the fluid is ideal and it has no motion,
i.e. u = 0. Then, equation ({2.1a]) yields

Vp = —pge. = % = —pg = Ap = —pgAz,
which is known as the hydrostatic approximation. As we will see in Chapter 3, this
is indeed a rather useful and valid approximation concerning atmospheric and oceanic
dynamics. In addition, the partial derivatives of p with respect to x and y are zero, so we
can safely neglect the movement along the z and y axes, and focus only on the dynamics
in the z-direction.

According to Newton’s second law, the z component of the acceleration experienced by
the air parcel is
_ Z Fz
=y
where ) F, is the sum of all the forces acting on the air parcel along the z-direction, p
its density, and V' its volume. Using the hydrostatic approximation we have

a, (2.24)

Povottom — Ptop = PQAZ = Z Fz = pbottomA - ptopA - P/QAAZ

(2.25)
= pgAAz — p'gAAz = —(p' — p)gAAz.

Taking into account that V' = AAz and substituting (2.25)) into (2.24)), we eventually get

o, = P =P (2.26)

0

According to , objects that are less dense than the fluid, float on its surface (a, is
positive). On the contrary, objects that are denser than the fluid, drown (a, is negative).
The force that makes objects float is called the buoyancy force and it is due to the increase
of pressure with depth in a fluid.

Proposition 2.6 (Poisson equation). If the flow of the fluid is an isentropic process, that
Ds

is — =0, then the quantity e 15 conserved along the flow.
p P

Dt
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Proof. Since we are working under the assumption that the air behaves as an ideal gas,
the first law of thermodynamics can be expressed as

DT D
e = QF o= (2.27)

Dt’

where ¢, is the specific heat of the air at constant pressure, a = 1/p is the specific volume
and @ is the net heating rate per unit mass. See pages 46 and 47 on [19]. In addition,
we assume that c, is constant and take advantage of the ideal gas assumption pa = R;T,

rewriting equation ([2.27)) as
D(InT) R D(lnp) @

““pr YT pr T

where the quotient /T is the rate of change of entropy per unit mass, that is,

Ds _Q
Dt T
Therefore D(nT) Dinp) D
n np s
S » S S S A—— 2.2
“pr M T i (2.28)

An isentropic process is an idealized thermodynamic process that is both adiabatic and
reversible, hence, there is no exchange of heat between the system and its environment.

Thus, equation (2.28)) yields

D(nT) R D(Inp) 0 D (111

Dt Dt Dt

T
Cp ) =0= Sl constant. (2.29)

pR/ Cp

O

Equation (2.29) is known as the Poisson equation and leads to our next definition:
potential temperature.

Definition 2.3 (Potential temperature). Let us suppose that there is a fluid element with
temperature T and pressure p. The potential temperature 6 of the fluid element is defined

as follows:
R

O="T (@> v (2.30)

p

where py is a reference pressure (usually 103 hPa) and c, is the specific heat capacity at
constant pressure.

The potential temperature 6 of an air parcel represents the temperature that the parcel
would have if it were expanded or compressed adiabatically from its initial state of pressure
and temperature to a standard pressure py. Since we know that the Poisson equation
holds for adiabatic flows, as a consequence, the potential temperature is a conserved
quantity through adiabatic processes. To know more about potential temperature [14] and
[20] can be useful.

Furthermore, assuming that the pressure is constant, the ideal gas law p = pR4T', where
Ry is the gas constant for dry air (see [19]), allows us to write the acceleration of the
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air parcel (2.26)) in terms of the temperature and therefore in terms of the potential
temperature:

T —-T 0 —0
om0

In light of the reasoning above, the two following definitions arise.

Definition 2.4 (Ocean Buoyancy). In the ocean, buoyancy is defined as:

PY
b= -2, 2.31
Po ( )

where p is the density, py is a reference density and g is the gravity acceleration.

Definition 2.5 (Atmospheric buoyancy). In the atmosphere, buoyancy is related to po-
tential temperature through:
0
b=2" (2.32)
0o
where Oy is a reference potential temperature.

Let us consider the air parcel to be very small and that it experiences a small displace-
ment dz along the z axis, so that 6 is the potential temperature at z = 0 and 6 the
potential temperature at 6z. We can expand the potential temperature over z = dz as:

0(6z) ~ 0y + %

P 0z,

z=0

where 6y = 6(0). Hence, the acceleration in the z direction of our small air parcel will be

" _dPz 0 —0(0z) g 09 5o — Jlné 52
T V00 002, Yo |,
d?6z Olnf
= 975, » 0z (2.33)

Equation (2.33)) is called the Brunt-Vaisala equation. We now distinguish three cases:

dln6
11 8 > 0, then equation ([2.33) has the form of the well-known simple har-
z z2=0
monic oscillator equation
d*z 9
e —N4)z,
dlnf vz U,
where N = ( g 5 is called the Brunt-Vaisala frequency.
z z=0
dln6
2. If 8n < 0, then equation (2.33]) has the form
4 z=0
d?0z 9
proai wz,
, 5 Oln6 . . . . .
with w* = —g¢g . In this case, the “air bubble” would continue to rise.
z=0
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Jlnf
3. If 8n = 0, there is no acceleration exerted on the tiny air parcel.
4 z=0

Lemma 2.1. The Brunt-Vaisdla frequency can be expressed in terms of pressure and

density as

10lnp Olnp

N?=g< = — , 2.34
g {fy 0z 0z }2_0 (2:34)

where v = ¢,/c, is the adiabatic index.

R

@> ’ we have that

Proof. Starting from 6 =T (
P

80<@>£8£—T<@)£ Rdp 09T 6RIp

9z P 0z P p_cpaz_Tﬁz %&’
Therefore
vl Ol (10T Rap) (197 4119
~9 7%, Z:o_g T oz pc,0zf,_, 7 \T0z v poz) .,

Eventually, the ideal gas law yields

10 10 10l ol
vl o)
2=0 v 0z 0z 2=0

]

Although is, in fact, the most complete expression for N2, since it includes the
variation of pressure with height, however, concerning fluids, it is common to assume that
the pressure remains fixed along a small vertical displacement and therefore take into
consideration only the variation of density when defining N2. That is to say:

N2o_ 99 (2.35)

Po 0z z:()’

which is the expression of the Brunt-Vaisala frequency that will be used later on. For
instance, a derivation of can be found in [21].

2.3 Vertical vorticity and geostrophic flow

We defined vorticity as the curl of the fluid velocity, thus it represents a measure of the
rotation of the fluid. However, when a fluid rotates we need to take into consideration two
rotating mechanisms: fluid movement and Earth’s rotation. In fact, let u, be the relative
velocity field of a non-inertial reference frame that spins with the Earth as the one shown
in Figure 2.2 (green axes), then the total velocity field of the fluid will be given by

u=1u,+Q xr,

where () is the Earth’s angular velocity and r is the position vector that goes from the
centre of the inertial frame in Figure 2.2 (blue axes) to a particular point in space.
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Figure 2.2: The green axes correspond to a non-inertial reference frame that spins with the
Earth and it is typically used in meteorology. On the contrary, the blue axes correspond
to a fixed, inertial reference frame that does not spin with the Earth.

Hence, the absolute vorticity w is
w=Vxu=Vxu +Vx(Qxr). (2.36)

Relative vorticity is defined as w, = V X u,. In addition, if we use the variables 2/,1/, 2/
to denote the spatial coordinates in the reference frame that corresponds to the blue axes
in Figure 2.2. and denote by {e,, e/, e./} the correspondent basis of orthonormal vectors,
then Q0 = Qe and r = 2’e,s + y'e, + 2'e.. However, notice that, for simplicity purposes,
we are making an abuse of the notation when using €2 for both, the vector and the scalar.
All in all, we can compute

€zt Cy €y
OQxr=[0 0 Q|=(Q,Q/,0)=Vx(Qxr)=2Q,

x/ y/ Zl

and rewrite ([2.36) as
w = w, + 2Q. (2.37)

Equation states that absolute vorticity w is equal to the relative vorticity w, plus
the extra term 2€2 due to the Earth’s rotation, which is called planetary vorticity. Defining
a quantity that expresses the tendency to rotate along the horizontal direction is of par-
ticular interest. Let us denote by {e,, e, e.} the basis of orthonormal vectors associated

with the non-inertial reference frame in Figure 2.2 (green axes).

Definition 2.6 (Absolute vertical vorticity). The absolute vertical vorticity is defined as
the z-component of the absolute vorticity, that s,

Cazez'wzez'(vxu)- (238)

Definition 2.7 (Relative vertical vorticity). The relative vertical vorticity is defined as
the z-component of the absolute vorticity, that is,

(=¢e,-w=¢e,-(Vxu,). (2.39)
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If we use the basis {e,, e,, e,} of orthonormal vectors of the non-inertial reference frame,
Earth’s angular rotation is given by Q = {2 cos e, + (2sin fe..

Definition 2.8 (Coriolis term). The Coriolis term f is defined as the z-component of the
planetary vorticity 2€):
f=2e,-Q=2Qsind. (2.40)

It is clear that f depends solely on the latitude 6, so that it is zero at the equator and
maximum at the poles. It measures the spin of an object or fluid parcel due to the rotation
of the Earth. Moreover, assuming that the change in latitude is small, we can expand f
over a fixed latitude 6y:

d A
f=rf+ —f Al = fo+2Qcos 0y A0 = fy + 20 cos Ho—y, (2.41)
do |g_g, R
where fy = 2{2sin . Defining g = ZQC—];)SGO, 2.41)) can be written as
f = fo+BAy. (2.42)

Equation (2.42)), which sets a linear variation of the Coriolis parameter, is known as the
B-plane approximation. This approximation is useful concerning the theoretical analysis
of many atmospheric or oceanic phenomena since it makes the equations much more
tractable, but still considers the variation of the Coriolis parameter in space.

Remark 2.3. From definitions , and , it follows directly that (, is the

sum of the relative vertical vorticity and the Coriolis term:
(=€, w=¢€,-w,+2, - Q=+ f. (2.43)

Remark 2.4. If u, and u, represent the velocity components along the x and y directions
respectively, then the relative vertical vorticity reads

ou,  Oug
=— — . 2.44
= oy (2.44)
As a consequence, if we introduce a streamfunction v such that u = V1), then
N
= = ) 2.4
R (2.45)

Remark 2.5. Carl Rossby proposed in 1940 (see [23]) that the local vertical component of
the absolute vorticity ¢ is the most important component for large-scale atmospheric flow,
instead of the full three-dimensional vorticity vector. Therefore, in the following pages,
when we mention absolute or relative vorticity, we are likely talking about the vertical com-
ponent only. Analogously, although the Coriolis parameter is only the z-component of the
planetary vorticity 282, this component is the most interesting one concerning geophysics
and, in many situations, it is common to call f by “planetary vorticity”.

Moving on to the topic of geostrophic flow, we need to introduce the Ekman transport.
The wind only pushes the surface layer of water, and whenever this top layer is pushed
away, water from the bottom is forced to rise to replace the water that has been moved
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Maximum Spin

Planetary
Vorticity

Figure 2.3: Planetary vorticity f is always positive in the Northern Hemisphere except at
the equator where it is zero. Image has been taken from [22].

away. At the same time, the Coriolis effect causes the wind to shift in the direction that
is pushing the water. This is the idea behind the Ekman transport system.

Due to the Coriolis effect, the surface water usually moves in a direction that forms
about 45° with the wind direction. Once this top layer has been displaced, the bottom
ones will rise forming a different angle, since they are less affected by the wind. As you
go deeper into the ocean, you have less motion and in a different direction, so that the
overall result is an ever-turning spiraling rising column of water, as shown in Figure 2.4.
Regarding fluid dynamics, gyres are an important topic to address. A gyre is a large-scale

Top view

Depth ~

Ekman transport

Figure 2.4: Ekman’s transport illustration. Image has been taken from [24].

system of rotating ocean currents. Subtropical gyres are centered near 30 degrees latitude
in the North and South Atlantic, the North and South Pacific, and the Indian Ocean.
Concerning these gyres, Ekman transport will cause surface waters to move toward the
central region of the gyre, producing a broad mound of water. Surface water will begin to
flow downhill and, eventually, a balance will develop between the Coriolis force and the
force arising from the water pressure gradient, so that water parcels flow around the gyre
and parallel to contours of elevation of sea level. We call this current geostrophic flow.

