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Abstract

This thesis explores the behavior of decaying quasi-two-dim&onal turbulent °ows
in non-rotating and rotating reference frames. In the non-tating case, results from
a new series of experiments on quasi-two-dimensional turbutendecaying in a rect-
angular container are presented. The °ows are generated elechagnetically in a
density strati ed °uid using a regular array of permanent magnetsParticle Imaging
Velocimetry is then used to determine the velocity and vortity elds. These elds
are further used to determine the global characteristics of €h°ow such as the energy
and enstrophy. The energy spectra of the °ow is found to demonsteaan upscale en-
ergy transfer and a corresponding growth of the energy-weigiit mean scale. Power
law exponents are obtained for both the low and high wavenureb regions of the
spectra. Growth of the Reynolds number of the °ow was observed filng the inter-
mediate phase of the “ow evolution. In the rotating case, resulfsom a new series of
experiments on turbulent “ows decaying in a thin layer of watewith a free surface
in a rotating circular container are presented. The °ow is agaigenerated electro-
magnetically and analyzed using Particle Imaging Velocimet to obtain the velocity
and vorticity elds. The experimental results demonstrate the drmation of a polar
vortex and jets that are perturbed by stationary Rossby waves iexperiments with
higher values of the beta parameter. Blocking events simildo those occurring in

the Earth's atmosphere were observed in the laboratory °ows. Th®vo-dimensional



energy spectra of the °ow demonstrate anisotropy in the space ofettazimuthal and
total wavenumbers. The one-dimensional energy spectra are cheterized by a peak

at the Rhines wavenumber.
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Chapter 1

Background

1.1 Introduction

The study of two-dimensional °uid ows is both interesting and imprtant since coher-
ent vortices and wakes behind solid bodies, as well as quasi-tdimensional turbulent
°ows, are readily apparent in nature in atmospheric °ows and dertgistrati ed °ows.
Quasi-two-dimensional °ows (Q2D) are a useful idealization inpglication to many
types of geophysical and astrophysical turbulence and providecomputationally ac-
cessible example of °uid turbulence. Although the evolution of awo-dimensionally
turbulent °ow di®ers greatly from its three-dimensional courgrpart, it is interesting
to note that one of the original driving factors that led reseechers to study two-
dimensional turbulence was an interest in producing numericaimulations of three-
dimensional turbulence. When researchers rst became interedtm the study of 3D
turbulence, the computing power was such that simulations of(B turbulent °ows
were impossible. Even today, after all the advances that havaken place in com-
puting power, such simulations remain extremely dixcult. Thus,researchers began

to focus on the more computationally accessible form of turbemce provided by two-
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dimensional turbulence (Salmon, 1998). Over the years, twargensional turbulence
has developed into an interesting eld of study and has proven twe worthy of atten-
tion for its own sake due to its parallel with many geophysical w@s. The vertical scale
of the Earth's atmosphere and oceans are relatively small wh&ompared to their
horizontal scale with a di®erence of tens versus thousands obkieters. This geome-
try implies that in many cases large-scale geophysical motiorssich as cyclones which
have a horizontal scale of a few hundred kilometers, may be adetely approximated
as two-dimensional “ows. Variations in vertical height of the ceans and atmosphere
do of course occur, but in these situations °ows are often two-deansionalized by
natural e®ects rather than by the depth of the °uid layer. These®ects include the
large-scale rotation of the Earth, and the density strati catio created by such e®ects
as sharp temperature gradients in the atmosphere and oceansiasalinity gradients.
Vortex structures arise due to local forcing on a °uid and are setpart from the
background °uid by their physical properties (Voropayev and Adnasyev, 1994). One
of the primary vortex structures is the vortex dipole which casists of a strong jet
of °uid with a system of two vortices of opposite rotational sense ats front and is
characterized by a net linear momentum. The vortex structurgthat occur in nature
tend to be long-lived and can travel great distances before el dissipate. They also
appear to be quite numerous and have been observed in many déeeimages where
they have become visible due to the presence of an indicator suah a temperature
di®erence, broken ice, plankton or sediments. This implies ththey greatly a®ect
our weather (or so-called \oceanic weather") since they comlute to the transport
of dust, heat, salt, momentum and chemical substances (Voropayand Afanasyev,
1994). These vortices can then interact with one another to fim a turbulent °ow.
Additionally, when the length-scale of these vortices is largenough, spanning several

degrees of latitude for example, they become in°uenced by tle®ects of the Earth's
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rotation (Coriolis force). The Coriolis force greatly in°uaices the development of
these vortices and their subsequent interactions leading to ehdevelopment of large-
scale zonal °ows such as the Jet stream and the zonal bands that &mend on all of
the giant planets in our solar system.

Laboratory experiments can be used to provide an e®ective tdot studying these
Q2D °ows. As such, these °ows have been a subject of study in a number etent
laboratory experiments with strati ed and rotating °uids or the °ows in a thin layer
of °uid. In all of these cases, di®erent physical mechanisms suppress motion in
one direction and thus make the °ow quasi-two-dimensional. Tine are many ways
in which a °ow can be made quasi-two-dimensional in a laboratorgetting, most of
which stem from the same physical principles that create these dadimensional ows
in nature. The presence of background rotation implementedyla rotating platform
can be used as an aid when modelling on a smaller scale than thatiethis felt by
the oceans and atmosphere from the earth's rotation (e.g. dekdiere, 1980, Hide,
1968, Kloosterziel and van Heijst, 1991). Density strati cation€.g. Voropayev and
Afanasyev, 1992, 1994) is another easily reproducible featdoaind in the oceans and
atmosphere. One may also use such techniques as the employmemhagnetic elds
(e.g. Sommeria, 1986) or the use of thin °uid layers (e.g. Daail and Gurarie, 2002)
to study this behavior. In this study, both a two-layer density stati cation as well
as rotation were used separately in order to provide two-dimsionalization for the
experiments presented herein.

The ease with which these two-dimensional °ows can be representadhe labo-
ratory bodes well for the advancement of knowledge in the "eldf two-dimensional
turbulence as well as for its three dimensional counterpariVhile many aspects of the
evolution of two-dimensional turbulence have been explordabth in the laboratory

and through numerical studies, there remains many unansweredasgtions in this ex-
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citing and complex eld. As our knowledge of these turbulent presses grows so too
will our understanding of many other related phenomena. Thiknowledge will grant
us a broader grasp of our physical surroundings as well as helpsteed new light on
many of the mysteries involved in the formation of the structues of the galaxy and
universe (Gibson, 1996).

In the following sections of this study, the characteristics ahe °ows of both non-
rotating two-dimensional and beta-plane turbulence are disssed. Chapter 1 gives a
theoretical overview of the dynamics involved in non-rotahg two-dimensional turbu-
lence and in its geophysical counterpart of rotating turbulece (peta-plane turbulencg
as well as a brief literature review of past work done in this el In Chapter 2, the
experiments that were performed which involve non-rotatip two-dimensional tur-
bulence are discussed. An examination of the experiments thatvoive beta-plane

turbulence is then given in Chapter 3.

1.2 Theory

1.2.1 Two-Dimensional Turbulence

There are a number of signi cant di®erences between three-dimsénal turbulence
and its two-dimensional counterpart. These di®erences can flastrated through an
examination of the 3D Navier-Stokes equation. For the veldgi eld 4= (u;v;w), in

an incompressible °uid, this equation is

Do rP

ot 7t °r 24+ g (1.1)
2

where P is the pressuréyzs the °uid density, © is the kinematic viscosity, andg is the

acceleration due to gravity. By taking the curl of this equabn, the 3D Navier-Stokes
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equation for the vorticity, + = r£ 4, in an incompressible °uid is obtained:

D+
D—t:(+ ¢ )b+ °r %y (1.2)

. . . . D —
where the material derivative isg; = @@t+ (aer).

Equation (1.2) clearly shows that the vorticity is not consered in 3D °ows. This
means that the terms on the right hand side of this equation repsent the sources
and sinks of vorticity in the °uid (Kundu, 2002). In equation (12), the term °r 2y
is representative of the di®usion of vorticity °uctuations andd proportional to the
kinematic viscosity© of the °uid. The rst term in (1.2), namely (+ ¢f )4, is called
the vortex stretching and tilting term. If we consider only thevertical component of
vorticity in the 3D case, we have £ ¢ )4 =! z%‘; This term increases the strength
of a vortex if the °uid is stretched in the direction of! . In the incompressible case,
the term is proportional to the horizontal divergence £+ %;) of the °ow which
implies that the strength of the vortex increases when °uid corarges into the vortex
thus stretching the column (Kundu, 2002). The stretching termis absent in 2D °ows
however, since in equation (1.2 = f£ 4= (0;0;! ) is perpendicular to the velocity
u = (u;v;0) and its gradient. This absence can be illustrated by consideg a 2D
°ow in the x-y plane. Since in the 2D case! is in the z direction only and u, = 0,
it is clear that (+ ¢r )4 = ! Z%‘;: 0 and so (+ ¢ )4 vanishes from equation (1.2) in

the case of 2D °ows.

The absence of vortex stretching in 2D °ows plays a major role irné behavior of
these °ows. When dealing with °ows that have high Reynolds numbgras is the case

in turbulent °ows, the relative importance of the viscous dissip#on term in equation
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(1.2) can be considered to be small. This means that equation.2) now becomes:

D+

— =0; 1.

or -0 (1.3)
which implies that for these 2D turbulent °ows, the absence of digstion leads to

the conservation of vorticity for the °ows.

The e®ect of this conservation is then to imply that any integdaof the form
R
f (! )dA, wheref (! ) is any function of ! , will also be conserved. This means that

two other important quantities of the °ow will also be conserved namely the total

enstrophy
12
z=3 ! 2dA (1.4)
and the total kinetic energy
E = }Z jVj2dA = }Z IAdA (1.5)
=5 ivij =5 ! .
where A represents the stream functioru = %{; V= %ﬁ, I = r 2A.

The simultaneous conservation of energy and enstrophy in 2D °oWwas remarkable
consequences for these °ows. Through a Fourier decomposition lo¢ tvelocity eld,
the instantaneous °ow eld can be represented by a spectral distrition of kinetic

energy,E, over a certain range of wavenumbeits which is given by

Z,
Er= _ E(k)dk (1.6)

wherek = 2%=_. This means that physically, for domains of nite size, the smadkt
wavenumberk, in this range represents the inverse of the domain siz&y(» Li 1)

whereas the largest wave numbédy is the smallest scale of the owky » 1i') where
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A 3D N 2D
- . k-5/3

k—5/3
\ k—3

> : : : >k
k =k, k, K ks K K,
Figure 1.1: In a 2D homogeneous turbulent °ow, which is contirously forced at

wavenumberk; , both an inverse energy cascadand adirect enstrophy cascadexist
simultaneously as shown in this schematic representation.

l4 gives the dissipation scale.

Kolmogorov (1941) showed that at scales much larger thdg and much smaller
than L, otherwise in the rangeky, << k << k ¢, the energy spectrum of 3D turbulence
is proportional to ki = (see “gure 1.1). In 3D turbulent °ows, the redistribution of
kinetic energy in this range results in the net transport of engy from large scales of
the °ow (small k) where energy is injected, towards the smallest scales (lakje where
it is destroyed by dissipation. This transfer of energy is callethe energy cascade
(Batchelor, 1969). Kolmogorov then went on to show that the esrgy spectrum in

the range isE (k) » 2273ki 5= where? is the dissipation rate of the kinetic energy.

Kraichnan (1967) showed that the physical picture of 2D turbwdnce is quite di®er-
ent. He found that similar to the 3D case, the energy spectrum in 2irbulence also
satis'es E (k) » 223ki 53 put that in the same range ofk, the enstrophy spectrum
Z (k) » k2E (k) depends only on the constant enstrophy °ux, which is equal to thcon-

stant dissipation rate of enstrophy” and the wavenumberk, giving E (k) » ~273ki 3,
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This implies that in a 2D homogeneous turbulent °ow, which isantinuously forced
at wavenumberk; , both energy spectra exist at the same time. Fdtg <k <k ¢, the
energy spectrum is proportional tcki =% and fork; < k <k g4, the spectrum behaves as
E (k) » ki 3(see "gure 1.1). Theki > range corresponds to aimverse energy cascade
from higher to lower wavenumbers whereas thie' 3 range yields adirect enstrophy
cascadefrom lower to higher wavenumbers. Physically, this means thate energy
condenses in the largest scale permitted by the boundaries oftdomain, whereas
enstrophy is transported to the smallest scales where it is dissigat Bachelor (1969)
also suggested this result for freely decaying 2D turbulence.

The magnitude of the enstrophy dissipation wavenumbeéty can be estimated by
assuming that at the dissipation scaléy, the advective time scalg = " 1= is of the

same order as the di®usive time scalg=° such that

¥

kd = E —_— ﬁ : (17)
Strickly speaking this theory only applies to the case dfiorced 2D turbulence
however computer simulations have observed the cascades indieeaying 2D turbulent
case, where the turbulence evolves without external forcirg well (McWilliams, 1984,

Brachet et al., 1986, 1988, Santangelo et al., 1989).

1.2.2 Beta-Plane Approximation and Potential Vorticity

A useful approximation that is often applied to geophysical °ow is the beta-plane
approximation. This approximation allows for a great simpli cation of calclations
since it allows calculations involving theCoriolis parameter (f = 2-sin A, where -

is the rotation rate of the sphere andA is the latitude) to be performed in Cartesian

rather that in full spherical coordinates. In the approximaton, it is assumed that for
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latitudes far from the equator on a rotating planetf can be expanded in a Taylor

series about the central latitudeA, as a linear function
f =2-sin Ay +2- %cosAo+::: (1.8)

so that

f Vafo+ y: (1.9

Herey is the position measured from north to south and, = 2-sin A,. The beta-
parameter gives a measure of the rate of change of the planetary vortigif with

latitude and it is de ned as

! A i ]
- o _ ddA _ 2-cosA
- dy , dAdy ., R (1.10)

where R is the radius of the spheredA=dy= 1=R and f = 2-sin A. Any model
that includes the  term in its de nition of f is then called a -plane model whereas
a model in which there is no variation of the Coriolis paramet is called af -plane

model.

