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Abstract

“This paper investigates anisotropic oceanic features referred 10 as “zonal jets”, zonal meaning
that velocity alterates in the east-west direction with latitude. Zonal jets, as predicted by
turbulence theory, were recently observed by satelite altimetry in the world ocean and were

observed scparately in numerical models of the ocean. This study is focused on understanding

on a rotating table in the geophysical fluid dynamics laboratory run by Peter Rhines at the
University of Washington in Seatle. A cylindrical tank placed o the table and filled with saline
water provides a simplified and confrolled environment for modeling the dynamics of oceanic

circulation. The experiments performed for this study demonstrate @ mechanism where the jets

result from i castern

boundary o an ocean. propaga
basin scale Rossby waves. The dynamic flow ficlds were measured by Allimetric Imaging

Velocimetry (AIV) and opticl thickness methods.
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Chapter 1: Theoretical Background
1.1 Introduction

The circulation of the oceans is a complex system involving many known and some

idiscovered to predit th circulation
and identify the mechanisms involved. Satellite altimetry, in situ observations of the ocean,
numerical modeling, and laboratory experiments are four methods of investigatng the oceanic
circulation. Alternating zonal (along latitude lines) jets were recently detected by satellte
altimetry (Maximenko et al., 2005; Maximenko et al, 2008) and in numerical models (Nakano.
and Hasumi, 2005; Richards et al., 2006) of the worlds oceans. The physical mechanism(s)
responsible for the formation of zonal jets has not yet been determined and is a subject of

ongoing discussion. The experiments described here were performed at the geophysical fluid

ton in Seattle. The goal of

he S F o

the zonal jets.

In this chapter the theoretical background of jet, turbulence, and barotropic and baroclinc.
instability is presented, folowed by the discovery of the zonl jes, and the different hypotheses

about mechanisms that may contrbute to the formation of the zonal jets. The second chapter

nd
experimentsl setups and includes a detailed discussion of the experimental results and.

conclusions.




1.2 Observations of Zonal Jet in the Ocean

Altmting zonal et orgialy preicted by turblence thory (Rhines, 1975) were recenly
detcted in satelite and in sita obsevaons (Maximenko et al. 2005; Maximenko et a. 2008
and in ocean generl circlstion models (Galperin et al. 2004 Nakano and Hasumi 2005,
Richards t al. 2006, The jts are hiddeninthe mach higheramplitde signal o the varibiliy
of the general circulston and can only be revesled by iering the mean zonal geostrophic
veocity fed. The zomal et are shown to populte every part of the world ocean and its
maginal seas (Maximenko ot a, 2005) an thy seem to oignate at the castem boundaris of
oceans (Centurioni et a., 2008). The rsson for ther spperance This secion wil preent the

discovery of the zonal jets in the world ocean data and in numerical models. The different

be discussed

by Maximenko et al, 2008).




“The altimetry data used by Maximenko t al. (2005) are 513 weekly maps from October, 1992,
o August 7, 2002, of the sea level anomaly. The data was filtered and analyzed to acquire
information such as sea level anomaly, which can be used to calculate geostrophic velocity and

geostrophic vortcity. The jets are best scen on the map of mean zonal geostrophic velocity

Gigure jts a few

Kilometres (Maximenko et al, 2008). The zonal jetsare referred t0 as *sriations’ by Maximenko

1 the mean

flow, meaning that water partiles move across rather than along the features. The general
interpretaton is that the trations are meridionally alternating zonal jts predicted by theory to
be generated from two-dimensional geostrophic turbulence on & rotating spherical planet

(Raines, 1975).Inthis document the ‘sritions’ will be referred o as ‘zonal jts'.

Observations show that the zonal jets cross mean geostrophic streamlines and at the crossing
point the fluid parcels caried by the flow are deflected slightly in the direction of the jes. This
eliminates freely evolving geostrophic tubulence and potential vorticiy staircases as possible
sources of the jets (Maximenko et al, 2008; Rhines, 1975). Maximenko et al. (2005) averaged
geostrophic velocity in one region over 200 weeks (almost four years) and expected that the
numerous eddics (slso called vortces) passing through the area would cancel each other out,
averaging to zero, but the jets remain distnct i the long time average. This indicates that the
‘paths ofindividual eddies are not completely random and it was hypothesized that the presence.
of the jets regulates the formation of new eddies which feed back to maintain the jes. This

means that ths or th could

be responsible for the zona jts (Maximeriko et al, 2008).




Schlax and Chelton (2008) sugaest that zonal jets found in long:term time aversges of sea
surfuce height and velocity may be the result of eddies following preferred pathways (eddy

arefacts). They mention that zonal jets in previously published studies are most clearly defined

the dominant eddy propagation directions. Another piece of evidence they present s that the
anisotropy of velocity variance expected for geostrophic turbulence cannot be detected without

long time averages and has been shown to create the illusion of elongated zonal velocity

sructures
possible that eddies simply contribute (0 the persstence of the jets and that the zonal jets arc

ercated by another mechanison.

Melnichenko et al. (2010) used 1993-2002 mean dynamic ocean topography, satellte altimeter
observations, and result from the Ocean General Circulation Model for the Earth Simulator to
study the dynamics of the striations found in the subtropical North and South Pacific. They

performed analysis of the relative and potental vorticiy budgets of the stiations. Ther results

found.

dge of the s he "
of the time averaging of westward propagating cddis but that eddics can propagate along
prfred pathways which may coincde with he s (Scft e a, 2008). Mehichenko et al.
(2010) did ot isolate  single mechanism being responsibe for the formation of the strsions
and suggest that o complex_combinaton of licar and nonlincar mechanisms might be

responsible for their ormation.

Centurioni et al. (2008) found evidence in driter data that the jets are extensions of four

stationary meanders of the California Current System (CCS) suggesting that a mechanism

4




analogous to f-plume is responsible for the formation of the zonal jets. The CCS is an castem
boundary current system located in the subtropical North Pacific Ocean that extends from
hundreds to thousands of kilometes offshore of the North American coast. The offshore CCS

consists of a southward near-surface current that i called the California Current and a deeper

. Four

2008).

