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ABSTRACT 

On large scales, the flows in the atmosphere and oceans can be regarded as two-dimensional. The 
specific characteristics of two-dimensional flows are therefore important in the study of geophysical 
turbulence. The absence of vortex stretching and twisting will cause an inverse energy cascade: a 
turbulent flow will self-organise into coherent structures. 

This thesis describes laboratory experiments investigating the self-organising and dispersion 
characteristics of geophysical turbulence. They were carried out in a linearly stratified fluid, 
horizontally forced with sourees and sinks around a ring. Some of the experiments also had a 
background rotation. The flow was visualized with small particles illuminated in a horizontal plane, 
recorded with a camera and analysed with an advanced partiele tracldng system. Qualitative and 
quantitative data, such as velocity and vorticity values, were obtained. 

In the non-rotating experiments the inverse energy cascade was clearly observed: the flow 
organised into a single quasi-steady, coherent vortex structure of the largest available scale. This 
vortex is maintained against vertical diffusion of momenturn by intermittent entraioment of vorticity 
from its exterior. lts sense of rotation was set by a slight bias in the experimental apparatus, but 
could be changed by a small opposing initia! circulation. A detailed study of the effects of changing 
forcing parameters was carried out. The number of (passive) sinks doesnotaffect the flow, whereas 
the number of (active) sourees sets the length scale of the forcing and thereby determines the size of 
the vortices that are created close to the ring, as well as that of the large central vortex that emerges. 
However, after longer times of forcing, its size also depends on the strength of the forcing. The 
veloeities in the large vortex structure scale with the mean velocity from the sources, and with the 
square root of their number. 

In the experiments with a background rotation the size of the growing coherent structures was 
limited by the Rossby radius of deformation. A dominanee of anticyclones over cyclones was 
observed, and it is suggested that this might be due to differences in their density structure. 

Measurements were taken as well of the decay of the vortices, with and without background 
rotation. After switching off the forcing, the vortices quickly become axisymmetric and the vorticity 
becomes a linear function of the streamfunction. The spin-down time was observed to be much 
shorter than calculated from viscous decay. 

Partiele pair dispersion statistics were calculated from the partiele tracks in the rotating 
experiments. These computations indicated an initia! separation rate -t2

, and at times longer than 
the integral Lagrangian timescale the dispersion increased at a rate -t until scales comparable to the 
size of the domain were reached. Analysis of different regions of the flow showed that eddy, 
streaming and straining regions contribute quite differently to the total dispersion. 
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1. INTRODUCTION 

The flow in the Earth's atmosphere displays numerous large structures. Everybody will have 
noticed the clockwise and anticlockwise circulations around high and low pressure areas on weather 
charts like that shown in figure 1. These atmospheric vortices are rather long-lived and an individual 
vortex structure can determine our weather for more than a week. The polar vortex is another 
strikingly stabie feature of the atmospheric circulation. It has had considerable attention in recent 
years, because of its ozone depletion and the apparent absence of mixing with surrounding air. 
Some of the planetary atmospheres show similar coherent vortex structures, such as the Great Red 
Spot on Jupiter, an image of which is shown in figure 2. 
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Figure 1: Weather chart showing thesea-level isobaric lines overEuropeon 31 May 1996, from the 
Hungarian meteorological office. Meao wind directions are mainly along the isobars. The 
small circles represent ground-level observations of the cl ouds. 

Satellite observations of the flow in the oceans have revealed that large-scale vortex structures 
exist there as well. The outflow from the Mediterranean sea at the Strait of Gibraltar into the 
Atlantic ocean is sometimes observed to produce saline eddies at mid-levels, called 'Meddies', that 
sometimes travel all the way across the Atlantic. The meandering Gulf Stream off the coast of 
Northeast America frequently sheds vortices that can persist for several months or even years, 
shown in figure 3. 
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Figure 2: A telescope picture of Jupiter, clearly showing the Great Red Spot. Image processed by Jet 
Propulsion Laboratories, USA. 

Figure 3: Infrared satellite image of a vortex shed by the Gulf Stream along the coast of N orth-east 
America. Image from NASA, USA. 

All these large-scale structures in geophysical circulations have the common characteristic that 
their flow fields can be regarded to a good approximation as two-dimensional. The large horizontal 
scales, compared with the small vertical extent, tend to make the fluid motion planar. The 
stratification and rotatien of the system play a role in this two-dimensionalisation as well. A unique 
feature of two-dimensional flows is the absence of vertex stretching and twisting, resulting in the so 
called 'inverse energy cascade'. Energy is transferred to larger scales and a turbulent flow field self
organises into coherent structures. This gives the stabie vertex structures that are described above. 
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The inverse energy cascade in two-dimensional flow has frequently been studied using numerical 
simulations. McWilliams (1984) showed that an initially random distribution of vorticity in a 
perioctic domain organises into distinct, strong vertices. Numerical studies by Legras, Santangelo & 
Benzi ( 1988) and others yielded si mil ar results. 

Sommeria ( 1986) showed the emergence of coherent structures in magnetohydrodymanic 
Iaberatory experiments. He investigated the flow in a conducting fluid, with turbulence forced by a 
current and making the motions two-dimensional by applying a perpendicular magnetic field. The 
speetral transfer of energy was studied by Narimousa, Maxworthy & Spedding (1991) in an 
experimental set-up with two layers of fluid, where turbulence was forced by surface stress. Van 
Heijst and Flor studied the collapse of three-dimensional jets of finite duration into planar motion 
and the subsequent organisation into dipolar vortex structures in stratified systems. (See e.g. van 
Heijst & Flor (1989), Flor & van Heijst (1994).) Related laboratory experiments were carried out 
independently by Voropayev et al. ( 1994 ). Th is ex perimental work was extended by Linden and co
werkers to continuous forcing with multiple souree jets and sinks, in stratified and in rotating 
systems (Boubnov et al. (1994), Linden et al. ( 1995)). The experiments described in this report were 
carried out using largely the same experimental equipment as they used. 

The aim of the present work is to obtain a deeper onderstanding of the emergence and 
characteristics of coherent vortex structures in a turbulent two-dimensional flow field. It is an 
extension of the earlier work in several aspects. The structure of the vertices and the way they are 
maintained against diffusion and dissipation are studied in detail. The effects of changing the 
number of sourees and the number of sinks on the evolution of the flow are investigated, as well as 
the effects of a small initia! circulation. In addition, measurements are taken of the decay of the 
vertices when the flow was no Jonger forced. 

Another interesting subject of study is the dispersion and mixing caused by the coherent vortex 
structures that arise in two-dimensional flows. Morel & Larcheveque (1974) published an early 
analysis of atmospheric dispersion data and estimated the mean relative diffusivity. Numerical 
simulations of dispersion and chaotic adveetion in two-dimensional flows were carried out by 
Babiano and co-werkers (e.g. Babiano et al. (1985), Babiano et al. (1994)). Laberatory experiments 
on dispersion in a rapidly rotating annular tank were described by Solomon, Weeks & Swinney 
(1994) and Pervez & Solomen (1994). Dispersion measurements in turbulence at a density 
interface, forced with sourees and sinks, were taken by Linden & Drayton (1995). The present work 
extends these experiments to dispersion in forced turbulence in a rotating, linearly stratified system. 

The format of this thesis is as fellows. The next chapter gives the theoretica! background to the 
experiments, the set up of which is described in chapter 3. The results are presented in chapter 4, 
and these are discussed in chapter 5. The last chapter describes the conclusions. 
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2. THEORETICAL BACKGROUND 

2.1. Two-dimensionalisation of the flow 

2.1.1. geometry 

In most large-scale geophysical flows the disparity between horizontal and vertical scales of 
motion is striking. In the oceans motions occur on a horizontal scale L of several hundreds of 
kilometres, whereas the vertical extent H is limited to a few kilometres. The motions in the 
atmosphere occur in an equally thin sheet of fluid, with characteristic horizontal and vertical scales 
of thousands and tens of kilometres, respectively. This geometrical constraint, characterised by the 
aspect ratio 

H 
o=

L' 

produces approximately horizontal fluid trajectories. 

2.1.2. stratification 

(1) 

Another property of the atmosphere and oceans that tends to make their motion mainly horizontal 
is their stabie density stratification. Variatiens in pressure and temperature for the atmosphere, and 
temperature and salinity in the oceans, make the density p a function of the vertical coordinate z. 

Figure 4: Definition sketch of a small fluid parcel displaced upwards in an ambient density 
stratification. 

Consicter a small blob of fluid to be displaced upwards adiabatically by a small distance Ç (see 
figure 4). lt will then experience a restoring buoyant force ft, due to the density difference op with 
the ambient fluid: 

dp 
Jb =gop=g-Ç 

dz 
(2) 

where g is the gravitational acceleration. Using Newton's secend law we can write down the 
equation of motion for the small blob as 

.. dp 
pÇ=g-Ç 

dz 

which shows that the parcel will oscillate around its equilibrium position with a frequency 
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N=~- g dp 
p dz 

(4) 

This is usually dubbed the Brunt-Vaisala-frequency or simply the buoyancy frequency. Values of N 
in the atmosphere are around 0.01 s-1

, and in the ocean N varies roughly between 0.01 and 0.001 s-1
• 

The non-dimensional Froude number measures the relative importance of inertial effects 
(characterised by a velocity scale U and a length scale L) over stratification effects and is defined as 

inertial effects U I L U 
Fr- -----

- stratification effects - N - NL · (5) 

For low Froude number the motion parallel to the direction of gravity IS strongly inhibited, 
producing a strictly planar large-scale motion on surfaces of constant density. 

2.1.3. rotation 

The rotatien of a system as a whole is a third effect that contributes to two-dimensionalising the 
flow, as we will now show. For an incompressible fluid with Newtonian viscosity the mass and 
momenturn conservation equations may be written as 

V.u=O (6) 

au 1 • 2 
-;-+u.Vu+2Qxu=--Vp +vV u 
dt p 

(7) 

for an observer in a uniformly rotating coordinate frame with angular frequency Q. The kinematic 
viscosity is represented by v. Since the gravitational and centrifugal acceleration can both be written 
as the gradient of a potential function, they are included here in the pressure term by defining the 
reduced pressure p"' appropriately. To estimate the order of magnitude of the terros in (7) we use 
again the characteristic velocity and length scales U and L. The effects of the rotatien of the earth 
are characterised by f=2Qsin</J, with a value of approximately 1.10-4 s-1 on mid-latitudes ( <{J=45°). 
We examine the relative size of the terros by defining the non-dimensional Reynolds, Ekman and 
Rossby numbers as 

convective term U 2 I L UL 
Re= -

viscous term vU I L2 
V 

viscous term vU I L2 v 
Ek- - ---

- coriolis term - 2QU - 2QL2 (9) 

convective term U 2 I L U 
Ro= ---

coriolis term 2QU 2QL 

The importance of the viscous term is clearly indicated by the Reynolds and Ekman numbers. For 
high Re and low Ek the viscous forces are negligible compared to all other terms. However, it can 
still play an important role in the boundary layer where the characteristic length scale can be much 
shorter than in the bulk flow. The Rossby number gives a convenient measure of the importance of 
Coriolis forces. For small Ro the Coriolis acceleration is likely to be dominant over the convective 
acceleration. 

lf we consider a steady flow that is slow compared to the rotatien (Ro<l) and nearly inviscid 
(Ek<l), we have as the only remaining terros from equation (7) 

1 • 
2Qxu=--Vp, 

p 
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the so-called geostrophic balance between pressure and Coriolis forces. Taking the curl of this 
equation, using the mass conservation law (6) and assuming that the flow is homogeneaus or at least 
notbamclinic (coinciding surfaces of constant pressure and constant density: VpxVp * =0) we obtain 
the famous Taylor-Proudman theorem 

(2.Q. V) u= 0. (11) 

This theorem indicates that all three velocity components in the rotating frame do not vary in the 
direction of the rotation axis. Under the assumptions made, the fluid can only move in so-called 
Taylor-columns, oriented parallel to the axis of rotation, and is completely two-dimensional. The 
rotation provides an effective stiffness against vertical variations. 