The potential vorticity is another useful quantity when descibing geophysical
°ows and as such we will derive it here following Kundu and Cohg2002). We begin

with the equations of motion for a shallow layer of homogenesiuid (shallow-water

model):
@u @u @u . _ @
@t-'- U@X-'- V@y| fv = | Q@X (111)
@v, @v, @v . _ @
ot Yax Yoy fu = j Yoy (1.12)
@H @

@t @>suH)+ —§VH)_ (2.13)
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HereH (x;y;t) is the total depth of the °uid, ~ is the sea surface height above an
arbitrary horizontal plane, h is the uniform undisturbed depth of the layer,x andy
are taken as the eastward and northward directions respectlyeand u and v are the
corresponding velocity components. Alsd, = fo+ y is the Coriolis frequency, and

H=h+"

If we di®erentiate equation (1.11) with respect toy and equation (1.12) with
respect to x, then subtract the subsequent expressions the pressure is elimiggt

leaving

@@V @“ @ @VV@V a .8 @” +f @‘i@"+v:o: (1.14)

etel @y @x'ex @y ey'el ey '’ ex @y

Here f is considered a constant and has been replaced ty. We then recall the

relative vorticity (the vorticity measured relative to the rotating sphere)

@v @u
@x @y

and by rearranging the nonlinear terms in equation (1.14) ware able to obtain

@! ! @u @v
U—+Vv—+ —

@x @y @X @y

As such, equation (1.14) can be rewritten as

@I u@l V@I @U+ @V (l + f0)+ v=0

@t @x @y @x @y

and nally as
D! @u @v -
ﬁ+(! fo) @x @y + v =0: (1.15)
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where we have again used the material derivativg = @@ﬁ’ u@@x+ v@@y

By rewriting the continuity equation (equation (1.13)) as

A !
DH @u+ @v

—— +H =0
Dt

@x @y
then substituting this expression into equation (1.15), we arebde to eliminate the

horizontal divergence @ u=@% @v=@ yrom equation (1.15) to obtain

D! _ ! +foDH
Dt  H Dt '

This expression can nally be written as

D(! +f) ! +foDH

1.16
Dt H Dt ( )
where

E = @f+ u@f+ V@f: Vv

Dt @t @x @y
In general then we can formally de ne the potential vorticityas

St (1.17)
q= H :

where! is the relative vorticity, f is the planetary vorticity and H is the thickness
of the °uid measured along the vertical. Finally, from equatio (1.16) the potential
vorticity is a conserved quantity in the ocean's and atmospherand as such can be
written as X

— - | =0: (1.18)
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Figure 1.2: On a rotating sphere, potential vorticity can be enserved by a °uid °ow
through the exchange of small-scale spin for large-scale plaargtspin or vise versa.

As a result of this conservation, a °uid °ow (for example a rotatingcolumn of
water) may exchange small-scale spin § for large-scale planetary spinf() by moving
north or south on a rotating sphere. Conversely, if the water comn were to make
a latitudinal change a corresponding change ih would also be required (see gure
1:2). Thus, one important consequence of the conservation of potial vorticity is
that in the ocean,f tends to be much larger than! . This means that the ratio of
f=H will be constant in this case and so °ow in an ocean of constant deptill be

approximately zonal.

This discussion can then be extended to the case of laboratory °owkhe rotating
°ows explored in this study were created using a technique in wdti an annulus with
a °at bottom is lled with a °uid that has a free surface. When rotated, the surface
of the °uid achieves a parabolic shape such that in the laboratgrsetting the value
of f is a constantf = 2- but the total height H will vary at di®erent radii. First, we
introduce a small parametert = % wheres = - 2=2g, - is the rotation rate of the
platform, g is the gravitational constant, r is the radius andH, is the height of the

°uid at r = 0 as is depicted in gure 13. This then allows us to write the potential
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. 1“’

Figure 1.3: Schematic representation of the parameters usedeaquation 1.19.

vorticity (1.17) as

o +f)
Ay

which we expand to

_ (D)@ B,
q= Ho :

With the assumption that the Rossby numberRo = !=f << 1, which in our
particular case is true for intermediate and later times durig the °ow evolution, we

can then rewrite this expression as

A !
I +f sr
1 — 1.19
Ho e (1.19)

q:

As a comparison, recall that on a rotating spherd varies with latitude asf =
2-sin ' . Introducing the angle® = %2 ', for small values of® (or equivalently
for polar regions), we obtain

f =2- sin" =2- =fy 1;j = = :
sin cos ® o li 5 & ;

wherey is the distance in the latitudinal direction, fo = 2- and R is the radius

of the sphere. The rst order approximation to the actual variaton of the Coriolis
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parameter near the pole is known as thé-plane approximation where® = ZfR—Oz. In

the laboratory system, this parameter may be introduced a% = Lio The potential

vorticity on the rotating sphere is then

oA !
I+ 1o y
= 1i

9= "H, T 2Re

(1.20)

which is of similar form as the expression (1.19) for the laboraty system. Next, we
formally reintroduce the beta constant such thatf = fo+ y wherey is measured
from some intermediate radiugo which in the case of our experiments was chosen
to be one half of the radius of the container. The potential wticity can then be
rewritten as

t+f) U +fiy.

9= Ho+ S(fo+ Y)2 ~ Ho+ Sr2

which allows a value of to be estimated by

—_ 2srg

= —— _: 1.21
Ho + sr3 ( )

The values ofs, Hg, and  are given in Table 3.1 for the di®erent values of - used in

our experiments.

We then de ne a dimensionless beta parameter

N
U

whereU and L are the characteristic velocity and length scales of the “ow. Armiple
dimensional analysis of the other control parameters for thisystem can then be
used to assess the relationship between the laboratory experintgensed in this study

and the actual °ows which occur in the Earth's atmosphere. Siecthe °ow can be
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characterized by the characteristic velocitylJ and the length scalel., of the vortices
as well as the depth,H, of the °uid layer, the kinematic viscosity, ©, the Coriolis
parameter, f and the beta parameter a set of dimensionaless parameters can be
written:

U 20 UL

Ro= —; E=_-_: Re= o
°T fH2' "7 o

Here, Ro is the Rossby number, E is the Ekman number and Re is the yRelds

number. If we take typical laboratory values ofU = 0:5cm=s L =4 cm, H =05

cm, f =3 sl °=0:01cm?=sand” =0:4 cmi 1si 1 we obtain

RoY24£ 102 E W3£ 102 ReWi2£ 107, ~“Y1£ 104

This analysis shows that in the case of the laboratory experimesythe Rossby number
is small meaning that the °ow is geostrophic to a signi cant degreand the Reynolds
number is large enough for nonlinear e®ects to be signi cant. &msmallness of the
Ekman number has important consequences for the e®ects of thesghation of energy
in the system and will be discussed later in chapter 3. The value of is comparable
with the characteristic values of this parameter for atmosph& °ows. This can be
seen by taking typical values for the Earths atmospherd =10 m=s,L =6 £ 1 m
and” =4 £ 10 ' mi !si !, to obtain " ¥ 100; 200 in this case. In the experiments
which use high values of the rotation rate, with- = 1 cmi 1si ! and the scale of the
vortices (and zonal °ows) of order. = 5 j 10 cm, values of the dimensionless”
are also found in this range. Thus this analysis indicates thahe laboratory system
used for these experiments can demonstrate the same dynamicaépbmena as the

Earth's atmoshpere.
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1.2.3 Rossby Waves and the Rhines Scale

An interesting consequence of the varying of the Coriolis paraater f with latitude

is the existence of a type of waves calledossby wave®r Planetary waves These
waves occur quite frequently in both the Earth's atmospherefpr example as large-
scale meanders of the mid-latitude jet stream, as well as in tleeeans. Historically,
these waves have been dixcult to observe because they have a verakwertical scale
of displacement (on the order of a few centimeters) relative timeir horizontal scale
(hundreds of kilometers). The waves are quite long-lived archn slowly travel across
an entire oceanic basin. As such, they have dramatic e®ects on thea and climate.

Once such e®ect is the disruption as well as the intensi cation okestern boundary
currents, for example the Gulf Stream. These currents transptohuge quantities of
heat and so by altering even slightly the course of these currentise presence of

Rossby waves can have widespread consequences.

We can take a closer look at these waves through an examinatioitioe dispersion

relation (Kundu, 2002). Recall the equation for the consert@n of potential vorticity

which can also be written as
D DH
— (1 +f)j (! +f)——=0:
Hoo(t+ )i (0 +f)5-=0

We expand the material derivativeg: = S+ u2+ v@@y and make the substitution

H = h+ ", whereh is again the uniform undisturbed depth of the layer and is the
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surface displacement. If we then leDf=Dt = v(df=dy) = v this equation becomes

| A !

A ! , }
(h+~ @!4_ u@+\/@!+_v i (! +fp) gt+ u—+v—y =0: (1.22)

@t @x @y

The quadratic non-linear terms in equation (1.22) can now beeglected when dealing

with small perturbations leaving the linearized form of the ptential vorticity equation

h@+ hv i fo@

ot o % (1.23)

Since these waves travel so slowly, the time derivative terms the horizontal
equations of motion are an order of magnitude smaller than blotthe Coriolis forces
and the pressure gradients. This means that the geostrophic apprmation will apply

to the case of Rossby waves. As such we can now make the substitution of

into equation (1.23) to get the vorticity

A !
=9 @, 0@
' o @X @Y% °

Through a nal substitution of this expression for the vorticity into equation (1.23),

we get A |
@@ 6 @ f;5. _-@._
ot @9(+ @—9, @ + @X_O (1.24)

wherec = P gh and R = c=f, is de ned as theRossby radius This equation is the

guasi-geostrophic form of the linearized vorticity equationwvhich can nally be used
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to derive the dispersion relation for Rossby waves.

We now assume that equation (1.24) will have solutions of the for

(- i(kxx+kyyi 't).
_I\e(X yYi )'

where k; and k, are the east-west and north-south components respectively ofeth

wave-vectork, such that k? = ki + kJ.

By substituting this value of ~ into equation (1.24) we are able to obtain the

following expression for the dispersion relation for Rossby waves

+

| = "X .
e e st (1.25)

This expression shows that these waves are anisotropic in the tzamtal direction due
to the asymmetry of the dispersion relation with respect tk, and ky. The waves
are dispersive, that is the frequency is not directly proportinal to k. Contours of
constant! are circles which can be seen from the fact that the dispersionlagon

(equation (1.25)) can be rearranged as

A 1, A_1,

2 _ .
kx+j +ky— - |

A plot of the dispersion relation for contours of constant is given in gure 14.

Next we will look at the phase and group velocities of these wave$he group

velocity is de ned as

@, @
%= Tak " Tax

and has a direction which is perpendicular to thé contours. We can see from the
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. ke
fo

Figure 1.4: A plot of the contours of constant are found by plotting the dispersion
relation for Rossby waves. (Kundu, 2002)

phase speed on the other hand that the waves propagate alwaystihe west

with a maximum phase speed (whek? = 0) of

_C2_

C 2 ;
f§

For example, at midlatitudes we have values of =2 £ 10 ' mi 1si ! f;» 10 4si?,
c» 2 m=sand a typical value ofc, » 10 2 m=s (Kundu, 2002). This means that at
midlatitudes, Rossby waves move at a slow speed and therefore caket years to cross
an ocean. As such, these waves a®ect the weather and climate to @atgr extent in
the lower latitudes where they move faster. Finally, it shoulde mentioned that the
preceding analysis is not valid for latitudes very near the e@tor since geostrophic

balance cannot be assumed for this region.
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In the atmosphere, these waves are often seen on strong eastwargum®ws such

as the jet stream. The eastward phase speed of these waves is theemgby

where U is the speed of the eastward current. In this way, if the eastwardurrent

cancels the westward phase speed), = 0, a stationary wave will be formed.

Finally, an estimate of the wavelength of these waves can be neaith the following
way. First, we assume thatk, = 0 and that the °ow is barotropic so that ¢ = P ghis
much larger thanf, allowing us to neglectf 2=¢ in equation (126). Sincek = 2¥4=,

this gives a wavelength for the Rossby waves of

s
, =2%

1<l

In the laboratory situation where the value ofc is quite large compared td , the

dispersion relation for Rossby waves will be given by the expressio

and the phase speed by

These waves create an interesting consequence in the case of-p&ae turbulence
in that at some point in the °ow evolution, the formation of Rossbywaves will halt
the energy cascade found in non-rotating two-dimensional toulence. At this point

the °ow will become anisotropic and will begin to form zonal jet. For non-rotating
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two-dimensional turbulence we can de ne an eddy turnover timscaleT, of

Sz—

1 k
— = k2E(k)dk = Uk
TU 0

whereU is the rms velocity of the °ow. Ty gives the rate at which an eddy of sizki !
transfers its energy to other, usually lower, wavenumbers orare physically, it is the
time it takes for the eddy to be distorted by larger-scale straing motions (Salmon,

1998).