In Chapter 3, we shall show that the velocity of the geostrophic flow is given by the
formula:

1
u? = —e, x Vp.

pf
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Figure 2.5: The horizontal movement of surface water arising from a balance between the
pressure gradient force and the Coriolis force is known as geostrophic flow. Image has
been taken from [25].

2.4 Potential vorticity and SQG model

Let us now think of an ice skater spinning. It is well-known that if the skater extends his
arms, he will spin slower. On the contrary, he will spin faster if she contracts her arms.
Nevertheless, the angular momentum remains always constant. A rotating column of air
or water acts somehow in a similar way: it rotates faster if it is stretched into a narrower
column and it rotates slower if it is squashed into a wider column. We want to define a
quantity that plays a role similar to the angular momentum of an ice skater but for the
rotating column. This quantity must remain constant while the column spins.

Definition 2.9 (Barotropic potential vorticity). The barotropic potential vorticity PV of
a flurd column is defined as the quotient between absolute vorticity and the height of the

column:
C+f

PV =
H

(2.46)
In [23], the Swedish-born American meteorologist Carl Rossby showed that for a one-

layer shallow water system, the barotropic potential vorticity is conserved along an adia-
batic and frictionless flow, that is,

DPV) D [((+f
) D (621, o

This result is known as the Rossby theorem and is the key property of shallow water
potential vorticity. An example of its applications is shown in Figure 2.6.

Definition 2.10 (Quasi-geostrophic potential vorticity). The quasi-geostrophic potential
vorticity, also known as the pseudo-potential-vorticity, is defined as:

_ 2, O ([ f3 O

where N is the so-called Brunt-Vdisdild frequency and 1 is a streamfunction, i.e. u = V+1).

An analogous result to that of the barotropic potential vorticity PV can be proved for
the quasi-geostrophic potential vorticity ¢. In fact, we will prove in Chapter 3 that in the
absence of forcing and dissipation ¢ is conserved along the geostrophic flow, that is,

Dq_

=0.
Dt
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Figure 2.6: On the left-hand side column the height is lower in comparison with the
column on the right-hand side. Since PV is constant, then the right-hand side column
must have greater absolute vorticity. Image has been taken from [20].

The importance of this result is that given the potential vorticity ¢, one can invert equation
to obtain the streamfunction 1), which allows us to know the geostrophic wind field
and the potential temperature field. This is called the principle of potential vorticity
inversion. For further information concerning this topic, it is worth seeing [23] and [27].
Nonetheless, solving equation ([2.48]) requires knowledge of boundary conditions, which
will be discussed in Chapter 3.

The surface quasi-geostrophic model (SQG) is a mathematical model based on the quasi-
geostrophic approximation which is used to explain the dynamics of the ocean and the
atmosphere. It assumes that, besides potential vorticity conservation, surface buoyancy
is also a conserved quantity. The 2D surface quasi-geostrophic equation reads

%—}—u-V@:O, (z,y,1) € R? x Ry,

w=V+typ, §=—(=VHY%.

(SQG) (2.49)

Here, 6 = 0(x,y,t) is a non-dimensional variable related to the surface buoyancy, u =
u(z,y,t) is the fluid velocity, and ¢ = v (z,y,t) is the streamfunction. The operator
(—=V2)1/2 is defined via the Fourier transform by (—V2)1/2f(m) = |m| f(m), where [ is
the Fourier transform of the function f. This equation has a geophysical origin and will
be studied in more detail in the next chapters.

In addition to this, we can consider a more general problem given by

%—FU'V@:O, (z,y,1) € R* x Ry,

u=Vtyp, 0=—(=V*)'""%.

(2.50)

We define the operator AY = (—V?)?/? as A'Y/f(?’b) = |m|" f(m), with f the Fourier
transform of the function f.

Remark 2.6. For o = 0, problem has the same form as 2D Euler (2.29). Whereas
for a =1, problem corresponds to the surface-quasigeostrophic equation (SQG).
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2.5 3D Euler and 2D SQG

Considering an inviscid fluid, that is v = 0, the vorticity transport equation (2.11f) reads
Ow +u-Vw = (Vu)w, (2.51)

that together with
V-w=V-u=0 (2.52)

corresponds to the 3D incompressible Euler equations for an inviscid fluid. Moreover,
applying the perpendicular gradient V* to the SQG equation 9,0 4+ u - § = 0 we obtain

0((VE0) +u - V(V*H) = (Vu)VHo. (2.53)

Since the fluid that we are considering is incompressible then V - u = 0. Besides, it is
clear that V - (V+6) = 0. Hence

V- (V) =V-u=0. (2.54)

All in all, comparing equations (2.51)) and (2.52)) to (2.53) and (2.54), we come to the
a0 00

conclusion that SQG is a 2D model of the 3D Euler equations, since V+6 = 30 (9_)
y Ox

is a 2D vector that plays the same role as the vorticity w in 3D Euler.

In 1994, Constantin, Majda, and Tabak proved in [28] the local well-posedness in H*(s >
3) of the SQG model and studied its analogy with 3D incompressible Euler. Although the
local existence of solutions in H® has been proved, global well-posedness is still an open
problem for either of them.

However, Beale, Kato, and Majda proved in [29] a result stating that if the solution for
3D Euler’s equations fails to be regular past a certain time, then the vorticity w =V x u
must necessarily become unbounded. The local existence theorem for Euler’s equations
is stated as:

Theorem 2.2. Suppose an initial velocity field ug is specified in H®, s > 3, with ||u|| s <
Ny, for some Ny > 0. Then, there exists Ty > 0, depending only on Ny, so that the
equations

ou+ (u-V)u+Vp=0,

V- -u=0,
have a solution in the class: w € C([0,T]; H*) N C*([0,T); H*™') at least for T = To(Ny).

Nonetheless, this result does not state anything as far as the regularity of the solution is
concerned. The following theorem states a condition that must be fulfilled if the solution
blows up:

Theorem 2.3 (Beale-Kato-Majda criterion). Let u be a solution of Euler’s equations

and suppose there is a time T, such that the solution cannot be continued in the class
C([0,T]; H) N CH[0,T]; H*Y) to T = T,. Assume that T, is the first such time. Then

Ty
/0 Joll o d = 00

lim sup [|w]| ;00 = 00.
=T,

and in particular
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For a proof of the theorem see [29]. Equivalently, the Beale-Kato-Majda criterion
T

states that |w||;« dt < oo implies that there is no blow-up at time T. Further-

0
more, in the SQG case, due to the analogy of the equations, we have that if the condition

T
/ HVLQHLOO dt < oo holds, then there is no blow-up at time T.
0

The following table makes it easier to compare the SQG and the 3D Euler models
mentioned previously.

3D EULER 2D SQG
Variable w=VXxu V40 = _%, %
dy’ Ox

Ow +u - Vw = (Vu)w | 9(VE0) +u-V(V4L0) = (Vu)V+o
Equations

V-w=V-u=0 V- (V) =V-u=0

T T
BKM / [wl| oo dt < 00 / V46|, dt < oo
0 0

Table 2.1: Comparison between 3D Euler and 2D SQG. BKM stands for the Beale-Kato-
Majda criterion.



Chapter 3

General formulation of Surface

Quasi-Geostrophy (SQG)

3.1 Geostrophic and hydrostatic approximations

In order to describe the atmospheric dynamics, we shall use spherical coordinates. We will
denote by 6 the latitude and by ¢ the longitude (blue axes in Figure 2.2). The position
vector in spherical coordinates (r, 6, ¢) is given by

7= (rcosf cos ¢, r cos 0 sin ¢, rsin 0) (3.1)
Hence
87?—(cosecosqﬁ cosfsin ¢, sin ) = i =1
e : in ¢, sin 3| = b
or : o or
20 (—rsinf cos ¢, —rsinfsin ¢, rcosd) = 56 ="
g—; = (—rcosfsin g, r cosfcos ¢,0) = ‘2—; =rcosf.

So the local orthogonal unit vectors in the directions of increasing r, 8, and ¢ are, respec-
tively,

e, = (cosf cos ¢, cos 0 sin ¢, sin 0),

ep = (—sinf cos ¢, — sin 0 sin ¢, cos ),

ep = (—sin¢, cos ¢, 0).

The velocity in spherical coordinates (r, 6, ¢) is obtained by differentiatingwith respect
to time, and it is straightforward to see that it can be expressed as

dr

U= = e, + 7’969 + réﬁcos Oegy.
Next, differentiating with respect to time we obtain the acceleration:
d . . . .
a :d_:: = (# — r0* — r¢? cos® O)e, + (270 + rf + r¢* sin 0 cos 0)eg (32)

+ (27’¢ cosf — 2rf¢ sin 0 + ro cos 6)ey.

33
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Note that we have used the notation 7 for the position vector, while we have opted not to
use this “arrow” notation for the velocity and acceleration. This has been done in order
to avoid confusion, since the variable r is used for the radial coordinate. Besides, the
letter u has been chosen for the velocity so as to be consistent with the notation used in
the previous chapter.

Let us now consider a non-inertial reference frame that spins with the Earth and such
that the x-axis points towards the east, the y-axis towards the north, and the z-axis points
outwards, as shown in Figure 2.2 (green axes). In this reference frame, the local unitary

vectors in each direction are
Eastward: e, = e,.

Northward: e, = e.

Upward: e, = e,.

Moreover, we will use the following notation for the components of the velocity:

Uy = T¢) CO8 0,
u, = 10, (3.3)
Uy, = 7.

In this way, u = uge, + uye, + u.e,, so it is clear that, concerning atmospheric and

oceanic dynamics, u, and u, represent the horizontal components of the velocity, whereas
u, represents the vertical velocity of the fluid.

Proposition 3.1. In terms of ug,u,, and u, introduced in and assuming that r is
constant and equal to the Farth’s radius, that is, r = R, the acceleration is given by

Du,  uzu,  uzu,tand Du,  uyu, u? tan 6
a= + € + + €y

Dt R R Dt R ' R

+Duz ug u?
Dt R R)®

Proof. To start with,

(3.4)

Du, uzu, uzu,tanf Rgz'ﬁ cos Or B R29¢3 cosftan 6

o + 7 7 :¢$COSQ+R$COSQ—RQ5981H0+ 7 R
= 27 cosf — 2RO sin 0 + R cosb.
In addition,
D B 2 tan 6 . . 0 22c0s 62 tan 0 : ; :
Ot ug up ;ﬂ i R+ R]g L B¢ CO; Y — 97+ R+ R$?sin 0 cos 6.
Furthermore,

B R26? B R2¢2cos 6?

P2 P22
D 2R 7 7 =7 — RO* — R cos” 6.
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From now on we will assume r=R for the sake of simplicity, which is a very good approx-
imation for the regions of the atmosphere with which meteorologists work. Moreover, in
the case of the atmosphere, the viscosity of the air can be neglected when working at a
height above 2 km. For further reading on these approximations see [30]. In light of these
considerations and assuming our fluid to be non-viscous, Newton’s second law reads

a:—@—gez—QQXu, (3.5)
p

where —Vp/p is the acceleration resulting from the pressure-gradient force, —ge, is the
standard acceleration due to gravity, and—2Q x u is the Coriolis acceleration term (see
page 34 in [30]).

On the one hand, we can express the gradient in spherical coordinates, thus for the
pressure-gradient term we have

_vp_ 1o, L1op 1 0Op,
p  por " Rpdl o Rpcosf 0¢ ? (3.6)
Rpcosfdp * Rpdd Y por =
On the other hand, the Coriolis term gives
€x ey e,
20 xu=-2[0 Qcosh sind
Uy w. (3.7)

= —2(Qu, cos @ — Qu,, sin 0)e, — 2Qu, sin fe, + 2Qu,, cos be.,.