Centurioni t al. 2008) collected velocity observations fiom Lagrangian drifes drogued at 15
metres depth in the CCS between 1957 and 2005. They used drifler data o compute the mesn
scceleration and to compare the vortcty flux divergences due 10 the mean flow and due 10
eddies. Their observations revealed four permanent meanders in the CCS.region that are
connested 0 st of lanted bands o zonal flow that extend for severa thousandsof kilometres
into th intrior of the Pacific Occan (Centurioni t al, 2008). The unbissed verion of the

s



P in Figure 2 typical velocities on
the order of 5 cavs (th red bands). The four convergent flowing jet-like features were tilied

northward from the coas, Their rsults suggested that forcing of the flow due t0 vortciy fluxes

bands of zonal flow.

Chlion et al. propagation n the ocean

sets of sea surfice height (SSH) variation that was collected by the TOPEX/POSEIDON (T/P)

alimeter &

1992 t0 August 2002, P determine.

i transient adjustment of the large-scale circulation of the ocean is caused by the westward

Thelton et al., 2006). The
combined T/P-ERS data has approximately double the spatial resolution than the previously
studied TP data which permits an investgation of the dispersive character of Rossby waves,

which s the dependence of wave frequency on zonal wavenumber, Their analysis detected the

poc
{he tropics (23° both N and ) re fste than the phase specds prdicted by th classcl theory
for frcly propagating linear Rossby waves, Furthenmors, they found that the westward
propsgaion tends o be nondispersve and contans many oddy-lke sructres sggesing that
nonlinesr dymical proceses may be mportant, T contast o fincar waves nonlincar cddics
can transport mormentum, hst, chemical constituents and contribute {0 the general cireulation

and i 007).

waves can produce nonlinear eddies as @ result of wave breaking or by exciting smaller soitary

waves and vortices. Obst




to propagate west (Chelion et al, 2006). The generation mechanism for the observed eddies

o =
of namow, intense currents, such s areas near wester boundary currents or the Antarctic

Circumpolar Current (Chelton et al, 2006).

he - - :
G N T

Figure 3: Five-year averaged zonal velocity(cm s”) at 1000 m for PCF6sine. Contour intervals
are2ems’, H 005).

Nokano and Hasumi (2005) investigated the possible origin of zonal jets in an cddy-permiting.

‘model of the North Pacific.

Research (CCR) Ocean Component model (COCO) for calculation. The model solves the.

tudi

isopyenal diffusion, biharmonic horizontal diffusion, a tracer advection scherme, and enstrophy

conservation and ic friction in that

western boundary current. They found that zonal jets in ther study had common festures with

7




the zonally elongated flows obtained in previ Jated basins.
I thei simulations they found that most of the zonal jets are created by the rectfication of
turbulent processes on a f-plane, also known s the Rhines effect. The meridional scale of the

jets was consistent with the Rhines wavenumber
kg = VBe/Urms an

Where U is the root-mean-square partcle speed, and By is the north-south gradient of the
Coriols frequency. The inverse of the Rhines wavenumber s the Rhines scale Ly = y/Urs/Be

‘which i the characteristic length scale that marks the cross-over between waves and turbulence

(Valls, 2006). At large scales

dominant (trbulence). patter for the zonal flows obtained

models i largely consistent with observations of the world ocean. The jet-like festures can be

found in the flow fields of high resolution ocean models averaged over a few years. The zonal

longitude and scale of
35° (Galperin et l. 2004; Nakano and Hasumi 2005; Richards et al. 2006). Richards t al

and temporal the zonal jets in a high resolution model

of the Pacifc Ocean. A vertical meridional section is shown i Figure 4, from Richards t al.
(2006), demonsrting that the jts have a large vetical coherncy that extends hroughout the
{otl depth of the cean i some regions. Th jts extend vertclly ascompared with the broad
zona flow that lnts northward with increasing depth Some o the zonal s ar explained by

the lincar response to the local wind stress; other zonal jets are formed without small-scale

by



that the horizontal variation of the meridional scale of the jets is consistent with horizontal

variations of the Rhines scale (Richards et al., 2006).

Latiudo.

gure 4: Zonal component of velociy along 150°F averaged over 3 years from the
climatological run of the POP model a a function oflatitude and deph. Colour saturtes at -0.06
m s (bluc) and 0.08 m s (red) (Richards et al. 2006).

Results based on satelte and model data require 2 thorough validation of oceanic observations

before the initial results can be trusted, and modeling these features in a laboratory experiment

p jes. this chapter




1.3 The Formation of Jets

The physical jets has not yet

nd hypothesized to

contribute to the formation of the jes. These mechanisms can be either linea or nonlinear. The
linear mechanisms hypothesized to contribute o the formation of zonal jts include sationary.

Rossby waves (Maximenko et

2008), radiating instabiltes of eastern boundary currents
(Hristova et al. 2008) and linear f-plumes (Centurion et a. 2008). The nonlinear mechanisms.
include the jets being cddy artefacts (Schlax & Chelton 2008), the result of eddies following
preferred pathways (Scott et al. 2008), eddy forcing terms (Melnichenko et al. 2010) and the

Rbines mechanism (Rhines 1975).

i - formation of th jts
Have ot been confimed o be solely responsible fr th creaton of the zonal s, Melnichenko
el (2010) sugget that nolinar ffcts ae cssenial i the dynamicsof the jts by showing.
hatthe eddy forsing (advective)tems are s important s the lincar terms in bt eltive and

potential vorticty balances. Before satellte alimetry, the detection of these zonal jets was.

the jets. The zonal P ocean,

including isolated basins. An intereting property of zonal jes is their orientation does not

slong them.

