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Preface

This book has its origins in courses for graduate and undergraduate students
at the Moscow Institute of Physics and Technology (MPhTI). It is the result
of over forty years of the author’s work in the Laboratory of Geophysical
Hydrodynamics founded by A.M. Obukhov in the Institute of Atmospheric
Physics (TAP) of the Russian Academy of Science. The first four sections (Part
I) are devoted to the basic principles and laws of motion of ideal incompressible
and compressible fluids. Particular attention is given to the first integrals of
the hydrodynamic equations, and in particular, to the Kelvin invariant and
its analogs in stratified incompressible and compressible fluids, the Rossby—
Obukhov and Ertel invariants.

In Part II, we discuss what geophysical fluid dynamics is with its un-
usual properties of fluid motion along isobars and with its suppressed vertical
velocity component (the Proudman—Taylor theorem). In deriving the quasi-
geostrophic equations of motion we used the axiomatic approach to stream-
line the presentation. Namely, the whole space of inviscid global geophysical
flows is in a sense spanned by the four-dimensional Obukhov—Charney basis,
which is defined by the conditions of quasi-hydrostatic and quasi-geostrophic
equilibria, as well as the Lagrangian invariance of potential temperature and
potential vorticity. The problem of filtering fast motions and adaptation of
meteorological fields to the above mentioned equilibria is discussed merely
by illustrations and physical reasoning. We introduce the concepts of Rossby
waves, their resonant interaction, thermal wind, available potential energy, sin-
gular Helmholtz and Obukhov vortices, and we derive the Kirchhoff equations
for such vortices and demonstrate their applications in geophysical setting.

Part III discusses the problem of the barotropic and baroclinic stability
of global geophysical flows. It is preceded by a summary of the classical re-
sults in the theory of hydrodynamical stability, which is easily generalized to
the case of a rotating fluid. When choosing the material I enjoyed a short
and very intelligible book Hydrodynamical stability and atmosphere dynam-
ics by L.A. Dikii whose line I followed with minor changes in this book. Our
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exposition is supplemented by the consideration (following E. Lorenz) of over-
simplified nonlinear equations of atmospheric dynamics, which illustrate the
evolution of motion after the stability loss by the primary flow. We draw the
reader’s attention to the mechanism of baroclinic instability and its relation to
the available potential energy. In my opinion, the best physical interpretation
of this complex phenomenon was given by its discoverer Eady, and a modern
account of his work is included in that section.

Viscous geophysical flows and the general atmospheric circulation are dis-
cussed in Part IV; its content and exposition differ most of all from the tra-
ditional approach to these issues. After deriving the Navier—Stokes equations
the reader’s attention is focused on describing the geophysical boundary lay-
ers, namely, the Ekman and Proudman—Stewartson layers, responsible for the
dissipation of kinetic energy of global flows. We derive the quasi-geostrophic
equation for the transformation of the potential vorticity of a quasi-two-
dimensional barotropic atmosphere taking into account the planetary bound-
ary layer. Starting with this equation we study in detail the linear stability
of the Kolmogorov zonal flow (with the sine velocity profile) on the infinite
f-plane. In this exceptional case the linear stability problem can be solved
analytically. This clearly illustrates the crucial role of exterior friction created
by the planetary boundary layer for the stability characteristics of global at-
mospherical flows. The results of solving this problem are formulated in terms
of internal and external Reynolds numbers and then extended to flows with
arbitrary velocity profiles. These results point to the structural instability of
strictly two-dimensional flows with respect to the inclusion of friction. On the
other hand, omitting internal friction has practically no effect on the results
of quasi-two-dimensional theory. Thus, it becomes apparent that the crucial
parameter of the barotropic atmosphere is the Reynolds number defined by
the external friction, rather than the usual Reynolds number reaching astro-
nomical values for global motions. Self-similarity with respect to the internal
Reynolds number and the relatively low supercritical response of global move-
ments on the exterior Reynolds number is exactly what explains the relatively
quiet nature of general atmospheric circulation, which is not captured by the
developed large-scale turbulence.

The final Part V treats the general circulation of the atmosphere with the
help of its mechanical prototype, the Euler—Poisson equations of motion of a
rigid body, generalized to the case of a rotating system. It is worth mention-
ing yet one more distinctive feature of this course. Based on the concept of a
generalized rigid body introduced by Arnold and the concept of a generalized
heavy rigid body introduced by the author, we draw the following analogy.
On the one hand, one has the hydrodynamical Euler equations of motion of
an ideal fluid and the Oberbeck—Boussinesq equations of motion of a heavy
fluid, while on the other hand we deal with the Euler equations of a classical
gyroscope and the Euler—Poisson equations for motion of a heavy top. As a
consequence, such mechanical invariants as the square of angular momentum
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and projection of angular momentum to the direction of gravity are treated as
the Kelvin and Ertel invariants, respectively. The mechanical prototype of gen-
eral atmospheric circulation, which has the fundamental symmetry properties
of the original, is obtained by introducing linear friction, simulating the effect
of the planetary boundary layer and the Newton heat sources, which are pro-
portional to temperature deviations from the background. As a result, based
upon analytical calculations and numerical integration of few-component dy-
namical systems, one can view atmospheric action as a heat engine with its
Hadley and Rossby fundamental modes, its reverse meridional circulation cell,
its characteristic energy cycle, few-component stochastization, and therefore
the weather unpredictability for long periods, as well as its transitions from
one long-term metastable weather state to another that are not externally
motivated.

For better understanding, each chapter is equipped with exercises, hints,
and usually solutions. The book contains both theoretical and experimental re-
sults obtained over years in the Laboratory of Geophysical Hydrodynamics of
the TAP RAS by A. Batchaev, V.A. Dovzhenko, V.A. Krymov, D.Yu. Manin,
and Yu.L. Chernousko. One should add a few words about the numeration
of formulas and literature citation. Each chapter has its own numeration of
formulas, while when referring to a formula in another chapter one first spec-
ifies the chapter number and then the number of a particular formula. The
literature citation in each chapter is minimal and focuses mainly on the widely
available publications where the reader can find more details. The references
in the text are given only by the author’s name and the publication year or
by its number in the list at the end of the corresponding section. We give
more details on difficult-to-find publications, which are not (yet) included in
the well-known editions.

I am using this opportunity to express my sincere gratitude to V.P. Dym-
nikov for his encouragement of both my teaching activity and faster comple-
tion of the manuscript. Numerous consultations and the accompanying con-
structive criticism of my colleagues G.S. Golitsyn, V.P. Goncharov, V.I. Kly-
atskin, and I.G. Yakushkin were invaluable in preparing this material. I am
particularly indebted to A.E. Gledzer, E.B. Gledzer, and V.M. Ponomarev for
our productive discussions, proofreading of the manuscript and the prepara-
tion of illustrations.

F. Dolzhansky, August 2006
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Translator’s note

The second edition of this book appeared in Russian already after Felix
Dolzhansky’s untimely death. That edition was prepared thanks to the in-
valuable help of A.E. Gledzer' and E.B. Gledzer, who corrected misprints of
the first Russian edition and saw the new edition through all stages of the
editorial process. Their help was also pivotal in the preparation of the English
translation of the book.

I am indebted to A.E. Gledzer and E.B. Gledzer, to the Dolzhansky family,
and to the Springer office in Heidelberg for their kind support and for making
the English edition possible. I am particularly grateful to Ann Kostant for her
thorough editing of the text. Special thanks go to Masha V.Z. Khesin for her
generous help with this translation project.

Boris Khesin

June 2012, Toronto

! The present version of the book was finalized by June 2009 (e-mail: lgg@ifaran.ru)
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Part 1

Main Principles and Laws of Motion of an
Ideal Fluid






1

Equations of motion of an ideal incompressible
fluid; Kelvin’s circulation theorem

Fluid motion as a physical process is associated with the Euler or Navier—
Stokes equations in hydrodynamics. These equations describe an immense set
of qualitatively different phenomena — from the simplest small oscillations of
a continuum, such as the propagation of sound in a homogeneous fluid (gas),
to the mysterious phenomenon of turbulence observed in a vast majority of
natural and technological flows. This “comprehensive nature” of the equations
means that it is impossible (at least, as of today) to construct their general
solutions. Consequently, it also means that there is a need for an appropriate
reduction of these equations based on both observations and on the physical
nature of the class of motions under study. For this reason, by now individ-
ual areas of hydrodynamics, such as the theory of sound, vortex dynamics,
hydrodynamical stability theory, magnetohydrodynamics, convection theory,
aerodynamics and many others, have all taken on the status of independent
domains of science with their own physical features, applications, and often
with a specially developed mathematical toolbox, as is the case in nonlinear
wave theory.

Geophysical hydrodynamics has also become an independent science, en-
compassing a rather wide range of phenomena observed in rotating fluids.
These include, in particular, the oceans and Earth’s atmosphere, their labo-
ratory counterparts, atmospheres of other revolving planets, the Sun and other
stars, and even galaxies whose evolution takes place under general rotation.

In order to better understand what geophysical hydrodynamics is and what
place it occupies among other hydrodynamical sciences, it is worth recalling
the fundamental principles and laws of motion in fluids, as it is forbidden to
violate them in any kind of simplified formulation of problems.
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1.1 What is an incompressible fluid?

Let us start with an ideal, i.e., inviscid and non-thermo-conducting, in-
compressible fluid. Incompressibility means that during motion the density
p = p(t,x) of an arbitrarily isolated fluid parcel, regarded as a function of
time ¢ and location x, remains constant. Since the radius-vector x = x(¥)
of the location of a moving particle in turn depends on time, the constancy
condition of p is expressed mathematically by the equation
d 9]
d—fza—f—l—(uV)p:O, (1)
where u (¢,x) = % (¢t) is by definition the velocity of the flow at a point x at
the moment ¢t. The operator
d . 0
prialr +uV (2)
is called the substantial (or individual) derivative and it reflects the fact that
a change of some characteristics of a moving fluid parcel is not only caused
by its explicit time dependency, but also by the spatial nonhomogeneity of
this quantity. Its rate of change in the direction of the flow is given by the
derivative uV in the direction of the velocity vector u. A symbol = stands for
“by definition is equal to”.

We shall call the quantities characterizing the state of a fluid, e.g. its
weight and velocity, at any point of the space occupied by the fluid as field
characteristics or simply fields. Scalar field characteristics satisfying equation
(1) are called Lagrangian invariants. As we shall see below, they play a crucial
role in geophysical fluid dynamics. Let us emphasize yet one more time the
main property of a Lagrangian invariant, which follows from its definition: it
is passively transported by fluid motion, i.e., its value remains constant for
each individual particle, and it is only its location that changes.

1.2 Equations of motion of an ideal incompressible fluid

The single physical characteristic describing an ideal incompressible fluid at a
complete rest is its density, a local measure of inertia of a continuum. There-
fore, the motion of such a system has to be governed exclusively by mechan-
ical principles. As a source, one can use any two independent principles, for
instance, the law of conservation of mass and Newton’s second law, which
provide a foundation for formulating the equations of balance for energy, mo-
mentum, and angular momentum. For an arbitrary fixed fluid volume V', mass
conservation is expressed by the equation

0

= pdV:—%pu-dU:—/div(pu)dV. (3)

14 ov |4
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It expresses the fact that the rate of change of mass of the fixed volume is
equal to the mass flux through the closed surface 9V which bounds it. (The
minus sign on the right-hand side of equation (3) indicates that the direction
of the exterior normal n is chosen to be the positive direction of the fluid flux
through an element do = ndo of the surface V. As applied to an individual
fluid parcel of a unit volume this means that

% + div (pu) = dp

i == + pdivu = 0. (3a)

Due to (1), for an incompressible medium the equation (3a) splits into two
equations:

%i%+(uV)p:O, divu = 0, (4)

i.e., the motion of an incompressible fluid is described by divergence-free ve-
locity vector fields. Such fields are often called solenoidal.

Newton’s second law, as applied to an individual fluid parcel of the unit

volume, can be written as follows:

o5 =0 (5 + @v)u) . (5)

where F' is a constraint reaction, i.e., the total of all forces of the surrounding
medium acting on the particle.

However, the system of (4) and (5) is not yet closed, as the number of
the unknowns p, u = (uj,us,us) and F = (Fy, Fy, F3) exceeds the num-
ber of equations by two. Sometimes to close up the system (4) and (5) one
takes a somewhat inconsistent step that involves using the notion of pressure.
Pressure, strictly speaking, belongs to the realm of thermodynamics and thus
moves us outside of the scope of a purely mechanical point of view of the
medium being considered. This can be avoided by the following reasoning.

For the sake of simplicity let us assume that fluid’s density is constant
throughout and equals pg. In this case we can transform the system (4) and
(5) into the form

divu = 0, (6)

u F

aa—t:f(uV)qu%. (7)

Since there are no other independent principles of motion for studying a

fluid within a strictly mechanical framework besides those mentioned above,

one has to assume that there exists a scalar function p = p (¢,x) determined

by the equations of motion. This function defines F in the only invariant way
by the relation

F=-Vp, (8)

where the logic behind the choice of the minus sign will become clear below.
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The quantity p can be regarded as a gauge function that provides the
divergence-free (solenoidal) property of the right-hand side of equation (7)
and satisfies the Poisson equation

Ap=—po Y Ous 8“5 (i,k=1,2,3). (9)

(Apply the operator div to (7) while keeping in mind (8).)
Further, take into account that the force acting on an individual particle
of volume V is equal to

/FdVE—/Vpde—fpda
4

14 ov

(do is an area element of the closed surface OV which bounds the volume V).
We conclude that p is numerically equal to the force acting at point x on a
unit area of arbitrary orientation, i.e., the value p can be identified with the
pressure arising in the fluid due to its motion. Now the choice of the minus
sign in (8) becomes clear: positive acceleration of the fluid should be pointing
in the direction of the decrease in pressure, i.e., opposite to its gradient.

The above arguments remain valid for an incompressible fluid of variable
density, with the only difference that instead of (9), the pressure in this case
satisfies the equation

8ui Buk
Oxy Ox;

Ap—Vp-V(lnp)=—p) (9a)
ik

Thus, the equations of motion of an ideal incompressible fluid assume the
form

du ., Ou 1
. dp . Op B

The first equation is called the Euler equation of motion of an ideal fluid
(L. Euler, 1755). By using the well-known formula of vector calculus

3 (Vu)® = u x rotu + (uV)u, (12)
the Euler equation is often more conveniently rewritten in the Bernoulli or
Gromeko—Lamb form:

ou 1

2
5 U X rotu = —;Vp -3V (u)”. (10a)

Note an important distinctive feature of the Euler equation for a fluid of
constant density: its right-hand side is the gradient of a scalar function. In
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the case of variable density this could only take place if p = p(p), i.e., if the
pressure were a function of density (the case of a so-called barotropic fluid).
For an incompressible medium, this would mean overdetermined equations of
motion, as well as the fact that the pressure would move along with the fluid.
The latter is impossible because of the physical nature of this quantity. This
distinction is rather essential and, as we will see below, it affects the properties
of solutions of hydrodynamical equations, especially when the fluid is placed
in an external potential field.

1.3 Kelvin’s circulation theorem

The notion of vorticity and Kelvin’s theorem [Lord Kelvin, 1869] are fun-
damental in understanding and describing the motion of a fluid of constant
density (p = po)-

A curve L is said to be liquid if it moves along with the fluid, i.e., any
point on the curve L moves together with the fluid particle located at that
point initially. The circulation of velocity along a closed liquid contour C' is
defined by the integral

K = z{udr, (13)

where dr is an infinitesimal element of the contour C, equal to the difference of
radius vectors of its endpoints. Since the contour C' is deformed while moving
with the fluid, the substantial derivative of the quantity K can be found from

the equality
dK du dr
an 4 &= - 14
dt dt6r+j{u5<dt>’ (14)
c c

where by definition dr/dt = u. Hence

fué(fl;):fuéu:;fd(f)zo (15)

as an integral of a complete differential over a closed contour. Now substituting
(10) into (14) and employing the constancy of p = py and (15), for the same
reason we find that

dK du 1 1
— = Eér——%]{Vpér——%j{dp—O. (14a)
c c c

This proves Kelvin’s circulation theorem. According to this theorem K is a
Lagrangian invariant, i.e.,
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dK . d
C

Another formulation of Kelvin’s theorem is based on the application of the

Stokes theorem
%A(Sr = /rotAdo-, (17)
c

s
which holds for an arbitrary sufficiently smooth vector field A and an arbitrary
contractible liquid contour C. Here do is an infinitesimal area element of a
surface S bounded by a closed contour C. A contour is called contractible if
it can be smoothly deformed into a point without leaving the domain occupied
by the fluid.
According to the Stokes theorem,

K= %uél = /Qda, {2 = rotu,
c s

while for an infinitesimal closed contour C' the value of K can be written as

K= %u&l = 2do. (18)
c

This shows that velocity circulation along a closed contractible liquid contour
C can be interpreted as a vorticity flux given by the vector field §2 across the
surface bounded by the contour C.

The equalities (16) and (18) imply that the above-mentioned vorticity
flux is a Lagrangian invariant, and so in that regard one can consider a trans-
fer of vorticity by the fluid. As it becomes clear from the above proof, the

Contractible
contour

S Solid body

Non-contractible
contour

Fig. 1.1. Contractible and non-contractible contours in a two-dimensional fluid
filling a non-simply connected domain around a solid body.
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velocity circulation is preserved along any closed liquid contour, including
non-contractible ones, for example, the one encompassing a solid body in a
multiply-connected region (see Figure 1.1). Therefore one needs to remem-
ber that the velocity circulation is a broader concept than the vorticity one,
and it is used, for example, in the theory of flow of an ideal homogeneous
incompressible fluid around solids.

The Lagrangian invariance of the quantity (18) can be also interpreted in
terms of vortex tubes constructed as follows. Let us introduce the notion of
a vortex line, which by definition is tangent to the vorticity vector §2 at any
point. Vortex lines are defined by a family of solutions of differential equations

e _dy _dz

2. 2, @2 (19)

A set of vortex lines passing through points of a closed contractible curve
forms a cylindrical surface that is called a vortex tube (see Figure 1.2(a)). This
tube, by virtue of its construction, is such that on its surface 2-n = 0 (n is the
unit normal to the surface). Consequently, the vorticity flux through any of its
cross-sections do is constant along the tube and is called the intensity of the
vortex tube. Therefore, the vorticity transport by the fluid now means that
the vortex tube is liquid, i.e., it moves along with the fluid. Indeed, according
to the Kelvin theorem, the intensity of a moving tube remains constant.

For better understanding that a vorticity field is stationary relative to the
fluid or, equivalently, that its force lines are liquid themselves apply the rotor
operator to the equation (10a) using the following formulas of vector calculus

rot (A x B) = (BV)A — (AV)B + A divB — BdivA, (20)
rot (pA) = (Vo x A) + protA. (21)

Taking into account the divergence-free property of the velocity field
u = u (t,x), we obtain the vortex equation

(9] (9]
92 ot 2)=22 L wv) 92— @V)u=o, (22)
ot ot
named after Helmholtz (1858). The Helmholtz equation can be reformulated

as d02

According to Cochin, Kibel and Rose (see Bibliography) for the force lines
of a divergence-free vector field to be liquid, it is necessary and sufficient that
the vector field itself be governed by the Helmholtz equation.

Proving the necessity is straightforward. Let d1 be an infinitesimal element
of a liquid line (i.e., its tangent element), that is, it connects the vectors 1 and
14+ 61. Then the rate of change of this element is equal to the length’s difference
of that element at close moments, divided by the corresponding difference in
time:
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dol 81t + dt) — 61(¢)

dt dt '
A fluid parcel with vector 1 at time dt will travel into vector 1+ dt - u. Ac-
cordingly, a fluid parcel with vector 1+ 61 in time dt will travel into vector
14+ 014+dt-(u 4 du). Therefore, one obtains the new value of the vector o1(t+dt)
which connects new positions of the same fluid parcels:

Ol(t + dt) = 81(t) + dt - (u+ du) — dt - u = 61(t) + dt - du.

And since the velocity difference du at time ¢ of two fluid parcels distanced
by vector 41 is defined as (§1V) u, we obtain

Czl—il = (0lV)u or % = (01V)u — (uV)dl, (23)
which is equivalent to (22a) or (22).

To prove sufficiency, note that the incompressibility of the fluid implies
Lagrangian invariance of the volume element du = 6190, where 41 is a linear
fluid element and do is the area of an element of an oriented surface transversal
to d1 (Figure 1.2(b))

dop d

dt  dt
Being a linear liquid element, J1 satisfies the Helmholtz equation. Hence from
(23) and (24) it follows that do is described by the equation

(51:60) = 0. (24)

do _ . ou
a %o

or, in tensor notation by

Fig. 1.2. A vortex tube (a) and an infinitesimal volume element (b).
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d(SJi 5 8uk

(25)

dt Tk 8$Z ’

Indeed, substituting (23) into (24) and using the tensor notation we obtain

the equality
0 ddo;
5l (50k 81;? + d: ) =0,

which is equivalent to (25) due to the arbitrary nature of §l.

Now it is easy to prove that the force lines of a divergence-free vector
field are liquid, provided that the vector field satisfies the Helmholtz equation.
Indeed, by the definition of force lines (19) a length element §1 is also governed
by the Helmholtz equation. At some initial moment consider a volume element
op = 0l - do, where §o is an element of a liquid surface transversal to the
element 01 at their intersection point. Then since 6l and do satisfy (23) and
(25) respectively, one has that du is a Lagrangian invariant, i.e., it is a liquid
volume element, and hence 01 is a liquid length element.

In passing, note that a necessary and sufficient condition for a selected
surface to stay at rest relative to the fluid (i.e., that the surface is also liquid)
is the condition that every element of the surface do satisfies equation (25).

Exercises

1. Show that the vorticity at a point x is equal to the double angular
velocity of the local rotation of the fluid at the point x.

2. Consider a two-dimensional irrotational (i.e., everywhere 2 = 0) flow
of an incompressible homogeneous fluid in an infinite plane containing a solid
body. Assume that the circulation of the flow velocity along the boundary of
the solid is nonzero and equals I'y. Show that the velocity circulation over an
arbitrary contour encompassing the solid is also nonzero and equals .

3. Let a fluid be in a potential field ¢ (where V@ is a force acting on a
unit mass) and rotate as a whole with a constant angular velocity €2g. Show
that in the coordinate system rotating with angular velocity €2g the Euler
equations can be written in the form

du 1 1
dt—|—2QOxu:—pr+V<2(Qo><r)2+Q3)

Hint: Use the transformation formula for the time derivatives
dA (dA

— === Qo x A
dt dt)R+ 0
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where the index R stands for the time derivative in the rotating coordinate
system.

4. Assume that we do not know the equations of motion for an ideal incom-
pressible homogeneous fluid, but we do know that Kelvin’s circulation theorem
holds (e.g., as an empirical fact). Show that this theorem and the condition
of the medium incompressibility together imply the Euler equations of fluid
motion. (Newton’s Second Law could have been discovered using Kelvin’s
theorem.)
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Potential vorticity and the conservation laws of
energy and momentum for a stratified
incompressible fluid

2.1 Potential vorticity of a stratified incompressible fluid

For an incompressible but stratified fluid, for which p = p(¢,x) # po, the
Kelvin theorem is not valid in general. The reason is that the right-hand side
—p~1Vp of the Euler equation (1.10) might not be the gradient of a scalar
function any longer, and hence p~!Vpdr might not be a complete differential.
The latter condition was exactly what provided the vanishing of the right-
hand side of (1.14a).

Note, however, an important feature of the motion of a stratified fluid: it
is fibered into surfaces of constant density (isopycnic or iso-density surfaces)
and remains such in the process of evolution: every fluid particle belonging
to such a surface at the initial moments remains on the same surface due to
the Lagrangian invariance of density. (This is why stratified fluid is also often
called fibered.) In turn, the motion along any iso-density surface p (t,x) =
po = const is the motion of a homogeneous incompressible fluid, for which the
Kelvin theorem holds. In particular,

Ky = ]{uél = Qdoyg (1)
Co

is a Lagrangian invariant (dKo/dt = 0), where Cj is an infinitesimal closed
contour on the iso-density surface, while dog is an element of this surface
bounded by the contour Cy (Figure 2.1).

Consider a fluid tube intersecting surfaces of constant density, such that
one of the tube sections is a marked contour Cy. Two such surfaces corre-
sponding to close density values py and py + dp cut out a cylindrical element
of the tube, whose volume is equal to

dp = dog - ndh, (2)

where h is the height of the cut-out cylinder and n is the unit normal to the
iso-density surface. The normal direction coincides with the density gradient
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Vp = |Vp| - n. The value of dp in turn can be written as
op =|Vp|-oh. (3)
Now by comparing (2) and (3) we find that

tog = BB b0 b

SRR T 5, on BT 5P

while 5
Ko=Q-doo = Fa.vp.
dp

The invariance of Ky implies the invariance of the value of
n=Q-Vp (4)

(and vice versa) when taking into account that the values of du and dp are
conserved during the evolution process, respectively, by our construction and
in view of the incompressibility of the medium. The quantity IT is called the
potential vorticity (PV) of an incompressible fluid. In other words, the con-
servation of the potential vorticity exactly means applicability of the Kelvin
theorem to contractible liquid contours lying on surfaces of constant density.
(The notion of potential vorticity was independently introduced to hydrody-
namics by C.-G. Rossby (1939) in relation to the ocean, by H. Ertel (1942) in
its most general form, and by Obukhov (1949) in relation to the atmosphere.
In the following chapters we are going to return repeatedly to various mani-
festations of this notion or, more precisely, of the Kelvin invariance theorem.)

Fig. 2.1. The ends of a liquid cylinder situated on isopycnic (or iso-density) surfaces
p = po and p = po + 0p at the initial moment will remain on them during the
evolution.
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Formally one can prove the invariance of IT in the following way. Let us
apply the curl operator to the Euler equation (1.10a) in the Bernoulli form and
use the formulas (1.20) and (1.21). As a result we obtain the vorticity equation
for a stratified incompressible fluid, which is named after A.A. Fridman. By
taking incompressibility into account, this equation assumes the form

88—? —rot (ux Q) = %—? +(uV)Q— (QV)u= %Vprp. (5)

For a fluid of constant density it becomes the Helmholtz equation (1.22)
or (1.22a). We would like to make the following two remarks in this regard.
First, even for motion of a homogeneous incompressible fluid, the vorticity
tubes undergo stretching and squeezing, since the elements of the vortex lines
are governed by the same Helmholtz equation ddl/dt = (61V) u and hence are
not preserved in time. Secondly, by comparing (5) and (1.22) we see that inho-
mogeneous density of the fluid generates fluid vorticity. Therefore, a potential
vorticity-free flow (described by a scalar function ¢, u = V) of a stratified
medium is an exceptional rather than a typical phenomenon. On the contrary,
in a homogeneous fluid if its vorticity vanishes at the initial moment, such a
flow remains potential forever.

Now let us consider the inner product with Vp of the hydrodynamical
equations in Fridman’s form (5):

o Vp x Vp

V) — (QV)u=

5 7 (6)

The right-hand side vanishes in this case. For the left-hand side we use
straightforward transformations

Vo [uv) 2] = V) [(2-Vp)| - 2 [@v) V]

Vo [(QV) u} = (V) [(uV)p} —u- [(QV) vp} :

and hence their difference gives the second and third terms on the left-hand
side:

(uV) (n : vp) — Q- (uV) Vp — (QV) (uV) p +u - (QV) Vp.

The incompressibility condition implies that (uV) p = —0p/0t, and hence the
third term can be transformed further as follows:

i % g OV
—(QV) (uV)p = (QV) FTi Q T
Thus we come to the equation
o« oV
+Vp- 2+ (uV) (2-vp) + 0 an — +Q (V) Vp — u (QV) Vp.
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The right-hand side of the latter equality vanishes. Indeed, the simplest way
to see it is to rewrite it in tensor notation:

0?p 0?p

.Qi _— — T — 0.
il 0x0x; Uk 0x;0xy,
(where the same indices assume summation).
Furthermore,
N oVp 0
— 42 ——= (- .
Vo gr T T = g (V)

Hence by introducing the potential vorticity of an incompressible fluid
II = Q- Vp, one can pass from Fridman’s hydrodynamical equations to the
following conservation law:

a1l

; (&2-Vp)=0. (7)

Sl

2.2 The Bernoulli equation

One of the most curious integrals of motion of an ideal incompressible fluid is
the Bernoulli integral (Daniel Bernoulli, 1738). It is also called the Bernoulli
equation and it characterizes steady flows along trajectories of its fluid parti-
cles. One should emphasize that solutions of the Euler equation describe not
trajectories, but rather stream lines defined as such curves, whose tangents
at any moment coincide with the velocity directions of points on the curves.
Stream lines at a moment ¢ are defined as solutions of the equations

dx dy dz
- W ®)

u(x,t)  wv(x,t)  w(x,t)

(u = (u,v,w) are velocity components in the directions of the z-, y-, and
z-axes respectively) and they coincide with the trajectories of motion of the
fluid particles only in the stationary case. Indeed, tangents to stream lines
coincide with the velocity directions of different particles at a fixed moment
i time, while tangents to the trajectory coincide with the velocity directions
for the motion of a fized particle at different moments: the equation for the
trajectory of a fluid particle which at t = 0 was located at the point x = a has
the form % = u(X(t,a),t). In the stationary case all particles on one
and the same stream line move along one and the same trajectory.

The observation that trajectories and stream lines coincide in steady fluid
flows allows one to integrate the Euler equation along its trajectories. First, we
would like to stress the following important fact. If an incompressible fluid is
stratified, then during its motion a fluid particle never leaves the corresponding
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iso-density surface. In steady flows iso-density surfaces do not change their
location in space as time goes by. Therefore for each fluid particle on an iso-
density surface the normal (to the surface) component of the particle velocity
must vanish. This implies that in stationary flows of a stratified incompressible
fluid the trajectory of each fluid particle, and hence the corresponding stream
line, entirely belongs to the surface of constant density.

Now it is not difficult to find a first integral for a steady Euler equation
along the stream line. For this we use the Bernoulli form (1.10a) of the equa-
tion, and take its inner product with an arbitrary element of the arc dl of a
stream line

(uxrotu)-dl = <[1)Vp + ;Vu2> -dL 9)

The left-hand side of (9) vanishes, since the directions of dl and u coincide.
The right-hand side is a complete differential in the direction of dl, since the
integration is carried over a curve belonging to an iso-density surface, and
p~! can be taken under the gradient sign as a constant. Hence, along the

trajectory of a fluid particle the following equality holds:

| 8,

by

p
where the integration constant depends on the trajectory and it is determined
uniquely by any point x¢ on it.

The equality (10) is called the Bernoulli equation and it holds for an
arbitrary steady flow of an incompressible stratified fluid (and in particular,
even when rotu # 0). In the case of a potential flow of a stratified fluid
(u = V) the left-hand side of (9) vanishes for any element dl (not necessarily
tangent to the stream line). Therefore the integration constant in the Bernoulli
equation should be replaced by const (p), i.e., by a constant depending on the
choice of an iso-density surface only, but not on the trajectory of the fluid
particle. Finally, for stationary potential flows of a homogeneous fluid, the
integration constant is universal for the whole fluid domain.

= const (Xo) , (10)

2.3 Why do planes fly?

The classical example for an application of the Bernoulli integral. Let a narrow
wing have a profile as depicted in Figure 2.2. Suppose that it is immersed in
a fluid which has constant density p = pg and is approaching this wing with
constant velocity u = ug. Assume also that at the initial moment the velocity

circulation
K= ]{ u-dl
c

over a closed fluid contour C' encompassing the wing arbitrarily close to its
boundary is nonzero. Since the normal component of velocity to the wing
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Fig. 2.2. A constant flow of an incompressible fluid past a narrow wing.

surface is zero, the fluid contour C' will preserve the above properties for an

arbitrary long time. The value of K at any moment will be equal to its initial

value due to its Lagrangian invariance?.

Employing the Bernoulli integral, one obtains

1 1
P1—P2 = 5P (u3 —u3) = 3P0 (u1 + uz) (ug — u1),

where the values with indices 1 and 2 refer to the bottom and top edges of
the wing respectively. Since the wing is narrow (the ratio of its width to its
length is much smaller than 1) and due to the conservation of mass one has
(u1 + uz2) /2 = up. Hence

p1 — P2 = poto (U2 — u1),

while the vertical component of the resulting force is equal to

I
F= pouo/(u2 —uy) dz,
0

where [ is the wing’s length. The above-mentioned circulation is

l 0 l

Kz?(u~dl=/u1dx+/wdx:—/(ug—ul)dx
c 0

0 l
(here the positive direction is counterclockwise). Whence one has

2 In a viscous fluid the velocity circulation around the wing is forced, e.g., by a
propeller.
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F = —pougkK, (11)

which is the Kutta—Zhukovsky theorem on the lifting force on the wing. The
force is indeed lifting provided that K < 0, i.e., if the circulation happens to be
clockwise. In the opposite case the wing is pressed to the ground. In the latter
case it is called anti-wing and it is used, e.g., in Formula One racing cars to
strengthen their traction with the road. The required direction of circulation
is achieved by the attack angle and the wing profile in the direction along the
flow.

2.4 Conservation laws for the momentum and energy of
an incompressible fluid

For an ideal incompressible fluid the Lagrangian invariance of a quantity 6§ =
0 (t,x), i.e., 2—2 = 0, implies conservation of the integral

o) = [oan . 5 =0, (12)
1%

provided that the fluid fills a bounded volume V and there are no exterior
forces acting on it. Indeed, the Lagrangian invariance of € along with the
incompressibility property divu = 0 can be written in the form

0
% = —uVl = —div (uf). (13)
Integrate (13) over the fluid domain and use the Gauss—Ostrogradskii formula:
d
%/Hd,uzd—?:—/div(uﬁ)du:—]{ﬁuda, (14)
v v v

where OV is the closed surface which bounds the domain V, and do is an
oriented area element of this surface. This implies the statement of the con-
servation law (12), since there is no flux across the boundary 0V (u - do = 0)
and hence the right-hand side of (14) vanishes.

The converse statement is not true in general. For instance, under the
above assumptions the total kinetic energy of an ideal incompressible fluid
must be conserved due to the absence of dissipation and other types of en-
ergy. However, simple physical reasoning shows that this is not true locally
because an individual fluid particle interacts with the surrounding medium
and can lose or gain energy as a result of the constraint reaction forces, i.e.,
the hydrodynamical pressure.

The following question arises: what is the form of local conservation laws
for quantities whose total integrals are preserved? In this relation it is inter-
esting to derive local conservation laws for momentum and energy directly
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from the equations of motion (1.10) and (1.11) and to verify with their help
the invariance of the corresponding integral quantities. This is all the more
so since a priori nothing indicates that the Euler equations would imply the
conservation of total momentum and total energy.

2.4.1 The local momentum conservation law. In this case it is con-
venient to write the equations of motion (1.10), (1.11) in tensor notation:

Ou; ou; B dp

= 1
P ot + P 8xk 8%1 ’ ( 5)
Ouy, ap ap
e 0 ot T o, 0 (16)

Now, based on (15) and (16), we find the rate of change for the momentum
of an individual fluid particle of unit volume to be

dpu; @ B du; B dp B @ ou; B dp
- oxy, Ptk Oz, Ox; U\ i ox;

8xk paxk

dpu; dp Opu;uy Op
= —Ug = —

oxy Oz ox, oz’

where the last equality is due to g%: = 0. It follows that the local momentum

conservation law can be written in the form

(’)pui 8Fik
= — 17
6t al‘k ’ ( )
where
Iy = pujug, + dixp (18)

is the density tensor for the momentum flux, whose components describe the
flux of the ith component of the momentum of a fluid parcel of unit volume
in the direction of the kth component of the velocity. The latter becomes
evident if one integrates (17) over any closed fluid domain V' and applies the
Gauss—Ostrogradskii formula

0 ol

Jdu=— | —2du=— ¢ Ipnido. 1

B pu; A / or 1" ]{ kNgaoc ( 9)
\% \% v

Here dp is a volume element, OV is the closed surface which bounds the volume
V, nido is an area element of the surface, which is oriented by the exterior
normal ng. (The application of the Gauss—Ostrogradskii formula consists of
the replacement du d/0xy, — nido.) Now equality (19) complemented by (18)
can be rewritten in the vector form

% pudy = — f [pu(u-n) + pn]do. (20)
% ov
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It follows that the vector whose components are I;;n; and which is equal to
I'=pu(u-n)+pn (21)

defines the momentum flux in the direction n, i.e., across a surface element
of the unit area orthogonal to n.

Note that it is convenient to use the vector I' when posing the boundary
conditions, since according to (21) the momentum flux in the velocity direction
is equal to pu? + p, while this flux in any normal to the velocity direction is
merely p. Therefore, in particular, on the boundary between two non-mixing
media the pressure must be continuous, while the velocity may have a jump.

Now let V' be the whole fluid domain. Then the right-hand side of (20)
vanishes since there is no fluid flux across any surface element 9V and since
the total pressure acting on 9V vanishes. Thus the invariance of the total
integral of the momentum follows from the local momentum conservation law

(17), (18).

2.4.2 The local energy conservation law can be derived in a similar
way by computing the rate of change for the density of the kinetic energy
pu?/2 with the help of the equations of motion (1.10) and (1.11) (the reader
may want to do it as a useful exercise). Here we present the result based on
physical reasoning, which is often useful to undertake before a formal mathe-
matical consideration.

Let V be an arbitrary fluid domain bounded by a closed surface 9V. Then
the rate of change for the kinetic energy of the fluid inside this domain is
composed of the flux of the energy through the surface 9V and the work done
by the constraint reaction forces, i.e., by the pressure, over the given fluid
volume in the unit time. Mathematically this is expressed as the following

equality:
0
a/%pu2du= - f (zpu®)u-do — %pu-dff- (22)

v av v
The minuses on the right-hand side of (22) mean that do is directed as the
exterior normal to the surface OV
By applying the Gauss—Ostrogradskii formula to the right-hand side of
(22) and making equal the integrands of the left-hand and right-hand sides,
we conclude that the local energy conservation law is given by the equality

0 .

9 (3pu) = ~div [u (4 + 1)]. 2
This implies the conservation of the total kinetic energy of the flow. One can
easily see this by setting OV in (22) to be the boundary of the whole flow
domain, and using that the normal component of the velocity vanishes on
V.



22 Chapter 2. Conservation laws in a stratified fluid

Exercise

1. Derive the local energy conservation law (23) directly from the equations
of motion (1.10) and (1.11).
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Helicity, equations of gas dynamics, and the
Ertel invariant

3.1 The helicity invariant

The notion of helicity
Xx=u- (2 =rotu), (1)

although being less widely known, is rather important for the description of
such phenomena as tornadoes and typhoons. Unlike stream lines, the vortex
lines are frozen into the fluid, according to the Kelvin theorem. Hence for non-
stationary processes, the mutual location of vortex and stream lines, i.e., the
structure and topology of the flow, change in time. The value of x serves as a
measure of this local structure change. On the other hand, intuition suggests
that if the vortex lines are knotted or linked, the total number of such linkings
should not change during the evolution, at least for an unbounded volume of
fluid, since according to the Kelvin theorem the vortex lines are never born
and never disappear. This is why it is interesting to derive the evolution
equation for helicity to resolve the question on the existence of an integral
topological invariant. For this purpose we are going to use the Euler equation
in the Bernoulli form (1.10a):

ou Vp u?

while the vorticity equation can be put in the following form:

Q
%—t =rot (ux Q) — rot%. (3)

By multiplying (2) and (3) by € and u respectively and adding them
together we get on the left-hand side:

O(u-Q) /0t =0x/ot , x=u-N.
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On the right-hand side we make a note of the term (u x ) €, which vanishes
identically. Then the expression u - rot (u x ) can be rewritten by using the

formulas
div(AxB)=B-rot A — A -rotB, (4)
(AxB)xC=B(A-C)-C(A-B). (5)
(Here A, B, C are arbitrary sufficiently smooth vector fields.) Thus we obtain
the following expression: u - rot (u x ©) =div[Q (u-u) —u(u-Q)].
The right-hand side of the equation for the helicity evolution assumes the
form

div[Q(u-u)—u-x]—div{(i—i—(112'u)> n]

—Q-V;)JrV(i)'Q—u'rOt(vpp)- (6)

Further, we use the vector identity

rot (?A) = Va x A+ arot A, (7)

(where « is any scalar field) to transform the term (u -rot (%)).
Then the right-hand side simplifies to

—div {u.xﬂz.(z(“é“))] f%-(Qch)Jru- (Zg’xvp) (8)

We see that the right-hand side contains the by-now-familiar to us poten-
tial vorticity IT = € - Vp of an incompressible stratified fluid. We now obtain
the evolution equation for helicity x:

X _ 4 p_(ww)l P Vp
% dlv[u x + (p 5 7 II +u o x Vp].

By taking into account the easily derivable relation

[p p Vp
+div p2~(Vp><u)]_—p2-H+p2-(Vp><u),

one obtains the evolution equation for local helicity:

ox | p (u-u p 2p
A . Q. (£ £ ' y s
" div _u X+ (p 5 —|—p2 (Vp x u) 7

Using the formulas
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one has
Vp-(Vpxu)=u-(VpxVp)=-—u-(VpxVp),

which eliminates the last two terms from the right-hand side of the expression
for the helicity evolution and brings it to the divergent form

N _ p_(wuwy  p W
5 = le{ll X+ Q (p 5 +p2 (Vp x u) pQH. 9)

This expression establishes that the source of helicity is the potential vor-
ticity of the fluid. If the latter is absent, i.e., in the case of a homogeneous
medium, the right-hand side of (9) has the divergent form. In turn, this means
that the total helicity

H = /de (10)

\Y%

dH . P 15

— = X+ ——=

i /dlv [u X (Po e )] du
\Y4

floen(z-to)

oV

satisfies

and is preserved, provided that not only the stream lines but also the vortex
lines are tangent to the surface 0V which bounds the flow domain V.

The value of H, which is called the helicity invariant (discovered by
J.J. Moreau in 1961 and rediscovered by H.K. Moffatt in 1969) characterizes
the degree of knottedness or linking of the vortex lines. Note here without
proof that, for instance, in the case of two simply linked vortex rings with
strengths Iy and Iy (see Figure 8.3a) the value of helicity is H = =+ |I113],
where the sign depends on whether or not each of the rings moves in the di-
rection of the vorticity of the other. This statement will be proved in Chapter
8, where we introduce the notion of singular vortex lines and discuss their
behavior.

3.2 Equations of gas dynamics or equations of an ideal
compressible fluid

Recall that an ideal incompressible fluid in a steady state is described by the
only physical quantity, i.e., density, which measures the degree of inertia of the
medium. This is why the equations of motion of an incompressible fluid can
be formulated solely within the mechanical framework, where the pressure in
such a medium is understood as the constraint reaction and it vanishes when
there is no relative motion.
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In the case of a compressible fluid the situation changes drastically. The
density alone is not enough to describe the local physical state of the fluid,
since under uniform stretching or squeezing the density and pressure can as-
sume various values even when there is no relative motion. The momentum
and energy conservation laws form an incomplete system of equations, and to
close it up one needs additional considerations.

Taking the above into account, an ideal compressible fluid can be thought
of as a thermodynamical system. More precisely, it is a collection of thermo-
isolated thermodynamical systems that are fluid parcels whose macroscopic
state is described by two independent parameters, for instance, pressure p
and density p. (This is true provided that there are no chemical reactions
or phase transitions. Otherwise the chemical potential must be added to the
list of independent parameters.) Such a consideration is possible if the time
required to come to a thermodynamic equilibrium is much smaller than the
characteristic time for medium macroscopic changes. This is one of the fun-
damental assumptions on which N.N. Bogolyubov based his derivation of the
hydrodynamical equations from the Boltzmann equation, see e.g., (Uhlenbeck
and Ford, 1965). In the latter case the laws of equilibrium thermodynamics
are applicable locally and to close up the equations of motion one can use
the second law of thermodynamics. According to this law, the entropy of a
thermo-isolated system remains constant (and the energy exchange between
between particles takes place only due to the work of the forces of pressure).
This means that the entropy of an individual particle of an ideal compressible
fluid is a Lagrangian invariant. Then the equations of motion can be written
in the form

du ., Ou 1
E = E+(UV)U— —;Vp, (1].)
dp . 9p T
priale v (uV) p = —pdivu, (12)
ds . Os
E7a+(uV)S—O, (13)
s=s(p,p). (14)

Here s = s (p,p) is the specific entropy, i.e., the entropy of an individual fluid
parcel of the unit mass. It is assumed to be a known function of p and p as
a function of the state of a thermodynamic equilibrium system. The system
(11)—(14) is also called the equations of an ideal gas dynamics.
Sometimes it is convenient to write the adiabatic motion condition (13) in
the form of the local mass conservation law
ops

B +div (psu) =

dps

7 + psdivu =0, (13a)

while the Euler equation (11) can be written in the Bernoulli form (see (1.12)
and (1.10a))
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Ju 1 1 5
i uxrotu = f;Vp -V (2u > . (11a)

In general, it is useful to remember that the quantity ¢ = ¢ (¢,x) is a
Lagrangian invariant of the gas dynamics if and only if the equation for the
quantity @ = py can be written as the local mass conservation law.

3.3 Isentropic motion of a compressible fluid

One of the important cases of motion of a compressible fluid is its isentropic
motion, where by definition the entropy has the same value at all points of
the fluid. This process is physically possible, since if at the initial moment
the entropy has the same value for all fluid particles, so will it be for the
whole motion due to entropy’s Lagrangian invariance (13). The condition of
entropy’s constancy

s(p,p) = const (15)

determines the density p, and hence any other thermodynamical quantity, as
a function of pressure p only. (Recall that we do not consider here processes
related to phase transitions or chemical reactions.) The motion for which the
density is a function of the pressure only is called barotropic. Thus isentropic
motion is barotropic. The converse is also true. Indeed, the dependence p =
p (p) implies the dependence s = s (p), and according to (13)
ds ds dp ds
—=—-—=0=—=0=s = const,
dt — dp dt dp ®)
since p is physically not a passive scalar, and hence dp/dt # 0.
Now for the function f (p) = 1/p(p), we introduce its primitive
dp aw 1
R R (16)
p dp p
which allows us to represent the right-hand side of the Euler equation (11) in

the form ) AW
—=Vp=—-—-Vp=-VW.
p dp

Therefore for an isentropic or barotropic motion of a compressible fluid the
equations of gas dynamics assume a much simpler form:

0 0

a—ltl—l—(uV)u:—VW , a—[t)—&—div(pu):O L W=W(p), (17)
where W is supposed to be a known function of the pressure p and is called
the specific enthalpy or the heat function of the fluid unit mass. (Recall that,
generally speaking, enthalpy of a thermodynamical system of the unit mass
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is defined by the equality dW = T'ds + p~'dp, which for an isentropic process
coincides with the definition of the primitive (16). Here T is the absolute
temperature of the medium.)

Equations (17) are called the equations of motion for a barotropic fluid
and they possess a number of remarkable properties. In particular, the Kelvin
theorem on the conservation of circulation over any closed fluid contour holds
for them, as well as does the Bernoulli equation hold for stationary trajectories
of fluid particles, which can be written in this case in the following form:

%uz + W (p) = const. (18)
(Let us remind the reader that if the flow is not potential, the choice of the
constant in (18) is determined by the trajectory along which we integrate.)

The above mentioned properties directly follow from the fact that the
right-hand side of equation (17) becomes a complete differential after taking
its inner product with an element dr of the integration curve (see Chapter
2, Section 2.2). From this point of view a barotropic fluid is analogous to
a homogeneous incompressible fluid. Note that the latter formally satisfies
the definition of a barotropic fluid, for which W = p/p,, and it is the only
incompressible barotropic fluid (why?).

3.4 The Kelvin theorem and the Bernoulli integral in
gas dynamics

For non-isentropic, also called baroclinic, motion of an ideal compressible fluid
the Kelvin theorem does not hold in general. However, similar to the fibration
of an ideal nonhomogeneous fluid into isopycnal surfaces, an ideal compressible
fluid is fibered into non-intersecting isentropic surfaces. Indeed, a fluid particle
belonging initially to one of such surfaces remains sitting on it during the
whole evolution due to the Lagrangian invariance of the quantity s. For the
same reason the same happens with a closed fluid contour initially belonging
to a surface of constant entropy. By taking into account that the motion along
such surfaces is barotropic, according to the preceding section, one can apply
to this motion the Kelvin theorem and the Bernoulli equation. In other words,
the following statements hold.

I. During a baroclinic motion of an ideal compressible fluid the velocity
circulation over a closed fluid contour lying on an isentropic surface is pre-
served.

II. For stationary flows of an ideal compressible fluid the quantity B =
%uz + W (p, s0) is preserved along the trajectories of fluid particles, where the
value of W (p,so) = [ dp/p(p,so) depends on s(p,p) = so as a parameter
defining the surface to which this trajectory belongs.
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Being applied to an infinitesimally small closed contour Cj, belonging to
an isentropic surface s (p,p) = so, the statement I means that the quantity

Ko = j{udr =rotu-doyg (19)

Co

is a Lagrangian invariant. Here dog is an oriented area element of the
isentropic surface bounded by the contour Cy. In addition to the surface
s(p,p) = S0, let us consider infinitesimally close to it the isentropic surface
s(p,p) = so + ds. Through the contour Cy, we draw a liquid cylindrical sur-
face, whose intersection with the additional isentropic surface is also a closed
contour (see Figure 2.1). The ends of the constructed cylindrical element will
remain on the corresponding isentropic surfaces during the evolution. Then
the mass of the fluid parcel under consideration can be found according to
the formula

M = phn - doy, (20)

where n is the normal to the surface sy whose direction coincides with Vs
and h is the cylinder height. Because of the infinitesimal proximity of the
isentropic surfaces, the value of ds can be written as

0s=Vs-nh. (21)

By comparing (20) and (21) we conclude that

Plug (22) into (19) and recall that 6s and M do not change during the evolu-
tion: the former is preserved according to the definition of §s, while the latter
does not change as the mass of the given fluid volume which consists of the
same particles at any moment. This allows us to conclude that the invariance
of Ky implies the invariance of the quantity

rotu-Vs
5 .

g = (23)
The latter quantity is called the potential vorticity of the equations of gas
dynamics or the Ertel invariant. H. Ertel (1942) proved the invariance of ITg
for the first time directly from the equations of motion (11)—(14) by vector
calculus methods (see Exercise 2). The discussed above elegant and physically
transparent derivation of the invariance of IIg, as well as its direct relation
to the Kelvin theorem, was proposed by F. Moran (1942) the same year, and
then, apparently independently, reconstructed by J.G. Charney (1948) in his
famous work on the dynamics of global geophysical flows.
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Exercises

1. Why can a barotropic fluid of nonhomogeneous density not be incom-
pressible?

2. The balance equation for the helicity of a homogeneous rotating fluid
in a potential field ¢ has the form

0

o [u (rot u + 49p)]

g p L o p

=—diviufu(rotu+2Q)]+ | —+P— -u® |rotu+4Qe | —+ P | ;.
Po 2 Po

Show this by using the equations of motion written in a rotating coordinate
system (see Section 1.4 in Kurgansky, 1993)
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The Rossby—Obukhov potential vortex; energy
and momentum of a compressible fluid;
hydrodynamic approximation of equations of
gas dynamics

4.1 The Rossby—Obukhov potential vortex in
shallow-water theory

The notion of a potential vortex is of crucial importance for geophysical fluid
dynamics and dynamic meteorology. So in addition to its formal expressions
IT=Q-Vp (see (2.4)) and ITg = @ (see (3.23)), we would like to provide
the reader with its expression for the equations of shallow-water theory. The
latter are equations describing a two-dimensional motion of a thin layer of
an ideal incompressible fluid of constant density pg with a free surface in a
gravitational field (Figure 4.1). The layer thinness condition means that the
characteristic horizontal scale L of the flow is much greater than the layer
thickness H. This allows one to neglect vertical accelerations of particles in
comparison with both the gravity acceleration g and the dependence of the
horizontal components of velocity on the vertical coordinate z. In this case,
the pressure p satisfies the quasi-hydrostatic relation

0
£+9p0:0, p=pog (H(x,y,t) — 2), (1)

while the equations of motion assume the form

ou ou ou oOH

o o oy T Yo ®
@—&-u@—kv@—— a—H (3)
at " or T Vay T Yoy

dH Ou Ovy, OH 0(Hu) O(Hv)

a PGt ) = art T ey O )

Here u = u(x,y,t), v = v(x,y,t) are z-independent velocity components
in the directions of z- and y-axes respectively. The equation (4) is obtained
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by integrating in z the divergence-free condition for the three-dimensional
velocity field Ou/0x +dv/dy + Ow/0z = 0, given that w (z = 0) = 0 (the layer
rests on an impermeable surface) and that w (z = H) = dH/dt by definition.