Eventually, by substituting (3.6]) and (3.7) into equation (3.5 and equating this to (3.4)),
we obtain the following identities for each component:

Du,  uzu, ugzu,tand 1 op .
Dy + 7 i Rpcost 96 + 2Qu, sin U, COS (3.8a)
Du, wu, u?tan6 1 Jp )

£ = ——— — 2Qu, sin 0, 3.8b
Dt TR R Rpog e (3.8b)
Du, ui+u 10p
i 7 o g+ 2Qu, cosf (3.8¢)

It is conventional to define z and y as eastward and northward distances, respectively,
such that Dx = Rcosf0D¢ and Dy = RD@. Since the spherical coordinate r is the
distance from the centre of the Earth, it is related to the height z by r = R + z. Thus,
the horizontal velocity components are u, = Dz/Dt and u, = Dy/Dt, whereas for the
vertical component, we have u, = Dz/Dt, and it holds that

op _ Opdy _ ,0p

%= 9500 ~ "oy (3.9a)
dp Opdx op

6¢_8x6¢_RC0368x7 (3.9b)
9 _ @ (3.9¢)

or 0z
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In conclusion, using (3.9al), , and (3.9d)), the derived equations (3.8a)), (3.8b)), and
(3.8c]) can be rewritten as

Du, Uy 2 Uy, tan @ 10 .
Dut n uRu _u uyRan _ _;a—i + 2Qu,, sin 0 — 2Qu,, cos 0, (3.10a)
Du, uyu, u?tan@ 10p )

£ = ———5 —2Qu,sinb, 3.10b
TR R 3y Uy Sin (3.10b)
Du, u+u; 10p
Dt R p Oz g% 2R3 €08 (3.100)

This set of equations (3.10a))-(3.10c|), which are, respectively, the eastward, northward,
and vertical component momentum equations, governs the dynamics of the atmospheric
flow. In the following, we shall perform a scale analysis of (3.10al)-(3.10c]), which will

simplify these equations by neglecting the terms with the lowest order of magnitude.

In meteorology, a synoptic scale is commonly used, which refers to a horizontal length
scale of the order of 10°m or more. As far as we consider large spatial scales (L ~ 10°m
horizontally and H ~ 10* m vertically), the horizontal velocities u, and u, are typically of
the order of U = 10ms™!, while the vertical velocity wu, is about W = 10~2ms~!. Hence,

L
the typical time scale is At = i 10°s. Furthermore, the following physical properties

are well-known:

Earth radius: R = 6.378 - 10°m ~ 10" m.

Frequency of rotation of the Earth: Q = 7.272-105s71 ~ 107%s7 1.

2 2

~ 10ms™~.

Gravitational acceleration: g = 9.81ms~

Density of air in the atmosphere: p ~ 1kgm™3.

In addition to the magnitudes above, we need to consider:

e Horizontal pressure fluctuation scale: dp/p ~ 10% m? s=2.

e Coriolis term: fy = 2Qsinfy ~ Q ~ 1074571,

Horizontal pressure fluctuation is normalised by the density for the scale estimate to be
valid at all heights in the troposphere, despite the fact that both dp and p decrease expo-
nentially with height. Furthermore, in the Coriolis term estimation, we have considered
a centred latitude 6y = 45°. For further knowledge on the characteristic scales mentioned
above, I suggest seeing pages 38 and 39 in [30]. At this point, we are finally ready to
carry out the scale analysis of —. For instance, let us first determine the
approximate order of magnitude of the individual terms in equation (3.10al):

Du ou U?
r_ 7T o Vg ~ — ~ 107 ms™2
Dy 5 + u, - Vu 7 0*ms

U,  UW _ _
u; N?Nlogmsz.
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Uy Uy tan by U? 9

7 ~E~10’5ms’

2fouy sinty ~ QU ~ 103 ms 2
2 fou, cosfy ~ QW ~ 10 % ms™2.

10
Hence, the terms with the highest order of magnitude in equation (3.10a}) are _8_p
pOx

and 2Qu, sin§. According to our scale analysis, the other terms are negligibly small and
therefore can be neglected. The same reasoning can be performed in equation ,
coming to the conclusion that the pressure-gradient force term and the Coriolis force term
are the most relevant ones. Table3.1| contains the most relevant data with regard to what
has just been said.

x-Equation I;Lt 4 ; 4 u]é an 7 8—5 2Qu,, sin —2Qu, cos 0
D . 2 tan 0 -10

y-Equation DQ; Y Uz}g Yo gn 78_5 —2Qu, sin ¢

Scales U?/L UW/R U?/R op/pL  foU foW

Order (ms~2) 1074 10~  107° 10°3  107° 10—

Table 3.1: Scale analysis of the horizontal momentum equations (3.10al),(3.10b)).

This is indeed the core of the geostrophic approximation, which neglects every term in
equations (3.10a)) and (3.10b)) but the Coriolis term due to the horizontal velocities and
the pressure-gradient one. This approximation is generally true in the deep ocean over
large spatial and long temporal scales (L > 100 km, At > 2 days). Thus, the geostrophic
approximation reads

10
—;a—i + 2Quy sin9 = O7
1
——@ — 2Qu, sinf = 0,
p Oy
or equivalently
1op
o =T
1op N (3.11)
py -

Alternatively, if we carry out the previous scale analysis in equation , we find out
that the terms with the highest order of magnitude are the gravitational and pressure-
gradient force ones. However, in this case, we need to take into account that pressure
decreases by about an order of magnitude from the ground to the tropopause, so the
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vertical pressure gradient may be scaled by Py/H, where By ~ 10°Pa is the surface
pressure. Neglecting the other terms and only considering the ones mentioned above, we
get the hydrostatic approximation:

Ip

— =— 3.12

5, = P9 (3.12)

This approximation is valid when vertical accelerations are small in comparison to the
gravitational one. Again, table 3.2 contains the results of the scale analysis of equation

(3109

Du, ul 4+ uiw  —13p

z-Equation T - 7 5. Y 2Qu, cos
Scales UW/L U?/R Py/pH ¢ foU
Order (ms™2) 1077 107° 10 10 1073

Table 3.2: Scale analysis of the vertical momentum equation ({3.10c]).

Remark 3.1. On the one hand, equations represent a steady-state balance between
the pressure gradient and Coriolis forces. On the other hand, means that the
pressure at any point in the ocean/atmosphere is due to the weight of the water/air above
it.

3.2 Potential vorticity conservation

Definition 3.1 (Geostrophic wind). The geostrophic wind is the theoretical wind that
results from an exact balance between the Coriolis force and the pressure-gradient force.
The velocity components of the geostrophic wind are

T pfoy
(3.13)
Y pfox

Remark 3.2. The geostrophic wind is a horizontal flow and its velocity in vectorial form
18 given by
1
uw! = —e, x Vp. (3.14)
pf

Definition 3.2 (Rossby number (Ro)). The Rossby number is a dimensionless number
defined as the ratio of inertial force to Coriolis force. Explicitly:

Ro = — (3.15)

where U is the horizontal velocity scale, fis the Coriolis parameter, and L is the horizontal
length scale.
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Bearing in mind that
Du, U?
Dt L’

fuchfU,

we have
Du,/Dt  U?/L U
u / ~ / = — = RO7
fug fu Lf
so it is clear that when Ro < 1, the Coriolis force plays a key role concerning the dynamics
of the fluid under study. In order for the geostrophic approximation to be acceptable, it
is necessary that the Rossby number be negligibly small.

Remark 3.3. Another dimensionless number widely used in geophysics is the Ekman
number (Ek), defined as the ratio of viscous forces to Coriolis forces and it can be expressed

as
14

~ 90L2sing’

where v is the kinetic viscosity of the fluid. In our case, since we are considering non-
viscous fluids, then v = 0 and Ek = 0. Nevertheless, one should notice that not only do
we need a small Rossby number for the geostrophic approximation to be valid, but we also
require the Ekman number to be small.

EFk

Going on with the mathematical computations, it is helpful to partition the pressure and
density into parts that represent the fields in the absence of motion and perturbations to
those fields due to the motion. In absence of motion, i.e. u, = u, = u, = 0, equations

(B-108)- (B-100) yield

Ops  Ops
— — 1
ox ox 0, (3.16)
ops
5, = Ps0: (3.17)

where pg(2) is a standard pressure that corresponds to the horizontally averaged pressure
at each height, whereas p,(z) is the corresponding standard density. According to equation
, both of them are in exact hydrostatic equilibrium. For further reading on this topic
see pages 41 and 42 in [30]. We may then write the total pressure and density fields as

- SZ+/x7 7Z7t’
p=ps(2) +0'(z,y,2,1) (3.18)

p=ps(z) +p'(z,y,21),

where the fields p’ and p’ are the deviations from the standard values of pressure and
density, ps and p, respectively.

The Boussinesq approximation replaces the density by a constant mean value, ps, ev-
erywhere except in the buoyancy term in the vertical momentum equation (3.10c]). This
approximation stems from the fact that the standard density varies across the lowest kilo-
meter of the atmosphere by only about 10%, and the fluctuating component of density
deviates from the basic state (standard) by only a few percentage points. However, this
is not always the case, and density fluctuations cannot be neglected in order to represent
the buoyancy force. For further information see page 117 in [30].
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On the one hand, under the Boussinesq approximation, combining the geostrophic ap-

proximation (3.11]) with (3.18)), we have

w_w_
or oz M
(3.19)
ow_o
dy Oy Pl Uz

On the other hand, the hydrostatic approximation (3.12)) combined with (3.18) yields

op
= =g 2
5, = P9 (3.20)

Therefore, under our approximations, the pressure perturbation field is in hydrostatic
equilibrium with the density perturbation field.

Proposition 3.2. If the Rossby number Ro is small, the density perturbation p' is much
smaller than the static density p,, that is p' < ps.

Proof. Let us first notice that (3.19)) implies p’ ~ ps fU L. Similarly, from equation ((3.20))
/

we have that p' ~ L Hence
gH

= — ~ Ro .
gH Ps gH

, psfUL fAL?
pr\./

2L2

By hypothesis, Ro < 1. Besides, considering the typical scales in meteorology:
1078 - 102
10- 104

Proposition 3.3. Under the assumptions that Ro < 1 and also that the horizontal spatial
scale is much lower than the Earth radius, that is, L < R, then the function defined as

D
w—pSf

~ 0.1, and we conclude that p’ < p;. O

is a streamfunction.

Proof. Let us start by evaluating the partial derivative of p/f with respect to y:

o (py 10p pof
5 (5) =75 Fo (321

Bearing in mind that

of 10f 2Qcosé
A = 3.22
dy RO R b, (3.22)
we can compare the two terms in (3.21)):
pOof  19f
2
f2oy _ Joy b/ ~ £cotQ. (3.23)

Top ~Top " 1/L " R
foy  poy
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Therefore, as long as the ratio L/R is negligibly small, the second term in equation
can be safely neglected. This is actually equivalent to considering that the Coriolis
parameter is constant along any horizontal direction, i.e., f ~ fo = 2Qsinfy. In other
words, the condition L < R means that we are working over a fixed latitude 6,.

Moreover, since Ro < 1, we can use the geostrophic approximation (3.11]). Thus, on the

one hand
o 1 dp_ psfou
dy fops Oy Jops v

8_¢ — 1 @ — pstU —u
Ox fops Oz fops v
o O

In conclusion, (uy,u,) = Vi = (—8—, 0_) and 1 is a streamfunction. O
y Ox

but on the other hand

From this point onwards, we will assume that L < R, and therefore we can consider a
constant Coriolisis parameter: fo = 2{2sin 6.

Proposition 3.4. Under the geostrophic and hydrostatic approrzimations, buoyancy b is
as
pst
oY

related to the streamfunction ) =

Proof. The derivative of the streamfunction v with respect to z yields

op 1 9p  p Ops

0z fops 0z fop? 0z
Next, we will show that the second term in the previous equation is smaller than the first
one. To do so, we use the relation between the Brunt-Vaisala frequency and the derivative
of ps with respect to z.

as 83 _3N2
_99ps _ Ops _ —psNT

N? =
ps 0z 0z g

Therefore
o 1 Op  pN?