Jets are an extreme form of the mean circulation: localized, elongated, energetic lows, usually

with persistence in time (Rhines, 1994). In clssical luid dynamics, jets owe their existence o

10



hosan nd fon le. In natural
fuid flows of large scale, jets oceur in the nearly horizontal circulations of the oceans and

atmospheres of the lrge plancts. The two mechanisms that can lead to the formation of zonal

The theory of pplume
dymamics discussed by Stommel (1952), Davey and Kilword (1989), Pdosky (1992), Rines
(1999, Spall Q001) and Spall & Pickant 2003 will b presnted. We will mphasize two
mechanisns: -l dynamics and the formaton of jets from casten cossal curnts by

baroclinic instabiliy, which is discussed n section L5

1.3.1 Rhines Turbulence Theory

“The tendency of two-dimensional rbulence to form zonajts was frst presented by Rhines
(1975). In the pioneeing pape by Rhines (1975) it was shown that & homogencous cascade o
wo-dimensional urblence tends towards @ flow of alemating zonal jes which are smost
perfctly steady. In the context of smllscale urbulenc, the underlying mechanism of jet

formation

turbulence and Rossby waves (Rhines, 1975). The conversion of turbulence into waves yields
‘more narrowly peaked wave mumber spectra and less fine-structure in the spaial maps, while
smoothly distibuting the energy about physical space.

Planctary rotation and. topographical constraints are two factors that lead o quasi-two-
dimensionalization of the oceanic circulation on large scales. In the ocean, the large scales are.
affected by the latitudinal variation of the Coriols parameter, th planetary vorticity gradient or

so-called f-effect. The B-effect breaks the horizontal isotropy of the low field and faciltates its

1



selforganization in the zonal (east-west) direction giving rise to the emergence of quasi-one-
dimensional structures, also known as zonal jets. The basic physics of quasi-two-dimensional
turbulence with a p-ffect is described by the two-dimensional vorticity equation specified on a

-plane, which is defined below in section 1.3.2. Although this formulation is n idealization of

the real-world stuat

turbulence and s interaction with Rossby waves.

132 The f-plume Mechanism

The ppl is 2 key concept in here. Zonal jets will be
formed by creating a forced flow that leads to plume development which then leads to jet
formation. I the experiments conducted here the flow s on a f-plane. The explanation for the

experimental dynamics is found in Chapter 2 and why the experimental flow is on a polar -

plane. Here | willdescribe the -plane approximtion and the effct on the rotating Earth. On

the rotating Earth the magnitude of the vertical component of otation varis with lattude. This

¥

f=fe+bey

Here f is the Coriolis parameter on the rtating Earth, f; = 205 in O where £ is the rotation

ateofthe Earth and B i atitude in degres, iy = 0f /dy = (21 cos )/ Ry where By is the
adius of the Earh. The plane model capresthe ffet of the Eath’s sphericity by  linear
variaton of the Coriolis parameter in a planar geometry (Vallis, 2006). The feffect is the
dynamical cquivaence between the variaion of the Coriolis parameter with latitude and

variations of topography in the presence of a constant Coriolis force (Pedlosky, 1987). The -



plane can be simulated in 2 Iaboretory seting by using a circula tank with a flat bottom with &

‘The tendency of coastl disturbances, including intense jets, eddies, and Rossby waves, ereated
by temperature or saliity gradients to propagate westward along lines of latitude due to the -

effectare called -plumes (Stommel, 1982; Rhines, 1994). A f-plume i a quasi-zonal gyre-like

emission ¥ The p-
plume concept was introduced by Stommel (1982) afier he studied the P-govemed circultion at
‘mid-depth produced by the hydrothermal vents of the South Pacific Rise. He described a thin

thermal convective layer governed by the f-plane and driven by heating at the summit of the

and

Figure s:
ridge (Stommel, 1982).

B



Davey and Killworth an ocean model to
forcing on a f-planc and found three flow regimes. When the forcing was weak, the response

from the

with a front propagting at a long Rossby waves speed. When the amplitude is increased, the
response changes o a chain of discrete cddies that form in the forcing region and propagate

westward. 3

sodel with geostrophic, hydrostat study

the baroclinic structure of the abyssal circulation and the most robust feature of the flow i the

tendency y "

and simes. The first s the

forcing region, in which the balance is between vortiity input from the wind or upwelling and

advection across the mean vorticity gradient. For upwelling, the flow in the forcing region is

toward the pole.

castward flow equatorward of the forcing region. These zonal flows are along contours of

constant potential vortcity because both the forcing and the dissipation are assumed wesk. The

a viscous boundary layer.

“The theory presented here follows the theory from the paper by Afanasyev et al. (2010) that was.

pub Consider
a flow induced by a localized perturbation on the polar f-plane where the Coriolis parameter
varies quadratically with the distance from the pole,

1



f=h0+yr?) 1.2)

Where , i the Coriois parameter, 1 is the parameter for the polr [-plane, and r-is the distance

from the pole (the center of the tank). The total velocity of the flow can be writen as & sum of

V=TT am
with gostropic velosity

s

and ageostrophic velocity

as)

Here g is gravitational acceleration, 7 is the surface elevation and  is the vertical unit vector.