Equations (2)—(4) have a beautiful interpretation in terms of gas dynamics.
Namely, they describe barotropic motion of a two-dimensional compressible
fluid whose pressure and density are constrained by the polynomial relation
(polytropic gas)

p = zagp°,

where « is a dimensional constant. Substituting this relation into (3.11) and
making the change ap = H in (3.11) and (3.12), one obtains the shallow-water
equations.

Now one can proceed with a formal approach and apply the Kelvin theorem
to the barotropic motion of a two-dimensional gas. According to this theorem,

the value
K =10.do

is a Lagrangian invariant. Here 2, = dv/dx—0u/dy is the vertical component
of vorticity (all other components vanish because of the two-dimensionality
of the motion) and do is the area of any horizontal cross-section of a liquid
column. This area is bounded by an infinitesimal closed contour C' (see Fig-
ure 4.1) contained entirely in the plane (x,y). Note that do = m/pgH, where
the mass m of the column comprised of the same particles remains unchanged
during the motion. Then the Lagrangian invariance of K implies Lagrangian
invariance of the quantity

IIpo =12, /H. (5)

This quantity is called the potential vorticity for shallow-water equations. It
was in this form that the concept of potential vorticity was introduced into
geophysical hydrodynamics by Rossby (1939) for the ocean and, indepen-
dently, by Obukhov (1949) for the atmosphere. The reader can easily verify
the invariance of this quantity by means of a direct calculation (Exercise 1).

Recall (see Exercise 1.1) that {2, = 2w, where w is the angular velocity of
local rotation of the fluid. One should note that the invariance of IIzo in the
shallow-water theory is equivalent to the conservation of angular momentum
of the liquid cylinder, whose base is the element do, and H is its height
(Figure 4.1). Indeed, the momentum of inertia of the cylinder is

1, 1 1 Vv 1 m?1
I=—-mr‘=_—mdo=_—m—=———,
2 27 2 H 27w po H

where r is the cylinder radius and V = do H is its volume. Then its angular

momentum is )
1 m= £,
M=Ilw=———7". 6
. 47 £o H ( )
This implies that the singled out cylindrical element behaves similarly to
a ballerina or figure skater who, by stretching upwards and raising their arms
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Free surface

Hix.pt)

. -
LT A

Fig. 4.1. The shallow-water theory describes a two-dimensional motion of vertical
liquid columns in a layer of fluid of constant density p = po with a free surface in
the field of gravity.

can speed up their rotation and, vice versa, by “flattening”, i.e., by squatting
and spreading their arms can slow it down.

The theorem on conservation of potential vorticity also provides some in-
sight into the behavior of an inhomogeneous fluid, whether it is a gas or an
incompressible inhomogeneous fluid, which splits into disjoint isentropic or
isopycnic surfaces that are intersected by vortex tubes. Besides, due to rela-
tion (5), areas of higher concentration of the above-mentioned surfaces (i.e.,
area of smaller values of H) are characterized by lower vorticity (smaller val-
ues of £2,), and vice versa. This results in alternating higher and lower local
twists of the fluid. Areas of higher vorticity can cause turbulence to appear.
Therefore, it is possible that turbulent spots observed in both the atmosphere
and in the ocean, and chaotically arranged at different heights or depths are
formed under the influence of the irregular stratification of compressible or
inhomogeneous incompressible fluid.

4.2 Conservation laws and fluxes of energy and
momentum in compressible fluids

There is a fundamental distinction between a gas and an incompressible fluid.
As a thermodynamical object any gas particle, along with the kinetic energy of
its macroscopic motion, possesses an internal energy that serves as a measure
of the total kinetic energy of all the molecules forming that particle. The fol-
lowing considerations point to the possibility that while a particle is in motion
one type of energy transforms into another. The first law of thermodynamics
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for a fixed mass system is expressed as follows:
de =Tés — pdV =Tés + %5/), (7)
p

where e, T, s, pand V are, respectively, internal energy, absolute temperature,
entropy, pressure and volume of the medium considered.

According to (3.12) and (3.13), in the application to an adiabatic motion
s of an individual gas particle of a unit mass, the formula (7) can be rewritten
as

%—ﬁ@zgwu (8)

dt — p? dt

It follows that if divu # 0, then the macroscopic motion of a fluid can

cause changes in its internal energy, and vice versa, a change in internal energy

inevitably generates a macroscopic current. Therefore, for gases the equation
of balance of local energy has to be written for the value

E=p(3u*+e), (9)

which expresses the total energy per unit volume of the fluid.
Now let us compute OF /0t using the equations of gas dynamics (3.11)—
(3.14). According to (7)

0 (pe) = edp + pTds + %6p = (E + 2;) dp+ pT'ds.

This implies that

Ope p\ Op Js
&(Hp)&+ﬂ&'

Employing now (3.12) and (3.13) to calculate dp/dt and 9s/0t, one obtains

% =— (6 + i) div (pu) — pT (uV) s. (10)

Again apply the first law of thermodynamics (7) and with uV replacing a
rather arbitrary differential operator § in front of the quantities €, s and p on
both the left- and right-hand sides of the equation. This way we find T' (uV) s
and plug it into the expression (10). Finally, we have

Ope _ . P
vl div {pu <6+ p)} +uVp. (11)

Similarly, (3.11) and (3.12) can be used to compute

0 u .
5 (1pu®) = pu— + tu’— = —pu (uV) u — 2u’div (pu) — (uV)p,
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0 .
7 (hou) = —div (uppu?) — (u¥) p

Adding the latter equality with (11) we can express the energy conservation
law for a compressible fluid by the equality

o+ =—av{m (et res D)L )

where € + p/p = W is an enthalpy per unit mass of the fluid. Its appearance
on the right-hand side of (12) is due to the work of the pressure forces (cf.
(2.23)).

As for the the local law of momentum conservation, it assumes the same
form for a gas as for an incompressible fluid, i.e., by formulas (2.17) and
(2.18) (why?). This can be easily verified by a direct calculation using the
equations of motion (3.11)—(3.14). (We encourage the reader to do this as a
useful exercise.)

4.3 The speed of sound

We observed that a gas medium accumulates two kinds of energy, internal and
kinetic, along with the possibility of their transformation into each other. This
points to the fact that a gas, unlike an incompressible fluid, can perform free,
or so-called eigen, oscillations, i.e., oscillations in the absence of any external
influence. These oscillations can be induced by initially creating a domain of
higher (or lower) density by a local adiabatic compression (stretching). Be-
cause of this work, an excess (or a deficit) of pressure that forms in such
a domain prevents further compression (or stretching) and creates, in turn,
a reciprocal force. As a result, the areas of compression and stretching will
spread throughout the fluid (like circles on the water surface) generating lon-
gitudinal (in contrast to the water surface) oscillations of the fluid particles
in the vicinity of their original location. This process is known as sound, and
its propagation speed is one of the fundamental physical characteristics of a
compressible fluid. In particular, this characteristic allows one to formulate
sufficient conditions in order to ignore medium’s compressibility, thus materi-
alizing the seemingly rather abstract concept of an ideal incompressible fluid.
In this regard, it is worth recalling the formula for the speed of sound.

If the equilibrium state of a compressible medium is defined by the constant
values u =0, p = pg, p = po and s (po, Po) = So, then with pinpoint accuracy,
small oscillations of this medium can be described by linear hydrodynamic
equations:

ou’ 1_,
N VA 1
ot Lo b ( 3)
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L~ pevu, (14)
where u’, p’ and p’ are small perturbations with zero mean value, and besides

s(po+p'spo+1") = so, (15)

because the motion of an ideal compressible medium is adiabatic. (We ignore
nonlinear terms as quantities of a higher order of magnitude in comparison
with perturbations.)

Now regarding the pressure as a function of thermodynamical quantities s
and p and keeping in mind (15), it is easy to see that p’ and p’ are connected

by the following relation:
8p>
/ /
p == 0. 16
(5/) s=s0 (18)

Obviously, (0p/dp),_,, = const > 0 since the excess/deficit of the pressure
leads to an increase/decrease of the density. Let us then set

<g’;)s_so =c. (17)

By substituting expressions (16) and (17) into equation (13) we get

ou’ c?

Now eliminating Vu’ from (14) and (18) we obtain the wave equation for p’
anl

5z Ap =0, (19)

where ¢ =, /(Op/0p),_,, is the propagation speed of acoustic waves.

Essentially, the speed of sound characterizes the degree of compressibility
of the medium: the higher the ¢, the less compressible is the medium. As a
rule, variations in entropy are small compared to its background value sg =
(s), so the quantity \/(0p/0p), depends rather weakly on the space-time
coordinates. Taking that into account, the speed of sound should be regarded
as a fundamental physical parameter of a continuum, although it does not
explicitly enter the equations of motion.

Expression (17) determines the speed of sound by the adiabatic compress-
ibility of the medium. Since in applications one uses absolute temperature T’
instead of entropy s to describe a thermodynamical system, it is more conve-
nient to rewrite the expression for the speed of sound in terms of isothermal
compressibility, applying the following well-known thermodynamic relation:

Y _ G (O
().~ (), o
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where C, and C, are specific heat capacities of the medium at constant pres-
sure and constant volume, respectively.

In particular, for an ideal gas (from a thermodynamical point of view),
whose state is described by the Mendeleev—Clapeyron equation

p = pRoT/pu = pRT (21)

(where Ry is the universal gas constant, p is the molecular weight, and R is
the universal gas constant), the speed of sound is given by

c¢=+/YRT (where v=C,/C,). (22)

In this formula the value of v is usually weakly dependent on the temper-
ature.

Consequently, the speed of sound in a gas is ¢ ~ /T and it is almost
pressure-independent at a fired temperature.

4.4 Hydrodynamic approximation of the equations of gas
dynamics

From a formal thermodynamical perspective the incompressibility of a
medium means that

Indeed, let us fix an arbitrary volume V of the medium bounded by a closed
surface S, and subject it to an adiabatic compression by a fixed excessive
pressure 0p. The less compressible the medium, the smaller is the change of
volume 6V, and hence, the less is the density change dp o —pdV/V. Thus, in
the limit for an incompressible fluid one has (dp/dp), = co. From the physics
point of view it makes no sense to assume the speed of sound to be arbitrarily
large, as that would mean the existence of such media in which perturbations
(or information) propagate instantaneously. Intuitively it is clear that the
physical interpretation of incompressibility of a medium should be related to
describing such flows whose velocities satisfy u < ¢, or, as it is called, whose
Mach numbers satisfy
Ma =u/c < 1.

Indeed, for stationary flows (9/0t = 0) according to either the Euler or
the Bernoulli equation a characteristic pressure change is dp o< pu?. On the
other hand, from relation (16) we obtain

2

1 [
§p= e Op ~ pe, 23
P= opjop), "~ 2 (23)
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i.e., the condition of weak compressibility 6p/p < 1 is equivalent to Ma? < 1.
In this case for a stationary flow, from the the equation

divpu = pdivua+ (uV) p=0

it follows that - Us U
divu= —u-L ~ 222 =20 (Ma2) , (24)
P L p L
where U and L are the characteristic velocity and linear scale of the flow.
Let 7 be a characteristic time for changes of a field ¢(x,t) at a fixed point
X in space, let U be the transport velocity, and let L be a typical linear scale
of the field change. Then the condition |%| < |u- V¢| assumes the form
1/7 < U/L, that is
L L

> = = 24
T U>>c (24a)

The latter inequality in (24a) means that the time L/c required by an acoustic
signal to travel the distance L is small compared to the time 7 of a notice-
able change in the fluid’s motion. In that sense, the signal propagation takes
place almost instantaneously, while slow, substantially subsonic flows of a
compressible fluid are asymptotically precisely described by the equations of
an tncompressible fluid up to the order of magnitude O (MaZ). We would like
to emphasize yet again that this is the one and only meaning in which a real
fluid is idealized as an incompressible medium.

Exercises

1. Show by a direct calculation that the quantity {2,/H is a Lagrangian
invariant for the shallow-water equations of motion.

2. Formulate a local law for energy conservation for the equations of motion
of shallow-water and provide its physical interpretation.

Answer:

% [H (3u® + 1gH)] = —div [Hu (3u® + gH)], div=0/0z + 9/dy. (25)

3. What is the speed of sound in shallow-water theory? Formulate the
conditions of a hydrodynamical approximation of equations (2)—(4), i.e., con-
ditions under which the motion of thin layers of a fluid with a free surface can
be considered two-dimensionally divergence-free.

Answer:
c=+/gH; |ul < ec. (26)
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Solution: Formally, based on a gas-dynamical interpretation of equations
(2)-(4), for a two-dimensional barotropic gas with p = 1agp? and ap = H,
“the speed of sound” by definition is ¢ = \/W = \/gap = VgH. In fact,
however, it is the speed of gravitational waves related to oscillations of the free
surface of a fluid in a gravity field. Indeed, the small oscillations of a fluid’s
free surface are described by the linearized equations (2)—(4)

ou’
ot

oh
= —gvh7 E + Hovu/ = 0,

where h is a deviation of the free surface from the equilibrium state H = Hj

for which u = 0. Eliminating u’, one obtains a wave equation on h:
0%h 9
@ — CoAh = O,

where ¢y = v/gHp.
Next, let H = Hy + h and rewrite (2)—(4) in vector form:

du + (uV)u = —gVh, (27)
ot
% + (uV)h = —HVu. (28)

Assume that a characteristic time for a flow change is 7 2 L/U (where
U is a typical speed and L is a typical geometric scale). This means that
0/0t < uV, ie., the result of application of the first operator is less than
or comparable in the order of magnitude with the application result of the
second one. Then, according to (27) and (28),

9 . U h U gh U U* U, ,
ghocU,dlvuocL-H—L-gH—L-cg —LMa.

When Ma <« 1 the motion of thin layers of a fluid with a free surface is
two-dimensionally divergence-free up to the square of “the Mach number”,
which is determined by the propagation speed of gravitational waves. In hy-
drodynamics this number is known as the Froude number.
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Equations of motion of a rotating fluid and the
notion of a geophysical flow

5.1 Preliminary remarks

Before going further let us summarize the preceding material and clarify the
terminology. The division of continuous media into incompressible fluid and
gas (compressible fluid) discussed above is physically natural since the two
substances consist of different physical elements. Recall that parcels of an in-
compressible fluid are characterized just by their mechanical property, inertia,
measured by their density. This is why the equations of motion of an incom-
pressible fluid can be formulated solely within a mechanical framework by
interpreting pressure as the constraint reaction coming from the interaction
of a fluid particle with the surrounding medium. On the other hand, the gas
elements are thermodynamic equilibrium systems whose description requires
one to use entropy in addition to density. As a consequence, the corresponding
equations of motion for a compressible fluid are formulated using the laws of
thermodynamics.

From the hydrodynamical point of view it is more natural and more con-
venient to divide continuous media into barotropic and baroclinic which, to a
large extent, differ by their vorticity dynamics. Strictly speaking, these terms
should be used not for the media, but for their motions, since, e.g., motions of
the same gas could be both isentropic (barotropic) and non-isentropic (baro-
clinic). Taking into account this reservation, we recall that a fluid is called
barotropic if its density is a function of only pressure. A homogeneous (con-
stant density) incompressible fluid whose flow is divergence-free also belongs
to this class and this is the only exception among barotropic fluids. In all
other cases a barotropic fluid is compressible since otherwise, as we men-
tioned above, the pressure would be transported as a passive scalar, while the
system of equations of motion would be overdetermined.

The main feature of the vorticity dynamics of a barotropic fluid is that
the Kelvin theorem holds for an arbitrary closed liquid contour, i.e., vorticity
tubes can have any configuration and can be arbitrarily located in space.
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On the other hand, the fluid itself does not have its own sources of vorticity
because of the alignment of isobaric and isopycnic (i.e., iso-density) surfaces.
Indeed, in this case VpxVp = 0 (see Fridman’s equation (2.5)). This is why a
potential flow of a barotropic fluid can continue for an indefinitely long time.

A characteristic feature of a baroclinic fluid, compressible or not, is its
stratification into isentropic or isopycnic surfaces along which the particles
flow. A closed liquid contour belonging to an isentropic or isopycnic surface
at the initial moment will remain on it for all time. This allows the Kelvin
theorem to hold for such a contour and, as a consequence, the potential vortic-
ity is a Lagrangian invariant. This in turn creates the stratification according
to the potential vorticity, i.e., a baroclinic fluid has a natural time-dependent
tube structure, formed by intersections of isentropic (isopycnic) surfaces and
surfaces of constant potential vorticity. The mass confined inside each tube
between a pair of isentropic (isopycnic) surfaces which is cut by a pair of sur-
faces of constant potential vorticity will remain constant during the evolution,
since fluid particles lying on such surfaces never leave them. Note also that
according to the Fridman equation (2.5), deviation of isobaric and isopycnic
surfaces is a generator of vorticity for a barotropic fluid. Such a deviation
implies that VpxVp # 0.

Apparently the reader will already have noted that in the discussion of
the main principles of fluid motion I mostly concentrated on, so to speak, the
“genetic” properties of its dynamics, not taking into account the impact of the
“social environment,” that is exterior fields, boundary conditions, etc. We de-
voted our main attention to conservation laws for the following reasons. First,
motion invariants reveal fundamental symmetry properties of fluid motion and
point to processes that are impossible. For instance, it is impossible to cre-
ate perpetual motion or to break the momentum or mass conservation laws.
However, in spite of the evidence above, such violations occasionally happen in
some studies constructing reductions or discrete analogs of hydrodynamical
equations. Secondly, during numerical modeling of inviscid hydrodynamical
equations, the conservation laws allow one to formulate important criteria for
obtaining precise numerical algorithms. And finally, thirdly, in many cases
which we discuss below conservation laws help find solutions to hydrodynam-
ical equations and formulate fundamental stability criteria for fluid motions.

5.2 Equations of motion for a rotating fluid

Historically, geophysical hydrodynamics has its origins in dynamical meteo-
rology, the science of the Earth’s weather. It was gradually realized that the
laws formulated in the latter science have wider applications. So it naturally
turned out that the main objects of study in geophysical fluid dynamics, at
its initial development stage, were large-scale motions of the atmosphere, the
ocean, Earth’s inner liquid core and their laboratory counterparts. Later these
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directions were complemented by the atmospheric motions of other planets,
circulations on the Sun and other stars, and even by the evolution of galax-
ies. The common element for all these objects which greatly influences their
behavior is the rotation of the whole system. Therefore, it is appropriate to be-
gin the study of such flows with the formulation of hydrodynamical equations
in a rotating frame, which is natural for these objects. Denote the angular
velocity of this rotation by €. Both its magnitude (angular speed) and its
direction can vary. The unit basis vectors defining the axes of this rotating
rectangular coordinate system also rotate with this angular velocity. Their
time derivatives are defined by the formulas

di

dj dk
= =Qxi Y _aexi, S oqexk

dt dt

To find the time derivative of any vector A in its representation via vectors
i, j, k, we need to differentiate both the coordinates and these basis vectors.
Then we obtain the well-known relation

dA dA
dt—(dt>T+QOXA. (1)

Here g is the angular velocity of the whole system, while the index r
stands for the time derivative in the rotating frame. Since u = dr/dt, according
to (1) we have

u=u, + Qo xr, (2)

where u and u, are respectively velocities of the motion relative to the inertial
and rotating coordinate systems. Now differentiating equality (2) and again
applying formula (1), we arrive at the well-known result of classical mechanics:

dfl]. . dur dur
dt — dt dt

> +2Q()><ur+ﬂo><(ﬂg><l‘)7 (3)

according to which the “absolute” acceleration of a fluid particle is a com-
bination of its relative acceleration (the first term on the right-hand side of
(3)), the Coriolis acceleration (the second term), and centripetal acceleration
(the last term).

Furthermore, it is easy to show (see Exercise 1) that the individual time
derivative of the scalar quantity is invariant with respect to the inertial and
rotating coordinate systems, i.e.,

do do
s (dt) : (4)
T
For instance, the temperature of a person on a moving carousel is the

same as the person’s temperature in a queue to that carousel if we exclude
the adrenaline effect coming from overload.
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Now plugging (3) and (4) into (3.11)—(3.14) and omitting the index r, one
can write the equations of motion for a rotating ideal compressible fluid in
the form

du . Ou 1
E—FQQOxu—a—l-(uV)u—i—%loxu-—;Vp—V@, (5)
dp . dp _ .
i Eﬁ-(uV)p— pdivu, (6)
ds . Os
e (uV)s =0, (7)
s=s5(p,p). (8)

Here ¢ = @.+ @, is the total potential of centrifugal forces and the exterior
gravitational field. (After substituting (3) into (3.11), the last term in (3)
moved to the right-hand side of (5) changes sign and hence can be interpreted
as the centrifugal acceleration.) From this moment on the gravitational field
is going to be included in our consideration as one of the main factors defining
properties of geophysical flows. The potential of centrifugal forces is defined
by the equality (see Exercise 2)

P, = _% (Qo x1)° |, —Vd.= (o xr) x Q.
For rotating planets the quantity g = —V® = g+ (2o x 1) x Qg (where
g = —V&, is the gravitational acceleration) is sometimes called effective
gravitational acceleration, which does not coincide with the vertical direction.
We recall the Foucault pendulum (J.B.L. Foucault, Pantheon in Paris, 1851)
in this relation.

Strictly speaking, the expression “the equation of motion of a rotating
fluid” employed above is not quite appropriate since both systems (3.11)—
(3.14) and (5)—(8) describe one and the same motion but in different coordi-
nate frames. But according to the well-known relativity principle the latter
should not matter. However, from the point of view of a mathematical descrip-
tion of physical phenomena and their interpretation, the choice of a natural
coordinate system is of utmost importance. The classical illustration of this
is the coordinate systems of Ptolemy and Copernicus. On the one hand, the
system of Claudius Ptolemy (2nd century AD) was in effect just short of one
and a half thousand years. On the other hand, the system of Nicolaus Coper-
nicus (Nicolai Copernici, “On rotation of the celestial spheres,” Nuremberg,
1543) overturned fundamental concepts of the universe and encouraged the
construction of fundamentally new physical concepts.

FEinstein pointed out that although the question of whether the Sun re-
volves around the Earth or vice versa is not solvable from the formal position
of the relativity principle, it is not a problem from a physical point of view,
since the center of gravity for the Sun—planets system belongs to the Sun.
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Therefore, the above mentioned coordinate system only emphasizes that the
adopted form of equations is most natural for the observer who is rotating
along with the fluid, and knows about this (for example, for all of us, located
on the ground and watching the weather).

Let us write the main law of geophysical hydrodynamics, the conservation
of potential vorticity for an isentropic fluid motion, that is for equations (5)—
(8). By definition of enthalpy W, we have (see Chapter 3):

T-dSZdW—d—pp.

This implies that

—% = —-VW +TVs.

First, let us obtain the vorticity equation from the equations of fluid motion
in a rotating frame. For this we apply the operator rot to equations (5) in the
Bernoulli form

2
a—u—uxrotu—i—QQOxu:—le—V@—V kil .
ot p 2
As the result we obtain
0(2+2-Q
0E@2: D) | (4,902 +2-0)

—(24+2-Q,V)u+(2+2-Q) -Vu=VT x Vs.

The way to derive this law is similar to the one we used in Chapter 2 for a
stratified incompressible fluid, but now the role of the quantity conserved along
a trajectory is played by the entropy density s. Take the inner product of this
equation with Vs, unlike (2.6). All other analytical calculations described in
Chapter 2 remain the same. Note only the presence of the term divu, which
did not appear in Chapter 2 in view of the divergence-free property of the
velocity field. Eventually, we obtain

8(Q+2-90)Vs+
ot

(u, V) [(Q+2.Qo)vs]
=+ (2+200) [(uV) Vs| —u[(@+2-2,7) Vs]
—(2+2-Q) Vs -divu+ (VT x Vs) - Vs.

The same computations as in Chapter 2 allow us to conclude that the first

two terms on the right-hand side give zero. Then by using the expression (6)

for divu instead of the incompressibility equation, i.e., divu = —% - ‘é—’t’, we

conclude that .
d [(QJrQQo) : VS} -0

dt p
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5.3 Notion of a geophysical flow as a hydrodynamical
object

However paradoxical it may look, in the theory of rotating fluids, as well
as in any other part of hydrodynamics, the basic equations of fluid motion
are used merely for preliminary analysis of fundamental properties of solu-
tions rather than for their direct integration in specific problems, even in the
corresponding numerical simulations. The set of exact nontrivial solutions of
nonlinear hydrodynamic equations (see, for example, textbooks by H. Lamb,
Hydrodynamics (1932, reprinted in 1993), L.M. Milne-Thompson, Theoretical
Hydrodynamics (1968, reprinted in 1996), G.K. Batchelor, An Introduction to
Fluid Dynamics (1973), etc.) is quite scarce and the discovery of a new exact
solution so far is perceived, albeit with some skepticism, as a serious scientific
achievement. The point is that when posing precise initial and boundary con-
ditions which provide the uniqueness of a solution to the original equations
of motion, such a solution usually contains a vast variety of different scales of
motion. Any attempt to describe in detail all these scales is somewhat similar
to an attempt to describe the state of a gas by means of all the trajectories
of its particles.

In fact, this means that it is necessary to reduce the initial hydrodynami-
cal equations. Such a reduction is often possible to implement, based on the
fundamental properties of the desired class of solutions, which are known from
observations or experimental results. In our case, we are going to take an even
more radical step. Taking into account not only observational data, but also
the results of the above theoretical studies, we introduce the concept of a geo-
physical flow and formulate axiomatically its main properties. In the future
this will allow us to bypass preliminary work and immediately begin deriv-
ing simplified equations of motion which constitute the mathematical basis
of geophysical fluid dynamics. We first introduce the notion of a geophysical
flow for a barotropic atmosphere.

A relative motion of an inviscid rotating barotropic fluid in a gravitational
field is called geophysical if the following conditions are satisfied:

0 U
< =
at_uV , Ma c<<1,

. U - w ;.Q()2L

Here c¢ is the speed of sound, U and L are the characteristic speed and
typical geometric scale of the flow, and g is the gravitational acceleration.
The smallness of the dimensionless parameter § means that centrifugal forces
entering the equations of motion in the same way as gravitational forces have
virtually no effect on the behavior of geophysical flows, i.e., with respect to
this parameter the motions under consideration are almost self-similar.

The quantity € is equal to the typical value of the ratio of the advective
acceleration [(uV)u| to the Coriolis acceleration |2Qg x u| or, which is the
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same, the ratio of relative vorticity to the double velocity of the total ro-
tation. This quantity is called the Rossby—Kibel number and it is the main
small parameter used for the expansion of the original equations of motion.
The smallness of the Rossby—Kibel number implies, in particular, that the
characteristic scale of a geophysical flow is L > Ut /4x, where 7 is the rota-
tion time for one revolution of the system, one day. It means that this scale
substantially exceeds the typical distance covered by a fluid particle over the
time of about one tenth of a day. For the Earth’s atmosphere where typical
wind speed is about 10 m/s this distance is of the order of magnitude of about
100 km and more. Therefore the Earth’s geophysical flows (pardon the nec-
essary tautology) have the characteristic scale of order 1000 km and more,
comparable with the planet’s radius.

Now note that among the external physical parameters 2y, g and ¢ which
determine the behavior of the rotating fluid (one has to add the speed of
sound c to this list as the measure of medium compressibility, see Chapter 4)
one can construct two natural geometric scales:

g c

Lo=-2 | Lo=——.
902 0 2(ZO

(10)

The former is of no interest to us, since it is the flow size in which the
centrifugal accelerations are comparable to gravitational ones (substitute L.
into the expression for §), which contradicts the conditions (9). We also note
in passing that in the Earth’s conditions, L. attains the “astronomical” value
~10-10® m = 10° km (29 = 27/ (24 - 3600) s~ ! ~ 7.3 - 107557 1).

The scale of Ly is called the Rossby-Obukhov radius, and it is among the
fundamental parameters of geophysical hydrodynamics. Jumping ahead we
mention that this is a typical scale of vortices, cyclones and anticyclones that
are observed in fast rotating fluids and satisfy condition (9), and this scale
is usually comparable with the exterior sizes of corresponding geophysical
objects. For the Earth’s atmosphere, for instance, Ly ~ 1500 km, which is
of a scale comparable to the Earth’s radius a =~ 6378 km. Summarizing the
above we come to the conclusion that inviscid geophysical flows are large-
scale, slowly changing in time, and noticeably subsonic motions of rotating
fluids that are characterized by small values of the Rossby—Kibel number.

The concept of a geophysical flow as a hydrodynamical object should not
be identified with the physical understanding of geophysical flows, that cov-
ers a much wider class of motions. The latter includes, in particular, such
mesoscale processes as Rayleigh convection and the formation of cumulus
clouds, virtually the entire spectrum of wave motions, including internal, sur-
face, and tidal waves, the appearance and propagation of fronts, as well as
dangerous but intriguing for scientists phenomena such as storms and tor-
nadoes. The total rotation of the fluid certainly imposes its own features on
all these processes, but they can exist as well without it, and therefore they
should be regarded as general hydrodynamical objects rather than geophysical
ones.
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The situation is fundamentally different for the flows defined by (9), which
constitute the main object of study in geophysical fluid dynamics. The expedi-
ence of singling them out is necessitated for the following reasons. First, they
are the main atmospheric elements determining the weather since they carry
the lion’s share of the energy and vorticity of the rotating fluid. Secondly,
this distinguished class of flows in the hydrodynamical realm forms some kind
of “state within a state”, some kind of Vatican if you like, which develops
according to its own laws that are binding only for the priests, and it exists
only as long as the Earth rotates.

Finally, most importantly, as a consequence of the second item above, this
chosen class of flows is governed by special equations of motion, which can
be obtained from the original system of asymptotically sharp hydrodynamical
equations by filtering out the corresponding fast components. In contrast to
(5)—(8), these equations are applicable to the description of geophysical flows
only and do not allow taking the limit as {29 — 0. This means that we are not
talking about fluid flows that are well-known from classical hydrodynamics
and that are modified by the rotation of the fluid as a whole, but rather
about new features of solutions to hydrodynamical equations generated by this
rotation, and this justifies the introduction of this key concept of geophysical
fluid dynamics.

Exercises

1. Try and prove without reference to the solution below that
da  (da
d  \dt),

Proof: The relation between the individual time derivatives of a scalar field
in inertial and rotating frames can be written in the following form by using

(2):
do Oa Oa ory
i ()r—i—uVoz— (8’5>n + ( 5 )rVa—F(ur—FQO xr)Va

da Oa ory
o = <8t>rr +u.Vo + K Bn >r+ﬂo X r] Va.

Here the indices r and r, denote, respectively, the time derivatives for constant
space coordinates in the laboratory and rotating frames. Now, according to
(1), (Ory/0t), + Qo xr=0.

2. Prove that g. = —V&,. = (Qg X 1) x Qg if &, = —% (2 % r)2.
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Hint: Use the formula
V(A -B)=A xrotB+ B xrotA+ (AV)B+ (BV)A, (11)
which at some point everyone should derive on one’s own.
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6

What is geophysical hydrodynamics?

6.1 The Obukhov—-Charney basis

In this chapter I will attempt to describe the main features and character-
istics of global geophysical flows, which are sometimes rather unusual for a
classical hydrodynamist, and which constitute the peculiarity of the general
atmospheric circulation. Below we confine ourselves to those geophysical sys-
tems in which one of the two conditions holds. Either the rotation direction
of the fluid as a whole coincides with the direction of the gravity acceleration
g = —V&,, as is the case in laboratory experiments on modeling atmospheric
and ocean flows. Or one can neglect the influence of the components of the
vector £2( that are orthogonal to the vector g, by virtue of certain physical
reasons. The latter, for example, holds for the Earth’s atmosphere in areas
remote from the equator, because of the smallness of the vertical velocity
components in comparison with its horizontal components and because of the
smallness of the vertical components of the Coriolis acceleration as compared
to the gravity acceleration. In this case, the vector £2¢ in the equations of
motion is replaced by k{2 sin¢ (where k is the unit vector in the direction
opposite to g, while ¢ is the latitude of the observation point, see Figure 6.1).
In fact, here one is dealing with the so-called beta-effect, that is the differential
rotation of the fluid, whose angular velocity depends on spatial coordinates.

Recall that the Rossby—Kibel number ¢ = U/(202,L) (5.9) is small for
global geophysical flows. In such circumstances, the principal feature of large-
scale dynamics of an ideal rotating fluid is that this dynamics is almost com-
pletely determined by only four fundamental properties. This was first noted
in relation to atmospherical motions of synoptic scale by outstanding meteo-
rologists A.M. Obukhov and J.G. Charney. These properties are the following.

(1) Geophysical flows are quasi-hydrostatic, and the hydrostatic relation
for them holds up to o (e):

dp

5, T9p=o(e). (1)
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Fig. 6.1. A schematic representation of the meridian section of the Earth’s northern
hemisphere. The coordinates x,y and z are measured, respectively, to the east, north
and up, ¢ is the latitude. The horizontal component (2o, in the expression for the
Coriolis force is not taken into account.

Here z is the vertical coordinate, measured in the direction opposite to the
vector of the gravity acceleration.

(II) The currents are in the so-called quasi-geostrophic equilibrium, i.e.,
the Coriolis force with accuracy of order € is balanced by the horizontal 2D-
gradient of pressure (recall that the vertical component of the Coriolis force
is not taken into account):

1 .0 .0
2020 X v = —;Vp—kO(s) (V—lax +J8y>’ (2)

where v =ui+wvj is the horizontal wind.
(IIT ) The potential vorticity of individual fluid parcels is preserved. In the
rotating reference frame it can be written as
(£2 +282)) - grad®
P

II =

. o dIl
(.Q = rotu, grad = V +k£7 e O) , (3)

where u =ui+vj + kw = v + kw, © is the potential temperature, playing the
role of the specific entropy (see below).

( IV ) The potential temperature of individual fluid parcels is preserved:

k
(Do _ R 4O _
9—T<p> , k_op Y (4)

Here p, p and T are, respectively, the pressure, density, and absolute tem-
perature of the fluid parcels, R is the gas constant entering the equation of
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state p = pRT (the Mendeleev—Clapeyron equation), C,, is the specific heat
capacity at constant pressure. For many reasons in geophysical hydrodynam-
ics the thermodynamical characteristic © of an individual fluid parcel is used
more often than the specific entropy s, related to @ by a one-to-one (up to an
additive constant) correspondence s = C), In ©. According to formula (4), the
value of @ coincides with the temperature, which the fluid parcel would have
under its adiabatic compression to the value of the “surface” pressure p = pg
(hence the term of the potential temperature).
Conditions (1), (2), rewritten as a single vector equation

G =202 xu+p 'gradp —g =0 (e), (5)

can be treated, with the use of physical terminology, as adiabatic invariance,
an approximate “persistence” of the zero value of the vector G. Recall that
in physics an adiabatic invariant is a quantity I (t), for which the difference
I(t) — I(0) remains small for all considered t. In hydrodynamics the term
of an adiabatic invariant stands for first integrals of the equations of motion
of an ideal compressible fluid, i.e., for quantities that are preserved in the
absence of dissipation and external sources of energy. Examples of such are,
in particular, the potential vorticity and the potential temperature.

In this relation it is appropriate to emphasize that although the prop-
erties (III) and (IV) hold for any flow of an ideal compressible fluid, it is
especially for geophysical flows that the potential vorticity and potential tem-
perature along with the approximate invariance of the zero value of the vector
G are of particular importance as comprehensive characteristics of the mo-
tion. Therefore it is of no coincidence that in recent years successful attempts
were carried out to diagnose the atmospheric processes of synoptic scale in
terms of the above-mentioned fundamental adiabatic invariants (see, for ex-
ample, Kurgansky, 1993). Figuratively speaking, properties (I)-(IV) form a
peculiar “four-dimensional basis,” which spans the entire space of geophysical
flows and which can be used as a launching pad for studying their structure
and reductions of the original 3D equations. Therefore we are not going to
dwell on the mathematical rigor related to such delicate issues of the rotating
fluid theory as to why the system is in the vicinity of a geostrophic balance,
how the hydrodynamical fields adapt to it, what the role is of small scales
and various wave processes that do not satisfy the conditions (I)-(IV), etc.
These, and if necessary, other related issues will be touched upon only at
the level of simple illustrations, analogies, and the physical interpretation to
help with their understanding, but without providing the proofs. For the lat-
ter I address the reader to the vast traditional literature in geophysical fluid
dynamics, mentioned in the bibliography to chapters.
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6.2 Fundamental properties of geophysical flows

Already the first two frames in the Obukhov—Charney basis, expressed by the
equality (5), allow one to emphasize distinctive features of geophysical flows,
which at first glance contradict the classical picture of fluid behavior.

(1) Indeed, let us start with the question Where does the wind blow? To
answer this question, we write down the horizontal components of equation
(5), bearing in mind that g, = g, = 0:

10
—2901} + 77]7 = 0,
p Oz
10
+2.(20’LL + 77]7 = 0,
p Oy
where 2y = (2, is the vertical component of the vector 2o, as shown in
Figure 6.1. It implies that
1 Op ap
"= gy () , v s (e) (6)
The precise relation, equivalent to (6),
_ ! k xV (7)
Ve 2000 b

is called the geostrophic wind. It follows that the wind is blowing, at first
glance, contrary to common sense (Figure 6.2), not in the direction of pressure
deficit, i.e., not across but along the isobars. If you turn your back to the
wind, then to your left there will be the low pressure area, while on the right
will be the high one. (In practice, this rule should be applied by orienting
yourself via the cloud movement because as we shall see below, in the vicinity
of the Earth’s surface the wind direction is significantly different from the
geostrophic one due to the influence of surface friction.) The air masses in
the Earth’s atmosphere near the center of a low (or high) pressure revolve
around the center along helices converging to (or diverging from) it, and form
a large-scale vortex, cyclone (or anticyclone).

(2) The criterion of incompressibility of a rotating fluid. In Chapter 4
using the formula
1 op
0p=-——"-0p= —, 8
Op/Op), ¢ ¥

it was shown that the criterion of weak compressibility dp/p < 1 holds for
essentially subsonic flows. Moreover, relatively slowly evolving flows (9/9t <
uV) are divergence-free up to the square of the Mach number. The situation
is different in a fluid rotating as a whole. According to (2) or (5) the variations
in pressure caused by the relative fluid motion dp ~ 220U Lp, where U and
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Fig. 6.2. The geostrophic wind, contrary to common sense, blows not across, but
along the isobars. L and H are centers of low- and high-pressure areas, respectively.

L are the characteristic wind velocity and the horizontal scale of its change.
(Pressure variations due to vertical currents can be safely neglected since the
hydrostatic relation (1) is satisfied with high accuracy). Then, making the
substitution of this estimate in (8), we have

op  20UL 20 LU L L

— Ma = =M
p c? c ¢ c¢/20 “ Lo %

where Loy = ¢/282y is the Rossby—Obukhov scale introduced above. It follows
(see Chapter 4) that for geophysical flows the 3D-divergence satisfies

ou Ov oOow U L
D. = —_— _— _—_ = 7M .
vu = = + ay + 9% LO <L0 a> (9)

Since the characteristic linear scale of geophysical flows is of the order Ly, as
was already mentioned, then according to (9), a rotating fluid is less incom-

pressible to the next order of magnitude in comparison with a non-rotating

Sfluid.

(3) Quasi-two-dimensionality of geophysical flows. For a barotropic atmo-
sphere, the formula (6) can be rewritten in the form

v kaVW—i—O(E), W(p):/

202

p(p)’ (10)

where W (p) is a primitive of the function f(p) = p~! (p) (see Chapter 3).
Then according to the formula div (A x B) = BrotA — ArotB (or simply
differentiate the first equation of (6) in x, differentiate the second in y, and
add them together)
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divv = O (e) . (11)

Comparing (11) to (9), we find that dw/dz = O (e) and since one has
w (z = 0) = 0 on the bottom solid boundary of the atmosphere,

w(z,y,z) =0 (e). (12)

In Chapter 5, we wrote down the result of acting on (5) by rot. Since
Qo = (0,0, £29) we have

—QQOZ—IZI + 202 Divu = O (¢) .

Whence, by taking into account (9),

v

%:O(e)ﬁg—zzO(a) , 88—1;):0(6), (13)
because as a rule, the number Ma is somewhat less than the Rossby num-
ber e (for example, for the atmosphere Ma ~ 1/30, while ¢ ~ 0.1)3. The
statements (12) and (13) are sometimes referred to as the Proudman—Taylor
theorem, according to which the general rotation suppresses the vertical veloc-
ity of barotropic geophysical flows, as well as the dependence of their horizontal
velocity component on the vertical coordinate. Later we will show that state-
ment (12) under certain conditions holds for baroclinic geophysical flows as
well. In other words, geophysical flows are quasi-two-dimensional.

(4) The thermal wind. For baroclinic geophysical flows the application of
the operation rot to (5) gives

—290% + 282¢Divu + rot <1gradp> =0(e),
z P

or, given (9) and rot (pA) = (gradp x A) + ¢ rotA,

ou 1
2905 + 2 (gradp x gradp) = O (¢).
Now take into account that the characteristic vertical scale of a geophys-
ical flow is much smaller than the horizontal one, due to its quasi-two-
dimensionality. Then according to (1), gradp = gp + O (g) and the latter
formula can be written as

ou 1 1
&—7m (gradpxg)JrO(E):fm (gradlnpxg)+0(€), (14)

or in the coordinate form

3 In (11), (12), and (13) we omitted the corresponding dimensional factors. This is
also done below if it does not cause confusion.
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ou_ g o
0z 204p Oy

_ g 9y
O(e) = 500 Oy +0(e), (14a)

v _ g9 9 (g)f,ialnp
0z  20p Ox 20y Ox

In laboratory experiments of modeling baroclinic geophysical flows, one typ-
ically uses the Oberbeck—Boussinesq fluid, in which the distributions of den-
sity and temperature are given by the equalities p = po + p' (z,y,2,1)
T =Ty + T (x,y,2,t), where py and T; are the average values of density
and temperature independent of the coordinates and time, while the devia-
tions are related by

+0(e). (14b)

pl T/
72 __Z 15
Po Ty (15)
Then (14) in the component form is written as
Ju g 0T v g 0T
= - — = e . 16
0z QQQTO 8y (5)7 0z ZQQTO ox (E) ( )

Here the prime is omitted, since Ty does not depend on the coordinates.
Formulas (16) are applied to the ocean. Below it will be shown that for a
baroclinic atmosphere formulas (16) are replaced by the following:

o i o +0(0), o= 9240
dz 2020, Oy "9z 20,0, Oz ’

(17)

where ©5 = O, (z) is the vertical distribution of potential temperature for
the so-called standard atmosphere, obtained at each level by averaging over
the horizontal coordinates. In fact, these formulas reveal one of the main
mechanisms of external energy drive, which feeds on the general circulation
of the atmosphere and ocean.

Relations (16) and (17), called the thermal wind, show that the vertical
wind shear is induced by the horizontal temperature gradient, which, in turn,
is generated by the pole-equator temperature difference created by the uneven
solar heating of the atmosphere and the Earth’s surface.

Remark on further notation. Given the quasi-two-dimensional specifics of
geophysical flows, we shall repeatedly switch between the 3D and 2D descrip-
tions. Therefore, to avoid any confusion we adopt the following rule to refer to
commonly used differential operators. We will denote the three-dimensional
individual time derivative, divergence, and gradient operators, respectively,
by D/Dt, Div and grad, while their two-dimensional counterparts by d/dt,
div and V. So in the Cartesian coordinate system

i 9 o 0 04, 0A o .0
i o T Ty 0 WAS Gt 0 VTig Hig)
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We will also agree that the vertical z-axis always points upwards, i.e.,
opposite to the gravity vector, and that the horizontal axes x and y together
with z form a right-hand coordinate system. So if the z-axis points to the
east, the y-axis faces north (see Figure 6.1).

6.3 “Shallow-water” theory for a rotating ideal fluid of
constant density

One way to simplify the description of large-scale dynamics of a rotating fluid
is to employ expansion in a small parameter of the original 3D equations of
motion. It was already mentioned above that the main small parameter used
in such an expansion is the Rossby—Kibel number ¢ = U/2(2yL. The zero
approximation corresponds to the strictly zero value of the vector G, i.e., to
the precise hydrostatic equilibrium and the strict relation of the geostrophic
wind. These relations are unified by the following equality (cf. (5)):

1
2(£20 xu)=——gradp+g. (18)
p

Equality (18) replaces the Euler equation. At first glance it might seem
that the zero approximation (18) along with the divergence-free property of
the 2D velocity field (11) and w = 0 describe a certain stationary climate
state of a barotropic atmosphere, which could be taken as a basis for simpli-
fying the initial equations of motion. However, this is not the case, since zero
divergence of the wind field, as stated earlier, directly follows from (18) and
consequently, the above-mentioned system is not closed. Vector G, in physics
terminology, is merely an adiabatic invariant that can correspond to various
solutions of hydrodynamical equations, including different climate states of
the atmosphere.

However, the original formulation of the problem based on 3D hydro-
dynamical equations can be substantially simplified by using the Obukhov—
Charney basis. This can be illustrated by an example of a layer of an ideal
fluid of constant density p = pg, of variable depth, and with a free surface
that rotates about the vertical axis z with constant angular velocity 2y (Fig-
ure 6.3). The bottom relief is defined by a smooth function z = hy (z,y) < Hy
of horizontal coordinates.

Using (I) and (II), one can obtain a nondegenerate approximation as fol-
lows.

First, based on (12) and (13) in the Euler equation

ov ov ov ov 1
o e r w120 - = 1
ot " Ugr TUgy TWgs TR x V=TV (19)
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Fig. 6.3. A layer of a constant-density fluid with a free surface and uneven bottom,
rotating in a gravity field with constant angular velocity.

for the horizontal velocity v we can neglect the term wdv/dz as a quantity
of second order in e, while keeping only terms of order O (1) and O (¢).

Secondly, note that relation (1) implies a more precise validity of the quasi-
statics condition, as compared to the condition of quasi-geostrophic equilib-
rium (2). This is indeed the case, and thus it is not by chance that the quasi-
static equilibrium is used even for mesoscale (of about 100 km) processes with
the help of so-called primitive equations of motion. The latter differ from the
original ones in that they use a sharp equality (1) instead of the equation on
the vertical velocity component. We will do the same and in the context of
our system rewrite the above-mentioned condition as

p=pog (H (z,y,t) — 2). (20)

According to this equation the hydrodynamic pressure component is given by
the deviation h (x,y, z,t) = H (z,y, 2,t) — Ho + h1 (z,y) of the height of the
free surface from its equilibrium value (Figure 6.3). Now after substituting
(20) into (19), the equation for the horizontal velocity v = ui + vj of the flow
takes the form
d 0
T (VVv) 4+ 2Q¢ x v=—gVH (z,y,t). (21)
dt ot
We should, however, keep the continuity equation in its original form,

corresponding to the 3D incompressibility of the medium:
ou n v n ow 0
or oy 0z

since, according to our agreement, such small terms of the order O (¢) as
Ow/0z are not excluded from consideration.
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A way to close the resulting system of equations comes out of the ob-
servation that the right-hand side of (21) does not depend on z (recall
the Proudman—Taylor theorem). Therefore assuming u = w(z,y,t) and
v = v (z,y,t) and integrating the last equation along the layer height with
w(z=hy)=0and w(z = H) = dH/dt, one can rewrite the equation of mass
conservation as follows:

% + Hdivv = aa—jj +div (Hv) =0. (22)

Let us write the condition of conservation of the potential vorticity for
equations (21)—(22). The simplest way to do this is to break the system (21)
into two equations. Then, by differentiating the first equation in y and the
second one in z and taking the difference, we get an equation for vorticity (2,.
Then we use equation (22). Finally, we obtain

d (92.+2020) _ v du
() =0 (2= 5= 3. (23)

Thus, the fundamental properties (I) and (II) of geophysical flows allow
one to reduce the problem of describing three-dimensional motions of an in-
compressible fluid to the study of two-dimensional motions of a barotropic
gas with the help of equations (21) and (22), which are called the equations
of a rotating shallow water (cf. (4.2)—(4.4)). In this regard, it is worth noting
that, in contrast to the classical shallow-water theory (see Chapter 4), appli-
cation of a shallow-water approximation of a rotating fluid is not limited by
the condition H/L <« 1 (where L is a typical horizontal scale of the flow). The
reason is that in this case the two-dimensionality of the motion is a conse-
quence of rotation rather than of the layer thinness. In other words, equations
(21) and (22) “work” for deep water as well, which is particularly important
for laboratory modeling of geophysical flows. A special note is in order for the
atmosphere of the Earth and of other revolving planets. For spherical layers
the restriction mentioned above is rather significant because of the smallness
of the Coriolis parameter f = 22 sin ¢ in the vicinity of the equator.

Exercises

1. Why does the wind twist inwards in a cyclone and outwards in an
anticyclone?

2. Explain why the weather mostly comes from the west by using the
formulas for thermal wind?

3. Why does the wind of Atlantic cyclones arrive at the Moscow region
from the south?
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7

The Obukhov—Charney equation; Rossby waves

The equations of rotating shallow-water (6.21) and (6.22) should not be con-
sidered as a completed next step in the expansion of the original equations
in parameter ¢ with respect to the initial approximation (6.18). In fact they
exceed the precision O (¢), which was basic for this expansion, as can be seen
already from the fact that these equations describe the propagation of long
gravitational-gyroscopic waves for which the smallness condition for the Mach
and Rossby—Kibel numbers is not valid. For the Earth’s atmosphere, for in-
stance, the group velocity of their propagation nearly coincides with the speed
of sound, which corresponds to € &~ 1 already for the wave length of one and
a half thousand kilometers (see Section 7.4 below).

For the further reduction according to Section 6.1 we need to turn to the
property (III) of geophysical flows, i.e., the conservation equation for the po-
tential vorticity, which singles out the vorticity component of the motion. This
will allow us to get rid of “extra” fast processes (e.g., gravitational-gyroscopic
waves), for which the potential vorticity vanishes and concentrate on slow geo-
physical flows, which are naturally vortical (we discuss this question in more
detail in Section 7.4).

7.1 Quasi-geostrophical approximation of the
conservation equation for potential vorticity

For a rotating shallow-water the conservation equation for the potential vor-
ticity can be written in the form (see (6.23)):

dir 2.+ fo _ v Ou
Eio’ 1= H (Qzﬁx 8y>' (1)

Here we use the notations fo = 202y, H = Ho+h (z,y,t)—hy (z,y). Recall
that the function hy (x,y) defines the surface orography and it is assumed that
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there is no orographic impact at the zero approximation for the velocity field.
Thus the relations for the geostrophic wind for equations (6.21) and (6.22)
are defined by the formulas

g Oh
u= foay—i—O(s) , v=+ +0(e). (2)

Then one obtains the following estimate on the values of h for a free
surface:

h foUL U L? L? . VgHo

0.8 = =775 — %75 , L(]: s (3)
Hy ~ gHo  foLgHo/f§ ~L§ fo
where the Rossby—Obukhov radius L is determined by the propagation speed
of gravitational waves, which plays the role of the speed of sound in shallow-
water theory.

Now one can see that the smallness of the Rossby—Kibel number implies
the smallness of the same order for the ratio h/Hy, provided that the linear
size of the flow L varies in a neighborhood of the characteristic scale of global
vorticity formations (cyclones and anticyclones), as was mentioned above.

Take into account that §2,/fy o< U/2020L = ¢, and now for the first ap-
proximation of the potential vorticity one can write

@ _@ Qz+f0 _ &_ﬂ ﬂ 2
foH_fo( i ) 1+ + +0 (%), (4)

and the remainder is estimated by using the equality (3).

By renormalizing, i.e., by taking the quantity 2 = HyIT for the potential
vorticity and introducing the notation ¥ = gh/fo, one can note that 2, =
A, I%h = L% Combining this with (2)—(4) we obtain the so-called quasi-
geostrophic expression for the potential vorticity

- h

Q:f0<1+H1>+Aw—L52¢+O(52), (5)
0

where A = 02 /022 + 02 /0y?. We would like to emphasize that the term ngw

is implied by the term h/Hj, entering the formula (4). Further, taking into

account that according to (2)

o
oy = oz’

= (2a)
the conservation equation for the potential vorticity in a quasi-geostrophic
approximation is written in the form

a2 9

a0 o oY
dt ot

oz ’Yafy =0, (6)
_fodm_ fooh
HO 8y » HO ox '

(&Y — Ly®y) + [v, Ay +

(7)
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This equation was first introduced by Charney (1948) and, independently by
Obukhov (1949).