0z f 0Ps Oz f 0Ps9
The typical values of the Brunt-Viisala frequency in the ocean and the atmosphere are

N ~ 107257 (see [31]). Hence
N2 10°- 10—

~ =10*ms™!
fopsg T 10710 T
whereas L 9 10
P =10°ms .
fOps 0z 104
. dp _ pN? . .
In conclusion, —_— > and the derivative of ¢ with respect to z can be approx-
. fOps 0z fOpsg
imated by
op 1 dp  pg b oY

CA S N R RN
9: " Fopdz o o fo3:
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Let us recall that the quasi-geostrophic potential vorticity was defined in (2.48)) as

q—f+v2¢+—(]“@22¢> f+v2z/z+—(£]2(gf> (3.25)

Definition 3.3 (Geopotential). We define the geopotential as the potential function
O(x,y,z,t) such that
0P
— =g. 3.26
5, =9 (3.26)
Note that the hydrostatic relation (3.12]) establishes a relationship between pressure and
height in each vertical column of the atmosphere. Thus, it is possible to use pressure
p as the independent vertical coordinate, instead of height z, which would be the de-
pendent one. These considerations lead to describing the thermodynamic state of the
atmosphere through the fields ®(z,y,p,t) and T(z,y,p,t). For example, assuming an
ideal gas behaviour, i.e. p = pRyT', we have

0P 00 (9p od py N 8_<I> __RJT
T 0z Opdz P p  RT T dp p

which is an equivalent formulation of the hydrostatic approximation (3.12)) but in terms
of the geopotential and pressure.

Furthermore, as shown on pages 21 and 22 in [30], the following identities hold

(2)-(2),
(2).- (),

where the subindexes p, z indicate that the derivatives are evaluated holding p and z
constant, respectively. Therefore, the isobaric system has a salient advantage the density
no longer appears in the pressure gradient force. In light of equations (3.27)) and ( -
the components of the geostrophic wind can be rewritten as

T foy

90 (3.29)
uy = ——.
Yo fox

In addition, because p is the independent vertical coordinate, the material derivative
expands as

D_8+Dx8+Dy8+Dp8 8+ a+u8+w8

Dt 0t Dtox Dtdy Dtop ot “0xr YOy op
where w = Dp/ Dt is called the “omega” vertical motion and it plays the same role in the
isobaric coordinate system that u, = Dz/Dt plays in height coordinates. Nevertheless,
the horizontal velocity can be decomposed into geostrophic and ageostrophic components

Uy = U + Uy, Uy = Uj + Uy,
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and assuming that ug < uf, uj < uf, then we can suppose that the main mechanism by
which advection occurs in middle latitudes is given by the geostrophic wind. Hence, the
material derivative is approximated by

E—Q—I—u £~|—u £+w2~2+u92+u9£
Dt ot or YOy op ot Tox YOy

In other words,

D 0
= ~ = 9.V,
Di "ot "
o 0 . . : .
where V = 97’ 9o is the horizontal gradient operator, also known as gradient at
T oy

constant pressure. From now on, V will be used to denote this operator. What is more,
since we are working under the assumption u ~ u9, the z-component of the velocity will
be neglected.

Definition 3.4 (Geopotential tendency). The geopotential tendency x of a flow is the
Fulerian derivative of the geopotential with respect to time:

0P

X:E'

Proposition 3.5. The geopotential tendency satisfies the following equation:

1 Oow
LRV v(—v2q>+ >+ —,
fo X o fo f foap

where the only unknowns are ® and x.
Proof. Let us start from the QG vorticity equation (see pages 151 and 152 in [30] for a
derivation):
D¢ ow 0 f
Dt fO (9 f() - ﬁuy.

Assuming a geostrophic flow, one has

ou,  Oug 1 /(0?0 0%® 9

= — — e — R - @

T oy 7 (W " ay2) 7
Hence 5 (‘9f

D 9 w

F (fov @) foa—p 8 fo - 5%

0 9 o\, Ow

a—(fOW)M'V(fOW)—anp s

which is equivalent to

R v 2
fovx u - V(fOV <I>+f>+fo
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Proposition 3.6 (QG geopotential tendency equation in its adiabatic form). In the
absence of forcing and dissipation, the following equation holds:

2 o L oo o1 f§ oo
- _ — V2P — =10y,
{V 019(0019)% Jou: v(fov +f) (919{ oV o
where the only unknown s the geopotential ®.

Proof. According to (3.29)), the geostrophic wind in terms of the geopotential ® is given
by

W = Sk X VD~ x V. (3.30)
f fo
Substituting (3.30)) in the equation given by Proposition [3.5, we obtain
RV ——( kacD) v( V2P + )+ 3.31
Jo X Jo Jo d L™ dp ( )

0
Our goal now is to get rid of the term foa—w in the previous equation (3.31f). In order to

do so, we shall need the QG thermodynamic equation (see [32] for its derivation):

(2 5) (-2) s o

10In6
is the static stability parameter, xk = R4/c, and J is the rate of

, where 0 = ——

p Op

heating per unit mass due to radiation, conduction, and latent heat release.

Flipping derivatives in (3.32) yields
o (0P 0P kJ ax 0P kJ
——|=)—-uvV|—)|-ow——=0=-—F—-u-V|— ) —ow——=0. (3.33
ap(at) " (ap> M op " (8p> T (3.3
The salient idea of the proof is to differentiate equation (3.33)) with respect to the pressure

and multiply by é. Hence

0 (0P 00 J
Jfap{ o (a) v (5) 5= .

Furthermore, assuming that o is constant with respect to p, equation (3.34]) can be rewrit-

fen as 00 o[/ o0 9 (k]
00X 0 K
829(0 319) ~op _?u'v<8p)} fo ap( ) (3:35)

0
Notice that if we add equations (3.31)) and (3.35), the term f08—w will disappear and,
p

multiplying by fo as well, we obtain the identity

fo L .
[V2 319(0319)})(_ fou V<fov2q)+f)

ol f o 8 (k]
e (a5 ()

Equation (3.36)) is called the QG geopotential tendency equation. Eventually, under the
assumption of an adiabatic flow, it holds that J = 0 and we finally obtain the so-called QG
geopotential tendency equation in the adiabatic form. Thus, the proposition is proved. [

(3.36)
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Proposition 3.7. Quasi-geostrophic potential vorticity q can be expressed in terms of the
geopotential  as
fo 0P
q=Jfo+—+ VQ@ (
Jo 819

Proof. First of all, combining and [2.44] we have

ouy,  Ouy 1 <82® 0*P
-

_ duy oL oo 2
¢= ox dy 0x? + 8y2) fov ®,

and by equation [2.45) we obtain

1
V) = —V?®. (3.37)
Jo
Secondly, notice that it is possible to define a geostrophic streamfunction as
)
= —, 3.38
(8 - (3.38)

since the following identities hold

oy 100 o _ 100 _

or  fodr " 9y fooy

Hence
8<I> 7,0

o0 D00z fo Oy

=Jo 0z 0p  pg 0z’

and as a consequence

9 (ﬁa_‘b) _9 (_f_ogia_@) _ ( fo aw) (3.39)
op\ocdp) Op o pg Oz 090z \opg 0z ) '

Next, we aim to establish a relationship between the static stability parameter o and the
Brunt-Viisild frequency N2. By definition, one has
RTO (9[7190 RTO 3[?190 1 817100 N2

o= - = =— :—@NQ—PQU
p O  ppg Oz  gp* 0z p’g?

Therefore, assuming that N? varies slightly along the vertical direction, equation m
reads

fo 0P f& oy
p (cr op 62 N29z ) (3.40)
Eventually, using equations and [3.40] we obtain
2 O (Jo0v\ _ 2 fo 0P
¢=J+Vits <N28)_f0+fovq) <O‘8p
O

Theorem 3.1. In the absence of forcing and dissipation, the quasi-geostrophic potential
vorticity q is conserved along the geostrophic flow, that is,

Jdq
ot

where V is the horizontal gradient.

+u-Vqg=0,
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Proof. To show the statement, we start from the QG geopotential tendency equation in
the adiabatic form, given by Proposition 3.6}

/3 - 0 12 0P
{W ap( apﬂx‘_m'v(fovzq)”) ap{ ?“'V(_a_p)]

By the product rule, the last term on the right-hand side expands as

o[ f2 90\ f2ou 0 200
op {_TL'V (_3_29)} s op <_0_p) - V(’?p (0 329) (341)

and since we are assuming a geostrophic flow, we also have

ou 0D ou o0d
fo@ =k V(ap) 8_va<8p)

Thus, the first term on the right-hand side in equation (3.41)) vanishes, that is,

o1 f2 oo\] 200
op {—;u-v (_8_19)] Y vf?p <0 319) ' (342

Next, we substitute (3.42)) in the QG geopotential tendency equation (adiabatic) and
simplify:

7 - fg@@
Vg ()| = e v (gees) v (55)

. 2 9 (fo02
= he v (gveese 2 (05))
Hence
8 8 200 fo 0P
V20 + <° )}Jru.v( Vi + ( )>:o. 3.43
i 17 5 ol o oo (343
But Frie 0, so equation (3.43)) is equivalent to

9 [y o @ (BOY] L o Lgras ps @ (F00))
{fov “a( apﬂ”V(fo””*ap(oap)) N

In other words D 5
q q
— = = -Vqg=0.
Dt or TMVIT

3.3 Formulation of the SQG model

Since we are only interested in studying the QGPV (quasi-geostrophic potential vorticity)
anomalies and the Coriolis term f; is constant, we can omit this term in the expression
of the potential vorticity . The cornerstone of the Quasi-Geostrophic (QG) theory
is the conservation of the QGPV along the geostrophic flow trajectories. However, as we
will see later, in addition to QGPV conservation, it is necessary to introduce the concept
of surface buoyancy.
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Definition 3.5 (Surface buoyancy). Surface buoyancy is defined as:

oy

bs = b(z,y,2=0) = fy 5 (3.44)

z=0

Taking into consideration what has been mentioned above, we will write the quasi-
geostrophic potential vorticity as

% 0% 0 <f_ga_¢)

102 0 T 02\ 0z

(3.45)

According to , it would be possible to determine the streamfunction field ¢ if the
three-dimensional distribution of PV were known at a given time. As long as N? > 0,
is an elliptic equation and hence, boundary conditions are to be defined in order
to solve this equation. Let us set aside the lateral conditions for now and focus on the
vertical ones. For instance, in the case of the atmosphere, we can think of a semi-infinite
vertical domain, so the vertical boundary condition is to be imposed at the surface z = 0.
Nevertheless, equation already gives us the boundary condition at z = 0 that we
are seeking.

Cutting a long story short, both QGPV in the fluid interior and surface buoyancy are
needed in order to determine the three-dimensional streamfunction field:

v P 9 (fe v _

oz Oy2 0z \N20z/) 7 (3.46)
| o ‘
62 2—0 fo'

This reasoning mentioned above is known as the principle of potential vorticity inversion.
We should bear in mind that knowing the streamfunction field 1 is important on the
grounds of the fact that it allows us to know other quantities such as velocity, buoyancy,
pressure fields, etc. It stands to reason that different values of the surface buoyancy by

will yield different solutions of (3.46]).

Let us distinguish two cases now:

1. Interior-induced dynamics:

This case stems from removing the surface buoyancy (bs = 0) and allowing for QGPV
anomalies in the fluid interior (¢ # 0). Hence, the interior QGPV is conserved along
the geostrophic flow and we have the following equations:

(P 0% 9 (fs0Y
1= 5p2 oy? 02 \N20z )’
(QG) foa_w =0, (3.47)
0z |, _
dq
ka—t-l—u-VQ—O.