The . ) can be used 1o introd o

the ight-hand side ofthe equation

w6

where Ho i the water depth, subscript a denotes ageostropic terms and subscript g denotes
geostrophic terms. Substituting (1.4) into (1) then linearizing the advective derivative and

transferring into polar coordinates (r,6)



2y fB
Vo= e+ 2vfng =

‘Now look for the solution of equation (1.6) of the form

- MZ-ZW"‘":XF(WHIM (amng)

as

Where @y i the 1 order and
(th adis ofthetank), Substiuin no eqation (1.6) we obisn
e (ke ,L) +arpim = A,

where Qu i the Fourier-Bessel transform for the source:

2.24"‘"” @0 (amn )

such that (Arfken and Waber, 2001)

a9

.10

24

= n*u,,.,(a,.n)lz '”f G

Integrating equation (1.7) withinitialcondition 1™'=0 at £ = 0, we obtain

4iQmn. —
e (=)

with dispersion relation




iy

“The solution of equation (16 s then

2 2 Z‘om(lﬂxp(m»..r))cxp(ms)/m [Cma) i

“This solution is similar o tha oblained by Davey and Killworth (1989) for the f-planc. A long
‘wave soluton can be easly obtained if the term responsible for dispersion (1) is gnored in
equation (1.6). The solution s given in the form of the integral

varrie

4
tl ,0)d0" 113)
1=z Ef Q0r,89d6° ¢

Alternatively the solution is given by (1.11) with a simplified dispersion relation yielding non-

= 2y foRG
However, if the full dispersion reltion (1.10) s used, the solution given by (111 is quite
different, The wave is much slower and dispersion is very significant. The ratio of the terms in

the denominatorin (1.10) is

g Ho
(A

Ri
"




where Ry = (gHo */fo Ra=

18 em. With

andn 1

baroclinic Rossby waves the radivs of deformation can be much smaller and the plumes can be
more concentrated as a resul. In the experiments described here barotropic Rossby waves and

were observed.

1.3.3 Barotropiec & Baroclinic Instability

Here 1 will describe two types of instabilty that will play a role in the experiments. The
‘phenomenon of instaility s the preferential transfer of energy from the wave-free flow to the
fluctuating flow (Pedlosky, 197). The two types of insability that will be observed in the

experiments are barotropic and baroclinic instabilit. Barotropic instabilty depends on the

ce of

the Corioli and

influenced by the baroclinic insabilty. Baroclinic insability arises in rotating, stratified flids
that depends on the existence of the vertcal shear of the basic current (Valls, 2006). In
barocinic instability small perturbatons of the basic steady flow  generate large-scale waves.

i ]

by any external herent

insability of midltitude eastward flows. The encrgy source for the instabiliy i the available

. 1987). horizontal

salinity gradient implies that baroclinic insabilty oceurs in  two-layer fluid and varies with
depth. The horizontal gradient s unstable because it can release the stored potential encrgy by

1



‘means of an instability that would cause the density surfaces to flaten out. In the process,

The

Preffect is ot an essental

instabilty.

The Rossby radius of deformation is the horizontal scale at which roation effects become as

L 1982)

deformation. In the experiments pecformed here, the equation for the Rossby radius of

deformation is

[

where g is gravity, Ap is

and tank fuid, Hy is the inital height of fluid in the tank in the absence of rotation, i the

fhid, and £, = 20 1d 2 i the nul point rottion
rate ofthe tank. Linear theory gives that the most unstable wavelength . i proportional to the

Rossby radius of deformation,

A=ciRy (113)

where ¢ i the dimensionlss coefiient of the order of uity. For the sigle-ayer experiments

18 em and an

average baroclinic Ry of 2.6 ém.




1.4 Concluding Remarks

“This study supports the theories of Centurioni et al. (2008) that the zonal jes are extensions of
‘meanders by a f-plume mechanism. Support will also be given to the theories of Nakano and

Hasumi (2005) regarding the Rhines effet and how it contributes o the formation of zonal jets

andto the theory of} 2

o create the ets.



Chapter 2: Experimental and Analytical Method.

21 Introduction

“The experiments were performed at the geophysical fluid dynamies (GFD) laboratory operated
by Peter Rhines a the Uriversity of Washington in Seattle. This laboratory contains a rotating

table that

minimize the cffect of vibrations on the experiments. The roation rate of the platorm s
controled by & compute. A cirular tank i lacesd o the rtating table and i illed with flid
(cithr fish or salt watr depending on the exprimen, s Appendix A). The experimentl
e e induced by sources of buoyaney: The dynamic fiedscreated by the experimental flow

are measured by a laboratory technique similar to satellite altimetry. In this chapter the

22 Laboratory Apparatus & Experimental Techniques

in with a vertical axis atrate
01,89 rads. One rotation of the tank is cqual to one laboratory “day”. This means cach tark

rotation models one day of cireultion in the ocean. The number of rotations or lab “days” is

1 L A colour

Slide is located at height H sbove the surface of the water and is slighty off the rotation axs,

which is par A fluorescent lamp il the colour slde

from behind

centered above the rotation axis. One of two different cameras was used to record the
experiments: the first was a Sony DCR-HC96 video camera and the second was an Aptina
2



camera. The Sony camera provided continuous video with the frame rate of 30-fps with

Micron 3 megapixel

sensor and captured il images with high spatial resolution and was able to output the

sed igt
n
&
ka1
2
SILG)
n
a
Figure ur 5
; peae ot
it
P latfom,

£=D/2). Notethe parabolic shape of the flid surfuce.



The reflection law can be used to caleulate the null point rotation rate Q= g7H. In this

experiment the calculated null point is 1.94 rads using H=2.6 m and g=0.81 mvs’. This value is

e of 1. used ‘The analyss of the

experiments involved the use of altimetric imaging velocimetry (AIV) and optical thickness.
‘methods. For details on the ATV method see Afanasyev et al. (2007). The AIV and optical
thickness software i used in Matlab (The Mathworks Inc.) and was developed by Y. Afunasyey.

from videos

feature, such as wavelengh. In this chaptr, the Iaboratory set-up and measuring techniques
‘employed in the experiments are described.