Consider the situation where 6 0. The in°uence of Rossby wave propagation
on the eddy will in this case be felt on the time scale of the Rossbyavwe periodT,,,

where

Two cases can then be studied. In the rst, we havé, < Ty. In this case, the
presence of Rossby waves alters the eddy before it can undergaisignt distortion,

thus rendering the energy transfer ine®ective. In case two hoxge, we have

LY
k2

< Uk (1.27)

and has little e®ect on the energy transfer t&. At its maximum, the left hand
side of equation (1.27) is=k. Thus, is not a signi cant factor for any wavenumber

above s

whereki ! is called theRhines scale

If the equality 7;; = UKk is plotted in the (ky; ky)-plane the resulting curve has a

dumbbell shape which is characteristically associated with beturbulence (see gure
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Figure 1.5: Plot of the equality% = Uk. This plot represents the boundary between
turbulent and Rossby wave dominated regimes of the °ow and is a atacteristic of
rotating two-dimensional turbulence. (Danilov and Gurarige 2000)

1.5). The curve re°ects the nature of this turbulence in that it gevents the transfer of
energy to low wavenumbers and as such represents a boundarywmesn turbulent and
Rossby waves dominated regimes. Zonal jets then form due to theportionality of !

to ky since energy can be transferred to a greater extent along tkg-axis with k, = 0
(Salmon, 1998). Finally, the spectral evolution of -plane turbulence is quite di®erent
than that of non-rotating two-dimensional turbulence. In hs pioneering paper, Rhines
(1975) suggested that in the case of beta-plane turbulence foavenumbers less than
k-, the turbulent energy cascade would be halted by the formatiof Rossby waves.
For wavenumbers abové- he predicted a steeper energy spectrum than the(k) »
ki =3 spectrum predicted for non-rotating two-dimensional turbutnce. Rhines formed
his estimate of the spectrum by rst estimating the °uid velocity atwavenumberk as
[2E (k)k]*2. By equating this expression to that of the phase speed of Rossby way

¢ = =k?, he was able to easily obtain an expression for the energy speatrdior
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beta plane turbulence withk > k- of

E(k) = ;_zki 5. (1.29)

1.3 Previous Numerical and Experimental Studies

The amount of interest that has been focused on two-dimensiortakbulent °ows has
lead to many studies being performed in this area. Until the elr 1980s however,
most of the work done in this eld was either theoretical or a nurrical solving of
the Navier-Stokes equation. Over the last few decades, a few abtechniques have
been developed to study this phenomenon in the laboratory. Aecent review of

guasi-two-dimensional turbulence is given in Danilov and Garie (2000).

As mentioned in section 1.1, there are a number of ways in which®aw can be
made two-dimensional. For example, in one of the pioneeringperimental studies
of two-dimensional turbulence, Sommeria (1986) studied fard turbulence that was
generated in a relatively thin layer of conducting °uid, witha spatially and tempo-
rally varying magnetic eld applied perpendicular to this lgyer. The experimental
apparatus consisted of a square box of length 12 cm that contath@ 2 cm thick
layer of mercury. An electro-magnet was used to produce a unifio vertical magnetic
“eld throughout the °uid whose upper surface was either kept freby bringing it
in contact with pure nitrogen in order to avoid oxidization, or was rigid due to the
formation of an oxidization layer. In order to generate the urbulent eld, Somme-
ria embedded a series of 36 electrodes in the bottom of the baxhich then acted
as sources and sinks of electric current. Electric current wdken provided by a
d.c. power supply and the °ow patterns were observed in two ways. Wgithe rst

method, small °oating particles were added to the free surfacd the mercury and
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time exposure photographs of the “ow were used to determine paie velocities and
qualitative global observations. In the second case, Sommeriagasured the electric
potential on 11 electrodes that formed an orthogonal cross #te middle of the box.
An interesting property of the electric potential is that it is directly proportional to
the stream function. This allowed Sommeria to obtain a more pcrise determination
of the °ow eld. Two-dimensionality was achieved in this setup though the fact that
a mercury layer of this type can be divided into two regions -hte lower region of the
°uid, called the Hartmann layer, which is in contact with the bdtom of the container
and the layer of °uid which sits above it. The presence of the magtic eld should
then act to damp velocity °uctuation in the vertical direction in this upper layer.
Using the experimental setup, Sommeria was able to obtain, angrother things,
the “rst experimental measure of theki °= spectrum predicted for the inverse energy
cascade in two-dimensional turbulence. Due to the low spatiaésolution at small
scales however, the setup could not be used to observe #i€ spectrum predicted
for the enstrophy cascade.

An alternative method that can be used to reproduce a two-dimeonally turbu-
lent °ow is the use of a thin layer of °uid like the one used by Daniloet al. (2002).
In this case, the authors added a thin (2-6 mm) layer of blue wil to a rectangular
container with horizontal dimensions of 14 x 4@m? and a thin bottom. In order
to force the °ow, the container was placed on top of a regular @y of alternating
magnets that had a vertical magnetization axis. A pair of elemdes was placed
inside the tank on parallel walls and dc current was supplieddm a power source.
This method of turbulence generation is called electromagtic forcing and it is quite
frequently used in investigations of two-dimensional turbulece (e.g. Marteau et al.,
1995). Since we believe that it has several advantages ovex dlternatives, it is the

method that was used in the experiments presented herein botbrfnon-rotating and
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beta-plane turbulence. The rst advantage of this method is tat it allows for the
creation of an approximately two-dimensional turbulent °ow fom the very start of
the forcing. Also, there are no baroclinic e®ects involved witthis method and the
°ow domain is not constrained by inner walls. The method works a®llows. When
current is added to the conducting °uid in a horizontal directon, the Lorentz force
causes the vertical magnetic eld from each magnet to create achlized horizontal
force on the °uid in a direction that is perpendicular to that d the current. Since
it is known that vortex dipoles and their combinations are tle universal product of
any localized forcing in quasi-two-dimensional systems (Vorapev and Afanasyev,
1994), the result of this forcing is the creation of a horizoat vortex dipole of zero
total vorticity above each magnet. Dipolar °ows have been studd in detail (e.g.
Voropayev and Afanasyev, 1994, Afanasyev and Korabel, 2004) atie characteris-
tics of the dipole can be described in terms of a single contrammeter, namely the
dimensionless magnitude of the momentum °ux (force) that is ered by the magnet
on the °uid. The spacing between the magnets can then simply be as® give the
initial length scale of the turbulent °ow.

When performing the experiments, Danilov et al. (2002) allosd the current to
°ow through the electrodes generating the turbulent regimeAfter the °ow was fully
developed, the current was removed and the turbulence wadaoa to decay until the
°uid was at rest. In order to obtain measurements of the °ow, the stace of the
°uid was densely seeded with aluminum powder clusters and a vai@n of the PIV
method was used. In this method, velocity elds can be obtainday imaging the °ow
twice in short succession, then taking the local correlations tveeen the two images
(Rutgers et al., 2001). This technique will be discussed furthen section 2.2. This
type of °ow behaves as two-dimensional due to the fact that thednizontal scale of

the °ow is typically much larger than the vertical scale. In ths case, the authors
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observed that when using thin layers, the Reynolds number doestnncrease with
time as was predicted by Chasnov (1997) to occur for two-dimsional turbulent °ows
that have an initial Reynolds number higher than some critidavalue. Instead, the
Reynolds number was found to remain constant regardless of itstial value.

Soap Ims are considered the closest physical representation ofotdimensional
°uids and as such are frequently used in experiments on this subje The geometri-
cal dimensions of the Tm in the direction of the plane can be extmely large when
compared to the Tm thickness, to the extent that the Tm is typically 10* to 10°
times wider than it is thick (Rutgers, 1999). The geometry ofhese Ims thus acts
to suppress any motions perpendicular to the Tm, allowing any wtions in the plane
of the Im to be considered essentially two-dimensional. There arhowever a few
complications involved in the use of soap Ims to study two-dimesional turbulence.
The rst stems from the fact that an exact expression for the e®ectv Im viscosity
cannot, as of yet, be written. Second, air drag on the Im's suate can a®ect the
governing equations for two-dimensional °ows. Finally, thickess variations in the
soap Im may also play a role. Fortunately, the relative importace of these consider-
ations can be reduced through a number of experimental tedlgues. By using thicker
‘Ims (about 10 um) the in°uence of both the viscosity and the e®ectfair drag may
be greatly reduced. Also many experiments are now being perogd in a vacuum
chamber to eliminate the e®ect of air currents and air drag. Rally, a number of
methods for measuring the thickness of the Im (Rutgers et al.,@1, Rivera et al.,
1998) exist and recent experimental set-ups (Rutgers, 1998,999 Wu et al., 2001,
Martin et al., 1998) have been designed to create Ims with moneniform thickness.

Soap Ims have been used to shed light on many di®erent phenomeng are
most frequently used to study such °ows as two-dimensional wakeshied bodies

and two-dimensional turbulence. If a cylinder is inserted tlough a °owing soap
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‘Im a wake will be observed in the form of a simple vortex street. Atow Reynolds
numbers, the vortex street exhibits a two-dimensional instabty (Rutgers, 1999). By
placing two cylinders in the Im, two stable vortex streets can b generated. Bringing
the cylinders closer together allows the wakes to interact drthe interaction of the
vortices to be studied. These studies have shown that due to thenservation of
enstrophy a repulsion will exist between the vortices with vortity of opposite sign
in the wake. In the same way, an attraction is found to be preseim vortices of like
rotational sign (Rutgers, 1999). To generate decaying two-aiensional turbulence in
a soap Im, instead of inserting a single cylinder into the Tm, a rowof cylinders
can be inserted perpendicular to the °ow and the Reynolds numbéncreased by
increasing the °ow rate (Rutgers, 1999, Vorobie® et al., 1999)As the Im °ows
over the cylinders, vortices are created in their wake. Theseontices all interact
under the same constraint as with a single cylinder, namely thathe energy and
the enstrophy are conserved, and so the vortices collide and aepelled by opposite
signed vortices and merge with neighbors of like sign. Expermts of this type have
lead to the observation of the enstrophy cascade. The method kscthe constant
forcing required to create vortices at a xed wavenumber hower and so it is unable
to sustain the energy cascade. An alternative method of turbulee generation may
be used to supply this forcing. By creating a soap Im in a channelith rough
boundaries, small vortices are created at the boundaries anlgein swept to the center
of the channel (Rutgers, 1998, 1999). Recently, both the imge energy cascade and
forward enstrophy cascade were observed simultaneously in a °ogisoap Im using
this method.

The rst appearance of soap Ims as an experimental means of studgi two-
dimensional °ows was performed by Couder in the mid 1980s (Caerg 1984, Couder

et al., 1986). The apparatus used in this study consisted of a soapmlstretched
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onto a large stationary frame. By dragging an object throughhte Tm Couder was
able to observe two-dimensional °ows. Couder's technique hovweevhad a number of
drawbacks. The major one being that the Tm had to be replaced & each test,
leading to a long turnaround time between experiments.

Experiments performed by Gharib (Gharib and Derango, 198®eizaie and Garib,
1997) then made use of another technique that involved a °owingm moving past
a stationary object. In these experiments the apparatus consest of two rigid rails
having one end connected to a reservoir of soapy water with théher end connected
to a thin sheet of pure water forced from a thin slot in a metal pip. A soap Im was
drawn from the reservoir, along the rails, and placed on the casting water. The
°ow of the water as well as the surface tension di®erence betweba pure water and
the soap Im then acted to pull the soap Im forward. Obstacles thatvere prewetted
with soap solution could be inserted into the °owing Im, held statbnary and the
downstream wakes studied. This technique o®ered a signi cant ingpement over
Couder's. Since the Tm now °owed, as opposed to Couder's statiarya Im, test
could be repeated without remaking the Im. The °owing Im couldalso persist for
many minutes. The main drawback of this apparatus however wakat the surface
tension di®erence set a limit on the maximum speed achievable byt Im, to be
about 30 cm/s at a 'Im thickness of approximately 6'm (Rutgers, 1999).

Kellay et al. (1995) then increased the maximum speed of the Inattainable
in experiments to several hundred cm/s. These faster speeds wechiaved through
the use of an apparatus that created a vertical ®owing soap Im, wh the motion of
the soap Im being driven by gravity. The apparatus consisted ofto wires stretched
vertically between a soap reservoir at the top and a weight submgged in a lower
soap reservoir. Soapy water was allowed to leak from small pegbons in the upper

reservoir. The Im was then drawn down between the wires to theditom reservoir.
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This new method had the advantage that the soapy water would bperpetually
supplied to the upper reservoir and the Tm could persist for hoursUnfortunately,
even though the Tms were quite fast, there was little control wer the °ow rate and
“Im thickness. Also after the soapy water °owed through the holes itid not spread
out evenly and so the °ow in the Tm was not uniform.

The method that is currently most frequently used was createdybRutgers (1998,
1999, 2001, Martin et al., 1998) and shows a marked improvermever the other
techniques as the Im can persist for a very long time and it is podde to vary the
“Im thickness while still providing a uniform °ow. Rutger's setupworks through the
same principles as that of Kellay et al. (1995). Two wires arerettched vertically
between soapy water reservoirs. In this setup however the wireset at the upper
and lower ends. At rst, both wires are allowed to hang together ding tied at the
bottom by a weight. Soap is allowed to run down the wires thragh a valve that
enables the control of the °ow rate. Once a layer of soap coatsethvires, horizontal
guide wires are used to pull the vertical wires apart forming dm between them.
The technique has allowed for Tm speeds of about 3 m/s where bpthe speed of
the °owing Im and its thickness can be easily controlled by the Jvae. Also, the
‘Im thickness is very uniform and can persist almost inde nitely wien a pump is
used to recycle water from the lower to the upper reservoir at hsame rate as the
°ow rate from the valve. This setup has allowed for very accuratmeasurements of
two-dimensional °ows.

Flow visualization can then be performed in a number of ways. TEhsimplest
means of visualizing the °ow patterns in a soap Im relies on the dipal interference
between the front and back surfaces of the Tm. A change in Im tlukness of a
guarter wavelength (approximately 0.1'm in water) will lead to a change in the

interference condition from constructive to destructive (Rtgers et al., 2001). When
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viewed under a monochromatic light, these variations in Im tickness then appear
as dark and bright fringes. When an obstacle is inserted into thém, the interaction
between the Tm and the object leads to the creation of thickres variations that are
then advected downstream allowing the °ow pattern to be visuaed.