The set of equations (3.47)) is the classical model of the quasi-geostrophic theory
(QG) and its solution is represented by the interior streamfunction ;.
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2. Surface-induced dynamics:

On the contrary, this situation assumes no interior QGPV anomalies (¢ = 0). Be-
sides, conservation of the surface buoyancy along the surface geostrophic flow is
assumed. Hence

1= 922 oy? 0z

(SQG){ b, — f, g_w

N2 0z

Y

(0 0% 3(ﬁ&®

(3.48)

z=0
0b,
\ Ot

where us = u(x,y,z = 0). This set of equations (3.48) comes from the surface
quasi-geostrophic theory and its solution, the SQG flow, is represented by 14,.

4+ us - Vbs =0,

As a matter of fact, due to the linearity of (3.46)), its general solution 1 will account for
both, the QG and SQG contributions: 1) = ¥jn; +1sq (see [33]). In the following, we will
study the SQG system ((3.48)), which is the core of this project.

Let us now define a non-dimensional variable § = —. Thus
0
oY oY
by = fo — 0= —
Jo 0z|,_q = 0z |,_,
and
ob,

00

Note that 6 only depends on the spatial coordinates x,y but not on z since the surface
buoyancy b, does not depend on z. Therefore: 6 = 0(z,y,t),V(x,y,t) € R* x R,.

Moreover, let us also assume that the Brunt-Viisild frequency N? is constant, so that
the vertical coordinate z can be replaced by 2N/ f, which will be used as the new vertical
coordinate. Under these assumptions, it is straightforward to see that

0? 0? 0?
q= f+ f+ fZWw
ox oy 0z

Hence, the non-dimensional form of the surface quasi-geostrophic equations (SQG) reads

Vi3 =0, z>0, (3.49a)

oY
= — 49b
.0y
ZETOO E = U, (349(3)

oY oY
- == - 4

5 ( > 5 ZO), (3.494)
QQ+%~ve:. (3.49¢)
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Remark 3.4. Note that the set of equations - corresponds to the atmo-
spheric case, since we are considering a semi-infinite domain z > 0 in the vertical direc-

tion. In fact, equation s a boundary condition which means that when the height
z 18 big enough, then nothing happens.

Remark 3.5. In order to tackle the oceanic case, it would be enough to consider a finite

domain in the vertical direction and replace the boundary condition by
I

0z |._

=0, (3.50)
where H would be the depth of the bottom of the ocean.

Let us consider now equations ((3.49a) and (3.49b)):

V) =0,z >0,
Wy,
82 2=0

In the following, we will assume % to be 27-periodic so that it belongs to L!'(T") and we
can compute its Fourier transform. In fact, in the horizontal Fourier domain equation

(3-492)) reads

o
+ a—g(m,z) =0, z>0. (3.51)
Equation (3.51)) is a second-order differential equation in the variable z, whose solution is
given by

—[m[*$(m, 2)

@(m, z) = A(m)e™* + B(m)e ™= 2 >0, (3.52)
and differentiating with respect to z yields
53
a—w(m,z) = |m|A(m)el™* — |m|B(m)e~"I=.
z

So as to determine the coefficients A(m) and B(m) in (3.52)), we shall impose the boundary

conditions (3.49b)),(3.49¢|) on the solution (3.52)). In the horizontal Fourier domain, ({3.49b))
and ((3.49¢]) read, respectively,

Gy — 00 04
z=0 z=0
0l ) B
zEIJPoo g(m, z) = zEIJPoo g(m, z) = 0. (3.54)

Proposition 3.8. From equations - , the following identity is obtained in

the horizontal Fourier domain:

O(m, z) = —MG_W‘Z, z >0, (3.55)

|m|

where zZ(m, z) is the two-dimensional Fourier transform of 1 at the altitude z and é\(m)
is the Fourier transform of 6.
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Proof. On the hand one, the boundary condition (3.53)) gives
6(m) = |m|A(m) — |m|B(m). (3.56)
On the other hand, the boundary condition (3.54) gives
lim (|m|A(m)e|m|Z - |m|B(m)e_|mlz) = lim (|m|A(m)e|m|z) = 0.

z2—+00 zZ—+00

Thus, it necessarily holds that
A(m) =0. (3.57)

Combining (3.56) and (3.57) we get

0(m) = |m|B(m). (3.58)

Eventually, we substitute A(m) and B(m) obtained from equations (3.57)) and (3.58)) in
equation (3.52), obtaining

@(m,z) = ——Lelmz 2 > .
]

Note that taking z = 0 in equation (3.55)) gives the following expression relating buoy-
ancy to the streamfunction: R .

0 = —|m|is. (3.59)

Moreover, let us comment on the fact that the identity (3.59) is equivalent to the condition

0 = —(—V?)Y24,, by definition of the operator (—V?)/2. In conclusion, the 2D SQG
model can be expressed as follows:

0
%+uS~V9:O, (z,y,t) € R* x Ry,

u, = Vi, 0= —(—V)Y2%y,,

which is indeed the same formulation as . The only difference would be the fact that
in the subindex ”s” for the velocity have been omitted for the sake of simplicity.
Nonetheless, although we shall use this simplified notation later, one ought to bear in
mind that u and v stand for the velocity and the streamfunction at the surface.

Furthermore, we can rewrite the conditions u = V+¢ and 6 = —(—=V?)Y/% in (2.49) in
terms of the Riesz transform. The reasoning is the following:

(SQQ) (3.60)

1

w =V = a(m) = im*(m) = —Z|m—’§(m), (3.61)
m
where m* is the perpendicular vector of m, that is, if m = (my,my), then mt =

(—mg, my). In light of definition [1.17, we conclude that (3.61)) is equivalent to u = R16.
Thus, 2D SQG can be equivalently stated as
00
5 T Us VO =0, (z,y,t)eR*xRy,
us = R.

(SQG) (3.62)

This formulation is widely used in the scientific literature, take, for instance, [I1].



Chapter 4

Existence of Global Weak Solutions

4.1 Weak solutions

Let us consider the 2D SQG system on the torus:

{8t9+u-V0:0, (z,t) € T* x R, (4.1)

u=R"6.
with # = 0(z,t) a non-dimensional scalar field, u = u(z,t) the fluid velocity and ¢ =
Y(z,t) the corresponding streamfunction. For the sake of simplicity, we have introduced
the notation 0; for the partial derivative with respect to time. Besides, in contrast with
the previous chapters, we will use the variable x € T? for the spatial coordinates, on the

grounds of the fact that it simplifies the notation a lot. Nonetheless, the reader should
always bear in mind that x will denote a two-dimensional variable.

Let ¢ € C°(T? x [0,T]) be a test function such that ¢ is 27-periodic in space and
o(z,T) = 0 Vo € T2 1If a function 6 satisfies (4.1), then we can multiply by ¢ and
integrate over T? x [0, 7] obtaining

T
/ / (00 + u - VO)pdadt = 0. (4.2)
o Jr2

On the one hand, integration by parts in time yields

T T
/ O pdrdt — — / 00y pdudt + / lo(2, T)0(, T) — o(x, 0)0(z, 0)]da
0o Jr2 0o Jr2 T2 (4.3)

T
= —/ Gﬁtgodxdt—/ o(x,0)0(z,0)dz.
o Jr T2

On the other hand, integrating by parts in space and taking into account periodicity gives

/ (u-VO)pdr = —/ 0pV - udr — / Ou - Vd.
T2 T2 T2

However, since v = V*1) = V -u = 0, so
/ (u-VO)pder =— [ Ou-Vedr.
T2 T2

51
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/ ' /T 2(u-Vt9)g0dxdt / /T (u- Vot (4.4)

Eventually, we replace (4.3]) and (| in equation (4.2)) and we obtain

Therefore

/0 /Tz O(z,t)(Opp(z,t) +u(z,t) - Vo(z,t))dedt + / ©(x,0)0(x,0)dz = 0. (4.5)

T2
In light of the previous equation (4.5)), the definition of weak solution arises.

Definition 4.1 (Weak solution). Let 0y € L*(T?). A function 0 € L>([0,T]; L*(T?)) is
a weak solution of equation if for every test function ¢ € C®(T? x [0,T]) such that
o(z,T) = 0Vx € T? it holds that

/0 /TZ O(z,t)(Opp(z,t) + u(z,t) - Vip(z, t))dxdt + /11‘2 ¢(x,0)0y(x)dx = 0, (4.6)

where u = R0, for almost every t € [0,T).

4.2 Global existence theorem

It is possible to prove the existence of weak solutions for problem (4.1]) using integration
by parts and a commutator estimate. In addition, we shall also prove the conservation of
the Hamiltonian and the upper bound for the kinetic energy.

First of all, let us recall some results of functional analysis that we shall need later on.

Theorem 4.1 (Arzela-Ascoli). Let X be a compact metric space and let C(X) denote the
space of all continuous functions on X with values in C, endowed with the metric

dist(f,9) = max {[f(z) = g(x)| : v € X}

If a sequence {f,} C C(X) is bounded and equicontinuous then it has a uniformly con-
vergent subsequence.

We do not provide the proof of this theorem here, it can be found in [34] or [35].

Theorem 4.2. Let X be a separable normed space and {z!,} C X' a bounded sequence.
Then, there exists a subsequence of {z!} that is weak™® convergent.

For a proof, we refer to [30],[35].

Proposition 4.1. Let (X, |[|-||) be a normed space and let {x,} C X be a sequence that
is weak* convergent, that is, there exists v € X such that x,, — x. Then, the sequence is
bounded and

el < liminf [Jz, ]

The proof can be found in [35].
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Theorem 4.3. Let (X ||-||y) be a normed space and (X', ||-|| /) its dual. For any x € X
we have

[zl = sup{[f ()] : f € X', || fllx <1} = max{[f(z)]: f € X', |l <1}

Theorem is a consequence of Hahn-Banach’s theorem; we refer to [8] or [37] to see
the proof.

Lemma 4.1 (Generalised Minkowski’s inequality for sums). The inequality

0o p\ 1/p 0o 0o 1/p
(Z ) < (Z |Qi,k|p)
k=1 =1

i=1
The proof of this lemma can be found in [3§], for instance.

D Qi

k=1

is valid for p > 1.

Definition 4.2. Let P be an operator and f,u sufficient reqular functions. We define the
commutator [P, flu = P(fu) — f(Pu).

Let us recall that the operator A is defined via the Fourier transform as
Af(m) = ((=V*)2f)"(m) = |m|f(m),
for any f € L*(T?).

Proposition 4.2. Let ¢, € C*(T? x [0,T]). Then we have the following commutator
estimate:

1A, Vel o < 2m [l > IV o(D)].

lez?
Proof. By definition [£.2] and Plancherel’s identity [I.1] we have

1A, Vel 2 = IAVey) — Vo(A)]| 2

=27 (Z [(A(Ver) — Vw(A¢))A(n)|2) N : 4D
Let us now compute the term within the sum in [.7]
(A(Vipr) — V(M) () = [n|Vgi(n) — W( )
= |n| Z Ve(l)ih(n — 1) Z V(1) A (n — 1)
|n|l€§ij (n—1) lfj@(lﬂn—l@(n—l) (48)

=Y (nl=In=)Ve)dn —1).

€72
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Moreover, |n| = |n—1+1| < |n—1|+|l] = |n| —|n—1] <|l|. Hence, substituting equality
4.8 in equation [£.7] yields

o\ 1/2
I, Vel =2 [ 1> (Inl = In = I)VeD)i(n —1)
neZ? |leZ?
N 12 (4.9)
<or [ | u|Tewl|[dem-nl| ]
neZ? |lez?
and using Lemma [4.T] in [4.9) we obtain
1/2
-~ 2
vaﬂwhﬁ§h§:<§:Qﬂvmewn—D)>
leZ? \neZ? o (4.10)
_ ~ 2
=ﬂw2]Mva(EZWW—w ) .
lez? nez?
Eventually, bearing in mind that
~ 2 2
> [Em -0 = [dm)| =l
nez? nez?
we can rewrite as
NA, Vel < 20 3 11 [T 16l
lez?
[

Proposition 4.3 (Sobolev inequality). Let € > 0 be an integer and let f € H'T¢(T?).
Then

11l oo < Cellfll e s

where C, > 0 is a constant that depends on €.