The nonlinear terms in equation (6) are present in the form of the term
(v, A, where [A, B = $498 — 8488,

The linear terms in equation (6) with coefficients 8 and « describe the
so-called beta-effect that is responsible for dispersion of large-scale wave pro-

cesses. These terms arise from the term fog—lo, i.e., the first term of the right-

hand side of (5) after the action of the operator %. A similar effect also
occurs in the case of a differential rotation of the system. Recall that for the
Earth’s atmosphere the crucial local parameter is the doubled projection of
the angular velocity of the planet rotation to the normal to its surface, i.e.,
the quantity f = 202ysiny (where ¢ is the latitude, see Chapter 6), which
is called the Coriolis parameter. In this case the coordinates  and y, used
in the derivation of the equation for conservation of the potential vorticity in
quasi-geostrophic approximation, are measured in longitude and latitude to
the east and north, respectively. The Coriolis parameter, varying only in lat-
itude, has the derivative in the y coordinate only. The expression for {2 itself
assumes the form f+ A — Ly +0 (z—:z)7 where f = fo (14 By), f = df /dy.

In any case the quasi-geostrophic approximation for equations of the theory
of a rotating shallow-water can be written in the form

&7+ a0 - 5%) =0, Q

oY _ oY
—aiy y ’U—%. (9)

Being applied to the spherical Earth, they correspond to the shallow-water
approximation, similar to (6.21) and (6.22), with the only difference that 2€¢
is replaced by kf.

One should remember that in the definition 1v=gh/ fy the quantity fo can-
not be already replaced by f since the beta-effect is a quantity of the order of
magnitude O (g). For the atmosphere, one usually takes for fo the value of f
at ¢ = 45°.

u =

7.2 Generalization to the case of a barotropic fluid

One needs a somewhat more subtle approach to reduce the 3D equations of
motion to a two-dimensional conservation equation for the potential vorticity
of a barotropic fluid, in which by definition, the pressure, and therefore other
thermodynamic features, depend only on the density. The upshot is that in
such a system the surfaces of constant pressure, density, and temperature
coincide. This is exactly the reason why in order to simplify the equations
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of motion one does not need to invoke the fourth “frame” of the Obukhov—
Charney basis, the conservation equation for potential temperature (6.4). By
averaging over verticals the problem can be reduced to a description of a two-
dimensional motion governed by equations (8) and (9). This motion takes
place over a certain effective surface which can be assigned fixed values of
density, pressure, and temperature. In this case, for calculating the parameter
Lo = v/gHy/ fo entering the Obukhov-Charney equation, one takes the so-
called height of the homogeneous atmosphere Hy = py/gpo as the effective
thickness of the layer. Here pg and pg are the standard (i.e., related to the static
state of the atmosphere) “near-surface” values of the pressure and density. The
propagation speed of gravitational waves c, = \/gHy corresponding to this
altitude coincides with the speed of sound ¢ = 1/vpo/po up to a numerical
factor of order one (where ~ is the ratio of heat capacities, see Chapter 4,
(4.22)). This speed of sound, of course, had to enter determining the scale Ly.
For the Earth’s atmosphere, for example, py ~ 1 bar, pg ~ 1.3 kg/m?® and
the effective height of its barotropic model is Hy =~ 8 km, while the speed of
sound is ¢; =~ 280 m/s.

A detailed derivation of the Obukhov—Charney motion of a barotropic at-
mosphere can be found in any textbook cited in the bibliography. However, I
recommend the reader at some point to turn to the originals, Charney (1948)
and Obukhov (1949), an acquaintance with which is not only useful but also
brings aesthetic pleasure to follow and compare the reasoning of the two clas-
sics.

For a baroclinic fluid, in which the thermodynamical quantities are related
only by the Mendeleev—Clapeyron relation (p = pRT'), the above mentioned
procedure is impossible. Otherwise, it would mean the loss of so-called avail-
able potential energy of the fluid, that is that part of the internal energy
which is accumulated in the fluid due to uneven temperature distribution and
which has the ability to transform into the kinetic energy of large-scale flows.
The angle between the isobars and isotherms serves as a local measure of this
available potential energy. The problem of describing baroclinic geophysical
flows is discussed in Chapter 9.

7.3 Fundamental invariants of motion

One of the criteria that the reduction of the hydrodynamical equations is well-
defined is, as we mentioned above, the existence of first integrals related to the
fundamental conservation laws. It is not difficult to show that the Obukhov—
Charney equation satisfies this criterion, i.e., it has the following invariants of
motion in the integral form. The invariant

. / / [(V9)? + £5292] dudy = const (10)
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corresponds to the energy conservation law (here the first term under the
integral sign of (10) is the density of the fluid kinetic energy, while the second
term is the density of its potential energy);

/ (Ay — Ly*1p) dady = const (11)

means that the total potential vorticity of the fluid is invariant;

/ Ydady = const (12)

stands for the mass conservation law;

I (284529 dety = o w

corresponds to the conservation of the total momentum of the medium.

7.4 Rossby waves

The relations (6.1) and (6.2), used in the derivation of the Obukhov—Charney
equation, serve as some kind of filter, which catches fast sound and gravity
waves. These waves virtually do not affect the development of global processes,
but significantly impede the “big game hunting.” To get a feeling how it works,
consider the problem of small oscillations of a rotating fluid in a shallow
approximation. The complete formulation of this problem reduces to a solution
of the tidal Laplace equation, see its detailed study in e.g., L.A. Dikii (1969).

After linearization with respect to the steady state (in the rotating coordi-
nate system) the equations (6.21) and (6.22) of the shallow-water theory are
written in the form

0

a—‘t’ + fo (k x v) = —gVh, (14)
oh .
5 + Hydivv = 0, (15)

where, for the sake of simplicity, the Coriolis parameter is assumed to be
constant and equal to fo, and the fluid depth is H (x,y,t) = Ho + h (z,y,t).

Instead of (14) and (15) it is more convenient to consider the system of
equations with respect to £2, = Ov/0x — du/dy and h:

on - h
5_07 Q_QZ_fOFO7 (16)
82
+ Ho fof2. = gHoAh. (17)

a2
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By using the formula for rot (A x B), it is easy to derive the equation (16)
by excluding divv from (15) and from the vorticity equation, where the latter
is obtained by applying the operator rot, to (14). For the derivation of (17),
apply the operator div to (14), differentiate the equation (15) in time, and
eliminate divv.

In fact, £2 can be interpreted as the potential vorticity (cf. formulas (4)
and (5)) of the linear problem (14) and (15), and in the case under considera-
tion this vorticity becomes an invariant. From (16) and (17) one immediately
obtains the existence of two types of solutions to the linear problem:

a) The motions for which the potential vorticity vanishes, 0 = 0, i.e.,
2, = foh/Hy. This gives the telegraph equation for h:

0%h

e + f2h = chh , ¢g =+/gHo, (18)
which describes the propagation of fast gravitational-gyroscopic waves in the
rotating medium (plug in h o« exp[i(k-r —wt)], k = (ks, ky), r = (z,y),
where 7 is the imaginary unit, to (18)). These waves have the dispersion rela-
tion

w? =P+ kP, K=k 4k (19)
Their group velocity
dw c
C=—=—7-—2L—— 20

1+ (f/key)?

in the Earth’s conditions already for the wave length L = 27/k = 1500 km
almost coincides with ¢, ~ 280 m/s.

Note that in the linear problem framework the wave motions {2, hy
exp (—iwt) are possible only for 2 = 0, as follows from substituting 2 o
exp (—iwt) into (16), which gives iwf2 = 0.

b) The motions whose field 2 # 0 is nonvanishing and depends on the
space coordinates only. Then the height of the free surface h will also be
stationary, and hence divv = 0 (see (15)). This means that one can introduce
the stream function

L

w:gh/fo , U= ay ) v_ﬁx'

(21)

Then from equation (8) we have
A — L™ = 0o (w,y). (22)

The velocity field (21) satisfies the relation of geostrophical wind.

In the nonlinear formulation of the problem the case b) corresponds to the
Obukhov—Charney equation (6) with zero beta-effect (8 = v = 0). Suppose
that the beta-effect is different from zero, by setting, for example, v = 0 and
B = const > 0 (this case is called the beta-plane approximation, which is
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obtained from (8) for f = fy + By). Then by direct substitution into (6) it is
easy to verify that the functions

P = Aexp {i (kz + ly — wt)}, (23)

(where A is an arbitrary constant, k and [ are the longitudinal and transverse
wave numbers, respectively) are exact particular solutions of the Obukhov—
Charney equation describing the dispersing waves that propagate to the west
(i.e., in the direction opposite to the fluid rotation as a whole) with the phase
velocity P
w
BEET TR (24)
The wave solutions with such a dispersion relation are called the Rossby
waves (Rossby, 1939), and sometimes, in relation to the spherical Earth,
Rossby-Haurwitz waves (B. Haurwits). In this case they can be expressed
in terms of spherical functions, see Comment to Exercise 2. To estimate the
magnitude of their phase velocity it is useful to recall that by definition the
beta-effect is of the order ¢, i.e., L/R = O (&), where L is the flow characteris-
tic size and R is the characteristic linear scale for which there is a noticeable
change in the Coriolis parameter f. Therefore
[ L3EL? 1,02 1 ,gH,Ly 1 Lo

= —— _—= = - -_— = 2
el RIz+12 2R 2/ f R 2R g0 (), (2)

since L = O (Lg). It follows that the stationary solutions of the linear problem
with nonvanishing 2 correspond to slow processes in the nonlinear case. The
propagation speed of slow processes is much less than the propagation speed
of gravitational waves, which are not described by equation (6).

In studying the interaction of Rossby waves (see, for example, Longuet-
Higgins, Gill, 1967) it is convenient to divide them into the “short” planetary
waves for which L < Ly (L' = v/k? +12) and “long” planetary waves with
L > Ly. According to (10) the density of the kinetic and potential energies of
the Rossby waves (23) are equal to A?/4L? and A%/4L2, respectively. So in
short planetary waves the kinetic energy dominates, while in longer waves the
energy is concentrated mainly in the potential component. This component
can be measured by the deviation of the free surface of the fluid from its
equilibrium level.

The Rossby waves or, as they are often called, planetary waves are typi-
cal representatives of geophysical flows which have no analogues in the non-
rotating fluid. They constitute an important element of the general circulation
of the ocean and atmosphere and have a significant effect on characteristics
of the large-scale turbulence and instability of global motions. In this relation
it is worth mentioning the so-called Rossby solitons. They belong to the fam-
ily of Rossby waves, but are not covered by the Obukhov—Charney equation
because their typical size exceeds Ly by the order of magnitude. Their role is
apparently important in the cyclogenesis processes in the atmospheres of giant
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planets, whose radius greatly exceeds the Rossby—Obukhov scale. This issue
was studied in an article by M.V. Nezlin (1986), in which, in particular, one
can find a detailed description of the methods and results of laboratory sim-
ulations of such vortex structures, as well as a comparison with observations
from nature.

The scale Ly serves, as we mentioned before, as a natural “watershed”
between Rossby solitons and the waves and vortex structures considered here.
The point is that when the flow scale exceeds Lg in the order of magnitude the
estimate (3) becomes invalid. (Recall the trend noted above: the longer the
Rossby wave, the greater the deviation hg of the free surface from its equilib-
rium level.) The latter necessitates taking into account subsequent terms in the
expansion in (4). This in turn leads to the appearance of an additional nonlin-
ear term in the approximation equation, generalizing the Obukhov—Charney
equation for the conservation of the potential vorticity. This additional term
comes from a more precise control of the “horizontal compressibility” related
to the change of height of the free surface. This nonlinearity can compensate
for the dispersing impact of the beta-effect on the wave packet. As a result,
solitary anticyclonic vortices, the Rossby solitons, can form in the fluid (com-
pensating for the dispersion by non-linearity is impossible in cyclonic vortices,
which implies the cyclone-anticyclone asymmetry observed at such scales).

From the point of view of problems discussed below, this limitation of
possible applicability of the equations of dynamic meteorology is not funda-
mental, but it allows one to avoid additional technical difficulties.

Exercises

1. Prove that the expressions defined by the left-hand sides of equalities
(10)—(13) are indeed invariants of the Obukhov—Charney equation. For the
sake of simplicity, put 8 = const # 0, v = 0 in (6) (this is the beta-plane
approximation, widely used in dynamic meteorology).

Solution: To prove the equality (10) one can multiply it by ¢ and group
the terms. One obtains

N> (N .,
(52) +(5) vt

0 0% o B 5 0 0% o
= (%xat g ATy ) oy (%yat - %xm) - (20)

Now integrate (26) over some bounded domain S filled by the fluid and
apply the Gauss—Ostrogradskii formula

19
20t




7.4. Rossby waves 73

//diVAdxdy:/A-ndl
s as

to the right-hand side (here n is the exterior normal to the boundary 95).
Then taking into account regular behavior of the function v, send S to infinity.
When integrating over such a large domain, the integral of the right-hand side
increases with the same rate as the boundary perimeter of the domain S, while
the integral of the left-hand side increases as the area of S. Hence we obtain

1/ow\? 1 /0v\> 1. _
/! [2 (&) +3(5) +gt
S

Here the first two terms under the integral sign represent the density of
the kinetic energy, while the third one stands for the density of the potential
energy.

Proofs for (12) and (13), as well as the conservation law for the total poten-
tial vorticity [[ [Ay — Ly?9] dzdy = 0 can be given by a similar reasoning;

s

dxdy = 0. (27)

we refer the interested reader to the paper by Longuet-Higgins, Gill (1970).

2. Show that the planetary waves on a spherical surface in a two-
dimensional incompressible medium (L, ! = 0) propagate westward with the
angular velocity

282
n(n+1)’
where n is any positive integer (see Longuet-Higgins, Gill (1970) and Comment
below).

Comment to Exercise 2: On a spherical surface the Obukhov—Charney
equation in the dimensionless form is written as follows:

0 _ 1 oY OAY 0P ONY oY

= (A — L7} T T ) b 2002 =0 29

or (B0~ Los¥) + 5 (ao o ox oo )T Mg =0 (29
1 oy oY
— ——, Uy= —.

sinf o’ 90

Here 0 = %w — ¢ is the complement to the latitude ¢, the parameter X is the
longitude, Lgs is the Rossby—Obukhov parameter, and

19 (. 00 1y
AY = sin 6 60 (Smg(%) i sin® g OA2”

WR = (28)

(30)

Recall that for flows on the sphere the Coriolis parameter is f = 2(2; cos 6.
Furthermore, local Cartesian coordinates in a neighborhood of the observation
point are related to spherical coordinates by dx = asinf, dy = —ad¥, where
a is the Earth’s radius. Therefore, the linear term S04 /0x in the Obukhov—
Charney equation preserves its sign and is replaced by 262001 /0.
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If the value of Lgs is less than or equal to one by the order of magni-
tude (i.e., the effect of two-dimensional compressibility of the medium is not
small, as, for example, in the Earth’s atmosphere), planetary waves are ap-
proximately described by spheroidal wave functions (see the literature cited in
Longuet-Higgins, Gill, 1967). Otherwise (in the ocean, for example) one can
neglect the value of Lafw in comparison with Aty in the Obukhov—Charney
equation. Then the spherical harmonic is a spherical analog of a plane Rossby
wave

v =AY," (0,\) = AP)" (cos ) cos (mA + wt), (31)

where m and n are integers related to the wave numbers by m = aksinf, n =
av'k? +12. This implies, in particular, that m is the number of wavelengths
which fit the latitude circle; P (z) is the associated Legendre function of the
first kind of degree n and order m.

Show that for w = wr (formula (28)) function (31) satisfies the nonlinear

equation
OAY oY
ot oA
The exact solution to the nonlinear equation (29) for Ly, = 0, which de-

scribes the wave propagation westward is expressed via the spherical function
of degree n

+ 20—~ = 0. (32)

b (O, M1) =Yy, (0, )+ wt), (33)
Y, (0,\) = AgP, (cosf) + Z AT P (cos ) cos (mA + A7), (34)

where Ao, A", A\[* are constants.
Show that function (33) is an exact solution to the nonlinear vorticity
equation only for w = wg.

Hint: The spherical function (34) is the eigenfunction of the Laplace op-
erator, i.e., AY, = —n(n+1)Y,.

Bibliography

1. A.S. Monin, Weather Forecasting as a Problem in Physics, Moscow,
Nauka, 1970; In English: The MIT Press, 1972.

2. J. Pedlosky, Geophysical Fluid Dynamics, Springer, 1987.
3. AE. Gill, Atmosphere-Ocean Dynamics, Academic Press, 1982.

4. R. Salmon, Lectures on Geophysical Fluid Dynamics, Oxford University
Press, 1998.



7.4. Rossby waves 75

5. N.E. Kochin, I.A. Kibel, N.V. Roze, Theoretical Hydromechanics,
Moscow, GITTL, 1955.

For the inquisitive reader:

5. J.G. Charney, On the scale of atmospheric motion, Geophys. Publ.,
Vol. 17, No. 2, 1948.

6. A.M. Obukhov, On the geostrophic wind, in: A.M. Obukhov, Turbulence
and the atmosphere dynamics, L., Gidrometeoizdat, 1988.

7. L.A. Dikii, Theory of Oscillations of the Earth Atmosphere, L., Gidrom-
eteoizdat, 1969.

8. M.S. Longuet-Higgins, A.E. Gill, Resonant interaction of planetary
waves, in: Nonlinear theory of wave propagation, ed. G.I. Barenblatt, M., Mir,
1970; In English: M.S. Longuet-Higgins, A.E. Gill, K. Kenyon, Resonant in-
teractions between planetary waves, Proc. R. Soc. Lond. A, 1967, Vol. 299,
No. 1456, 120-144.

9. M.B. Nezlin, Rossby solitons, UFN, Vol. 150, No. 1, 1986.






8

Resonant interaction of Rossby waves,
Helmholtz and Obukhov singular vortices, and
the Kirchhoff equations

8.1 Group velocity of Rossby waves

The theory of wave processes tells us that the energy of waves of any nature
propagates not with the phase velocity but with the group velocity

Cgr = kaa Ww=w (k) ) (]‘)

where w (k) is the dispersion relation for waves of this nature, and Vi is
the gradient operation in the k-space of wave numbers. The waves whose
phase velocity does not coincide with the group velocity are called dispersion
waves. So, for instance, are gravitational-gyroscopic waves with the dispersion
relation (7.20), according to which they isotropically propagate in space.
This is not the case for planetary waves because the dispersion relation

w B
= —-—n———— 2
CTERT TR ey @
implies that
ow 2k?>

= — = 1 _ —

Crx ok~ CR ( RN +L52) ) (3)
ow 2kl

C = — = — _— 4
RY ol CRICQ—FZQ—FL&Q’ ( )

where Crx and CRry are the components of the group velocity Cg.

Thus, in contrast to the phase velocity which is always directed to the
west, the group velocity has two non-vanishing components, and its meridional
component is always directed to the north, while the zonal component changes
sign at k?/ (I* + LSQ) = 1 (Figure 8.1). It is important to emphasize that,
unlike the energy which can propagate by Rossby waves both in the western
and the eastern directions, the vorticity
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Ay ~ exp {i (kz + ly — wt)}

is transported by these waves westwards only, i.e., in the direction opposite
to the total rotation.

8.2 Resonant interaction of planetary waves

The resonant interaction of planetary waves is the following important element
of the general atmospheric circulation. Write the Obukhov—Charney equation
on the beta-plane in the form

oy Ny O ANy O
== ) oY

or 9y Oy Oz’ (5)

2 (- Lg%) + 9L = By, v] =

Assume that at the initial moment the flow is described by two Rossby waves:
1/)1 = aj COS (k1X — wlt), 1/}2 = a9 COS (kzX — LUQt),

where k1 = k1i+ {1, ko = koi + loj, and each pair (k;,w;) (i = 1,2) satisfies
relation (2).

Plug in the expressions for the stream function v = 1 + ¥y to the
Obukhov—Charney equation. It is not difficult to see that each of the waves
separately makes the Jacobian vanish. Then the right-hand side of the equa-
tion assumes the form

ajag sin {k1z + lyy — wit} sin {kax + loy — wat} - (k1ly — kaly)
x[— (K +13) + (k3 +13)] .

178

k%t? L)

Fig. 8.1. The group velocity of Rossby waves in the zonal direction.
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The left-hand side of equation (5) vanishes due to the fact that each wave
satisfies the dispersion relation. The product of two sines can be expressed as
the difference of cosines of the sum and the difference of the sine arguments.
Thus, the right-hand side of (5) can be regarded as a periodic external force
acting on the linear system.

The system response to this forcing will be small as long as there is no
resonance, i.e., until the wave vector and frequency of the external force do
not coincide with the wave vector ks and frequency ws of any eigenmode of
the linear operator on the left-hand side of equation (5). In fact, the following
equalities can be considered as conditions for the resonant interaction:

ki +kys+k3=0, w;+wy+w3=0. (6)

To find the equations for the resonant interaction of three waves, following
M.S. Longuet-Higgins and A.E.Gill (1970), we will be looking for a solution
to equation (5) in the form

1 = ay cos 01 + as cos O + az cos b3, (7)
where the a; (i = 1,2, 3) are slowly changing functions of time, while
O;=kiz+lLy—wit+eo; (i=1,2,3). (8)
Here the waves numbers and frequences satisfy the dispersion relations
wi (B2 +1B+Lg%)+B8 k=0 (i=1,2,3) (9)
and the resonance conditions
ki+ko+ks=0, l1+1l+13=0, w;+ws+wsz=0, (10)
while the initial phases are related by
o1+ 2+ @3 =0. (11)
Again recalling the formula for sine products, we write

S0 - sinfy = _ cos (61 + 02) — cos (01 — 92).
2

Substitute (7) into equation (5) by taking into account the dispersion relations

(9). The terms containing sin 6; (i = 1,2, 3) cancel out thanks to the dispersion

relations. As to the remaining terms, we already mentioned that the right-

hand side is represented by the sine product, while the left-hand side contains

(time) derivatives of a; (i = 1,2,3) as well. So we have

(%f + Laz) ay cos 01+ (%% + ng) Qo cos By + (%§ + Laz) as cos 03
= Chagas [+ cos (02 + 03) — cos (02 — 63)]
+ Caagaq [+ cos (03 + 01) — cos (63 — 61)]
+ Czayaz [+ cos (61 + 02) — cos (61 — 62)], (12)
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where »? = k? +1? (i = 1,2,3), while the interaction coefficient is

1
C1 == (58 — 53) (kals — k3lo) = 3 (k3 — K3) - (z - ka x k3), (13)

N |

and z is the unit vector directed vertically upwards. The other coefficients are
obtained by cyclic index permutations. Making use of the resonance conditions
(10) one easily obtains

+ksly — kils = +kilo — kaly , +kals — kslos = +k1lo — koly. (14)

Then in view of (11) we have 6; + 02 + 5 = 0, while the three terms on
the left-hand side of (12) are balanced by the three terms on the right-hand
side provided that

(La2 + %f) ar =1 (%% — %%) asas,
(La2 +33) ap = I' (36 — ) asas, (15)
(.[/072 + %32)) dg = F (J{% — %%) aiasz,

up to non-resonant terms on the right-hand side of (12), which, as one could
expect, have a weak response. The quantity I" stands for the following:

Z'k2Xk3:Z'k3Xk1:Z'k1Xk2:2F. (16)

A comparison of the amplitudes of non-resonant waves that are generated
by the right-hand side of (12) with the amplitudes of the resonant waves shows
(see Exercise 4) that this is indeed the case, if the nonlinearity is weak, i.e.,

%2(1 <L w (17)

(here s, a and w are typical values of the wave number, amplitude, and
frequency of the waves involved in the resonant interaction). In this case, the
nonlinear terms in (5) are small when compared with the linear ones, and
the equations (15) can be viewed as the result of an expansion in a small
parameter € = »%a/w, which is called the degree of interaction. Its smallness
means that »a < w/x, i.e., that the velocity of a fluid particle is small in
comparison with the phase velocity of the Rossby wave. Another equivalent
interpretation of the resulting approximation is that it can also be seen as the
result of averaging the equation (12) over the “fast” time, on the assumption
that the wave amplitudes are functions of slow time.

By an appropriate change of time ¢ and coefficients »; (i = 1,2,3), the
system (15) can be reduced to the Euler equations for the motion of the
classical gyroscope (see Chapter 12). Then one can write the following two
quadratic invariants of the system (15):

1
E=o (Lo +5) al + (Lo® +54) a3 + (Lo +4) a3] . (18)
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I = (L2 +:2) a2 + (L% +582) a2 + (L2 + 54)° ad, (19)

which correspond to the kinetic energy of a gyroscope and the square of its
angular momentum. In our case, (18) corresponds to the full, i.e., the kinetic
plus potential energy

G oo

while (19) is related to the integral of the square of the potential vorticity

// (A — i) dady (21)

of the flow governed by the equation (5).

8.3 The Helmholtz singular vortex and the Obukhov
geostrophic vortex

In classical hydrodynamics, strictly two-dimensional vortex flows of an incom-
pressible fluid are described by a stream function . In terms of this function
the vorticity equation has the form (cf. (5))

8O -
o + [0, AY] = 0. (22)

In this case the velocity components are expressed by the equalities

ou 0w
oy’ ox’

U= —

(23)

which automatically provide the divergence-free property of the velocity field,
whose vorticity is 2 = rot,v = dv/dx — du/0y = Ap. Therefore the velocity
field of a two-dimensional flow can be reconstructed from its vorticity field by
solving the Poisson equation

Ay = 2 (z,y,t). (24)

Its Green function for the unbounded integration domain and regular bound-
ary conditions at infinity is given by

Yy =klnr, Ay =27kd (r). (25)

Here r = xi + yj is the radius vector of the observation point in the plane of
the flow, r = \/22 4+ y2, ¢ (r) is the two-dimensional Dirac delta-function.
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In other words, the Green function (25) describes a two-dimensional fluid
flow induced by a singular vortex tube whose intensity is 27k and whose
vorticity is concentrated on the infinite straight line, orthogonal to the plane
of motion and passing through the origin. This Green function is called the
Helmholtz singular vortex, after Helmholtz who first introduced this concept
in fluid dynamics.

A singular vortex tube is sometimes called a vortex filament which, given
the two-dimensional nature of the motion, can be identified with a point on
the plane and assigned a characteristic x to this point. The quantity s is
called the strength of the singular vortex and is determined as follows. For an
infinitesimal vortex tube k = Q2ma?/2m = %Qaz, where a is the tube’s radius,
while 27a? is its intensity, which is an invariant of motion by the Kelvin
theorem. Now by sending a to zero and {2 to infinity so that the product £2a>
remain constant, we find the strength of the vortex filament. In the presence
of N such vortex filaments in the fluid, each of them moves along with the
fluid at the speed induced at its location by the other N — 1 singular vortices.
Taking into account that this speed is equal to the vector sum of the velocities
induced by the N — 1 vortices at the given point, we derive the equations of
motion for the N-vortex system.

Indeed, first consider two singular vortices with strengths x; and x5, which
are located at pointsr =11 (¢) =21 ())i+ 1 (H)jand r =ro (t) = 22 (H)i+
y2 (t) j, and which induce the velocity fields described by the stream functions
Y1 = k1 In|r — ry| and ¥ = ko In|r — ra|, respectively. It is easy to check by
a direct calculation that the movement of the first vortex in the velocity field
of the second vortex is described by the equations

. Oy dln|r — ro|
= t) = — —= = = — - = —
u = @ (t) 9y (r=r1)=—ro 99 (r=r1)
1 ( Oln|rq r2|)
= — — | Kiho———= ),
K1 Oy

Oln|r —ro|

=) =7 (=)= f—7F— (r=r)

1 < Oln|ry —r2|>
= — | RiIkg————m | .
K1 o1

Similarly,
.. 1 Oln|ry —r
Uy = iy () = - (mnz'az 1|> ;
2 2
.. 1 dln|ry — rq]
= t) = — B —— .
v2 = 92 (1) P <f€1/€2 073

In terms of the function

U = Kiko In|ry — rof,
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these equations are written in the Hamiltonian form

1 0w . 1 0w
Ti=—— y Yi =+
K Oy

P (26)
where i = 1, 2.
Now it is easy to foresee that in the case of N vortices, the Hamiltonian
function has the form
U= Z Kikjln|r; —r;|, (27)
i#]
where in both equations (26) and expression (27) the indices ¢ and j assume
values from 1 to N.

The system (26) and (27) is called the Kirchhoff equations (G. R. Kirch-
hoff, 1824-1887) of the motion of N singular vortices. It is worth mentioning
that Kirchhoff wrote these equations in terms of complex variables, introduc-
ing complex coordinates z, = x, + iy, (where i is the imaginary unit) and
the complex Hamiltonian

HK:iannnln(znfzm) (T =ImHg). (28)
m¥#n
Then the equations of motion assume the form

: . , 1 0H
2F =Ty — Yp = — [“)zK’ (26a)

where star means the complex conjugate.
It is easy to see that due to the Kirchhoff equations the following equalities
hold:

N N e
S kidi=0, > k=0, Pl (29)
i=1 i=1

i.e., the “mass center,” which is the vorticity center of the system

N N
o = Z Hil‘i/ Z Rj (30)
i=1 i=1

does not move, while the Hamiltonian ¥ is a first integral of the system.
The system of two vortices (Figure 8.2) is already interesting enough and,
as we shall see, has a geophysical application. In particular, the vortex pair
(k1 = ko = kK, l.e., the vortex strengths are the same in sign and magnitude)
rotates around its vorticity center with constant angular velocity (Figure 8.2a)

2K

w:ﬁz,

(31)

where L is the constant in time (why?) distance between the vortices, and z
is the unit vector in the direction of the z-axis. This shows that the pair of
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®K>ﬂ Q K< Cegep
v

a) )

Fig. 8.2. Systems of two vortices: a) a pair of singular vortices of equal strengths
rotates about the center with angular velocity w = 2k/L?; b) a dipole consisting of a
cyclone and anticyclone moves with velocity V = k/L in the zonal direction.

cyclones of positive vorticity rotates counterclockwise, while a pair of anticy-
clones rotates clockwise.

The vortex dipole (k1 = kK = —ka, i.e., the vortex strengths are equal in
magnitude but of opposite signs) is moving along a straight line with constant
velocity .

V:L2

L x z, (32)

where L =r; —r_ (Figure 8.2b).

In geophysical hydrodynamics the two-dimensional field of geostrophic wind
can be reconstructed not from its vorticity but from its potential vorticity,
which in the quasi-geostrophic approximation and after subtracting the Cori-
olis parameter is equal to 2 = Ay — L52¢. Hence, the geostrophic singular
vortex, which was first introduced by Obukhov, is defined as the Green function

for the equation }
A — Ly = 2 (z,y,t) (33)

with the regular boundary conditions at infinity. This fundamental solution
has the form

Yo = —kKo (r/Lo), Ao — Lg*po = 2mké (r). (34)

Here Ko(z) is the Macdonald function, whose values for small and large
arguments are expressed by the following asymptotic formulas:

Ko (r/Lo) = —In(r/Lop), for r/Lo <1, (35)
Ko (r/Lo) ~ _;ﬁn’j«ﬁ exp <_L7’0) . (36)
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The motion of N singular geostrophic vortices, as can be easily seen, is also
governed by the Kirchhoff equations (26) (or (26a)) with the only difference
that in the Hamiltonian (27) (or (28)), the logarithmic function is replaced
by the Macdonald function, for instance,

Y = ZF%FLjKO ('r’LL_ rJ') . (37)
0

i#j

The principal difference between the geostrophic vorticity filaments and
the Helmholtz vortices is that the former are screened, i.e., due to (36) they
have a finite interaction radius Lg, beyond which they virtually do not in-
teract. This imposes certain features for the motion of such vortices. For
example, if at the initial moment, the collection of vortices can be divided
into clusters, the distances between which are much greater than Lg, then
within the framework of applicability of inviscid hydrodynamical equations,
each such cluster will evolve virtually independently. On the other hand, at
short distances geostrophic singular vortices essentially do not differ from the
Helmholtz vortices (see (35)).

Consider in this regard the behavior of the geophysical vortex dipole
cyclone-anticyclone. In the northern hemisphere, the cyclonic circulation, i.e.,
the rotation around a low-pressure zone, has the same direction as the Earth’s
rotation and therefore is positive. The anticyclone vorticity is negative. Imag-
ine that such a dipole is located in the zonal atmospheric flow, which is di-
rected from west to east (recall that according to meteorological forecasts,
the weather usually comes from the west). In the typical situation, where the
cyclone is located to the north of the anticyclone, according to (32), the dipole
moves to the east, ahead of the zonal transport. Otherwise, which is a rare
phenomenon, the dipole is moving against the flow. Under certain conditions,
the velocities of the zonal flow and dipole movement may be close with re-
spect to the magnitude and opposite with respect to the direction. Then, for
an observer on the Earth’s surface, a vortex dipole is almost motionless, and
the weather service does not change its short-term weather forecast for a long
time. This phenomenon is called blocking, and in various regions of the world
it is related to the setting of prolonged droughts in the summer and steady
frosts in the winter. (Anticyclone is accompanied by fair weather.) It is no ac-
cident, therefore, that despite the tentative character of the application of the
theory of dipolar geostrophic vortices to the description of real atmospheric
processes, the appearance of the pair “a cyclone in the south and an anticy-
clone in the north” on the synoptic chart is for the weather forecaster one of
the precursors of long-term fair weather.

It is worth noting that for over a century the theory of singular vortices
has been attracting the attention of specialists, including such outstanding hy-
drodynamists as N.E. Zhukovsky, Th. von Karman, etc. First, this is related
to the purity in formulating the problem, the rigor and elegance of mathe-
matical approaches used to address specific related tasks, and secondly, with
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the ability of such a theory to explain a number of important hydrodynamical
phenomena, such as the behavior of vortex structures in the trails behind the
bodies moving in a fluid. (Recall Karman vortex street, the vorticity break-
away from the edge of the wing, vortex shedding past a cylinder, etc.). This
theory also explains features of two-dimensional turbulence simulated with a
large number of singular vortices. In particular, based on this approach to the
geophysical hydrodynamics, there have been attempts to describe trajectories
of tornadoes and even tropical cyclones. The reader can find a fairly complete
picture of the progress in this area in the review by Aref et al. (1988), see
Bibliography.

Exercises

1. What is the phase velocity of the Rossby wave evolving on the beta-
plane in the presence of zonal flow u = (Up,0), Uy = const? For what values
of Uy is the Rossby wave stationary with respect to the Earth or does it
propagate westwards? We set the characteristic scale for the variation of the
Coriolis parameter and length of the Rossby wave equal to (5 <+ 10) - 103 km
and 3 - 10% km, respectively.

Answer:

B+UoLy?

cr=Up— 200
T R R

Up > 5+ 10m/s.

Hint: Look for the solution of the equation

9
ot

(86— L526) + 1, 9] + 692 =0

in the form
'l;[} = w() +<,0($,y7t),
where ¥y = —Upy, ¢ = Aexp {i (kz + ly — wt)}.

2. Calculate the maximum and minimum of the zonal group velocity as
a function of k, and find the corresponding values of k% for which they are
assumed.

Answer:

min CRX =

maxCry = —————- = —-cg(k=0), for —— =3.
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3. The term on the right-hand side of (12) proportional to cos (67 — 03),
induces the non-resonant wave a} sin (61 — 63). Show by a direct computation

that
Cq

!/
a1 =
! (kQ — ]{33) — (]. — %/2) (w2 — w:;)
where 3’ = |ko — k3|, while C} is given by formula (13). Starting with this
formula, and assuming that the condition (17) holds, verify that o} /a < 1 for
short (53¢ > 1), as well as for long (»x < 1), planetary waves.

azas,

4. Use the Euler theorem on the instability of the rigid body rotation
around the middle axis of the inertia tensor in order to specify the conditions
under which the Rossby wave with amplitude a; and the wave number k;
splits into two waves that are resonant to the initial one.

Answer: 3 2 1 Z 0.

5. Describe the behavior of two vortices with strengths equal and oppo-
site in sign by using the Kirchhoff equations and their integrals of motion.
Prove the formulas (31) and (32). How do the solutions change if |k;| # |k2|?
What can one say about the behavior of N singular vortices of equal strength
initially located at the vertices of a regular polyhedron? (Start with three
vortices.) This problem has practical application. It is known that in nature
and laboratory experiments, one can observe regular vortex formations whose
vorticity centers are located on a circle. However, more than seven vortices
are not observed in practice. It is no coincidence, since it is proved that if
N > 7 then the corresponding vortex structure is unstable.

6. By using the concept of a singular vortex, try and calculate the helicity
of two simply linked closed infinitesimally narrow vortex tubes—filaments (see
Figure 8.3).

Answer: In this case we present the helicity as H = [[[u-rotu-dp =
2T T'9, where dp is the volume element, I'; = 27k; (i = 1,2) are the filament
strengths.

Solution: The helicity characterizes knottedness, or the degree of entangle-
ment of the vorticity lines, and it cannot change under a smooth deformation
of the vortex filaments. By using stretching and squeezing we deform the con-
figuration shown in Figure 8.3a, in such a way that the first filament would be
a straight line, i.e., it would close at infinity, while the second filament would
surround the first along a circle of radius » = Ry which is lying in the plane
orthogonal to the line 1 (Figure 8.3b). According to (25), line 1 creates an
azimuthal velocity field in the space

_0 _m_ Iy

o or o 2@’
parallel to this plane. The vorticity outside of the filaments is zero, while
Iy = rotu-doy, where dos is the area of the oriented cross-section of the
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[ 3%

T2=02, 46,

523- de‘

a) o)

Fig. 8.3. Two simply linked closed vortex filaments.

filament 2. Therefore, the contribution into the integral H of the configuration
shown in Figure 8.3b is
I
27TR2

The configuration in which vortices are interchanged gives exactly the same
contribution.

'27TF2R2:F1F2.
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Equations of quasi-geostrophic baroclinic
motion

9.1 Equilibrium state of a rotating baroclinic medium

As we mentioned above, in a moving baroclinic medium isobaric and isopycnic
(or iso-density) surfaces usually do not match. Recall that in the case of an
incompressible baroclinic fluid its density and pressure are independent quan-
tities, while the density of the baroclinic gas depends not only on pressure,
but on yet one more thermodynamical quantity, for instance on the potential
temperature O, i.e., p = p(p,O). (I would like to emphasize yet again that
for the sake of simplicity, the possibility of phase transitions in the medium is
not considered here, so there are only two independent thermodynamical vari-
ables.) Denote by the index s equilibrium distributions of thermodynamical
quantities, which describe the medium state in the absence of relative mo-
tions, and use them as the background characteristics of the medium, while
its motion is a deviation from this background.

It is worth mentioning that the choice of the background state of the
medium is a rather delicate question, which, strictly speaking, should be re-
solved based on the spatial and time scales of the studied processes and by
taking into account the influence of motions excluded from consideration. The
latter remark is important, in particular, in order to compare specific calcu-
lations with data from observations. At this stage, it is sufficient to formulate
the following typical constraints for the Earth’s atmosphere and oceans that
are imposed on the background characteristics selected above.

1. The equilibrium values of the thermodynamical quantities depend only
on the height z and precisely satisfy the Mendeleev—Clapeyron equation

Ps = RpsTs (1)
and the hydrostatic relation

dps
dz

+gps =0. (2)
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2. The background state of the medium corresponds to a statically stable
vertical distribution of the equilibrium potential temperature for the gas, i.e.,

R/C,
95 =T (po) (3)
Ps
dO;
0 4
dz > (4a)
and density for the fluid
dps
< 0. 4b
T (4b)
3. The dimensionless parameter
N?H
n= 0«1 (5)

Here g is the acceleration of gravity, Hy is the typical depth of the medium,
while N is the D. Brunt—V. Vaisilé frequency, given by the formulas:

. g do,\"?
for baroclinic gas (atmosphere) N = 0. ds , (6a)
g dp 1/2
for stratified fluid (ocean) N = (p d;) . (60)
Sm, o
% : Z=Z5+8Z, O(Zng+0Z2)=Ogz(2p)

O Z=Zp+0Z2, O(2p)=0Og(=zg)

3Sm

Fig. 9.1. A fluid parcel of mass dm moves adiabatically from level z = zo to an
infinitesimally close level z = zo + dz. Its potential temperature at this level is
O(z0 +6z) = O(z0) = Os(20) # Os(z0 + 6z); here O is the potential temperature of
the surrounding medium.
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The physical meaning of N is that this is the frequency of small oscil-
lations of a fluid parcel about its equilibrium position in a statically stable
environment. Indeed, suppose, for example, that the atmosphere is in a static
equilibrium state, described by the distributions of density p = ps (2) and pres-
sure p = ps (2). At an arbitrary level z = z5 we choose a fluid parcel of mass
om and density ps (z9) and which is also under pressure p; (2g), and displace
this particle adiabatically to a level z = 2y + 6z (Figure 9.1). Let p (20 + 62)
be the density of the displaced fluid parcel to this new level. Then the vol-
ume displaced by this particle is equal to dm/p (zo + 0z) and the displaced
mass of the surrounding atmosphere is ps (29 + 62) dm/p (29 + 02). Therefore
the total of the gravity force directed downwards and the Archimedes force
directed upwards is

ps (20 +02)

F=—-gom+———

gom p (20 + 02)

Then the acceleration d;‘lz of the displaced mass dm can be found from New-
ton’s law 25
z
om—-— = F.

BTe

Whence, after the expansion p, (z) and p (z) in a neighborhood of z = zy and
taking into account that p (z0) = ps (20) by definition, the resulting equality
can be written as follows, modulo terms O (522):

1 dps

ps dz

d%6z N 1dp
a2

. 52] . (7)

Now compute dp/dz, given that the density p (2) of the chosen particle changes
only with pressure. The formula

o)™

can be rewritten in terms of p and p (where C, = C, — R is the specific
thermocapacity for constant volume) by the Mendeleev—Clapeyron relation

p=RpT:
po (p\/
O=—|— . 9
Rp <p0) ©)
Then
Cy/Cp
PG = s (B5)
R@ (20) Po

Differentiating this equality in z and using (8) we obtain

dp C, 1 ( Do )R/C" dp C, 1 0O(z)dp

dz ~ C, RO(z)

p(2)

dz ~ C, RT(z) O(z) dz’
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Setting z = zp and using the Mendeleev—-Clapeyron formula once more, we
have

dp  Cy ps dps .
L= TSt th tz=
&z~ C,p dz at the point z = 2o,
and the equation (7) is written in the form
dQ(SZ Cq; 1 dps 1 dps
=—g|=5— - — 0z.
dt2 Cpps dz ps dz .

But, according to (9), the expression in square brackets is the derivative in
zof InOg = —Inps+(C,/Cp) Inp, + const. Therefore, the equation of motion
of the chosen particle can be written as

d?6z g dO
o = 0. 1
i "o, a7 (10)
This implies that for
de
N2=9 2% 1
0. d >0, (10a)

the equilibrium state of the atmosphere is stable, while the particle makes
harmonic oscillations with frequency (6a).
It is also pertinent to note that equalities (1)—(3) imply the relation

dO, Oy (de g )

dz T, \ dz +€p (11)

according to which the medium preserves statistical stability even for

dT,/dz < 0 if
dls g
— = 12
dz Cp (12)

The quantity v, = ¢g/C,, is called the dry adiabatic gradient of temperature,
that for the Earth’s atmosphere, for example, assumes the value 10 deg/km
(Cp = 1000 J/(kg-K)), whereas the real fall in the absolute temperature with
height in the troposphere is approximately 6 deg/km.

The smallness of the parameter 1 becomes evident when we note that
the quantity ¢’ = N2H, can be interpreted as the effective acceleration of
gravity of a fluid parcel under the influence of the total for the buoyancy and
gravitational forces. For the Earth’s atmosphere, for example, n = O (0.1),
whereas for the ocean n = O (10*3). This distinction is due to the fact that
the stratification of the ocean environment is caused not by its compressibility,
but by the density stratification due to the nonhomogeneous salinity of water.
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9.2 Quasi-geostrophic approximation of the equations of
motion of a baroclinic fluid

With regard to the baroclinic geophysical flows, in addition to the smallness
of the Rossby—Kibel parameter and of #:

U N?H,
e=—<1 and = =0 (e), 13
I s =2 =0() (13)

we will also assume that the following parameter is small:

L
gHo

3 O(e). (14)

Generally speaking, the parameters ¢, £ and 7 are independent and the
restrictions are typical, for instance, for the Earth’s atmosphere. One can also
use other constraints without altering structural properties of the final result.
This is the case for the ocean, where 7 = o (g) (see the above estimates for
7). Furthermore, the analysis below can be easily modified or generalized to
the case of less restrictive conditions than (13) and (14), provided that the
above-mentioned parameters remain small.

The smallness of the parameter £ means that the linear velocity induced
by the absolute vorticity of the medium fy is also noticeably “subsonic,” i.e.,
it is at least half of the order of magnitude less than the propagation speed
of long gravitational or internal waves. In fact this is the condition of weak
3D-compressibility of a rotating baroclinic gas.

Up until now we used a shortened Obukhov—Charney basis for deriving
simplified “inviscid” equations of motion and we ignored the equation of con-
servation of potential temperature. According to the discussion above, for a
baroclinic fluid both of the conserved quantities IT and @ should be taken into
account. The exact formulation of their Lagrangian invariance can be written
in the form

DI D (Q2+2Qy) -
- D@22 Y0 _,, (15)
Dt Dt p

Do D d 0

It is convenient to represent nonequilibrium thermodynamic variables of
the moving medium as follows:

p=ps(2)+p (x,y,2,1), p=ps(2) +p (2,9,2,1),
O=0,(z2)+0(x,y,2,t), T=T(2)+9(x,y,21),

where the second terms on the right-hand side of each of the equations describe
small deviations of the corresponding quantity from its equilibrium value. Let
us estimate the order of their smallness.
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According to the geostrophic wind equation (6.7) and hydrostatic relations
(6.1) and (2), [p'] = foL[ps] U, and [ps] = [ps] gHo, where the square brackets
stand for typical values of the encompassed quantities. Hence by (14)

Y RLU_ U L
gl T oL gy ~ OO =0 (17)

According to the assumption (6.1) the hydrostatic relation approximately
holds for the quantity p = ps + p’ as well. Therefore [p'] = [p'] gHy and

’_o <p,) =0 (7). (18)

Ps Ds

By using the equation of state (1) and the formula for potential tempera-
ture (9), which also hold for both equilibrium and nonequilibrium quantities,
it is easy to show that the relative deviations ¢/Ts and 6/6; are connected
with p’/ps and p’/ps by the following approximate relations:

9 / / 0 C, p ’
T Ps ps  Os Cp Ps Ps

Hence, according to (18),
—=0(%), =——=0(). (20)

Now we move to the direct derivation of the quasi-geostrophic equation
for potential vorticity. Single out in the expression for potential vorticity the
main part associated with the vertical derivatives, since the vertical scale of
global geophysical flows is much less than the horizontal one. Consequently,
it is natural to assume that the derivatives related to the vertical scale will
prevail. In addition, take into account the smallness of the Rossby number Ro
and obtain that the relative vorticity (2, is much smaller than the Coriolis
parameter f = 2(2ysin ¢. Thus,

do, |, 98
e (2 7) T 2D ()

P Ps
(1)) dO, | 00
T T (1)

Since [£2,| < |f] and |0'| < |Os|, we can approximately write down the main
part of the substantial derivative of the potential vorticity:

O_dH_8H+ 8H+ 8H+ oIl
_dt_atuﬁa:vayw()z

_(3 0 9>[<Qz+f> O L0y L1429

&H”%H"a@ dzlps dz

Ps dz ' ps 0z
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Note that the part wa% of the substantial derivative which comes from the
vertical velocity is taken into account here.
The equation for conservation of the potential temperature has the form

0 0 0 Ao,
<8t+u 8—4—11 ay)&—f—w- 7 =0. (22)

. dd@; is a function of variable z only, the operator

Since the quantity

1
P
(% +u- a% +uv- 3%) does not act on it. Therefore, transform the derivative

%asfollows:
A 1 de, [0 P P ;o6
dt_ps'dz'(é)zﬁ+“'am+“'ay){Q”Hd@s/dz'az
fodo.
twe dz[ dz]io'

Now recall the value of the frequency N? defined in (6a), and use the following
identity, whose validity is easy to verify:

g [fg [ A )
I ps 02l N2 o, T ps 0zLldOg/dz
A Y ddo, f 0 dps

Ps . d@s/dz 0z  ps W dz dz + Ps ' dO/dz dz
/ Ps 00 ps -0 drf dOs
T ps dOjdz Dz (46, /dz)’ '%[E' dz]
fo00  p.-0  drf de,
T d6,/dz 9z (dO,/dz) 'QLT ' ﬂ} '

which we divide

Here we substitute the expression 75, / e 82 % into that for & dt ,

by L - 99s in advance:
ps dz

0 0 0 g 0 [ f? 0
<aﬁ“m+”'ay>[”z+“p5-f a( 'Pf‘eﬂ

0 0 0 ps -0 d (f doO,
il _ ks 2L 2
! <6t e 8y) [(des/dz)Q dz <ps dz N %)
W Ps [f dos } _0
dO,/dz dzlp, dz '
Now introduce the constant Coriolis parameter fy = 22 sin ¢y and use it to

replace the variable quantity f in the equation above. We use the equation for
the conservation of potential temperature (22), and this allows one to cancel

out the two last terms, since the quantity (de”w . d% (ljj—o . %) depends on
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z only, and the operator (% +u- % +v- a%) does not act on it. Finally, we
have

0 0 g 0 2 0
<8t+uax+v8y> [Qz—kfo%—ﬁ% <]{;)2p598>} =0. (24)
In order to formulate this equation in terms of only one unknown function,
one needs to have a relation of § with the hydrodynamical component of the
pressure p' = p’ (z,vy, 2, t) which defines the geostrophic velocity field through
the relation (6.7). For this purpose use the second formula (19), which is
transformed into the form

0 18;0’_(

e, gpsg

Cy 1dps) I

C, 9ps (25)

Cpps dz
by the hydrostatic relations (2) and (6.1) for the background and perturbed
flows. To compare the terms on the right-hand side of (25), it is more con-
venient to formulate the obtained relation in terms of the frequency N (6a),
which serves as the main measure of medium stratification in the theory of
motion of stratified fluids. By using the equation of state (1), formula (3) for
the potential temperature can be rewritten in terms of ps and ps:

po (P G/
O, = = ) 26
Rps (po) (26)

Its logarithmic derivative gives the equality

Cy 1dps  1dOs 1 dps
Cpps dz  Og dz  ps dz’

(27)

After substituting (27) into (25) the desired relation assumes the form

b _10 (¥ _NY

Os g0z \ ps 92 ps’
which allows one to compare the terms on the right-hand side of the latter
equality with the help of (13):

PR @) )| = 770 - | = S —— [ = 10(e).
g% ps g gHo ps g0z \ ps g0z \ ps ©

As a result, the required relation between 6 and p’ with the desired degree
of accuracy is given by the formula

0 10 /
0 10 (v 2
Os; g0z \ ps
The latter formula, together with the geostrophic wind relations (6.7), which
in this case can be written as
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10 (p ) 10 < P >
U=———o=| =], v="F—o—| — |, 29
o 7o 95 \ 1, 29)
allows one to close up the equation (24). In terms of the geostrophic stream

function .

p
fOps
the quasi-geostrophic equation of the potential vorticity can be written as

Aw+f+—— <f°pgaw)]=o (Aw—y+32> (31)

V(2,y,2,t) = (30)

dt s 0z \ N2 0 Oy?
W
U= — 8y fu—+ax. (32)

It is easy to show (do it as a useful exercise) that for the ocean, for which
in contrast with the atmosphere n < ¢, while the role of © is played by p, the
quasi-geostrophic equation of vorticity has a similar form. Here one merely
needs to use the formula (6b) to calculate N.

One should note that the information on the baroclinic stream function
¥ = ¢ (x,y,2,t) allows one to recover the vertical component of the flow
velocity as well. Indeed, by excluding the pressure pulsation p’ from (28) and
(30), we obtain the relation

O _ foOy

After its substitution into (22), the vertical velocity can be written in the form

wz_z@&(aﬁ) (34)

Remark. We emphasize that, unlike (32), the formula (34) is valid only
for adiabatic processes, i.e., in the absence of thermal conductivity and ex-
ternal sources of heat. Otherwise, the right-hand side of (22) will be different
from zero, and denoting it by Q, we obtain

_Jo d [0y g Q
-3¢ [ (52) < 7o) )
instead of (34).