In situations where the Im thickness is so large that the interfeence fringes be-
come so closely spaced that they cannot be resolved by a camera&, shadowgraphing
techniqgue may be used (Rutgers et al., 2001). When using this thed, light from a
distant source is shone parallel to the Tm. As the light passes thrgh the Tm, it
is bent away from this parallel by the slight curvature of the Im between thin and
thicker regions. The bent light is then focussed into a camera. Ather means of
visualizing the °ow is through the addition of dissolved dye motailes. One example
of this technique was used by Harris and Miles (Rutgers et al.0@81) who used °uo-
rescin dye to visualize °ows. Two separate supply lines were fedarthe same ejection
nozzle, the rst having pure soap solution and the second contang a mixture of the
soap solution and the °uorescin dye. The resulting soap Im thus renaed dyed
on only half of its surface. The downstream wakes of objects im&l into the °ow
at the dye line were then visualized by exposing the Tm to pulsedltmaviolet laser
light bursts and recording the °uoresced light with a camera. Fially, the method
used by Couder (Couder, 1984, Couder et al., 1986) to visualizavs in a horizontal
stationary soap Im involved sprinkling small particles onto thesurface of the Tm.
Photographs were taken with long exposure times such that shqparticle tracks be-
came visible. More recently, seeding the Tms with small parties has allowed for
more accurate measurements of the velocity. For example if aago Im is seeded
with particles that are no thicker than the plane of the Tm, it is possible to obtain
velocity measurements through the use of Laser Doppler Velo@try. In this method

two coherent laser beams are arranged such that they intersettet plane of the Tm
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and create an interference pattern through which the parties pass as they follow
the °ow. A train of light pulses is emitted when light is scattere by the particle
as it passes through the interference pattern (one pulse for @aioterference fringe).
The particle speed can then be determined through the propaonhal relationship be-
tween the frequency of light pulses and the speed of the parggRutgers et al., 2001,
Durst et al., 1981). Alternately, velocity elds can be obtaind using particle imaging
Velocimetry (Rutgers et al., 2001).

Density strati cation can also be used to provide two-dimensiondy (Marteau et
al., 1995, Voropayev and Afanasyev, 1994, Maassen et al., 199@|g/and Afanasyev,
2004). When a two-layer density strati cation is employed, °uidoarticles are virtually
unable to cross the interface between the two °uid layers. This ppresses vertical
motions and as such can provide a convenient means of studyingotdimensional
°ows. For example, Maassen et al. (1999) studied decaying quasi-obdimensional
turbulence in a strati ed °ow inside a circular container. In theexperiments, strati-
“cation is provided by two 10 cm thick °uid layers, the upper laye being fresh water
and the lower layer having been made heavy by the addition oflsaThe interface be-
tween these layers is then found to thicken slowly over a time deaf days. Outside of
this layer, the authors found that three-dimensional motios show rapid decay while
guasi-two-dimensional °ows generated within the layer decayelatively slowly. A
comb slowly towed through the °uid then provides the mechanisnof generating the
turbulent °ows. Using this method, the authors were able to obseevthat the decay
scenario for two-dimensional turbulence in a circular contaer is greatly in°uenced
by the no-slip boundaries. The role of the net angular momentumn determining the
guasi-stationary nal state of the °ow was also explored in this stug

Many studies on two-dimensional turbulence tend to focus on ¢éhdecay process

due to the fact that it has been shown (Hansen et al., 1998, McWdims, 1990)
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that the end result of this decay process is long-lived coheterortices. Therefore, a
number of theoretical and numerical studies have been direct at understanding the
statistical properties of decaying two-dimensional turbulece where it was treated as
an ensemble of vortices. In particular the scaling laws for di®st statistical char-
acteristics of vortices in unbounded two-dimensional turbeht °ows were proposed
by Carnevale et al. (1991) and then tested in numerical expements (e.g. Clercx
and Nielsen, 2000) and laboratory experiments (Cardoso et al994, Hansen et al.,
1998).

The presence of bottom drag is believed (Danilov and Gurari2000) to lead to
a situation where the size of the developing coherent vortex situres do not reach
their full potential. The role of bottom drag was rst considerel numerically by
Lilly (1972) who de ned a cut-o® wavenumber that halts the inerse energy cascade
and forces the size of the resulting vortices to remain nite. Aceding to Lilly, this
cut-o® corresponds to a maximum length scale bf,a » 0:5E3?=2 whereE is the
mean kinetic energy of the °ow per unit mass and is the dissipation rate due to
the bottom friction. The spectral evolution of decaying twodimensional turbulence
with regular viscosity and linear bottom drag was also consideteanalytically by
Scott (2001). In particular, it was concluded that the growh of the scale of the
energy containing eddies is independent of the regular vistty or bottom friction
and therefore the upscale energy transfer remains robust to “miffriction. In contrast
the downscale transfer of enstrophy is limited due to a nite redar viscosity such
that the enstrophy weighted scale decreases for suzciently larggeynolds number,
but increases for lower values of the Reynolds number. The lasfior of these integral
scales in our experiments is discussed further in later sections.

Due to its elegance in representing geophysical turbulencenpamber of numerical

studies have also been performed in which two-dimensional tudent °ows have been
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simulated either on the Cartesian beta-plane or in spherical gmetry. The evolution
of the two-dimensional beta-plane energy spectrum obtained/ b/allis and Maltrud
(1993) demonstrated the formation of the dumbbell shaped regi in the wavenumber
space. As was predicted by Rhines (1975), this region is de neg the boundary
between turbulent and Rossby wave regimes. These results were rtheon rmed
using a spherical geometry by Nozawa and Yoden (1997) and HuangdaRobinson
(1998). The formation of anticyclonic polar vortices was rsteported by Yoden and
Yamada (1993) and then con rmed by Cho and Polvani (1996) whowstlied decaying
turbulence on a sphere for a shallow water system. The results by €and Polvani
demonstrated that inside the polar vortex, potential vorticty is well homogenized and
the polar vortex is bounded by large gradients of potentialorticity. The formation of
zonal jets with jet wavenumber close to the isotropic Rhines wanumber predicted
by theory is a prominent feature of numerical simulations inte area (Vallis and
Maltrud, 1993).

The formation of these jets is found to be a®ected by a linear koin drag since
the drag is important for the stabilization of the system. This ®ect was studied by
Manfroi and Young (1999) who on the basis of a stability analysief a barotropic
meridional °ow on the beta-plane found that increasing the ammt of bottom drag
will directly a®ect both the nal spacing and the number of zonajets that form.
The e®ects of bottom drag were further explored by Danilov an@urarie (2002) who
proposed a modi cation of the Rhines wavenumber that takes intaccount the bottom
drag and who then con rmed the relevance of this number to theej wavenumber
measure in their simulations of forced turbulence on the befalane. Additionally,
Danilov and Gurarie introduced a friction wavenumber and aacluded that organized
jets appear when the Rhines wavenumber exceeds the frictismvenumber.

Beta-plane °ow was rst studied experimentally by Whitehead (195) who sim-
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ulated the polar beta-plane by rotating a cylindrical conténer of water with a free
surface such that the depth of the layer varies parabolically ith radius. When the
°ow was induced locally by vertically oscillating a disc, Whiteead was able to observe
a narrow eastward (prograde) jet at the latitude of forcing ad a broad westward °ow
outside of this region. A number of other ways are now used to sitate the e®ect of
varying the Coriolis parameter with latitude. By rapidly rotating a container with a
thin layer of °uid of uniform depth, the surface will achieve a prabolic shape. Also,
the e®ect of varying the Coriolis parameter can be achieve ugiwarying topography
by modulating the depth of the layer through the use of a contaer with a sloping
bottom.

Forcing for these °ows can then be provided in a number of ways. Bome ex-
periments a °ow was induced by momentum and mass sources using addtoles in
the bottom of the tank. The °uid is pumped through one set of hole and simultane-
ously removed though another set (e.g. deVerdiere, 1980, Aubet al., 2002). In the
experiment by de Verdiere (1979) a zonally traveling Rossby wa which was forced
by a periodic excitation of sources and sinks located in a nawazonal region close to
the outer wall of the tank was shown to excite a mean °ow. Using anray of sinks
and sources located along a ring in the middle of the annulus, Adi et al. (2002)
were able to observe the mixing of potential vorticity resultig in an occurrence of a
zonal °ow pattern with regions speci ed by the location of the hies. The °ow was
characterized by a potential vorticity gradient above the sorces and sinks separating
two areas of mixed potential vorticity at the inner and outerregions of the annu-
lus. Three-dimensional small-scale motions are induced in théwity of the holes
and may generate some mean radial motion directed from the soas to sinks that
is transformed into zonal motion by the Coriolis force. Each swce (sink) creates

a divergence (convergence) of °uid that results in the formaih of an anticyclonic
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(cyclonic) vortex. In contrast to the sinks, the sources supply nmentum to the °uid
and therefore generate additional vorticity in the form of wrtex rings. While this
type of forcing provides an adequate means of inducing the °ovt also gives rise to
an entire spectrum of hydrodynamic phenomena and as such cahbe easily reduced
to a simple control parameter.

A second type of forcing uses the classical method of di®erentigaking of the
annulus (Hide and Mason, 1975). Rhines (1994) demonstrates a plenexperiment
that can easily be reproduced using a phonograph turntable. \ithis type of forcing,
a cylindrical insert is typically placed in the center of an anulus. The inner walls
are then cooled or the outer walls heated, or a combination bbth. Since the cold
water is denser, and thus heavier, than the warm water, the ablwater sinks at the
inner wall while warm water rises at the outer wall. This resull in a radial °ow
that is directed towards the center of the container at the sdace of the layer and
towards the outer walls at the bottom of the container. Theseadial motions are then
converted into zonal °ows by the presence of the Coriolis forc®&sing this method of
forcing, Bastin and Read (1998) were able to observe the fornat of zonal jets as

well as some stable eddy formations over a range of rotation est



Chapter 2

Experimental Investigation of

Two-Dimensional Turbulence

2.1 Purpose

It is a well-known fact that the end result of the decay of a Q2D °w is the creation
of coherent vortex structures (Maassen et al., 1999, McWilliasn 1984, Voropayev
et al., 1991). These structures arise as a result of the inverse myeand forward
enstrophy cascades which are characteristic of quasi-two-dinsgonal turbulence but
are in direct opposition to the dissipative decay of three-dinmsional turbulent °ows.
Initially, a Q2D °ow will consist of a number of small vortices. Ove time, these
vortices will merge/pair such that two small vortices will conbine to form a single
vortex which contains the energy that was initially contaired in the smaller vortices.
This process continues until only a few large vortices remaiin this way the energy
that was initially contained in the small-scale vortices is tansferred through the
process of vortex mergers to the large-scale. Spectrally,giprocess of vortex pairing

is represented by the simultaneous inverse energy cascal¢k) » ki °=%) and forward
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enstrophy cascadeE (k) » ki 3) which was described in Section 1.2.1. The end result
of this process is the formation of coherent vortex structureslhese structures share
many characteristics which lead to their visibility and impotance to geophysical °uid
°ows.

One of these important features is the stability of coherent viex structures with
respect to small perturbations. This stability gives the vorties the ability to per-
sist over relatively long time scales without being destroyed. e vortices are also
only weakly dissipative for most of their lifetime and so these staiures can travel
for signi cant distances and provide a means of transporting matial properties
(McWilliams and Weiss, 1994). Finally, coherent vortices tesh to have large spa-
tial separations, or in other words are typically isolated strumires, and thus they
interact only weakly with each other. This is fortunate sinceeven though interac-
tions are rare, these events usually mean the transformation even destruction of
the structures (McWilliams, 1984).

These coherent structures are frequently seen in nature both #te large and
small scales. Velocity shear, particularly when it occurs in a ma@w layer, is often
unstable which may result in the creation of isolated vorticedcWilliams and Weiss,
1994). These vortices are circularly symmetric about an axihat is perpendicular
to both the mean velocity and the velocity gradient. This resli lends itself to the
case of atmospheric °ow past mountainous island topography whi¢bads to vortex
formation in stratus cloud patterns. It also applies to oceaniCow past undersea
mountain topography leading to vortex formation visible in he sea-surface surfactant
patterns. The result may also be applied to unstable free-shearyé&as which is the
cause of many sea-surface temperature patterns. Coherent stures called buoyant
plumes which occur in cumulus clouds in the atmosphere and aseanic chimneys are

a result of the dynamics of buoyancy-driven planetary bounds layers. The process
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of adjustment, whereby a local density or momentum anomaly cites a vortical
circulation which in turn causes Coriolis or centrifugal fazes to balance the pressure
gradient, produces many types of anticyclonic coherent viices in the ocean interior
(McWilliams and Weiss, 1994). These vortices can then be detedtby their locally
anomalous chemical concentrations and can persist for longrjpels of time as well
as travel great distances. Mushroom vortices, or dipoles, can alse caused by the
adjustment of local momentum impulses and are often seen in seafage temperature
and color images. Baroclinic instability of the vertical sheaof horizontal velocity in a
strati ed °uid with a large enough scale to be a®ected by the Earth'rotation can also
produce coherent vortices. Vortices produced in this mannénclude cyclones of the
extra-tropical atmosphere and vortices found in the oceantmmarginal ice zones. The
long-lived vortices in the atmospheres of gas giant planets, duas Jupiter's Great
Red Spot and Neptune's Great Dark Spot, provide distinct exanies of coherent
vortex structures. The polar vortices found in the Earth's stréosphere can also be
considered coherent structures. The Earth's spherical shape strains the vortex's
behavior so that mixing between the vortex and its surroundingis limited to a narrow
zonal band and there is relatively little matter exchangedThis may also be the cause
of decreased ozone concentrations in these regions.