The polar f-plane was simulated by rotating a cylindrical container of water with a fee surface
such tha the depth of the layer vries parabolically with radius. The free surface of the rotating

fuid s a paraboloid described by

@n

where h() is the height ofthe free surfuce, Hy is the depth of the water layer i the absence of

rotation, €2+1.89 rads s the rotation rate, ¢ is gravitational acceleraion,  is the radial distance




Figure

As mentioncd in the first chapter one of the most valuable new foals of observational
aceanography s saelite altimety that i used to measure the sea-surface height and thus the
subsurfuce hydrostatic pressure by timing a radar beam pulsed fom above. In the rotaing tank
filed with homogencous-density fluid dominated by geostrophic, hydrostatic, barotropic

Ina laboratory
pressure due to the flow cause perturbations of the slope. Geostrophic balance relates the

flow. For a rotating flid, the dynamical relations can be used to obiain all the major fields

uding ity,relat ity, potential vortiity, ion. The methods

u



23 Altimetric Imaging Velocimetry

‘The experimental analysis was performed using AIV and optical thickness software. The

 for the entire
fluid surface. All other varisbles can be calculated using these two fieds, including

3 i icity. The ATV method employs

opical aliimetry techniques (Rhines et al., 2006) combined with a colour coding method. The

Al ses a whil ton above the fr

sufice. The geometry of the free surface paraboloid in solid-body rotation can be used o
provide the amplified image of the surface and measure the slope components of surface

elevation. ed

appear as disturbances on the reflected surface. Quantittive maps, images, and animations of

surface elevation relaive to the mean paraboloid can be obtained. ATV combines color coding

with optical atimetry and
height

The AIV colour coding of the surface is achieved by placing  colour slide that has a two-

LED light panl, r

Fi

rotation rate 2 the slide s infintely sretched over the surface of flid (Figure ) such that one

fluid

side.

“The abserved variation of colour resls from the reflection of the perturbed surface of fuid.

Each colour corresponds o a vector composed of x- and y-componeats of siope and thus

»




effectively provides the gradient of surface pressure. Any local perturbation of the surface will

change its slope and a different colour will be reflcted.

e 8: In this image thetank i rotating a the speed 0=1.89 rads. No flow is induced. O
one colour from the colour lide is being reflected over the nfire surface of the rotating fluid
“The dark curved lin is a barie placed inthe tank.

or y-plane is simulated in a laboratory seting by rotating a cylindrical

The polar fpla
contanr of water with  fre surfce such that the depth of the layr varis parabolically with
radius.Inthese experments the bottom o the tank is flat On lrge sale, the cireulation of he
ocean i affected by the lattdinal variaion ofthe Coriolis parameter, the “planetary” vortciy
sradint, the linearapprorimtion of which in midiatitades s also called the -ffect. Tis effect
can be captured in the [-plane approximation in which a porton of the spherical surface is

replaced by a tangential plane (Pedlosky, 1987),

The ufceslop (2 2) i the primary dmamic feld mesrd by AIV. The refced sl

will cormespond to it particular location (X,Y) on the slide. Here the coordinates X and Y are

%



measured from the center of the slide. The vestor of the slope of the surface can then be

obtained,

1
ay) =3O @

where 1 i the free surface height,  is the radial

ance from the axis of otaion (tank center)

T, = g0 @

which is an approximation of the equation of motion and provides the balance between the

unit vector and fy = 203 is the

motion i the system where the elative vorticity s small compared to the background vorticity

Ge: small

@9

“The gradint wind relation i given by
Kx V(v +£) = ~gvn @s)

where x i the local curvature of the streamlines and can be used to calculate the velocity field.

Vis a scalar field g agi

of the vertical component of the curl of the normalized velocity vector, k = curly (V/V). This

iffrnt from the vrtciy, defned as = curl(¥) because th defsiton of curvature only

z




The

gradient wind relation includes a centripetal acceleration term which is quadratic in velocity.
This term approximates nonlinearity for the flows being close to a steady state. The relative
‘magitude of this e is of the order of the Rossby number, Ro = [¢)/f. The curvature field
can be estimated from the geostrophic velocity field in the fist approximation. The gradient

wind velocity i determined using the last equation

)

The next level of approximation includes reltively small nonlinear and unsteady terms as

follows
@n
where J is the Jacobian. Equation (27) is used in the ATV y field
baroclnic flows always have a pr &
AIV additional info ied. The topography

of the surfaces of constant density and the thickness of the fluid layers between them are

essential components of the flow dynamics. The AIV method is used o determine the surfce

both layers of fluid can be measured and a more complete understanding of the experimental

flow can be obtained.



2.4 Optical Thickness Method

“The optical thickness method is used when there are two layers of fluid in the flow. In the
‘experiments performed here the tank contains a single layer of fluid and a source njects fluid
that is coloured with dye that forms a second fluid layer. When the optical thickness method is

combined with the IV method the high resolution velocity fieds in two layers, surfuce

elevation, and the depth of be obiained. The op method
the use of a dye 5o the thicknes of th layer can be measured. The thickness of the dyed layer,

hy, can be measured by relating the value of the chromaticty, , to the thickness of the dyed

fhid, i o
the surfuce of the water for the purpose of calibration. The cuvet contained the same red-dyed

water that was injected into the tank by the source. The profile of the chromaticity, a, across the

intensity. This

Almost simultancous measurements of AIV and optial thickness methods are achieved by
switching illumination of the tank from the colour slide above the tank to the uniform lights

below the tank. The transition time is ~3 seconds between surface reflection and. tank

illumination. from lour by
food dy nspan e i the source fluid
was 2 mL ofred dye for 3 L of water.



re : The left image shows the sufice of the tank reflecting the colour slide. On the ight,
the tank i iluminated from below and the dyed fluid can been scen.

The quadratic variation (y-effec) of the Corilis parameter provides a good approximation for
the polar regions of the rotating plancts while lincar variation (P-effect) describes the

midiatitudes. The variation of the Coriolis parameter s diffcult to model direetly but this effect

can be emulated by vary

e depth of the fluid laer. The dynamical equivalence between the

variation of the Coriolis parameter and the veriaton of the total depth of the flid later i a
consequence of the conservation of the potential vorticity (V). In a one-layer fluid the

approximate expression for PY can be witten as folows:

@8

where the equaion defining h(r) was used for the total depth of the layer. The parameter y can

be defined as the coefTicientsin front ofthe term proportional t 12 i the above PV equation:

1
|
I



|2

@9

E

7
= th—m—— @10

T2, Tp
Higg (r2-3R2) j
where © (s i the rotation ate of the tank, ¢ (cm 5°) s the gravitatonal constant L (cm) is
approximately half of the tank radius (taken here to be 32 em), H (em) s the thickness of the

fuid layer without roation, and R (em) is the radius of the tank.