2.2. Dynamics of two-dimensional turbulent flow 

In a strictly two-dimensional flow the vorticity has only one non-zero component: m=(O,O, m). 
We can calculate this vertical component from the velocity field u=(u, v,O) by 

av du 
m =(V' x u) z = éJx- ()y . (12) 

Por an inviscid flow we can neglect the last term in the momenturn conservation equation (7) and 
rewriting the second term on the left-hand side using vector identities we have 

-+[V'xu+2il]xu=--V' p +p-du 1 ( * lul
2 J 

~ p 2 
(13) 

Taking the z-component of the curl of this equation and using ( 12) then yields the vorticity equation 
for non-dissipative flows 

(14) 

This shows that the absolute vorticity ( m+2Q) is conserved fora point which moves with the fluid. 
The absolute vorticity being constant for every fluid parcel leads to a conservation law for the total 
mean square vorticity, which is called the enstrophy of the flow. Therefore we have as constantsof 
motion in dissipationless two-dimensional flow the energy E and the enstrophy W: 

1 - J E = 2 pu 2 = E(k)dk 
(15) 

W = m 2 = (V' x u) z 
2 = J e E ( k )dk 

where E(k) denotes the speetral energy content of the flow at wavenumber k, summed over all 
directions. 

In three-dimensional turbulent motion large eddies become unstable and break up into smaller 
ones. This cascade to ever smaller scales continues down to the scales at which viscous dissipation 
transforms the kinetic energy into thermal energy. This process is epitomized by Richardson's 
parody of Jonathan Swift'sfleas sonnet: 

Big whiris have Zittie whiris, which feedon their veiocity, 
and Zittie whiris have iesser whiris, and so on to viscosity. 

The size of energy-containing vortices is continuously being reduced and the energy can be said to 
cascade towards higher wavenumbers. 

A distinctive property of two-dimensional turbulence is the absence of stretching and twisting of 
vortex lines. Unlike in three-dimensional turbulence, no vorticity can be generated, and this led to 
the conservation of enstrophy ( 15). The simultaneous conservation of energy and enstrophy has 
important consequences for the dynamics. 

Consicter two neighbouring loops of constant vorticity in a two-dimensional turbulent field (see 
figure 5). In the absence of viscosity these isolines will also be material lines, which follows from 
equation (14). The random nature of the turbulent flow will tend, on average, to lengthen these 
contours. However, the area between the contours is preserved and the distance between them must 
decrease, thereby increasing the spatial gradient of the vorticity. Thus the size of the energy
containing eddies increases, while the enstrophy becomes concentrated in narrow shear layers on the 
boundaries. 
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Figure 5: Two isolines of vorticity in a two-dimensional turbulent flow and their positions at a later 
time. 

We now look at the same process in Fourier-space. Suppose that the energy E(k) is initially 
concentrated around wavenumber kj (see figure 6). Under the influence of nonlinear interactions of 
the turbulent fluid the energy spectrum will broaden with time. Conservation of the zeroth moment 
of E(k) (i.e. energy conservation) signifies that the area underneath the curve remains constant. 
Simultaneous conservation of the second moment of E(k) (i.e. enstrophy conservation) implies that 
any speetral energy flux toward higher wavenumbers has to be compensated by a much larger flux 
toward lower wavenumbers. Thus the mean wavenumber of a spreading spectrum must move to 
smaller wavenumbers (larger scales); a symmetrie spread about kj is simply not allowed by the 
additional constraint of enstrophy conservation. By similar reasoning enstrophy moves chiefly to 
higher wavenumbers. 

E E 

) 0--_ 
-+--___..__--+-__ .....,. k 

k1 
Figure 6: Energy spectrum peaked around k1 and the spectrum at some later time. 

This shows that two-dimensional turbulent flows will tend to organise into growing, coherent 
structures. In this so-called inverse energy cascade energy is transported to scales where molecular 
dissipation does not play a role. Even when viscosity is present these flows are only weakly 
dissipative, as opposed to three-dimensional flows where the energy transfer to smaller scales 
results in an efficient dissipation of kinetic energy. 

Now consider the case where energy is continuously injected at wavenumber k; at a rate e (units 
[m2s-3

]). Let {3 be the corresponding enstrophy injection rate, in units [s-3
]. From the above 

arguments we know that the energy will move from k; toward smaller k. In a quasi-steady spectrum 
the nonlinear transfer of energy must be independent of k and equal to E, to avoid accumulation of 
energy at certain k. lf the transfer processes are sufficiently local in wavenumber space, allowing 
only transfer between eddies of camparabie sizes in physical space, the energy spectrum depends 
plausibly only on k and ê. Dimensional analysis then shows that for k<k; 

(16) 
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By similarity, the enstrophy cascade rate in this range must have the form f3=Ck2
ê, with C a 

constant (Kraichnan 1967). But for the quasi-steady case the rate f3 has to be independent of k, just 
like ê. The only possible resolution is C=O, that is, the rate of enstrophy cascade is identically zero 
in the inverse energy cascade range. 

Similarly, we find for the enstrophy cascade in the range k>ki that the energy cascade rate ê=O 
and the energy spectrum only depends on f3 and k. Dimensional requirements then yield 

(17) 

as first suggested by Kolmogorov (1941). Both cascade ranges are schematically depicted in figure 

7. 

k 
k. c. 

Figure 7: The energy spectrum for two-dimensional turbulence, forced at a wavenumber ki. 
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2.3. Three-dimensional aspects of quasi-twodimensional vortex structures 

2.3 .1. bottam friction 

The coherent structures that arise in quasi-geostrophic flow can not be perfectly two-dimensional 
close to a no-slip boundary, since the friction that we have neglected so far will inevitably become 
important there. The azimuthal veloeities in a quasi-geostrophic vortex will be slowed down by 
viscous effects close to the bottom. This will reduce the Coriolis force, that depends linearly on the 
velocity. The geostrophic balance with pressure will no longer hold and the fluid will be pusbed 
inward for a cyclonic vortex, and outward for an anticyclonic one. This friction layer is called an 
Ekman layer and it induces a small secondary flow superposed on the geostrophic flow, 
schematically depicted in figure 8. This affects the flow remarkably far from the layer which is 
directly affected by viscosity, since the conservation of angular momenturn in the bulk of the flow 
makes small radial displacements have large effects. 

I 
I 

--:3- - - - t- - - - -c._:- t 
----' _) : L L_ ~ 6E 
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Figure 8: The secondary flow induced by Ekman layers. 

To gain some more quantitative insight we go back to the Navier-Stokes equations for an 
incompressible fluid in a rotating frame (7). If we still assume that the Rossby number is small we 
can neglect the inertial convective term. But since we allow friction to play a role we no longer take 
the Ekman number to be small, so we keep the last term. Subtracting the geostrophic velocity field 
(uG, VG,O), the solution of equation (1 0), yields for the velocity deviation u': 

-2.0v'= vV 2 u' 

2.Qu'= vV 2 v' 
(18) 

We introduce the complex velocity Z=u'+iv' and neglect any variation in x- or y-direction. We 
apply the boundary conditions of no slip at the bottorn and geostrophic flow Ze at the top (z~oo) to 
obtain the solution 

with the thickness of the Ekman layer oE defined by 

oE=~. 

(19) 

(20) 

Equation ( 19) shows that the modulus of the velocity deviation from the geostrophic flow decreases 
exponentially away from the bottom. The direction of the horizontal veloeities in the Ekman layer 
changes with distance from the bottom: the Ekman spiraL The volume flux per unit horizontal 
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length in the boundary layer may be obtained by integrating Z(z) and turns out to be uc'öFI2 
perpendicular to ua. 

For a vortex with small vorticity IL..Q relative to the rotating system the geostrophic velocity at a 
distance r forrn the centre is approximately À.Qr. By mass continuity, the horizontal influx in the 
Ekman layer of this cyclonic vortex has to be balanced by a vertical flux into the bulk geostrophic 
flow (called Ekman pumping). The resulting small secondary radial outflow has a characteristic 
velocity uc8r/2H. An annular ring with mass m, radius r and angular momenturn m?( 1 +À).Q 

reduces its angular velocity with IL..Q by moving radially outward a distance VlÀ.r. The time scale to 
attain a new steady state with no excess vorticity is thus 

Àr/2 H 
(21) 

The above estimate of the timescale also applies to the spin-down of a vortex in a non-rotating 
system, since the difference in rotation between bottorn and fluid in the vortex also induces an 
Ekman layer. This spin-down process is much faster than the decay just by viscosity: the timescale 
for vertical molecular momenturn diffusion can be estimated from dimensional analysis as 

H1 
Tl)i\·c=-. . V (22) 

2.3.2. baroclinic instability 

Combined effects of rotation and stratification come into play when the iso-density surfaces 
(isopycnals) are no langer flat and horizontaL Because of vertical motions, such as the ones due to 
Ekman pumping and suction described above, or vertical variation in the horizontal motions, the 
assumption of non-baroelinie flow that was made to obtain the Taylor-Proudman theorem (11) is no 
langer valid. Isopycnals that do not coincide with the constant-pressure surfaces imply the presence 
of available potential energy. This energy may be released by a process called baroclinic instability. 

Figure 9: Sloping isopycnals. Potential energy can be released by exchanging the hatched areas. 

Consicter the situation where the isopycnals slope upward at an angle l/J with respect to the 
horizontal constant-pressure surfaces (figure 9). Potential energy may be released by swapping the 
fluid in hatched area A with the denser fluid in the higher region B. In fact, any fluid trajectory in 
the 'wedge of instability' between the horizontal and the sloping isopycnals releases potential 
energy. 

Let us now have a closer look at the scales that play a role in the problem. A fluid element 
moving a horizontal distance L will conserve its angular momenturn and its velocity will scale as 
2.QL. The sloping isopycnals induce a horizontal pressure gradient, yielding veloeities sealing as 
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NH. These velocity scales balance for 2QL::::::NH, or equivalently for fluid motions with horizontal 
scales comparable to the Rossby radius of deformation: 

NH NH 
RD=2n=! (23) 

where fis the Coriolis-parameter. For smaller scales the motion is not in the wedge of instability 
and the buoyancy force will be restoring. On scales larger than R0 fluid will be accelerated away 
from its initia! position and instahilities will occur. A more detailed analysis (see Griffiths & Linden 
1981) shows that for quasi-twodimensional vortex columns the lowest mode of instability is at 
radius R0 , so the largest eddies in a rotating stratified flow will be on the scale of RD. 
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2.4. Dispersion in two-dimensional turbulence 

In general one may say that matter in a gas or liquid is subject to two kinds of random 
movements. One is due to the thermal agitation on the molecular scale, usually called Brownian 
motion for tracer particles much larger than the molecules of the host substance, and simply called 
molecular diffusion if their sizes are comparable. We will not distinguish between the two in the 
present work. The second kind is on a macroscopie scale: turbulence. These two cases will be 
treated in the subsequent paragraphs. 