The purpose of this study is to provide experimental con rmatin of a few of the
key features that have been predicted for a non-rotating twdimensional “ow. The
main goal of this work is to examine the spectral features of daying two-dimensional
non-rotating turbulence by performing high resolution veloity measurements in a
system with controlled forcing. This analysis should provide aexperimental example
of such features as the inverse energy cascade and the enstropdgcade as well as
to demonstrate experimentally the predicted growth of the Rgolds number of the

°ow.



Chapter 2. Experimental Investigation of Two-Dimensional T urbulence 39

2.2 Experimental Set-up and Procedure

A square container of dimensions 29 x 29 cm was used in the serie§ ekperiments
in which the spectral characteristics of decaying turbulenc the non-rotating case
were investigated. An array of 14 x 14 magnets of alternating farity were used in

these experiments. Each magnet had a diameter of 1.4 cm and gated a magnetic

“eld with a vertical component of approximately 0.09 T. The °owwas forced elec
tromagnetically by imposing an electric current of magnitud 3A in the horizontal
direction between two parallel graphite electrodes. The ietaction of the magnetic
“eld above each magnet and the electric current produced a lalized horizontal force
on the °uid in a direction perpendicular to both of these elds. Sice the universal
result of a localized force on a °uid is the generation of a vontalipole, the combined
result of the forcing in this case is initially an array of closgl packed dipoles that
share vortices with their neighbors. Due to the nonlinearly ahe system, the vortices
do not remain in a regular lattice, but instead they are in motn creating a typical
2D turbulent eld. The container was lled with two layers of water, each of 0.5 cm

depth, which had salt concentrations of 40 g/L and 250 g/L.

In order to perform an analysis of the resultant °ows, a method ciad Particle
Imaging Velocimetry (PIV) was used to generate horizontal vetity “elds of the °ow.
A description of the method and general technique is given byitfcham and Spedding
(1997) and Pawlak and Armi (1998). This method allows one to gerate velocity
“elds from videos of the °ows by tracking the motion of groups ofracer particles
in the °ow. The rst step in this process is to add a tracer to the °ow that is to
be analyzed. This tracer must be able to follow the °ow withoutnterfering with it

and must be suzciently set apart from the background such that the mwtion of the
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Figure 2.1: Sketch of the experimental setup used for the expraents involving non-
rotating two-dimensional turbulence. (a) top view (b) side v&w.

tracer can be recorded. The seeding particles used in the expgnts on non-rotating
turbulence were polyamid spheres of mean diameter 5@ , with a neutral density
that allowed then to °oat on the interface of the two-layer strdi cation. The particles
were then made visible by illuminating the °uid with a sheet of jht from an Argon

lon laser at the mid-height of the layer.

The next step in the PIV process is to record a video of the °ow in der to obtain
the local displacement of particles between successive framethe video. Top images
of the °ow were taken with a digital video camera with an array esolution of up to
1288 x 1032 pixels. The typical spatial resolution of the imagegas 36 pixels/cm.
Video frames were recorded directly into computer memory. UgnPIV, the local
displacements of particles were tracked between frames byaexning the local dis-
placement of groups of particles in small regions in the imag&he displacement of
the particle groups were then determined and used to calcuinstantaneous velocity

“elds for the °ow.

40
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The commercial software MathWorks Matlab was used to both gerae the ve-
locity elds as well as to carry out further processing of these db. Processing of the
data was performed on workstations with double Alpha processowghere successive
images with a frame rate of 7.3 fps were used to obtain 3.7 valgcelds per second

with the velocity elds having a resolution of 99 x 99 vectors.

2.3 Results and Discussion

As was mentioned in section 1.2.2 an important non-dimensionahrameter is Reynolds
number which represents the ratio of inertia force to viscousifce and gives a measure
of the non-linearity of the system. For the case of the work doneshe we can de ne

two values for the Reynolds number. The global Reynolds nureb

., LU
Re; " ——;

gives a measure of the relative importance of inertia force tascosity on the scale of

the container. In the same way, a local Reynolds number,

, U
Re” —;
can then be de ned to characterize the importance on the scalé an elementary
vortex. Here U is the rms velocity of the °ow, L is the length of the container,
and | = Y is the length scale of an elementary vortex with rms vorticity-. Other
authors usually de ne this local Reynolds number according teither the radius or

the diameter of the vortex. This is because if an elementary ex of radius R is in

solid body rotation, R can be de ned fromU ~ R which is the linear velocity at
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the vortex's periphery. The local Reynolds number used hereas chosen to match
the one used by Chasnov (1997) for the purpose of comparison.

In laboratory situations, the contribution of bottom drag as ameans of dissipation
must be considered in addition to that of viscosity. In fact, the eolution of a labo-
ratory °ow will be constrained by whichever of these factors domate. This means
that one obstacle which must be overcome when studying two-dims&onal turbulent
°ows in the laboratory is the e®ect of bottom friction.

One method of accomplishing this goal is to perform the experents in a soap
‘Im where it is possible to decrease the equivalent contributionf air drag through
a reduction of air pressure. The production of quasi-two-dimeronal °ows in a thin
layer of °uid however is technically easier to accomplish. The ast straightforward
means of reducing bottom drag in this case is to simply increasket depth of the
°uid layer. This in itself poses a problem however, in that the °wl depth must
not be so great as to exclude two-dimensionality. Thereforehé depth of the layer
is especially signi cant at early times in the °ow evolution wherthe °ow is most
intense and the horizontal scale of the °ow, or the width of the ewtituent vortices,
is comparable to that of the depth. In the part of this study thda explores beta-
turbulence, rotation was used to o®set the three-dimensional e®eintroduced by the
depth of the °uid. For the experiments which explore non-roténg turbulence, a two-
layer strati cation was used accomplish the same task. Di®erencessalinity often
arise in the ocean, and temperature di®erences are common irthbilne atmosphere
and oceans. Consequently, situations often arise where in thesabce of mixing a
density di®erence, or density strati cation, is present betweerwb regions of °uid
and a geophysical °ow can behave as if it is almost, or quasi, twartensional. A
study of the use of strati cation as a means to suppress three-dinganal motions

in experimental °ows was made by Paret et al. (1997) where it wdound that these
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°ows might be treated as two-dimensional after a short transiergtate.

The reduction of bottom drag in these experiments does not gty a®ect the
form of the energy spectrumi (k). Scott (2001) determined that neither regular
viscosity nor bottom drag a®ect the growth scale of the energy ¢aming eddies
and consequently the upscale energy transfer remains una®ectethe downscale
transfer of enstrophy however is a®ected by regular viscosity ihdt the enstrophy
weighted scale decreases for suzciently large Reynolds numbleus increases for lower
Reynolds numbers. The bottom drag signi cantly a®ects the tempal evolution of
the Reynolds number as well. Chasnov (1997) predicted that the case of a decaying
non-rotating two-dimensional turbulent °ow, if the initial R eynolds number is greater
than some critical value, the Reynolds number will increase thitime. The value of
this critical Reynolds number Re, was determined numerically by Chasnov (1997)
to be Re, = 15:73. This prediction has been previously con rmed in experimén
in a soap Im (Martin et al., 1998) but not in those using a thin laye of °uid (e.qg.
Danilov and Gurarie, 2002) where the Reynolds number remad constant with time.
In the experiments with a thin layer of °uid, the authors detemined that in their
experiments, ordinary viscosity could only account for one-fth of the total energy
decay rate initially and an even lower value at later times ithe °ow evolution. It is

obvious then that bottom friction governed the dissipation inthese experiments.

The contribution by bottom friction for the experiments reported herein can be
estimated by examining the decay rate of the total energy of odow in the following
way. Bottom friction is commonly parameterized by a linear érm in the vorticity

equation
D!

— =i, +°r
pt !

5t

Here,! is the vorticity and © is the kinematic viscosity. , is the linear drag coexcient
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which causes an exponential decay of energy.

Danilov and Gurarie(2002) found that the mean exponent of emgy decay due

only to bottom friction can be estimated as

din(E) Z
2, = i 20— 2.1
e (2.)
where E = U? is the energy per unit mass and&Z = - 2=2 is the enstrophy per

unit mass. The termj 2°Z=E in equation (2.1) represents the contribution made by
ordinary viscosity to the decay rate. This term is found to varyduring the experiments
while the total rate of energy decay remains approximatelyonstant. The typical
decay rate of the total energy in our experiments involving en-rotating turbulence
was measured during an intermediate time of 10 s after forcimgased and was found to
have a value ofd(InE )=dt= j 0:024si 1. For the experiments involving non-rotating
turbulence the value for the linear drag coezcient was estimatl to be 2 = 0:012si *
for intermediate times in the °ow evolution but then increasedo 0:017 s ! towards
the end of the experiments. Therefore, in these experiments,thdhe bottom friction
and the ordinary viscosity were found to contribute equally tdhe total energy decay.
In our experiments, initial values for the Reynolds numbers eve estimated to vary
betweenRey; = 650§ 1000 andRe = 15 20. The values, which were estimated
immediately after the forcing ceased, are close to the criticealue that was predicted

by Chasnov (1997).

The local Reynolds number of the °ow,

was then plotted as a function of time for our experiments wit non-rotating tur-
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Figure 2.2: Evolution of the Reynolds number of the °ow for thexperiments involving
non-rotating turbulence. Arrows indicate the intermediaterange where Re is growing
after the end of the forcing { = 55).

bulence (‘gure 22). In this plot we see the growth of the Reynolds number as was
predicted by the fact that although close toRe, our initial value for the Reynolds
number was above this critical value. In addition, the growt of the Reynolds number
in these experiments can be used as con rmation that the regimé the °ow corre-
sponds to that of two-dimensional turbulence. It is also intesging that in similar
experiments performed by Danilov et al. (2002) this growth as not observed even
though the initial value of the Reynolds number was higher thn those used in this
study. This implies that the relative magnitude of bottom friction compared to that

of the regular viscosity signi cantly a®ects the regime of the °ow.

Now, we take a closer look at the spectral characteristics of theom-rotating
two-dimensional turbulence. For each component of the velbc (vy;Vvy), the two-
dimensional power spectréS,x = Vom Vi, and Syy = Vom Vo, IN wavenumber space
(n; m) were calculated. Here, time averaging was performed at imtals of 1 s. Then,

the one-dimensional energy spectrum was obtained by integirag over the angleA in
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wavenumber space. This one-dimensional energy spectrum isegi\by

1 k “o

E(k) = 20292 o (Sw + Syy)dA

wherek = (n? + m?)'? is the radial wavenumber.

A typical energy spectrum for the experiments with non-rotang turbulence is
given for di®erent times in gure 23. There are a few features worth noting in
the energy spectrum for these experiments. The rst is the peak thaccurs at
wavenumberk ¥ 10. This energy peak represents the scale of energy injectioncs
it occurs at approximately the forcing wavenumbek; = (n? + m?)172 = 7p 2, where
we have used an array of 18 14 magnets of alternating polarities to force the °ow.
A second feature that is worth mentioning is the peak that ocaes at half of the
forcing wavenumberk; = ki =2 due to the pairing of the original vortices of like sign
and the corresponding transfer of energy form the original pkdo the subharmonic
peak. It is interesting to note that this transfer occurs throgh the decrease of the
original peak with a corresponding increase in the subharmonmeak as opposed
to a continuous shift of the original peak towards lower wavembers. To a lesser
extent, further pairing of the vortices can be seen to occur &, = k;=2 in the energy
spectrum. Finally, the shape of the energy spectrum for these eximents has the
form E (k) » k™, wherem = j 3:08 0:15 for the high wavenumber part of the spectra
andm 2 1 for the low wavenumber part of the spectra. The value ah = | 3:08 0:15
which was found for the high wavenumber part of the spectra i iagreement with
classical theory. The value ofn 2 1 which was found for the lower wavenumber
region grows more slowly than the scaling regime af = 3 which was predicted by

Lesieur (1991) but is however in agreement with the results okgeriments in soap
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Figure 2.3: Evolution of the one-dimensional energy spectrufor the experiments
involving non-rotating turbulence in logarithmic (a) and in linear (b) coordinates:t =
8:6s (circles), t = 14s (squares),t = 20s, (triangles). Forcing stops att = 5s in this
series of experiments. The forcing wavenumber and two subhamio wavenumbers
that occur due to pairing of vortices are indicated by arrows.
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‘Ims (Martin et al., 1998).

Next, the one-dimensional enstrophy spectrum for the non-rotetg turbulence was
calculated according to the same method used to calculate theezgy spectrum and
was then plotted (see gure 24). The peaks that occur in the enstrophy spectrum are
similar to those that were seen in the energy spectrum. If we consida time interval
that corresponds to the intermediate asymptotic regime durigp which the Reynolds
number grows, the enstrophy spectrum shows a peak at the forcingawenumber
for an initial time as well as a peak at the subharmonic wavenumer at the end
of the time interval. In contrast to the energy spectrum howeve at intermediate
times, the peak in enstrophy at the forcing wavenumber does neghift towards the
subharmonic wavenumber. In addition, this peak spreads symmgally to higher

and lower wavenumbers.