In a two-layer flow, the d the y-

“The depth
of the fluid layer in our case is determined by the parsbolic form o the surface. For the upper

layer of a two-layer fuid (i these experiments, the injected red freshwater fluid will rise to the

surface of the tank) it is clear that for mations

ipper placed, the height of the

the form of the surface. This is because the columns move along the parabolic equipotential

surfaces that are parallel 10 the free surface. Thus, the uniform potential vorticity upper-layer
flow is not influenced by- in the lower

upper layer. A barotropic component of the flow which is by defnition the same in both layers

i flow in both layers will ie) ¥
‘The importance of the barotropic componient is emphasized by wriing the equations fo the

ydrostatic two-layer system i the form (Afanasyev et al., 2009)




e+ Ty -V, + G X Ty = ~g0n [e31)
by + 9 @hy) =0 @)

e+, - Vi, + oK x T = ~V(gn — g'hy) @13)

e+ V- [ia(h=hp)] = 0 @1

where u; . by is the upper

given
by (2.1) and g' s the reduced gravity. Geostrophic velocity in a two-layer system can be easily

obiained from equations (2.11) and (2.13),

— @i

fof X Ty = ~V(gn — g'hy) @16

Equations (2.15) and (2.16) are the analogue of the geosirophic rlation given by equation (2.3)

d are used locity in both of

U and b,



Chapter 3: Experimental Results & Discussion.

3.1 Introduction

“This study is focused on h ived nd
their role in the formation of aliemating zonal jets. The mechanisms include the f-plume

mechanism, Rossby waves, barotropic and baroclinic dynamics, and nonlinear dynamics. The

pe January

2009 in the fluid dynamics lab t the University of Washington in Seate. Three different

ployed. This chapter is pa the paper by Afumasye et

al. (2010,

“The frst experimental set-up models a simple f-plume (Stommel, 1982; Davey & Killworth,
1989; Rhines, 1994) by injecting water from a point source ito the surfuce of saline fluid in the
tank. A pump moves the source fluid through a tube and the fluid was injected into the tank

through a circular sponge diffuser that was atached to the end of the tbe. In the second

placing. from the “equator” (ie:
the tank wall) to the *polar regions’ near the center of the tank. The flid source was located

where the barrier meets the tank wall and fresh water i injected onto the surfice of the saline

i involving the a

jets. It will
reproduces the main features of the circulation in the North Pacifc that are responsible for the

formation of the zonal ets.




In the third experimental set-up, a linear source is placed in the radial direction along the
midlatitude region of the tank at the bottom of the tank. This experiment is designed o

demonstrate the main features of a plume and avoid the preset length scale of plumes that is

The resulting flows of the three experimental set-ups will be described in sections 3.2, 3.3, and.

34, Section 3.5 will that was performed to ereated by
the three experimental set-ups. This includes a discussion of the control parameters o the flow
and the measurement techniques that were used. Section 3.6 will conclude the chapter with a

detailed discussion ofthe results.



32 Point Source -plume Model

Figure 10: oint soure expermental st up. The source i  sponge ttached 0 gas tube
cuvete (5 s flled with reddyed fuid and s used for calibraioninthe Opical

Thickness method. 1 was used inalthe experments.

wey & Killworth, 1959; Rhines,

This experiment models a simple P-plume (Stomme, 1982;
1994) by infecing water from  point source into the sursce ofsalin fid i the tank. I tis
experiment the source was a cirular sponge diffuser that was placed i the midlatud regions
of the tank a few centimetres above the tank botiom. The volume flow rate was in these

U see Table 3.
source flud crests chain ofaicyclonic eddies (Fgure 11 b, ) that connec o forma -plume.
that flows westwad slon the midiatitude regions of the tank (Figure 11 4. The ffcts of a
chain of anicyclonic eddie st retard their westward propagation because of the nteractions

between eddies s they propagate (Davey and Killworth, 1989). The flow regime observed in



these experiments is the second flow regime discussed by Davey & Killworth (1989) when a

" a uniform tube of lid

propagating to the west, as would be observed if the forcing was weaker. Baroclinic instability

westward (Figure 11 ¢).

Figore 11 #2 on January 15, 2 r
plume. (1) O days [t=0 s, (5) 6 days t=20 8, (©) 18 days [t-60 s, and () 36 days [t=120.



33 Eastern Boundary Experiments

Figur 12: Easten perimental setup. The source.

alaminum (), and e covete . The sourse num will enter the tank from the Ietside of the
ource and props ards the eastern boundary.

This f was designed

the castemn

anders at the castern boundary. In satellit altimetry

the quasi-permanent m
boundary source for mesoscale eddies i strongly evident and often begins with a north-south

A

some sites it appears to be a direet instability of the eastern boundary current, This hypathesis
was recently discussed by Centurioni t al, (2008) regarding meanders of the Califoria current

In this experimental set-up the eastern boundary s an aluminum barrier that was placed in an

s placed at the fluid




surface a the tank wall (the equator) and injcts source luid into the tank. In each tral for this

experiment, the source fluid was freshwater and the saliity of the tank was varied from 15% o

30% o abserve the effects of salinity on the dynamics of the resulfing flow

Figure 13: Development of zona jetsin 2 fom Jaary 16,2000 (036 oy
Tie120. (5115 days (=385 ) (203 duys (1674 s and () 303 days (- 1012}

The source fluid developed into a narrow boundary current that propagated cyclonically and

followed the eastern barrer and had similar dynamics o the California Current in the North

cific. The current becomes unstable and forms baroclincally unstable meanders (Figure 13 o




along the tank wall and the eastern boundary. As the tank continues to rotate and the source

continues to contribute fluid to the stationary meanders, the resultng circulation is extended

13b)

long form zonal i
13,0, Eventualy, the source s stopped and the flow is allowed to decay. Afer many rotaions
or tank "days" the westward flow forms zonaljes (Figure 13 ). The sreaks of magenta color
indicae the castward jts while the blue colo shows the westwardjes. Figare 14 shows one
szimuthal velocity profile of the jes in the aboratory flow. The veloctes are altematig in

orientaion, from positive to negaive, clearly showing that they are alterating jet. It i also.

a the eastern ight-hand side of the barrier) and the




Figure 14: The azimuthal velocity profile was taken from 161an09 Exp#2 along the blueline in
the image of the tank. The time i the same asin Figure 13 (d), at 303 days, and shows the
surface geostrophi

eostrophic velociy.