The random nature of the phenomena that cause dispersion of a passive tracer will make every 
flow realisation different. The only way to arrive at useful results is treating the problem 
statistically. Therefore the following analysis will apply to ensemble means: averages over a large 
number of identical releases. These averages will be denoted by barred quantities, such as the 
ensemble-meao concentration x at location x and time t after a release at position x0 

f(x, tJx 0 ) = QP(x- X 0 , t) (24) 

where P(x-x0,t) is the probability of a partiele being displaced x-xo aftera time t, and Q is the total 
mass released. In experimental and observational situations the average has to be defined in an 
appropriate way, e.g. the average over a large number of independent partiele paths in a single 
realisation. 

2.4.1. molecular dijfusion 

We define the vector F as the flux of mass through a unit area oriented perpendicular to its 
direction. The relationship known as 'Fick's law' gives the molecular contribution to this flux and 
adding a term for the turbulent dispersion yields the following equation: 

F = -K:'Vi +ui (25) 

with the constant K: representing the molecular diffusivity and u the velocity. The condition of tracer 
mass conservation gives 

a x 
a;-=-'V.F. (26) 

Substituting (25) and assuming incompressibility of the flow yields the convection diffusion 
equation 

a-x ~2- n-dt = 1\v X -U. v X . (27) 

We now define the Peelet number to give the ratio of the two terms of the right-hand side of this 
equation 

Pe = turbulent diffusion = VL 

molecular diffusion K: 
(28) 

where V and L are, respectively, the characteristic velocity scale and characteristic length scale for 
the turbulent flow. For Peelet numbers much smaller than unity the molecular diffusion is dominant 
and the turbulent diffusion term in (27) can be neglected. The solution of this equation for a one
dimensional point souree is a decaying Gaussian profile: 
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(29) 

with the second moment of the concentration 

-
(}2 = I x2 xcx)dx = 27(( (30) 

yielding a root-mean-square spreading of tracer particles proportional to t112
• 

2.4.2. absolute turbulent dispersion 

At high Peelet numbers the second term on the right-hand side of equation (27) , representing 
diffusion by turbulent advection, is dominant. For a Gaussian point source, this turbulent diffusion 
could be treated in a way similar to the molecular diffusion by defining a time-dependent apparent 
eddy diffusivity as 

1 da 2 

1( (t)=---. 
e 2 dt 

(31) 

Following the analysis of Taylor (1921) we will derive an equation for the eddy diffusivity. For 
simplicity we will look again at one-dimensional diffusion, but the analysis is readily extendable to 
higher dimensions. 

In homogeneous stationary turbulence the ensemble mean value of the velocity u is zero, but the 

ensemble average of the squared velocity has a finite, constant value u2 
• To conveniently 

characterise the coherence in time of the continuously varying velocity of a tracer partiele we define 
the Lagrangian two-time velocity correlation coefficient (also known as the autocorrelation 
function) as follows: 

u(t)u(t + r) 
R(r) = . 

u2 
(32) 

This function gives the correlation between the velocity of a single partiele at a certain time and its 
velocity at a time r later. 

The displacement of a single partiele from its initial position can be written as 

I 

x(t) =I u(Ç)dÇ. (33) 
0 

Taking the ensemble-average of this equation shows that for u =0 the ensemble-average 

displacement x is zero as well. However, the average squared displacement does not vanish. lts 

time-derivative is 

ld-z dx-
--x =x-=ux 
2 dt dt 

(34) 

where use is made of the fact that the order of differentiation or integration and ensemble-averaging 
can be reversed, since the latter simply involves an arithmetic averaging process. Using (33) and 
(32) we subsequently find 
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t t t 

ux = u(t) J u(Ç)dÇ = J u(t)u(Ç)dÇ =--;? J R(Ç- t)dÇ. (35) 
0 0 0 

In stationary turbulence R is an even function of its argument, so we can transfarm the integration 
variabie to t=Ç-t without any further change. Camparing equations (31) and (35) wethen notice that 

t 

K:e (t) = U
2 f R(T)dT. (36) 

0 

From this important result the mean square displacements x2 
, equal to the cl oud size cl , can be 

calculated. For short times the velocity of a partiele is likely to be strongly correlated to its initia! 
velocity and the autocorrelation coefficient is approximately equal to unity, yielding 

K:.(t)=u 2 t (37) 

which gives u pon integration of (31) for the displacement in this coherent early phase 

t 

x 2 (t) = 2 J~t' dt' = u 2
t

2 

0 

(38) 

To examine the diffusion at long times we define the Lagrangian integral time scale h over 
which the velocity remains correlated with its initia! velocity (see figure 1 0) as 

= 

TL= f R(T)dT. (39) 
0 

R 

0 

Figure 10: Definition of the Lagrangian integral time se ale from the autocorrelation function. 

At times much larger than h we have for the eddy diffusivity and the mean square displacement 

x 2 (t) = 2u 2 TLt 
(40) 

characterising an incoherent root mean square diffusive spread proportional to t112
, as in the 

molecular diffusion. 

2.4.3. relative turbulent dispersion 

The above analysis of absolute dispersion considered the ensemble average of the displacement 
of individual particles from a point source. It is therefore sametimes referred to as single partiele 
dispersion. But when a blob of tracer material is released we could also look upon the problem as 
turbulent diffusion relative to the cloud's centre of gravity, which is being advected by larger scales 
of motion. This leads to the theory of relative turbulent dispersion or partiele-pair dispersion. 
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Historically it was Richardson ( 1926) who first noted the importance of relative dispersion for 
the diffusion of a cloud. He introduced the ensemble-average neighbour density function q(D,t), 
where D is the separation of two particles. This allowed him to write down an adapted version of 
Fick's law, with a separation-dependent neighbour diffusivity K(D). We will not follow his 
approach here, but stick to the probability density and concentratien fields defined in (24). 

Consicter the observed concentratien z(x,t) in an individual flow realisation. The first three 
moments of the x-field yield respectively the total mass released Q, the position of the centre of 
gravity c and the spread of the absolute dispersion a: 

Q =I x ex, t)dx 

c = ~I xxcx, t)dx (41) 

CJ
2 

= ~I x 2 
X(x, t)dx 

Defining a position vector relative to the centre of gravity by y=x-c allows us to write down for the 
second moment of the relative dispersion 

2 li 2 li li 2 2 s = Q y zdy= Q (x-c)(x-c)zdx= Q x zdx-c. (42) 

After taking the ensemble-average we then have 

(43) 

which shows us that the mean square meandering of the puff centre 7 and the mean square relative 

dispersion 7 can simply be added to give the mean square absolute dispersion d . 

Further insight in the relative dispersion can be gained by looking at the relative dispersion of a 
pair of particles. The squared separation of diffusing partiele pairs is given by 

D 2 =~ II (x'-x) 2 x(x')x(x)dx'dx=~ I x 2 z(x)dxi x(x')dx'-~{I xx(x)dx}
2 

Q Q Q (44) 

= 2a 2
- 2c 2 

This gives after ensemble-averaging and making use of (43) 

D 2 = 2s 2 

which is much more easily determined in experiments than 7 directly. 

(45) 

Only turbulent eddies with a size smaller than the separation contribute effectively to the relative 
dispersion of two particles, while large eddies just tend to move them about together. As the cloud 
grows in size increasingly larger eddies contribute to the relative velocities. Therefore the veloeities 
relative to the centre of the cloud do not constitute a stationary process as in absolute turbulent 
diffusion. The Lagrangian correlation coefficient defined in (32) is now a function of the diffusion 
timet too. 

Still the veloeities can be regarded as approximately constant at small times, yielding a mean 
square displacement proportional to t2

, identical to that for absolute dispersion (cf. equation(38)). 
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Figure 11: Sketch of separation and relative velocity of a partiele pair. 

Dispersion laws at later times have to be based on the distribution of the energy over eddies of 
different sizes L, corresponding to wavenumbers k=l!L. Following Morel&Larcheveque (1974) we 
now introduce 1]( liL), the eddy efficiency in dispersing particles already separated by D. With 8V 
the relative velocity of the particles (figure 11) we can now write 

dD = 2D8V = 2D j E(k)T](k)dk ""D Ï E(k)dk 
2 { }1/2 { }1/2 

dt 0 liD 

(46) 

where it is assumed that only eddies with sizes smaller than D effectively contribute by setting T](k) 
as in figure 12. This gives for an energy spectrum with E(k)ock-''=D" 

dD2 (a+I)/2 --ocD 
dt 

(47) 

I 

0 L 

Figure 12: The estimate ofthe eddy efficiency used in the approximation in equation (46)_ 

In paragraph 2.2 we found for the energy spectrum in the enstrophy cascade, at wavenumbers 
larger than the energy input wavevector k;, that E(k)ock-3

. So in this case we have a=3 and the 
relative diffusivity (47) is proportional to D2

, which upon integration gives an exponential law for 
the mean squared dispersion: 

D 2 t/T oce (48) 

where T is a constant. This relation was originally derived by Lin (1972), postulating that the 
relative diffusivity only depends on the mean squared separation D2 and the enstrophy cascade rate 
[J We have to take care in interpreting this derivation, since Babiano et al. (1985) pointed out that 
dispersion saturates at this exponential increase, even for steeper energy spectra_ The speetral slope 
a might well be larger than 3 if an exponential dispersion is observed. 

In the inverse energy cascade regime, at smaller wavenumbers (larger scales), we found E(k)ock-
513. This speetral slope a=513 also occurs in three-dimensional turbulence. The resulting diffusivity 

20 



is proportional to D413
, a result first pointed out by Richardson (1926) based on a dimensional 

analysis. Integrating, we find that 

(49) 

At long times (t> h), when the separation of two particles is larger than the energy containing 
eddies, all eddies contribute to the further dispersion. Hence the difference between absolute and 
relative dispersion vanishes and the particles move independently of one another. The dispersion is 
simply twice the single-partiele dispersion, so we have from (40) 

(50) 

We can also apply the above analysis to the ensemble-averaged squared relative velocity, also 
known as the structure function: 

dD 2 -2 

( )

2 

G(D) = dt =(u- u') = 2u (51) 

where the last equality holds when the veloeities of two particles are uncorrelated: uu'=O. If we only 
take veloeities due to eddies with a size smaller than the separation D into account we can use an 
approximation to 1J as in (46) to obtain 

~ 

G(D) ""2 I E(k)dk oe Da-l (52) 
liD 

for an energy spectrum E(k)ock-a. Babiano et al. ( 1985) remarked that the structure function G also 
saturates for steep energy spectra, for it is proportional to D2 for any a;8. 
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3. EXPERIMENT AL APPARATUS 

3.1. rotating, stratified fluid 

The experiments were carried out in a square perspex tank with an inside size of 61.0 cm and a 
depth of 44.5 cm. The tank and surrounding equipment were mounted on a 1m diameter rotating 
table, sketched in figure 13. The angular frequency Q=j/2 of the rotatien around a vertical axis was 
controlled by a computer. The electrical equipment on the turntable was connected via slip-rings in 
the base of the table. 

Ç}
, ---:---

. . . . ... 

Figure 13: Elevation and plan view of the experimental set-up. The camera is mounted in the rotation 
frame. 8 sourees and 8 sinks are drawn at the forcing ring, but these numbers could be 
varied. 

This tank was slowly filled to a levelHof 22 cm with a vertically stratified salt solution using a 
double-bucket system, consisting of two connected tanks with saline solutions of different densities. 
In the non-rotating experiments the tank was filled starting with the denser solution, via a porous 
raft floating on the fluid. In the rotating experiments the tank was filled while the turntable was 
already rotating to avoid too much mixing due to spin-up. In experiments 13 and 14 the same raft
method was used, but in experiments 21 and 22 the filling took place via copper tubing around the 
bottorn of the tank. In this case the filling started with the lighter solution. This metbod was 
employed to make maximal use of the Ekman-layer to spin up the added fluid. 