In order to more fully examine the behavior of the spectral elation of the “ow we
can study the moments of the energy spectrum. Scott (2001) de si¢he n'" moment

as
4

1
Mn(t) = k"E (k;t)dk (2.2)
0
such that M, corresponds to the total energy of the “ow ani1, to its total enstrophy.
These moments can then be used to de ne additional integral cleateristics of the
°ow. The energy-weighted mean wavenumbedz provides a measure of the energy

containing scale and is de ned as

R
L KE(k;t)dk _ My

0= A Ewcnak = Wy @3

According to Scott (2001) this wavenumber should decrease witime regardless of the

values of the ordinary viscosity or the linear bottom frictioncoecient corresponding
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Figure 2.4: Evolution of the one-dimensional enstrophy spectm for the experiments
involving non-rotating turbulence in logarithmic (a) and in linear (b) coordinates:
t = 8:6s (circles), t = 14s (squares),t = 20s, (triangles). Forcing stops att = 5s in
this series of experiments.
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to an upscale energy transfer. Next, we have the enstrophy-weigtd mean scald;

which provides a measure of the enstrophy containing scales asdle ned as

R
b(= ek Z(iDdk _ My,
2T Tz dk T My

The behavior of this value is expected to depend on the Reydsl number such that
it decreases for suzciently large Reynolds number correspondirio the downscale
transfer of enstrophy. Finally, the variance of the energy spgum %2 and that of

the enstrophy spectrum¥4 are given by

?/é(t): I\/TOi ké
and
M
HO= i 12

The growth of these variances should then correspond to spreaglim wavenumber

space.

Numerical integration of the appropriate moments of the ondimensional energy
spectra was then performed for the experiments involving nenotating turbulence
in order to estimate the preceding integral characteristicoof our experiments. The
typical temporal evolutions oflg, Iz, ¥ and 34 for the experiments involving non-

rotating turbulence were then plotted in gures 25 and 26. Herelg is the energy-

weighted mean scale given by = 1=kez. From gure 2:5 we can see that during these

experimentslg increases linearly from a value of 0.065 to about twice that ke while
Iz remains approximately constant. Physically, the initial valie ofle = 0:065 k = 15)

corresponds approximately to a scale of 2.9 cm which in turn igjeal to the distance

50
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Figure 2.5: Energy-weighted mean scale (circles) and enstrophy-weighted mean
scalel; (stars) for experiments involving non-rotating turbulence.

Figure 2.6: Variances of the spectruniZ (a) and ¥4 (b) for experiments involving
non-rotating turbulence.
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between the centers of the magnets in the array. Finally, ordg reaches a value of
le =0:15, no further doubling occurs.

Figure 26 shows the temporal evolutions of the variances of the energgectrum
% and the enstrophy spectrum¥;. From this "gure we see that during the experi-
ments ¥ experiences no signi cant variation. Since the energy-weigld mean scale
le grows, this indicates that the energy spectrum is shifting towds shorter wavenum-
bers while the width of the peak does not increase. Converse¥§, experiences linear
growth at intermediate times of the °ow evolution. Since the mstrophy-weighted
mean scald; remains approximately constant during the same period of timehis
indicates that enstrophy is spreading in the wavenumber spacehile the \center of
mass" of the distribution remains in place. This behavior is in greement with the

evolution of the enstrophy spectrum observed during intermealie times ( gure 24).

2.4 Conclusions

In summary, it can be concluded that a laboratory investigatin of decaying non-
rotating two-dimensional turbulence has revealed the growtof the Reynolds number
of the °ow, which is in agreement with the predictions of Chasno(1997). This growth
provides additional evidence of the two-dimensional dynaws of the °ow despite the
fact that the thickness of the layer was somewhat higher than tise used previously
by other authors.

An investigation of the energy spectra of this °ow demonstrated #upscale energy
transfer via growth of subharmonic peaks due to successive pagiof vortex structures
as well as through the growth of the energy-weighted means kzaThis mechanism
of growth of the vortex structures via successive pairing has breebserved in other

turbulent °ows. Examples of such °ows include turbulent °ows in a lin layer of
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°uid generated by an oscillating grid of thin vertical rods (Voopayev and Afanasyev,
1993, Voropayev et al., 1995) or the °ow occurring due to graational instability in
the form of an array of thermals propagating in a thin vertichcell (Voropayev et al.,
1993).

For the high wavenumber part of the spectra, a power law decayf the form
E(k) » k™ was found. The value of this exponent is in agreement with daical
theory. For the low wavenumber region of the spectra, the grdtvrate was found to
be shallower than the scaling regimen = 3 which was predicted by Lesieur (1991)
although the power law interval was not very pronounced in auexperiments. The
shallower decay rate is however in agreement with the result§ experiments in soap

‘Ims (Martin et al., 1998).



Chapter 3

Experimental Investigation of

Beta-Plane Turbulence

3.1 Purpose

As was shown in previous chapters, one important characteristand distinguishing
feature of decaying two-dimensional turbulence that arisesud to the conservation of
energy is the presence of the inverse energy cascade. Through émergy cascade,
energy that is injected into the initially turbulent system will °ow from the small to
the large length scales over the course of the consecutive mergkethe constituent
vortices. By studying two-dimensional turbulence on the betglane Rhines (1975)
was able to extend the theory for two-dimensional turbulenceéo that of the large-
scale geophysical turbulence found on a rotating sphere, suchthe earth. On a
rotating planet the e®ect of the Coriolis parameter will chage according to the lati-
tudinal position on the Earth's surface (beta-e®ect). Many lare-scale structures that
are present in the atmosphere and oceans can span several degoédatitude and

as such they are in°uenced by the changing Coriolis parametein his pioneering
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Figure 3.1: Zonal bands can be easily seen in photographs of titenospheres of (a)
Neptune. Image taken by Voyager 2 on its approach to Neptune (NASAPL-Caltech,
2004). (b) Saturn. This false color image of Saturn was takerylNASA's Hubble
Space Telescope. In this infrared image, blue indicates a aleatmosphere, green
indicates a thin haze and yellow a thicker haze above the magtoud layers. (Botha,
2004) (c) Uranus. A false-color image generated using data frommet Hubble Space
telescope's Near Infrared Camera and Multi-Object Spectrortez. In the image, the
colors represent the height of the cloud layers where greenddblue represents a clear
atmosphere, yellow and grey represents a higher haze or cloagidr and orange and
red indicates very high clouds. (Karkoschka, 2004)

study, Rhines found that when the quasi-two-dimensional turbent °ows occur on
the beta-plane the inverse energy cascade is halted at some pdiy the formation
of Rossby waves. The point at which the energy cascade is stoppedresponds to
the Rhines scale (1975), which represents a boundary betweée isotropic turbulent
and anisotropic Rossby wave dominated regimes of the °ow.

As a second e®ect of the varying Coriolis parameter with latiton two-dimensional
turbulence, Rhines predicted that the vortices that compse the turbulence would
experience a north-south redistribution leading to the form#on of zonal jets and a
transfer of energy to the zonal component. Zonal °ows are prdeat in the Earth's
atmosphere and oceans as well as in the atmospheres of othempta. The zonal
bands that have been observed in the atmospheres of all the diganets (Jupiter,
Saturn, Neptune, and Uranus) provide obvious examples of theseWs ( gure 3:1). In

fact, the Belts and Zones of Jupiter's atmosphere are quitegquently used to provide
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Figure 3.2: Zonation can be clearly seen in whole disk views aipiter. (a) The
picture was taken by Voyager 2 in June 1979. (b) The image isofn Cassini and was
taken in November 2000. (Ingersoll et al., 2004)

Figure 3.3: Two polar views of Jupiter in which images from @lerent longitudes were
map projected to show all the features in the polar region, in slight, at the same
time. (a) South pole of Jupiter with images taken in 1979 fronvoyager. (b) North
pole of Jupiter with images taken in 2000 by Cassini. (Ingersadt al., 2004)
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Figure 3.4: Schematic representation of the Jet streams thatcour in the Earth's
atmosphere and provide a local example of planetary zonal °ow&oulsen, 2004)

an example in numerical studies on this subject due to the fachat it provides a
much less complicated system than the Earth's atmosphere. Jueithas a far greater
number of eastward jet streams than does the Earth's atmosphersince it has ap-
proximately six eastward jets in each hemisphere. Jupiter's miosphere is comprised
of white bands (zones) and dark bands (belts) with zonal jets #t are strongest on
the boundaries between these bands. Even though the belts andnes often vary
in color and width, the number and magnitude of the jets haveamained virtually
unchanged, even through the presence of turbulence, conventand uncertainty in
altitude. The zones and belts also contain many imbedded weéwr patterns (vor-
tices) like the Great Red Spot and numerous other smaller vocis, which tend to
have the same sense of rotation as the belt, or zone, in which thsiy. These large
scale-features tend to be steadier in time if they occur in thenicyclonic zones as
opposed to the cyclonic belts (see guresBand 33). Jupiter also has a °uid interior,

as opposed to a solid one, which means that these embedded vexiare not xed
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by topography and can last for centuries (Ingersoll et al., 2@0.

The jet streams that occur in the Earth's atmosphere provide a ore local exam-
ple of the zonal jets ( gure 34). In fact, both hemispheres on the Earth demonstrate
two major jet streams, the polar jet stream and the subtropical jestream. These
jet streams typically “ow from west to east and can in turn form sepate branches.
They have a typical length of thousands of kilometers and a wid in the range of 160
to 500 km. These jet streams, strongly in°uence the Earth's climatand weather.
In Canada, we are most a®ected by the polar jet stream whose positimarks the
location of the strongest temperature contrasts between poland subtropical lati-
tudes on the Earth's surface. The jet stream is not an evenly eincling latitude belt
but rather is a °ow that experiences signi cant undulations as msses of warm and
cold air push away from their regions of origin. In this way, log wavelength waves
called Rossby waves form in the jet stream that are obvious in wids@r maps as a
series of three to six wave cycles (north-south undulations) irhé jet stream. The
positioning of the zonal and meridional components of the jettream over the hemi-
sphere strongly in°uences the temperature regimes experiedamn the surface below.
Under a zonal °ow, the weather lies typically close to the climalogical mean for
that time of year. Typically, locations to the north of the jet stream will be relatively
cold while locations to the south will be relatively warm. Wha under a meridional
°ow on the other hand, locations may experience temperatureélsat are unusual for
that area. A trough (area of low pressure or cyclonic °ow) in the Bssby wave tends
to bring unusually cold temperatures to areas that are usuallyelatively warm and
conversely, unusually warm temperatures develop in regiondare it is normally rel-
atively cold as a result of a crest (region of high pressure or agyclonic °ow) in the
wave. Therefore, an understanding of the means by which Rossbgawes develop in

these zonal °ows is of great importance.
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Even though the dynamical process by which zonal °ows form in ghatmospheres
of Earth and the giant planets remains poorly understood, it &s been suggested
(Read et al., 2004) that the zonation may arise out of anisotrggn a shallow turbulent
layer of °uid due to the beta-e®ect. Until recently, most of the wix that has been
done in this area has consisted of numerical studies. Laborat@yperiments however,
provide an important means of studying these °ows. As such, numerm®aspects of the
dynamics of beta-plane turbulence, especially the processpaftential vorticity (PV)
mixing, have recently been studied using experimental methedqAubret et al., 2002).
A detailed investigation of the spectral characteristics of th °ow however has yet to be
realized experimentally. The main ditculty involved in obtaning this goal has been
the lack of suxciently high resolution velocity elds of the °ow. Therefore, the main
purpose of the experiments on rotating turbulence presentecttein is to demonstrate
the occurrence of the dumbbell shaped two-dimensional specf{fazy-8 in terminology
by Holloway, 1984) by performing high resolution velocity meairements in a system

with controlled forcing.

3.2 Experimental Set-Up and Procedure

The experiments which explore beta-plane turbulence wereeformed in a tank of
inner dimensionsL = 34 cm and W = 31:5 cm ( gure 3:5) which contained a circular
insert of inner diameter R = 31 cm. The container was Iled with a single layer of
salt water of height 1 cm and a concentration of 50 g/l. The °ow wa again forced
electromagnetically, this time by imposing an electric cuant of magnitude 3A in
the horizontal direction between two parallel electrodesotated immediately outside
of the circular insert. For this purpose, an array of 196 of the s@ magnets that

were used in the previous experiments were arranged with edjgpacing of 2 cm and
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Figure 3.5: Sketch of the experimental setup used for the expeents involving
rotating two-dimensional turbulence. (a) top view (b) side v&w.

alternating polarities immediately below a thin plastic sheeof thickness 0.02 cm
that constituted the bottom of the container. In all of our experiments the “ow was
initially forced for a time period ranging between 5-10 minies and then was allowed

to decay freely after the current was switched o®.

In order to simulate, in the laboratory, the e®ect of the varyig Coriolis parameter
felt by an ocean or atmosphere on a rotating sphere we used a startdanethod in
which a rotating platform is used. Consider a shallow, homogemeas layer of °uid
in a °at-bottomed annulus that is rotated at a constant angularspeed -. Assuming
that the center of the annulus corresponds to the center of ration of the platform
and that the °uid has a free surface it can be shown (Salmon, 1998t away from
the walls of the annulus and from any localized mass sources, théd is found to

conserve its potential vorticity

In this case however, the heightd = H(r) varies according to the radiusr of the
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annulus. Thisrj dependance is then analogous to the latitude dependancd of f (y)
that is experienced by a system which has a constant H and a varlabCoriolis
parameter. In this way, the free-surface slope of the °uid in theotating annulus
imitates the beta-e®ect, with the center of the rotating tal# corresponding to the
North-pole of a sphere. The experimental tank was rotated at tes that varied from
stationary to 3.1 rads/s in an anti-clockwise direction aroundh vertical axis through
its center. Once solid body rotation was achieved, the surfacé the water achieved

a parabolic shape such that the depthH , of the layer was
H = Hg+ sr? (3.1)

wheres = - 2=2g, - is the rotation rate of the platform, gis the gravitational constant,
r is the radius andHy is the height of the °uid at r = 0. The value for Hy, was then
calculated from the total volume of the °uid in the container ad is given by

(L2+W?)