Thus, geophysical flows of a baroclinic fluid in the quasi-geostrophic ap-
proximation are also described in terms of the stream function, although in
this case, it explicitly depends on the vertical coordinate z. The latter is due
to the presence in a baroclinic fluid of the so-called available potential en-
ergy. Such an energy comes from horizontally inhomogeneous distribution of
buoyancy forces, or, which is practically the same, of the potential tempera-
ture. We will discuss more details of this later. In the meantime, we note that
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the influence of the horizontal inhomogeneity in the distribution of potential
temperature on the dynamics of geophysical flows can be seen directly from
relations of the thermal wind

ou g 00 Ov g 00
0z  foOs,0y 0z +f0@s ox’ (36)
which are easily obtained from (28) and (29) by eliminating the pressure. The
relation of the thermal wind can be written as a single vector equality (cf.
(6.16) and (6.17)):
ov g
0z B f()@s

where k is the vertical unit vector, while the deviation € is replaced by ©,
since the equilibrium quantities depend only on the vertical coordinate.

According to (37), the horizontal gradient of the potential temperature
causes a systematic vertical wind shear. We recall (see Chapter 6) that for
the Earth’s atmosphere this means that the temperature difference between
the poles and the equator is one of the main reasons for the motion instability
of synoptic scale (the vertical velocity shear causes vortex formation). There-
fore, in geophysical hydrodynamics, instability and cyclogenesis induced by
the vertical wind shear are referred to as baroclinic processes, thus empha-
sizing their convective origin. This goes in contrast to the barotropic vortex
formation, which is caused by a purely hydrodynamical instability of horizon-
tal shear flows.

k x VO, (37)

Exercises

1. Specify the stability conditions for a static equilibrium of a stratified
incompressible fluid in the gravitational field. Show that in a stably stratified
medium a fluid parcel that is slightly deviated from its equilibrium position
will perform harmonic oscillations with the Brunt—Vaiséla frequency N, given
by the formula (6b).

2. Derive the quasi-geostrophic equation for the potential vorticity of the
ocean, assuming the parameters €, 7 and £ small, but independent.
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The energy balance, available potential energy,
and Rossby waves in a baroclinic atmosphere

10.1 The energy conservation law and the concept of
available potential energy

In order to compare barotropic and baroclinic flows it is worth recalling the
formulation of the local energy conservation law (7.26) for the Obukhov—
Charney equation, which in the beta-plane approximation (f = fo + Sy, 8 =
const) can be written as follows:

o1 ol e

E |:2 (V’L[))Q —+ 21;}%] = —le Sbt (X,y,t) <w - 1/) (X7Yv t) = i) ? (1)
2 N 2 -

Sue =i (0 500+ 05 ) 1 (—vgs -G @

where 2y = Ay — Ly 24 is the relative quasi-geostrophic potential vorticity
for barotropic flows. Unlike the formula (7.26), here instead of At one has
A — Ly 24, This is justified, because the contribution of the additional term
into the divergence is equal to zero:

9%
dy

) d o
g L2 } 7[7 L2 ]:O.
+8x v 0 + dy v oz °
Having completed Exercise 7.1, the reader will easily derive that for baro-
clinic flows on the beta-plane governed by equations (9.31) and (9.32), the local
conservation law for the energy is formulated in the following form (multiply

(9.31) by —pst and regroup the terms):

9 1 1 2 /o2
E [2ps (Vd))Q + §Ps% <(r;i)) ] = —le SbC (XaY?t) ) (3)
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Py oY »

S ( a 815 2P55¢2 + pswagbc>
w 51/} fo &y

Here ,

_ - b

¢—w($7y’zat)— fopsv
190 g oY
=AUt e (pNa)

is the relative quasi-geostrophic potential vorticity of the baroclinic flow.

If there is no mass flux across the boundary of the domain occupied by a
baroclinic fluid, i.e., the velocity normal component on the boundary vanishes,
one can show (see Chapter 11) that (3) and (4) imply the invariance of the

total energy
1 AN dEp.
mes [[[ a0z b ()] (=) ©

where du = dxdydz is a volume element of a fluid parcel and V is the total
fluid volume.

The expression for the total energy can be rewritten in terms of velocity
and thermodynamical characteristics of the fluid by using (9.33):

///[ ps (V))* + 1pai,22 222} S (5a)

The physical meaning of the second term on the right-hand side of (5a) is
easy to understand by recalling that we are discussing those motions whose
impact on thermodynamical characteristics of fluid parcels, and hence on their
vertical coordinates, produces only slight deviations from their equilibrium
values. Recall (see Chapter 9) that for a fluid parcel of unit volume, deviating
along the vertical by an infinitesimal distance dz from its static equilibrium
position, the total of the gravitational and buoyant forces which acts on this
particle is equal to F' = —psN?§z. Therefore the potential energy (relative to
the equilibrium position) corresponding to this force is

1
0Py, = §psN2 (62)°. (6)
The potential temperature of a displaced fluid parcel differs from the
equilibrium potential temperature at its new position by the value 6 =
(dOs/dz) 6z. Now expressing 0z via 6 and substituting it into (6) subject
o (9.6a), we find that the second term of the integrand on the right-hand
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side of (5a) (and hence of (5)) coincides with the potential energy of a fluid
parcel of unit volume relative to its static equilibrium position, i.e.,

122 1 fE ()’
5Pbc—§Psﬁ@§—2 A (7)

The quantity

oo [t et [ () 5 o

equal to the potential energy of the entire fluid minus the potential energy
corresponding to its equilibrium state, is called the available potential energy.
This concept was first introduced by a prominent American meteorologist
E. Lorenz (1955). Its meaning is that it is this fraction of the potential energy
that can be converted into kinetic energy of the geophysical motions, whereas
the potential energy corresponding to the equilibrium state of the fluid turns
out to be inaccessible for generating motions of the scale studied and therefore
it is excluded from consideration.

From the point of view of this concept it is useful to compare the energy
invariants for equations of the shallow-water theory (6.21) and (6.22) and
their quasi-geostrophic approximation, that is the Obukhov-Charney equation
(7.8). According to the local laws of energy conservation (4.25) (see Exercise
4.2, taking into account that the Coriolis forces do not perform work) and (1),
the corresponding integral energy invariants can be represented in the form:

Egy = // Po (;HV2 + ;QHQ) éo, 9)
D
1 1 )2 1 1
Ey = // Po |:2 (Vl/J)Q + 2%(2):| o = //pO (2V2 + 2gh2> 507 (10)
D D

where H = H (x,y,t) is the current height of the free surface of the fluid, Hy

is the equilibrium thickness of the “shallow water” layer, h = H (x,y,t) — Hp,

00 = dzdy is an area element of the two-dimensional integration domain D

and pg is the constant density of the fluid. (Here sw stands for shallow water.)
The quantity

1 1
Py = 5//pogh25a = 5///)09 (H — Ho)® oo, (11)
D D

that is equal to
1 1
5//pogH25U—§//pogHg(50
D D
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(the integral of the linear in A term vanishes due to the mass conservation
(7.12)), is the available potential energy of barotropic geophysical flows, ac-
cording to the above definition. Indeed, the potential energy pgHydo - g- % -Hyp
of a fluid column of the height Hy and of the area do cannot be converted
into fluid motion (unless, of course, one allows it to flow out somewhere). The
portion of this available energy from the full potential energy of the layer, is
measured by the ratio (h?) / (H?) (where (...) is the average over the fluid
volume) and according to (7.3) is equal by the order of magnitude to the quan-
tity 2 (L? /L%)Q. When applied to the Earth’s atmosphere, for example, this
value has the order of 1072. A similar estimate also holds for the baroclinic
component of the available potential energy. This characterizes the efficiency
of the atmospheric heat engine, i.e., essentially coincides with the estimate of
its efficiency coefficient equal to a few percent.

This analysis allows one to answer the question that naturally arises when
comparing the barotropic and baroclinic quasi-geostrophical models of geo-
physical flows. The point is that the result of the limiting procedure in the
equation (9.31) as N — 0, corresponding to the transition from the motion
description of a stratified fluid to the motion description of a homogeneous
fluid, does not coincide with the Obukhov—Charney equation (7.8). (This limit
can be found in the book by L.A. Dikii.) This is easy to show by the following
reasoning without resorting to formal mathematical calculations. Suppose the
contrary, that is, assume that in the limit N = 0 the equation (9.31) coincides
with (7.8). This would mean that as N — 0 one has

10 (f&psaw

— = — — Lg%,

ps 0z \ N2 82) o

But then according to (1), which is a consequence of (7.8), as N — 0 the
available potential energy of an individual fluid parcel of unit volume (see (3),
(7)) would be

0z

However, according to (6) 6P, — 0 as N — 0. This means that in
deriving (9.31), unlike (7.8), one did not take into account the barotropic
component of the available potential energy, related to height changes of the
fluid’s free surface, cf. (11). This deficiency can be corrected by formulating
the baroclinic model, for instance, in the so-called p-coordinates, in which
one uses the pressure p instead of z for the vertical coordinate, based on
the quasi-hydrostatic relation. This approach along with its advantages and
disadvantages is discussed in the next chapter.

We note one more important conclusion which follows from comparison of
the energy relations. The ratio of the available potential energy to the kinetic
one has the order of magnitude L?/L3 for barotropic flows and L?/L% for
baroclinic ones, where the quantity

2 /9 2 2
() o

1
5Pbc—§ps 9 f(g)
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. NH, 9'Ho
Lg = =
f f

of the length dimension is called the internal Rossby deformation radius. In
the stability theory of baroclinic flows this fundamental parameter plays the
role which is as important as that of Lo = +/gHy/f in the stability theory
of barotropic motions. In particular, Ly is the typical size of cyclones and
anticyclones generated by instability of the vertical shear of the wind, i.e., by
the instability of an inhomogeneous horizontal distribution of buoyancy forces,
according to the thermal wind relation (9.37). Note that for L = Lg, the
kinetic and potential energies of the vortex have the same order of magnitude.
For the Earth’s atmosphere (or ocean) L and Ly are quantities of the same
order of magnitude, equal to 1000 km (or 100 km respectively), although the
square of their ratio (Lp/Lo)® is usually assumed to be equal to 0.1 with
some reservations. This circumstance is related to one of the main difficulties
in constructing an analytical theory of the general atmosphere and ocean
circulation.

(¢’ = NH,) (12)

10.2 Baroclinic Rossby waves

The baroclinic property of the environment affects the behavior of planetary
waves as well. The background density changes at the characteristic scale
given by the formula

Dl—_ i dps

p— 1
ps dz (13)

for the ocean and isothermal atmosphere, and one can set it to be constant.
According to (9.6b) this also holds for the Brunt—Vaisild frequency in the
ocean, but to a much lesser extent in the atmosphere. Note that for the ocean
one has Hy/D < 1 because of the substantial smallness of the parameter n =
N?Hg/g (see equation (9.13)), whereas in the atmosphere, this ratio is of order
one. Assuming values N and D to be constant as a reasonable approximation
in both cases, the equation (9.31) for the beta-plane (f = fo + Sy) can be
written in the form

d f& (0% 10y W _
dt<Aw+N2<Z—Z>>+ 5, =0 (14)

For the operator §%/92% — D~19/0z the eigenfunction corresponding to
the wave-like perturbation along the z axis with nodes at the distances that
are multiples of the value Hy/m (m is an arbitrary multiple of 7), has the

form
mz

YV = €Xp (%) U (z,y,t) exp (ZHO) , (15)
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where ¥ (x,y,t) is so far an arbitrary function of horizontal coordinates and
time. The eigenvalue corresponding to the function (15) is equal to

1 m?
e (), o
4D% = HZ
i.e., ¥y, satisfies the equation
Py 1 OY, ( 1 m2)
e (1)
022 D 0z 4D? © H?

Now by making the substitution (17) and (15) into (14) for finding the function
¥ (x,y,t), we obtain the Obukhov—Charney equation

d H2 L\ W ow

in which the role of Ly, up to a positive multiplicative constant, is played
by the Rossby inner radius of deformation Lr = NHy/fo. Therefore, the
family of exact partial solutions of equation (14), describing baroclinic modes
of planetary-scale gyroscopic waves in a layer of stratified fluid of thickness
Hy, is described by the functions

2 ) mz
Vpim = Aexp (E) exp {z (k:z: +ly + Hy at> } , (19)

where A is an arbitrary constant, while

Bk

S _ 20
k2 + 12+ (m2+ HZ/AD?) L? (20)

Hence, in particular, it follows that for Hy/D < 1 (for instance, in the
ocean) and m = 0 solutions (19) and (20) degenerate into the family of
barotropic modes, since according to (9.34) the vertical velocity almost van-
ishes and, consequently, equilibrium isopycnic surfaces remain unperturbed
due to the lack of buoyancy forces.

In this regard, it is appropriate to mention the misunderstanding that
could have arisen from the energy analysis that the baroclinic model (9.31)
and (9.32) does not describe barotropic effects. In fact, the specified model
does not take into account only the barotropic component of the available
potential energy which is involved in the energy balance, while it maintains
a mutual exchange of the kinetic energy between different barotropic modes,
and this exchange is a key element of the mechanism of barotropic instability
of geophysical flows.
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Exercises

1. Derive the local conservation law of energy (3) and (4) for a baroclinic
atmosphere by using the experience in deriving such a law for a barotropic
medium.

2. Try and prove the energy invariance (5) using the conditions of fluid
impermeability across the boundary of the integration domain and conserva-
tion of the velocity circulation over any horizontal closed contour belonging
entirely to the vertical part of the boundary. Assume that the integration
domain is a cylinder with the vertical axis.

3. By using the dispersion relation (20) calculate the group velocity of the
baroclinic Rossby wave and show that the wave energy and phase propagate
i opposite vertical directions.
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Important remarks on the description of
baroclinic geophysical flows

11.1 On p-coordinates

Using the quasi-hydrostatic relation, atmospheric motion can be described
in a coordinate system where the pressure p is chosen to be an independent
vertical coordinate, while the height z = 2z (z,y,p,t) of an isobaric surface
p = const becomes a dependent variable. Without going into technicalities of
calculations (see Thompson, 1962), let us write the equations of a rotating
compressible baroclinic fluid in these new independent variables z, y, p, t:

dv L0V B
eqw a—erkvangpz, (1)
0z 1
9 __ 1 2
op 9p @
ou Ov Ow*
((YT + 87,7,/ + ap =0, (3)
de L, 00
at w Bip =0, (4)

which are closed up by relation (9.9)

o_ b0 (p)C“/Cp_ (5)

_Rip Po

Here w* = dp/dt plays the role of the vertical velocity, v = ui + vj, d/dt =
0/0t + ud/dx + v0/dy, V, = i0/0x + jO/0y, and all the derivatives with
respect to horizontal coordinates and time are taken at constant pressure p.

This shows that the advantage of p-coordinates is in that equation (1) for
horizontal velocity and the continuity equation (3) are written in the form
as if the atmosphere were incompressible. The geostrophic wind in the p-
coordinates is given by the formula
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_ 9
v=L

= kXY (6)

or, in the coordinate form,

g0z g0z

, U= +777
Jo Oy Jo Oz

while the quasi-geostrophic equation for conservation of potential vorticity
can be written as follows:

d o (p* o\
asrs & (£29)] 2o .

(6a)

Here ¢ = gz/fo, Lr is the inner radius of the Rossby deformation, defined
above by formula (10.12), and according to (6a)

0 0
— _i/’, v = +£. (8)
y ox
It is worth noting that the simplification of the equations of motion do not
come for free: difficulties hidden in the change of variables arise in setting the
boundary conditions because, for example, the vertical velocity

w—%—i—w*%
Cdt Op

9)

vanishes at the Earth’s surface, which is not isobaric. Therefore, precise bound-
ary conditions are replaced by approximate ones, which are posed on the
“boundary” isobaric surfaces p = 0 and p = pg, simulating the upper and
lower horizontal boundaries of the atmosphere, respectively. One can show
(see, for example, Kurgansky, 1993) that for the quasi-geostrophic approxi-
mation (7) and (8), the vanishing of w* on the upper horizontal boundary of
the atmosphere and of w on the lower one is approximately expressed by the

relations J -
JR— 27
pr (p 8p> —0 as p—0, (10)
d( oy 5\ _ _
% <p8p+a ’L/)> —0 fOI‘ P = DPo- (11)

Here o2 is the so-called baroclinicity parameter defined by the equality

a2 — R(’Ya""}’s) Ts ’
g TOs

(12)

where v, = ¢g/C, is the dry-adiabatic temperature gradient defined above,
7vs and Ty are the background or the equilibrium temperature gradient and
the temperature corresponding to the level of the isobaric surface in question,
while Tp, is the average temperature over the Earth’s surface.
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Lateral vertical boundaries 0D of the integration domain D are usually
equipped with impermeability conditions, i.e., vanishing of the horizontal ve-
locity component normal to the boundary:

oy

vn:—E—O on 0D (13)

and the circulation conservation
. oY dr
= ol = ¢ =6l — = 14
Fuii= § 2 ( i o) , (14)
dp dp

for each pressure level, i.e., for each closed contour d, formed by intersection
of the lateral border 9D with an isobar p = const. Here 9/0l and 9/0n denote
differentiation in the directions of the horizontal tangent and normal to 0D
respectively (cf. (8)).

Subject to the conditions (10), (11) and (13), (14), the energy invariant of
the system (7), (8) can be expressed as

By, = = ///lw v L ( w) ]dxdyder // o & pov?drdy, (15)

where S is a two-dimensional area on the isobaric surface p = py bounded
by the contour d,, (derivation of this formula can be found in the book by
A. Monin and A. Yaglom, page 90).

This shows that in p-coordinates the energy integral includes both baro-
clinic and barotropic components of the available potential energy, the latter
being described by the double integral in (15). Compare it with the expres-
sion (10.10) for the available potential energy of a barotropic atmosphere.
Expression (12) for the baroclinicity parameter o using the already known
formulas

e, o, N?Hg gHo
:7(’)’(14’78)7 L2: 07 L2:77
dz T, 13 T
g dO,
N2 = 5 dz 3 s — psRTG

(recall that Hy is the height of a homogeneous atmosphere, i.e., of the same
weight as the baroclinic atmosphere in question) can be rewritten as

L2 ps Ty )
< gpsHo Tos ) (16)

The coefficient k& can be regarded as an adjusting parameter. Its unit value
provides precise consistency of (10.10) with the double integral in the for-
mula (15). Therefore, it makes sense to interpret the baroclinicity parameter
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as a squared ratio of the internal radius of the Rossby deformation to the
Rossby—Obukhov scale of the barotropic atmosphere, which is also handy for
memorizing.

Thus, while the limit in equation (7) as N — 0 is not at all obvious, the
energy integral demonstrates that this equation, unlike (9.31), with a well-
defined approximation of the boundary conditions does describe the energy
cycle involving both types of available potential energy. Actually, it is for this
reason that I have chosen the p-coordinates. We will not employ them further
to avoid complications of the analysis by having to adjust the boundary condi-
tions and by comparing the results of the theory of the hydrodynamic stability
of classical and geophysical flows. All the more so in that the properties of
the former in many cases can be easily extended to the latter.

11.2 On computing integral invariants

In the third part of this course we will use integral invariants to study sta-
bility of geophysical flows. In this regard, let us consider an example of their
calculations and show how the local energy conservation law (10.3) and (10.4)
for baroclinic flows implies invariance of the total energy (10.5), provided that
the normal component of the velocity is zero on the boundaries of the fluid
domain. As the integration domain V' we take a cylindrical annular tank with
flat horizontal ends positioned at fixed heights z = 21, 2zo. (This is the most
common domain of integration that is used to study the stability of zonal
atmospherical flows and their laboratory counterparts.)

Use the relation of geostrophic wind v =k x V. i.e., u = —%7 v = —l—g—i’
to express the conditions for the vanishing of the velocity normal component
on the side walls of the annular channel and for conservation of circulation I”
in terms of the stream function:

v.n=0=nxVy=0 on 9Vg, (17)

d d
C Co

Here 0V stands for the lateral boundary of integration, n and k are,
respectively, the unit normal to OVs and the vertical unit vector, while the
integration is performed over the closed contours C' and Cj entirely belonging
to the lateral boundary.

Let us integrate (10.3) over the volume V taking (10.4) into account. To
convert the right-hand side of (10.3) we use the Gauss—Ostrogradskii formula
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// d1VSbC5,u——/ Spe - 0o

Vs

//pswa 8tdxdz+//p51/) chdmdz+// pswgtftdxdy. (19)

6VS 1%} VH

Contribution of the i-component of (10.4) into (19) is zero due to the peri-
odicity in the x coordinate directed along the parallel. In (19) OV is the
horizontal boundary of the domain of integration.

The second term in (19) is zero due to the boundary condition (17): v =

9y
ox oV

S
OVs does not depend on z. Hence, for the first term in (19), the integral over
the x coordinate can be written as follows:

%pswat 3y s¢atj{ oy = —psw% j{ u-dr=0. (20)

Vs

= 0. For the same reason the function ¢ on the lateral boundary

The last expression is zero, assuming the no-slip condition on the boundaries.
Another way to make the right-hand side of (20) vanish is to use the conser-
vation of velocity circulation over the boundary OVs, I' = ¢ wudx, % =0
Vs
(see Appendix Al).
Employing the relations (9.10a) and (9.33) the last term on the right-hand

side of (19) can be written as

] Bosw 8 teay = @onsaey sup, [ [0away. o1

oV oVu

Let us now turn to the equation (9.22). Multiplying it by ¢ and making
some straightforward transformations with the zero divergence of geostrophic

wind u = —%, v = +g—f in mind, we get
% = —div (¢v) — wwdd@;.

Substituting the latter equation into the integrand of the right-hand side of
(21) and again using the Gauss—Ostrogradskii formula we obtain

//Q/J%dacdy: —%wﬁv-ndl—

o Vi 2] Vu

(22)

The right-hand side of this equation equals zero due to the vanishing of the
velocity normal component on 0V. That proves the invariance of the total
energy given by formula (10.5). It is useful, however, to bear in mind that
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in those cases when the vertical velocity on the horizontal boundaries is non-
zero, according to (22) the last term on the right-hand side of (19) can be
expressed in the form

// Nz#oY SQgt fOf’S//dedy— //pwdxdy (23)

dVH dVH

The latter describes the work of the pressure forces at the ends of the
annular channel. As we shall see below, in the case of a viscous fluid this
mechanism of the energy loss provides an effective inhibition of the atmosphere
against the Earth’s surface due to the formation of Ekman boundary layers
in its vicinity. We will elaborate on this inhibition mechanism in the study of
viscous geophysical flows.

Exercise

1. Show that under assumptions of Section 11.2 the total potential vorticity
is a first integral of motion of the system (9.81), (9.32), i.e.,

% ///{ ¢+f+—— (f]{]p; Zw)] dwdydz = 0. (24)

Hint: Using (9.31), write the time partial derivative of the integrand of
(24) in the divergence form and integrate the resulting equation over the
entire volume taking into account the boundary conditions (17) and (18).
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The notion of dynamical stability via the
example of motion of a rigid body with a fixed
point

12.1 Statement of the problem

The scale of vortex motions ranges from regular laboratory flows to irregular
leakage of water from the tap, to turbulent fluid flows in industrial machines
and fast rivers, to circulations in the ocean, in planetary atmospheres, on
the stars and even in the formation of galaxies. Emergence of such flows is
usually associated with the loss of stability of the so-called primary flow. Its
configuration is specified by the initial conditions in case of an ideal fluid or
by external energy sources that sustain the motion of a viscous fluid.

The known mechanisms of instability are very few. For instance, the global
atmospheric and oceanic currents are mainly formed under the influence of
barotropic instability (i.e., due to the presence of horizontal shear of veloc-
ity), of baroclinic or convective instability caused by the excess of potential
energy of a stratified fluid flow, and of orographic instability evoked by the
underlying surface topography. It is also possible that the resonant interaction
of planetary waves mentioned in Part II and so-called parametric instability
may play a certain role here.

The stability of a solution can be understood in several ways. For example,
Lyapunov stability means that for any € > 0, there is a 6 > 0 such that if
the initial conditions change by no more than ¢, then the solution at any
moment will change by no more than ¢, i.e., this is stability with respect to
perturbations of initial data. However, this approach can be rigorously used
only on the basis of the unreduced (i.e., nonlinear) hydrodynamic equations
and therefore it has limited analytical applicability, especially when dealing
with viscous flows (see Part IV).

The main method of studying stability is based on the use of linearized
hydrodynamic equations with respect to the considered state under the as-
sumption that the initial perturbations of this state are infinitesimal. In this
case, instability implies the existence of infinitely growing solutions of linear
equations. As time increases, perturbation reaches a certain critical value in
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which the linear equations cease to be “working.” At this value, according to
the exact equations, under the influence of nonlinearity the system shifts into
a new qualitatively different state, or, as physicists say, there occurs a phase
transition.

Now let us consider a cloud of initial data in a small vicinity of an unstable
state. Every such perturbation will inevitably reach a value beyond which one
has to take into account the nonlinear terms, and the system will move into
the same secondary state regardless of the chosen initial conditions. However,
each point of the cloud reaches that critical value at a different moment.
So, if we now make each of the chosen initial perturbations tend to zero,
the corresponding solutions for any moment in time will also tend to zero,
but nonuniformly in time. This implies that there is no Lyapunov stability.
In other words, a proof of instability in linear approximation gives actual
instability as well.

The converse is generally not true. In this case it is necessary to solve the
problem in a nonlinear formulation. For an ideal fluid an effective method
is that of Lyapunov—Arnold, based solely on using first integrals of motion
of hydrodynamic equations rather than on their solutions. In order not to
burden the reader with unnecessary technical difficulties that inevitably arise
when solving specific problems of hydrodynamic stability and obscure the
fundamental idea, at this initial stage both approaches are illustrated below
by the example of motion of a rigid body with a fixed point.

12.2 Linear theory

The choice of such an example is not accidental, but it is made for several
reasons. Firstly, the Euler equations of motion of a rigid body with a fixed
point have two hydrodynamical interpretations: they describe both the flow of
a homogeneous incompressible fluid within a heteraxial ellipsoid in the class of
spatially linear velocity fields (see Part V below) and the resonant interaction
of three dispersing waves, such as Rossby waves (see Section 8.2 of Chapter
8). Therefore, the Euler theorems proved below also have hydrodynamical
applications. We shall see that again in studying global atmospheric motions
and the Kolmogorov flow. Secondly, the Euler theorems turn out to be a
mechanical analog of the hydrodynamic Rayleigh theorem on the stability
of a plane shear flow of a homogeneous incompressible fluid, as discussed in
Chapter 16.

The Euler equations (see [1]) in a mechanical interpretation are expressed
in the coordinate system frozen into the body and take the form

m=mXw, m=Jw. (1)

Here w is the vector of angular velocity of the rotation, M is the angular
momentum, [ is the inertia tensor, i.e., the tensor of inertia momenta, which
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in the principal axes has a diagonal matrix with the diagonal elements I, I5,
Is.
In the coordinate form the equation (1) becomes

Ly = (I3 — I2) waws,
Iy = (I — I3) wiws, (2)
I3z = (Is — I) wyws.
Let us study the stability of the following fixed points
w; = wy = const # 0, wi=wr=0 (i#j#k#1),

i.e., stationary fluid rotations about the principal axes of the ellipsoid. Let w;,
(¢ =1,2,3) be an infinitesimal perturbation, say of the state wg = (0,0, wp).
We will look for a solution of the linearized equations of motion

dw)
I dtl = (I3 — I3) wows,
dwt
I, dt2 = (I — I3) wow?, (3)
d /
I;—2 = O (wiw})

in the form of harmonic oscillations
W) = Ae” N Wl = Be ™,

This substitution results in the following system of linear algebraic equations
on the coefficients A and B:

ZIlAA + (13 - IQ)OJ()B = 0,

(Il - [3) woA + ZIQ)\B =0.
This system has nonzero solutions provided that its determinant vanishes:

ZI1>\ (Ig 7]2)&)0 o

(Il —Ig)b.)o ZIQ)\ 0

Therefore
)\2 = wg (13 — Il) (Ig — IQ) /11]2.

Since the roots of the characteristic equation are complex conjugate, the
stability conditions imply that Im A = 0. Otherwise, there is a root with a
positive imaginary part corresponding to the exponentially growing solution.
Hence, in linear approximation the considered solution is stable, provided that
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(a) I3>Il,[2 or (b) Ig<]1,]2.

These results can be expressed as the Euler theorems.

Theorem 1. Rotations of a rigid body with a fixed point about the minor
and major azxes of the inertia tensor are stable.

Theorem 2. Rotations of a rigid body with a fixed point about the middle
axis of the inertia tensor are unstable.

Remark. The linear system (3) can be rewritten in the form

dw’

W =L (CU(]) (JJ/,

where w’ = (W}, w),w}), we = (0,0,wp) and

0 Brfwg0

L (LUQ) = %wo 0 0

0 0 0
Then —i\12 = o012 are eigenvalues of the matrix L (wg) correspond-
ing to the eigenmodes (eigenvectors) wj = (exp(—iAit),0,0) and w) =

(0,exp (—iAgt),0) in the vicinity of the dynamic equilibrium of the system,
ie.,
L (wo) “-’1,2 = ‘71,2""1,2'

Thus, the above procedure for studying linear stability of stationary solu-
tions is reduced to finding eigenvalues and eigenvectors of the linear operator
obtained by linearizing the nonlinear equations at the equilibrium position.
This also holds for fixed points of an arbitrary dynamical system x = N (x)
(where N (x) is a nonlinear operator and x = (x1,x2,...,2,)) of order n,

which after linearization at its fixed point x = Xg (Xo = 0) reduces to a

system of linear equations %/ = L (Xp)x’ for infinitesimal perturbations
x' = x — Xg. At this stage it is already worth noting that as opposed to dy-
namical systems with a finite number of degrees of freedom, in hydrodynamics,
the linearized operator has not only discrete but also a continuous spectrum
of eigenvalues. This gives rise to an algebraic (polynomial) instability, often

substantially complicating the study.

12.3 Nonlinear theory: the Lyapunov—Arnold method

The Euler equations (1) have two positive definite first integrals of motion.
Those are the kinetic energy and the square of the angular momentum:
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1 m? m2  m3
2@ M= on Tan, T any )
m? =m-m = m? +m3 +m3. (5)

In terms of m; (i = 1,2, 3) the Euler equations assume that form:

. 1 1
my = — — — | mam
1 IQ 13 21763,

. 1 1
mg = (Ia - I1> mg3mz, (3a)

. 1 1
ms=|—— — | mima.
3 LT 1m2

The idea of the Lyapunov—Arnold method is to find such a linear combina-
tion of invariants of motion that would serve as a Lyapunov function F', with
its vanishing first variation at the fixed point mg = (0,0, mg) (mo = Iswp).
Then if §F (mg) = 0 and 62F (myg) is a positive definite quadratic form of
variations ém; (i = 1,2,3) (the negative definiteness can always be changed
to the positive one by changing the sign of the Lyapunov function). This
implies that the point mg is a minimum of the Lyapunov function, and the
second variation itself can be taken as a measure of deviation of the solution
from the stationary solution by setting || m — mg H%l)z §2F (mg) by defi-
nition. As the second measure, one can take the quantity || m — mg ||%2):
F (m) — F (mg) = §°F (mg) + o (0m?). Due to the latter equality the two
measures are equivalent, i.e., there are such positive constants Cy and Cy that

Cr | m—myg [|1)<[[ m —mg [)< Co | m —myg [|y) - (6)

Suppose now that initially the deviation dm from the fixed point mg is
small. Then, the measure || m —myg ||(1) is also small, and because of the
second inequality of (6), so is the measure | m — mg ||(2). However, this
second measure is an invariant of motion that will remain small at all times.
According to the first inequality of (6), the measure || m—mg ||(1) will remain
small as well, its positive definiteness implies smallness of the deviation dm
at all times. Let us illustrate the above by specific calculations.

We will look for a Lyapunov function using the method of Lagrange mul-
tipliers, assuming

m2 m2 m2
F=FE+Xn?=_2+ 2+ 2+X(mi+m3+mj),
2, ' 2@, ' 214 (my 2 3)

where A is a constant determined by the condition §F (mg) = 0.
First, let us compute the first and second variations of F":



124 Chapter 12. The notion of dynamical stability
1 1 1
5F = — 4+ 2)\ m15m1 + — 4+ 2)\ m25m2 =+ — 4+ 2)\ m35m3,
I I I3

52F = (111 + 2)\> (6m1)” + (It + 2)\) (6ma)” + (113 + 2>\> (6ms)?.

The requirement §F (mg) = 0 implies that 2\ = —1/I3. Hence,

1/1 1 1/1 1
F=>-[2_= 2 - = _ = 2
D <11 13>m1+2 (12 13>m2’

Then the stability conditions (the definiteness of §2F) mean that
(a) Is > 11,15 or (b) I3 < I, I,

which gives the same results as those of the linear theory.

Obviously, whenever I; > I3 > I, or I} < I3 < I, the quadratic form §2F
is sign-indefinite. In the context of nonlinear theory this just means a necessary
condition for instability, and hence the proof of instability in general requires
further study. However, in this case the instability of the rotation around the
middle axis is proved by the linear theory, which as mentioned above implies
actual instability.

12.4 Geometric interpretation

In the space of kinetic moments m; (i =1,2,3) trajectories of the top are
obtained as the intersections of the “energy” ellipsoids (4), whose major axes
are /2EI; (i = 1,2, 3), and the “circulation” spheres (5) of radius |m| centered
at the origin. This is illustrated in Figure 51 in the book [1], which we refer to
for more details. The intersection of the sphere and the ellipsoid is nonempty
provided that the quantity |m|? lies between the minimum and maximum
values of 2FI;. When |m| is only slightly greater than the shortest semi-
axis of the ellipsoid, the sphere intersects it along two small closed curves
surrounding the corresponding ellipsoid axis. As the value of |m| (i.e., the
sphere radius) increases, these curves expand, and when this radius coincides
with the middle semi-axis of the ellipsoid, the corresponding curves degenerate
into two ellipses that intersect each other at the points of the ellipsoid’s middle
axis. As |m| increases further, there again two separate closed curves appear,
but this time they are surrounding the longest axis of the ellipsoid. Thus,
in a neighborhood of the fixed points belonging to the shortest and longest
principal axes of the ellipsoid, the top is doing small rotational oscillations.
In other words, these fixed points are of the center type and are stable.
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On the other hand, for the intersection of the ellipsoid with the sphere
whose radius is equal to the middle semi-axis, one has a saddle point. It is
the intersection point of two separatrices, such that nearby trajectories are
attracted to the fixed point along one of the separatrices and are repelled from
it along the other.

Exercises

1. The equations of motion of a rigid body with a fixed point in the field
of the Coriolis forces can be written as follows (their derivation is given in
Chapter 24, equation (24.18)):

m=m+mg) xw, m=Jw, mg=Iwp. (7)

By replacing here wg — 2wq and formally setting w — —w in the equation
(7) we obtain

m=wx(m+2mp), m=Jw, mg=Ilwp. (8)

Let the rotational motion of a rigid body be around its principal axis x3
with constant angular velocity wg = (0,0,wp), while w = (0,0, {2) is a sta-
tionary solution of equations (8). Using the methods of linear and Lyapunov—
Arnold theory, try to formulate conditions for stability of this solution for
each (shortest, middle, and longest) of the principal axes of the ellipsoid in
terms of the Rossby number Ro = 2/2wy.

Hint: The roots of the characteristic equation are determined from the
expression

Is—1; I3 I3 — I I3
A\ = N+2=2 N+2=2 )
( I - Izwo>< L " Ilm))

Sketch the results graphically in the plane of parameters (Ro,\?) and
show that the Coriolis forces have a dual effect: they destabilize stable solu-
tions and stabilize unstable ones. Here the situation resembles the behavior
of the Kapitza pendulum, the standard physical pendulum with a vibrating
suspension point. Under certain conditions, the upper equilibrium position of
the pendulum becomes stable, while the bottom one becomes unstable. The
Coriolis force has a similar effect on global geophysical flows.
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Stating the linear stability problem for
plane-parallel flows of ideal homogeneous and
nonhomogeneous fluids

13.1 Choosing the initial model

In the previous chapter we used the motion of a rigid body with a fixed point
to get acquainted with two methods of studying linear and nonlinear stability
of fixed points of a system. Those methods were based on linearization of the
equations of motion and on the use of the first integrals of motion, respectively.
The subject of the next few chapters will be the development and use of these
methods in studying the stability of two-dimensional stationary flows of an
ideal fluid. According to the theorem of H.B. Squire (see Lin, 1958) the
most unstable modes develop along the plane of the flow, so one can ignore
the three-dimensional perturbations and remain within the two-dimensional
formulation of the problem.

We have already mentioned that stratification of a fluid rather than its
compressibility plays the decisive role in the formation of baroclinic global
atmospheric flows. So let us first study the linear stability of two-dimensional
flows of an incompressible stratified fluid in a gravity field without taking into
account the Coriolis forces. The results, as we shall see below, can be easily
generalized to the global baroclinic geophysical flows. As a bonus, assuming
the fluid density to be constant, we will obtain results on barotropic flows,
and also generalize them to global geophysical flows.

The equations of motion of an incompressible stratified fluid can be written
as follows:

du d 0
dR .
E = O7 diva = 0. (2)

Such a non-traditional notation R for the density is chosen because we are
going to use a further simplification, assuming a weakly stratified fluid, i.e.,

R(r,t)=po+p(r,t), P(r,t)=Py(z)+p(rt),
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where py = const, Py (z) is the hydrostatic pressure corresponding to the

density pg:
dP (z)
dz

+pog =0

and p/po = O (p/Py) < 1.

Make the substitution of the last three equations into (1) and (2). Now we
omit the excess of the dynamic pumping p du/dt as compared to the buoyancy
forces pg, since we are talking about convective flows, for which |du/dt| <
|g|. This way we obtain the equations named after A. Oberbeck (1879) and
J. Boussinesq (1903):

Z—‘; — —pionJr p%g, % —0, divu=0. (3)
Such an approximation does not qualitatively affect the results and conclu-
sions of the linear stability theory, but it somewhat simplifies the cumbersome
formulas in formulating the problem precisely.

13.2 Linearization of the equations of motion

In the vertical plane (z, z), equation (3) can be written in the form

ou, ou, ou__1op
ot Ox 0z  poox’

ow ow ow 1 0p P

g2 cw__9_ . ° 4
8t+u8m+waz po Oz gpo7 )
ap ap op ou  Ow
o etV =Y et Tl

Recall that here p and p are deviations of density and pressure from their
background values py and Py defined above.

We study for stability the steady motion of a fluid of density pp+p (z) with
the horizontal velocity u = U (z), w = 0. According to (4), pressure p(z) in
this case satisfies the hydrostatic relation dp/dz+gp = 0. We impose infinites-
imal perturbations on this steady motion assuming v = U (2) + u' (z, 2, t),
w=uw (.’E,Z,t), P = Po —|—ﬁ(2) +P/ (l’,Z,t) and p = po —|—]§(2) +p (xvzvt) and
linearize the system (4). In other words, when substituting these expressions
into the equations of motion we omit products of small quantities. Then the
linear system of equations of motion with respect to perturbations u’, w’, p’,
and p’ takes the form

o o\ , du , 13y
(m*”w)“*w“’ oo Dz
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0 0 , 1oy 0
(m+Uw>w 00z Iy (5)
0 a\ ,  dp ou'  ow'

According to the last equation of the system (5), we introduce the stream
function 9 for velocity perturbations

9z oz

Then the only nonzero component of vorticity of the perturbed component of
motion, which is normal to the plane (z, z), is equal to

ow' o
or 9. oY

Now applying the operation rot to the first two equations, i.e., differentiating
the first equation in z, the other in x, and subtracting the first from the
second, we obtain

0 0 ol
— 4+ U— | Ay —U"pp = —g—=.
( 5 Em) G Vq 9
To eliminate the p!, we apply the operator 9/t + UJ/0z to the last equality
and use the third equation of system (5). As a result, we obtain the main
equation of linear stability theory of plane-parallel flows of a heavy stratified
fluid, written only in terms of the stream function of velocity perturbations:

d d\> L0 o B  1dp
<81€+U6x> Ay =U <8t+U8x) VYo = —9Baa <5— _podz> .
(6)

The parameter [ is defined in such a way that its positive values correspond
to a stable stratification of the initial state, i.e., to density decreasing with
altitude.

13.3 Reduction of boundary conditions

If a fluid’s motion is bounded by a solid horizontal wall, then one has
w' = 9Y/0x = 0 or ¢ = const on this wall. For smooth profiles of veloc-
ity and density for the primary flow this completes the formulation of the
boundary value problem, except for the regularity conditions at infinity if the
fluid occupies a half-space or even the whole space.

A more complicated case is when the primary flow has a discontinuous
velocity or density at some level of z = 2z, separating, for example, two
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immiscible liquids of different densities. Perturbations of the primary flow
induce fluctuations of the surface of discontinuity, or interface, whose equation
z = zp + ¢ (z,t) now involves an unknown function ¢ (z,t). This function, in
general, is determined by solving the boundary problem: two conditions have
to be satisfied in this interface. One of them is kinematical: continuity of
the velocity component normal to the interface, which is equal to the velocity
d¢/dt of the interface itself. The other condition is dynamical: continuity of the
pressure. Note that both conditions are imposed on the surface of discontinuity,
whose shape is unknown in advance. Because of the infinitesimal character
of the initial perturbations of velocity and density, it is natural to assume
that deviations ¢ (z,t) from the level z = 2y are small. Then the situation
can be greatly simplified by linearization of the conditions at the surface
of discontinuity, by expanding them in powers of ( in the vicinity of the
level of z = zy. As a result, conditions at the surface of discontinuity will be
replaced by approximate conditions at z = zy. In this case distortions, which
are inevitably introduced into the motion in the vicinity of the discontinuity
because of the linearization procedure, will only slightly manifest themselves
in the regions that are remote from the interface. For the vertical velocity we
have
w' (x,20 + ¢, t) = w (z,20,t) + O (),

where the second term on the right-hand side has the next order of smallness,
since the vertical velocity itself is infinitesimally small. Therefore, the value
w’ at the discontinuity will be replaced by its value at z = zg.

It is not a good idea to replace the pressure P (z,z0 + (,t) = Py (20 + () +
P(z0+C) +p (x,20 + (,t) at the discontinuity by P (z, 2o, t), due to the loss
of the buoyancy forces arising from the invasion of the heavy fluid into the
region of the light fluid, or vice versa. In fact, one can write the equation of
the interface motion in a rigorous formulation of the problem, i.e., without re-
sorting to the Oberbeck—Boussinesq approximation (recall that at the surface
of discontinuity w’ = d¢/d¢t):

Multiply both sides of this equation by (. Since ( is infinitesimal, the equation
can be rewritten in the form

P(x,ZO"’_Cvt) :P(xvz()?t)_gRC_R<d2C/dt2 (7)

This means that the pressure at level z; differs from the pressure at level zg+(
by the sum of two terms. The first is the weight of the fluid column concluded
between the levels and whose cross-section is of the unit area, while the second
is the dynamic pumping equal to the product of the mass of this column and
the acceleration. It should be emphasized, however, that in the presence of
perturbations, the discontinuity interface is no longer the level z = zy. On the
other hand, in the absence of perturbations the pressure on the unperturbed
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boundary z = zg is equal to the hydrostatic one, i.e., P (z0) = Py (20) + P (20)-
Therefore, in order to find the relation between the pressure perturbations at
the perturbed interface, and perturbations at level z = zy, from both sides of
the equality (7) one should subtract P (zy) and linearize the product gRC. As
a result, we find that for these pressure perturbations the following estimate
holds:

p/ (IaZO+<7t) :p/ (x7ZOat)_gR(ZO)<+O(C2)a (8)
(R (20) = po+ p(20)) ,

because the last term on the right-hand side of (7) is a product of quantities
of the same order of smallness. Thus, in linear stability theory the dynamic
condition on the perturbed interface z = zo + ¢ of two fluids is replaced by
the continuity condition for the quantity p’ (z,z,t) — gR (2) ¢ at level z = 2,
while when setting the kinematic conditions, the value of the vertical velocity
w' (z, 20 + (,t) on the perturbed boundary is replaced by its value w' (z, g, t)
at level z = zg.

The kinematic condition means that the fluid particle located at the dis-
continuity will always remain on it. Therefore one has z = 29+ ( (x, t) for this
particle. Hence at the discontinuity w’ = dz/dt = d{/dt. Linearizing this we
find that on both sides of the interface

[ = 2 12
w —<6t+U 633)(@,15), 9)

where the indices + and — refer to the upper and lower fluids, respectively.
By excluding ¢ (x,t) from the top and bottom kinematic conditions (9), we

obtain 5 5 5 5
. - + _ + > 1—
<8t+U 8:z:>w (8t+U ag;)“’ ’

N ) O )
<6t+U w)ww_(aﬁ[] ax>¢w' (10)

This is the desired form of the kinematic condition at the discontinuity surface
for the linear stability problem. In the absence of jump of the horizontal
velocity U, the condition (10) implies the continuity of w’ or

v =y (10a)

In order to formulate the dynamic condition in terms of 1, we first apply
the operator —9/0x to the identity

p/+ (I7 20, t) - gl{+ (ZO) C = p/7 (I7 20, t) - 91{7 (ZO) g

and employ the first equation of the system (5) to eliminate the pressure.
Then we obtain
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0 0 avt ¢
+ + I+ w't >+
Po [(6t+U 8x)u T dz Tk 8:5]

_[/o _9oN ,. du- ,_ - 9¢
{<8t+U Gx)u T TR ax]

Denote by the symbol { }f the corresponding jump at the discontinuity. Then
introducing the stream function one can rewrite the last equality as follows:

IRCRTIE TS

Now, to exclude the ¢ we apply to this equation the operator 8/9t+ U /0x.
As a result, in view of (9) the dynamic condition at the discontinuity is ex-
pressed in terms of one unknown function :

o 9 d ) dU + -
(81& +U+8$) {Po |:(8t + Uax> d}z - dz'(/}:v:| } - {QR}_l/J:{m =0. (11)

Remark. One should mention that conditions (10) and (11) are weaker
than the original ones because of the application of one more differentiation.
Therefore, in order to satisfy the original conditions one should take care
while recovering the velocity field from the stream function . In addition,
the condition equivalent to (11) can be obtained by applying the operator
0/0t+U~9/0x to exclude ¢, but they both are asymmetrical with respect to
the interface:

0 0 0 dU
(i) o (o) o]} - omrron o
(11a)
Condition (11) can be symmetrized by additionally applying the operator
0/0t+U~0/0x to it, but then it will become even weaker.
For homogeneous fluids (R = const, 8 =0) the equation (6) is replaced

by the equation of lower order:

o o v
(at—kUa)Aw—me_O, (12)

while instead of (11) at the interface, one assumes continuity of pressure per-
turbations, i.e., p'* (x,20,t) = p'~ (z,20,t). After differentiation in z and
taking into account the first equation in (5), this gives the relation at the

discontinuity:
6 dU
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Exercises

1. Formulate the linear boundary value problem of stability for a station-
ary plane-parallel flow of an inhomogeneous fluid on the basis of the exact
equations (1), (2).

Answer: The equation

o 9\ v _aun (2 o9 -
<m+U&)(Aw_m@—af—mm<m+U&)wr~me(M)

B = —%% with the boundary conditions formulated above (see Dikii,
1976)
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The method of normal modes and its simplest
applications in the theory of linear stability of
plane-parallel flows

14.1 Reduction of the problem by the method of normal
modes

Let us sum up the essence of the previous chapter. Namely, the boundary
value problem for linear stability of a stationary plane-parallel flow of an
Oberbeck—Boussinesq heavy fluid is defined by the equation

o a\? L0 o B  1dp
(625+U8m> A —U (87§+U8m>1/}x__gﬁwm<5__podz) (1)

with boundary conditions

a) on the horizontal solid wall

o _

9 0 (¢ = const), (2)

b) on the surface of discontinuity of velocity and/or density

O 0N . (D . L0\ _

d d d d duU + _
(81? + U+3x> {PO [(315 + U@x) P — dz%] }_ - {gR}_w;Z» =0. (4)

Here ¢ = ¢ (z, z,t) is the stream function for velocity perturbations v’ =
—0¢/0z and w' = 0 /0x, U = U (2) is the velocity of the primary horizontal
flow, and R (z) = po + p(z) is the density corresponding to the hydrostatic
state.
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Coefficients of equation (1) and of boundary conditions (2)—(4) are inde-
pendent of the horizontal coordinate x and of time ¢. Thus one can look for a
solution in the normal mode form, namely, as a running wave

¥ (2,2,1) = ¢ (2) exp {ier (z — ct)} ()

which is a hydrodynamical analog of the harmonic oscillations of a mechanical
system. Here « is a longitudinal wave number and c is the phase velocity.

After substituting (5) into (2)—(4) and keeping in mind the mappings
0/0t = —iac, 0/0r = ia, (0/0t + U0 /0x) = —ia (U — ¢), the boundary
value problem for the amplitude ¢ (z) is defined by equation

(U -¢)? (@' — ) ~U" (U —c)yp = —gBy (1a)

with boundary conditions

(a) on the horizontal solid wall

i) = 0, (2a)

(b) on the surface of discontinuity
(U =c)ut = (U —c)y™, (3a)

U+ =) {po[(U = &) v, — Uy}t —g{R} vt =0. (4a)

Now the problem is stated as follows. For each « find the value of ¢ for
which there exists a solution to the reduced boundary value problem. Real
values of ¢ provide stability. Otherwise the flow is unstable, because the eigen-
value spectrum of ¢ consists of complex conjugate pairs (a consequence of the
absence of viscosity) one of which has a positive imaginary part, which cor-
responds to the exponential growth of perturbations. A natural question is
whether the unstable modes that are found exhaust the entire set of unstable
perturbations. In other words, can any solution of the original problem be
represented as a Fourier series

U (w,2,t) =Y Apexp {ion (& — cprt)} vu (2) (6)

k,l

i.e., do eigenfunctions form a complete system of solutions?

In our case the situation is complicated by the fact that for U = c¢ the
equation has a singularity point (the main term vanishes). The analysis shows
(see Dikii, 1976) that the solution has a discontinuity at the point z, where
U (z) = ¢, and one requires some additional considerations to glue the pieces of
the solution on both sides of the interface. But even after the gluing conditions
are defined, these solutions are too few. As a rule, the set of eigenvalues
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¢ consists of a finite number of elements. Therefore, the assumption that
¥ (z, z,t) can be expanded into a Fourier series is not true.

The reason is that so far we discussed only the discrete part of the spectrum
of eigenvalues of the linear operator of stability which, similar to the quantum
mechanical operators, also has a continuous spectrum. This can be most easily
illustrated by the Rayleigh equation, which is valid for flows of homogeneous
fluids (8 = 0, R = py = const):

(U—c) (0" —a*p) —U"p =0. (7)

Let us denote by A the operator d? /dz? — a? with boundary conditions 1 =
0 at the endpoint of the ~interval a < z < b at which the solid walls are
positioned. Then for ¢ = A~14 we obtain equation

(U - U”A‘l) 0 =cp

with zero boundary conditions. In that case ¢ must be an eigenvalue of the
operator that represents the sum of the so-called compact operator —U"’ A1
and the operator of multiplication by the function U (z). The latter has a
continuous spectrum comprised of all the values ¢ = U («) contained in
the interval [U (a), U (b)]. These spectral values correspond to eigenfunctions
Yo (2) =0(2z—a) (ac€[a,b]) satisfying the “orthogonality” condition (re-
call the properties of quantum-mechanical operators corresponding to contin-
uously varying physical quantities)

/%<z>so5<z>dz=6<a—ﬁ>.

From the theory of linear operators it is well known that the addition of a
compact operator does not affect the continuous spectrum but only changes
the discrete spectrum. Therefore, the continuous spectrum of the Rayleigh
equation also fills the entire segment [U (a),U (b)]. Unfortunately, unlike the
quantum-mechanical operators, the Rayleigh operator is not self-adjoint. This
circumstance does not allow one to use the theory of spectral decomposition to
represent the solution as a sum of the Fourier series over the discrete spectrum
and the Fourier integral over the continuous spectrum instead of (6).

And yet, in certain important cases, the method of normal modes turns out
to be exhaustive. The reason is that the integration is performed along the real
axis of variable z. So a singular point occurs for real values of ¢, i.e., for neutral
oscillations. The continuous spectrum filling interval [Upin, Umax] also belongs
to the real axis, and thus it does not give rise to unstable oscillations. Real
eigenvalues ¢ of the discrete spectrum can cause instability only if they are
repeated. Then there are “secular” perturbations, linearly increasing in time,
as a consequence of the non-self-adjoint property of the operator of linear
stability. Let us state without proof the following theorem (Dikii, 1976).

A two-dimensional plane-parallel flow of a homogeneous incompressible
fluid with a monotonic velocity profile, whose boundary values U (a) and U (b)
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are not eigenvalues of the reduced operator of stability can be unstable only if
the problem has either non-real eigenvalues in the discrete spectrum or repeated
ones.

However, one should not get carried away by the method of normal modes.
Returning to the original formulation of the problem, we can encounter solu-
tions that are not covered by the reduced problem and that grow over time
not exponentially but polynomially (the so-called algebraic instability). This
may either modify or supplement the conclusions drawn on the basis of the
reduction. Such an example is studied in the next chapter.