Proof. By Proposition [1.2

fl@) =" flm)e™,

meZ?

and we also have the following estimates:

~ . R } 1 2\(14€)/2
@)l =| X Fomem| < 3 1Fomlle™* = 3 s )
" 1 mEf/Q e 1/2
= (ﬂg W) (mGZZQ(H |m\2)1+6\f(m)|2> :

Since the series ]
- <
Z (1+ [m|2)i+e 00,

meZ?
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is convergent, then we can denote its root square by C, and it holds that

[f(@)] < Cellfll e, Yo € T* = || fll oo < Cellfllppre -

Proposition 4.4. Let € > 0 be an integer and let f € L*(T?). Then, there exists
0 < A <1 that depends on € such that

Al

A
1Al < A z-+o

Proof. Let us observe that

= 3 ol = 3 el fm P fempe. )

1+
meZ2 meZ? |

1 1
Next, we use Holder’s inequality in (4.11|) with p = — and ¢ = ——. Thus

A 1—X
1-A
1715 < (Z T ) (Z Fm ) (1.12)
meZ? meZ2

Eventually, we can take A such that A = 5 _1|_ o In this way, it is clear that 0 < A < 1 and
(4.12) reads

-1 < I Nmao LI
That is to say,

1 = < oo 112"

]

Remark 4.1. Under the same assumptions, it can be shown in an analogous way that

1-A
Fllz"

A
Wl =12 < N flE-cero

In this case, we need to take \ = , S0 it still holds that 0 < \ < 1.

€

For any f € L'(T?), let us define the norm

1/2
11, = (Z |m|28|f<m>|2) .

meZ?

Proposition 4.5. Let 6 be a solution of and have zero average on the torus, that
18,

5(0,1) = # /T 0z, t)dz = 0.

Then, this condition is preserved in time, and the norms ||6|

s and ||0||, are equivalent.
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-~ ~

Proof. First of all, let us show that 0(0,¢) = 6(0,0) for any ¢ € [0, 7.

~

1 1
8t9(0,t) = 8t9(x,t)d:c = —W /H:Q u-Veodr = W - V - ubldx = 0,

(272) Jre

where we have used integration by parts and the fact that V- u = 0. Now, we are ready
to prove that the two norms are equivalent. On the one hand,

ge= > L+ M) 0m)E > Y [ml*(0(m)2 = |9l -

meZ? meZ?

16

On the other hand,

10l = Y A+ mPOm)P < Y @m[*)*|0(m))
meZ2,m#0 meZ2,m#0
=20 ) [mf*O(m)]® =27 |j6]l, -
mEZ?,m#0
All in all,
101 < 1011+ < 2°[161], ,
and the norms are equivalent. O

In the following, we will assume that the scalar field 6 has zero average on the torus and,
therefore, ||0]| ;. and ||0]|, are equivalent norms.

In addition, since u = R0, using Plancherel’s identity ([1.11]) it is straightforwrad to see
that

2 2
lullze = 1012 -

Theorem 4.4. For each T > 0 and 6, € L*(T?) there exists a weak solution 6 €
L>=([0,T); L*(T?)) in the sense of definition of the SQG equation (4.1). Moreover,

this solution preserves the Hamiltonian

1 1

—= [ w0)dr = —= | obodz, (4.13)
2 T2 2 T2

and satisfies the kinetic energy inequality
1 2 1 2
— | |u(@®)]"dx < = [ |ug| dx. (4.14)
2 T2 2 T2

Proof. Existence of global weak solution. To begin with, we shall prove the conver-
gence of the non-linear term using integration by parts. Let ¢ € C*°(T? x [0, T]) be
a test function such that p(x,T) = 0 Vo € T?. Since u = R0, then u = V¢ and
0 = —Avy. What is more,

YpeH = Ve L= AVyY) e H,

pe(C>®=VpelC™,
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so we have that

Qu - Vodr = —/ AYV Y - Vpdr = — (A, V9 - V), |,
T2 T2 )
= <A(VL¢)7 ¢VQO>H71,H1 + <A1/)7 ¢VL ) V90>L2,L2

= (AMV ), 9V0) s g = (V0 AWV)) s 1 (419)
=/, V- A(ypVp)da.
According to definition .2} [A, Vlyp = A(¢¥Vp) — VA and it holds that
/1r2 u - [A, Voldr = /1r2 u- A(YV)dr — /1r2 A - Vdz
=/, Vi - A(WV)dr + /1r bu- Vdr
= Q/T2 V- A(YV)da.
Thus, equation (4.15) is equivalent to
/T2 Ou - Vodr = %/W ulA, Vlide. (4.16)

Let us observe that for any test function ¢ € C*, we can apply Scharwz’s inequality
and Proposition [4.2] obtaining

/T ulA, Velwde < Jlull gz A Velwlle < 2m fulls [l Y 1HIVe@),

€72

and we also have that

1/2 1/2
— |l|2+€ e 1 €I~ =
S VeD =) 1= Vel < (Y 5 > V)
|| l
lez? lez2 lez? | | lez?
1 1/2 1/2
<> = DAV ) = CelVel o
]
lez? €72

(4.17)

1/2
1
where CE = <Z W) < 0.

lez?

Therefore, using Proposition together with (4.17)) we obtain the following com-
mutator estimate:

1A VEIY[ 2 < Ce [Vl gase 191 2 < Cell@l grose 191l 2 (4.18)
for any € > 0. Notice that we have omitted the constant 27 in since it does not
change anything and it would suffice to redefine the constant C..

The method to prove the existence of a weak solution of (4.1)) that we use here is
based on Galerkin approximations. Let n be a positive integer. We consider the
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orthogonal projector P, in HY = L? onto the span S,, of the Fourier modes e
with 0 < |m| < n, that is,

P.f(z) =Y fl)e™ Vf e LY(T?).
Im|<n

Our goal is to construct a weak solution using any appropriate sequence of approxi-
mations {6, }, called Galerkin truncations. For further reading on this topic see page
64 in [39]. For ¢ = 0 we have that 6(x,0) = 6y(x), hence we take ,(x,0) = P,0y(x).
Whereas in the case ¢ > 0 we have to solve 0;(z,t) + u(z,t) - VO(x,t) = 0 with

u(z,t) = R10(z,t), thus the Galerkin truncations are given by 6,,(z,t) + P, (un(,t)-
Vo, (x,t)) = 0 with u,(x,t) = R0, (z,t). All in all, the n-th Galerkin truncation
is an ODE system in the finite-dimensional space S,,, defined by

On + Po(u, - VO,) =0, t>0,

u, = R0,, t>0, (4.19)

Qn == Pne[), t= O

Notice that since u, = R'6,, Plancherel’s identity (1.11) yields ||[u,||5> = [|fn]l7.
To see that is indeed an ODE system we write down the Fourier series of the
terms involved. For 6,, we have

Onlz,t) = > cm(t)e™, (4.20)

Im[<n

and therefore ¢,,(t) are the Fourier coefficients of 6,,. We omit the dependency with
n in order to simplify the notation. The series for the term 6,, follows directly from

120 ‘ .
Oz, t) = Y cult)e™™. (4.21)

|m|<n

Next, we use Corollary so as to compute the Fourier transform of u,, - V0,:
U VO,(m) = Y Ta(m — k) - VO,(k) = Y Gn(m— k) - VO,(k).  (4.22)

kezZ? |k|<n

The Fourier coefficients u,(m — k) and @L(k’) are easily computed:

To(m—k) = RL0,(m — k) = —z%@(m k) = —z%cm_k(w, (4.23)
V0, (k) = ik, (k) = ikey(t), (4.24)

and substituting (4.23]) and (4.24)) into (4.22)) yields

U VO (m) = Y (m — k)~ (t) - ker(t).

Cm—k
k| <n [m = k|

Therefore, the series for the term P,(u, - V6,) is
P, (u, - V0,) = Z un/-\Vﬁn(m)em'373

Im|<n

Im|<n \[k|<n

(4.25)
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If we substitute equations 1) and 1) in equation 6,, + P,(u, - V6,) =0 of
(4.19)), we obtain

Y lem®+ > %Cm—k(t) kep(t) | €™ =0,

Im|<n |k|<n

but €™ is a complete orthogonal set, so

MOESY (m = k)~ (t) - ke(t) = 0¥ [m| < n (4.26)

m— k[ "
|k|<n
The initial condition in (4.19)) reads 6,,(x,0) = P,0y(x), thus

3 0™ = 3 Go(m)emt = Y <cm(0) . e}(m)) ¢me —

Im|<n Im|<n Im|<n
= ¢ (0) = Op(m),V |m| < n. (4.27)
After these computations, we finally conclude that the ODE system that stems from
(4.19) is
— k)t
en®) + Y eniBen® k=0, 1> 0,
[k<n [m = | (4.28)

for every m such that |m| < n. It is easy to see that using Picard’s theorem the
local in time existence and uniqueness of solutions.

Using Parseval’s relation it is straightforward to see that for any f,g € L*(T?)
the following identities hold:

— o _ o — - 2 y = N
[ PutPiin = [ Pufgto= [ Pgis = (2m 3 Fouil. 429

So it is clear that we can omit the orthogonal projector P,, when integrating as long
as there is a multiplying function that is projected. Moreover, since u, = R*0,,
then V - u,, = 0 and we have

/ O,u, - VO,dr = — / 0,V - u,0,dx — / v, - u,0,dx
T2 T2

T (4.30)
= O,u, - VO,dx =0
T2

In light of (4.29) and (4.30)), it holds that

/ 0, P (uy, - VO,)dx = / 0,u, - VO,dxr = 0. (4.31)
TQ ’]I‘Q
Furthermore
. 1 d, o
0, Py (uy, - VO,)dx = — 0,0, dr = —= —|0,|"dx. (4.32)
']1‘2 ']1'2 2 Tz dt
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Combining (4.31)) and (4.32)) gives

d
16013 =0,

SO

2m)° D lea(®)? = 1620172 = 102(0)[172 = 1 Paboll 7= < 160ll7- (4.33)

|m|<n

According to inequality (4.33)), the trajectory of the system lies in a ball in S,,. Since
S, is a compact space, we have that the solution for the Galerkin ODE (4.19)) exists
for every t > 0.

With the benefit of hindsight, we know that the condition u, = R*#6, can be also
stated as u, = V4,0, = —Av,. Next, we proceed with v, as we did with 6,
before.