Between the filling and the start of the experiment several hours were allowed to minimise any 
residual circulation. The density stratification was sampled at several levels by siphoning up some 
fluid and measuring its density with a refractometer. In this series of experiments the relative 
density gradient turned out to be fairly linearand a least-squares fit to the data yielded a gradient of 
approximately -0.1 m-1

• This corresponds toa Brunt-Vaisala frequency N of 1 s-1
• 

3.2. inducing turbulence 

A perspex circular ring with 80 radial holes was suspended horizontally in the tank at a height 
above the bottorn of 11.3 cm. The diameter of the orifices d was 0.40 cm and the inside diameter of 
the ring was 56.3 cm. Via 80 small vertical pipes and flexible tubing the holes in the ring could be 
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connected to an eight-channel peristaltic pump, producing a pulsating flow. Using flow dividers 
various numbers of sourees and sinks were created, sucking out fluid and injecting it at the same 
level. Since the souree jets are all directed radially inward, no net momenturn or angular momenturn 
is imparted to the fluid. The length scale of the forcing l was defined as the average circumferential 
spacing between the sources. 

In these experiments the pump speed ranged from 47 to 141 revolutions per minute, 
corresponding to volume fluxes between 3.20 and 9.60 mils. The numbers of sourees and sinks 
were either 8 or 16, yielding a mean velocity V from the sourees between 1.59 and 9.56 crnls. Due 
to differences in length and connections of the tubing and some persistent air bubbles, differences in 
the mean velocity from the individual sourees occur, up to 7%. Even though the pump was always 
run for several minutes to clear the air from the tubing these differences could not be reduced any 
further. 

3.3. visualisation 

To visualise and quantify the flow the tank was seeded with white particles of a diameter dp 
between 0.5 and 0.6 mm. These particles were made by grinding and sieving the highly reflective 
material Pliolite VTAC with a density of approximately 1.025 kg/I. The dimensionless Stokes 
number for the particles St=Vd/1(18v l) gives a measure of the drag. In the presentworkit was 
usually about 0.004, so the velocity of the particles is in good approximation equal to the local flow 
velocity. 

The density stratification in the tank was set up in such a way that the particles were neutrally 
buoyant at the level of the ring with the sourees and sinks. To illuminate the particles a horizontal 
light sheet with a thickness of 5 mm was set up just below the ring, using two slide projectors and 
mirrors on opposite sides of the tank. 

3.4. recording & analysis 

The motion was recorded with a CCD video camera, mounted 1.3 m above the centre of the tank, 
on a super-VHS tape recorder. This is schematically shown in figure 14. Along with the illuminated 
particles a date & time code was recorded, as well as a strip with five small bright LED lights to 
provide reference points for correcting shifts of the image on the tape. 

signal from 
camera ~ 

monitor I 

S-VHS 
-7 videorecorder 

I\ 

Figure 14: Scheme of the image analysis chain. 

monitor I monitor I 

framegrabber 
---7 

Diglmage printer 
board computer 

f---

1\ 

control 

A computer system with a frame-grabber card and the image processing software Diglmage was 
used to acquire and process the images from the tapes. Typically about 2000 particles were located 
in the video frames, in most cases acquired at a spacing of 0.2 s. By matching these locations to the 
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ones in previous frames tracking files were produced. Partiele veloeities were calculated over 4 
samples and in most cases the velocity field was obtained by mapping the individual velocity 
veetors onto a rectangular grid using a spatial averaging over 1.5 cm, and averaging over 4 s. 
Derived quantities such as the vorticity and streamfunction were calculated from these gridded 
velocity data. The error in the veloeities is estimated to be 5%, whereas the error in the derived 
fields is probably 10%. 

3.5. parameters 

From the aforementioned parameters several non-dimensional numbers can be constructed to 
characterise the behaviour of the flow. The strength of the forcing relative to the stratification can be 
expressed with the forcing parameter Ft = V/Nl, which has the form of a Froude number. At large 
values of Ft the flow from the sourees produces strong vertical mixing. The present experiments 
were restricted to small values of Ft: in most non-rotating cases approximately 0.15 but in the 
rotating cases ranging upwards to 0.48. The ratio fiN measures the strength of the rotation compared 
with the stratification, where f=2!2 is the Coriolis parameter. Large values of this ratio correspond 
to strong vertical coupling. The experiments were carried out with values for fiN of 0 and around 2. 

The Reynolds number based on the diameter of the sourees Red = Vd/v was around 100, 
indicating that the flow from the sourees was laminar and little smali-scale turbulence is injected. 
However, the Reynolds number based on the length scale of the forcing l yields values for Ret = 
Vl/v between 2000 and 8000, so the forcing as a whole can be regarded as turbulent. 

The flow also depends weakly on the Peelet number, defined in (28). The relevanee of this 
dependency is most easily characterised by the Prandtl number Pr=vlK, giving the relative 
importance of viscosity and molecular diffusion. Substituting the molecular diffusivity of salt in 
water K and the viscosity of water v we obtain a value of 103 for the Prandtl number. This indicates 
that the dependenee on the Reynolds number of the flow is much larger than that on the Peelet 
number. The dependenee on the Reynolds and Peelet numbers will not be considered further here. 
Table 1 gives data on the experiments that will be used in the analysis of subsequent chapters. 

Exp. # sourees I V [crnls] f [s-I] Ft fiN 
sinks 

07 8 I 8 3.19 0 0.153 0 
20 8 I 8 1.63 0 0.077 0 
06 8 I 16 3.19 0 0.156 0 
05 16 I 8 1.59 0 0.151 0 
19 16 I 8 2.24 0 0.214 0 
17 16 I 8 2.53 0 0.243 0 
18 16 I 8 3.19 0 0.323 0 
13 8 I 8 9.56 1.6 0.480 1.8 
14 8 I 8 9.56 2.0 0.480 2.2 
21 8 I 8 9.56 1.6 0.441 1.6 
22 8 I 8 9.56 1.6 0.480 1.8 

Table 1: Parameters for the experiments described in the text. 
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4. RESULTS 

4.1. Non-rotating experiments 

4.1.1. qualitative observations 

In the non-rotating case the sourees can be seen to produce distinct three-dimensional jets. Since 
the lower sides of the orifices are a few millimetres above the light sheet, no particles were tracked 
in the first few centimetres of the outflow and no velocity data are available in the initial jet itself. 
The jets induce a small amount of vertical mixing, reducing the density stratification in a 'mixed 
layer' centered around the level of the sourees with a vertical extent of not more than a few 
centimetres after several hours. Th is vertical mixing was studied in more detail by Boubnov, Dalziel 
& Linden (1994). However, at low jet speeds the vertical motion is quickly suppressed by the 
stratification and the flow becomes quasi two-dimensional. 

At the stage where the three-dimensional jets have collapsed into planar motion the vertical 
extent of the flow has increased enough to be in the plane in which the measurements were taken. 
The flow is still not truly two-dimensional, since the motion is still confined to levels close to the 
forcing. This vertical shear is slowly reduced at later times. Some motion can be observed at the 
surface 15 minutes after the start of the forcing, but the veloeities still decrease away from the 
forcing level. 

If we only consicter the vertical component of the vorticity, the souree jetscan beseen to produce 
a double vortex strip, with negative vorticity to the right of the jet and positive to the left. The heads 
of these vortex strips roU up to forma vortex dipole (see figure 15). The dipoles penetrate into the 
interior of the tank where they collide before they reach the middle. Several irregular patches of 
positive and negative vorticity emerge in the interior from these collisions. In all experiments this 
vorticity distribution organises itself into one large axisymmetric vortex, as predicted by the inverse 
energy cascade law for two-dimensional turbulence. The vortex accupies almost the whole area of 
the tank, leaving only a ring of a few centimetres wide where the influence of the individual sourees 
and sinks is important. 

Looking in more detail at the way this large-scale circulation is set up, we observe that the vortex 
strips that are continuously produced by the souree jets tend to deflect somewhat from a straight 
line. Thereby they concentrate vorticity of one sign in vortices around the ring, whereas vorticity of 
opposite sign spreads more into the interior of the tank. Here, patches of vorticity of the same sign 
can beseen tomerge and as the flow evolves the scale of the structures gradually increases. Usually 
one particularly strong vortex arises, that moves around the centre of the tank in the same direction 
as its circulation. As it grows in size it pushes the vorticity patches of the opposite sign outward or 
smears them out in thin filaments. The dominating central vortex is strengthened by entrainment of 
vorticity directly from the sourees and, in turn, increases the deflection of the jets. This large-scale 
circulation becomes axisymmetric after 10 to 15 minutes, corresponding to non-dimensional times 
Nt z 103

• 

In the quasi-steady state that is reached the vortices around the forcing ring are separated by 
narrow beams of opposite vorticity, that feed the central circulation. The size of the vortices in the 
regular pattem around the boundary seems to be set by the spacing of the sources. At later times the 
vortices are reduced somewhat further in size by the strong central circulation, as will be discussed 
later. 
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Figure 15: Velocity and vorticity fieldsin experiment 07 indicated by the arrows and the shading 
respectively, at (a) 1 min, (b) 2 min, ... (h) 8 min after the start of the forcing. Forcing by 8 
sourees and 8 sinks, V=3.2 cm/s. No background rotation. 
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4.1.2. quantitative observations 

Figure 16 shows cross-sections of the velocity and the vorticity fields. In the middle region of the 
flow the vorticity is approximately constant and correspondingly the veloeities increase linearly 
with radius. Higher vorticity values occur at the outer edge of the central vortex, foliowed by large 
negative vorticity values in the ring of surrounding vortices. This gives a band of slightly higher 
veloeities around the vortex. 
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Figure 16: Perpendicular veloeities (solid line) and vorticity values (dashed line) on the line y=-x/2 in 
experiment 07, at (a) 13 minutes and (b) 90 minutes after the start ofthe forcing. 

To estimate fluxes across this region with high veloeities into the central vortex we use a 
diagnostic technique first described by Read, Rhines & White (1986). We introduce a 
streamfunction \Jf for the veloeities (u, v) in a horizontal plane, and the vertical component of the 
vorticity ro ( equation (12) ), according to 

8\Jf 8\Jf 
(u,v)=(a_;,-a;). 

(53) 

ro =-V2\Jf 
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Using this to rewrite the vorticity conservation equation with zero viscosity (14) we obtain 

(54) 

where J represents the Jacobian. Fora stationary flow this equation can only be satisfied when the 
vorticity is a function of the streamfunction: ro=ro(\jl). Any departure from this functional 
relationship indicates an unsteady or not strictly two-dimensional flow. These departures can be 
quantified by looking at a closed streamline in physical space and the corresponding loop in (ro,\j/)
space, drawn in tigure 17. The flux of vorticity cD out of the enclosed area in physical space can be 
written as 

(55) 

This shows that the net flux of vorticity out of a closed loop in physical space is equal to the area 
enclosed by the corresponding circuit in (ro, \j/)-space. 

Figure 17: Sketch of a closed loop in physical space and the corresponding circuit in {ro,\jf)-space. 
Streamlines are drawn in physical space, as wel! as the line element dl and the outward 
normal n of the loop. 