14.2 Examples

Ezxample 1. Let the half-spaces z < 0 and z > 0 be occupied by an incom-
pressible homogeneous fluid of densities Ry = pg1 and Ro = pg2, respectively.

In this case U = 0, 8 = 0 and the boundary value problem is defined by
the equation

02 (1)[}// o 04277/}) =0

with regularity conditions at +oo, and on the interface z =0
c(¥t—v7) =0,

& (o2 — porps ) = g (poz — por) ¥,

(a) ¢ = 0 is an eigenvalue of infinite multiplicity: for ¢ (z) one can take
any function satisfying the condition ¥ (0) = 0.

(b) Let ¢ # 0. Then according to the regularity conditions at oo there is
a unique eigenfunction v (z) equal to

YT (2) = Aexp(—az) at 2>0
¥~ (2) = Bexp(az) at z<0.

The kinematic condition at z = 0 implies A = B, and according to the

dynamic condition,
=4, |9 P01 Po2 (8)
@ po1 + Po2

Thus, for any « there are two corresponding nonzero eigenvalues c. Physically
the obvious result is that when pg1 > pp2 (the heavy fluid is on the bottom)
fluctuations are neutral, and such a state is stable. Otherwise, one of the
eigenvalues has a positive imaginary part and instability develops. Note that
the instability caused by the density increasing with altitude is called the
Taylor instability.
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Example 2. A steady Oberbeck—Boussinesq fluid layer is bounded by solid
horizontal walls at the levels of z = 0 and z = H. Fluid density is distributed
in a linear fashion p = —pg B2 (ﬂ = —po_ldﬁ/dz). It is worth noting that in the
rigorous formulation of the problem (see (13.14)) this distribution corresponds
to the exponential distribution R = pg exp (—fz).

The boundary problem is given by equation

P+ (gf—a2>w:0
with zero boundary conditions, since ¢ = 0 is not an eigenvalue. Hence

= Aexp (A1z) + Bexp (A22),

where A; o are the roots of the equation

)\2+(92—a2>:0.

According to the boundary conditions
A+ B=0, exp(MH)—exp(MH)=0o0r exp(A; — A2) H=1.
This last equality implies that
(A — A2) H =427 N (N is any nonzero integer) .
By Vieta’s theorem

)\1+)\2:0, Al)\Q:g—aQ,

whence

imN TN\ g8 9
A=A =T MF(H) a2

and therefore
2= 9B
2 )
(%) +a

where the sign of ¢? coincides with the sign of .

Thus, there is a countable set of eigenvalues ¢, which are real for positive 8
(density decreases with altitude) and purely imaginary for negative 8 (Taylor
instability). Neutral oscillations at 8 > 0 are called cellular waves.

Ezample 3. A fluid of constant density R = py (8 = 0) occupies the entire
space and moves with constant velocity U; for z < 0 and with constant velocity
Uy > U; for z > 0.

Passing to a coordinate system moving with the average velocity of the
flow, we can define
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Uy —U U, — U
= 22 L for2>0, U=-Uy= 12 2

U=U, for z < 0.

Then equation (1) for ¢4 _ assumes the form

Uy —¢)? (W] —a*py) =0  for z>0,

(U0—|—c)2( P—aPp_)=0 for 2<0

with conditions at the interface z =0
(Uo+ )by = —(Up — )9,
(Uo =) [(Uo — ) ¥y + (Up + ) 9] =0,

a) ¢ = £Uj are eigenvalues of infinite multiplicity with the corresponding
eigenfunctions

o forc="U:

is an arbitrary function vanishing at z = 0, for

for z > 0 function ¥ = ¥ (z)
=0;

z < 0 function ¢ = ¢_(z)
o forc=-Ujp:

for z > 0 function ¢ = ¥, (2) =0, at z < 0 function ¢ = ¢_(z) is an arbitrary
function vanishing at z = 0.

b) For ¢ # +U, we get

Yy = Aexp (—az), _ = Bexp(az).
According to the jump conditions
Uo+c)A+(Uy—c)B=0, (Uy—c)A— (Uy+c)B=0.
Equations are compatible provided that
(Up+¢)* + (Uy — ¢)* = 0.

Hence
Cc = :tiUo.

The flow is unstable, but not because of the inhomogeneous density distribu-
tion, but because of the velocity shear. Such instability is called the Helmholtz
instability.
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Exercises

1. How will the results of Example 2 change, if the problem is addressed
in the rigorous formulation (13.14)7

Answer:

2= 9B .
() +ar+ 5

2. Consider the combined case, i.e., a flow with a jump in both density
and velocity.
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The Taylor problem of stability of motion of a
stratified fluid with a linear velocity profile

This problem deserves special attention as it demonstrates incompleteness of
the study using the normal modes method, while to achieve completion of the
study, it is necessary to resort to the original equations.

15.1 Solution of the reduced problem

A fluid of density R (2) = po + p, p = —poBz (8 = fpo_ldﬁ/dz) occupies the
half-space z > 0 bounded by a solid wall, and moves with velocity U = kz.
Recall that the chosen vertically linear distribution of density in a precise
formulation of the problem (see (13.14)) corresponds to the exponential dis-
tribution.

The reduced problem is given by equation

(kz —¢)* (¥ — a®¢) + gy =0 (1)

with the boundary conditions of ¢ = 0 at z = 0 and of regularity at co.
Let us make a substitution

Now equation (1) takes the form

wgg+(,§§2—1>¢=o

with the boundary condition of ¢y = 0 at & = —ca/k. The dimensionless
parameter
g8 gdp/dz

Ri=22=-_21"_
B2 o (dU/dz)?
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is called the Richardson number and characterizes the degree of stratification
of the fluid.

Let us make another substitution ¢ = £/2f and introduce a parameter
v? = 1/4 — Ri instead of Ri. Then f satisfies the differential equation for the
modified Bessel functions (Abramowitz and Stegun, 1979):

2
fgg+f—<1+z2>f—0.

Its fundamental solutions are cylindrical functions I, (§) and K, (§) of index
v. However only the latter one, the Macdonald function, is regular at +oo,
which is precisely what we need from the function v (§). Therefore,

V(&) = CVEK, (€) (C' is an arbitrary constant) .

Attention: ¢ (§) = 0 at £ = —ca/k. Hence, in order to solve the problem
one has to find zeros &, of the function ¥ (£). Those zeros determine the
eigenvalues ¢, = —k&,, /a. The Macdonald function K, (§) has a branch point
at the origin. The cut should be done along the half-line (—o0,0), i.e., one
should look for the zeros on the leaf | arg{ |< 7 in order for the function
K, (&) to decay along the half-line from the root to infinity. When passing to
the original variable, this ray becomes the semi-axis [0, c0).

Let &, be one of such roots; then

oo (=m0 ()

is an eigenfunction corresponding to the eigenvalue ¢, = —k&,, /.
Let us first consider the case

2
(a) Ri> %, V= (le — Ri) =1iu is purely imaginary.
In the area | arg¢ |< 7 the Macdonald function of imaginary index has a
countable set of zeros on the real axis, and no other zeros. The asymptotic
behavior of these zeros in the neighborhood of £ = 0 can be obtained by
using the principal terms in the power expansion of £. We need the following
properties of the fundamental solutions of the modified Bessel equation (see,
e.g., Abramowitz and Stegun, 1979; Whittaker and Watson, 1963):

TL, (-1,

K, (§)=K_,(&),K, (§) = 2 sin (v€)

For | £ |< 1 one has

_ &
Iy(g)_m, v#£E-1, —2,....
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Recall that on the complex half-plane Rez > 0 the function I" (v) is defined
by the Euler integral

oo

I'(v)= /t”_le_tdt
0

and analytically continues onto the entire complex plane, except for v = 0,
—1, =2, ..., where it has simple poles.
Therefore for | € | 1,

T 1

K, (€)~ 2 sin (v€)

ri-v) I'(l1+v)

( €27 (/2" )

We use the following property of the gamma function:
I(1+ip) T (1 —ip) =| T (1+ip) .
By purely formal calculations,

€27 (€M)
KO« pi iy = T a—im P
— exp{—ipln (§/2) —In | T (1 — ig) | —iarg I (1 — i)}

—exp{ipIn(&/2) +1In | I'(1 —ip) | +iarg I' (1 —ip) —2In | ' (1 —ip) |}.

Hence zeros of the function
Kip (€) o — | I'(1 — ipt) |7 sin [uIn (£/2) + axg I (1 — i)
are roots of the equation
pln (§/2) +arg I' (1 — ip) = —7n.
This yields a countable sequence of positive roots

§n =2exp{—[mn+arg ' (1 —in)] /u},
and the eigenvalues of the problem are given by the asymptotic formula

n e~ 2 exp (o + ars I (1~ ip)] 11}

They are all real. Consequently, the flow is stable, but as Ri — 1/4 (u — 0)
the eigenvalues contract to zero, which indicates a decrease in stability. Note
that as « increases, all ¢, also shrink to zero, while frequencies « - ¢ remain
approximately constant. The eigenfunctions ,, significantly differ from zero
only in the neighborhood of z = 0 of order 1/a, i.e., with an increase of «
they are pressed against the solid wall.
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Now consider the case

2
(b) Ri < i, v= (le —Ri) is real and < 1/2.
In the latter case one can show (Whittaker and Watson, 1963) that the func-
tion K, (§) has no roots in the area | arg¢ |< m, i.e., there exists no such
¢ for ¢ (kz — ¢) to satisfy the equation and the boundary conditions of the
problem. In other words, at Ri < 1/4 the problem has no solution in the
form of normal modes.

15.2 An approximate solution of the nonreduced
problem

Stability of the Taylor flow diminishes with a decrease of the Richardson num-
ber, so the latter can be regarded as a measure of stability. This also naturally
suggests that for Ri < 1/4 instability will occur. Prandtl was inclined to think
this way. Strictly speaking, to clarify this question one should refer to the def-
inition of Lyapunov stability (see Chapter 12) and to investigate stability of
the Cauchy problem with respect to perturbations of the initial data. This
rather complex investigation of the Taylor flow was made on the basis of the
Cauchy problem using the Laplace transform. It turned out that for Ri < 1/4
the flow is stable. Below we confine ourselves to less rigorous reasoning point-
ing in favor of this result. The lack of rigor is related to our consideration
of the problem over the whole two-dimensional space and to discarding the
boundary condition at z = 0. But the further considerations are rigorous.
Since the method of normal modes does not work here, one needs to return
to the original equation (13.6), which, for U = kz, can be written as follows:

B) o\? 1dp
< + sz)x) A = —gBaa (5 = _podz) : (2)

The coefficients of this equation depend on z, which does not allow sepa-
ration of the variables. But for a linear velocity profile this difficulty can be
avoided by passing to the semi-Lagrangian coordinate system:

t—t, z—z x1=x—kzt.

In the new variables, equation (2) assumes the form in which the coefficients
depend on t instead of z:
[ (o oV, P
0t? | Ox2 0z oy

7/’+9ﬁ87x% = 0.
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So now one can use harmonic dependence on the spatial variables
¥ (x1,2,t) = @ (t) exp (lz1 + nx) .
Then ¢ (t) satisfies the equation

d2
4 [12 +(n—1kt)?| ¢+ gBl2p = 0.
dt?
Since we are interested in the behavior of solutions to this equation as
t — oo, the constants in the first coefficient can be neglected, i.e., asymptotics

of solutions are described by the equation

oy + Aty + (2 + 7;5) ¢ =0.

Its solution is
o (1) = Crt™ + Gy,

where m, and mq are the roots of the algebraic equation

m(m—1)+4m+ (24 Ri) =0,

3 /1
mi 2 2 Ri

For Ri < 1/4 the roots are real and negative, while for Ri > 1/4 their real
part is negative, i.e., in all cases, the solutions are damped. In relation to the
results obtained it is worth comparing the above with the following problem.

whence

15.3 On stability of a flow of a homogeneous fluid with a
linear velocity profile

By setting 8 = 0 in (2), in order to solve the problem one can use the equation

0 0

with regularity conditions as z — +o0o. By keeping the harmonic dependence
on z, i.e., ¥ (z,z,t) = ¢(z,t) exp (iax), we get the Cauchy problem defined
by the equation

(aat + z’akz) (P2 —a®p) =0 (3)

with the initial condition ¢ (z,0) = g (z) and the boundedness conditions for
¢ (z,t) as z — Foo. After integration over ¢ we obtain
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.. — ap = f(2)exp (—iakzt),

where f (z) is defined by the initial condition

f(z)=(p0),. — 042800~

It remains to solve the second-order linear differential equation with a
prescribed right-hand side. The general solution can be found using variation
of parameters:

o) == [ 2 (Osinh{a (= = O exp (~iaket) dC

+ Crexp(az) + Crexp (—az).

Taking into account the conditions at +o0, the constants C; = 0 and Cy = 0,
and the solution have the form

p(2t) == [ 2 (€)sinh {ar (2 = O exp (~iakct) d.

Under natural physical assumptions on the finiteness of the energy of initial
perturbations, e.g., f(z) # 0 only for a finite domain of z, it is obvious that
¢ (z,t) is bounded as t — oo since

pet)|< [127©)] sinb{a (-0} d.

The exceptional simplicity of the solution of this problem is due to a
degenerate form of the equation (2). In the general case (U” # 0) the equation
gains the terms proportional to ¢, which are natural to deal with using the
Laplace transform method.

Exercises

1. Solve the Taylor problem for Ri < 1/4 in the framework of the rigorous
problem formulation (13.14), assuming exponential (rather than linear) den-
sity distribution with altitude (R = Rgexp (fﬂz))7 and show that the result
remains the same.

Hint: After passing to the semi-Lagrangian coordinate system make the
substitution ¢ = pexp (82/2).
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2. Solve the stability problem for a flow of a homogeneous fluid with a
linear velocity profile, assuming that the fluid occupies the half-plane z > 0
and is bounded by a solid wall at the level z = 0.

Answer (see also Dikii, 1976):

o) = [ £ (Q)sinh{a (s = ) exp (~iakct) dC

_/éf(g)sinh{ag“}exp{—(iak‘Ct—i—az)}dC.

0
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16

Applications of integral relations and
conservation laws in the theory of
hydrodynamic stability

16.1 General theorems based on integral relations

In order to describe the spectrum (or eigenvalues) of the reduced operator of
stability (14.1a), (14.2a) in the complex plane, it is usually useful to study the
properties of its quadratic form, a well-known method in the theory of linear
operators in a Hilbert space. In the framework of linear theory we begin with
a rigorous proof of the Miles stability criterion for a flow of a stratified fluid.

Theorem 1 (Miles 1961). A plane-parallel flow of a stratified fluid with
its Richardson number

gdp/dz gp

1
=— = everywhere > —,

 poldU/dz)? T (U)? 4

is stable.

Recall that the value of Ri gives a local criterion. Hence the requirement
everywhere. In addition, in the rigorous formulation of the problem (13.14)
both quantities p and pg in the definition of the Richardson number are to be
replaced by R.

Proof: We consider the boundary value problem given by the equation

1 dp

(U = o) (¢ — a®p) — U" (U = &) v = —gB (/g _ _podz)

with conditions ¥ = 0 on the solid walls or the regularity at +co. Since the
eigenvalues of the boundary value problem are complex conjugate, one has to
prove that nonreal eigenvalues do not exist. Assume the contrary, i.e., that
¢ = ¢, +ic; (¢; #0) and make the change

W) =U(2) ¢ ¢(2)=VWol(2).

Function ¢ satisfies the equation
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(W) - BU””QW* W <i wy 95)} o

Multiply by ¢* (that is the function complex conjugate to ¢) and integrate
over the entire cross-section of the flow taking into account the boundary
conditions:

b b
/(W(P/)I (ID*dZ — (W(P/) L)0*|Z:b _ (WQD/) W*‘Z:a _ /W(p’ap*’dz

b
:—/W|¢’|2dz.

Then the integrated equation can be written as follows:

b
1
J{weraion o op}e

a

b
w1 e o,
+/W (4(U) g/3’>|W|2d2—0.

Its imaginary part gives the equality (U —c=U — ¢, — ic;, ¢; #0)

b
/ o Pt o — (L —gs) 2L V. o
1 W

a

However for (gﬁ - i (U’)2) > 0, i.e., for Ri > 1/4, this is impossible. The

theorem is proved.

Physical interpretation of the Miles criterion (heuristic derivation).
At first glance the mysterious critical value of the Richardson number equal
to 1/4 becomes clear after the following reasoning. First, consider a physical
pendulum (Figure 16.1a) of mass m, oscillating in a gravity field g. Let [ be
the distance from its suspension point O to the pendulum center of mass, and
let V be its speed in the lower equilibrium position O’. Then the pendulum
keeps oscillating while its kinetic energy E' = mV?/2 in the lower equilibrium
position does not exceed the excess AII = 2mgl of the potential energy at
the upper equilibrium O” relative to the lower one, i.e., provided that

2my! >1 or = > -
mv2/2 v Ty

Otherwise the oscillations of the pendulum turn into its rotating movements.
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Fig. 16.1. (a) A physical pendulum oscillates relative to its lower equilibrium posi-
tion, provided that 4gl/V?* > 1. (b) The shear flow of a stratified fluid in o gravity
field. For each particle located at the level z = zo — §z in the coordinate system
moving with constant velocity V. = U(zo), the role of | is played by 6z, the role of
g belongs to g = N?6z, while V. = U(zy — 62) — U(z0) = dU. The flow is stable
provided that 4g'62/(8U)? = AN?/(8U/62)* = 4Ri > 1.

Now let U = U (z) be the velocity profile of a fluid flow with density
stratification R = R (z) (Figure 16.1b). Make the coordinate change to a
system moving with constant velocity U (zp) corresponding to an arbitrary
level z = zy. Then in this coordinate system the kinetic energy of a fluid
parcel of the unit volume located at the level z = zy — dz is equal to

K= %R (20— 62) [U (20 — 62) — U (20)].

The potential energy of this particle shifted to the level z = 2y + dz is equal
to the product of the total of gravity and buoyancy forces by dz, i.e.,

AIl = g [R (2 — 0z) — R(z0 + 02)] 02,
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Therefore, the condition that the motion of the fixed particle will not become
rotational relative to the particle located at the level z = 2y (i.e., by the
arbitrariness of the choice of z = 2y the condition that none of the particles
can destroy the density stratification of the fluid due to the appearance of
local vorticity) can be written as follows:

Al g [R (20— 62) — R (29 + 62)] 62
K R(z—62)[U(z—62) — U (20)]° /2

Now dividing the numerator and denominator by §z2 and letting §z tend to
zero, we obtain a sufficient condition for stability of the flow of a stratified
fluid 1B/d )
4gdR 4N
_ dgdRjdz S = 4Ri > 1, (1)
R (dU/dz) (dU/dz)

which must be fulfilled at any level of z. Recall that

_iﬁ — N2
R dz

is the square of the Brunt—Vaisila frequency for an incompressible stratified

fluid (see Chapter 9).

In other words, 4Ri (2) is the ratio of the potential and kinetic energies of
the fluid layer, defined by an infinitesimal neighborhood of the level z, calcu-
lated in a coordinate system moving with constant velocity U (z) with respect
to the laboratory coordinate system. This way the Miles criterion becomes
physically transparent.

Theorem 2 (Howard, 1961). All nonreal eigenvalues of the boundary
value problem for f > 0 and all real ones at § = 0 lie inside a circle whose
diameter is giwen by the interval [Umin, Umax|-

It is convenient to do our consideration in a coordinate system moving
with the mean velocity Umean = (Umin + Umax) /2. Then the above-mentioned
segment is [—Up, Up], where Uy = (Umax — Umin) /2. This transformation is
equivalent to substituting U (z) = Upean + U1 (2), ¢ = Umean + ¢1 into (1).

Assume the contrary to the assertion of Theorem 2 and introduce the
substitution v (z) = (U — ¢) f (z). By assumption, the function (U — ¢) does
not vanish in the interval of integration, while f satisfies the equation

(-] — W - f = 981,

Multiply this by f* and integrate over z. Then, after integrating the first term
by parts and taking into account the boundary conditions, we obtain

/(U—c>2{|f'|2+a2|f|2}dz:g//3|f|2dz. @)
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This shows that for 8 = 0, i.e., for a homogeneous fluid, ¢ cannot be real. For
nonreal values of ¢ we first consider the imaginary part of equation (2):

ci/w—c»ﬂ F P ra?| f 2} dz =0, (3)

Since ¢; # 0, this equality is only possible provided that —Uj < ¢, < Uy.
The real part of the equality (2) gives

Jlo-cap-alis@ et sPya=g [617Pd

Since (U — ¢,)° — 2 = [U? = (2 +¢2)] = 2¢, (U — ¢;), then from (4) and by
using (3) it follows that

/(U2_ | C|2) {| f/ |2 +a2 | f |2}dz>0
Hence | ¢ |>< U2, which completes the proof of the theorem.

Theorem 3 (Rayleigh, 1880). A plane-parallel flow of a homogeneous ideal
incompressible fluid is stable if its velocity profile has no inflection points.

In this case the boundary value problem for the eigenvalues is given by
the Rayleigh equation

(U—C) (’l)[}” _ 0[277[}) _ U//w =0

with zero conditions on solid boundaries. Again we assume that ¢ = ¢, + ¢;
(¢c; #0). Divide the equation by U — ¢, multiply it by * and integrate over
the flow cross-section. Taking into account the boundary conditions, one has

[urrds=— [P a

As a result we obtain

U//
12 2 2 2
dz = 0. 5
J(weraivr e 1vp)e )
The imaginary part of the latter equation gives
U// 9
¢ | ——= dz = 0. 6
Il (6)

But this is possible if U” changes its sign, i.e., if the flow has an inflection
point (a necessary condition for instability).

Since in this case the quantity U’ = dU/dz (W = 0) is the vorticity of the
two-dimensional flow, the Rayleigh theorem can be reformulated as follows.
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For stability of the above-mentioned flow it suffices that its vorticity
changes monotonically from one wall to the other.

Theorem 4 (Fjortoft, 1950). A plane-parallel flow of a homogeneous
incompressible fluid is stable if there exists such a constant K that

(U-K)U" > 0.
As before, we assume ¢ = ¢, + ¢; (¢; #0). The real part of equation (5)
gives

UII(U_ 7-) )
/ﬁ“ﬁl”z:—/(\w 2 +a? |y |?) dz < 0.

By (6) one can take any constant K for ¢, since ¢, is a coefficient at the zero

integral. Then
U (U~ K)
/W |y [2dz <0,

which is possible if there exists a point at which U” (U — K) < 0. Hence, the
assumption that ¢; # 0 is incorrect. The theorem is proved.

The Fjortoft theorem includes two special cases. Namely, it includes (a) the
Rayleigh theorem if we assume that U" does not change sign, and we take
K >| Unax |, while the sign of K coincides with the sign of the quantity —U".
The other special case is where (b) the flow has one inflection point, i.e.,
U'(2.)=0 and [U(z) —U(2)]U" >0. Then K =U (z.) .

16.2 Proof of the Rayleigh theorem by the
Lyapunov—Arnold method

Up until now we studied hydrodynamic stability in a linear formulation. Fol-
lowing the program outlined in Chapter 12, we now use the first integrals of
motion to construct a Lyapunov function and study the stability of the shear
plane-parallel flows of a homogeneous fluid.

Recall that in terms of stream function v = % (z, z,t), the equations for
a two-dimensional flow of an ideal homogeneous incompressible fluid can be
written as follows:

OAY oAy oLy _ OAY

5 U TV, 5 + [¢, AY] =0, (7)
_ oY _w
T8z ' YT 8z (8)

Under the conditions that at the boundary C of the flow domain

Y] o const (an impermeable boundary), (9)



16.2. Proof of the Rayleigh theorem by the Lyapunov—Arnold method 157

j{uél = %gjél = const (n is an exterior normal), (10)
n
c c

equations (7) and (8) have the two first integrals of motion (see solutions of
Exercises 2 and 3)

E = %//(Vw)dedz, I://@(Az/z) dxdz. (11)

They express the conservation of energy and total vorticity, respectively (here
@ is an arbitrary function of one variable). Note that the latter boundary
condition follows from Kelvin’s theorem applied to the liquid contour directly
adjacent to the border. Any fluid particle of such a contour would never leave
the border due to the vanishing normal component of velocity. Therefore, the
above-mentioned contour can be regarded as coinciding with the boundary
itself.

Recall the main idea of the Lyapunov—Arnold method. Let ) = g (x, 2)
be the stream function of a stationary flow whose stability we are testing.
Choose an arbitrary function @ (Av) entering the functional I in such a way
that the conserved functional

F ) =E[y]+I[y] =// B (V)? + & (M) | dedz

has an extremal value at ¥ = 1)y as compared with its values at all other
1 close to 1. Then the sign-definiteness of its second variation at ¢ = g
implies stability of the flow considered.

As noted above, the Rayleigh condition, which is the absence of inflection
points in the velocity profile U (z) of the flow, means a monotonic change of its
vorticity U’ from one wall to the other, i.e., from one streamline 19 = const to
another. We therefore assume that the vorticity Aty is a monotone function of
p. Since a monotonic function is invertible, the stream function ¢y = ¥ (A1)
is a monotonic function of Ay.

Now let ¢ (z, 2, t) = 1o+ 9 (x, 2,t) be the stream function of a perturbed
flow. We find the difference F [¢)] — F'[t)g] up to second-order variations:

F ] - F o] = / / (Vo Voy + & (Ad) 6] dadz

by [ [ {7007 + 0" () 6507] + ...

Integrate by parts the first term on the right-hand side:

VipoVodxdz = V 51| %51 — Yo Adpdadz.
J foa- |

Therefore, in view of the boundary conditions, the first variation
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F o] = / [0 + D' (Aiho)] Adypdadz

vanishes for ¢y = ¥ (Atg) = & (Ahy) (a necessary condition for an ex-
tremum). Then

Flw)=Flool = [ [ (V00 4 (8) 5267 dodz + .

Furthermore,
Oy 0
U=——~=-5-¥(A%),
and a for plane-parallel flow Aty = —U’. Hence ¥’ = U/U" and
Fy]— // { (Véy)? + W(Mz/;) }dxder...

So far nothing implies that the integral on the right-hand side is positive
definite. Therefore we use the following argument. Note that our consideration
can be done in any coordinate system moving with respect to the original one
with constant velocity K. If ¢ is the stream function in this new coordinate
system, the latter formula can be rewritten as

Fly) - / / { (V)2 (&,, (60) }dmder... (12)

The value of K can always be chosen to make the coefficient (U (z) — K) /U"
positive. In this case, §2F [1)p] is a positive definite quadratic form of §,
which can be taken as a measure of deviation of 1 from y:

o= = [ [ w80 + CEE 6] asa
As a second measure one can take

| ¢ — o 5= F [] — F [tho] -

Since in (12) dots stand for the remainder terms of an order higher than

(51/})2, then both measures are equivalent, i.e., there exist constants C7; > 0
and Cy > 0 such that

Crll Y=o [1<][ ¥ — o [l2< Co || ¥ — %o |1 (13)

Let the velocity deviation Vi and vorticity deviation A be small at
the initial moment, and hence the norm || ¥ — 9 ||1 is small. Then, by (13),
at the initial moment, the measure || ¥ — ¢y ||2 is small as well. But the
latter is an invariant, which will remain this small during the entire motion.
Again, by (13) the measure || ¢ — v |1 will remain small too. Because of the
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positive definiteness of the latter the values of the velocity V¢ and vorticity
Adp will also remain small in the mean square sense. Thus, now the Rayleigh
theorem is proved here in the nmonlinear formulation of the problem, i.e., for
finite perturbations.*

/

Fa

L |

Fig. 16.2. (a) Is the Fjortoft criterion applicable? (b) Is the Fjortoft criterion non-
applicable?

Exercises

1. For which of the flow profiles shown in Figure 16.2 is the Fjortoft the-
orem applicable or non-applicable?

2. Prove that under the conditions (9) and (10) the kinetic energy E (see
(11)) is a first integral of equations (7) and (8).

Proof:
dE

4 V.P. Dymnikov drew the author’s attention to the following circumstance. In fact,
the so-called formal stability of a shear flow proved above is based on the formal
application of the stability criterion for finite-dimensional dynamical systems to
systems with infinite number of degrees of freedom. The vanishing of the first
variation and the positivity of the second variation, generally speaking, do not
provide the minimum of the Lyapunov function (A.N. Filatov, Stability Theory,
INM RAS, Moscow, 2002)
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=Yl %51 —/ Y AYdadz (integration by parts)
n
c

=Yl % % g—wél — // YAYdxdz (since the contour C does not move)
n
c

= //w [, A dxdz (according to (10) and the equations of motion)

= //{(’(/}Aw’(/}w)z — (VAYY,), Y dedz (straightforward verification)

= %w&w%—ijﬂ (by the Stokes theorem) = %djﬁw dy =0 (according to(9)).
c c

3. Prove that under the conditions (9) and (10) the quantity I (see (11))
is a first integral of equations (7) and (8).

Proof:

% _ / / & (L) Ardadz = — / / & () [, A dadz

[[ @@ vasz = [ [ (@@ire). - @26)6.),) dods
f@(mp) %l& - %@(Aw) & = 0.

C C
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Stability of zonal flows of a barotropic
atmosphere; the notion of barotropic instability

17.1 The Kuo theorem

Now we turn to the study of stability of global atmospheric flows. It is worth
recalling the filtered equations of motion of a rotating fluid, which allow for an
easy generalization of the classical stability theory of strictly two-dimensional
flows of a nonrotating fluid to the case at hand. The motion of a barotropic
atmosphere in quasi-geostrophic approximation is described by the Obukhov—
Charney equation

oy

0
o (F 4+ 00 = Lgw) = 2 (8 = L§w) + [0, 00] + 85 =0, (1)
_ o _ o0
U= —ay , U= +78:c' (2)

Here the coordinates x and y are measured in the east and north di-
rections, respectively. The geostrophic stream function ¥ = gh/fy, where
h = z(z,y,t) — 2z, is the deviation of the height z (x,y,t) of an arbitrary
isobaric surface p(x,y,z,t) = const from its equilibrium hydrostatic value
z(p) = zp (recall that in a barotropic atmosphere isobars, coinciding with
isochores, vary in a similar way to one another). The value fj is the average
value of the Coriolis parameter f = 2(2ysin¢ (p is latitude), Ly = ¢/ fo is
the Rossby—Obukhov scale and 8 = df /dy. In the approximation of shallow
water theory h is the height of deviation of a free surface from its equilib-
rium level H, (z,y) = Hy — h1 (z,y), Lo = VgHo /22y, while the beta-effect
B8 =200Hy Ydh, /dy is provided by nonuniform bottom topography (see Fig-
ure 6.3 in Chapter 6).

The system (1) and (2) has three first integrals of motion (see Chapter 7)

B=j [[ (V02 + 15?02 daay (3)
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1= [ [ sy, )= [ [ vdoy @)
where @ (IT) is an arbitrary function of the quasi-geostrophic potential vor-
ticity IT = f + Ay — Ly 9.

Kuo Theorem (Hsiao-Lan Kuo, 1949). A zonal flow of an ideal
barotropic atmosphere is stable if the potential vorticity changes monotoni-
cally from one pole to the other.

Proof: Let 1y = Wy (y) be the stream function of such a stationary zonal
flow, so that the corresponding potential vorticity Iy = f + Ay — Ly Zapg is
a monotonic function of the latitude coordinates y. Then IIy can be taken for
a new latitude coordinate, i.e., one can assume that vy = ¥y ().

We calculate the variation of the functional F' = F + I:

OF = // {VodV + Ly *pody + @ (I1g) S11} dady
(after integration by parts)
_ / {00V + Ly oy + ' (o) 611} dady
_ / / [~ W (ITo) + &' (IT)| 61T dady,
since 1o0Vep — Ly 29podep = S11.

A necessary condition for an extremum is &' (IIy) = ¥y (Ilp). The second
variation is

52F = / / {(6V0) + L5 (50)* + @ (11o) (511)* } dady

- / / {(6Ve) + L52 (69) + ¥ (o) (611)°} dudy.

——

For positive definiteness of 62F one needs to have ¥’ (Ily) > 0. In the Earth’s
conditions, exactly the opposite is true. The zonal velocity U = —0ty /0y is
directed from west to east, i.e., 1y increases from north to south (recall that
the axes Ox and Oy are directed, respectively, to the east and north). But the
potential vorticity, whose sign is determined by a transported vorticity f, on
the contrary, increases from south to north. Hence ¥’ (II) < 0. It is impor-
tant, however, that this quantity be sign-definite. Therefore one can do the
following. Pass to a coordinate system that rotates relative to the original one
with angular velocity (21. In this coordinate system the new stream function
Y1 = 1) — ¢, where ¢ = a(2; sinp is the time-independent stream function
corresponding to the rotation with constant angular velocity 21 (¢ is the lat-
itude). In terms of v, the evolution equation for the potential vorticity can
be written as follows:
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d
P (fi + Ay — Ly — LaQ(p) =0. (5)

Here f1 = 2 (24 §21)sin . Thus, in equation (5), as compared to (1), there
appears the parameter forr = f1 — Ly 2¢ instead of the Coriolis parameter f,
which does not violate the law of energy conservation. The above expressions
for variations remain valid. Therefore, all the above considerations hold in
this coordinate system as well. In the coordinate system, moving ahead of
the atmospheric motion, the wind is blowing from east to west, and then
W' (I1y) > 0. The theorem is proved.

17.2 The barotropic instability mechanism via an
example of the utmost simplistic equations of
atmospheric dynamics

According to the Kuo theorem, a necessary condition for the instability of a
zonal flow is latitudinal nonmonotonicity of its vorticity. To understand pos-
sible consequences that this may cause and to describe, at least qualitatively,
the development of instability, if any, we subject the equations of barotropic
atmospheric dynamics to the maximum simplification, following E. Lorenz
(1960). This will allow us to avoid numerical integration and to perform an
analytical study of the mechanism of nonlinear instability.

In the first place, the simplification is that we do not take into account
the two-dimensional compressibility of the medium (Ly? = 0), while a two-
dimensional doubly-periodic flow is considered on the f-plane instead of the
sphere, i.e., without taking the beta-effect into account. Then the vortex dy-
namics of the system is described by the usual two-dimensional vorticity equa-

tion A AY)
8yl =0 (6)
with periodicity conditions

Here k and [ are certain fixed nonzero real numbers that specify the maximum
spatial periods in the directions of the axes x and y, respectively.

The trigonometric functions cos (mkx + nly) and sin (mkx + nly), where
m and n are nonzero integers, are eigenfunctions of the Laplace operator in
this geometry. Expansion in these eigenfunctions gives the following Fourier
representation for the vorticity:

A = Z Z [Apn cos (mkz 4+ nly) + By sin (mkz + nly)],

m=—0o0 nN=—0o0
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(Ago = Bop =0). (8)
It can be rewritten in the form
Ay = Crnexp {iMR}, (9)
M

where M = imk + jnl, R = iz + jy, while C = % (Apn — iBmn), 1 and j are
unit vectors in the directions z and y.
The Fourier series for ¢ corresponding to the expansion (9) has the form

Y= (M-M)"! Cpexp {iMR}. (10)
M

Replacing the summation index M by L in (9), and similarly M by H in (10),
and then substituting (9) and (10) in the Jacobian of [¢), A, we obtain its
Fourier representation:

[, A¢] =Y (k-HxL)(H-H) ' CuCymexp{i(H+L)-R}. (1)
H,L

After replacing in (11) the summation index M by H+L and substituting (9)
and (11) into (6) we obtain an infinite system of ordinary differential equations
for the coefficients Cyp, the Fourier representation (6) in the wavenumber
space:

dC_m k-HxM

dt H-H
H

CuCn-m. (12)

Similar equations are obtained for a sphere, if one does the expansion in
spherical harmonics, eigenfunctions of the spherical Laplace operator.

Equation (6) is known to have two first integrals of motion, the kinetic en-
ergy E=1[f (V4))? dady and the total vorticity squared I = IS (AY)? dzdy.
In the space of wavenumbers these integrals are written as follows:

1 OmCom

E=
2 M-M
M

, I=Y CuCom. (13)
M

Now note that each of the time derivatives of F and I is the sum of a series
whose elements are the products of CgCyv—_gC_nm with the corresponding
coefficients. The sum of such a series can be represented as a sum of blocks,
each of which is the sum of six terms obtained by permutations of the vector
indices H, M — H, and —M. Any such block is identically equal to zero.
Therefore, by applying the Galerkin method, the system can be maximally
simplified so that in the nonlinear interaction only modes corresponding to the
fixed three vectors H, M — H, and —M were involved. If we assume that at the
initial moment all the coefficients Cg vanish except for those corresponding to
the above-mentioned vectors, we find that the values of F and I, represented
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by finite sums of pairwise products of these nonzero coefficients, are first
integrals of the reduced system. Of course, due to the convergence of the
Galerkin method, this approach would be the more accurate, the bigger the
number of fixed triples of vectors is taken into account.

In the simplest case, we can confine ourselves to a single triple, in which
each index m and n takes the value 1, 0, —1, which corresponds to considering
the nonlinear interaction of modes of the largest scale. In spite of the crudeness
of this approach, this example, first of all, allows one to describe the behavior
of the system at some initial stage if we use the above initial conditions, and
secondly and most importantly, allows one to clarify the instability mechanism
in terms of energy.

For chosen values of m and n, the expansion (8) assumes the form:

Ay = Ajg coskx + Agy cosly + Aqq cos (kx + ly) + Ay_1 cos (kx — ly)
+ Bjgsinkx 4+ Boy sinly + By sin (kx + ly) + By—1 sin (kz — ly) .

Further simplification is related to the following observation. If at the initial
moment A1,1 = _Alla while BlO = BOl == B11 == B1,1 == 07 then they will
remain so at any time t. Now, once we set Ag; = V2A4;, A1jg = V24, and
Ai_1 = As, the maximally shortened expansions for the vorticity and the
stream function can be written as

A = V24, cosly + V24, cos kx + 2A5 sin ly sin kz,
V24, V24,

24
iz o8 ly — w2 Cos kx — ﬁ sinly sin kz.

wz_

They correspond to the following maximally simplified equations for the dy-
namics of global geophysical flows:

: 1 1

Al - — <k2 - W) klAQAg,
X 1 1

AQ =+ ﬁ - m klAgAl, (14)
: 1 1

A3 = (k2 - l2) klAlAQ,

They have two positive definite quadratic first integrals of motion:
1 /A2 A2 A?
pol(4, 42 3
2 (12 e tere)
I =A%+ A3+ 43.

According to the Obukhov theorem, any quadratically nonlinear dynamical
system of the third order, which has two positive definite quadratic first in-
tegrals of motion, is equivalent to the Euler equations of motion of a rigid
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body with a fixed point. In this particular case this is easy to verify by mak-
ing a formal change of variables dr = kidt, 1> = I, k? = I, k? +1? = Is.
Then the dynamical system (14) can be rewritten in the form of the above-
mentioned Euler equations in terms of the components of the angular momen-
tum M; = A; i =1,2,3 (see Chapter 12):

1 1
M= (= - =) MM
1 <I3 I2> 2413,
1 1
My=|——— | MsM
2 (I]_ Ig) 3401,
1 1
Msg=|——— | MM
3 (.[2 I]) 1412

From the point of view of dynamic meteorology, the equations (14) describe
evolution of the shear zonal flow with velocity profile U = —9v /0y o sinly
and non-monotonic vorticity Ay o cosly, which is subjected to wave-like
large-scale nonzonal perturbations with latitudinal wavenumber k. In the ab-
sence of perturbations, the zonal flow is described by a stationary solution
(A1 = const, Ay = Az = 0) of the system (14). According to the analysis
in Chapter 14, such a zonal flow is unstable for k2 < [2, i.e., with respect
to perturbations whose scale exceeds the linear dimension of the shift. From
the physical point of view, this is not surprising since in the limiting case of
very small-scale nonzonal perturbations (k2 > [?) they will not “notice” the
presence of shear at all.

Solutions of the Euler equations are known to be given by the correspond-
ing elliptic functions, describing nonlinear oscillations of all three components
of the system. In this connection it is instructive to note that the exponen-
tial growth of nonzonal perturbations, observed at the initial stage, is due to
the kinetic energy of the zonal flow. Later this growth slows down because of
the nonlinearity effect. The resulting motion presents a strictly periodic inter-
change of the kinetic energies between perturbations and the zonal flow. It is
with this process one associates fluctuations of the circulation index observed
in the atmosphere, which are fluctuations of angular velocity relative to the
zonal rotation of air in the middle latitudes.

Exercises

1. Try to derive the maximally simplified equations for the dynamics of a
barotropic atmosphere, taking into account the beta-effect described by the

equation
oy

0
oz 0,

e (15)

(A% = o®P) + [, AY] +
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where a? = L2,
Hint: Following Lorenz, in the expansion of ¥ over trigonometric functions
keep the following terms:
¥ (x,y,t) = A1g (t) cos (kx) + Ao1 (t) cos (ly) + Bio () sin (kz)
+ By (t)sin (ly) + A1 (t) cos (kx + ly) + A1-1 (t) cos (kx — ly)
+ B (¢)sin (kxz + ly) + B1—1 (t) sin (kx — ly) .

After substituting this expansion into (15) and equating coefficients at the
same harmonics, introduce the notations

Aim = A — A1, Ap=An+ 41,

Bim = Bi1 — Bi_1, Bip =B+ Bi_1.

Finally, one finds out that the resulting dynamical system admits partial solu-
tions for A1, =0, B1p =0, Bo1 (0) = 0, which are described by the following
equations (A.E. Gledzer, unpublished):

A'10 = 0, B1o + N Ao1Aim, Abl = —N; (A10A1m + BioBim)

Ay = 0B + NA Ao, (16)
Big = —0xA10 + N Aoi Bim, Bim = —0 A1 + NAg Bio.
Here
_ Bk Bk

TRt Erar * T Rra?

ki (12 — k?) (1/2) k31 (1/2) ki3
N = ’ Nk = Y 1= °

k2 412 4+ a2 k2 + a2 12+ a2

Thus, the mazimally simplified equations of motion for a barotropic at-
mosphere with the beta-effect taken into account are defined by the dynamical
system of order 5.
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The concept of baroclinic instability; the Eady
model

18.1 Stating the problem

Recall that global movements of a baroclinic atmosphere is described by the
quasi-geostrophic equation for potential vorticity (see Chapter 9):

d 10 [ o
Sl = (19,20) | =0,
dt [f+ vt ps 0z (NQp 0z
d 0 0 0 02 0?
— = Ap=—+ —|. 1
(dt ot "or " oy v z? +0y2> e
Here the expression in square brackets is the baroclinic quasi-geostrophic po-
tential vorticity, ¥ = v (x,y,2) = p'/fops is the quasi-geostrophic stream
function, p’ is the pressure deviation from its background hydrostatic value,
ps = ps (z) is the background density distribution, N? = ¢ - d (In©,) /dz is
the square of the Brunt—Vaiisila frequency, ©5 = O, (z) is the background
distribution of potential temperature, f = 2(2sin ¢ is the Coriolis parameter
(p stands for the latitude) and fy is its average. Finally, u and v are zonal and

meridional components of the geostrophic wind, which in terms of the stream
function are given by the equalities

__ % _0
oy’ YT oz @)

The condition of impermeability of the lower boundary can be written in
terms of the stream function as

=—=——=0 forz=0. (3)

Recall also two important relations:
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0 _ fodu

Qs ; & ’ (4)

establishing the relationship between the variation 6 = 0 (x,y, z,t) of the
potential temperature and the stream function, and the thermal wind:

ov_ g
6Z_f0@s

9 .0
k x VO (9_@S+97v_1%+3%), (5)

or in the coordinate form

Ou_ 9 99 Ov_ g 09
0z  foO, 0y’ 0z  foO, 0x”

(5a)

According to the latter relations the vertical shear of horizontal velocity is
generated by the horizontal gradient of the potential temperature. Instability
induced by vertical shear of the velocity is called baroclinic instability, because,
unlike the barotropic instability, in this case the source of the kinetic energy of
perturbations is the baroclinic available potential energy, whose local measure
is the horizontal inhomogeneity of temperature. In this relation it is pertinent
to recall first integrals of motion for the equation (1), which will be used
in formulating the stability conditions of baroclinic zonal flows. Here we are
talking on the energy invariant

E= %/// Ds ((w)2 + ]‘C—i @7’5)2) dzdydz (6)
14

and the generalized integral potential vorticity

I= ///qs(n,z) dadydz, (7)
14

where @ (I, ) is an arbitrary function of the potential vorticity IT and z. One
can add here the invariant

G = //r (‘?ﬁ) dedy (8)
z=0

(I" is an arbitrary function of one argument), which follows from the lower
boundary condition (3).

The energy integral with the help of (2) and (4) can be written in terms
of the horizontal velocity and potential temperature (see Chapter 10):

E—l/// 2ddd+1/// SO iy (6a)
=3 psV-axrayaz B pSNQQnyZ7 a
\4 14
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where the second term, denoted by Py, = (APE),_ is exactly the baroclinic
available potential energy of the atmosphere. Recall for comparison that the
available potential energy of a barotropic atmosphere is given by

LMEM:%//LfWM@.

Both types of energy, as discussed in Chapter 11, can be taken into account
within one model by passing to the p-coordinates.

It should be noted, however, that (APE), _ in the form in which it is defined
is not a universal expression for the baroclinic available potential energy, but,
in general, depends on the particular formulation of the problem. Such an
expression, in particular, is not suitable if the background is taken to be an
equilibrium state corresponding to a steady neutrally-stratified atmosphere.
For example, this is justified if we are discussing quasi-geostrophic motions
of a weakly-stratified incompressible fluid. In this case N? ~ 0, while the
available potential energy is determined by the horizontal stratification of the
medium. The simplest example of this kind is discussed in one of chapters
below. A rigorous approach to the calculation of APE can be found in the
monograph by Kurgansky (1993). Here it is only important for us to show the
role of (APE),. in the mechanism of baroclinic instability.

18.2 The Charney—Stern theorem

The Charney—Stern theorem (1962). If the near-surface temperature is
constant, then for the stability of a baroclinic geostrophic flow it is sufficient
that for any fized level z = const, the potential vorticity of the zonal motion
decreased monotonically in the pole-equator direction.

Remark. It is worth noting that Charney and Stern, unlike us, were us-
ing the p-coordinate representation of the equations of motion and therefore
required the constant near-surface density rather than temperature. Both as-
sumptions are rather rough and to some extent they are valid only in the
mid-latitudes, which are sufficiently remote from the equator and poles.

Proof: The value of G (see (8)) is constant by virtue of the theorem’s
assumptions. Therefore as a Lyapunov function one can use the functional

F=E+1,1ie.,

- Jjf

%ps (VWQ +

1 f5 (o
(82

2
3PNz ) +45(H,z)] dxdydz.

Then
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13 9o s¥
oF = /// [pSV@ZJO(SVz/J—i— “NZ D% 3 —l—anéﬂ] dxdydz

(after integration by parts)

///{ peindtst — s | 2 (5 A5 20N} vy
///{517 Y: 2 }dmd?/dz—///( patho + 5 >6dedydz

10 1 oy _

Here 9o = ¢y (y, 2) is the stream function of the zonal baroclinic flow that is
studied for stability.

By virtue of the theorem’s assumptions one can take IT to be the latitudinal
coordinate instead of y, i.e., one can assume that g (y,z) = ¥ (II,z). Then
0F = 0 implies p;,¥ = 0 /0I1. Calculate the second variation:

oo ffo

Positive definiteness of §2F requires that OW/AII > 0. Further arguments
are similar to those used in the proof of the Kuo theorem, i.e., one needs to
consider the motion in the frame, rotating ahead of the wind.

since

o1l

(6Vy)? fo < 7’”) +—(5n) ]dmdydz.

18.3 The Eady model

I would like to complete the description of the elements of inviscid stability
theory of global geophysical flows by presenting the work of Eady. Published
back in 1949 in the famous Swedish meteorological journal Tellus, this work
has long since become classic and is described in almost every textbook on
geophysical fluid dynamics or dynamic meteorology. The reason is that Eady
not only for the first time revealed the mechanism of baroclinic instability, i.e.,
the cause of the birth of vertical vorticity (cyclones and anticyclones) because
of inhomogeneous horizontal distributions of density or entropy. But he also
explained this mechanism in such a physically transparent way that all sub-
sequent work on the subject, even in a nonlinear formulation of the problem,
only quantitatively develops this idea without introducing any new qualita-
tive explanations. The Eady model is the result of Eady’s doctoral thesis, and
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during its preparation he could not yet have known the fundamental quasi-
geostrophic equations of global motions. Apparently for this reason, there is
no list of references in his article, thus emphasizing the lack of precursors, even
though in conclusion he mentions the work of Charney (1947), “... which in
many (but not all) respects is consistent with his own.” For the same reason,
Eady formulates the boundary value problem not for the equation of poten-
tial vorticity, but for the evolution equation of vertical velocity, where in order
to simplify it he uses essentially the same assumptions as in the derivation
of quasi-geostrophic equations mentioned above. Below we present a modern
exposition of the work by Eady, i.e., in terms of potential vorticity, which is
more concise than the original.

18.3.1 Formulation of the problem. For this problem we assume that
the quantity fZN ~2p; is a slowly varying function of the vertical coordinate,
which allows one to take it out of the differentiation in z in equation (1). It is
pertinent to note that this assumption, although being valid for the Oberbeck—
Boussinesq fluid, is rather arguable for the real atmosphere. This procedure
is usually used when working with the p-coordinates (in the latter case under
the vertical differentiation one has the quantity L1_32p2, where Lrp = NH/ fy
is the internal radius of deformation, see (11.7)), but even then it does not
look more convincing.

However, from a physical point of view, we have not committed a big
sin by slightly changing the spatial distribution of the available potential en-
ergy. Therefore the results obtained below are suitable for estimates of the
real characteristics of linear stability. It is also important to note that in the
vertical direction the medium is assumed to be stably stratified (N > 0). A
three-dimensional wind field at the middle and high latitudes of the Earth’s
atmosphere is approximately described by formulas (2) and (3), where the
horizontal components of the wind velocity u and v are measured in the di-
rections toward east and north, respectively, while a positive vertical velocity
is directed upward.

The problem is considered on the f-plane (df/dy = 0) in the region
bounded only by vertical solid surfaces at the levels z = 0, H. We are studying
stability of a strongly zoned (along circles of latitude) motion of the atmo-
sphere, which has a vertical shear or, equivalently, vorticity in the direction
opposite to the latitudinal gradient of potential temperature:

u:U(z):fa—y,v:w:O. (9)

18.3.2 Solution using the method of normal modes. The stream
function and potential vorticity corresponding to the ground state (9) are,
respectively, equal to

V(z,y)=-U(2)y+F(z), (10)
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1 (ay) =35 Wy + )+ 1, (1)
since 0?W/02% = ~U"y + F", Ay = 0.

Then equation (1), linearized with respect to the primary flow, and by
taking into account the above assumptions, can be written as follows:

d 0 0 oY oIl
dt(H+X) (5‘15+U8x) + 55 =0,

dzxr Oy
where ¢ = ¢ (z,y, 2,t) is the stream function of infinitesimal perturbations
u, v and w of the primary flow, while

f& v

A
X= ¢+N2 022

represents the potential vorticity corresponding to them.

Further, recalling the Squire theorem one can assume that the perturba-
tions do not depend on the coordinate y orthogonal to the plane (z, z), i.e.,
Y =1 (x,2,t). The thermal wind 2, = dU/dz for simplicity is set to be con-
stant along the vertical. Then U” = 0, 0II/0y = 0, and the linear stability
problem is defined by the equation

9 Py f§ %y
(825+U3x> <8x2 TNz (‘32’2) =0 (12)
with the boundary conditions
fo dO(¥+v)

= Ned 9 0 for z=0,H.

After linearization the latter can be written in the form

0 oY oy B
(6‘t+U5':v> P anx—() for z=0,H. (13)

Coefficients in equation (12) and boundary conditions (13) depend only
on z. Therefore, turning to the method of normal modes, we seek the solution
in the form

Y (x,z,t) = (2) exp {ik (x — ct)}.