Un Py (uy, - VO,)dx = Yoty - VO,dx
’ B (4.34)
Vi, - upb,de — UV - uy,0,de.
’]I‘Q

TQ

The first integral on the right-hand side in (4.34]) vanishes since V), - u,
= V), - V1), = 0. Besides, since u,, = V+,, then V-u,, = 0 and the other integral
on the right-hand side vanishes as well. Therefore

U Pp(uy - VO,)dx = Untty, - VO,dx = 0. (4.35)
T2 T2
In addition, we also have

Un Pty - VO,)dx = — [ ,6,dz. (4.36)
T2

’]I‘Q

Since 6,(z,t) € R for any (x,t) € T? x Ry, then 6, = a and Parseval’s relation

(1.13)) yields

-~ _

wnedx_ 2m)2 D"t (m)fn(m) = —4n? Z—@ 5 (m)
P g g |
C 24t S " - de T
— 1 ~
where we have used that 0,, = —A, = ¥,(m) = —mﬁn(m). Now, we substitute
m
(4.37) into (4.36)):
wn (U, - VO,)dr = 27° — H@ [y (4.38)

and combining (4.35) and (4.38]) we obtain

d
001 = 0.
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Thus
10, ()1 Fr=12 = [1Pabol| 712 - (4.39)

Again, taking advantage of the fact that V - u,, = 0, we integrate by parts:

/ oP,(u, - VO,)dx = / P,ou, - VO,dx
'H‘Q

TQ

= — VP,p-u,b0,dr — / P,V -u,0,dx (4.40)
’]1‘2

’]TZ

T2

Moreover, using (4.40|) and Proposition for any test function ¢ € H*™ holds

/T ) o0, (t)dx

/ oP,(uy, - VO,)dx VP, - u,0,dx
']1'2 TQ
0 (1)]|7

SVl oo 100l g2 N1l 2 < Cel[ Vel e
2
= Ce [l gave 10n(D)]l2

with € > 0. Then, inequality (4.33]) gives

/T2 ob, (t)dz

Since H~*9 is the dual space of H?*¢ (see [40]), we can apply Theorem to
conclude that

2
< C. HSOHH2+6 H90HL2 :

||én(t)||H—(2+e) < C. ||‘90||i2 ; (4.41)
uniformly on n. Let 7" > 0 be arbitrary but fixed and let ¢1,¢, € [0, 7]. Then,

to .
/ 6. (t)dt
t1

where the last inequality can be seen in [41]. Hence, using (4.41]) we have

160(2) = Ot -2 < Ce |0l (t2 — 1) (4.42)

to .
< / 16,(8) | r—sordt,

H—(2+¢) t1

160(2) — 00 (t)]]y-cor0 = \

In conclusion, (4.33) means that the sequence of approximations {6,(t)}, cy is uni-
formly bounded in C([0, T]; H~?+9), and (4.42)) means that the sequence is equicon-
tinuous in C([0, T]; H~3*9)). Therefore, we can use Theorem [4.1| obtaining

0,(t) — 0(t) in C([0,T]; H~**9). (4.43)

Above, one should be careful with this notation since we are using #,, to denote the
subsequence of {6,,(t)},cy. Moreover, since L>®([0, T]; L?(T?)) is the dual space of

LY([0,T7; L*(T?)) (see [41]), then, we can use Theorem to conclude that there
exists another subsequence 6, such that

0, (t) = 6(t) in L>=([0,T); L*(T?)). (4.44)

By proposition 4.4 we have

16(8) = @)l -1 < 116n() = O() | -cere 16 (8) — 6|12 (4.45)
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with A > 0. On the one hand, [|6,,(t) — 6(t)|| %@+ — 0 due to (4.43). On the other
hand,
160n() = 0@)ll 2 < N16n(®)]l 2 + [16) ] L2 < 21160l 2 (4.46)

so the term [|6,,(t) — 6(t)||}>" is uniformly bounded. Therefore, the right-hand side
of (4.45) tend to zero, and so does the term on the left-hand side. In other words,

0,(t) — 0(t) in L=([0,T); H1(T?)). (4.47)
The properties above and imply, respectively, that

un () = u(t) in L>([0,T]; L*(T?)), (4.48)

ba(t) = o(t) in L([0, T1; L*(T?)), (4.49)

with ¢ = =A™ and u = V¢ = R0, for almost every t € [0, 7).

For each n € N, T" > 0 and ¢ € C* we can integrate by parts as we did at the
beginning of this chapter but with (4.19) instead, and it yields

/ /Qn(x,t)ﬁtcp(a:,t)dxdtnL/ 0o(x)Pop(x,0)dx
0 U b (4.50)

T
+ / / On(x, ) up(x,t) - VPyp(z,t)dxdt =0
o Jr

Using ([4.44]), we obtain that the first term in (4.50]) weak* converges in L>([0, T]; L*(T?))

for almost every ¢ € [0, T], because

T T
/ /Hn(x,t)atgo(x,t)da:dt%/ /Q(x,t)('?tgp(a:,t)d:vdt
o Jr2 o Jr2

by definition of weak™ convergence. Plus, by (4.16]),

T T
/ / Ou - Vdrdt — / / O, uy - VPypdxdt
0 T2 0 T2 (451)

I I
= —/ / u[A, Vo|idxdt — —/ / un[A, VP, |, dxdt,
2 0 T2 2 0 T2

but we also have the identity

We need some computations to prove (4.52)). First, we expand the three terms on
the right-hand side of (4.52)):

[A, Vel = A(Vey) — VoAy, (4.53)
(A, V(o = Pop)]h =MV (p — Pap)h) = V(e — Pap) A
=NV = VPp) — VoA + VP, oAy (4.54)

=A(Vey) — MV Pp¢) — VoA + VE,pAY,

AV Pupp) — MV Prpn) — V PrpAy + V Py pA,.
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At this point, subtracting (4.54) and - to gives

and this proves (4.52)). Therefore, the right-hand side in (4.51)) is equal to

% / /T (1 — un)[A, Vlth + un[A, V(o — Pap)[t0 + un[A, VP, (¢ — 1)) dadt.

(4.56)
Let us study each term in (4.56]). According to (4.18]),
1A, Vel pe < Cellol grave 11l 2 = [A, Vel € L2,
Moreover, u,(t) = u(t) in L=([0, T]; L*(T?)). Thus,
/ / un|A, Volbdadt —>/ / (A, Vlidadt,
T2 T2
and for the first term in (4.56) we have
T
/ / (u — up)[A, Volpdzdt — 0.
o Jr2
Moving on to the second term, we have
/ un[A, V(e — Bup)lde < [|un]| 2 [[A, V(e = Pap)]¢]| -
T2 (4.57)

Ul g2 s

and since ||u, (t)]|32 = [|0a(t)]|52 < [|60]|52, the following estimate for (4.57) holds:

< Ccllunll 2 lp = Paoll g

[l Vo = Puglis < Colol 2 llp = Pasl e 161
T
Bearing in mind that

(¢ — Pap)(m) = @(m) — Pyp(m) =

~

p(m), if [m| > n,

we obtain
o = Papllgsee = D ImIP® (o = Pap)(m) [P = Y [m|*®F9|3(m)|* — 0.
meZ? |m|>n
Hence,

/ wn[A, V(i — Pog)]ibdz — 0.
T2

Eventually, we apply the same reasoning concerning the last term in (4.56)):

[ a0 TPl = ) < e WA TPl = )

< Cc ||un||L2 ||Pn<:0||H3+E ) — 7an”L2
< CelOoll 2 el grase 140 — Pl 12,
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but according to (4.49), ¢, — ¢ in L>([0, T]; L*(T?)), so ||¢ — ¥n|l;2 — 0 and
[l VPl — v)ds 0.
T2

Cutting a long story short, as n — oo, equation (4.56)) goes to zero and, as a
consequence, so does the left-hand side in equation (4.51)). In other words,

T T
/ / O uy - VPypdrdt — / / Ou - Vdzdt.
0 JT? 0 T2

Hence, all the terms in (4.50) converge and we have

/0 [ 0.0 Oe(w.t) +u(o.t)- Tl )dadt+ [ a)ola0)d =0

T2
which proves that there exists a weak solution of .
Kinetic energy inequality. Since v and 6 have the same L?-norm, implies that
lun ()72 < [lun(0)][72 < [luol7 -
Hence, we can apply Proposition and conclude that
@) < timin (]2 < uoll2.
which is the sought kinetic energy inequality.

Conservation of the Hamiltonian. First of all, let us observe that

0O = S plBmE = S dm)im)

meZ2,|m|#£0 | | meZ2,|m|#£0 |m
~ = 1
=— > d(m)b(m) = 2 W(t)0(t)dz,

SO 1
80l =~ | vafod

Analogously, it can be shown that

2 1
100 () 512 = ~ e /T a(t)0n(t)de

Using Remark [4.1] we have that for any e > 0 there exists 0 < A < 1 such that
A -A
16(8) = O |12 < (16 (8) = O [3-czv0 16(8) — OO [I12" -

Hence, using (4.43) and (4.46)), we conclude that
0, — 0 in L>([0,T); H~Y/*(T?)), (4.58)

and as a consequence

[ nl®0n()ds = | w(0)0(t)de.
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At this point, we are finally ready to conclude the proof of the conservation of the
Hamiltonian. On the one hand,

1
L R e O e

where we have used (4.39). While on the other hand

1 1

On(t)||—1 /2 = ——— )0, (t)dr — ——— £)0(t)dzx.

10,0 =~z [, Belalt)e ~ —gs [ w00(e)as
Hence

Y(t)8(t)dr = Yobodx
TQ 11-2
and the Hamiltonian is preserved.
O

Remark 4.2. In Theorem it has been proved that for any 0y € L*(T?), there exists

a global-in-time weak solution, as defined in to equations . Nevertheless, the
uniqueness of weak solutions is still an open problem. For less reqular initial data, the
non-uniqueness of the weak solution was proved in [{2].



Bibliography

1]

[10]

[11]

LAURENCE C.EVANS, Partial Differential Equations, SSN 1065-7339 Volume 19 of
Graduate studies in mathematics, American Mathematical Society, 1998.

FoLLAND, GERALD B., Introduction to Partial Differential FEquations, Princeton
University Press, Nov 4, 1995.

CLARICE DIAS DE ALBUQUERQUE, EDUARDO BRANDANI DA SILVA, WALDIR
SILVA SOARES JR., Quantum Codes for Topological Quantum Computation, ISBN
978-3-031-06833-1, Springer Cham, 04 August 2022, https://1link.springer.com/
book/10.1007/978-3-031-06833-1.

LoUukAS GRAFAKOS, Classical Fourier Analysis,Springer New York, NY,
eBook ISBN 978-1-4939-1194-3, 2008, https://link.springer.com/book/10.
1007/978-1-4939-1194-3.

O. BRAUNLING, Fourier Series on the n-dimensional Torus,Gesellschaft fir wis-
senschaftliche Datenverarbeitung mbH Géttingen (GWDG), 24 June 2004, https:
//www.uni-math.gwdg.de/schick/teach/jvnfourl.pdf.

J. YEH., Real analysis: theory of measure and integration, IBSN 981-256-653-8,
World Scientific Publishing Co. Pte. Ltd., 2006.

WALTER CRAIG, A course in Partial Differential Equations, American Mathematical
Society, 2018.

REMEDIOS MARINA Diaz GiL, El teorema de Hahn-Banach,Universidad
de La Laguna, Julio 2015, https://riull.ull.es/xmlui/bitstream/
handle/915/874/El+teorema+de+Hahn-Banach.pdf; jsessionid=
167290FA774944A4F25031E942DEO2AE?sequence=1,

Department of Pure Mathematics and Mathematical Statistics, University
of Cambridge, https://wwuw.dpmms.cam.ac.uk/~cmw50/resources/Part-II-AoF/
AoFCh4.pdfl

W. RUDIN, Real and Complex Analysis, 2nd ed., Tata McGraw-Hill Publishing Com-
pany, New Delhi, 1974.

SERGE G.RESNICK, Dynamical problems in non-linear advective partial differential
equations, University of Chicago, 1995.

66


https://link.springer.com/book/10.1007/978-3-031-06833-1
https://link.springer.com/book/10.1007/978-3-031-06833-1
https://link.springer.com/book/10.1007/978-1-4939-1194-3
https://link.springer.com/book/10.1007/978-1-4939-1194-3
https://www.uni-math.gwdg.de/schick/teach/jvnfour1.pdf
https://www.uni-math.gwdg.de/schick/teach/jvnfour1.pdf
https://riull.ull.es/xmlui/bitstream/handle/915/874/El+teorema+de+Hahn-Banach.pdf;jsessionid=167290FA774944A4F25031E942DE02AE?sequence=1
https://riull.ull.es/xmlui/bitstream/handle/915/874/El+teorema+de+Hahn-Banach.pdf;jsessionid=167290FA774944A4F25031E942DE02AE?sequence=1
https://riull.ull.es/xmlui/bitstream/handle/915/874/El+teorema+de+Hahn-Banach.pdf;jsessionid=167290FA774944A4F25031E942DE02AE?sequence=1
https://www.dpmms.cam.ac.uk/~cmw50/resources/Part-II-AoF/AoFCh4.pdf
https://www.dpmms.cam.ac.uk/~cmw50/resources/Part-II-AoF/AoFCh4.pdf

BIBLIOGRAPHY 67

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

[24]

[25]

NEAL COLEMAN, A derivation of the Navier-Stokes equation, B.S. Undergraduate
Mathematics Fxchange, Vol. 7, No. 1, 2010, https://cardinalscholar.bsu.edu/
handle/123456789/202368.