Figure 18 shows an (ro,\j/)-plot fora centred circle with radius 14 cm in the flow field ofExp.07. 
The hatched area indicates a flux of positive vorticity into this circle in the central vortex. A close 
comparison with the velocity and vorticity fields showed that the separate patches correspond to the 
fluxes coming from different souree jets. The dotted areas represent outward fluxes, partly of 
positive vorticity but mainly of negative vorticity. By counting boxes the net flux into the area was 
estimated to be 3.10-6 m2s-2

, which gives a relative increase rate of the average vorticity in the 
enclosed area of 

(56) 
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Figure 18: Representation in (OJ,lfl)-space of a circle with 14 cm radius centred in the flow field of 
experiment 07, 13 minutes after the start of the forcing. When the physical circle is traeed 
in counter-clockwise direction, the hatched areas are encircled in counter-clockwise sense 
and the dotted areas in clockwise sense, indicating inward and outward fluxes, 
respectively _ 

4.1.3. direction of the large-scale ei ratlation 

The large-scale circulation was anticlockwise in all the non-rotating experiments. Once the 
circulation was set up, no changes in sense of rotation were observed during the remainder of the 
experiment, sametimes up to several hours after the start of the forcing. 

1t would be interesting to see whether turning the forcing ring upside down affects this sense of 
rotation. However, this was practically not achievable. Instead, a separate series of experiments was 
carried out to study the effects of an initial flow on this direction. In these experiments a small 
initial flow was induced by rotating the tank clockwise at a slow speed (0.02 rad/s) over 90 degrees 
and consequently waiting a certain time (between 10 and 40 min) to let the flow become weaker and 
more axisymmetric. Two characteristics of the initia! flow, the vorticity averaged over the area 
where lJI is negative and the RMS velocity VRMS in the whole field, are shown in table 2, as well as 
the direction of the large-scale circulation that evolved when forcing the flow in the aforementioned 
way. 
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initia! flow deliberately 
induced by rotating the tank 

no intial flow introduced 
on purpose 

Large-scale circulation after 20 min 
(from Exp. 07) 

Exp. 

Exp.06c 
Exp.07b 
Exp.08b 
Exp.07c 
Exp.08c 
Exp.08 
Exp.07d 
19 
20 
18 
07 

(ffi)vortex 
[10-3 s-1] 

-2.9 
-2.0 
-1.8 
-1.6 
-1.6 
-1.1 
-0.6 

+1.1 
+1.5 
+1.8 
+27 

VRMS Large-scale circulation 
[cm/s] 

0.051 clockwise 
0.040 clockwise 
0.032 clockwise 
0.037 clockwise 
0.030 clockwise 
0.027 anticlockwise 
0.031 anticlockwise 
0.014 anticlockwise 
0.016 anticlockwise 
0.0264 anticlockwise 
0.23 anticlockwise 

Table 2: Data on the initia! background flow and the resulting large-scale circulation. The flow was forced 
by 8 sourees and 8 sinks with mean jet speeds V between 1.6 and 3.2 cm/s. 

These results show that the direction of the final circulation as set up by the forcing reverses at a 
clockwise initia! circulation with averaged vorticities of approximately -10-3 s-1. This is about 4% of 
the average vorticity in the final circulation. The corresponding RMS velocity in the initia! field is 
roughly a tenth of the RMS velocity in the final circulation, and two orders of magnitude smaller 
than the mean souree jet velocity. 

More detailed study of the early stages of the evolution of the flow (figure 19) shows that the 
flow from the sourees gets immediately deflected, even though the initia! clockwise background 
field cannot be seen on this velocity scale. With a negative initia! flow the deflection is to the left. 
The positive part of the double vorticity strip emanating from each souree rolls up and gets 
concentrated in a set of vertices around the ring, and from the beginning the dominant vorticity in 
the interior is negative. The growing large-scale circulation feeds on the supply of negative vorticity 
from the sourees and becomes steady, with vorticity distributions opposite to those depicted in 
figure 16. 
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Figure 19: Velocity (arrows) and vorticity (shading) fieldsin experiment 08b, at 1,2,3 and 4 minutes 
after the start of the forcing. The forcing was identical to that in experiments 07 (figure 15 
), but a small clockwise initia! flow was created befare the forcing was tumed on. 
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4.1.4. varying number and strengthof sourees and sinks 

To investigate the influence of the length scale and strength of the forcing on the evolution of the 
flow a series of experiments was carried out with different numbers of sourees and sinks. The 
number of sourees or sinks was doubled introducing flow dividers in the tubing to and from the 
pump, connecting every channel of the pump to two pipes in the forcing ring instead of one. It must 
be noted that these flow splitters affected the similarity of the sourees for the worse. Differences in 
flow speeds from the souree orifices could not practicably be measured, but are estimated to be 
around 10 % and may range upwards to 30 %. The total strength of the forcing was also varied in 
these experimental runs. Table 3 provides an overview. 

Exp. 

07 
20 
06 
05 
19 

17 

18 

# sourees I sinks 

8 I 8 
8 I 8 
8 I 16 
16 I 8 
16 I 8 
16 I 8 

16 I 8 

reference 

equal volume flux Q =A V 
equal volume flux Q = A V 
equal momenturn flux M = pA V2 

equal energy flux E = pA V3 

equal jet velocity V 

velocity volume flux 
V Q 

Vo Qo 
2-1.Vo 2-1.Qo 

Vo Qo 
T 1.Vo Qo 

2- 112.Vo 2 112.Qo 
2-113.Vo 22'3.Qo 

Vo 2.Qo 

Table 3: Overview of the non-rotating experiments. A is the total area of the souree orifices. 

The results of experiment 06 showed that doubling the number of sinks, while keeping the 
number of sourees and the total volume flux constant, induced only very small changes to the flow. 
The head of the vertex strips initially emerging from the sourees is slightly more dispersed. 
Qualitatively the consequent development of a large-scale circulation remained unchanged, and 
even quantitatively it was also almest identical to experiment 07, as will be shown later. 

In the experiments with the doubled number of sourees some important changes in the evolution 
of the flow were observed. The reduction in the forcing length scale clearly decreases the scale of 
the initial dipoles from the sources, as can be seen by cernparing figure 15 and figure 20. These 
heads of the vertex strips collide much earlier and they do not penetrate all the way to the middle of 
the tank. The (clockwise) vertices that are set up around the ring vary a bit in strength. The ones that 
are located between two sourees without a sink in between tend to be somewhat more pronounced. 
Several flow structures appear in the interior of the tank, that are less organized and on a smaller 
scale than in the experiments with 8 sources. Consequently these structures evolve into one large 
vertex as described before. The time it takes for this central circulation to become approximately 
axisymmetric is cernparabie for the different experiments (Nt::::103 

), apart from the occasional odd 
case where more than one large vertex persists for a very long time. 
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Figure 20: Plots of the velocity and vorticity in experiment 19, where the flow was forced with 16 
sourees and 8 sinks. V=2.24 cm/s, no background rotation. 
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Figure 21 shows the evolution of the RMS velocity averaged over the whole field for the 7 
experiments mentioned above. The experiments that only differ in the number of sinks (Exp. 06 and 
07) can be seen to be quantitatively very similar. During the upscaling process (Nt<103

) the 
experiment with the same energy flux (Exp.17) shows approximately the same evolution. After the 
flow has become axisymmetric the RMS velocity in that experiment still increases a little, and the 
experiment with equal momenturn flux (Exp. 19) resembles the reference experiment more. 
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Figure 21: The time-evolution of the root mean square velocity of the experiments without 
background rotation that are described in the text. 
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Figure 22: Root mean square velocity (dash-dotted line) and maximum velocity (solid line) in the 
fully evolved fields (t=90 min) of several experiments, plotted against the velocity V of the 
forcing jets. The triangular, solid markers represent experiments with a forcing with 8 
sources, square open markers represent forcing with 16 sources. 

After 10 minutes VRMS has become almost constant in the experiments with 8 sources, whereas in 
the experiments with 16 sourees this takes approximately 25 minutes. Since all other parameters 
were kept constant in these experiments, this final velocity can only depend on the souree velocity V 
and the number of sourees n. In figure 22 VRMS as well as the maximum 4s averaged velocity V max 
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for the fully established flow (Nt>2.1 03
) are plotted versus the mean souree velocity V. Solid 

markers represent the experiments with 8 sourees (Exp. 20 and 07) and the open ones represent the 
experiments with 16 sourees (Exp. 05, 19, 17 and 18). The plotted lines are least-squares fits to the 
data with 16 sources, forced to go through the origin. Subsequently sealing VRMS and Vmax with V 
showed that they both depend more or less linearly on the square root of the number of sourees n. 
Figure 23 gives the combination of these two dependencies: VRMS and V max are plotted versus Vv'n. 
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Figure 23: The samedata as in figure 22, but now plotted against the forcing velocity V times the 
square root of the number of sourees n. 

Figure 24 presents information about the evolution of the vorticity averaged over the area of the 
central vortex, defined as bounded by the mean-value streamfunction contour. The large gradients in 
the flow field at early times cause rather large errors in the calculations of the streamfunction and 
vorticity, making the data not very accurate there. But when the large-scale circulation has arisen, 
experiments 19 and 17 can be seen to resembie the reference experiment 07 best again. The vorticity 
setties down to a more or less constant value after Ntz 1800. 

The diameter of the central vortex still increases in most experiments after the large-scale 
circulation first appears. This is indicated in figure 25 by the difference between the solid markers 
for the size at t=15 minutes and the open markers for the size at t=90 minutes. The initial diameter 
seems to be independent of the mean souree velocity, and equal to 32 centimetres when 8 sourees 
are used, and 38 centimetres when n= 16. At later times a stronger large-scale circulation squeezes 
the vortices linked to the sourees more towards the forcing ring (see figure 25). This results in a 
diameter of the central vortex that decreases with increasing strength of the sourees and that is only 
weakly dependent on the number of sources. Figure 26 shows measurements of the circulation 
around the central vortex, equal to the total vorticity contained in it. Just like the average vorticity, it 
has an approximately constant value after 30 minutes (Ntz 1800). Experiment 18, and also 
experiment 17, shows a different behaviour, but this might be due to measurement errors. 
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Figure 24: The average vorticity in the central vortex as a function of time in 7 ex perimental runs. 
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Figure 26: The time-evolution of the total circulation around the central vortex in the 7 experiments. 

4.1.5. spin down 

To study the spin-down of the large-scale circulation, observations were also made after the 
forcing was turned off. To create a more elliptical structure in some of the experimental runs four of 
the pump channels were disconnected one hour before the switch-off. 
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Figure 27: The aspect ratio of the decaying central vortex in experiment 17. The indicated time is 
measured from the moment the forcing was switched off. One error bar is drawn to give an 
idea of the uncertainty in the aspect ratio. 

In all runs the large-scale circulation at the start of spin-down was not perfectly axisymmetric, 
but rather elliptical, egg-shaped or almost triangular. This structure rotated slowly in the same sense 
as its circulation. The revolution time was approximately eight times the circulation time, defined as 
Tc=2rc!Wav with Wav the average vorticity in the central vortex. As can beseen in figure 27 the aspect 
ratio oscillates a bit, but it becomes almost circular within 5 to 8 circulation times. The band of 
slightly higher veloeities around the vortex disappears, the vorticity gradients flatten out and the 
interior of the vortex performs a solict-body rotation, slowly decaying in time. The smaller structures 

39 



around the forcing ring decay much faster and have disappeared when the vortex reaches 
axisymmetry. 
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Figure 28: Streamlines (smooth curves) and iso-vorticity contours (wobbly lines) of the decaying 
vrotex in experiment 17, 4 minutes af ter switching off the forcing. 