After substituting this in (12) and (13) and taking into account 0/0x = ik,
0/0t = —ikc and (9/0t + U0/dz) = ik (U — ¢), we obtain the following
eigenvalue problem:

- >(Ww+hw>=& (14)

U—-o)y' —2,p=0  for z=0,H. (15)
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It is clear that the continuous spectrum of the problem belongs to the inter-
val [Unin, Umax] and it does not contribute to instability. In what follows we
assume that Unin = U (0) = 0, and Unax = U (H) = 2,H = Up. Then for
¢ # U the general solution of equation (14) can be written as follows:

¥ (z) = Acosh{Az} + Bsinh {\z}, A= %
0

Here, according to the boundary conditions (15), the coefficients A and B
satisfy the following homogeneous system of linear equations:

2,A+ cAB =0,

A (Up — ¢)sinh {AH} — 2, cosh{\H}| A

+ AUy —¢)cosh{\H} — 2, sinh {\H}| B =0.
Its solvability condition means that ¢ must be a root of the quadratic equation:

0] 2?2
& — Upe + (Uo)\y coth{\H} — y)

2
Ug Ug

_ 2 0 o\ _

=c¢" —Upc+ ()\H coth{\H} — )\2H2) =0. (16)

The discriminant of this equation
D =U§ [l —4a ?(acoth(a) —1)], a = AH = NkH/ f;,

by the identity

coth (o) = (tanh % + coth %)

DN =

can be presented in the form

4 5/« a\ [« e}
D = ?UO (§ — Coth 5) (5 — tanh 5) .

And then 2¢ = Uy + v/D. Since a/2 > tanh («/2) for all o, then the critical
value of « is the root of the equation

«a @

— = coth =, . =~ 2.399.

5 =cotho, o
For o > ey one has D < 0 and the zonal flow is stable (the solution described
by a superposition of two neutral modes). It is interesting to estimate the
wavelength of the critical mode, by setting for this that N ~ 1072 s}, H =~
10 km and fo ~ 10~% s~1. Then

;2 _2rNH 271072 - 10
T ke fooer | 107%-24

~ 2.6 - 10°km.
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Thus, the baroclinic instability is of a long-wave nature: the modes with wave-
length L > L., (a < a,,) exponentially grow at a rate

kImc= SUO {(% — coth %) (% — tanh %)}1/2,

where the maximum of the growth rate is for the value «,, ~ 1.75. It corre-
sponds to the wave length L, = Qf’;gf ~ 3.6-10° km, whose quarter is exactly
comparable with the characteristic size of cyclones and anticyclones observed
in the atmosphere. With regard to this problem, the characteristic size of
cyclones or anticyclones should match exactly a quarter of the above length
since the discussed solutions divide the entire integration domain into alter-
nating subregions of cyclonic and anticyclonic vorticity each of size L/2. It is
also easy to show that the minimum time of development of vertical vorticity
(the time during which the amplitude of a maximally unstable perturbation
increases e-fold) is equal to

Ly, o
T & ——
Uy 0.3-27

~ 4 days.

This is also consistent with the data observed.

From this analysis it becomes clear that the source of the instability under
consideration is precisely the available potential energy, entering as the second
term in the expression for the total energy (6). Indeed, according to (16), in the
absence of thermal wind ({2, = 0) unstable modes do not exist, while subject
to the simplification made, the general solution of equation (1) satisfying the
boundary conditions w = 0 at z = 0, H can be written in the form

U (z,y,2,t) =Y (x,y,t) + F(2).

Here v (z,y,t) is a solution of the equation

d
=+ 00)=0,

and F'(z) is an arbitrary function of z independent of time and being a
symbol of the inaccessible potential energy (e.g., the potential energy of
the background distribution of potential temperature). Indeed, the quantity
OW/0z = dF/dz only formally corresponds to nonvanishing potential energy
in equation (6). Being an invariant of motion, the latter is not converted into
the kinetic energy and, consequently, it can be excluded from our consider-
ation. Therefore it is exactly the nonvanishing thermal wind 2, = dU/dz
that provides a vertical shear of the stream function. This vertical shear cor-
responds to potential energy which is converted into kinetic energy and is
generating a large-scale vertical vorticity, i.e., which is one of the principal
reasons for cyclogenesis. Eady gives the following explanation for baroclinic
instability: as in the Rayleigh—Bernard convection, the negative vertical gradi-
ent of temperature causes the fluid to turn over in the vertical plane (“vertical
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overturning”), one has a similar effect in the atmosphere. Namely, the differ-
ence in the atmosphere temperatures in the pole-equator direction generates
the air overturning in the horizontal plane (“horizontal overturning”), and in
both cases the process proceeds in the direction of decreasing the system’s
potential energy.

From the analysis in Chapters 16-18 it is useful to extract, understand,
and memorize the following important feature of global geophysical flows.
However paradoxical it sounds, both types of shifts of horizontal velocity, i.e.,
the horizontal shear and vertical shear, due to their instability generate large-
scale vertical vorticity. The difference is that in the first case the source of
cyclogenesis is the kinetic energy of the main flow, whereas in the second case
that is its available potential energy. Both mechanisms, the barotropic and
baroclinic instabilities, play a decisive role in shaping the general circulation
of the Earth’s atmosphere. The latter circumstance is one of the principal
obstacles in constructing a general circulation theory.

Exercises

1. Complete the proof of the Charney—Stern theorem.
2. Show that the above estimate for 7, indeed holds.
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Equations of motion of a viscous fluid; the
boundary conditions

So far we considered the motions of an ideal fluid which reflect, so to speak,
genetic features of a real fluid’s behavior and are not aggravated by the influ-
ence of irreversible thermodynamic processes. The latter, however, are always
present due to internal friction (viscosity) and thermal conductivity of the
medium. With regard to global geophysical flows, the situation is complicated
by the fact that the role of irreversible non-adiabatic factors is assumed not
only (or rather to a much lesser degree) by molecular viscosity and thermal
conductivity, but rather by small-scale motions that are not taken into account
by quasi-geostrophic approximation.

As we shall see below, the Earth’s surface has a very special and crucial
influence on the formation of general atmospheric circulation. Without fric-
tion on this surface the weather and climate on the Earth would have been
totally unsuitable for human civilization. Irreversible diabatic processes start
to noticeably affect the behavior of global atmospheric motions already on
the third day after observations begin. Therefore, one cannot avoid including
these irreversible processes in weather predictions for longer terms and for cli-
mate descriptions. We are going to start our consideration with a derivation
of the equations of motion of a viscous fluid.

19.1 Derivation of the Navier—Stokes equations

(C.R. Navier, 1827, and G. G. Stokes, 1845). The content of this chapter is
based on the material of Sections 15, 16 and 49, 50 of the textbook by Landau
and Lifshitz (1986). Recall that the Euler equations of motion of an ideal fluid
in terms of the specific impulse and tensor notations can be written as follows:

5‘pui . 8H¢k

= 1
ot Oz’ ( )
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where the density tensor of the momentum flux
Iy, = dikp + pujug (2)

describes the completely reversible transfer of momentum caused by the in-
fluence of pressure and by the movements of various parts of the fluid from
one place to another.

Viscosity, or internal friction, manifests itself in a fluid by the presence of
an additional, irreversible transfer of momentum in the direction of decreasing
velocity. It can be taken into account in (2) with an additional term o7, , which
irreversibly consumes a fraction of the “ideal” momentum flux:

ITij, = 6ikp + pusug — 0y = Uty — O (3)
The tensor o, is called the wviscous stress tensor, while the tensor
oik = =D + ojy, (4)

is the stress tensor distinguishing that portion of the momentum flux, which
is not related to the transfer of momentum of the fluid’s moving mass.

The following considerations help establish the general form of the tensor
!
Ol

(a) Internal friction in the fluid occurs only when there is movement of
portions of the fluid relative to one another. Therefore, o}, should depend
on the derivatives of velocity in spatial coordinates. If the velocity gradients
are not very large, then one can confine oneself to only the first derivatives
in this relationship, while the very dependence of o}, on Ou;/Ox) in this
approximation can be assumed to be linear.

(b) Terms independent of du;/dzy should not appear in the expression for
oly, since o}, = 0 for u(x,t) = const.

(c) Evidently, o}, = 0 for an eddy rotation of the fluid with constant
angular velocity €2, which corresponds to the velocity field u = €2 x r. Lin-
ear combinations of the derivatives Ou;/0xy, vanishing for u = @ x r, are
Ou;/0xy, + Ouy/Ox;, which must determine o/,

The most general form of a rank-two tensor satisfying (a)—(c) is

Ou; = Ou 2. Ou Ju

ol = (8@: + 8; - 36%81:?:) + C@kafzz, (5)
with coefficients 1 and ¢ independent of the velocity. (The last statement
follows from the fluid’s isotropy as a medium whose properties are described
merely by scalar quantities, in our case by n and ¢.) Terms in (5) are grouped
in such a way that the convolution of the tensor appearing in the brackets,
i.e., the sum of its diagonal terms (the tensor trace), vanishes. The quantities
n and ¢ are called the viscosity coefficients, and ( is often called the coefficient
of the second wviscosity. Below we show that they are both positive.
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The equations of motion of a viscous fluid are now obtained by adding
expression do7, /Oxy, to the right-hand side of (1), which, given the continuity
equation

dp Opus _ dp Ous

ot oz, dt ' "ou,
can be written in the form

8ui+u ou; 773p+i 8ui+8uk725' Oug
P\t T %0z, ) T 0w, " 0xn '\ Bz, | 0z, 3 %o,

0 Oug

This is the most general form of the equations of motion of a viscous fluid, in
which the quantities 77 and ¢, in general, depend on pressure and temperature,
and therefore they cannot be taken out of the differentiation. However, in most
cases one can neglect this dependency. Then (7) can be rewritten in the vector
form

p B‘t‘ + (V) u} = —Vp+nhu+ (c + g) Vdivu. ®)
This is the famous Navier—Stokes equation, which is used in an overwhelming
number of cases to describe the motion of a viscous fluid.

In the description of essentially subsonic flows, the fluid can be regarded
as incompressible, and then the last term on the right-hand side of (8) can be
neglected. In this case, the Navier-Stokes equation is usually written as

ou 1
n + (uV)u= —;Vp + vAu, (9)

where the quantity v = n/p is called kinematic viscosity. To a large extent
the kinematic viscosity determines the dissipation rate of the kinetic energy
of the fluid, i.e., the efficiency of its internal friction. The quantity 7 itself is
described as the dynamic viscosity. In this relation we present the comparison

table of the quantities  and v for some liquids and gases (at the temperature
of 20°C):

7 (g/s - cm) v (cm?/s)
Water . . . .. 0.010 0.01
Air .. ... .. 1.8-107% 0.15
Alcohol . . .. 0.018 0.022
Glycerin . . . 8.5 6.8
Mercury . . . 0.0156 0.0012

In particular, this shows that although the dynamic viscosity of water is
greater than the dynamic viscosity of air by almost two orders of magnitude,
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the effective internal friction of water is over an order of magnitude smaller
than the internal friction of air, all other things being equal. Note also that
the dynamic viscosity of gases at a given temperature is independent of pres-
sure, while the kinematic viscosity, respectively, is inversely proportional to
pressure.

The Poisson equation for a homogeneous incompressible ideal fluid (p =
po = const)

Ou; Ouy, 0? (ujuy)
Po = P05
is used to reconstruct the pressure from the velocity field. It remains valid for

a viscous fluid as well since it is obtained by applying the operator div to (9)
for p = py = const.

Dp=- (10)

19.2 Formulation of boundary conditions

We confine ourselves to considering boundary conditions for flows of an in-
compressible fluid (divu = 0). In this case the viscous stress tensor and the
stress tensor itself take the following simple form:

Oou;  Ouy
r= v 11
Oik U(axk + ai)’]l), ( )
Tik = —Oikp + iy = —Oikp + 1) <8xk + 8;) : (12)

The most typical examples of boundary conditions are those of (a) a solid
wall, (b) an interface between two immiscible liquids, and (c) free surface of a
fluid. In the case (a) the fluid sticks to the wall due to the forces of molecular
cohesion. Therefore, the fluid velocity at the solid wall is equal to the velocity
of the wall itself, and on an immobile wall one has u = 0. Thus, unlike the
case of an ideal fluid, in this case not only the normal, but also the tangential
components of the fluid velocity on the wall must vanish. This is related to an
increase in the order of spatial derivatives in the equations of motion. Consider
these boundary conditions in more detail.

(a) The force acting on a surface element ds is nothing but the momentum
flux across this element:

ILj, = (pu;ur — o) dsk,

where ds; = nids, while n is the unit normal vector to the surface. To de-
termine the force exerted by the fluid on the solid wall, one needs to pass to
a coordinate system in which the wall is at rest: the force is merely equal to
the momentum flux only in the case of an immobile wall. Therefore, setting
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u = 0 in the last formula, we find that the force F applied to a unit area of
the solid surface is
Fy = —ojny = pni — o n. (13)

The first term is the usual pressure of the fluid, while the second is the force of
friction over the surface due to the fluid’s viscosity. It should be emphasized
that the vector n in (13) is the unit normal to the surface that is external
relative to the fluid, i.e., internal relative to the solid surface.

(b) At the interface between two immiscible fluids, the velocities of both
fluids must be equal, while the forces with which they act upon each other are
equal in magnitude and opposite in direction. The second condition means
that

D) 4 oD g,

The normal vectors n") and n(® to the surfaces of fluids 1 and 2 have mutually
opposite directions. Therefore, setting n(*) = —n(® = n, the second boundary
condition can be rewritten in the form

(c) At the free surface the tension vanishes, i.e.,

oiknk = ok — pn; = 0. (15)

19.3 Dissipation of kinetic energy in an incompressible
fluid

The total kinetic energy of an incompressible fluid (divu = 0) is equal to

1
14

where V is the total volume occupied by the fluid. If the fluid occupies an
unbounded space, it is assumed that the fluid is at rest at infinity. Using the
Navier—Stokes equation in the form

ou; ou; 10p 100,

ar 'k dxy  pOx;  p Oz

and the equation of mass conservation

dp op
ot " " om,
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we calculate the time derivative of the kinetic energy per unit volume of the

fuid o (1 dui 1,0
22 = pu, 2 2,29P
at<2pu) Piee T o
As a result we obtain (complete Exercise 1)

1 1 i
% <2pu2> = —div [pu (2u2 + i) —ux a’} - az’-kg—z;, (16)

where u * o/ stands for the vector with components u;0},.

The first term in the square brackets coincides with the energy flux of an
ideal fluid (see Chapter 2), created by the usual mass transfer of the fluid
during its motion. But the second term u * o’ is the energy flux due to the
internal friction, since the presence of viscosity leads to the appearance of
momentum flux ¢}, (see (3)), while the momentum transfer entails the transfer
of energy which is equal to the product of the momentum flux by the velocity.
And finally, the last term in the right-hand side of (16) describes the kinetic
energy dissipation per unit volume, i.e., its conversion into heat.

Integrating (16) over the entire volume of the fluid and employing the
boundary conditions (a) or vanishing of the velocity at infinity, we obtain the
dissipation rate of the entire kinetic energy of the fluid or, equivalently up to
sign, the rate of heat generation due to viscosity:

. ou; 1 Ou;  Ouy
Bin=— [ o, 2% aqy = = [ o, (L4 v
k /Uzkazk ) /Uzk (al'k + 8l’1>
14 \4

(the tensor o¢f, is symmetric). Substituting (11) into the latter formula we
find that the dissipation rate of kinetic energy of all the fluid is given by the

formula )
. n Oou;  Ouy
Eyn = —— dV. 1
K 2 / (&rk + 3xi) v (17)
1%

This implies that n > 0, since the dissipation Fuin < 0.

19.4 Heat transfer in a compressible fluid

The system consisting of the Navier—Stokes equation (8) for a compressible
fluid and the continuity equation

:@

9r + div (pu) g7

ot

closes up by the heat transfer equation. The latter can be derived from the
following considerations. Let dQ = pT'ds be the heat influx per unit volume

+ pdivu =0 (18)
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of fluid during the time dt, where s is the specific entropy, i.e., the entropy
per unit mass of the fluid, T" is the absolute temperature. Then the equation
of heat transfer can be written in the form

Tds dQ

Pha T ar
where on the right-hand side one has the heat source generated by the dis-
sipation of kinetic energy together with the molecular thermal conductiv-
ity of the fluid itself. The dissipation term, according to (16), is equal to
0}, 0u; /Oxy. The density of the heat flow transferred via thermal conductivity
according to the Fourier law is equal to q = —»VT. The positive quantity s
is called the thermal conductivity coefficient or simply thermal conductivity.
Then divq = —div (5VT) is the heat outflux of a fixed unit volume per unit
time, and the heat balance equation becomes

ds ou; .
pTa O—’Lk% leq
or 5 5
gs — o T g
pT <8t + (uV) s) =0y . +div (»VT). (19)

Equation (19) is called the general equation of heat transfer.
The heat generation from internal friction with the help of (5) can be
written as

, Ou; O (5%' Quy, zéikaus) Qg
axk

n B Oug
Oxr Ox; 3 Oz,

oy’

ik axk o naxk

It is easy to check that the first term on the right-hand side of this equation
is identical to the expression

0 (Oui 0w 2 Ous\®
2 8;1:k 8931 3 zkafﬂs ’

while the second one is

Ou; . Ous [ Ous ? _ .2
6—%52'1@%8 = <8x5> = ( (divu)”.

¢

As a result, equation (19) takes the form

Js L n(Ou; Oux 2. Ous 2

+¢ (divu)?. (20)
With the help of (18) and (20) it is easy to show (do Exercise 3) that
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d(ps) _ _ . Lo
5 —div (psu) + lev (5VT)
(O Qw20 du ' (o
+ 2T (89% + ox; 3 ik O0x + T (diva)™. (21)

Let us consider an unbounded volume of fluid at rest (u = 0) and uniformly
heated (VT = 0) at infinity. Integrating the latter equation over the entire
volume of the fluid, after passing to the integral over the surface at infinity,
we find that the contribution of the first term on the right-hand side vanishes.
The integral of the second term is transformed as follows:

1. . [ #VT > (VT)?
/lev(%VT) dV:/le (T) dV+/TdV,

and by the second condition at infinity the first term vanishes. As a result we
obtain

0 B 2 (VT)? n (Ou  Oup 2. Oug\’
i [ o= [ Zpav s [ o (Gt g~ 5owgr) O

+/%(divu)2 dv. (22)
The total entropy of the system which does not undergo any exterior influence
can only increase, i.e., the right-hand side of (22) must be positive. In addition,
in each term of this sum the integrand may be different from zero even when
the other two integrals vanish. Therefore, each of these integrals must always
be positive. Hence, this implies positivity of the second viscosity coefficient,
as well as the positivity of 17 and s already known to us.

19.5 Heat transfer in an incompressible fluid

If the fluid velocity is small compared to the speed of sound, then the pressure
changes resulting from the fluid’s movement are so small that one can neglect
changes in density (and other thermodynamical quantities) caused by them,
unless we are talking about global flows of a rotating fluid. However, the
nonuniformly heated fluid is not quite incompressible at the same time. One
cannot ignore the density changes due to changes in temperature, even if the
speed of a nonuniformly heated fluid is small, and, consequently, the density
cannot be assumed to be constant. Therefore, in this case, the pressure must
be regarded as constant in determining the derivatives of the thermodynamic

quantities.
hen 0 0 oT 0
S S S
E = (W)pat’ Vs = (87_1>pVT,
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and since T'(9s/0T'),, = C), is the specific heat at constant pressure, then

0s oT
T—=Cp— TVs =C,VT.

ot~ "ot 8=
Equation (19) now assumes the form

’ 8ui
ik axk '

5 (23)

pC, <8T + (uV) T) =div(»VT) +o
Assume further that p = pg + p/, T = To + T’, where pg and T are average
values of density and temperature, while their fluctuations, which are small
compared with the mean values, are connected by the linear relation p’/py =
—T"/Tp. The quantity p in (22) can be replaced by pg and the fluid is assumed
incompressible (divu = 0, see the Oberbeck—Boussinesq approximation in
Chapter 13). Now by substituting formula (11) into (23), we obtain the heat
transfer equation in an incompressible fluid:

oT B v Ou;  Ouy 2

(24)

where v = 1/pg is the kinematic viscosity, and instead of s it involves the
temperature conductivity coefficient k = s/poCyp. Since the temperature ap-
pears in (23) and (24) only under the differentiation, T" is not replaced by
T’. In practical calculations the last term in (24) is generally not accounted
for because of its smallness in comparison with the effect of molecular heat
transfer.

In conclusion, it is worth noting that the Navier—Stokes equations were de-
rived by Bogolyubov by expanding the Liouville equation, the basic equation
of statistical mechanics (more precisely, the system of Bogolyubov equations
equivalent to it). First, at the kinetic stage it was done by expansion in the
small parameter e = 7/t (where 7 is the interaction time of molecules, g
is the time spent by a molecule for the mean free path). Later, at the hy-
drodynamical stage, this was done by expansion in the parameter 6 = to/t,
(where t, is the characteristic time for changes in the macroscopic motion).
In the first-order expansion in €, one obtains the Euler equations of motion
of an ideal fluid, while in the second-order one gets the Navier—-Stokes equa-
tions with two viscosity coefficients and the Fourier thermal conductivity law
q = —»VT. These issues are discussed in detail in the monograph (Uhlenbeck,
Ford, 1965).
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Exercises

1. Derive (16) from the equations of motion of an incompressible fluid.

2. Formulate the local energy conservation law for a compressible fluid
through its equations of motion (6), (7) and (19), by using the thermodynamic
relation (the first law of thermodynamics) de = T'ds —pdV = Tds+ (p/p2) dp,
where ¢ is the internal energy per unit mass of the fluid.

Hint: see Section 49 of the above-mentioned book by Landau and Lifshitz.

Answer:
2 1
% (p’;b erg) = —div {pu <2u2+];> —uxo —xVT]|. (25)

3. Derive (21) from (18) and (20).
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Friction mechanisms in global geophysical
flows; quasi-geostrophic equation for
transformation of potential vorticity

One of the main features of the dynamics of viscous global geophysical flows
is that the dissipation of their kinetic energy is mainly due to friction of free
atmosphere over so-called geophysical boundary layers (GBL). Under free at-
mosphere one understands the atmosphere’s areas that are remote from solid
boundaries or from sharp fluctuations of horizontal velocity. The friction is
caused by the exchange of momentum between these boundary layers and
the free atmosphere. In the GBL themselves velocity gradients are intensi-
fied, and hence the internal friction is strengthened. This leads to disruption
in quasi-hydrostatic and quasi-geostrophic equilibria. Moreover, the effects of
internal friction manifest differently in neighborhoods of the horizontal and
vertical GBLs. Based on this it is convenient to adopt the following definition
of GBLs. A geophysical boundary layer (GBL) is a region in which the condi-
tions of quasi-hydrostatic and quasi-geostrophic equilibria are violated under
the influence of viscosity forces.

This allows one to avoid a somewhat cumbersome procedure of expand-
ing the original hydrodynamical equations in the Rossby parameter, which
is usually used for reduction of the problem, and to immediately formulate
the required equations of motion. The GBL effect manifests itself in the most
transparent way in the motion of a homogeneous incompressible fluid. There-
fore, our further considerations are related to laboratory analogues of global
geophysical flows that are modeled in rotating annular tanks filled with wa-
ter. In this case the equations of motion are formulated in vector notation as
follows:

Qqu:—@ +f£,, (1)
p
_Ou  Ov Ow

Here 2 is the angular velocity of the general rotation of a fluid of constant
density p, u is the velocity field of the flow in the GBL, p is a pressure
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deviation from its hydrostatic value, and f, = vAu are viscosity forces (A =
0?%/0x% + 02 /0y? + 0% /02?), where v is the kinematic viscosity of the fluid.

e ik

Free atmosphere H

bF i
a5
<7/////////////g/////////// Y

Ekman layer Background surface

Fig. 20.1. (a) Vertical cross-section of the “laboratory atmosphere” and the profile of
the longitudinal velocity component U in the plane (x, z), where the x axis coincides
with the direction of the geostrophic wind V4. (b) The wind rotation with the altitude:
the Ekman spiral in the horizontal plane.

20.1 Ekman planetary boundary layer

In the vicinity of the horizontal boundary of a laboratory atmosphere (Fig-
ure 20.1a), the characteristic horizontal scale for velocity changes is much
greater than its vertical scale. Therefore, in the expression for the viscous
forces f, = v (0*u/0x* + 9*u/dy? + 0*u/d2?) one can neglect the first two
terms. In addition, as we shall see below, since the thickness of the hori-
zontal GBL is much less than the atmosphere’s height, the geostrophic wind
Vg (2,9,t) = ug (x,y,t) i+ vy (2,y,t) j, satisfying the relation

Vp 0 0
20X vg=—"— (V=i—+j— ),
5y ( or " Yoy
can be assumed to be independent of the vertical coordinate. Then, by sub-
tracting the last equation from (1), for the horizontal velocity component
v(x,y,z,t) =u(z,y,2,t)i+v(z,y,2,t)j, we obtain the equation

0?v
22 x (Vv —vg) = VasE (3)
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with the boundary conditions of adhesion at the lower boundary of GBL and
turning v into the geostrophic wind at the upper boundary:

V|z:0 =0 ’ v‘z:oo = Vg (4)

The top condition is posed at infinity, since the main contribution to the
o0
integral f divv dz, which we are interested in below, comes from the actual

0
thickness of the horizontal boundary layer.

By taking into account = (0,0, £2), the solution of the boundary problem
(3) and (4) can be written in the form (do Exercise 1):

v (z,y,2,t) = Vg (x,y,t) [1 —exp(—2/dg) cos (2/dE)]

+ k X vg (z,y,t)exp (—z/0g)sin (z/0k), (5)

where k is the vertical unit vector, while 65 = /v/2 is the actual thickness
of the horizontal GBL, called the Ekman layer, or planetary boundary layer
(PBL). Note that wind in the free atmosphere controls the time dependence
of the horizontal wind in the Ekman layer.

Finally, make the substitution (5) in the condition of zero divergence of
the three-dimensional flow in the Ekman layer which is integrated over the
height, i.e.,

WE = o ay z.
0

We obtain the expression for the velocity vertical component at the upper

boundary of the PBL:
B Jvg  Ouy
wE—5E<ax - 8y> (6)

Precisely because of the presence of such a nonzero vertical flux at the upper
boundary of PBL there is an exchange of horizontal momentum between the
PBL and the free atmosphere, which leads to slowing down the motion of the
latter. We discuss this in more detail in Section 20.3. Now we only mention
two points.

First, in laboratory experiments with water as the working fluid v =
0.01 cm? /s, while 2 = 0.1 = 1.0 s~1. Therefore, the thickness of the labora-
tory Ekman layers has a range within a few mm. Formally putting for the real
atmosphere that v = 0.15 cm?/s and 2 ~ 107% s™!, we obtain 65 ~ 40 cm.
This is the thickness of the so-called laminar Ekman layer, which is observed
in laboratory experiments. The PBL of a real atmosphere is dominated by
fully developed three-dimensional small-scale turbulence, i.e., chaotic vortex
motions whose scale ranges from centimeters to tens of meters. These vortices
are fed by the kinetic energy of large-scale currents, whose inhibition is far
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more effective than under the influence of molecular viscosity. The simplest,
although somewhat naive but natural way of accounting for such an inhibition
is to replace the molecular viscosity v by the so-called coefficient of turbulent
viscosity Viurh, which in the atmosphere exceeds v by six to seven orders of
magnitude, according to various empirical estimates. In this case, depending
on the intensity of the small-scale turbulence in the planetary boundary layer,
its thickness ranges from several hundred meters to one kilometer.

Secondly, as shown in Figure 20.1b, which presents the Ekman spiral, i.e.,
the hodograph of the velocity vector (5), in a PBL there is a wind rotation
with height, and where rotation angle o = 45° provided that vy, = const,
i.e., it does not depend on the height (do Exercise 2.)

iy
o]

U=Uy

N\

Fig. 20.2. A schematic presentation of the experimental setup for the simulation of
vertical GBLs. The cylindrical tank with a fluid rotates with constant angular velocity
2 around the vertical axis of symmetry. The interior and exterior ends rotate in the
opposite directions.

20.2 The Praudman—Stewartson layers

In the vicinity of the vertical walls, equations (1) and (2) describe a different
mechanism for the dissipation of kinetic energy. Following Stewartson (see
(Praudman, 1956; Stewartson, 1957; Greenspan, 1975; Dolzhansky, 1999)), in
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order to understand this, let us consider the problem of motion of a viscous in-
compressible homogeneous rotating fluid between two horizontal planes, which
is induced by the strictly antisymmetric motion of each of the half-planes to-
wards each other (Figure 20.2). It is assumed that the horizontal half-planes,
located on the same side of the vertical plane of symmetry y = 0, move in
the same direction with the same velocity ug = ug (y). In this case, the flow
characteristics are independent of the longitudinal (azimuthal) coordinate x,
and the boundary value problem is given by equations

0%u  O%u
_QQ'U =V (ay2 + 822> 5 (1@)
_ 1op v 0%
_ 10p Pw 0w
0=+ (5 55 ) 1)
ov Ow

with the conditions of sticking to the horizontal walls and regularity at y =
400, p is the deviation from the hydrostatic pressure.

Obviously, the problem is antisymmetric with respect to the vertical plane
y = 0 and symmetric with respect to the horizontal plane z = 0, located
midway between the moving planes. Let the latter distance be equal to 2H.
Then exclude p from (1b) and (1c), and introduce in (2a) the “vertical” stream
function ¥ according to the relations

v ow

_57 ’U]——aiy

v

Now by making the equation dimensionless with the help of the length scale
H and the characteristic velocity U, the boundary value problem for the
unknown functions u (y, z) and ¥ (y, z) can be defined by equations

L 0u

2F = NP
2 @
ov
—2E 1 _—=A
o u (®)
with the boundary conditions
o _ o _ 0 for 2z =41, (9)

oy 0z

u=ug (y) for z=41. (10)
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Here we do not introduce new notation for the dimensionless quantities, while
the constant E = v/QH? = §%/H?, called the Ekman number, is a small
parameter due to the above estimates.

To simulate the vertical wall located in the plane y = 0, take as an exter-
nal drive the step-type velocity uo (y) = y/|y| (0 < |y| < o0). The problem is
solved by the method of discrete-continuous Fourier expansions in trigonomet-
ric and hyperbolic functions, which requires a rather cumbersome calculation
procedure. We present below without proof Stewartson’s formulas, describing
the flow away from the horizontal walls and which are of the main interest to
us:

u(yaz) = Fs (y,z) ) ![/(y,z) =Ust (y,z), (11)
where
Fst (y,2) = sign (y) {1 — exp (—\yI/E1/4) — BV (y, 2)} » (12)
_ 2 = (—1)" cos nﬂz)
X lexp (—vnly|) — 2exp (’y;y|) cos (?'ynm — g)] , (13)
Vi (0:2) = sign () BV* [ Jzewp (/') + 0 2)] . ()
1 & sin (nwz
i) = g 3o )

X leXp(—vnlyl) + 2 exp (—7nlyl/2) cos (?vnlylﬂ : (15)

Here ~,, = (27m/E)1/3.

The pattern for transverse and longitudinal flows is shown in Figure 20.3.
Cross-linking of the horizontal and vertical GBL is made in (Dolzhansky,
1999). The formulas presented indicate that in the vicinity of the vertical
wall two Praudman—Stewartson layers are formed: the outer one of thickness
§st = EY*H = \/5pH and the inner one of thickness &;,, = EV/3H = /0% H.
In these layers there are intensive transverse circulation cells of opposite direc-
tions, providing smoothing of the step shear of the longitudinal velocity com-
ponent. In essence, this result means that the shear width of the horizontal vis-
cous geophysical flows cannot be smaller than the thickness of the Praudman—
Stewartson outer layer. In the atmosphere, the Praudman—Stewartson layers
are formed in the vicinity of fronts that are boundaries of large-scale air masses
with very different dynamical and thermodynamical characteristics. The for-
mation of strong vertical flows in such areas makes it rather difficult to de-
scribe their dynamics since the motion is no longer quasi-two-dimensional.
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Therefore, it is also inadmissible to consider fronts as singular solutions of
two-dimensional hydrodynamic equations, as it is occasionally done.

(a) Z (0) (B)

A

- : ’/ 0
—
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\
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\
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— |

I

Fig. 20.3. The transverse circulation (a), the vertical profile of the longitudinal
component of the velocity u far away from the discontinuity plane y = 0 (b), and
the horizontal profile of the longitudinal component of the velocity away from the
horizontal walls (c).

20.3 The quasi-geostrophic equation for transformation
of potential vorticity of a barotropic viscous atmosphere

Now, having learned the features of kinetic energy dissipation in a viscous at-
mosphere, we can easily derive the equations for its global barotropic motions.
To describe the behavior of the free atmosphere we again use the shallow wa-
ter approximation of the hydrodynamic equations of a rotating fluid, which
after including the viscosity can be written as

du OH
% — JUv = 79% —+ VAU, (16)
dv OH
pr + fu= —ga—y + vAv, (17)
dH ou Ov
czﬁH(ax*ay)—wE' (18)

Recall that here u and v are the longitudinal (zonal) and transverse (merid-
ional) components of horizontal velocity of the free atmosphere, f = f (y) is
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the Coriolis parameter, and H = H (x, y, t) is the height of the free surface of a
barotropic atmosphere, measured from the top of the Ekman layer. Equation
(18) of mass conservation for the free atmosphere is written by taking into
account the fact that at its lower boundary the vertical velocity is wg # 0.
Subtracting now equation (16) differentiated in y from equation (17)
differentiated in x, we obtain the equation for the vertical vorticity w =

Ov/0x — du/dy:

dw ou  Ov df
%“r(f—FOJ) ((%+8Z/>

After getting rid of the divergence in the horizontal velocity by using (18) we

have
dw (f+w)dH  df wg

i —v=vAw— —. 1
i H a Tay YT H (19)
Now, use the relations of the geostrophic wind
g OH . 0y g OH . Oy

=2 =_r =2 = __T = gH , 20
where fj is the average value of the Coriolis parameter. Then by formula (6)
and using (20) we have

and find that the quasi-geostrophic equation of evolution (or transformation)
of the potential vorticity of a viscous barotropic atmosphere is written as (cf.

(7.6)):

d 13 o 2, Jodp
7 (A’L/J JH, )—f—ﬁaz—VA’L/J . A,
Here 8 = df /dy. In addition, for deriving this equation we have also taken
into account that g <« Hy, where Hj is the average height of the atmosphere,
so that if H is not differentiated, it can be replaced by Hy.

Now recalling that \/gHy/fo = Lo is the Obukhov scale, g Hy = 5%1& and
0 = \/2v/ fo, we obtain the traditional form of the required equation:

O (ow-r15) + .o+ 82 —vatyaaw, @)
where [a,b] = da/dx - Ob/Oy — Da/dy - Ob/Ox is the Jacobian of the scalar
functions a = a (z,y) and b = b(z,y), while A = 2v/6%, is called the effective
friction coefficient of the atmosphere over the underlying surface. It is worth
mentioning that in its most general form the equation for transformation of
potential vorticity was derived in (Obukhov, 1962).

Thus, in the framework of the assumptions made, by means of the Ekman
boundary layer the Farth’s surface inhibits the quasi-two-dimensional geophys-
ical motions according to the dry friction law. The coefficient of this friction
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s linear in velocity and is determined by the thickness of the Praudman—
Stewartson outer layer. As we shall see below, this very friction exhibits a
decisive influence not only on dissipation of the kinetic energy, but also on
the mechanisms of barotropic instability and formation of cyclones and an-
ticyclones in the atmosphere. Note that the effect of the Ekman layer on a
baroclinic atmosphere can be accounted for by using formula (21) as the lower
boundary condition for the quasi-geostrophic equation of the potential vor-
ticity of the baroclinic atmosphere (see (9.31)) and taking into account the
internal viscosity of the environment.

Exercises

1. Solve the boundary value problem (3) and (4) taking into account that
Q=(0,0,0).

Hint: introduce a complex dependent variable W = u + iv and point the
axis Ox in the direction of the geostrophic wind.

2. Construct the hodograph of the horizontal wind velocity within the
Ekman layer and show that the wind turns with height up to 45°. In what
direction is this rotation going on?
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Kolmogorov flow and the role of surface
friction

21.1 Formulation of a linear stability problem

The influence of planetary boundary layers (PBLs) on barotropic instability
of global atmospheric flows in its purest form can be identified by considering
an extremely idealized stability problem for a spatially periodic plane flow
of an incompressible fluid with a sinusoidal velocity profile. This problem
was proposed by A.N. Kolmogorov in 1960 in his seminar and was already
solved the next year in the paper (Meshalkin and Sinai, 1961) in the strictly
two-dimensional setting.

Following those authors, we will consider this problem in the quasi-two-
dimensional setting. In other words, we will take into account external friction
that is linear in velocity and simulates the influence of the bottom on the
motion of shallow water, while in atmospheric applications it simulates the
PBL impact on quasi-geostrophic flows. (This generalization was done in the
work of (Bondarenko, Gak, and Dolzhansky, 1978). Later it turned out to be
fundamental and it is described in detail in (Gledzer, Dolzhansky, Obukhov,
1981) and (Dolzhansky, Crymov, Manin, 1990)). To avoid extra complications
in dealing with the problem, we will not take into account the Coriolis force,
since on the f-plane, i.e., in the absence of the beta-effect, the vorticity flows
that we are interested in are described by the usual two-dimensional vorticity
equation. In this case the following equations can be taken as the initial ones:

ou ou ou  Op

ov ov ov  Op
a+uaw+vafy—*afy+’/&7jf)\va (2)
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Here, the fluid density is set to be equal to one, v and \ are the coefficients
of internal and external tensions, respectively, and f = asin (y/l) is an exter-
nal force creating the initial sinusoidal velocity profile. Others notations are
standard. The periodicity conditions in the y-coordinate with period 27l and
the absence of the total mass transport in the longitudinal direction, i.e.,

(oo}

/u<x,y7t>dy:o (4)

— 00

are taken as the boundary conditions.

After making the variable dimensionless by using the natural scales of
length [ and velocity U = val, as well as by introducing the stream function
according to the equations

oy oY

=2F 5
oy’ T ox )
the vorticity equation for Ay = dv/dx — du/dy, corresponding to the system
(1)—(3) with the above-mentioned force f can be written as

3?—;’[’ + [A, ¥] = DAY — XAY — cosy,. (6)
For the dependent and independent dimensionless variables we do not intro-
duce new notations. Note that the inverse dimensionless kinematic viscosity
and the coefficient of external friction
~—1 . T—1 U .

v —V—R,,, A —/\Z—R)\ (7)
are well-known similarity criteria characterizing the ratios between the non-
linear terms and the forces of internal and external friction, respectively, and
are called the Reynolds numbers of internal and external friction. The higher
the values of the Reynolds numbers, the closer the flow of a viscous fluid to
an ideal fluid flow. Note also by comparing (6) with (20.22) that equation (6)
can be interpreted as the quasi-geostrophic vorticity equation for an incom-
pressible (Ly ' = 0) viscous atmosphere on the f-plane (8 = 0), where the
atmosphere undergoes the action of the zonal force of the sinusoidal profile.

The primary flow of the system at hand is given by the equalities:

~

1 1 1
uy = —=siny, Nipg = ———=cosy, g = —= COs Y. (8)
v+ A v+ A v+ A

Now let ¥ = ¥o+¢ (x,y,t), where ¢ is an infinitesimal perturbation of the pri-
mary flow. Then the result of the linearization of equation (6) can be written
ONp

as
1 . 9(Lhp+o)
ot +/V\+/):blny 9

=A% — Ao. (9)
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The periodicity condition of ¢ in y allows one to use the Fourier expansion,
i.e., to seek a solution in the form

o (x,y,t) = e"thn exp {i (ax + ny)} . (10)

— 00

After substituting (10) into (9) and grouping similar terms for the coefficients
Cn, we obtain the system of equations

M(chtnz) {J+X+D(a2+n2)} Cn

+ [aQ 14 (n— 1)2} Cnt — [a2 —1+(n+ 1)2} cnp1 =0, (11)

We are interested in the sign of the real part of those values of o, for which
there exists a nontrivial solution of system (11) decaying to zero as |n| — co.
A study of system (11) and a description of its critical curves of stability
are given in Appendix A2. One of approximate expressions for the critical
stability curve will be used in the next chapter.

21.2 Application to a stability study of Rossby waves

In connection with barotropic atmospheric instability, Lorenz (1972) examined
the stability problem of the elementary Rossby wave

o = Agcosko (T + cot) (12)

satisfying the quasi-geostrophic equation of barotropic potential vorticity
without taking into account two-dimensional compressibility (Lg - 0):

oy

A
050+ v, owl 4822 <0, (13)

ot
To clarify the effect of the Ekman layer on such instability in the work of

(Dolzhansky, 1985) this problem was considered for equation (20.22) describ-
ing transformation of the potential vorticity

[oJAN 0
020 | g, o] + B2L = v - MMy + g, (14
ot oz

in the same approximation in which A\ = 2v/§%,, while ¢ = gq cos ko (z + ct)
is the source of vorticity moving in the negative direction of the z-axis with
speed c. If ¢ = ¢, the source generates the wave (12) with amplitude Ay =

qo/ (AKG + vkg).
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Passing to the coordinate system moving with the speed —cy, i.e., making
the change X = z + ¢ot, and then making equation (14) dimensionless, we
obtain the Kolmogorov problem, but already for the equation

ONY
ot
Here Cy = ¢o/Ar, 7 should be interpreted as the average radius of a circle of
latitude, then ny = kor is the number of wavelengths of the function 1y which
fit into the average latitudinal circumference 27r, » = v/ M2, R = qo/\?,
while ¥ = 1 or v = 0 depending on whether or not the Ekman layer is taken
into account.

+ [, AY] + Coaix (A +ngy) = seAN*p — yA) + RcosngX.  (15)
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Fig. 21.1. The critical curves for the planetary wave with longitudinal wavenumber
no = 6: 1 is for the inviscid Lorenz theory and 2 is for the influence of the Ekman
layer taken into account.

As described in Appendix A2, the procedure for finding the critical curve
can be applied to equation (15) as well. The necessary convergence criteria
were formulated and proved in (Dolzhansky, 1985). The critical curve deter-
mined from the first approximation is given by the formula

o (7 + 5402) [+ n3)" (3 + 2 (1 + n))” + Condi?] .
i WP (0= 1) (3 + 2 P+ 7)) S

where [ is the meridional wavenumber of the infinitesimal perturbation
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S
0= glot § cnez(nX—Hy)’

n=—oo

imposed on the main flow.

Critical curves of the “inviscid” and “viscous” Rossby waves when the
influence of the PBL is taken into account are shown in Figure 21.1 in the
parameter plane ¢ = [? / n% and Vi = ngrAAe. This figure shows the drastic
change in shape of the critical curve once the external friction is taken into
account (see also Figure 21.2 in Appendix A2). In particular, according to
(Lorenz, 1972) a typical wave with nyg = 6 and amplitude V' = 12m/s is
unstable. Furthermore, the perturbation with meridional wavenumber [ =
0.5n¢ has the largest increment. According to the inviscid and viscous theories
for such a value of [

6.6m/s ~ Vy < 12m/s < Vp =~ 17.7m/s,

where Vi, and Vp are the critical values of velocity according to the inviscid
and viscous theories. Note also that the inclusion of only internal viscosity
does not stabilize the wave under consideration, although it gives the finite
nonzero threshold for the amplitude value which still does not change the shape
of the critical curve.

21.3 Conclusions

A comparison of the critical curves of the Kolmogorov flow and planetary
waves for A = 0 and A # 0 implies that the external friction suppresses
the most unstable long wavelength modes of a strictly two-dimensional flow,
which results in a fundamental change in the shape of the critical curve.
Moreover, according to the nonlinear theory (Klyatskin, 1972; Yudovich, 1973;
Nepomniaschy, 1976) all stationary and oscillatory modes that mathematically
exist in the supercritical region of a strictly two-dimensional flow turn out to
be unstable. This indicates the birth of a chaotic turbulent regime immediately
after the loss of stability of the primary regime.

The situation is different in the quasi-two-dimensional Kolmogorov flow.
The most unstable mode with a nonvanishing wavenumber «g, corresponding
to the minimum of the critical curve, at low and moderate supercritical values
form secondary steady flows, shown in Figure 21.2 as a result of both nonlinear
theory and laboratory experiments. In the next chapter we will see that these
conclusions are of a general nature, i.e., they are valid for a two-dimensional
flow of an arbitrary velocity profile.
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Fig. 21.2. Snapshot of a supercritical regime (a) and the streamlines calculated by
the Galerkin method (b) for the Kolmogorov flow.
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Stability of quasi-two-dimensional shear flows
with arbitrary velocity profiles

22.1 New interpretation of the results in linear stability
theory for the Kolmogorov flow

Equation (10) of Appendix A2 for the critical curve of the Kolmogorov flow,

written in terms of the inverse Reynolds numbers 7 = R, ! and A= R;l,

a?(1—a?)

2 (1 F NP+ a2) (X/a+ a2) (1+a?)

l//\:

(1)

in the parameter space (a,x, ﬁ) can be regarded as a critical surface, or the
surface of neutral stability of the Kolmogorov flow on which the increments
o of infinitesimal perturbations (21.10) vanish. It is easy to construct such
a surface, as shown in Figure 22.1, by taking into account that the critical
curves in the planes A = 0 and 7 = 0 are defined, respectively, by equations

1 V1—-0a?

R (2)
~ a [1-a?
A=AV iTar 3)

The figure shows that the critical curve (2) is not a uniform limit of func-
tion (1) as X — 0, since each plane section of the critical surface has a horse-
shoe shape with the exception of the plane section X = 0. On the other
hand, for the same reason the curve (3) is the uniform limit of the function
=2\ (a, V), implicitly defined by (1) as 7 — 0.

Thus one can conclude the following: the linear stability theory of the
strictly two-dimensional Kolmogorov flow, i.e., constructed without taking into
account external friction, is structurally unstable with respect to the inclusion
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Fig. 22.1. The surface of neutral stability of a quasi-two-dimensional Kolmogorov
flow in the space of parameters (a,1/Rex,1/Rey).

of the latter and, conversely, the linear theory of the quasi-two-dimensional
flow, i.e., constructed by taking into account external friction, qualitatively is
not sensitive to the inclusion or exclusion of internal viscosity. Moreover, it
is easy to see that for \g = A\/U = R, /Ry > 1, the results in the quasi-
two-dimensional linear theory are almost self-similar in R,. What is most
important is that this conclusion holds for the nonlinear stability theory, as
we shall see below.

Is the situation described above an exclusive feature of the Kolmogorov
flow, or is it typical for shear flows with arbitrary profiles? To answer this
seemingly very difficult question, we will give a new interpretation of the
results in the preceding chapter, which will allow us to draw certain conclu-
sions regarding the stability of quasi-two-dimensional shear flows, using the
well-developed stability theory of strictly two-dimensional flows.

The critical surface (1) is the result of solving system (21.11), in which,
by virtue of the Lin stability principle, the value of o was assumed to be zero.
Now set A = 0 and try to solve the problem of finding the dependence of
the growth rate o of the perturbation (21.10) on the wavenumber « for an
arbitrarily given positive value of 7. In other words, we are interested in finding
the dispersion relation o = o («, 7). To do this, one should set A instead of o
equal to zero in (21.11). But the problem (21.11) at A=0and o % 0 up to
replacing A with o coincides with (21.11) at 0 = 0 and X # 0. Therefore, the
desired solution is implicitly given by the expression
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ﬁ—\/ a?(1—a?) ()
V2 +0/v+a?)(o/v+a2) (1 +a?)

In particular, as 7 — 0 we obtain the dispersion relation for an inviscid
Kolmogorov flow:

_a [1-a?
V2V 1 +a?
Thus, if one knows the dispersion relation o = o («, V) for the linear prob-

lem of the strictly two-dimensional Kolmogorov flow, then the critical curve
of the quasi-two-dimensional Kolmogorov flow is defined by the relation

o (4a)

X=o0(a,D), (5)

which essentially means the equality of the increment of the growing mode of
the strictly two-dimensional flow and its decrement related to the influence of
the external friction.

22.2 Results in linear stability theory for strictly
two-dimensional shear flows and their new interpretation

It is obvious from physical considerations that the construction principle for
the critical surface of the Kolmogorov flow is applicable to an arbitrary shear
flow. To make this statement convincing, we formulate the classical problem
of linear stability, which we considered in Chapter 14, for the equation of
transformation of potential vorticity (20.22):

0 0
o (= Lg%0) + [v, 09] + 51 =

ot
where the source of potential vorticity ¢ depends only on the transverse
(meridional) coordinate y. Then (6) has a stationary solution ¢ = ¥ (y),
which describes the main flow U (y) = —d¥/dy in the direction of the x-axis
and depends only on y. It is required to study the stability of this solution
with respect to infinitesimal perturbations.
In the absence of the beta-effect and two-dimensional compressibility
(8 =0, Ly ! = 0), whose role is not crucial, the dimensionless linear sta-
bility problem reduced by the method of normal modes narrows down to the
eigenvalue problem for the Orr—Sommerfeld equation (see Lin, 1958):

{U— C7-+i<ci+>\>
[0

~

v
:ZE (SDIV _2a2w//+a4go> (7)

VN2 — AN + g, (6)

} (SON —OZQQO) _ U”(p
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with the boundary conditions of adhesion at the lateral boundaries ap =
¢ =0 at y = y1, y2 and the regularity at |y| — oo, if the domain of integra-
tion is not bounded. Here ¢ is the dimensionless amplitude of the harmonic
perturbation

¥ = (y)exp {ia(z —ct)}, c=cp +ic, (8)

« is the dimensionless longitudinal wavenumber, ac; = o is the growth rate
that assumes a positive value for unstable modes. Recall that the Squire the-
orem allows one to be confined to the two-dimensional problem setting. Ac-
cording to this theorem the most dangerous perturbations are located in the
plane of the main flow. R

Now we see that problem (7) with these boundary conditions and A = 0 is
equivalent to the same problem, but at ¢; = 0 and P\ # 0 and, consequently,
formula (5) holds, where 0 = o (a,V) is the dispersion dependence of the
increment on the wavenumber at different U for strictly two-dimensional flows.

Fig. 22.2. The dispersion relation o = o(a) for U = sin(y) (curve s), erf(y) (curve
e), tanh(y) (curve t) and a piecewise-linear profile (curve l) in the inviscid case.

Consider in this regard the results in classical linear stability theory of
two-dimensional shear flows, most of which are related to the special case of
inviscid motions (v = 0), i.e., to the Rayleigh equation (16.7):

[U = (¢ +ic;)] (¢" — a*p) = U"p = 0. (9)

Recall that equation (9), unlike (7), is invariant with respect to the operation
of complex conjugation up to the sign change of ¢;. Therefore, the existence
of solutions with negative ¢; implies the existence of a complex conjugate
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Fig. 22.3. a) The dispersion relation v = o(a, R,) for U = tanh(y). b) Critical
curves for U = sin(y) (curve s) and tanh(y) (curve t) without an external friction.

solution with positive ¢;. Consequently, any ¢; # 0 implies instability in the
inviscid theory, a property which the Orr—Sommerfeld solutions do not have.
In this connection it is appropriate to mention the important result of Vazov
and Lin (see Lin, 1958), according to which among growing (¢; # 0) solutions
of the Rayleigh equation, only the ones with ¢; > 0 are the limits of solutions
of the Orr—Sommerfeld equation as v — 0.

Typical dispersion curves obtained by different authors for the inviscid
problem are shown in Figure 22.2. Curve (I) in this figure corresponds to a
piecewise linear profile

U=y for |y <1, U:% for |y| > 1, (10)
Y
and it is described by the formula whose derivation goes back to Rayleigh, see
(Betchov, Criminale, 1971), (Dolzhansky, Krymov, Manin, 1990))
1 1/2
o=3 [6*40‘ —(1— 2(1)2} . (11)
The curve (s) refers to the Kolmogorov flow and it is described by formula
(4a). Dispersion curves (e) and (t) for profiles U = erf(y) and U = tanhy are
obtained by numerical integration (see Drazin, Reid, 1981). Note that with
rare exceptions, the Rayleigh equation does not admit an exact analytical
integration. Asymptotics for the dispersion relations and eigenfunctions in
the vicinity of the neutral points & = 0 and o = a5 # 0 (at which ¢ = 0) can
be found in (Betchov, Criminale, 1971) and (Drazin, Reid, 1981).
Figure 22.3a shows dispersion curves of the viscous problem in the plane
(a, 0 (o, R,)) that are obtained by numerical integration at different Reynolds
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numbers (see Betchov, Criminale, 1971). The pattern shown is typical for
the different profiles of shear flows, i.e., invariant with respect to changes
in the shape of the profile, which do not significantly affect the magnitude
and location of maxima and zeros of the dispersion curves. Critical curves
for viscous shear flows with profiles U = siny and U = tanhy are presented
for comparison in Figure 22.3b. Their shapes are also typical for the different
profiles. However, focus on the difference in the stability thresholds equal to
zero and /2 for tanhy and siny, respectively. The profiles of (e) and (1) also
have zero stability thresholds. This is easy to understand, since in the vicinity
of @ = 0 the long wavelength modes perceive the current as a step-shaped
Helmholtz flow U = y/ |y| (the ratio of shear width to the wavelength tends to
zero as « — 0), which is exponentially unstable with respect to any wave-like
perturbation. Its dispersion curve in dimensional values of the increment v and
the wavenumber k is shown in Figure 22.4a. (see Chapter 14, Example 3). For
comparison, Figure 22.4b presents the dependence v = v (k) for a “smeared”
jump of width D, which shows that the elimination of the velocity jump leads
to stabilization of the current relative to small-scale perturbations.