3.4 Midlatitude Linear Source

Figure 15: cup. Jaced at the botom of
the tank and picce of plexiglas: d the cuvete (b). The source
e et s S ot

This experimental set-up used  long rectangle source that was placed at the bottom of the tark

and ran along the midiaitude regions. In the first experiment the source fluid was fresh water

The
‘main feaures of the flow are very similar to those of the flow induced by a jet along the bartier
discussed previously. Direct observations of typical scales of jets and vortices indicate that

e initial 163).

The flow develops s a plume propagating westward with an abundance of eddics and

meandering jets (Figure 16 b, ). The linear barotropic Rossby waves responsible for the




formation of a5 wide bands of
the baroclinic meanders. Note that ATV imagery allows us to see features that would be diffcult

or even impossible to observe by other experimental methods. During the final stages of the

per offthe ity subsides but the jets persist in the

flow (Figure 16 d).




‘The vortces observed in the plume do not have a very long life span (iypcally 3-7 rotaions or
laboratory days) some of them were fracked from frame to frame in the video. A MATLAB
scrpt was writen to. measure the displacement of individual vortices befween consecutive

frames (see Appendix B). The average translation speed U, was measured from the images by

the two points (Figure 17). Since the time difference between frames is known the translation

speed was calculated.

Figure 17: Cropped image of 23Jan09 Experiment #1 frame 29 (left) and frame 30 (right). The

final position of the centerof the voriex,

Vortices are identified visualy in images of the experimental flow. Vortices are distinct because

they are small, circular, on
to ther convex shape. They are casily identified in images of the geostrophic velocity, shown

below (Figure 18).



Figure 15: Thi “The relative
“The diameter B di
B bya factorof:

23 em (see Tables 4,8

and 9 in Appendix A). Although the variation of eddy diameter is significunt in_ these

A A 003). While

rotatonal velocity of the vortices was recorded (Figure 19).



Figre 19 The o imge showstegosiophic eloityimage fom 22003 Exfl st 352 days
{t= 19 min 34 s]. The bottom s the velociy profiles of the three vortice.
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Figure 20: Histogr The results ‘
demonstratethe nonlincarity of the cddis.

roe o the erans t0 demonstate

their nonlinearity. This ratio demonsirates eddy nonlineariy because it compares the fluid

— wtich o «
1o Rossby waves) (Cheion e L. 2000, These tw tems can be scn n the NavirSiokes
cqation for an incompresble i, p (34 Tu) = ~Tp-+ - T, where 0u/2t i he
Kinerfrm whichhas 10 be ke o account when soving o Rosby vaves while - 7u s
he noiinear tem which i partiela deseribes the effct of advecton. The dynamics are

nonlinear when the ratio U/ Usrgns exceeds unity; experimenta values were within the range

20) somewhat igher than



4
35 Analysis
AV and
dix A B seripts were
dix B, In this

e described. Thi
parameters that can be used to make  quanitaive comparison of the experimental flows o

006). Some of

Burger numbr,

Rosshy wave speed.

The experimental Rossby wave speed, ¢, was compared 10 the theoretical long Rossby wave

specd, ci. i pecd is obtained propagation of the

s s e b o s T e e B o e
lowest value of ay; = 2.4 in the dispersion relation (1.10)
2myfy
- o
Z
i

Recall that @y is then™ root of the Bessel function of the m™ order, fo is the Coriolis

parameter, 1 is the par; polar fplane, R 2 . g is gravittional
acceleration, and Ho is the depth of water in the tank in the absence of rotation. The dispersion
relation ean be used o determine the theoretcal Rossby speed

@



“The hypothesi that linear Rossby waves provide the underlying mechanism for the propagation

of the plumes c

be verified by measuring the velocity of the propagation of the front of the

plume. " as ea using
the videos of the flow. The propagation speed of the njected fluid was measured by recording
the frame number when the red dyed luid reached the lines A, B, and C, that are 90 degrees

apart (Figure 21),

Figr 21 nago ofth tkshowingh ocuansof s A .1 C. T e e was
corded when the red source fluid reached ach poin

‘The geometry of the tank is known so the azimuthal distance between each point was calculated

and then the speed of the plume was caleulated using the time differences. The values of
measurements can be found in Tables 4 and § in Appendix A. In a few experiments the

.




propagation of the source fluid could not be measured because time stamps were missing or
because the injected red source fluid could not be tracked in a tank that already contained red

dye. These experiments are 19Jan Exp#1 and Expi3, 21Jan Expé, and 22Jan Expé]

smaller than 0015 rads there is less agreement and tis i likely due to the presence of other

L
primarily  linear process that provides the deformation field for the development of nonlinear
features such as eddies and jets. In these experiments the long baroclinic Rossby wave speed

corresponds o the eddy propagation specd.