EDUARDO M. GARCIA JUAREZ, Trabajo Fin de Grado: Modelizacion y propiedades
de las ecuaciones de Euler y Navier-Stokes, Universidad de Sevilla, 27 de Junio de
2014.

J. H. LACASCE, Geophysical Fluid Dynamics, Department for Geosciences Univer-
sity of Oslo, November 23, 2015.

Tasos C. PAPANASTASIOU, GEORGIOS C. GEORGIOU, ANDREAS N. ALEXAN-
DROU, Viscous fluid flow, CRC Press LLC, 2000.

J. H. LACASCE, Chapter 8: The Streamfunction and Vorticity Department of Math-
ematics, University of Manchester, https://personalpages.manchester.ac.uk/
staff/matthias.heil/Lectures/Fluids/index.html.

Measure and Integration: lecture 17, Massachusetts Insti-
tute of Technology, October 30, 2003, https://ocw.mit.
edu/courses/18-125-measure-and-integration-fall-2003/
6£21af6c40deleccd70349bd3a3b0095_18125_lecl7.pdf.

2.2 The Atmosphere’s Pressure Structure: Hydrostatic Fquilibrium — METEQO 300:
Fundamentals of Atmospheric Science.,(s. f.).https://www.e-education.psu.edu/
meteo300/node/7.

Jost PINTO PEIXOTO, ABRAHAM H OORT, Physics of climate, New York : Amer-
ican Institute of Physics, 1992.

MADELEINE RENOM, Procesos termodindmicos en la atmdsfera (curso de intro-
duccion a la meteorologia, 2011 http://www.meteorologia.edu.uy/wp-content/
uploads/2019/intro_meteo_geografia/Bolillall_2011.pdf.

VALLIS, GEOFFREY K., Atmospheric and oceanic fluid dynamics: fundamentals
and large-scale circulation (2nd ed.)., Cambridge University Press, 2017, https://
www.cambridge.org/core/books/atmospheric-and-oceanic-fluid-dynamics/
41379BDDC4257CBE11143C466F6428A4.

Absolute Vorticity.(s. f.). National Oceanic and Atmospheric Administration. https:
//www.noaa.gov/jetstream/absolute-vorticity.

RossBy C.-G, Planetary flow patterns in the atmosphere, (). J. R. Meteorol. Soc.
66: Supplement, pp. 68-87, 1940, https://empslocal.ex.ac.uk/people/staff/
gv219/classics.d/Rossby-planflowQJ40.pdf.

GERALD SCHUBERT, Treatise on Geophysics,ISBN 978-0-444-53803-1, FElse-
wvier, 2015, https://www.sciencedirect.com/referencework/9780444538031/
treatise-on-geophysics#book-infol

Ocean Motion: Definition: Ocean in Motion - Geostrophic Flow.(s. f.). http://
oceanmotion.org/html/background/geostrophic-flow.htm.


https://cardinalscholar.bsu.edu/handle/123456789/202368
https://cardinalscholar.bsu.edu/handle/123456789/202368
https://personalpages.manchester.ac.uk/staff/matthias.heil/Lectures/Fluids/index.html
https://personalpages.manchester.ac.uk/staff/matthias.heil/Lectures/Fluids/index.html
https://ocw.mit.edu/courses/18-125-measure-and-integration-fall-2003/6f21af6c40de1eccd70349bd3a3b0095_18125_lec17.pdf
https://ocw.mit.edu/courses/18-125-measure-and-integration-fall-2003/6f21af6c40de1eccd70349bd3a3b0095_18125_lec17.pdf
https://ocw.mit.edu/courses/18-125-measure-and-integration-fall-2003/6f21af6c40de1eccd70349bd3a3b0095_18125_lec17.pdf
https://www.e-education.psu.edu/meteo300/node/7
https://www.e-education.psu.edu/meteo300/node/7
http://www.meteorologia.edu.uy/wp-content/uploads/2019/intro_meteo_geografia/Bolilla11_2011.pdf
http://www.meteorologia.edu.uy/wp-content/uploads/2019/intro_meteo_geografia/Bolilla11_2011.pdf
https://www.cambridge.org/core/books/atmospheric-and-oceanic-fluid-dynamics/41379BDDC4257CBE11143C466F6428A4
https://www.cambridge.org/core/books/atmospheric-and-oceanic-fluid-dynamics/41379BDDC4257CBE11143C466F6428A4
https://www.cambridge.org/core/books/atmospheric-and-oceanic-fluid-dynamics/41379BDDC4257CBE11143C466F6428A4
https://www.noaa.gov/jetstream/absolute-vorticity
https://www.noaa.gov/jetstream/absolute-vorticity
https://empslocal.ex.ac.uk/people/staff/gv219/classics.d/Rossby-planflowQJ40.pdf
https://empslocal.ex.ac.uk/people/staff/gv219/classics.d/Rossby-planflowQJ40.pdf
https://www.sciencedirect.com/referencework/9780444538031/treatise-on-geophysics#book-info
https://www.sciencedirect.com/referencework/9780444538031/treatise-on-geophysics#book-info
http://oceanmotion.org/html/background/geostrophic-flow.htm
http://oceanmotion.org/html/background/geostrophic-flow.htm

68

[20]

[27]

28]

[29]

[30]

[31]

[32]

33]

BIBLIOGRAPHY

By Storm Horizon at the English-language Wikipedia, CC BY-SA 3.0, Wikipedia
contributors. (2022). Potential vorticity. Wikipedia. https://commons.wikimedia.
org/w/index.php?curid=20265639.

B. J. HOSKINS, M. E. McCINTYRE AnND A. W. ROBERTSON, On the
use and significance of isentropic potential vorticity maps , Quart. J. R. Met. Soc.
(1985), 111, pp. 877-946 , 1985, https://rmets.onlinelibrary.wiley.com/doi/
10.1002/q7j.49711147002.

PETER CONSTANTINT, ANDREW J MAJDA AND ESTEBAN TABAK, Formation of
strong fronts in the 2-D quasigeostrophic thermal active scalar, IOP Publishing Ltd Ad
LMS Publishing Ltd, 15 July 1994, https://math.nyu.edu/~tabak/publications/
bigQG.pdf.

J. T.BEALE, T. KaTOo, AND A. MAJDA, Remarks on the Breakdown of
Smooth Solutions for the 3-D Euler Equations, Communications in Mathematical
Physics, Springer-Verlag, 1984, https://link.springer.com/article/10.1007/
BF01212349.

JAMES R. HOLTON, An introduction to dynamic meteorology, Fourth edi-
tion, Academic Press, March 31, 2004, https://www.elsevier.com/books/
an-introduction-to-dynamic-meteorology/holton/978-0-12-354015-7.

Unwversity of California San Diegohttp://maeresearch.ucsd.edu/linden/MAE/
ch3_04 . pdf!

WILLEM A. LANDMAN, MICHAEL BARNES, DONALD NKABINDE, Quasi-
Geostrophic Analysis, University of Pretoria, 2021, https://www.up.ac.za/media/
shared/106/ZP_Resources/WillemLandman/wkd361_notes_18october2021.
zp211446 . pdfl

AUTORJEAN N. REINAUD, XAVIER CARTON AND DAVID G. DRITSCHEL, In-
teraction between a Quasi-Geostrophic Buoyancy Filament and a Heton, Multi-
disciplinary Digital Publishing Institute, 3 July 2017, https://doi.org/10.3390/
flui1ds2030037.

JOEL H. SHAPIRO, The Arzela-Ascoli Theorem, Michigan State University, Depart-
ment of Mathematics, Spring 1999, https://users.math.msu.edu/users/shapiro/
Pubvit/LecNotes.html.

WALTER RUDIN, Functional Analysis, ISBN-10 0070542368, McGraw-Hill Sci-
ence/Engineering/Math, 1991.

ANTONIO HIDALGO TORNE, Trabajo Fin de Grado: Soluciones débiles en mecdnica
de fluidos. ,Universidad de Sevilla, Junio 2018.

JOHN B.CONWAY, A course in Functional Analysis. Second FEdition., Springer,
1996.

KwARA NANTOMAH, Generalized Holder’s and Minkowski’s Inequalities for Jack-
son’s q-Integral and Some Applications to the Incomplete q-Gamma Function, Ab-
stract and Applied Analysis, 16 July 2017, https://www.hindawi.com/journals/
aaa/2017/9796873/.


https://commons.wikimedia.org/w/index.php?curid=20265639
https://commons.wikimedia.org/w/index.php?curid=20265639
https://rmets.onlinelibrary.wiley.com/doi/10.1002/qj.49711147002
https://rmets.onlinelibrary.wiley.com/doi/10.1002/qj.49711147002
https://math.nyu.edu/~tabak/publications/bigQG.pdf
https://math.nyu.edu/~tabak/publications/bigQG.pdf
https://link.springer.com/article/10.1007/BF01212349
https://link.springer.com/article/10.1007/BF01212349
https://www.elsevier.com/books/an-introduction-to-dynamic-meteorology/holton/978-0-12-354015-7
https://www.elsevier.com/books/an-introduction-to-dynamic-meteorology/holton/978-0-12-354015-7
http://maeresearch.ucsd.edu/linden/MAE/ch3_04.pdf
http://maeresearch.ucsd.edu/linden/MAE/ch3_04.pdf
https://www.up.ac.za/media/shared/106/ZP_Resources/WillemLandman/wkd361_notes_18october2021.zp211446.pdf
https://www.up.ac.za/media/shared/106/ZP_Resources/WillemLandman/wkd361_notes_18october2021.zp211446.pdf
https://www.up.ac.za/media/shared/106/ZP_Resources/WillemLandman/wkd361_notes_18october2021.zp211446.pdf
https://doi.org/10.3390/fluids2030037
https://doi.org/10.3390/fluids2030037
https://users.math.msu.edu/users/shapiro/Pubvit/LecNotes.html
https://users.math.msu.edu/users/shapiro/Pubvit/LecNotes.html
https://www.hindawi.com/journals/aaa/2017/9796873/
https://www.hindawi.com/journals/aaa/2017/9796873/

BIBLIOGRAPHY 69

[39] PETER CONSTANTIN AND CIPRIAN FOIAS, Navier-Stokes equations, Chicago
Lectures in Mathematics, 1988, https://press.uchicago.edu/ucp/books/book/
chicago/N/bo5973146.html.

[40] PAuL DUCHATEAU, The Dual of a Hilbert Space, Colorado State University, https:
//www.math.colostate.edu/~pauld/M645/Duality.pdf.

[41] LAWRENCE C.EVANS, Partial Differential Equations: Second Edition (Graduate
Studies in Mathematics),ISBN-10 0821849743, American Mathematical Society, 1997.

[42] BUCKMASTER, TRISTAN; SHKOLLER, STEVE; VICOL, VLAD C, Nonuniqueness of
weak solutions to the SQG equation, Comm. Pure Appl. Math. 72, no. 9, 1809-187/,
2019.


https://press.uchicago.edu/ucp/books/book/chicago/N/bo5973146.html
https://press.uchicago.edu/ucp/books/book/chicago/N/bo5973146.html
https://www.math.colostate.edu/~pauld/M645/Duality.pdf
https://www.math.colostate.edu/~pauld/M645/Duality.pdf

	Abstract
	Resumen
	Mathematical preliminaries
	Hilbert and Banach spaces
	Fourier transform on the torus
	Schwartz class and distributions
	Riesz transform

	General insights about fluids and the SQG model
	Vorticity and streamlines
	Buoyancy and Brunt-Väisälä frequency
	Vertical vorticity and geostrophic flow
	Potential vorticity and SQG model
	3D Euler and 2D SQG

	General formulation of Surface Quasi-Geostrophy (SQG)
	Geostrophic and hydrostatic approximations
	Potential vorticity conservation
	Formulation of the SQG model

	Existence of Global Weak Solutions
	Weak solutions
	Global existence theorem

	Bibliography