Figure 28 shows some (JJ and lfl contours in the vortex. The wobbly vorticity contours form 
somewhat more elongated ellipses than the smooth streamfunction contours. This slight 
misalignment indicates that the function W(lfl) is not single-valued. This can also be seen in figure 

29, showing scatter plots at several times in the OJ-lf/ plane. These plots are quite similar to the 
( w. Vt)-Ioops described in paragraph 4.1.2 and shown in figure 18, except for the fact that now all 
points in physical space are plotted in (w, tjl)-space. The streamfunction lfl is defined in such a way 
that the circulation around a maximum is anticlockwise and the constant is chosen to yield an 
average value of zero over the whole field. Therefore, the part of the plots with positive lfl 

corresponds to the interior of the central vortex. Initially the vorticity has its maximum value around 
the edge of the vortex, as already pointed out in the first section of this chapter, and is some 50% 
lower in the middle, where lfl is maximaL As the maximum value of the vorticity decreases the 
vorticity in the patch becomes more homogeneous: a plateau of constant vorticity emerges. At first 
the amount of scatter is very high for low values of VI, indicating the wide range of vorticities 
around the outer ring. During the decay of these smaller vortices the scatter decreases quickly. In 
general, the scatter plots collapse more onto a single line as time progresses. 

40 



0 C! 

"" ... 

~ ~ 

"' 

0 C! ,...; 
"' 

~ C! 

~ 

r-~ ..'!! 
0 l"'lE I= 
0 ~ 0 E 

7 7 

C! 
"7 "7 

~ C! 
~ ".' 

C! C! 
'( '( 

0 0 

1' 1' 

® 
c ~ c c 0 0 c 0 0 0 0 0 0 0 0 c c c 0 c c c 0 

~ 
c c ;::: c 

~ ~ ~ ..... ~· c N "' ... .,.. 
"' r- oe oe r- "' v-, 

~ 
.-. 

~ 
N ..... .,.. 

"' oe 
c 0 c 0 C! C! C! 0 0 0 C! c c c C! c 0 c c C! C! 0 c C! C! C! 

c 0 c c 0 0 c - "? "? "? 9 9 9 "? c} 0 0 c 0 c 0 c "? "? "? "? 

(l_s) (l) ( l_s) (') 

C! ... ... 

~ .-, 

0 
N 

C! 

~ 

r-+'2 rf 
C! E 2 0 ~ -

7 :;.-

C! 
"7 "7 

C! 
~ 

0 C! 
.-;\ ":· 

0 ~ 
1' 1" 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 c c 0 s; 0 0 0 0 0 c 0 ~ c 0 ;::: 0 
oe r- "' 

.,.. ;g "' N C! C! N "' ... .,.. 
"' r- oe oe r- "' ... .-, N ~ 0 N .-. v-, 

~ oe 
c 0 0 0 0 0 0 0 0 0 c 0 0 0 0 0 C! c c 0 ~ 0 C! 0 0 0 0 0 0 C! c C! 
0 0 0 0 0 0 0 9 9 9 9 9 9 9 9 c c 0 0 0 0 0 9 9 9 9 "? "? ~ "? 

(l_s) (l) ( l_s) (l) 
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The evolution of the vorticity averaged over the area where lfi>Ü is shown in figure 30. At first 
the e-folding time is 12 minutes, but the decay slows down after 5 minutes toa decay time of about 
45 minutes. Figure 31 displays the decay of the RMS velocities, averaged over the whole field. 
Similar remarks can be made here: the initia! fast decay slows down after 5 to 10 minutes to a decay 
time scale of approximately 45 minutes. 
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Figure 30: The evolution of the average vorticity in the central vortex, normalised with its value at the 
moment the forcing was tumed off. Crosses, squares and triangles represent data from 
experiments 17, 18 and 19 respectively. 
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4.2. Rotating experiments 

4.2.1. qualitative observations 

In the rotating experiments, where the filling took place via a raft floating in the middle of the 
tank, the initial anticyclonic circulation caused by Coriolis forces only decayed very slowly. In the 
experiments where the tank was filled from the bottom, to make maximal use of the Ekman layers 
to spin up the fluid, there was a cyclonic circulation present just after the filling. However, after 
waiting several hours to let this motion fade away, the circulation had tumed around to become 
anticyclonic as well. In both cases the residual veloeities were on the order of several millimetres 
per second and do not decay measurably within a few hours. It has been suggested that this is a 
diffusion-driven circulation, sometimes known as the Eddington-Sweet circulation. But this effect is 
opposed by a circulation resulting from the isopycnals bending down from the parabolic 
geopotentials near the walls of the cylinder (Linden 1996). This clearly is an interesting subject for 
further research, but will not be investigated any further in this report. 

The free surface in the tank was observed to be slightly curved. Estimations by eye yielded a 
depth difference of only a few millimetres between the middle and the sides of the tank. Balancing 
the hydrastatic pressure and the centrifugal forces: pgz= lhpr:i/ gives a parabolic surface, yielding 
a maximum surface elevation difference of 2.6 mm for the present experiments. This corresponds 
well with the observed differences in surface heights. Since these differences are small compared to 
the total depth of the tank, the effects of this curvature will be neglected. 

To obtain flows that are significantly stronger than the initial circulation the rotating experiments 
had to be carried out at fairly high values of the forcing parameter F. The strong outflows from the 
sourees were observed to be initially fully three-dimensional turbulent jets and to produce some 
vertical mixing. At short times the jets collapsed into two-dimensional motion within a few 
centimetres from the orifice. At very large times (Ntz-5.1 03

) ho wever, a vertically mixed layer of 
approximately 7 centimetres has arisen, still slowly increasing in height. Within this layer the 
stratification no longer reduces vertical motions. But the rotation of the whole system still tends to 
make the flow two-dimensional, especially somewhat further away from the souree jets. 

4.2.2. inverse energy cascade 

The jets from the sourees produce a double vortex strip, as in the non-rotating case. However, 
due to the anticlockwise (positive) rotation of the system this outflow now gets deflected to the 
right. The negative vortex strip immediately (Nt<60) rolls up to form a strong anticyclonic vortex at 
each source. As can be seen in the time series in figure 32 the positive vorticity is spread out into 
narrow strips around these vortices. 
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The strong, concentrated negative vertices do not remain attached to the sources, but start 
moving around under the influence of the rest of the flow field and penetrate into the interior of the 
tank. Vertices can be seen to collide, to merge or get distorted into thin layers by shear. New 
negative vertices are produced at the sources. Occasionally somewhat more concentrated positive 
vortex structures emerge in the interior, but anticyclonic vertices dominate the flow. 

The horizontal scale of the structures is comparable to the Rossby radius of deformation based on 
the full depth of the tank, R0 =12 cm. The vertical extent of these largest structures is almost the 
whole depth of the tank, since their motion can be observed at the surface as wel!. The height of the 
columns of flow structures with smaller horizontallength scales is usually limited to smaller depths 
and they have weaker (or no) surface signatures. 

In contrast to the non-rotating case, no quasi-steady flow pattem arises. Coherent vertices keep 
on appearing, moving, merging and disappearing. Even at very long times the flow is still changing 
on a timescale of several minutes. The scale of the vortex structures never exceeds 15 to 20 cm. 

4.2.3. freely decaying flow 

In several rotating experiments observations were also made after the forcing was tumed off and 
the fluid motion was freely evolving. Figure 33 shows the time-evolution of the freely decaying 
flow field in an experiment with Coriolis-parameter f= 1.6 s·1

• Just after the forcing is switched off 
vortex elements of a wide variety of sizes are still present. The smallest structures disappear quickly 
and only the coherent vortices with scales comparable to the Rossby radius of deformation persist 
At 4 minutes after stopping the forcing just 5 vortices are left: three anticyclones and 2 cyclones. 
These structures are almost axisymmetric and only very slowly move around in the flow field 
induced by the other vertices. However, they do not collide or merge and no structures arise on 
scales larger than 15 centimetres during the 30 minutes that the flow was tracked. When only the 
three anticyclones are left, they have almost fixed positions in the tank. 
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Figure 33: Graphs showing how the velocity and vorticity fields in the decaying flow of experiment 
21 evolve in time. The background rotation of the system has f= 1.6 s·1
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The strength of these distinct coherent vortices slowly decreases. To quantify this decay the 
circulation r of the three strongest vortices, one positive and two negative ones, was estimated by 
actding up the vorticity of neighbouring grid cells contained within the structures. Figure 34 shows 
how this circulation decays in time. The data are not very accurate and the points do not collapse 
onto a straight line. Still, it is clear that the circulation decays on timescales of 5 to 15 minutes. The 
positive vortex decays fastest, with an estimated e-folding time of 7 minutes. For the two negative 
vortices measured timescales were 9 and 14 minutes. These decay times are somewhat shorter than 
the decay time observed in the non-rotating flows. 
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Figure 34: The time-evolution after switching off the forcing of the circulation around the three 
strongest vortex structures in the flow field of experiment 21, with/=1.6 s-1

• The straight 
lines are least-squares exponential fits, with e-folding times of 14, 9 and 7 minutes. 
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4.3. Partiele dispersion 

The recordings of the rotating experiments were further analysed to obtain statistica! data about 
the dispersion characteristics of rotating, stratified turbulence. 

The one-dimensional Lagrangian autocorrelation function, defined in (32), is shown in figure 35 
for both the x-direction (R1111 ) and the y-direction (Rn.). lt was calculated from the average of all 
partiele tracks during a time-interval of 60 s in one experiment. Also plotted is the number of 
particles np contributing to the average. The other experiments showed similar results. After 10 to 
15 seconds the number of partiele paths has decreased so much that no meaningful data could be 
obtained, and the last part of the curves should therefore be ignored. The Lagrangian integral time 
scale Tr. (from equation 39) for these experiments was approximately 4 s, as estimated from the area 
under the curves with np? 1000. 
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Figure 35: One-dimensional Lagrangian velocity autocorrelation functions R,.u(r) and RJr), averaged 
over all partiele tracks in experiment 13 between 160 s and 220 s after the start of the 
forcing. The dash-dotted curve shows the number of particles np still contributing to this 
average. 

To get a qualitative idea of the dispersion of the particles in the flow, small 'clouds' of particles 
were selected from the partiele tracking files and their motion was foliowed in time. Alternatively, 
this can be regarcled as 'releasing' cloucts of passive tracers in the flow field, analogous to the 
numerical simulations of the dispersion by point vortices and more general two-dimensional 
turbulence by Babiano et al. (1994). Figure 36 shows how all particles that were located in the 
shaded are as during a release window in time of 2 s, get dispersed by the flow. The trajectory of 
every partiele is plotted until it ceased to be tracked, either because it had moved out of the light 
sheet, or because the partiele tracking software lost track of it for some other reason. The longest 
streaks had a duration of 10 s. The shaded release areas were chosen to correspond to regions of the 
flow field with different characteristics: A indicates regions within eddies, B indicates regions with 
high veloeities at the edges of eddies and C indicates regions with a straining type of flow. 
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Figure 36: Streaksof particles 'released' from the shaded areasin the flow field of experiment 13 
after 11 minutes forcing. Streak lengths vary from 2 s to lOs. The release areas were 
manually selected to correspond toA. eddy regions, B. streaming regions and C. strain 
regions. The circle represents the forcing ring. 

More quantitative statistics were obtained by calculating relative dispersion data from the 
tracking files, using an adapted version of the computer code by Linden & Drayton (1995). The 
Salford Fortran 90 compiler was employed to enable the use of extended memory as well as large 
disk swap files, because of the enormous memory requirements of the code. 