Ho= 2zi S 1

(3.2)

where z, is the height of the °uid in the tank prior to rotation and L and W are
the dimensions of the rectangular container. The experimeait parameters for this
set of experiments are summarized in Table 1. In most of the expeents (1-21
in Table 1) z; was chosen to be 1 cm. In experiments 22-26 (Table 1) the lower
value ofzo = 0:7 cm was used. The same value of the °uid layer depth was used in
our previous experiments with non-rotating two-dimensionaturbulence (Wells and
Afanasyev, 2004) and was shown to be large enough for the system twtbe too
dissipative. In experiments 22-26 (Table 1) the lower value @f = 0:7 cm was used

to obtain higher dissipation rate for comparison.
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Experiment | -( s'1) | S=- 2=2g | Ho(cm) | D(cm) | (cmil) | 2, (s' 1)
Number (cmi 1)

1 3.1 0.0049 0.18 0.57 0.97 0.36
2 3.1 0.0049 0.18 0.57 0.97 0.33
3 3.1 0.0049 0.18 0.57 0.97 0.36
4 2.8 0.0041 0.32 0.64 0.63 0.32
5 2.8 0.0041 0.32 0.64 0.63 0.35
6 2.6 0.0034 0.44 0.70 0.41 0.30
7 2.6 0.0034 0.44 0.70 0.41 0.31
8 2.5 0.0033 0.45 0.71 0.40 0.39
9 2.3 0.0027 0.55 0.76 0.27 0.28
10 2.3 0.0027 0.55 0.76 0.27 0.27
11 2.0 0.0021 0.64 0.81 0.17 0.27
12 2.0 0.0021 0.64 0.81 0.17 0.29
13 1.8 0.0016 0.73 0.86 0.11 0.24
14 1.8 0.0016 0.73 0.86 0.11 0.25
15 15 0.0012 0.80 0.90 0.063 0.22
16 15 0.0012 0.80 0.90 0.063 0.22
17 1.3 81£ 10 * 0.86 0.93 0.034 0.19
18 1.3 81£ 104 0.86 0.93 0.034 0.20
19 1.0 51£ 104 0.92 0.96 0.016 0.18
20 0.47 | 1:1£ 10 4 0.98 0.99 0.0017 0.14
21 0.0 0.0 1.0 1.0 0.0 0.074
22 2.6 0.0034 0.14 0.40 0.78 0.50
23 2.0 0.0021 0.34 0.51 0.28 0.46
24 1.8 0.0016 0.43 0.56 0.17 0.44
25 15 0.0012 0.50 0.60 0.095 0.33
26 1.0 51£ 104 0.62 0.66 0.024 0.30

Table 3.1: Experimental parameters for experiments on ratiag turbulence.
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Instantaneous horizontal velocity elds of the °ow were again easured using
Particle Imaging Velocimetry (PI1V). The tracer particles usé in these experiments
were small spheres of dyed wax with an average diameter of 1 mmdaa density
slighter less than that of the salt water. The density of these beadwas such that
when added to the tank, they °oated on top of the water and follwed the °ow. To
produce a high contrast between the beads and the plastic boitg the container was
lit from above with two lamps. Videos of this set of experiments &re recorded in
plan view using a digital video camera with an array resolutionf 1032 x 1032 pixels.
The typical spatial resolution of the images was 35.5 pixels/cmThe camera was
“xed to the rotating platform to obtain images in the same frameof reference as the
experimental tank and the videos were recorded directly intthe memory bu®ers of
a computer also situated on the rotating platform. Further pr@essing of images was
performed on workstations with duel Alpha processors where sussi&e images with

a frame rate of 8.5 fps were used to obtain 4.25 velocity elds pgecond.

3.3 Results and Discussion

In the case of our second set of experiments involving beta-p&aiturbulence, the
typical decay rate of the total energy was measured during antermediate time of
5 s after forcing ceased. Recall that bottom friction is comnmdy parameterized by a

linear term in the vorticity equation

D!

— =i, +°r}
pt !

5t

where! is the vorticity, , is the linear drag coezxcient and® is the kinematic vis-

cosity. For a rotating system,, can be expressed as = fE ¥2=2. Equivalently, the
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characteristic Ekman time scale isTg = , 1! = H=(°-) ¥*2. The Ekman condition
is valid for °ows with low Rossby number. It works well however ean for vortices
with moderate Rossby number (e.g. Kloosterziel and van Heijst, 29, Maas, 1993).
Linear drag causes an exponential decay of energy. The cobtriion of the ordinary
viscosity to the decay rate for these experiments remains apprmately the same
as it had been in the non-rotating case. The typical decay ratef the total energy
however is much greater in the rotating case and so in this casettoon friction pre-
vails. This faster decay rate arises because in the experimemsalving beta-plane
turbulence we use a single layer of °uid instead of the two-layer sm that was used
to shield the °ow from the bottom of the container in experimerd with non-rotating
turbulence. Also, the linear drag coezcient is linearly propdional to the rotation

rate - of the system since the average depth of the layer, given iour case by

sR?

3

1Z

R
= = H(r)dr=Ho+
= H(dr=Ho

D
decreases with rotation rate (see Table 1).
Thus for the case of the rotating turbulence we have

d(InE)
dt

2, Ya

The values of the liner drag coezcient 2 for the experiments performed with beta-

plane turbulence are given in table 3.1.

First, the general features of the °ow for the case ofj plane turbulence were
analyzed. The sequence of plots shown in gureGshows the typical °ow evolution
for an experiment with a high value of in terms of the vorticity (color) and veloc-

ity (arrows) at various times. During forcing, the °ow is charaterized by isotropic
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(@) ()
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Figure 3.6: Sequence of plots that show the typical °ow evolwn for an experiment
with a high value of ~ (- = 3 :15si 1) in terms of the vorticity (color) and velocity
(arrows) at various times. (a)t=0:5s(b)t=15s(c)t=3sd)t=4s
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turbulence with vortices of both rotational senses distribute evenly throughout the
container. Once the forcing is stopped however, the vorticeggin to merge/pair with
neighbors of like rotational sense. Finally, the vortices begto rearrange themselves
into an anisotropic °ow such that a series of bands of vortices forzonally that al-
ternate between vortices with positive and negative rotatioal sense. The placement
of these bands of vortices is such that zonal jets are formed teen the bands. This
behavior is in agreement with the predictions of Rhines (18] who predicted the
anisotropization of the °ow eld and a stabilization of the zonaFow due to the beta-
e®ect. This behavior is markedly di®erent than that of non-rating two-dimensional
turbulence due to the fact that the beta-plane acts as a potdal vorticity selector
(Aubert et al., 2002) because of the conservation of potentiabxticity (equation 1.18).
As the °ow evolves, cyclones (vortices that rotate in the same senae the system)
cannot move outwards because this motion triggers the formanh of a Rossby wave
that forces them back into their original position. On the otler hand, nothing pre-
vents the cyclones from moving towards the center of the caiber. In the same way,
anticyclones (vortices that rotate in the opposite sense as tisystem) are prevented
from moving towards the center of the container but not from raving outwards ( g-
ure 36). Itis interesting to note that in the nal stages in the °ow evoltion of these
experiments, pictures of the °ow bear notable similarities to ®ather maps at the
500-millibar level which show the positions of the jet streamssavell as high and low

pressure systems (e.g., guresBand 38).

The evolution can then be further examined through aHovmoller plot which
demonstrates the evolution of the zonally average °ow as a furan of both time and
radius is given by gure 39 for an experiment with a high value of . This plot reveals

that after an initial period of forcing, the vortices in the turbulent °ow redistribute
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Figure 3.7: 500 millibar weather map of the Southern Hemisphemwhich shows the
positions of the jet streams as well as high and low pressure systenighe gure

represents a composite 500 mb height (color) and sea level pressuorap of data
taken on July 30, 2004 by Unisys Corporation (Unisys Weather, 200
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Figure 3.8: Schematic 500 millibar weather map of North Americthat shows the
positions of the jet streams as well as high and low pressure syster(Roulsen, 2004)

themselves such that two prograde (cyclonic) and two retrogde (anti-cyclonic) jets
develop. Eventually, these jets merge into a system that consisi§a weak retrograde
circulation in the center of the domain surrounded at its pepghery by a relatively

strong prograde jet.

Typical potential vorticity (color) and velocity (arrows) e Ids are then given in
“gure 3:10 for two experiments with high and low values of. The pictures represent
an intermediate time in the °ow evolution shortly after the forcing was stopped. As
predicted, the pictures show clear di®erence between the twows For the exper-
iment with the low value of  (‘gure 3:10 b), the potential vorticity is mixed to a
signi cant degree and the °ow closely resembles non-rotating isopic turbulence.
On the other hand, the experiment with the high value of (‘gure 3:10 a) clearly

shows the anisotropic behavior typical of j plane turbulence. This °ow is charac-
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Figure 3.9: Space-time diagram of the averaged zonal velgcfor experiment 15
(Table 3.1). Scale represents velocity in cm/s.



Chapter 3. Experimental Investigation of Beta-Plane Turbule nce 70

Figure 3.10: Vorticity (color) and velocity (arrows) elds mesured in two experiments
with high and low beta: experiment 5 (Table 3.1) att = 4 s after the forcing was
stopped (a) and experiment 15 at = 11 s (b). The color bar shows the potential
vorticity scale in (cms)i 1. The arrow in the top left hand corner of each frame
represents the velocity scale, tm=s The total distance in x and y axes is 3tm.

terized by a well-de ned polar vortex that resembles the one diod in the Earth's
atmosphere where it develops as a strong area of low-pressurevabihe core of the
coldest polar air ( gure 38). The experimental polar vortex has an intense prograde
jet at its periphery that is subject to wave-like perturbations of signi cant ampli-
tude that represent a typical Rossby wave. The perturbations cabe considered as a
vortex Rossby wave (Montgomery and Kallenbach, 1997, Montgary and Lu, 1997)
since it develops with signi cant background shear. An animated gaence of images
of this °ow shows that the wave is almost stationary so that its phasmoves only very
slowly in the cyclonic direction. It is also clear that the vorices that constitute pro-
tuberances at the periphery of the polar vortex in gure 3.0 a are elongated. This is
in accordance with the predictions made by Rhines (1975) whwedicted that one of
the e®ects of planetary rotation on two-dimensional turbulese would be a preference

for the vortices in the °ow to become zonally elongated. Thissiin contrast to the
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Figure 3.11: Radial distributions of azimuthally averagedanal velocity and potential
vorticity for two experiments with high and low beta: experment 5 (Table 3.1) at
t = 4s after the forcing was stopped (a) and experiment 15 at= 11s (b). Solid lines
represent distributions of planetary vorticity f=H .

vortices in the °ow in gure 3:10 b which are round owing to the fact that for low

value of , the °ow is not signi cantly e®ected by rotation.

Plots of the radial distributions of azimuthally averaged zoal velocity and po-
tential vorticity for the two experiments are given in gure 311. The plot of the
distribution of the zonally averaged azimuthal velocity forthe experiment with the
high value of con rms this behavior. The plot shows a narrow prograde jet latized
nearr = 8 cm and a weak retrograde circulation in the center of the etainer that
represents the polar vortex. The corresponding plot of zonglaveraged potential vor-
ticity (‘gure 3 :11) demonstrates that the potential vorticity in the °ow with higher
~ is not mixed to any noticeable extent since the values of potial vorticity are
consistent with the solid line which represents the distributios of planetary vorticity
f=H . The perturbations of the polar vortex are therefore \elast" in accordance to

theoretical results. The plot of zonally averaged potential articity (' gure 3 :11) for
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the °ow with low  on the other hand, demonstrates several plateaus where thewes
of zonally averaged potential vorticity do not lie along thdine of f=H . These regions
represent the mixing of the potential vorticity that is expeded for non-rotating tur-
bulence but is not consistent with classical theory forj plane turbulence. It is also
evident that the mixing is stronger in the center of the contaier where the gradient
of the background vorticity f=H is weaker than that at larger radii.

The °ows with high and moderate values demonstrated another interesting
phenomenon of geophysical relevance, namely the \blockingf the jet. Atmospheric
blocking is a persistent weather phenomenon that arises as arteimuption of the
normal west-to-east “ow at mid to high latitudes. This blocking @curs approximately
one to three times each Northern Hemisphere winter (and occasadly during other
seasons) when large high-pressure anticyclones form and usuakysust for at least
10 days and sometimes longer than a month (O'Connor, 1963, Bohnd Gordon,
1983, Cheng and Wallace, 1993). The e®ect of these anticycktieen is to block the
nearly zonal °ow and de°ect it towards the north pole. It has alsdeen found that
certain atmospheric anomalies, such as persistent blocking etgeare for the most part
barotropic or nearly two-dimensional (Cheng and Wallace, 3, Charney and Devore,
1979, Lau and Nath, 1987). The type of blocking anomaly visibie our experiments
represents the so-called \Omega" block, which is a high-pressuanticyclone that
has become displaced and is on the poleward side of the jet streaifhis type of
blocking gains its name due to the fact that when analyzed onpper air charts its
shape resembles that of the Greek letter -. An example of this typef blocking event
is shown in gure 312 for atmospheric °ow in the Northern Hemisphere. The gure
shows the contrast between an almost zonal °ow and that of a blockéow. In the
case shown in this gure the e®ect of the blocking pattern is to adet cold Arctic

air southward over eastern North America or Europe while decreasj precipitation
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Figure 3.12: 700 millibar weather map of North America. (a) Unlicked °ow (b)
Blocked Flow. The plots represent an averaging over 10 daystaice-daily data from
the National Oceanic and Atmospheric Administration's ClimateAnalysis Center.
(a) represents data taken from December 13 to 22, 1978. (b) repents data taken
from January 10 to 19, 1963 and shows how the blocked °ow sendsicair southward
over eastern North America or Europe and decreases precipitatiin the continent's
western part. (Weeks et al., 1997)

in the continent's western part (Weeks et al., 1997).