22.3 Surface of neutral stability of typical
quasi-two-dimensional shear flows

Now using formula (5), we replace in Figure 22.3a the letter o by . To plot the
values of ¥ = R, we direct the corresponding coordinate axis orthogonally

to the plane of the drawing. As a result, in the space (a,x, ﬁ) we obtain

the same surface of neutral stability of the quasi-two-dimensional flow with
velocity profile U = tanhy, as we saw in Figure 22.1. This surface is typical
for all such viscous flows, subjected to external friction. Consequently, all
the conclusions drawn about the Kolmogorov flow are carried over to almost
arbitrary quasi-two-dimensional shear flows.

We would like to mention two important points. First, when discussing geo-
physical boundary layers (GBLs, see Chapter 20) we emphasized that one of
the applicability criteria for the quasi-two-dimensional approximation is that
the characteristic horizontal scale of the flow, the width of its velocity shear
should be much larger than the thickness of the outer Praudman—Stewartson
layer. The latter, on the contrary, has large vertical velocities, and hence the
motion is three-dimensional. For geophysical flows this condition is satisfied
by definition, and since §s; < H < Lo and A = v/é%, (6%, = Hdg), then
R,/R\ = (ULy/v) [ (U/LoX) = L)%, = L%/6gH = O (10°) > 1. But in
the latter case, as follows from the results obtained, at least the linear sta-
bility theory is self-similar in R,. Compare, for example, critical curves in
Figure 22.5. This conclusion is quite nontrivial and it indicates the possibil-
ity of neglecting internal viscosity, i.e., the term with the highest derivative in
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Fig. 22.4. (a) The velocity profile and dispersion curve of a tangential discontinuity.
(b) Same as in (a) but for a “smeared” discontinuity.

the equations of motion, which, generally speaking, might be rather dangerous
without an adequate reason for doing so.
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Fig. 22.5. The curves of neutral stability for U = sin(y) at Re,/Rex =1 (curve 1)
and at Re,/Rex = oo (curve 2).
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Secondly, self-similarity in R, makes it possible to simulate global atmo-
spheric flows in laboratory conditions, in which the huge real values of R, are
not achievable. Note that this unattainability of very large values of R, was
often used by skeptics as one of the main arguments that a comparison of
natural and laboratory flows is not proper. On the contrary the self-similarity
conditions are easily achieved in the laboratory. In particular, in both the
experiments of Hide and Mason (1975) and the Laboratory of geophysical
hydrodynamics of IAP RAS, the width of the rotating annular channels and
the depth of the fluid (water) contained therein was about 10 cm, while the
thickness of the Ekman layer was about 1 mm. These experiments reproduce
the fundamental regimes of general atmospheric circulation. (Recall that the
quasi-two-dimensionality is provided not by the shallow depth of the fluid, but
by the rotation of the system, see the Praudman—Taylor theorem, Chapter 6).
Therefore, R, /Ry = O (102), which is quite sufficient for self-similarity in R,,.

Here is another example: in experiments on modeling, the instability of
shear flows in thin layers of electrically conducting fluid by the MHD method
(see Dolzhansky, Krymov, Manin, 1990), the characteristic horizontal (L) and
vertical (H) scales are of the order of a few centimeters and millimeters,
respectively. In the shallow-water approximation of a viscous fluid, the bottom
friction coefficient is A = 2v/H?, and then again R, /Ry = 2L?/H? = O (10?).

22.4 On nonlinear stability theory of
quasi-two-dimensional shear flows

Given the limited scope of this book, we would not like a discussion of the
physical nature of phenomena that accompany the formation of supercritical
regimes to be overshadowed by other topics, such as a detailed description
of technical difficulties in constructing the nonlinear stability theory for flows
and the mathematical methods that allow one to overcome these difficulties.
Therefore, I will only mention briefly the key points of the problem considered.
In exceptional but important cases the problem can be reduced by the
Galerkin method to studying a nonlinear dynamical system of low order. The
success of this approach is associated, first of all, with a good choice of basis
functions used in the expansion of the required solutions, which provides the
method’s fast convergence. Secondly, often the data observed or the results
of laboratory measurements indicate that secondary flows are generated by
only a very few modes. The canonical example of this kind is the Kolmogorov
flow, whose instability and secondary modes are described with a high de-
gree of precision by a dynamical system of the third order. In particular, the
critical curve corresponding to this model coincides with (4). I strongly recom-
mend verifying this by doing Exercise 1. The basic principles for constructing
finite-dimensional and discrete analogs of the hydrodynamic equations are
formulated in the monograph (Gledzer, Dolzhansky, Obukhov, 1981).
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An effective approach to the study of soft regimes of stability loss, which
are observed in these flows, is associated with the Stewart—Watson method
(see Drazin, Reid, 1981). The following idea of this method goes back to the
works of Poincaré and Landau. The linear stability problem is the first term of
the expansion in powers of perturbations of small amplitude A (the soft loss
of stability means the smallness of A for weak supercriticalities). Continue
this expansion and obtain the Landau equation for the amplitude

A=cA+ K |AP4, A<1, (12)

where the constant K, is called the Landau constant.

The linear part of this equation describes the growth of perturbations due
to linear instability, i.e., due to the interaction of perturbations with the main
flow, while the nonlinear term describes self-interaction of perturbations that
slows down or enhances the growth of their amplitude depending on the sign
of K. Physically, self-interaction arises because of the nonlinearity of hydro-
dynamic equations: a harmonic perturbation generates its second harmonic,
distorts the average profile of longitudinal velocity, and then interacts with
the deviation from this average profile.

Technically, the problem reduces to deriving and solving the equations for
perturbations of up to the second order of smallness inclusively. The linear
part of the operator of these equations for R, > 1 coincides with the operator
of the Rayleigh equation. After that, the evolution equation for amplitude is
derived from the solvability condition of the third-order equation. Its coeffi-
cients, including the Landau constant, are expressed as certain integrals of
perturbations of the first and second orders. It is interesting to note that ac-
cording to the studies of (Romanova, Annenkov, 2005), the linear instability
of shear flows under certain conditions is inhibited by quadratic, rather than
cubic, nonlinearity.

The main technical problem of the Stuart—Watson method in its classical
form (A = 0) is related to regularization of the critical layer. From a mathe-
matical point of view, the critical layer is a neighborhood of the singular point
y = y. of the Rayleigh equation

{U— Cr+i<ci+)\>
(0%

in which the coefficient at the highest derivative vanishes. At A=0ina neigh-
borhood of the curve of neutral stability (ac; = o = 0), the critical point is
close to the real axis. And although for traditionally considered antisymmetric
velocity profiles U (y) = —U (—y) the quantity U” also vanishes, the singu-
larity still appears in the following orders of the expansion. In order to glue
the solutions of the Rayleigh equation on the left and on the right from the
singularity, one constructs special expansions in the critical layer, whose form
depends on which of the terms dominates the equation: the viscous, nonlinear,
or nonstationary term.

}(Lp”—a2(p)—UN(p=0
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__ External friction eliminates the problem of the critical layer, first, because
A # 0 and the singular point shifts to the complex plane. Secondly, the min-
imum of the curve of neutral stability Ry = R (a, Rt = 0), at which one
takes the expansion, is assumed at the value a = «ag # 0. This method was
used in calculating the secondary modes for different velocity profiles of the
main flow. As it turned out, the nature of supercritical regimes is extremely
sensitive to small changes in the profile of the primary flow.

So we found that for R, /Ry > 1 the linear and weakly nonlinear stability
theories of quasi-two-dimensional shear flows are self-similar in R,. Taking
into account that under natural and laboratory conditions the supercriticality
of shear flows in R) is rather small, we arrive at the following conclusions in
relation to general atmospheric circulation.

(1) One of the defining criteria of self-similarity of the general circulation
of the atmosphere is the Reynolds number that is defined by external friction,
and not by internal viscosity.

(2) A relatively quiet nature of general atmospheric circulation is due to
a moderate supercriticality in Ry and self-similarity in R,, assuming in the
atmosphere the astronomical values (R, = ULg/v = O (1012) for molecular
viscosity v = 0.15 cm?/s and R, = O (106) for turbulent viscosity, whereas
the transition to turbulence in the absence of friction occurs at R, = O (10%)).

(3) One of the reasons for unpredictability of weather over long periods
may be related to the barotropic instability of global shear flows due to the
strong sensitivity of the secondary modes to small changes in the profile of
the main flow.

Finally, we mention that the conclusion about the structural instability
of the results in the classical theory of strictly two-dimensional flows is of a
general nature. A similar situation occurs if the influence of exterior friction
on the fluid is replaced, for instance, by that of a stratification, a magnetic
field (in the case of an electrically conducting fluid), or rotation of the system
as a whole.

Exercises

1. Applying the usual Galerkin procedure to equation (21.6) and confining
the expansion of the stream function to the most unstable modes n = 0, +1,
i.e., setting

1

=W (t)cosy + |exp (iagx) Z ©n, exp (iny) + compl. conjugate | ,
-1
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derive the nonlinear dynamical system for the variables W (t), zo = o (t)
and 21 = [p1 (t) — ¢—1 (t)] /2a0, where g is the value of the wavenumber,
which corresponds to the imaginary one for the critical curve of the quasi-
two-dimensional Kolmogorov flow at a fixed value of R,. Find stationary
solutions and show that stability conditions of the primary mode coincide with
the first approximation of the stability criterion for the quasi-two-dimensional
Kolmogorov flow, obtained from its linear stability theory.

2. Try to solve the stability problem for the flow with a piecewise linear
velocity profile (10) by the Stuart—Watson method. It is a very instructive
task, showing that nonlinearity is not always able to suppress linear instability.
(If your attempt fails, refer to the work (Manin, 1989).)
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Friction in a turbulent boundary layer

We return now to the equations of motion of a viscous fluid described in
Chapter 19, and consider briefly an approach to the description of turbulent
flows in the framework of an incompressible fluid. The basis of a statistical
approach to the theory of turbulence is the passage from considering a sin-
gle turbulent flow (an implementation) to considering a statistical ensemble
of possible implementations for fixed external conditions. In other words, ve-
locity, temperature and other characteristics of a turbulent flow are now to
be considered as random fields. Because of the uncertainty in the probability
distribution in the space of realizations, we approach the very delicate issue
of calculating the average values in a way that is common in turbulence the-
ory. Under the average value (f (r,t)) of a random field f (r,¢) we mean the
average over the set of possible implementations (or, in other words, “the en-
semble average”), which in practical applications is replaced by the average
over time, based on the ergodic hypothesis. In this case the quantity f (r,t)
itself can be written as f (r,¢) = (f (r,¢)) + f' (r,t), where f'(r,t) are fluc-
tuations, pulsations, deviations from the mean-field, (f’ (r,t)) = 0. Taking
into account the above definitions and using the medium incompressibility
(p = po =const) the averaged Navier-Stokes equations are written as follows:

ot

+ (uy) a§$j> ;?QW+VA<1LQ, (1)

where (u}) =0 (i = 1,2, 3), while the quantity
Tij = (upu}) (2)

is called the Reynolds stress tensor.

Let us follow the analogy by introducing the concepts of the viscous stress
tensor and viscosity coefficients in the derivation of the Navier—Stokes equa-
tions (Chapter 19). The traditional phenomenological method of closing up
equation (1), subject to the dissipative effect of velocity fluctuations ) on the
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average flow (u;), consists in interpreting the Reynolds stress tensor as the
stress tensor for turbulent viscosity:

Tij = —Vturb ( Or- G
J 1

where turbulent viscosity viup ~ AULg is defined by the dimension of the
outer scale Ly and the velocity amplitude AU.

Obviously, in the practical use of the closure hypothesis (3), the choice of
values for turbulent viscosity depends on spatial and time scales over which the
motion is averaged. As a rule, vy, exceeds the kinematic viscosity by several
orders of magnitude, which allows us to neglect the last term on the right-hand
side of (1). For example, in describing the atmospheric Ekman layer, based on
the observations that the height of the planetary atmospheric boundary layer
0 = (Vturb/ Q)l/ 2 is of the order of several hundred meters, the value of the
turbulent viscosity coefficient is assumed to be 10° = 10%cm?s~!, exceeding
the value of the kinematic viscosity of air by six to seven orders of magnitude.

One of the noticeable features of atmospheric turbulence is that regions of
influx and outflux of kinetic energy are separated not only in spaces of scales
or wavenumbers, but also in the real physical space. Dissipation of the kinetic
energy takes place mainly in the planetary boundary layer, including a surface
layer of several tens of meters in height, which is dominated by friction with
the underlying surface which spreads its influence to the whole layer because
of turbulent mixing. We consider these two layers from the point of view of
turbulence theory.

23.1 Turbulence in the atmospheric surface layer

For the sake of simplicity we confine ourselves to studying a neutrally strat-
ified layer, free from the influence of buoyancy forces. Since near the Earth’s
surface, the pressure and Coriolis forces are small as compared to the forces
of friction, the neutrally stratified surface boundary layer is defined as the
region in which the friction stresses are balanced by the Reynolds stresses

It is obvious that the characteristic horizontal scale of averaged motions in
the surface layer is much greater than its height. Hence for lack of a specified
horizontal direction, all averaged characteristics of motion can be assumed to
depend only on the height z, while the turbulent momentum flux is assumed
to be directed vertically.

Let the x-axis coincide with the direction of the mean wind velocity vector
(u), so that (ugy) = u(2), (uy) =v =0, (u.) =w = 0. Then, by virtue of the
above assumptions and symmetry considerations, one has Tio = To] = Tog =
T32 = 0. Moreover, the vertical flux of the horizontal momentum (w'u') = 731
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is equal to the horizontal flur of the vertical momentum (u'w'y = 113 (why?).
These fluzes balance the friction tension and are constant. It is clear that the
value of this constant is negative (the atmosphere gives away its momentum
to the Earth), which we denote by

—u? = (Ww') = 113, (4)

bearing in mind its dimension of velocity squared.

The velocity derivative, as well as the velocity itself, in the surface layer
depends only on z, and for dimensional reasons it is uniquely expressed in
terms of the parameters z and u,:

du Uy
woL 5)
z  nz
where the numerical constant s is called the Karman constant, and its exper-
imental value is approximately equal to 0.4.
According to formula (3), where we set i = 1 and j = 3,

2 U
—U, = —Vyurb .
nz

This implies the expression for the turbulent viscosity coefficient:
Viurb = XUxZ, (6)

depending on the altitude. This example shows that while using the closure
hypothesis (3) in turbulent boundary layers, it is not sufficient to know the
value of the turbulence coefficient at one point. One should keep in mind its
possible dependence on the spatial coordinates, which is defined by the specific
balance of forces inherent in the boundary layer under consideration.

By making the substitution (3) into (1) it is easy to calculate (see the
derivation of formula (19.17)) the specific (per unit mass) dissipation rate of
the kinetic energy

= v (Gl 4 2 ) 00 2 (G s ey )

In this case, taking into account (u) = (u (z«),0,0) and formulas (5) and (6),
one has

* W

(8)

Sometimes, using the estimate vy, ~ LoAU = LEAU/ Ly, the turbulence
coefficient is written in the form

u
E=—.
4

du

dz

)

2
Veurb = Ly

that allows one to estimate the outer scale of turbulence in the surface layer:
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Lo = »z. (9)

Integrating equation (5), we obtain the logarithmic law of the wind distri-

bution in height, known from observations in the surface layer:
Uy | 2

u(z) = —In —. 10

()=2mz (10)

The integration constant z; is interpreted as the height of roughness, which

depends on the structure of the underlying surface. It was not taken into

account in formulating equation (5), and therefore the law obtained is valid

only for z > zp. Formula (10) is employed, in particular, to determine u, and,

hence the Reynolds stresses in the surface layer by using relatively simple
measurements of the mean wind velocity at different altitudes.

23.2 Turbulent planetary boundary layer (PBL) and its
impact on motions of global scale

The influence of the planetary boundary layer on large-scale motions of the
atmosphere is carried out by the vertical flows at its upper border.® Such
flows materialize the exchange of horizontal momentum between the free at-
mosphere and the boundary layer, which ultimately leads to slowing down the
global flows. This mechanism of inhibition in its most explicit form manifests
itself in the derivation of the quasi-geostrophic equation of transformation of
the potential vorticity of a viscous barotropic atmosphere. It can be written
(see Chapter 20) in the form

) . o f
o (D0 = Lg*0) + [0, A0 + B = et (11)
ov ov
mmay BT er

(Indeed, use equation (20.19) and pass to the description in terms of the
stream function ¥, while keeping intact the term containing the vertical ve-
locity wg at the upper boundary of the Ekman layer.) Here ¢ denotes the sum
of the external source of vorticity and its dissipation vA?¥ due to viscosity.
Unlike in Chapter 20, the velocity components and the stream function re-
lated to the free atmosphere are denoted here by the capital letters U,, U,
and ¥, respectively. The expression for the vertical velocity

WE = (5]3&@7 (12)

5 In this section we follow (Dolzhansky, Manin, 1993; Danilov, Dolzhansky, Manin,
1993).
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valid in the case of a laminar (laboratory) Ekman layer was also extended in
Chapter 20 to the case of a turbulent atmospheric planetary boundary layer
upon replacing the kinematic viscosity v by the turbulent viscosity viumpn. As
was already mentioned above, the latter can be estimated from the condition
that the height of the PBL (planetary boundary layer), known from observa-
tions and ranging from a few hundred meters to one kilometer, is set to be
equal to 0gtub = (2Vturb/ fo)l/ 2, Practically, this means that the estimates
can vary by more than an order of magnitude.

This already indicates that the straightforward replacement of kinematic
viscosity by the empirical coefficient of turbulent viscosity in order to describe
the real planetary layer and its impact on global motions is a rather naive
oversimplification. To convince ourselves about this, we consider a less ideal-
ized, but still a rather remote from a reality situation in which the movement of
the PBL is a developed turbulence according to the Richardson-Kolmogorov—
Obukhov scenario (see [1]). More precisely, we are talking about satisfying the
following conditions.

1. The planetary boundary layer is a domain of a developed three-
dimensional turbulence.

2. The characteristic linear scale A of vortices located in the PBL is much
smaller than the height d gy of the PBL (A < dgturb)-

3. The characteristic times T for vortices in the PBL are much smaller
than the characteristic time of the weather change (T < fo_l).

4. The characteristic scale of inhomogeneities in the PBL in horizontal
directions greatly exceeds the scale of its inhomogeneities in the vertical direc-
tion.

5. Planetary boundary layer (PBL) is neutrally stratified.

The proposed idealization takes into account neither the vertical temper-
ature stratification of a real PBL nor the presence of so-called coherent struc-
tures in it. Such structures consist of ordered systems of vortices whose size is
of the order of the layer thickness and swirled around the horizontally-oriented
axes. Our goal is to clarify the influence of “fine-seed” three-dimensional tur-
bulence with vortex scales of the order of 0.1-10m on the dynamics of global
flows whose size is of order 1000 kilometers or more.

These assumptions allow us to consider turbulence in the PBL as a steady
horizontally homogeneous process, almost instantly adjusting to changes in
the motion of the free atmosphere. Dependence on time and the horizontal
coordinates z and y is taken into account only parametrically through the
horizontal wind velocity U (z,y,t) on the upper boundary of the PBL and
the Coriolis parameter f (z,y). Here the average characteristics of the PBL
under consideration are self-similar in viyn,. This drastically distinguishes
the turbulent planetary boundary layer from the laminar Ekman layer or its
turbulent “opponent” with the turbulent viscosity coefficient vy, .
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It follows that the vertical dependence of the characteristics of the bound-
ary layer is reduced to the functions of the dimensionless vertical coordinate
¢ = zf/U, uniquely determined by dimensionality considerations for U and f,
the two external parameters of the PBL. Then in the coordinate system whose
x-axis coincides with the direction of the quasi-geostrophic wind U (x, y,t) on
the upper boundary of the layer, the averaged horizontal components of the
velocity inside the PBL can be written as follows:

u:U(xvyat)QDl (C) ’ U:U(Jf,y,t)(pg(C) ) U:|U| (13)

Here o1 (¢) and 2 (¢) are universal dimensionless functions of the dimension-
less vertical coordinate (, satisfying the natural boundary conditions

©1(0) = 2 (0) = g (00) =0, ¢1(00) = 1. (14)

In the more general case, when the wind U has two components U = (Uy, Us),
we have
U:Ulgpl—UQQOQ, U:U1@2+U2<P1. (13/)

As it is usually done in the theory of boundary layers, the upper boundary
is conventionally moved to infinity, and @2 (¢) does not vanish identically
because of the wind turning with height, already familiar to us (see Chapter
20). Note also that the influence of the surface layer on the vertical distribution
of the horizontal wind is not marked here explicitly. However it is taken into
account in further estimates of the function values ;1 (¢) and s (¢) (which
cannot be determined from dimensional or similarity considerations) by using
measurements in independent laboratory experiments.

One of the major and fundamental differences between a turbulent PBL
and a laminar one, schematically illustrated in Figure 23.1, is that even for
f = fo = const its thickness dgtup ~ U/ f defined by two, rather than three
(v, U and f), external parameters is a function of coordinates and time. As we
shall see, this has quite unexpected consequences. In what follows, for the sake
of simplicity we consider PBL without taking into account the dependence of
f on the coordinates.

23.2.1 Vertical velocity at the upper boundary of a turbulent
PBL. We assume the medium to be incompressible and homogeneous in the
boundary layer. Integrating the continuity equation over the height of this
boundary layer we obtain

O Bturb

. . Oou Ov
wg = — / divu - dz, (dwu =5 + 8y) . (15)
0

In subsequent arguments the unknown quantity dgtucp is required only to be
much less than the height of the atmosphere.
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Fig. 23.1. Schematic representation of laminar and turbulent planetary boundary
layers.

Formulas (13') for the horizontal wind field can be rewritten in the form

u=AQOUEw . 4@ = (27 728) o)
whence
diva = Azk% — égZA;k (C) Uk (17)

The second term on the right-hand side appeared as a result of differentiation
of the quantity ( = zf/U (x,y,t) in x, y. Here A;; are matrix entries of
A, Uy are components of the vector field U, whose modulus is denoted by
U = \/U} + Uz, the prime denotes differentiation in ¢, while the same indices
imply summation.

After substituting (17) into (15) and integration by parts we have

- 1 8(UUk) o VAT
wEf?Bikai , B= (_%0 s ) (18)

where
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o = / 02 (Q)dC | o = / -1 ()] d¢ (19)

are positive constants (see below). Now using the easily verifiable identities
div (UU) = rot, (k x UU) , rot, (UU) = div (k x UU), (20)

we obtain the following dual representation for wg:

—@r ﬂ1r ) iv ad} iv .
wg = 7 ot, (UU) + 7 ot, (k x UU) fd (k x UU) + fd (UU(‘;I)

Here k is the vertical unit vector and rot, (UU) = 0 (UU,) /0x—0(UU,) /dy.
In the derivation of (21) we used the boundary conditions (14) under the
assumption that the functions [1 — ¢; (¢)] and ¢ (¢) decay at infinity faster
than 1/¢. The hydrodynamic meaning of the dual representation (21) becomes
obvious if we recall that wg in the equation (11) plays the role of a source (or
sink) of vorticity, while in equation (20.18) of the mass conservation of the
free atmosphere it plays the role of the source of mass.

Positivity of the constants 3¢y and s¢; follows from the fact that the wind
in the PBL turns in the direction of the pressure deficit, and therefore, the
components of the wind velocity in the above special coordinate system inside
the layer are strictly positive. In addition, one can show that the constants s
and sr; are small and have the same order of magnitude. Therefore, one can
set s1 = asry, where a = O(1) and s < 1. Note also that since the functions
p1 and o are of order one, then ¢ can be regarded as the dimensionless
thickness of the PBL, i.e., measured in units of U/ f.

23.2.2 Equations of global flows under the influence of the turbu-
lent planetary boundary layer. Formally, equation (11) for L, 1'=0 can
be interpreted as the vorticity equation for a strictly two-dimensional atmo-
sphere with an external source of vorticity, which is obtained by applying rot,
to the two-dimensional hydrodynamic equations written in terms of velocity.
Then

inowE = rot,F,

where F, according to the first formula in (21) can be written as

RS

F:
Dy

(UU + ak x UU) + V. (22)

Here & = & (x,y,t) is an arbitrary scalar function of horizontal coordinates
and time, while DO = Ho/%o.

Restoring now the equation for the velocity field of the hypothetically
strictly two-dimensional atmosphere under consideration, we obtain the hy-
drodynamic equations with quadratic friction and differential rotation:
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dU U 1 1
s <1+aDOf) kauf—;vp—D—oUU+Fq, (23)
d 8 9 G,

—=—+U,—+U,—.
dt Ot T ox Yoy

Here F is the force that creates an external source of vorticity ¢ = rot.Fg,

while @ is included in the pressure. For L' # 0, substituting (21) into (11)

and taking into account the identities

rot (UU) = div (k x UU) = |V¥| A¥ + VIV |V, (24)

rot, (k x UU) = div (UU) = [&,|VY|] (25)

gives the quasi-geostrophic equation for transformation of the potential vor-
ticity for a barotropic atmosphere with a turbulent PBL:

0 9 @
o (AW — Ly?W) + {u‘x (Aw+f+ Ds |VW|>}

1
= — 5~ (VI AV + VIV |VT]) +q. (26)
0

The gyroscopic term in (26) can be rewritten in the form

« B asxg VY| B §£
f+‘DO|VW|—f(1+H,Of)—f<1+aHO>

Here dprurb = 20 |V¥| /f = 50U/ f is the above-mentioned evolving height of
the turbulent PBL, creating a nonlinear orographic beta-effect defined by the
a-term in equation (26).

Thus, in contrast to the laminar Ekman layer, a turbulent planetary bound-
ary layer inhibits the free atmosphere according to the nonlinear friction law,
creating an additional nonlinear orographic beta-effect. The physical interpre-
tation of this phenomenon is quite simple: in contrast to a laminar PBL, in a
turbulent PBL not only translational but also rotational degrees of freedom
are excited, while the thickness of the PBL, which varies in space and time,
is equivalent to the orographic effect.

In the bibliography below one can find further developments of the mate-
rial presented here, including taking into account specifics of the atmospheric
turbulence.
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Hydrodynamic interpretation of the Euler
equations of motion of a classical gyroscope
and their invariants

24.1 A hydrodynamical top

In 1879, a prominent English hydrodynamist A.G. Greenhill made an ob-
servation whose theoretical value was recognized almost a century later (see
Section 24.3 below). He observed that the Euler equations for a rigid body
with a fixed point describe the flow of an ideal homogeneous incompressible
fluid (whose equations of motion are also named after Euler) inside a triaxial
ellipsoid within the class of linear velocity fields. This discovery was used, in
particular, by such classics of science as N.E. Zhukovskii, S.S. Hough, and
H. Poincaré to study the motions of solids with cavities filled with a fluid (see
Moiseev, Rumyantsev, 1965).

Consider the motion of an ideal homogeneous incompressible fluid inside
a triaxial ellipsoid
2 3 o
—+—5+—5—-1=0,

ay a3 a3

assuming that the coordinate axes coincide with the directions of its principal
axes, while the center of the ellipsoid is at the origin. Generally speaking, such

a motion is described by the Euler equations:

S

ou 1
— 4+ (uV)u=——Vp , divu=0, 1
5 (u¥)u=— T (1)
or the Helmholtz equation
Q
X (90} = @) @V)0, 2

where
{A,B} =(AV)B- (BV)A

is the Poisson bracket of vector fields A and B. In this case we are talking
about strictly solenoidal flows satisfying the impermeability condition on the
boundary
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(uV)S =0 for S=0. (3)

Here the density is pg = const, and €2 = rot u.
The divergence-free vector fields

as . a
Wi = ——2a3j + ;31521(»

as 2
asz [
Wy = ——x1k + —ux3i, (4)
ai as
a . G2
W3 = ——xoi + —24j
a2 ai

(here 1i,j,k are vectors in the directions of coordinate axes) are particular
stationary solutions of the differential equations (1) and (2) satisfying the
boundary conditions (3), and they describe fluid “elliptical” rotations around
the corresponding principal axes of the ellipsoid. In the space of vector fields
where the metric is given by inner product

(A,B) = / A - B dxdydz
D

(here the symbol - means the standard local inner product, D is the volume
bounded by the ellipsoid), the above vector fields are orthogonal to each other

(Wi, W,) =0 for i#]. (5)

Therefore, in the space of linear divergence-free vector fields tangent to the
boundary of D, the set Wy (k =1,2,3) can be regarded as an orthogonal
basis. One can look for a general nonstationary solution of the hydrodynamical
equations in such a space in the form

3

u(r,t) =Y wi(t) W (r). (6)

k=1

The coefficients wy, (t) (k=1,2,3) depending on time only are called the
Poincaré parameters and are expressed via components of the vorticity €2 by
the formulas:

a1a20a3

wp = Q (k=1,2,3). (7)

apdy

3
Here I, = > a? —a? (k=1,2,3) are nonvanishing entries of the diagonal
s=1
matrix I (see (9)).

Now making the substitution (6) in the first equation (1), multiplying it
by each of the basis vectors W and integrating over the volume D, and
also taking into account the orthogonality (5) and boundary conditions (3),
we obtain the following system of equations for the vector components w =

w1l + waj + wsk:
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I3 — I5) waws,

I — I3) wawy, (8)

Ly = (
120.22 (
130.)3 = (Ig - Il)wl(.dg.

In vector form this can be rewritten as
m=wxm , m=/w. (8a)

Here I is the above-mentioned diagonal matrix whose components are ex-
pressed through the principal axes of the ellipsoid:

I, 00 ad+a3 0 0
I=[0LO|= 0 a3+af O . (9)
0013 0 0 af+a}

Equations (8) or (8a) coincide with the Euler equations of motion of the
classical gyroscope (or rigid body with a fixed point, see (12.2)) and, therefore,
have two quadratic positive first integrals of motion:

1 1 (/mi m3 mj
Epn = 5 (I} + T + Ipe) = ( T I;) (10)
m? = [[w] + [3w3 + [3wi = m] +m3 +m3. (11)

The origin of the first invariant (10) is straightforward: by making the
substitution (6) in the expression for the kinetic energy of the fluid contained
inside the ellipsoid, we obtain

1 1 4
= —po // wldrdydz = —pE,, , L= —poTaazas.
2 5 3
D

In other words, the invariance of F,,, as in the case of a mechanical gyroscope,
means the conservation of the kinetic energy of the fluid top.

Consider the origin of the second invariant (11). The vorticity satisfying
the Helmholtz equation (2) is the vector field that characterizes the motion of
an ideal incompressible homogeneous fluid. As a consequence, one obtains the
Kelvin theorem, whose infinitesimal formulation can be written as follows:

Q
jt(a So )—d—(s TP LA <d 9, v)

dt dt 0t (12)

where Q- o = K is the Kelvin invariant, while do is the area of an element
of an oriented surface bounded by a contractible closed liquid contour. Recall
(see 1.25) that the motion of this element is described by the equation

e (OB 7 B

k=
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For the flow under consideration, take do to be an element of the plane P,
passing through the origin, the ellipsoid’s center (see [4]). Since we are dealing
with a flow which does not move the fluid particle located at the origin, the
chosen element, regarded as a liquid surface, will only deform and rotate in
space without changing its center location. This means that do = do () is a
function of time only and it does not depend on spatial coordinates. Then, by
substituting (6) and (7) into (12) and (13), we obtain

d a;
— 1) = l; = L _do; (1=1,2,3), 14
=0, =2 (1=1.2.3) (14)

l=wxL (15)

From this it follows that the Kelvin invariant for this class of flows can be

written in the form
K=m-1,

where 1 satisfies the Poisson equation (15).

Since m is described by equation (8a), which is formally identical to equa-
tion (15), then substituting m instead of 1 in (14) we get:

The invariant m? for the hydrodynamic gyroscope is a direct consequence
of Kelvin’s theorem, and its mechanical prototype is the conservation law of
angular momentum.

24.2 Mechanical and fluid gyroscopes in the field of
Coriolis forces

From the point of view of geophysical fluid dynamics, the influence of Coriolis
forces on the motion of fluid and mechanical tops is of particular interest.
With regard to the mechanical top one only has to specify which rotating
coordinate system is actually under consideration. Since the Euler equations
for the hydrodynamic gyroscope are written relative to the space, while for
the mechanical top relative to the body, then the rotation axis of the new
coordinate system for the mechanical top must be chosen to be stationary
relative to the body, and not relative to the space. Otherwise, the equations
of the mechanical and fluid gyroscopes will not be equivalent because the total
angular velocity, measured relative to the body will already depend on time.

Thus, let ¢ be the constant angular velocity for the rotation of a new
coordinate system relative to the body. Employ the well-known formula for
transformation of the time derivatives for an arbitrary vector A relative to the
stationary and rotating coordinate systems (see Landau and Lifshitz, 1973):

dA dA
S e Qo x A 1
dt <dt)R+ 0 X £ (16)
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where the index R stands for the time derivative relative to the rotating
coordinate system.

Let w and m be the angular velocity and kinetic moment of the body
relative to the space, while w, and m, are the angular velocity and angular
momentum for the new coordinate system, where w = w,.+£2p, m = m,+mg
(mo = IQ). Applying formula (16) and taking into account that dm/dt =0
(conservation of the angular momentum), we have

(d (m; + my)

7 )R + (wr + Qo) X (M, + mp) = 0. (17)

We now consider the coordinate system fixed relative to the body, which
rotates relative to the originally chosen one with the angular velocity —€g.
Then, according to (16),

(d(mr + mo)) _ (d(mr + my)
R

_Q r ’
i i )c o X (my +mo)

where the index of C' denotes the time derivative in a coordinate system that
is fixed relative to the body. After substituting the last formula in (17) and by
taking into account that in the chosen coordinate system one has mg = 0, the
equations of motion for a rigid body with a fixed point in a field of Coriolis
forces can be written in the form (the indexes R and C' are omitted):

m=m+mg)Xw , m=Jw , mg=1IQ, (18)

where w and m stand for the angular velocity of the body and its kinetic
momentum relative to the rotating coordinate system, but measured relative
to the system fixed in the body.

The equations of motion of the fluid gyroscope in the field of Coriolis forces
can be easily obtained by applying to the equations of motion of a rotating
fluid

d—u+2ﬂo xu:—in , divu =0, (19)
dt Po
the same operation that was used above for equations (1). As a result, we
obtain that within the class of linear velocity fields, the motion of an ideal
homogeneous incompressible fluid inside an ellipsoid rotating with constant
angular velocity g is described by the equations:

m=wx(m+2mg) , m=Jw , mo=Iwp. (20)

Here, w and wg are the vorticity €2 and the angular velocity of the total
rotation Qg (see (7)) upon the affine transformation. The equations (20) up
to trivial changes w — —w and 2wg — —g coincide with (18). The need
for such changes is related, first to the fact that in the Eulerian description the
hydrodynamic equations are written not with respect to “the body” (fluid),
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but relative to the space, and secondly, the equations (20) are written in terms
of vorticity, equal to the doubled angular velocity of the local rotation of the
fluid.

The equations (20) have two quadratic first integrals of motion:

1
E:iw-m , K? = (m+2my)?, (21)

which correspond to the kinetic energy and the Kelvin invariant. In particular,
this means that the equation (20), as well as the mechanical Euler equations,
are integrable in quadratures.

24.3 A historical note

The Greenhill result mentioned earlier in this chapter suggests that the me-
chanical and hydrodynamical Euler equations share common fundamental
symmetry properties, which should be manifest in common characteristics of
their solutions. The decisive step in this direction was made by V.I. Arnold,
who formulated a group-theoretical notion of a rigid body whose configura-
tion space (the space of generalized coordinates) is an arbitrary Lie group.
This construction, called the generalized rigid body (GRB) by Arnold, in-
cludes both the mechanical and hydrodynamical Euler equations as special
cases. They are obtained if for a configuration space one takes, respectively,
SO (3), the group of isometric rotations of the three-dimensional Euclidean
space, and SDiff(D), the group of smooth mappings of a bounded domain D
of the three-dimensional Euclidean space into itself that preserve the volume
element. Thus, the Euler equations of motion of the classical gyroscope can be
regarded as mechanical prototypes of the Euler equations of motion of an ideal
incompressible fluid. In addition, Arnold discovered that mechanical analogs
of the Kelvin circulation theorem and Rayleigh’s theorem (see Chapter 16) on
the stability of motion of an ideal fluid, whose velocity profile has no inflection
points are, respectively, the conservation laws for angular momentum and Eu-
ler’s theorem on the stability of the gyroscope rotations about the minor and
major axes of its inertia tensor.

The next step was made by the author of this book, who generalized
Arnold’s construction to the cases of the GRB motion in external force fields
with a scalar or vector potential. As a result, the group-theoretic concepts of
a generalized heavy top (GHT) and the generalized magnetohydrodynamical
system (GMHD) were introduced. These concepts include the Euler—Poisson
equations of motion of a heavy top and the Oberbeck-Boussinesq equations of
motion of an incompressible stratified fluid in the gravity field and respectively
the equations of motion of an ideal solid conductor in a magnetic field and the
magnetohydrodynamics equations. On this basis, mechanical prototypes for
other known fundamental hydrodynamical invariants, such as the potential
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vorticity and the MHD Woltjer invariants were found. Some of these results
related to homogeneous and stratified incompressible fluids are illustrated here
in an elementary way (while the rigorous proof is possible only on the basis of
the group-theoretic approach) by using the hydrodynamical treatment of the
mechanical Euler and Euler—Poisson equations. This will help us construct a
toy model of the general atmospheric circulation that reproduces the funda-
mental properties of the global motions of the real atmosphere. More details
on these issues and rather accessible treatment can be found in [4].

Exercises

1. Try to draw the phase portrait of a mechanical or fluid gyroscope in
the space of angular momentum or of its hydrodynamical counterpart, using
the invariants (10), (11). Find the fixed points (stationary solutions). How do
the phase trajectories behave in the vicinity of fixed points?

2. Express the pressure inside the fluid gyroscope via the Poincaré param-
eters.

Answer:
3 3
p(r,t) = po E E Pijww;,
i=1 j=1
where
1 3 a;a;
Pi=- g 22— 1}, Py =———1sx7,.
i 2 s ir 174 a2 T (12 iy
s=1 ? J

3. By using the invariants (21) try to sketch the phase portrait of a gyro-
scope in the field of Coriolis forces, depending on the number Ro = |w/2wp|,
provided that the total rotation occurs around one of the principal axes of the
ellipsoid.

Hint: Trajectories are the intersection of the “energy ellipsoid”
m? m3 m3

Lo, M My
2EL,  2FEI, 2FEI3

with the “circulation sphere” of radius K and centered at —2mg. In general,
the solution of this problem should be computer-assisted, but for small Rossby
numbers the result is easy to imagine. For small Rossby numbers describe the
motion in an analytical form. What does it remind you of?
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Mechanical interpretation of the
Oberbeck—Boussinesq equations of motion of
an incompressible stratified fluid in a
gravitational field

25.1 A baroclinic top

The Oberbeck—Boussinesq equations are of particular interest in connection
with their extensive use in the studies of convection of an incompressible fluid,
including convection of a rotating fluid, and mechanisms of baroclinic insta-
bility. In Part I we already noted that stratification of the fluid, rather than
its compressibility, plays a decisive role in the mechanism of baroclinic insta-
bility. That is why in theoretical studies it does not make sense to complicate
the problem by taking compressibility into account, if one does not consider
near- or super-sonic motions. The Oberbeck—Boussinesq equations are written
in the form

Ou 1 p

— 4+ (uwW)u=—-——Vp+ —g, 1
G V)= vy L (1)
ap .

a—&—(uV)p:O, divu = 0. (2)

Here g is the acceleration of gravity, p = p(r,t) is the density deviation from
the average background value py = const, p is the deviation of pressure from
the equilibrium hydrostatic distribution Py = Py(2) (dPy/dz + gpo = 0). In
deriving (1) one ignores the excess of hydrodynamical pressure pdu/dt as
compared with the Archimedean forces, while (p/po)g is the total of both
gravity and Archimedes forces (see Landau and Lifshitz, 1986).

In terms of the vorticity © and q = Vp/po, the equations of motion assume
the form

o0

E—{Q,u}:—gxq, (3)
oq B ou
ot + (uV)q= —q§~ (4)

They conserve the full energy of the fluid
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1
E= 3P0 // u? drdydz — // pg - dxdydz (5)
D D

and have two Lagrangian invariants: potential vorticity
II=0-Vp (6)

and density p (by definition).

An elliptic rotation of such a stratified fluid inside an ellipsoid, arbitrarily
oriented in space, can be described in the class of spatially linear velocity
fields (24.4), (24.6) and density

0
L O

0
1 T2 + =P
0 8%2

o 8:103 €3, P (Oa t) = 07 (7)

0

where Vp = Vp (t) depends only on time. Substituting (24.6) and (24.7) into
(3) and (4), one obtains the system

m=w X m+ go X lg, (8)

c=wxo, m=Ilw, 9)

where components of the vector o are relative differences in densities on the
major semiaxes of the ellipsoid:
k> .
0

1 0
g = — (a1 i
Po Oy
The vector lg is a constant vector having the dimension of length. This vector
is defined by the ellipsoid’s orientation in space:

Ip

ida 2P| gy
aQ —— a
0 2 8372 OJ 3 81)3

lo = a1 cosaqi + as cos asj + a3 cos ask,

where quantities cosa; (i = 1,2, 3) are cosines of the corresponding angles of
the gravity acceleration vector g with the principal ellipsoid axes.

According to (9), 0? = const. Therefore, by introducing the unit vector
v = o /o and making the changes w — —w and o — —o, the system (8) and
(9) can be rewritten in the form

m=m X w+ goy X lg, (10)

Y=9xw, m=Ilw. (11)

And this is precisely the Euler—Poisson equations of motion of a heavy top,
written in a coordinate system that is fixed relative to the body. In this case
m and w are the angular momentum and angular velocity of the body, o is
the mass of the top, v is the unit vector in the gravity direction, and lg is the
radius vector of the body’s center of mass. The Euler—Poisson equations have
three first integrals of motion:
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1
E, = 51’1’1'0}"‘90’10 -, (12)

My =m-7y, ¥ =9+%+7. (13)

The former integral is the total kinetic and potential energy of the mechanical
system. The second one is the projection of angular momentum in the direc-
tion of the gravitational field, which, according to E. Noether’s theorem, is
preserved because of invariance of the Hamiltonian (i.e., energy) with respect
to rotations around the vertical axis. The invariance of 42 is a consequence
of gravity’s immobility relative to the space.

From the hydrodynamical point of view, E,, remains the energy, whereas
II,,, can now be regarded as the potential vorticity of flows. The latter can be
easily verified by a direct substitution of (24.7) and (7) into (6). It is remark-
able, however, that the invariance of potential vorticity is also a consequence
of E. Noether’s theorem. Indeed, in the dynamics of an incompressible strati-
fied fluid, the role of equipotential surfaces is played not by horizontal levels,
as in the mechanical case, but by surfaces of constant density: any map of
such a surface into itself does not change the total potential energy of a strat-
ified fluid. Therefore, to obtain a hydrodynamical analogue of the mechanical
invariant I1,,, one has to project not in the vertical direction, but in the di-
rection that is normal to the surface of constant density, i.e., in the direction
of Vp. Thus, there is almost a literal analogy between the mechanical and
hydrodynamical invariants I7,, and II.

The described analogy between the equations of motion for a heavy fluid
and a heavy top and between their invariants remains valid for motions in
the field of Coriolis forces, provided that in the case of a mechanical system,
the reference frame is rotated relative to the body rather than relative to the
space. In this case, one has mechanical prototypes for the equations of motion
of a rotating stratified fluid,

Ou 1 p
— +(uV)u+2Q9xu=——Vp+ —g, 14
5 T (uV) 0 VPt e (14)
dp .
a+(uV)p:0, divu =0 (15)

with the integral invariant

1
E= 2P0 // u? dedydz — // pg - r dxdydz (16)
D

D

and Lagrangian invariants
II=(2+2Q)-Vp and p. (17)
The equations of these mechanical prototypes are

m=w X (m+ 2myp) + go x lg, (18)
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6=wxo, m = lw, mo = lwy . (19)

By substituting w — —w, 2wg — —wp and o /o — —~ these equations can
be reduced to the heavy top equations in the Coriolis force field,

m=(m+my) X w+ govy X lp, (20)

Y= X w, m = lw, mg = lwy (21)

with the first integrals of motion

1
E, = Zm-w + golp - 7, (22)
— 2.2 .2 .2 _
I =(m+me)-vy, Y =y+%n+rn=L (23)

Below we shall use the following terminology taking into account the hy-
drodynamical interpretation (24.20) for equations of the classical gyroscope.
We will call a barotropic top the equations of motion for the classical gyroscope
in the Coriolis force field (24.18), while the name baroclinic top will stand for
the equations (18) and (19) taking into account the stratification of the fluid
medium.

25.2 Quasi-geostrophic approximation of a baroclinic top

Having in mind the above analogies, from the point of view of geophysical
hydrodynamics it is of special interest to construct a mechanical prototype
of quasi-geostrophic equations of motion of a baroclinic atmosphere and to
understand its hydrodynamical interpretation. To do this we have the perfect
tool, a baroclinic top with its invariants, emphasizing fundamental symmetry
properties of the equations of a rotating baroclinic fluid. First, we note that the
atmospheric circulation and its laboratory analogues are convective processes.
For their description, the Oberbeck—Boussinesq equations are written in terms
of temperature fluctuations that are related to density fluctuations having the
ratio T/Ty = —p/po. In this case, one needs to replace the quantity o in the
equations (18) and (19) by

1 oT
—a':q:f) ay —

or
0 8.1‘2

- orT
Jt+tas —
0 3 8.’173

k) , (24)
0
in terms of which the invariants assume the form

1
Ep=sm-w+glo-aq, (25)

I,=(m+2me) q, o’ =qi+q+q. (26)
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To derive the desired approximation, we use exactly the same scheme which
was used in Part II with respect to the equations of motion of the baroclinic
atmosphere. Recall that our approach was as follows.

I. The Rossby number e = U/ foL = 2./ fo, together with the dimension-
less parameters

272 N2H
O o), = =

13
gH g

O (¢) (27)

are assumed to be small. Note that the same order of smallness is not neces-
sary, and it was used only to simplify the reasoning. Here fj is the averaged
Coriolis parameter, L and H are typical horizontal and vertical scales of the
global atmospherical flows, U and {2, are their characteristic horizontal ve-
locity and vertical vorticity, while N? = —gp, '0p/0z = gT, 0T /0= is the
square of the Brunt—Vaisila frequency, provided that 97/9z > 0.

II. The motion is assumed to be quasi-hydrostatic and quasi-geostrophic,
i.e., relations for the thermal wind are satisfied up to O (¢).

II1. The desired approximation is obtained by expanding the equations for
conservation of potential vorticity and temperature transport in parameter
with accuracy up to the terms O (52).

Let g be directed in the negative direction of the axis x3, around which
the ellipsoid rotates with angular velocity g. For the system (18)—(19) the
parameters ¢, L? and H are defined by

5:% (o.;:\/w%+w§+w§>7 212 = a} + a3, H=ua3. (28)
0

Then 5/ g )
2ws (af + a
2l ) o), (29)
gas
g T  gqs NZag
N2=2 — —Z& = =q3=0¢). 30
T() 3x3 as ) n g q3 (6) ( )

For the hydrodynamical equations (14) and (15) the thermal wind is defined
by

— (2Q0V)u = Tiog < VT +0(c) (31)

or in the coordinate form

ou g oT v g 0T
S = = = . 2
5 = 3 5 H 0, +0@E). (3

& N 200T0 Ox

The model equations (18) and (19) are associated with the following vector
relation for the thermal wind, which follows from (18) and (24):

w X 2mg + glo x g = O (¢) (33)
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or in the coordinate form (lp = (0,0, —a3)

aszgqz asgqi
— = — . 2
wWoy Sy +0 (e), w1 ST + O (e) (32a)

With the help of (24.4), (24.6), (32) and (32) it is not difficult to show that

we o Ou/dz o« =0T /0y and wy o« —Ov/0z o« —OT/Dx. Therefore we and wq

can be regarded as affine transformed components of the thermal wind.
According to (29), (30), and (32a),

w2 w1 q2 q1
—~x —=xO0
o S G 0
and hence
@1 o gz o O (7). (33)

The model equations (18) and (19) can be represented in the coordinate

form
Ly = (I3 — Iz) wows + 2I3wews + gazoa,

. 34
Iy = (1) — I3) wiws — 2I3wow1 — gasor, (34)

Isws = (I — I1) wows,
01 = w03 — w3072, (35)
09 = W301 — W103,

03 = w102 — w201, (36)
where in comparison with (18) and (19) one replaced o — —o, i.e., instead
of q in (33) and (32a) one uses o = q.

The system (34)—(36) has, in particular, the following families of fixed
points describing the stationary states of rotations about the principal axes:

(1) wi =wa =0, 01 =02 =0, wg =wsg, 03 = T30;

(it) w1 =ws =0, 01 =03 =0, Wy = Wz, T2 = 020,

2I3wowag + gazozo = 05
(141) wo =w3 =0, 02 =03 =0, wi =wig, 01 = 010,
2I3wow10 + gazoig = 0.

The variables marked by the index 0 can assume arbitrary real values
(these variables are not to be confused with the external parameter wy). It is
easy to see that any representative of the family (i7) or (ii¢) is a nontrivial
strictly geostrophic stationary regime of motion for any wy # 0. From equation
(18), according to estimate (33) and relations of thermal wind (32a), as well
as (29), it follows that o3 = o (53). Consequently, o3 = o3¢ is constant with
a high degree of accuracy, and the last two equations of system (35) with the
required accuracy can be rewritten as follows:

dl = W9o030) — W3072, dz — W301 — W1030- (37)
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Now eliminating from (35) the quantities o1 and o5 and using (32a), we obtain
the system

. gasoso . gasosp
- _ + = 38
o1 < Yo wg) o2, o9 ( SYomn + w3> o1, (38)

which can be interpreted as an analogue of the equation for “potential” tem-
perature (more precisely, the equation for its gradient, see Chapter 9), written
in terms of the components of thermal wind and reduced by expansion in the
parameter €.

Now it remains to find out what the potential vorticity is in quasi-
geostrophic approximation. By the above estimates, the expression for po-
tential vorticity (see (26))

I = (m+2mg) - 0 = [Hwio1 + Iawaos + Iswsos + 2I3wg0s
can be rewritten in the form
IT = I3 (2wg + ws) 030 + O (7).
Therefore, the quasi-geostrophic potential vorticity is
Ilg = I3 (2wo + ws3) 030, 1 = I303003, (39)

and its evolution is described by the first equation of system (35).

Thus, the quasi-geostrophic approximation of system (34)—(36) of the sixth
order describing the motion of a baroclinic top is reduced to the dynamical
system of order three:

I3uz = (Iz — ) wiwa,

. gasoso
= — 40
w1 (213600 +w3> wa, (40)
. _ [ 943030
wo = (QIBWO + w3> w1,

in which one employs equations (38) and, for uniformity of notation, one
makes a formal substitution o1 — wiy, 09 — wa. System (40) corresponds to
equations for slow variables in the theory of relaxation oscillations (see, e.g.,
Arnold et al. (1986)), and in this case it describes the slow evolution of the
principal components of global geophysical flows, namely, the vertical vorticity
w3 and the thermal wind (w1, ws).

The system is written in terms of the defining characteristics of global
geophysical flows: namely, the vertical vorticity, the components of the thermal
wind, and the vertical stratification. Note that the latter is invariant in this
approximation and it enters the equations of motion as an a priori given
parameter. This is similar to the case of the quasi-geostrophic approximation
for the equations of motion for the real baroclinic atmosphere.
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After dividing each of the equations (40) by w2 and introducing slow time
and new dependent variables

w1 w2 w3
T:(/J()t, X:77 Yzf, Z:S‘F*,
wo wWo Wo

system (40) can be written in the exceptionally simple form:

X=-YZ, Y = ZX, Z =TIXY, (41)
Li—1, a?—ad3 9a303o

I = = , = . 42

Ig a% + a% 2[3&)8 ( )

Here S is nothing but the stratification parameter S known in geophysical
fluid dynamics (see Pedloski, 1984) and it is related to the parameter of baro-
clinicity o = L% /L3 (see Chapter 11) as follows:

_N?H? L% L2

SE R T Y

(43)
Here, Lj is the Rossby—Obukhov scale and Ly is the Rossby internal defor-
mation radius.