The code matches the approximately 1500 particles into all possible partiele pairs at some initial 
time. These partiele pairs are distributed over 12 'bins' according to their separation at the time of 
release, in the range from 1 to 25 cm. For every initial separation bin the average separation was 
consequently calculated as a function of time. Every pair was followed as long as both of its 
particles were tracked. Disappearing particles therefore make the number of partiele pairs 
contributing to the relative dispersion data decrease with the time since release. To increase the 
amount of data, new partiele pairs were formed at seven later times, when all previous pairs have 
disappeared. 

Figure 37a displays the time-evolution of the mean square relative dispersion for the 12 initia} 
separation bins. Lines are drawn for as long as an average over more than 5 partiele pairs could be 
calculated. Figure 37b shows results from the same run on a log-log plot, but now the initial 
separation is subtracted before squaring and averaging the dispersion. This clearly shows that the 
average separation increases continuously at early times. For comparison, lines indicating a t and t2 

dependency are drawn on the same plot. Some curves become flat or even go down at later times, 
indicating particles that come closer again. This is, however, an artefact introduced by the finite 
domain of the experiments: once the partiele pairs attain a separation that is camparabie with the 
size of the tank, they cannot separate further any more. 

In the classica} theory of two-dimensional turbulence, as well as in the description of the 
dispersion results so far, the role of coherent structures in the flow has been ignored. However, 
these seem to play an important role in the relative dispersion. Flow processes such as the upscale 
energy transfer occur locally in physical space by merging of vortex structures, rather than locally in 
wavenumber space. lt appears useful to have a closer look at the different dispersion characteristics 
of the coherent vortices and other regions in the flow field. 
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Figure 37: Mean square dispersion of partiele pairs, released in the flow field of experiment 21 
between 20 s and 180 s after the start of the forcing. Different lines correspond to different 
initia! separation 'bins': 1-3 cm, 3-5 cm, ... 23-25 cm. (a) shows a linear plot, and (b) a log
log plot with the initia! separation subtracted. 

One way of splitting the flow field into different flow regions is looking at the magnitude of the 
veloeities (speed) and at the strain rate. Using speed and strain thresholds, Linden & Drayton (1995) 
divided the flow into three regimes; A: eddy regions, B: streaming regions and C: straining regions. 
The quantity they used to characterise the strain was 

au av 
r o/d = ()y + ax . (57) 

lt must be noted however, that this quantity depends on the orientation of the coordinate axes. It 
attains its maximum value when principal axes are chosen for a strain flow, and is zero for axes that 
are rotated 45°. Si nee it is impracticable to chose different orientations of the axes for different parts 
of the flow, a better characterising quantity is the determinant of the symmetrie part of the strain rate 
tensor: 
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y = _!_(au; + auj J =au av _ _!_(au+ ()v) 2 

2 axj ax; ax ()y 4 ()y ax (58) 

This quantity is independent of the orientation of the strain with respect to the coordinate axes, since 
the value of a determinant does not change under a transformation to new axes. For a strictly two
dimensional flow (no horizontal divergence) the first constituent term will be negative. Subtracting 
the positive-definite square in the second term yields a determinant that is always negative. 

The speed threshold Vrhr and strain threshold Ytlir that were chosen to divide the flow into 
different regimes were the root-mean-square values of those quantities. Following Linden & 
Drayton (1995), the strain regions C were elassified as the regions where /YI>Ythr, streaming regions 
B where V> Vrhr and /Yf<Ythr. and eddy regions A where V<Vrhr and /YI<Y,hr· A typical resulting 
division into different flow regimes is shown in figure 38. 
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Figure 38: Diagramshowinga typical splitting of the flow into different regimes, using the metbod 
described in the text. White areas are eddy regions A, light grey areas are the streaming 
regions B and the darkest areas are the strain regions C. 

The computer code earlier used to calculate the data presented in figure 37 was applied to the 
same experiment again, but now partiele pairs were formed and foliowed separately for the three 
flow regimes. Figure 39 shows mean square dispersion measurements for these flow regions A, B 
and C, as well as for the total flow field. As can be seen, reducing the release region unfortunately 
also reduces the time during which a meaningful average over more than 5 partiele pairs could be 
taken. The streaming regions especially seem to be poor in long partiele paths. 

53 



0 

~----------------------------------, ~ 

0 _________ _c____~------'---------~-- ...; 

0 
<"i 

-~--------~--------------~ "! 

0 
1-------'-~---'------ --------------- 0 

------------------------- ~ ~ 
~ 

-----,------------------------~ ;: 

1---~---'---C------------------ ~ 

~------'----'---'--- ----,------~--~ ;; 
-_..._:--I 

1--------------------~----:- ~Î-- "! 

---------------- ,C.\);_:~- ~ '-. .~:<l\ N ---------------- -----~l-'---c: ~ 

0 
0 

0 0 0 0 0 0 ~ 0 !<l 0 0 
0 C' :x: ..... -:; V) ..... c 

=: "! 0 ~ "! "! 0 0 "! ~ - 0 0 0 0 0 c c 0 c c 

(,ur) ,oa -,a 
c 
V', 

------- :! 

o_ 

~ 

! -:-. "! .... 
"! ..... 
0 
<"i 

"! 

0 

0 
0: 

'<=! 
:x; 

"! ..... 

0 

"' q 
V) 

0 
..,: 

"! 

"! 
N 

c 
g 0 0 0 0 :r. ;;;: 0 0 0 § ~ ~ 

..... -o; ..... "' 0 c ~ 0 0 o. o. 
0 0 c 0 0 0 6 0 0 0 0 

(,ur) ,oa -,a 

t-------:---------------------· 

~ 
···--~---·------- N -------- ~ 

- ---- ~- --- ~---- --- ----.---
' I 

---------------------------- -1-- 2 
----------------------- ___ L ~ 

. I 
'\: 

1---------------------- --- _, ~.~-

0 
0 

0 0 0 0 0 0 0 0 0 0 0 
0 "' oe ..... "" V) .... ,.., N 0 

0 0 0 0 0 0 0 0 "! 0 
0 0 0 0 0 6 0 6 6 0 0 

(;:ru) 0 ;: a-<a 

> 
~ 
> 
I:: 
0 
u 

r--------------------------

--
1----------------.:-=~,--. ---- 1 

'· '~ I 
t-------------~-',---:-'----- ,. ... 

\ /. ·:.? 
----+-------------~-?---.;-:.\-., .... . \ 

"---/. \ ·~ ·.//. 

t------'-----~----~, ~-~-~-, ,l~-

1-------''-----c-- ---,------+------~:~~(~ 
l i ~ 

j .. 
0 0 0 0 0 0 0 0 0 0 0 
0 "' oe ..... "' V) .... ..... N 0 

0 0 0 0 0 "! 0 0 0 0 
0 0 6 6 0 0 0 6 6 6 6 

(;:ru) 0a- a ;: _;:_ 

Figure 39: Mean square relative dispersion in experiment 13, for (a) eddy regions A, (b) streaming 
regions B, (c) straining regions C and (d) the total flow field. The initia! squared separation 
is subtracted. The different lines correspond to different initia! separations, as in figure 37. 
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5. DISCUSSION 

5.1. Non-rotating experiments 

5.1.1. forced turbulence 

Since the present experiments were restricted to low jet speeds, the flow was always in one of the 
regimes I (vortex interaction) or II (large-scale circulation), as defined by Boubnov, Dalziel & 
Linden (1994). Some vertical mixing was observed, but the forcing parameter FL was low enough to 
make the flow collapse onto a two-dimensional plane. 

Since the fluid above and below the plane of forcing is at rest in the early stages of the flow, 
there is significant vertical shear in the horizontal velocities. This shear twists vertical vortex lines 
towards the horizontal, which produces vertical mixing and also provides a mechanism for the 
generation of internal waves. Radiation of energy away from the plane of forcing by these internal 
waves adds to the vertical spreading of the motion caused by viscous diffusion of momentum. 
Reduction of the vertical shear by viscosity alone would involve a timescale (lhH/Iv-z3 hours, 
whereas visual observations of the experiments indicate some motion at the surface after 15 
minutes. 

In this quasi-two-dimensional flow a striking transition from a state with several vortices 
produced by the sourees to a single large-scale circulation is observed. To fully understand the role 
of the individual sourees and sinks in this flow it is important to have a closer look at their 
properties and differences. 

A sink only passively affects the flow field. The local flow field determines what fluid elements a 
sink removes, and therefore what vorticity it withdraws from the flow. This passive control over the 
vorticity flux explains the relatively small differences in the observed flow between the experiments 
with 8 and 16 sinks. In the experiment with the doubled number of sinks and unchanged number of 
sourees (Exp. 06) the sinks are located closer to the sources. Extracting fluid at different locations, 
they make the heads of the vortex strips from the sourees slightly wider, but leave the rest of the 
flow unchanged. 

A souree on the other hand, actively controls the vorticity flux that it creates. It injects new 
vorticity, independent of the flow field. The injected vorticity is determined by the velocity profile 
across the orifice and the shape of the orifice. In the present experiments this resulted in the 
production at each souree of a three-dimensional ring of vorticity, collapsing into two planarstrips 
of opposite vorticity, carrying the corresponding mass flux. These strips are of equal strength, 
giving zero circulation around a closed contour containing all the flow from the source. At the start 
of the forcing these strip pairs form a head in the shape of a vortex dipole. This was also observed 
by Van Heijst & Flor ( 1989) for injections of fini te duration. Penetrating into the interior of the flow 
these dipoles interact with each other, and so do the vortex strips still emanating from the sources. 

Doubling the number of sourees reduces the distance between them. The resulting earlier 
interaction of the vortex strips decreases the size of the dipole heads. The initial scale of the vortex 
structures will be smaller and more turbulence is induced on smaller scales. The experiments with a 
Iarger number of sourees showed indeed more vortices over a wider range of scales at the start. The 
later stages of the flow in the interior, however, remain qualitatively unaffected and a large-scale 
circulation arises. 
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Figure 40: Sketch showing the definition of the effective souree spacing S and the circumferential spacing /, 
depending on the number of sourees n and the radius r. 

The size of the vortices around the forcing ring is set by the spacing of the sources. Linden, 
Boubnov & Dalziel (1995) introduced the effective souree spacing S as shown in figure 40. This 
maximum diameter of n structures that may be packed within the forcing ring of radius r can be 
written as 

2 sin(;rr In) 
S= r 

1 + sin(;rr In) · 
(59) 

In the present experiments S = 9.2 cm or S = 15.6 cm for 16 or 8 sources, respectively. In figure 41a 
8 circles of the latter diameter are drawn on the vorticity field observed in Exp. 07 at 13 minutes 
after the start of the forcing. The actual size of the negative vortices is slightly smaller than those 
circles, since the narrow strips of positive vorticity are located between two sourees as well. Only 
the interior of the flow is then available for the inverse energy cascade. The area of the interior that 
is left over after the vortices bound to the sourees have taken their space sets the size of the large
scale circulation when it first arises. Therefore it is only the number of the sourees that determines 
the size of the central vortex in this early phase. The solid markers in figure 25 show that the initia! 
central vortex size is approximately 32 cm for the case with 8 sources, and 38 cm for 16 sources. 