One of the most obvious examples that occurred in our experims is shown
in the vorticity plot in gure 3 :13. This blocking event occurred as a result of the
entrainment of a patch of lower potential vorticity betweentwo protuberances. A
vortex dipole with a direction opposite to that of the jet was brmed and then remained
stationary in the jet splitting it into two branches. Our experimental blocking event
lasted for approximately two rotations of the system (or two labratory days), which is
a relatively short period of blocking when compared to blockg events in the Earth's

atmosphere that can last as long as a few weeks. The relatively ghiime period of
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Figure 3.13: Zoomed velocity and potential vorticity map fo experiment 10 (Table
3.1) demonstrating a laboratory blocking eventt = 8s after the forcing was stopped.
The signi cant features of the °ow are highlighted. The anticylonic (A) and cyclonic

(C) vortices that comprise the stationary dipole are marked ais a protuberance (P)
at the periphery of the polar vortex. The solid line representthe line through the

center of the dipole along which the distribution of PV was meaured and the black
arrow represents the direction of the zonal °ow.
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Figure 3.14: Distribution of potential vorticity along the straight line going through
the centers of vortices in the dipole in Fig. 3.13. The distriltion is approximated
by a piecewise linear dependence (solid line).

our blocking event however is most likely due to the fact thathe °ow itself is not

stationary in our case.

An analysis of the distribution of the potential vorticity along a line that crosses
the centers of the constituent vortices of the dipole that fons with a direction op-
posite to that of the jet was performed (gure 314). The analysis revealed a few
interesting features of this structure. The gure shows that ouide of the dipole
there is a strong gradient of potential vorticity and that the jets surrounding the
dipole are characterized by a uniform distribution of potenal vorticity. The protu-

berances in between the vortices of the dipole on the other i contain a relatively



Chapter 3. Experimental Investigation of Beta-Plane Turbule nce 76

high potential vorticity. It is also obvious that as is expeced, the left hand (anticy-
clonic) vortex of the dipole contains a relatively lower pantial vorticity than that

of the right hand (cyclonic) vortex.

Finally, we performed an analysis of the spectral characteriss of the experiments
on beta plane turbulence. For these experiments, the velocitomponents {y; vy)
were measured on the same regular Cartesian grid of dimension§ 99 that was used
for the experiments on non-rotating turbulence. In this sees of experiments however
the turbulent °ows were generated in an annulus as opposed to ansquare container
and so it is more natural to use a cylindrical polar coordinate syem (r; 1) for the
spectral analysis. To this end, the measured velocity eld was karly interpolated
onto a polar grid of dimensions 4& 96. The spacing between the grid points in
the radial direction in the new polar grid was approximatelyconsistent with those
in the Cartesian grid. On the other hand in the azimuthal diretion the data was
undersampled at larger radii and oversampled near the centefrthe domain. Finally,
the radial and azimuthal components of the velocity eld \;;v,) were estimated on

the polar grid.

For each component of the velocity \(;Vv,), the two-dimensional power spectra
Emn = VmnVy, in wavenumber spacerf; n) were then calculated. Here, time av-
eraging was performed at intervals of 1 s. Each velocity compent (v,;v,) was
decomposed using a Fourier transform ip and Bessel function decomposition in to

give i !

_ X X imy ro
v(rp) = Vinn €™ I ®mn§ .

m n
Here, the Bessel coexcients were obtained numerically by usingetformula (Ar-

fken,2001) . i !
2 R r
Vi (r)Jdn ®n ﬁrdr

Vinn = R2[Jne1 (Bmn)]2 0
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For this analysis, we have introduced the one-dimensional wawenber k = ®,,=R
which is analogous to the radial wavenumbek = (kZ + k7)'* that is de ned for
the two-dimensional Fourier transform in Cartesian coordinas. This wavenumber
may be obtained from the comparison of theAresuIt !of the applitan of the Laplacian
operator on the basis functiond\,, = €™Jy, ®n, L suchthatr 2Ag, = | @ Ann,

with the corresponding equation for the two-dimensional Fougr series (Boer, 1983).

The series of 26 experiments that were performed involving taeplane turbulence
cover a range of rotation rates and consequently a range ofwas of . As such, it is
of interest to examine the evolution of these °ows at high and lowalues of . The
two-dimensional energy spectr&,, for two experiments with di®erent values of,
are given in gure 315. It is easy to see from this gure that for the experiment with
a low value of (‘gure 3:15 b), the spectrum is aligned along the isolines of the one-
dimensional wavenumberk given by the solid white lines. This behavior indicates
that in this case the °ow is approximately isotropic. For the expriment with the
higher value of  however, the spectrum does not align with the isolines & This
behavior is consistent with the anisotropic spectrum that is prdicted at high values

of ~ due to the presence of Rossby waves.

Recall that the dispersion relation for Rossby waves is anisotrigpand can, in our

case, be de ned as
Lo m
rokz
where! is the wave frequency andy = R=2 is an intermediate radius which has
been introduced in order to estimate the dimensional azimuthavavenumberm=r,,.

For our estimates, we reintroduce the turbulent frequency a%= kV,yns, where the

root mean square velocity is given by,,s = (2E)*?2. If we then take the ratio of the
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Figure 3.15: Two-dimensional energy spectra for two experimts with high and
low beta: experiment 1 (Table 3.1) att = 4s after the forcing was stopped (a)
and experiment 15 att = 11s (b). Color scale represents Iri,,). The vertical
axis represents index m such that the rst (top) line of the diagren shows the zonal
spectrum. Solid white lines are isolines (from 0.5 to 5 with thiaterval 0.5 cmi ) of the
one-dimensional wavenumbek = ®,,,=R. Dashed white lines represent anisotropic
wave-turbulence boundary in wave vector space given by eqi@t (3:3). Contours
corresponding to values of 0.5, 1 and 2 are shown.
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Figure 3.16: Evolution of the one-dimensional energy spectrufor two experiments
with high and low beta: experiment 1 (Table 3.1) (a) and expément 15 (b). Solid

lines represent the spectra during the forcing. Grey and bladdrcles show spectra at
t = 2;4s after the forcing was stopped (a) and = 1:5;7s (b). Arrows indicate the

position of the centroid of the total energy and zonal energyistributions.

wave frequency and the turbulent frequency we obtain

' 2m

% RKVe : (3.3)

Assuming that this ratio is of the order of unity we obtain the ansotropic Rhines
barrier (Rhines, 1975) between the wave and the turbulence dominatedgions of
the spectrum. The dependence of equation:@ in (m;n) space for three values of
the ratio !=% is shown as the dotted line in gure 3L5. These isolines represent
the analogue of the dumbbell shaped (lazy-8) two-dimensionapectrum in polar
coordinates. It is predicted that Rossby waves are dominant wiin these curves and

it is shown in gure 3:15(a) that the spectrum is consistent with the isolines of=%a.

The one-dimensional total energy spectruri (k) is then obtained by sorting the
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elements of the arrayE,, according to the value of the corresponding wavenumber
k = ®nn=R. The zonal energyEz (k) is represented by the rst line fn = 0) of the
array Enn . The typical evolution of this one-dimensional energy speaim was then
plotted for two experiments with di®erent rotation rates andconsequently di®erent
values of  (‘gure 3.16). The solid lines in this gure represent the spectra uting
the forcing period and it is clear that the spectra during formg are very similar
for both experiments. It is also obvious that the energy is distouted evenly over
the entire range of the wavenumbers for the experiments. Thérdes in this gure
represent the spectra for the decaying “ows and this is the parf the spectrum that
we will now study. The most obvious di®erence in this part of the spgtrum between
the two experiments is the position of the spectral peaks. As prietked, the position
of the spectral peak is at a higher wavenumber for the experimewith the higher
value of than it is for the experiment with the low value of . Another interesting
di®erence between the spectra is that the spectral peak for theperiments with low
shifts towards lower wavenumbers with time whereas the peasrfthe experiment with
higher  remains in the same position. The shift in the spectral peak obsed for the
experiments with low  is constant with the experiments performed using non-rotatm
turbulence. As was the case with the non-rotating turbulencahe shift corresponds
to pairing of the original vortex structures in the °ow such thatthe subharmonic
peak grows while the original peak diminishes. The lack of a shih the spectral
peak for the experiment with higher is consistent with the fact that the presence of
the | e®ect tends to restrict vortex pairing in favor of the creatiomf zonal motions.
Finally, the shape of the energy spectrum for the experiment thi higher — has the
form E(k) » k™, wherem 2 j 5 for the high wavenumber part of the spectra. This
value is in agreement with theory (equation 29). In the experiment with the lower

values of , a slower decay of the energy spectrum is observed. The high wavweber
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Figure 3.17: Evolution of energy-weighted mean scakefor total energy (solid line)
and for zonal energy (dashed line) in the experiment 7 (Table 1.

part of this spectra is consistent with the power law of the fornki 2 which is similar
to that observed in experiments with nonrotating two-dimensinal turbulence. As
one might expect the small scale vortices are una®ected by the gystrotation. This
is consistent with the fact that for low values of , the °ow should behave more like
non-rotating two-dimensional turbulence for which a slower getrum decay rate is
predicted. The result is also consistent with the shifting of the sgrtral peak that

was observed for this experiment.

As with the non-rotating turbulence, we will now examine the eergy-weighted
mean wave numbekg which is de ned previously in equation (23) as well as the simi-
lar wavenumberkz,na Which is de ned in the same way for the zonal energy spectrum.
Here again we estimate these integral characteristics througlumerical integration
of the appropriate moments of the one-dimensional energy sprac(equation 2:2).
Figure 317 shows the typical time evolutions okg and kzona for experiment 7 in

table 3.1. Both of the wavenumbers remain at a constant valueudng forcing and
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Figure 3.18: Plot of the energy-weighted mean wavenumblgs versus isotropic Rhines
wavenumberk- : circles - experiments 1- 21 (Table 1), stars - experiments-226.

then decrease rapidly to another constant value after the farg is stopped. This
is consistent with theory in that for non-rotating turbulenceit is predicted that ke

should decrease with time corresponding to an upscale energyriséer. However, in
the case of beta-plane turbulence, the upscale energy transfehalted at some point
by the formation of zonal jets which would cause the values & and kzqna to Stay

constant at later times in the evolution.

The mean values ofkg after the period of rapid decrease were then measured
for all of the experiments and were plotted versus the Rhinesamenumber (Rhines
scale) (‘gure 318). Recall that this wavenumber represents an isotropic baer be-
tween waves and turbulence. In our case, its value was found bgtting the ratio

of frequencies in equation (3) to unity, averaging over the values of the azimuthal
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wavenumberm and then neglecting the anisotropy by takingn=R = k to obtain

A Pz

k- =

3.4
Vrms ( )

Figure 318 shows that the values okg which were measured in our experiments are
close to the corresponding theoretical estimates &f for the experiments with high
values of . This result is not consistent with predictions since strictly spaking the
estimate (equation 34) implies a steady °ow rather than a decaying one. The values
of ke that are shown as stars in gure 318 represent the results of a short series of
experiments (22-26 in table 1) in which the depth of the layewvas 30% less than that
of the rest of the experiments. Due to the reduction in the deptlof the layer, the
energy decay rate in these °ows is signi cantly higher over the s@amange of . The
results from this series of experiments are consistent with thoseund in the other
experiments. This indirectly implies that dissipation is not alimiting factor in our
experiments since it is obviously the j e®ect rather than dissipation that provides

the arrest mechanism at small wavenumbers.

3.4 Conclusions

In this chapter, the case of decaying two-dimensional turbubee was extended to a
more geophysically relevant situation by reproducing this °own the beta-plane. The
two-dimensional energy spectra for the °ow with low values of lee was found to be
isotropic since the spectrum lies along the isolines of the onamgnsional wavenumber
k. The presence of Rossby waves is apparent however in the anieptc spectrum
for the °ow with high values of beta. This spectrum is in generatonsistent with

the isolines of the anisotropic Rhines barrier between the wendominated region of
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the spectrum and the turbulence dominated region. An investig@an of the energy
spectra for these °ows demonstrated that the position of the peak ahort wavenum-
bers depends on the parameter rather than on the dissipation rate of the °ow. It
is obvious that the inverse energy cascade is arrested at smallveaumbers in the
experiments with relatively high values of the parameter as was predicted by clas-
sical theory. The energy-weighted mean wavenumber measured these experiments
was found to be in agreement with the estimate provided by thesotropic Rhines
wavenumber. At high wavenumbers (wavenumbers greater thahe energy peak), a
steep slope of the fornE (k) » ki ° characterizes the energy spectra for the °ows with
relatively high values of the parameter. In experiments with a low value of the
parameter, the upscale energy transfer is not restricted and dtccurs via the growth
of subharmonic peaks due to the successive pairing of vortex stiwes.

It was shown that a zonal °ow in the form of strong prograde jets ahrelatively
weak retrograde circulation emerges from the initially tuoulent °ow of beta-plane
turbulence. In experiments with a relatively high value of lhe ~ parameter, the
characteristic behavior of the °ow is the formation of a polar ertex with \elastic"
boundaries that are strongly perturbed by (stationary) Rossby awves. In experiments
with a low value of the =~ parameter, the potential vorticity in the center of the
container is found to be mixed to a signi cant degree and the elaion of the °ow is
found to be similar to that of non-rotating quasi-two-dimensioal turbulence.

Finally, blocking events similar to those that occur in the Eath's atmosphere were
observed in the laboratory °ows that involve high and intermeihte values of . The
particular example of blocking demonstrated in gure 33 gives a laboratory analogue
of the \omega" block. This type of block represents a high pressa (anticyclonic)
region that has become displaced and is on the poleward side bétjet stream - a

situation that frequently arises in the earth's atmosphere inhe late winter and early
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spring above the Northern Hemisphere.
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