Below, without loss of generality, one can set a; > as. System (41) has
two quadratic first integrals of motion:

Eq=-(I'X*+27%)), Oc=X?+Y? (44)

N =

which can be treated as full energy and entropy when S = 0 (neutral strati-
fication). As we shall see below, S # 0 characterizes the degree of deviation
from a quasi-geostrophic motion. According to the Obukhov theorem ([4]),
system (41) having two quadratic positive invariants is equivalent to the Eu-
ler equations of motion for the classical gyroscope.

Thus, we obtained the following somewhat unexpected result:

The quasi-geostrophic approximation of the equations of motion for a heavy
fluid top in the field of Coriolis forces is the Euler equation of motions of a
rigid body with a fized point, formulated in terms of the defining character-
istics of global geophysical flows, i.e., in terms of its vertical vorticity and
components of thermal wind.

Exercises

1. Find the fixed points of system (34)—(36). How do they correspond to
the fixed points of system (40)? What stationary motions do they describe?
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2. Sketch the phase portrait of system (41) in the space (X,Y, Z), using
the invariants (44).

3. Study stability of the regimes (7)—(#i7) in the framework of the original
and truncated systems (34)—(36) and (40), respectively. What is the impact
of the vertical stratification o3¢?

4. Find the first integrals of the system (40). What is their physical mean-
ing and how do they relate to the first integrals of the quasi-geostrophic equa-
tions of motion of a baroclinic atmosphere?
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Motion of barotropic and baroclinic tops as
mechanical prototypes for the general
circulation of barotropic and baroclinic inviscid
atmospheres

26.1 Motion of a barotropic top

The equation of motion of a barotropic top (24.20)
m=w x (m+2myg) (1)
in terms of m, = m + 2mg can be written in the form
m, = w X m,. (2)

Taking the scalar product of (1) with w and of (2) with m,, we obtain two
first integrals of motion:

2F = w-m = Lwi + Lwi + [3w3, (3)

ma2 = (m1 —+ 2m01)2 + (mg + 2m02)2 —+ (m3 —+ 2m03)2 . (4)

Their existence for the considered class of solutions means the conservation
of kinetic energy and validity of the Kelvin circulation theorem, respectively
(see Chapter 24).

Using the invariants (3) and (4), similar to the case ©¢ = 0 (see Chapter
12), one can get an idea about the behavior of a barotropic top without
integrating its equations of motion. In the space of angular momenta, the top
trajectories are obtained as the intersections of the “energy” ellipsoids

mi ma m3

+

=1
9EL, | 2EI, | 2EI

with the “circulation” spheres

(m1 + 2m01)2 + (mz + 2m02)2 i (mg + 2m03)2

=1
2 2 2
m; m; m;

of radius m, = |m + 2mg| centered at the point —2myg.
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a, =3, a>=1, a3=2, =0.1

=
e
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Fig. 26.1. Phase portraits of a barotropic top in the space of angular momenta for
various Rossby numbers.

Figure 26.1 shows typical phase portraits of the dynamical system (1)
for various values of the Rossby parameter € = |m|/|2mg|. These pictures
are of interest from the hydrodynamical point of view because they illustrate
the process of gradually disappearing complicated elements of motion as the
Coriolis force increases. One can see that as ¢ decreases starting with € = oo,
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hyperbolic points disappear in a consecutive way one after another. Global
geophysical flows correspond to small Rossby numbers, for which the trajecto-
ries of a barotropic top become almost the intersections of the energy ellipsoid
with a family of planes orthogonal to the vector my.

This leads to two conclusions: (a) the phase portrait of geophysical motions
of a barotropic top consists of closed elliptic trajectories and does not contain
hyperbolic points, (b) at small Rossby numbers the projection of angular mo-
mentum of the barotropic top to the direction of myg is almost preserved (up
to O (g2)).

Motion along the closed trajectories can be easily described under the
assumption that the direction of mg coincides with the direction of one of the
ellipsoid’s principal axes, for example, the z-axis or, equivalently, xz-axis. In
this case, (1) in the coordinate form becomes (see (25.34)—(25.36)):

Ilw'l = (13 — Ig) wows + 2[3&10(4}2,

Iy = (1) — I3) wiws — 2[3wowi, (5)
Igojg = (12 - Il)wlwg.

For e < 1 one has that nig = O (£?), mg = m30+0 (£2), mao = const = O (¢).
Then the equations of motion in the variables X = v/Iomy and Y = /I1mo
with an accuracy of order €2 can be written as follows:

) I3 ) I3
X=+2-—wy, VY=-2--2_y
Vi Vi,

This implies that the endpoint of the vector m, or equivalently m,, rotates
along an elliptical trajectory m? /I +m3 /I = const with the angular velocity

0X. (6)

I3 aias
— W
VI V11

i.e., in the direction opposite to the rotation of the reference frame.

Given the dual interpretation of the equations of motion of a rigid body
with a fixed point, these precessions of a barotropic top can be regarded
as a mechanical prototype of the process of propagation of planetary waves
that carry away the angular momentum of the atmosphere in the direction
opposite to the Farth’s rotation. In turn, the approximate invariance of the
projection of its angular momentum to the direction of mg can be thought
of as a mechanical prototype of the approrimate Lagrangian invariance of the
vertical vorticity of global atmospheric movements, expressed by the Obukhov—
Charney equation.

o=—-2 0 — -2 Qo, (7)




254 Chapter 26. Motion of barotropic and baroclinic tops

26.2 Motion of a baroclinic top

In Chapter 25 we obtained the simplest three-mode system (25.41):

X=-YZ, Y =ZX, Z =TIXY, (9)
where I' = (I —I1) /Is = (a} —a3) / (a? + a3) with two positive definite
first integrals of motion:

2Bg = I'X? + 72, Oc =X?+Y2 (10)

Recall that according to the Obukhov theorem (see [2]), this means that the
quasi-geostrophic approzimation for the equations of motion of a baroclinic
top is equivalent to the Euler equations of motion for a classical gyroscope,
written in terms of the main characteristics of general atmospheric circula-
tion, namely, the vertical vorticity, the components of thermal wind, and the
stratification parameter. It is worth mentioning in this relation that the quasi-
geostrophic approximation of the reduced equations of motion of a rotating
shallow water also coincides with the mechanical Euler equations and it de-
scribes the slow evolution of the Rossby waves (Lorenz, 1980).

The families (i)—(iii) (see Chapter 25) of stationary solutions of the com-
plete system of equations (25.34)—(25.36) exhaust the set of fixed points of the
reduced system (9) and in the new variables they can be written as follows:

(i) X=Y=0, Z=2,
(i) X =2=0, Y = Yo;
(i) Y=2=0, X=X,

Here the quantities with the zero subscript can assume any real value. Note
that the trivial solution X =Y = Z = 0 for § # 0 describes circulation
around the vertical axis, and in fact it also is a nontrivial representative of
the family (4).

The above-mentioned first integrals of motion (10) should be interpreted
as the total energy and an analogue of the Lagrangian invariance for the
potential temperature. The second term in the energy expression for S = 0 is
the kinetic energy of the vertical vorticity, whereas the first term, defined by
one of the components of the thermal wind, should be interpreted as a measure
of the available potential energy of the system. And here is why.

The kinetic energy of the horizontal vorticity, which is not taken into
account in a quasi-geostrophic approximation, is generated by the horizontal
inhomogeneity of the potential temperature and therefore it is attributed to
the potential energy of the quasi-geostrophic system. (This statement is a
general provision, which is relevant for any global geophysical flows.) A steady
state of system (9)

X =Xy #0, Y=2=0 (A)
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with a nonvanishing X-component of the thermal wind corresponds, in dimen-
sional variables, to the horizontal vorticity wyp o« —9T/0x. Then the kinetic
energy of this vorticity is

1
Kx = ~Luw}, =

5 (a% + a%) W%o-

DN | =

The same vorticity in Y-direction corresponds to the stationary solution
X =0, Y =X0#0, Z =0, (B)

but with the kinetic energy

1 1
Ky = §I2W%0 =3 (a% + ag) w%o.
Now note that the integrals of motion do not forbid the transition from state
(A) to the nonstationary state

X=0 Y=X0#0, Z=+VTXy,

in which the components of X and Y are exchanging roles, but prohibit the
reverse transition due to the violation of the energy conservation law. The
difference between the kinetic energies of states (A) and (B)

1
AK =Ky — Kx = 3 (a%—a%)w%o
is exactly the measure of the excess of potential energy, which state (A) has
with respect to state (B), i.e., the available potential energy, which generates
vertical vorticity. In dimensionless variables this energy is equal to

- tleiza)eh 1oy (11)
2 Igwg 2

The phase portrait of system (9) is shown in Figure 26.2. It follows from the
portrait that the fixed point (i%) is stable, while (4i7), being a hyperbolic point,
is unstable. In fact, Figure 26.2 illustrates Eady’s pioneering result, which we
discussed in Chapter 18. It was shown that a flow with vanishing vertical
vorticity and nonzero thermal wind du/0z = — (g8/22y) 0T /dy turns out to
be unstable due to an excess of available potential energy that having been
converted into the kinetic energy of vertical vorticity generates atmospheric
cyclogenesis. This is exactly the mechanism described by the model (9).

In the case of S # 0 the quantity Z2 already cannot be interpreted as a
measure of the kinetic energy of the system. Therefore, as we shall see below,
it is no accident that accurate and quasi-geostrophical solutions achieve the
greatest consistency for S = 0: the more S differs from zero, the greater the
discrepancy between the exact and quasi-geostrophic trajectories. Therefore,
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Fig. 26.2. Phase portrait of a quasi-geostrophic motion of a baroclinic top in the
space of the dimensionless coordinates X,Y, Z, illustrating the mechanism of the
FEady baroclinic instability.

the stratification parameter, in a sense, can be regarded as a measure of de-
viation of trajectories of the original model from the slow manifold described
by the system (9).

Remark. It is worth mentioning that solutions of quasi-geostrophical
and original atmospheric equations of motion reach the best agreement for
S = O(1), but not at zero. In this relation we recall (see Chapter 9) that
quasi-geostrophic atmospheric equations of motion are formulated for devi-
ations from the static equilibrium with a stable vertical profile of potential
temperature, which corresponds to a positive value of N2. In our case, how-
ever, we started from an equilibrium state with N2 = 0, which was related
to the choice of the Oberbeck—Boussinesq approximation for deviations from
the state of static equilibrium with a uniform profile of the mean temperature
To = B~ = const.

26.3 Comparison of quasi-geostrophic and exact motions
of a baroclinic top depending on the stratification
parameter at small initial Rossby numbers

In the case of spherical (a; = as = a3) or cylindrical (the Lagrange top)
symmetries, the analytical solutions of the quasi-geostrophic triplet could be
compared with known analytical solutions of the initial model equations. For
a spherically symmetric top, such a comparison was done in the paper by
Glukhov and Dolzhansky (1980). However, these examples are less interesting,
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Fig. 26.3. Phase portraits of quasi-geostrophic and “exact” motions of a baroclinic

top in the plane X,Y for different values of the parameter S: the numbering is

0.2; -0.2, 0.6, -0.6, 0.65, -0.65. Boldfaced

geostrophic trajectories, while thin lines correspond to

left-to-right and top-to-bottom for S
curves correspond to quasi

exact trajectories.
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since they completely or partially excluded the hydrodynamical mechanism of
the nonlinear interaction of w-components, which is responsible for generating
the ageostrophic component of the motion (see (25.34)). To avoid such a sim-
plification, I shall present the results of numerical integration of the approx-
imate and original model equations, which were performed by A.E. Gledzer
and V.M. Ponomarev, and published in the papers by Dolzhansky and Pono-
marev (2002), A.E. Gledzer (2003), Dolzhansky (2005). (The proof of non-
integrability of an asymmetric heavy top goes back to S. Kowalewski. A mod-
ern proof is presented in Ziglin (1980).) All numerical experiments regarding
the comparison of solutions to quasi-geostrophic and original model equations
were carried out for the ellipsoid with semiaxes a; = 3, as = 1, ag = 2. For
the initial data one used the unstable steady state of the quasi-geostrophic
triplet w/wp = (0.1,0,0) with initial perturbation w’/wg = (O, 0, 10’5)7 while
the corresponding values of the components o7 and o2 were calculated using
the thermal wind formulas (25.32a). From one variant to another one altered
only the stratification parameter S.

The results of computation are presented in Figure 26.3 in the form of the
projections of phase trajectories of the approximate and original models to
the two-dimensional (X,Y") subspace for various positive and negative initial
values of S (recall that S is an invariant for the quasi-geostrophic model only).
The parameter S was varied within the range 0 < |S| < 1.

First, let us note that for |S| < 1 the phase portraits of the approximate
and original models are almost the same. This points to the existence of the so-
called slow manifold, an invariant set in the space of solutions to the inviscid
equations of motion of a rotating fluid in whose neighborhood the solutions are
quasi-geostrophic, or in physical terms, the set defined as the hypersurface of
the adiabatic invariant (6.5). The problem of existence and stability of a quasi-
geostrophic manifold, first mentioned by A.M. Obukhov (1949), is intensely
discussed in modern hydrodynamical literature (see, e.g., Lorenz (1980, 1986);
Lorenz and Krishnamurthy (1987), and references therein).

For small and moderate values of |S| the “exact” trajectories are reflected
from the slow manifold either inside or outside of it depending on the sign of
S, as if it were some kind of distorting mirror. The higher the value of |S|, the
greater the amplitude of deviation. We emphasize that this feature is observed
even when the ageostrophic amplitude becomes in magnitude comparable to
(or even exceeding) the geostrophical component for positive changes in the
stratification parameter up to S =1 and |S| & 0.64 for its negative changes.
The breakdown of the “mirror” happens from the outside with S ~ —0.65, and
a trajectory fills the previously inaccessible space within a finite time interval
AT ~ 10%, which is apparently accompanied by an appearance of chaos.

A hierarchy of models occupying an intermediate position between the
quasi-geostrophic and original equations of motion of a baroclinic top and
which allow an analytic description of its behavior at moderate values of S
was constructed by A.E. Gledzer (2003). In this paper, in particular, one
considered a system of equations for the next approximation after that of
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thermal wind (25.32a). In this approximation one sets the sum of the sec-
ond and third terms on the right-hand sides of equations (25.34) to zero (the
geostrophic balance). The system, which includes both slow and fast oscilla-
tions, demonstrated in Figure 26.3, is obtained from (25.34) and (25.35) by
neglecting the nonlinear terms in the equations for wy, we and setting ws = 0,
o3 = const = o3g in the equations for o1, os:

11wy = +2I3ww3 + gazoa,

IQCJQ = —2]30.)0001 — gasoq, (12)
01 = +wq03, 02 = —w103
where
2 2 2 2 2 2
I = a3 + a3, Iy = a7 + a3, I3 =aj+a5.

We transform this system to the dimensionless time

2 2
aj —|—a2t

a1a2

and new thermal variables instead of o1, 02, 03:

gas
2 (af + a3) wo

asa1a
() 1= 172a q3 = _039#22 (13)

qgi = —
2|:(CL% + a%)wo}

Then equations (12) assume the form

dw1 - 2&1&2
a +a% _|_a§ (WQ QQ)»
dWQ 20,1&2
— ol — , 14
dt a? + a3 (@i —a) (14)
dar _ de2 _ _
dt 243, dt 1943-
From (13) and (25.42) it follows that
a? + a?
S _ _ 1 2q3 .
a102

Thermal wind approximation (25.32a) in (14) corresponds to the equalities
w1 = a1, W2 = Qq2.

The solution of linear system (14) for wy |t—¢ = w1p K 1, walt=p = wap < 1,
q1 (0) = W10, L]Q(O) = W20, 3 = Ag = const has the form

A
w1 (t) = wigcos (A1t) + 20-)10 y (3 + A%) (cos (A1t) — cos (Aat))
)\2 — )\1 1
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+ w20 Ag sin ()\115) . sin ()\Qt)

)\% — /\% 271 )\1 )\2 ’
B wa0 Az 9
wa(t) = wag cos (A1t) + ~5—5 ( = + AT | (cos (A1t) — cos (Aat))

AQ — )\1 T2

_ Wio Asz  (sin(Aqt) _ sin (Aat) (15)
)\% — )\% 271 )\1 >\2 ’

where
. 7b2+02 . 7a2+02
Y7 o 27 T oab

For the chosen parameters a1 = 3, as = 1, a3 = 2, 11 = 5/6, ro = 13/6.
Solution (15) describes the trajectories shown in Figure 26.3. In formulas (15)
there are two frequencies Ay and As:

(L= (11 +72)Ag) F /(L = (11 + 12)A)° — 44317

27’17"2

)‘%,2 = ) (16)

where the frequency \; ~ (A% + (r1 4+ 7r2) A§)1/2 is slow.
The oscillating nonincreasing solution, according to (16), exists for

1
Agc— L
(Vi1 + V/r2)

which for the selected parameters r; and 7y in terms of the stratification pa-
rameter S corresponds to the values of S > —0.65 discussed above. Using
formulas (15) one can also prove (see [12]) the “mirror” property of the slow
manifold: for S < 0 (A3 > 0) trajectories lie outside of the circles correspond-
ing to the thermal wind (see the right images in Figure 26.3), while for S > 0
(As < 0) they lie inside the circles (the left images in Figure 26.3).

It is interesting to note that the results described in this chapter are very
similar to those of E. Lorenz (1980), who compared the exact solutions of
the Galerkin-reduced atmospheric equations of motion with the solutions to
their quasi-geostrophic approximation. In the Lorentz model the roles of slow
and fast motions are respectively played by the planetary and inertia-gravity
waves. In our case, with S # 0 the slow evolutions of vertical vorticity and
thermal wind are accompanied by high-frequency inertia-gravity fluctuations,
which periodically move the phase trajectories away from the slow manifold
(see Figure 26.3).

Let us summarize. The simplest dynamical system, having the principal
symmetries of the equations of motion for an ideal rotating fluid reflects the
fundamental elements of general atmospheric circulation. These elements in-
clude the Rossby waves that carry angular momentum (vorticity) to the west,
an approzimate invariance of the vorticity projection to the rotation direction,
the baroclinic mechanism of the Fady instability, the slow quasi-geostrophic
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manifold, and its influence on ageostrophic motions. I emphasize that the
model is indeed simplest in the sense that any of its reductions will imply a
loss of at least one of these fundamental symmetries.
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Toy model for general circulation of a viscous
atmosphere

27.1 Consideration of friction and external heating

The reader already knows (see Chapter 20) that in geophysical hydrodynami-
cal systems dissipation of kinetic energy mostly occurs in the planetary bound-
ary layer. This layer slows down the motion of a free atmosphere according to
an approximately linear friction law. External heating can be accounted for by
Newton’s formula, as it is often done in theoretical studies. According to this
formula, specific heat fluxes are directly proportional to the temperature devi-
ation from its background value. The background temperature distribution is
usually taken to be the temperature field which is settled in a stationary fluid
due to external nonuniform heating and thermo-conductivity of the medium.
Then, following the above assumptions, the viscous motion of a baroclinic top
is described by the equations

m=wx(m+2mp)+glgxo—-—Am, e =wxo+ulecp—0o). (1)

Equations (1) correspond to (25.18) and (25.19) after replacing o — —o,
which is related to transition to the temperature (25.24). In (1) o corre-
sponds to the spatially linear distribution of the background temperature,
while the quantities A and g should be interpreted as the effective viscos-
ity and thermo-conductivity coefficients. They have dimension reciprocal to
time and are determined by the physical parameters of the medium. Recall
that, for example, for the atmosphere one has A\ ~ 2v/62, (see Chapter 20,
after formula (20.22)) and we use this approximation for making quantitative
estimates. Other notations are the same as above.

27.2 Toy circulation of Hadley and Rossby

Consider a typical geophysical situation in which the motion of a viscous baro-
clinic top occurs under the influence of horizontally inhomogeneous heating.
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Let us assume, as before, that a; > a9, while vectors g and €2g are in opposite
directions and parallel to the x3-axis. In order to activate the mechanism of
baroclinic instability, we direct the gradient of the background temperature
along the axis 1. In this case, o = (0p51,0,0).

Using the procedure described in Chapter 25, we obtain the quasi-
geostrophic approximation of system (1):

Isws = (Io — I) wiws — Msws,

Wi = —waws — piw1 — p1gazo /213w, (2)
CJQ = W3WwWi1 — Hwa.

Note that the quantity o3 does not enter system (2), either parametrically (cf.
(25.40)) or in the form of an equation for it, since o3 eventually decays because
of the homogeneity of the vertical distribution of the background temperature
(this is the result of numerical integration).
In dimensionless variables
Wy ws

A
X:ﬂv Y=—, ZZ*; T = pt, Q-:*
1 7 1 7

system (2) assumes the form
X=-YZ—-X-D, Y =ZX -, Z=IXY - (Z. (3)

This choice of the slow time is dictated by the fact that for geophysical systems
one usually has g~ Z A7 > 27" (for example, the characteristic time of
radiative cooling of the Earth’s atmosphere is about 10 days, while you can
try to estimate the value of A=! yourself by setting v = v = 10° cm?/s, see
Chapter 23). The quantity ¢ = A\/u can be interpreted as an effective Prandtl
number and D = gazop1/2lswop as a dimensionless thermal drive.

Let the vector o be directed towards the negative side of the axis xq,
so that D = —|D|. In this case, the natural convection excited by external
heat sources corresponds to positive values of ws. System (3) has two types
of stationary solutions:

H) X=|D|, Y=2=0, (4)

Ry) X=Do=(¢/D)?, Y =%Dy? (D] - Dy)'/?,
7 =+Dy"? (D] - Dy)'2. (5)

The meaning of these solutions becomes clear if we compare them with
regimes of general atmospheric circulation according to the action mechanisms
of toy and real systems as heat engines. First, we note that according to the
analysis of solutions in the initial model (see [1, 2]) in the regime H both
quantities Y and Z are negligible, but strictly positive for any D # 0 which
does not violate the quasi-geostrophic balance. The smallness and positivity of
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Fig. 27.1. Schemes of general atmospheric circulation: according to (a) Hadley
(1735) and (b) Ferrel (1859).

Y means that the natural convection that occurs in cross-sections orthogonal
to the axis x5 is very ineffective for the heat transfer from heater to cooler.
An intense circulation around the axis ;1 does not increase the effectiveness
of this regime. As a result, the temperature distribution that settled in the
fluid is almost identical with the background one (according to the thermal
wind relations, X = —D and Y = 0 means that VT = VTjg). From an en-
ergy point of view, the Hadley regime, which is observed in nature, as well
as in laboratory and numerical modeling of general atmospheric circulation
(GACQ), is characterized by similar properties. Namely, it features a powerful
but ineffective zonal flow, orthogonal to the pole-equator direction, and a fee-
ble natural convection in the meridional (radial) plane (see Figures 27.1a and
27.2a). The intensity of the meridional circulation is two orders of magnitude
weaker than that of the zonal flow (Lorenz, 1970).

In the regimes R the situation changes drastically. Now the intensity of
the circulation around the axis z; and, according to thermal wind relations,
the temperature difference on this axis already does not depend on D, i.e.,
on the power of an external heat source. If AT is this temperature difference,
one has AT/ATp = |Do/D| < 1, and hence in the R regimes the consid-
ered heat engine becomes significantly more efficient. The intensity of fluid
rotations around the axes orthogonal to VT increases with an increase of
D according to the law +/|D| — Dy. However, while in the mode R4, both
of these rotations contribute to the heat transfer from heater to cooler, in
the mode R_ the circulation around the axis xs goes in the direction oppo-
site to the natural convection. This phenomenon, which is observed in both
natural and laboratory conditions (see Figures 27.1b and 27.2b), was once
linked to the effect of so-called negative viscosity (Starr, 1971). Again, from
an energy point of view, the situation described is similar to the atmospheric
and laboratory Rossby regimes. Indeed, have a look at Figure 27.2b, which
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schematically presents the results of laboratory experiments on modeling of
GAC (see Lorenz, 1970; Hide and Mason, 1975). It shows that the negative ef-
fect of “unnatural” convection in the radial (meridional) plane is compensated
by an intense horizontal jet current. The latter comes in contact alternately
with the heater and the cooler and enacts the heat transfer in the correct di-
rection. Large-scale vortices enveloped by the jet current also facilitate it. In
toy Rossby regimes the vertical vorticity ws plays the role of such large-scale
vortices. A similar pattern is observed in the atmosphere.

Heating

Heating
P o

1

/

b
Cooling
~,

1
=7
@ |

Cooling

Hadley cell Ferrel cell

Fig. 27.2. A schematic illustration of the Hadley and Rossby regimes observed in
experiments with rotating annuli filled with o fluid which is heated in the periphery
and cooled in the center. The top and side views are presented. In radial sections not
shown are the compensatory cells which provide a near-surface zonal counter-flow to

comply with the conservation law of angular momentum.

27.2.1 Stability diagram of the Hadley and Rossby regimes. In
relation to the above-mentioned properties of the H and R regimes, it is of
interest to study their regions of existence and stability for comparison with
similar regions of the corresponding regimes for nature or laboratory global



27.2. Toy circulation of Hadley and Rossby 267

geophysical flows. According to (5), the value of |D| = Dy is the lower bound-
ary for the existence of R modes. In geophysical hydrodynamics, a convection
of a rotating fluid is usually described in terms of the thermal Rossby number
and the Taylor number

1gHBAT
Rop = 299(?]:2, Ta = AQ2H*v2,
where H is the fluid depth, L is the characteristic horizontal scale (the width
of the annular channel in laboratory experiments or the Earth’s radius for
natural flows), S is the coefficient of thermal expansion, and AT is the differ-
ence of the heater and cooler temperatures (either of the equator and poles
temperatures for the atmosphere or those for the inner and outer walls of
the annular channel in laboratory experiments). For the value of v one takes
the molecular kinematic viscosity in laboratory experiments or the turbulent
viscosity for atmospherical currents, which is greater than the molecular one
by six to seven orders of magnitude.

Being applied to the model under consideration, it is natural to define
these quantities by the following formulas:

gaslopi| wg
Ror = =——— Ta=—. 6
T 9w 7 (6)
In terms of these parameters
|D| = RorTa'/?¢. (7)

Then in the plane of external similarity criteria (Ta, Ror) the above-
mentioned lower boundary is given by the curve:

Ror = ((I'Ta)™ /2. (8)

In the quasi-geostrophic approximation this curve coincides with the lower
bound of stability of the R regimes, which is not surprising. What is actually
surprising is that this curve coincides with the asymptotic of the lower bound
for the existence and stability of Rossby regimes in annular channels, which
was theoretically obtained by Lorenz (1962) on the basis of a truncated two-
layer model of a baroclinic flow.

A detailed study carried out in the works by Dolzhansky and Pleshanova
(1980) and E.B. Gledzer, Dolzhansky, Obukhov (1981), based on the unre-
duced equations (1) and adjusted in Dolzhansky (2005) by additional calcula-
tions, shows that the regions of existence and stability of Rossby regimes have
a shape similar to that shown in Figure 27.3, where the upper branch behaves
asymptotically as Rop ~ Ta'/2. This does not mean that the regions of ex-
istence and stability for the Ry and R_ regimes coincide. In particular, the
the solid curve in Figure 27.3 reproduces the stability boundary of the regime
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10—
Ror B
1 11
0 ¢ 100 1000 T
E a
0.10 |
— - v—1/2 =
Ror = ({I'Ta) *
ool

Fig. 27.3. The critical curve of the R_ regime in the plane of external similar-
ity parameters (T'a, Ror); the asymptotics of the lower branch coincides with the
asymptotics for the lower bound of stability of Rossby modes in annuli, which was
theoretically obtained by Lorenz (1962).

R_, whereas the regime R, is stable not only within the area bounded by
this curve, but also in its outer neigbourhood.

The stability curve of Rossby regimes in annuli which was found in the
cited paper by Lorenz differs from the one presented in Figure 27.3 by the
behavior of its upper branch. In the Lorenz case it asymptotically tends to a
constant. It would be somewhat daring to give a rigorous explanation of this
distinction, since the models studied are different. Just note that in contrast
to Lorenz, in our case construction of the upper branch did not involve the
quasi-geostrophic approximation.

Now if we compare theoretical stability boundaries for Rossby regimes with
the experimental critical curve shown in Figure 27.4, we see that, although
all such curves have the anvil shape, the lower branch of the experimental
curve behaves as Ror ~ Ta~!, rather than as Rop ~ Ta—1/2, (One does
not have sufficient experimental data with respect to the upper branch of the
curve.) The reason for this discrepancy remained unclear until recently. We
will return to this issue in Section 27.3.

Note the following two points in conclusion of this section. First, the critical
curve of the mode R4 was not built because of difficulty in distinguishing
this regime from the regime H in the vicinity of the upper branch. Secondly,
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Fig. 27.4. Experimental diagram of instability of convection regimes for a horizon-
tally nonuniformly heated fluid in rotating channels (Hide, Mason, 1975). The square

of the angular velocity 2% is proportional to the Taylor number, while the parameter

6, equal to the ratio of the horizontal density difference to 22, is proportional to the
thermal Rossby number.
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although in the quasi-geostrophic approximation the R. regimes are equal
from the stability point of view, the transition H — R, dominates over
H — R_ in the framework of the original model.

27.2.2 Efficiency of toy regimes of Hadley and Rossby. Now it
is interesting to compare quantitatively the effectiveness of the Hadley and
Rossby regimes in terms of the heat transfer from heater to cooler and the
production of kinetic energy. In the absence of rotation (2o = 0) the H regime
is a common room convection, whose effectiveness can be evaluated as follows.

a) Efficiency of the room convection of a nonrotating fluid. If one points
o p in the positive direction of the axis 1, then for the adopted configuration
(o = (0,0,—a3)) the room convection according to (1) (see also (25.34)—
(25.36)) is described by the system of equations:

120.52 = —gazoi — /\Igwg,

01 = w03 — o1 + popi, (9)
03 = —Wa01 — [403,

(4)1:(4)3:07 0'2:0.

Its stationary solutions in terms of dimensionless variables

g1 wo g3
xr = -, = -, z = —
0B1 H 0B1
satisfy the equations
Rex +1y =0, yz—x+1=0, xy+2=0, (10)
gasopi
g = T 11

Here R, is the Rayleigh number (in terms of effective coefficients of viscosity
and thermal conductivity), which is usually used to characterize the convec-
tion of a nonrotating fluid.

It is easy to show that the system (10), which in the variable y can be
reduced to the incomplete cubic equation

y* +y+ Ry =0,

has a unique real solution. For R, > 1, typical for natural and laboratory
flows, this solution with good accuracy can be represented in the form

T = R;2/3, y= —Rcl/3, z = R;1/3. (12)

The convection efficiency is the ratio

_ speed of the KE generation = K (13)
~ solar radiation, i.e., pumping = Q’
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where KE is the kinetic energy. Now we need to find out what @ is in this
model. The energy conservation law for system (9) can be written as follows:

E = —\w? + pgasos, (14)

where the total energy is
L. o
E= 5]2(&}2 — gasos. (15)

The quantity @ is a constant, independent of the dynamical variables of the
problem. Therefore, the energy conservation law in the form of (14) gives us
no information on ). However, in terms of v = og1 — 03, we, and op1, it can
be rewritten as )

E = —\Lw3 — pgasy + pgasopi, (14a)

where for the total energy one can now take the value
L. o
E= 5[2(&)2 + gas?y. (15a)

By making the above substitution we have explicitly introduced the temper-
ature difference between heater and cooler as a measure of the external heat
pump:

Q = pgazop. (16)
Since in (13) for stationary regimes the value of K is equal to minus the
dissipation rate of the kinetic energy, then according to (11) and (12) we have

K - )\Igw% o (ga3031>1 wf%
LA p

’]7 = P P
Q  pugazop:

2 =R, (17)
A straightforward computation shows that the rate of conversion of potential
energy P = gas7y into kinetic energy measured in () units, i.e., P/Q7 is also
equal to R;l/B.

For the atmosphere we assume the vertical scale to be H = az = 10 km,
the horizontal scale L = /I, = 5-10% km, A™! = p~! = 10 days, and
op1 = AT /Ty = 60/300 (here 60°K is the temperature difference between
the equator and pole), we obtain the estimate

0~ 12%. (18)

This quantity is clearly overestimated, but considering reservations in the use
of formula (17) to the real atmosphere, it can be found suitable for comparison
with the efficiency of toy regimes of Hadley and Rossby, other conditions being
the same.

b) The efficiency of the Hadley and Rossby regimes. Let us now consider
the effectiveness of Hadley and Rossby regimes in the quasi-geostrophic ap-
proximation. In this case the energy conservation law for system (3) has the
form
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E=—CZ?>-TI'X?+T|D|X, (19)

and the sum of the kinetic (KE) and available potential energy (APE) of the
toy general atmospheric circulation is

1 1
E=_-7°4+_-IX% 2
To find the pump we rewrite the energy balance (19) in the form

: 2 2 1.2 1,02
E=—-(¢Zz2--T (X —\D\X+Z|D| _E‘D‘

1 S

=—¢Z*-Tr(X-=|D|) +-I'|D,
2 4
whence

1
Qa =T D, (21)

while the energy and its balance in variables Z, © = X — |D| /2 assume the
form

E=ipilp (9+1|D| ’ (20a)

S 2 2 2 ’
E=—-(Z22-T6%+Q¢.

Now, using (4) and (5), one can find the entire energy cycle:

production of APE  conversion rate of APE into KE

Qo Qo
_ generation rate of KE (2%
Qc Qz @
where in the regimes (4) and (5)
4 1
0 oe=0 R e=7(1- 7). (22)
D

A="=20 = (¢I'Ta)"? Ror.
Dy

Thus, in the framework of quasi-geostrophic approximation, the effective-
ness of the regime H is zero (the incoming radiation energy converts into
ageostrophic component and reradiates into space). On the other hand, in the
regimes R, the Oort cycle is realized (see Lorenz, 1967) with the efficiency

Nng =~ 17%,

if we take for the atmosphere ( = A/u & 1, and typical values for Ror = 0.03
and Ta = 10°, adjusted for the fact that the Taylor number, which we defined
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above, is about four times less than the traditional one. On the diagram shown
in Figure 27.3, the point with the chosen values of T'a and Ror is located in the
region of the existence and stability of Rossby regimes. Furthermore, in the
computation of I', the temperature difference AT = 60° K in the pole-equator
direction is set at the distance of a quarter of the equatorial circumference. The
characteristic horizontal scale in the longitude direction corresponds to the
most unstable baroclinic mode, for which the number of wavelengths fitting
into the average latitudinal circle is equal to 6. This corresponds to I" ~ 0.6
and A ~ 24.

The zero efficiency of regime H in practice means that the efficiency of the
Hadley regime does not exceed one percent, since in the quasi-geostrophic ap-
proximation the kinetic energy is calculated up to the Rossby number squared.
Thus, the transition from regime H to regime R the effectiveness of a heat
engine considered increases almost by an order of magnitude. However, one
should pay attention to one important distinction in the energy cycles of the
toy and real general circulations. The toy Rossby mode depletes the reservoir
of the APE almost completely:

APE X? _

ﬁ:rﬁ:gm—u b 4%,
whereas in the real atmosphere this ratio is approximately equal to 3.7
(Lorenz, 1970).

Apparently, this discrepancy can be explained by the lack of the zonal
component of the APE in the interpretation of the model under considera-
tion. Therefore, this discrepancy should be viewed as inevitable retribution
for simplifications made.

It is noteworthy that this estimate of “quasi-geostrophic” efficiency is close
to the maximal thermodynamically permissible value (Tg — Tp) /Tr =~ 20%
(where T and Tp are temperatures of the equator and poles, respectively).
Moreover, according to (22) on the curve A = 2 = ((FTa)1/2 Ror one has
ng = 1. In this case this value is not forbidden by thermodynamical laws, since
by its very construction the quasi-geostrophic approximation selects only the
part Q¢ of the external drive power. This is the part which produces only
the available potential energy (see the first equation of (3)), whose measure
is the quantity I"'X?2/2 in the model considered. In dimensionless variables we
accepted above the energy balance equation of the unreduced model can be
written in the form

: I I
E_g<I;X2+IzY2+ZQ> —%erQ,

where v = |op1| — 03, while the dimensionless power of the external drive is

Q= 9221951] ‘U,fl' — 2C*TaRor.
I3p
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According to the formula (21)
1 o 1 _ 5 9

It follows that the actual efficiency of the vertical vorticity

_¢2 _Qc
Q Q

constitutes only a fraction of a percent.

1
ne = gFROTnG

27.3 Influence of the inclination angle of the axis of
general rotation relative to the gravity direction

The experimental diagram in Figure 27.4 shows that in the region bounded
by the critical curve of Rossby regimes, along with stationary modes one also
observes strictly periodic and irregular oscillations. However, within the above
problem formulation, no oscillations were found in system (1). The reason is
that we missed an important factor, which is the beta-effect. Global baroclinic
geophysical flows are nothing but an inclined convection of a rotating fluid,
which emerges under the condition when the axis of general rotation is not
parallel to the total gravity force, and which is what leads to the emergence
of the beta-effect.

Fig. 27.5. Two orientations of the ellipsoid relative to nonparallel directions of
gravity and general rotation, which create the same sloping effect in quasi-geostrophic
approzimation.

Not being able to mimic the beta-effect, let us restrict ourselves to the
convection “inclination”, i.e., its sloping effect (or, sloping convection). Let
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wp and —g form an angle ¢, as shown in Figure 27.5 for two orientations
of the ellipsoid with respect to gravity and general rotation. The angle is
assumed to be sufficiently small in order not to affect thermal wind relations
(25.32a).

Given the smallness of ¢, the quasi-geostrophic approximation of system
(1) for both of the orientations in terms of X, Y and Z can be written as
follows:

X=-YZ—-X-D, Y =XZ-Y, Z=IXY -BY —CZ, (23)

where 8 = ByTa'/?¢ and By = 2(ay/az) ¢ or By = 2(I1/I3) ¢ depending on
the orientation (a) or (b) in Figure 27.5.
For I' = 0 (a1 = ag) by changing the variables

system (23) reduces to the well-known stochastic dynamical Lorenz system
of the third-order (Lorenz, 1963):

z=C((y—x), y=—xz—y+rx, Z =yx — bz, (24)

where b =1 and r = (8/¢) D = sign (op1) So(RorTa.

This means that under certain conditions discussed below, system (23) de-
scribes stochastic regimes of toy global geophysical flows. Note that in the geo-
physical interpretation, equations (24) describe the slow quasi-geostrophical
manifold in the reduced system of interacting planetary and inertia-gravity
waves (Lorenz, 1980).

Systems (23) and (24) are invariant under the changes D — —D, 8 — —j
(o1 — —0oB1, p = —¢). Therefore, we define the sloping effect to be positive
(respectively, negative) if DS or og1¢ > 0 (respectively, DS or og1p < 0).
Since the sloping effect breaks the symmetry of the initial configuration of
forces, there are two types of Rossby regimes depending on the sign of this
effect . As before, we assume that o < 0. So for a positive sloping effect, i.e.,
for D < 0 and B < 0, stationary Hadley and Rossby regimes are described by
the formulas:

(H) X=|D|, Y=27=0,

(Ry-) X =Dy =/B?/AI? + (/T — |6|/2L

Y =+DY?(ID| - D)Y?,  Z=4+D;Y?(|D| - Dy)*?.

For a negative sloping effect, i.e., for D < 0 and g > 0,

(H) X=1D|, Y=2z=0,
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(Ry,—) X =Dy=/B?/4I" + (/T + || /2T,

Y =+DY*(ID| - Dy), Z=+D;"*(D| - Dy)"2.

It follows that the equations of lower branches of the existence region of
Rossby modes are given by equalities |D| = Dj 5. In the plane of external
similarity criteria (T'a, Ror) they are described by the following curves (use
(6) and the corresponding expression for 3):

Ror = \/B3/AI* + 1/CI'Ta % | ol /21 (25)

which asymptotically for Ta — oo behave as Rop = (¢|8y|Ta)”" and Ror =
Bo/T" = const respectively, for positive and negative sloping effects. For more
details about these asymptotes, see A.E. Gledzer et al (2006).

27.4 Conclusions

Thus, under the influence of the sloping effect, the behavioral asymptotics
of the lower branch of the critical curve change from Rop ~ Ta /2 to
Ror ~ Ta™' or Rop = const, depending on positivity or negativity of the
sloping effect, respectively. These changes appear at an angle |p| = 1° and at
quite realistic values of the Taylor number, i.e., typical for most laboratory
experiments discussed in the papers by Lorenz (1970) and by Hide and Ma-
son (1975) (see also the diagram in Figure 27.4). Experiments were carried
out with rotating annular tanks with a free-surface fluid filling them. The
distortion of the free surface under the influence of centrifugal forces creates
a positive sloping effect, corresponding to small but finite values of . It is
likely that the smallness of this angle led Lorenz (1962, 1963a) to neglect
the beta-effect created by centrifugal forces while constructing the 8- and 12-
component models, which gave the asymptotics Rop ~ Ta~'/2. It was shown
above, that accounting for the small inclination angle Qq relative to —g yields
a result consistent with the experiment (see [11], [12]).

The sloping effect is also a cause of regular and chaotic oscillations in
the considered model, which are really observed in laboratory experiments. A
number of results obtained via numerical experiments, including the diagram
with the asymptotics (25), are presented in the author’s paper [7], published
in the UFN.

Thus, a heavy top in the field of Coriolis forces can be regarded as a me-
chanical prototype of the atmospheres of rotating planets: it reproduces the
baroclinic mechanism of the Fady instability, the energy framework and sta-
bility regions of the fundamental regimes of Hadley and Rossby, the reverse
convective Ferrel cell, the few-component turbulence and unpredictability of
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global geophysical flows. It also reproduces the coexistence of fundamentally
different modes of motion and nonzero probability of mutual transitions from
one metastable dynamical state to another, which are unmotivated from out-
side (the latter phenomenon is of particular interest to climatologists).
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On a certain boundary condition

When integrating strictly two-dimensional hydrodynamical equations on a
finite region D (Figure A.1la) one uses the following conservation of the velocity
circulation along the boundary 0D as one of the boundary conditions:

ar
— = I'= ol. 1
NN 1)

oD=C

This condition is precise, since the liquid contour C' which initially belonged
to 0D will remain so at any time due to vanishing of the velocity normal
component to the boundary. According to the Kelvin theorem, the value of I
is preserved since C is a liquid contour.

The integration region V of baroclinic geophysical flows is three-
dimensional. For instance, it is shown in Figure A.1b in the form of a ver-
tical cylinder with horizontal solid ends and solid lateral surface 9Vg. The
liquid contour C' belonging to it initially will also remain on 0V, because of
the impenetrability condition. Hence the Kelvin theorem is also applicable
to it. However, in this case condition (1) is not constructive, since C' does
not remain at rest and it occupies an unknown position on the surface V.
The help comes from the quasi-two-dimensionality property of baroclinic geo-
physical flows satisfying (9.13) and (9.14). It turns out that in this case the
circulation

Iy = 7{ vélo (2)
Co

along any contour Cy formed by the intersection of the horizontal plane z = 2y
with the lateral cylinder surface Vs is preserved up to O ().

Indeed, consider the isentropic surface © (z,y, z,t) = Oy (20), where z = 2
is the level at which the contour Cy is located. The circulation along the
contour C, formed by the intersection of this surface with dV is precisely
conserved. The equality © (x,y, z,t) = O (29) can be rewritten as
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Fig. A.1. (a) The liquid contour C, adjacent to the boundary 6D of a two-
dimensional integration domain D at the initial moment will always remain adjacent
because of impenetrability conditions. (b) A three-dimensional integration domain:
Co is a contour formed by the intersection of a horizontal surface z = zo with the
lateral surface of the cylinder, C is a contour formed by an isentropic surface and
the lateral surface of the cylinder.

G(x,y,zﬂt) = O (ZO) — O (2)7 (3)

where 6 (x,y,2,t) = O (z,y,2,t) — Os(z) is a deviation of potential tem-
perature from its equilibrium value at level z, induced by the fluid motion.
Expanding (3) in powers of §z = z — 2z and taking into account (9.20), we ob-
tain the following estimate on vertical distances between points of the contour
C from the corresponding points of the contour Cjy:

id@g - 0(z7y7Z0at)
Os dz ),_,, ©s (20)

52=0 =250 (). (4)

It is convenient to rewrite this formula in accordance with (9.13) in the form

_, 0()
N2H, o ¢ Ty

= HyO (c). (5)

Then the angle ¢ between the elements 61 and dlg of contours C' and Cj is
estimated by the equality
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e=0(%)="1ow, ©

where L is the characteristic horizontal scale of the baroclinic flow. Conse-
quently,
olp

cos

HO

= 8lo (1+O( )) (7)

Furthermore, v (2) = v (20 +0z) = v (20) + (90v/02),_, 62 + O [(52)2]’

and according to the thermal wind relations (9.36)
g 0 > 9
=0|——|=-">-0
<f0L Os JoL ().
Therefore, given the relations (9.13) and (9.14) we have

’ ‘ 9H00(53)f gf;‘;fO—Uo( 3 = ¢ 17100 (%) = UO(e).
0

0l =

aiv
0z

As a result, we obtain the estimate v (z) = v (20 + d2) = v (20) + UO (), the
substitution of which into I" = ¢ vél gives
c

I'=Iy(14+0(9). O

This fact allows one to use the preservation of Iy as a boundary condition
in integrating the quasi-geostrophic equations of baroclinic motions in the
ocean, since in this case, the flow velocities are determined with the same
accuracy.

Note that for barotropic geophysical flows the invariance of I is precise
because in this case there is no vertical velocity shear and fluid particles
move along horizontal surfaces. Verify this yourself by integrating the shallow
water equations written in the Gromeka—Lamb form along a horizontal closed
contour lying on the boundary of the flow domain.
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Stability of the Kolmogorov flow with an
external friction

1. Derivation of the equation for o. Introduce the notation:

PPN Ga) By ek )
ap = ap \V, A, 0 ) = . 7

« a? —1+n?

d, =d, (ﬁ,XU) = (a2 -1 +n2) Cn-

Then system (21.11) can be rewritten as
andn + dn,1 - dn+1 = 0. (].)

Suppose that system (1) has a solution satisfying the above requirements.
Then there is no value k, for which di = 0. Indeed, if d, =0 and k& > 0, then
for k' # k one has djs # 0. Otherwise the solution according to (1) would be
trivial because of the regularity condition at infinity. Therefore, for n > k+ 1
one can introduce the quantity p,, = d,,/d,—1 and rewrite (1) as follows:

1
a7L+;=p,L+1 n>k+1. (2)

n

A solution of system (2) can be written as follows:

1

Pn = Qn-1+
an—2 +

ap—3 +

Ap_4+

Ap41 + .
Pk+1
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Assume that o is real and ¢ > —\. Then an, > 0forn >0 and p, > ap_1 —
oo, which contradicts the requirement that ¢, tends to zero as n — oco. If o
is complex, system (2) can be considered separately for real and imaginary
coefficients a,. For the real part of a,, the same arguments give the same
result. The case di, = 0 for k < 0 is similar.

So, di, # 0 for any k, and for arbitrary n one can set

dn—l
dn

~ 7 dn *
pn=pa (PN 0) = (n>0) , ph= (n<0). (3

dnfl

Introduce the following notation for the infinite continued fraction

1
ap +

L.
ap + =
Ok+1
iz[ao;al,ag,“.,ak,.“].
The key statement is as follows. If
P1 ::——[O;a1,a2,.”,ak,."], (4)

then p, — 0 for n — oco. If equality (4) does not hold, then |p,| — oco.
Indeed, from (2) it follows that for Reo > —, if Rep, > 0, then also
Repntr = 0 for £ > 0, or Repptr > Rea, — oo as n — oo, which is
impossible. It is therefore necessary to have Re p,, < 0 for all positive n. For
any fixed o there exists such a value k, that Rea, > 1 for n > k, since
Rea,, — o0 as n — oo. For n > k the condition Rep,+1 < 0 along with
equation (2) means that p, in the complex plane is located inside a circle of
radius 1/ Rea,,, tangent to the imaginary axis and lying in the left half-plane
(complete Exercise 1). By using equation (2) again one can show that p,_1 is
located inside a certain circle of radius less than 1/ Re a,,, and lying in the left
half-plane, and so on. It follows that p; lies in a circle in the left half-plane,
having a radius less than 1/ Rea,,. The intersection of circles constructed for
px, for various n cannot contain more than one point, since their the radii tend
to zero as n — oo (why this point does not belong to the imaginary axis?).
One can show (do Exercise 2) that the value pg, given by the formula

Pk = — [0, Ay Qo414 +ovy A1 ] y

lies inside of all these circles and therefore it is the only possible value for py.
Using (2) we obtain formula (4).
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For n < 0 using similar arguments we find that the only value of pf that
is meaningful for this problem is given by the formula

po=1[0a_1,a_9,...;a_p,...] =[0;a1,a2,....;an,...]. (5)
From (1) for n = 0 it follows that

ao + py = p1s
whence, due to (4) and (5),

ao

-3 = [0;a1, a2, ..., ak,...] . (6)

Thus we have proved the following theorem (Meshalkin, Sinai, 1961): For

system (1) in order to have a solution that tends to zero as n — oo, it is
necessary and sufficient for o to satisfy the equation (6).

2. Critical curves. An analysis of the equation (6) allows one to draw
some conclusions about stability conditions of the Kolmogorov flow. De-
note the right-hand side of (6) by D = [0;a1,as2,...,ax,...], while Dy =
[0;a1,ag, ..., a;] stands for the continued fraction D, truncated at the k-th
term. First, we note that for o > 1 equation (6) has no solutions o, for which
Reo > 0, i.e., the Kolmogorov flow is stable with respect to perturbations with
this longitudinal wavenumber. Indeed, for a > 1 the value Re (—ao/2) < 0.
On the other hand, for any positive k£ and Reo > —:\\, the quantity Dy has
positive real part and therefore equality (6) is impossible.

A refinement of this argument shows that for a < 1, equation (6) with
Reo > —\ has only real solutions. Indeed, to fix ideas, suppose that Imo > 0.
Then ao

arg (f?> > argay, (7)

and arg a, > arga,1 for any n > 1, where the equalities are possible only for
argo = 0. The latter inequalities imply that |arg Dyy1| < |arg Dg| for any
k > 1 and therefore

|arg Dy| < |arg Di—1| < ... < |arg Dy| = |arg ay|.

Hence the equality

—? = Dk (8)

for any k > 1 is possible only provided that | arg (—ao/2) | < | arg a1 |. Compar-
ing this inequality with (7), we conclude that Im o = 0. By similar arguments
we obtain the same result under the assumption that Im o < 0. It follows that
the roots of equation (6) for which Reo > —\ are necessarily real. In this
case the principle of the Lin stability change is valid, according to which the
critical curve can be found from the condition o = 0.
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Fig. A.2. (a) The critical curve of a strictly two-dimensional Kolmogorov flow. (b)
The critical curve of a quasi-two-dimensional flow (when taking an external friction
into account) is located between curves 1 and 2, corresponding to the first (k = 1)
and the second (k = 2) approzimations according to formula (8).

Approximate critical curves that are the stability boundaries for A = 0 and
A # 0 are given in Figure A.2. The graph plotting is based on the inequalities

Dy < D < Dy. (9)

Here it is not difficult to show that for A = 0 the critical Reynolds number
U7l = Ry — 00 as a — 1 and Ry ~ /2 for a = 0, while for A # 0 the
value R, — oo for @« — 1 and @ — 0. In particular, an approximate critical
curve defined by equality (8) for k = 1, is described by the formula

_2(04+ M+ 0?) (Mo +0a?) (1402

2
Rucr ~ a2 (1 _ ag) ’ (10)
9 ~
MR %
v Ry v

which is used in the beginning of Chapter 22.

Exercises

1. Prove that for n > k the condition Re p,,+1 < 0, together with equation
(2), means that p, in the complex plane is located inside a circle of radius
1/ Reay, tangent to the imaginary axis and lying in the left half-plane.

Hint: According to the condition Re p,4+1 < 0 and equation (2)
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1
Rea,, + Re (p) <0,

Let p, = rpe'?. Then Rea, + 1, cosp < 0 (—7/2 < ¢ < 7/2), while r,, =
—cos ¢ is a circle of radius 1 tangent to the imaginary axis.

2. Show that the value pg, given by the formula

Pk = — [07 Ay Q41 -5 A1, } ’

lies inside of all the circles having radius less than 1/Rea,, and located in
the left half-plane.

3. Try and derive the first approximation (21.16) for the critical curve
of the Rossby wave, without trying to prove the convergence of continued
fractions in the complex plane.
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