1

|

|

i ot o oia_oim o o o
ot

Figure 22: The angular speed.
P S .
o




The Rossby radius of deformation, Ry

“The barotropic and barocl
“The barotropic Rossby radius of deformation was calculaed using Ry = (9Hy )*/fo and the

e Rossby radius of deformation was calculated for each experiment.

was caleulated tion (1.13). The calculated values for

the single and twolayer experiments are showa in Table 4 and Table S, respecivel. The
average barotropic Ry is 18 cm or the singlelaer and two-lyer experments. The average
barolinic R is 2.6 cm for the singe-layer experinets and is 12 cm for the two-lyer
experments. As mentioned i the thoreical background, the Rossby radius of deformation
accounts for the strtification of th baroclinic flow and is the sele for which th reltve
orticity and the surfice height make equal contbutons t th potetal vortcty (Pedlosky,
1987, The average cddy diameter mesared in the tird set of experment s 7.2 m, whic is

larger butthe baroclnic Ry by a factor of 3

The Rossby mumber, Ro

Ro=U/ft rotation o flid motion
with a characersic lngth scale L=32 e for the experiments shown here and a horizontal
Velocity seale, U. The value of L is approximately halfof the tark radvs and i a characteistic
sale for the experimental flows. Typical vaues of the Rossby number, displayed in Table 4
Appendix A, range from 0.002:0.01 which s comparable to results from Cheltn et al. (2006)

who analysed altimeter data to investigate the dynamical characterstcs of the observed eddy-

001 indicating that the laboratory experiments correctly model typical oceanic flows in this

respect,




The Rhines scale, Ly

When there is small scale turbulence, the Rhines scale Ly = Urs/P gives the distance
between the jts. The range of Uy from these experiments is 0.5-1 cm s (see Table 4 & S in

Appendix A). A Matlab script was written to acquire experimental values of Upps. The script

the tank, crops the image, then allows the user 1 sclect eight random points. For each value of

Upms tw0 separate images P L The velocity field

i stationary in each image. From each imag five cropped sections of th tank were selected to

50 the average value of Uy from each experiment comes from 80 separate paints in two.
separate images. The script calculted values of Uy at cach of the selected points using the x-

was obtained and then used to calculate Ly, It was found that Ly has a range of 10-20 cm, which
is larger than the measured wavelength of the jets. The measured wavelength of the jets was

smaller than predicted due to the dynamics of the flow.

Stratification

for

Where g is the aceeleraion




L is the horizontal 1987). Tis parameter

an o e witnin s f e o g sl
s=(3)

For this tank we selected £=32 cm with  baroclinic R that ranges from 2-3 em giving § =

0.0039-0.0089. The value of L was selcted because t's about half of the radius of th tank. The
Burger number can be used to compare the Rossby radius of deformation in our experimens to

thatin a typieal ocean flow in the Pacific. Using  length scale for the Pacific Ocean of 10000

Km and us from 20 km at 40 degrees latitude to 2 4
etal., 1998) the Burger number ranges from 4x10° to 5x 10, See Tables 4 and § in Appendix A
for ll the caleulaed experimental values

Barowropic Instability

“The baraclinic instability s clarly present in the flow due to the dynamics of the injected fluid

interacting with the tank fluid. To demonsirate tha barotropic instability is present, a plot was

ereated o the value of Up (Figure
23). This expression represents the Rayleigh-Kuo inflection point eriterion of barotropic

insability (Vallis, 2006). The profile shows that § - Uy changes sign in the narrowest jets
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3.6 Conclusion

In this thesis the mechanisms involved in the formation of zonal jets were investigated in an
experimental settng. Three different flow configurations were studied in a circolar tank filled

with saline fluid that was instaled on a rotating table. The circular tank was rotated in an

Pplane.

A buoys injects fuid into the tank flows

ba nd jets.

The first experimental set-up with a mid-laitude point source was designed to demonstrte 3

simple f-plume model. The second experimental set-up had an eastern boundary and a fluid

intended et
from -plumes ereated by baroclnic insabilty of an eastem boundary current. The third

experimental set-up had a mid

itude linear source and was designed to demonstate the main

features of ol

size of the coastal meanders as in the barrier experiment. This experiment was also meant o

zonal jet formation.

of|

of zonal jets ; and nonl to the structure of
the jts. The experiments also show that barotropic instability plays an important role in the

dynamics ofthe experimental flows.

“The fistset y h ais dies. The
second set of laboratory experiments described clearly demonstrates the process of the.

st



development of plumes from perturbations at the casten boundary. The development of -
plumes fom petusbations a an esserm boundary is il 0 oberv i the ocean because
ony the esultofthe flow evoltion can b abservd i those stdicsrathr han  development
of the flow rom il conditon. I these experments th abserved s formed 3 & result of
the linar development of f-plmes. The soure injected the red flid it the tank wherethe

radial boundary meets the tank wall and created an castemn boundary current. The baroclinic

began to propagate o the west. Each f-plume consisted of an eastward and westward jet along

jets suppor

the hypothesis presented by Centurioni et al. (2008). The iniial propagation of the plume front

the barocinic insablity with ther length scale related o the baroliic Rossby radius of 1‘
deformation. ‘

howed that barotropic lina Rossby waves are
responsible for the formation of the plume. The eddies are probably the product of baroclinic

instability with their length scale related to the baroclinic Rossby radius of deformation.

The experimental flows provided a sufficient model of the oceanic flows, demonstrated the

formation of zonal jets from f-plumes, showed that zonal jets are real and remain aftr time
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‘Table I: List of Experiments. (continued)
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‘Table 3: Source Volume Flow Rate.
Mass flow rate = 149 g's
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‘Table §: Two-Layer Experiments.
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‘Table 7: Rossby number for Single-Layer Experiments




‘Table 8 23Jan Exp#1 Vortex Diameter & Velocity Measurements.
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‘Table 8: 23Jan Expé1 Vortex Diameter & Velocity Measurements. (continued)

Experiment Vortex Diameter.
- U em$) | U (emi9) | Ratio (UyUpun) em)
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‘Table 9 23Jan Exp#2 Vortex Diameter & Velocity Measurements..
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Experiment | Max Vortex Vortex
Image ID | Velocity (cmis) Diameter (cm)
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