At later times, however, the size seems todependon the strengthof the sourees rather than their 
number. More vertical mixing, especially close to the sources, results in less two-dimensional flow 
and more disperse vortex structures around the ring. Figure 41 b shows that the central vortex has 
become stronger and has pushed the less well pronounced vortices connected with the individual 
sourees to the side. The extent of the large-scale circulation decreases with increasing souree 
velocities, as clearly indicated by the open markers in figure 25. 
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Figure 41: Circles indicating the maximum vortex size that can be packed within the forcing ring, 
drawnon the vorticity field of Exp. 07: 8 sources, 8 sinks, V=3.19 cm/s, f=O Is. 
(a): after 13 min, (b): after 90 min. 

The circulation in the central vortex will decay with time, unless it is maintained against the 
vertical diffusion of momenturn and the viscous dissipation of vorticity. Unsteadiness of the flow 
and horizontal diffusion of momenturn (and therefore vorticity) can provide mechanisms to balance 
those effects. The observed deviations from the functional relationship m=m(tj!) (shown in figure 18 
) indicate an unsteady behaviour of the central vortex region. The enclosed area in the (1)-tjl plot 
signifies a dominant inward flux of positive vorticity. The multiple hatched constituent surfaces 
represent fluxes form different sources. Time-evolution films of the experiments show that the edge 
of the vortex is indeed unsteady and that patches of vorticity from the sourees are intermittently 
taken up by the central vortex. The positive vorticity thus advected into the central circulation is 
subsequently spread out by horizontal diffusion. The negative vorticity from the souree jets is 
expelled from the central vortex, as indicated by the dotted patches in the plot. At later stages the 
potential vorticity harrier at its edge prevents the negative vorticity from getting across and it is 
concentrated in the vertices close to the ring of forcing. 

It is interesting to cernpare quantitatively the flux of vorticity into the central vortex with a decay 
model recently described by Flor & van Heijst (1996) for monopolar vertices. Neglecting the 
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dissipation, we can write down the equation for the diffusion of the vertical component of the 
vorticity as 

(60) 

In general the vertical gradients of the vorticity are much larger than the horizontal ones, making the 
vertical diffusion more important than the horizontal diffusion. Moreover, at the edge of the vertex 
horizontal diffusion plays a small role compared to the horizontal adveetion of vorticity, so in a 
further approximation we can neglect the last term in equation (60). We assume a Gaussian vorticity 
profile in the vertical, with a constant characteristic spread of a during a short time interval. We 
then obtain the solution for the vorticity in the central vertex at levels close to the forcing (z!a<l) 

ro(r, z, t) = ro(r) ex{- 2~,) ex~-;) (61) 

with a characteristic time scale for vertical viscous diffusion r=d /v. Th is gives a relative decay rate 
at the level of the forcing 

(62) 

aresult which still holds when we take a spreading Gaussian distribution in the vertical with a=cr(t). 

In the present experiments a=3 cm seems a good estimate for the vertical extent of the flow at 
Ntz800, giving a time scale of 15 minutes and a relative decay rate of 10-3 s·1

• This balances the 
measured vorticity increase rate due to horizontal adveetion (56) reasonably well, yielding indeed a 
central vortex with a more or less constant strength. 

As can be seen from the cross-section in figure 16 the vorticity in the central vertex is 
approximately independent of the radial distance from the centre, indicating a solid-body rotation. 
Accordingly, the veloeities increase linearly with distance from the vortex centre. The 
proportionality constant vlr is estimated to be 0.025 s· 1

, which is consistent with the average value 
of uJ in the vertex. There is a ring of strong negative vorticity just outside the large-scale circulation, 
resulting in a rapid decrease in the velocity. The thin region of large vorticity gradients creates the 
aforementioned potential vorticity harrier. 

In a strictly two-dimensional flow with no viscosity the vorticity of a fluid element is always 
constant due to the absence of vortex intensification by stretching. The largest value of the vorticity 
crossing the closed loop around the central vortex therefore poses a maximum to the vorticity in its 
interior. Observed maximum values of 0.09 s-1 on the circle with r=14 cm are indeed well above the 
measured vorticities within it. Similarly, no veloeities greater than the initial forcing velocity can be 
generated. The observed maximum peak velocity of approximately 0.53 cm/s, occurring at the edge 
of the vortex, is 17% of the mean velocity from the sourees V. 

In the early stages of the flow (Nt<100) the veloeities in the field show a rapid acceleration 
(figure 21) as the motion from the sourees penetrates into the interior. The average vorticity also 
shows a quick increase, although much more irregular. In this phase the experiment with 8 sourees 
develops quite similar to the experiment with 16 sourees and an equal total energy flux. After the 
initial acceleration the veloeities still increase, but at a slower rate. When the veloeities and 
vorticities reach a constant value at Nt~ 103 the experiments with n= 16 and equal total momenturn 
flux resembles the reference experiment most. The decreasing values of vorticity and circulation (as 
shown in figures 24 and 26) at later times in experiments 17 and 18 might be due to the increased 
amount of mixing by the strong souree jets in those experimental runs. The values of the Forcing 
parameter Fd, basedon the diameter of the souree orifices, are approximately 6.9 and 8.9. These are 
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al most in the three-dimensional turbulence regime ill as defined by Boubnov, Dalziel & Linden 
(1994). 

The importance of the momenturn flux can also be deduced from figure 23. When the energy in 
the flow field EocVRA-tl has reached a constant value, the veloeities in the field VRJts and Vmax scale 

as Vv'n. This suggests that at this stage the total momenturn flux from the n sourees Min=QpVocnpV2 

is balanced by a momenturn dissipation Mdis.,,ocVR,Hl· lt is not quite understood yet why the 
momenturn dissipation in the interior of the flow scales like that. 

It is a striking fact that in the non-rotating experiments without a deliberately introduced initial 
flow, the large-scale circulation that arose was without ex ception anticlockwise (positive ). It is very 
unlikely that the rotation of the earth is of any importance, since values of the Rossby-number 
Ro= V/fl of about 103 indicate that inertial forces are far stronger than the Coriolis forces. As 
mentioned by Linden, Boubnov & Dalziel (1995) the preferenee for an anticlockwise circulation 
might arise from a small bias in the direction of the sources. The experiments showed that a 
possible directional offset of the sourees can be overcome by a relatively small initia! circulation. 
Detailed further analysis of those experiments that were thought to be with zero initia! flow revealed 
that in most cases some net positive vorticity was present, however tiny. Nevertheless, the fact that 
the large-scale circulation changes direction at a finite negative initia! circulation indicates that a 
weak bias in the forcing mechanism plays a role as well. Once the large-scale circulation is 
established it deflects the souree jets in such a way as to enhance its circulation, and it was never 
observed to reverse its direction. 

5.1.2. Decaying vortex 

The scatter plots in the (JJ-ljl plane of the unforced motion (figure 29) show a lot of scatter 
immediately after the forcing is switched off, especially at low values of the streamfunction. As the 
negative vortices linked to the sourees decay, the amount of scatter is quickly reduced and the 
absolute values of the vorticity decrease as well. (cv, ljl)-values for the large vortex in the middle 
collapse onto a single curve within a few minutes, mirroring the more two-dimensional and quasi
static behaviour of the flow. Horizontal viscous diffusion reduces gradients in the vorticity and the 
curve becomes almost a straight line. This linear relationship between (JJ and lfl is similar to that 
found by Kloosterziel & Van Heijst (1991) for monopol ar vortices in a rotating fluid. Flor (1994) 
also observed a linearisation of the (1)-ljl-relation, for circular as well as square domains, and with 
forcing by a moving rake as well as forcing by jets. This linearisation process was described by Van 
de Konijnenberg (1995) in mathematica! terms as an evolution towards the lowest eigenmode of the 
system, due to horizontal viscous diffusion. 

After the central vortex has adjusted itself to the decay of the forcing vortices during the first few 
minutes, its aspect ratio is observed to oscillate and approach a value of 1 in the long run. This 
axisymmetrization of the freely evolving vortex is probably due to a non-viscous process described 
by Melander, McWilliams & Zabusky (1987). This process may be understood by having a closer 
look at the flow field of an unstable vortex with elliptical contours of cv and lfl with slightly different 
orientations, as depicted exaggeratedly in figure 42. 
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Figure 42: Sketch of elliptical (!)- (solid) and ljl-contours (dotted) with a small difference l/J in 

orientation. Velocity veetors are tangential to the nearby ljl-contour. 

The velocity on a iso-vorticity contour may be constructed by taking the tangent to a nearby 
streamline. The projections of these veloeities onto the axes of the vorticity ellipse show that they 
have a component that will increase the semi-minor axis b and decrease the semi-major axis a. 
He nee the aspect ratio alb will decrease. Meiander et al. ( 1987) argue that this process is essentially 
inviscid and that it takes place via vortex filamentation. A slight mismatch between streamfunction 
and vorticity contours was indeed observed in the early stages of the decay (see figure 28). The 
oscillation of the aspect ratio that they reported from their numerical simulations was also observed 
in the present experiments. Further experiments need to be done, however, to yield more accurate 
information about the oscillation frequency and the decay rate of the aspect ratio. 

In the experiments the decaying central vortex not only becomes axisymmetric, but also setties in 
the middle of the tank. Recent numerical simulations by Van Geffen et al. (1996) showed that a 
weakly dissipative two-dimensional monopolar vortex will, as it moves around, only slowly get 
closer to the centre in a bounded rectangular domain. However, when no-slip instead of free-slip 
boundary conditions are imposed, the opposite vorticity induced near the walls causes the vortex to 
move quickly to the centre of the domain. The path is not completely smooth, but kinks appear in 
the trajectory. This could not be observed in our experiments, since the vortex was quite close to the 
middle when the forcing was switched off. 

The timescale for the decay of vorticity and RMS velocity that was measured in the experiments 
was approximately 20 minutes. 

The Ekman timescale TE for the decay of vorticity in the central vortex can be evaluated from 
equation (21) to be 18 minutes, where we used a characteristic average initia! vorticity of 0.04 s-1

• 

However, this spin-down process involves Ekman pumping, which is inhibited by the stratification, 
as was already pointed out by Barcilon & Pedlosky (1967). We can easily show this by calculating 
the vertical velocity induced by Ekman pumping. We start from the continuity equation in the 
Ekman layer, and substitute the relative veloeities (u', v') from equation (19) to obtain 

with the Ekman Iayer thickness 8E defined in (20). Since there is no vertical variatien of WG in the 
geostrophic interior, the horizontal divergence is zero and the first term in the square brackets 
vanishes. The second term in the square brackets contains a factor that represents the vertical 
component of the vorticity Wc; in the flow away from the boundary layer. lntegrating the above 
equation from z=O to z> > 8E we obtain the Ekman pumping velocity WG in the geostrophic interior: 
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w 0 = ro 0 J sin(_!_) exp(- _!_) dz -;:::, 
0 

E ro 0 • 

0 OE OE 2 
(64) 

This Ekman pumping tries to bring up fluid against the stratification. Looking at the dimensions of 
the relevant quantities shows that the height that a fluid parcel with velocity wG can be brought up 
can be estimated by 

(65) 

which evaluates to h-::::,0.03 cm << H for the present experiments. This clearly shows that Ekman 
pumping might only play a role at the very early stages of spin-down in a stratified fluid. At later 
times only dissipation by viscous effects and by radiation of internal gravity waves can account for 
the spin-down of the vortex. 

For the decay by vertical viscosity from the bottorn of the tank we have from equation (22) 
Tvisc-::::,700 minutes, much slower thanspin-down by Ekman pumping. The experiments show indeed 
a lower decay rate at later times (figures 30 and 31 ), but it never quite reaches this timescale for 
vertical viscous decay. Perhaps the side walls of the tank and lateral viscosity play a role as well. 
The squareness ofthe tank doesnotseem to be important, since the fluid in the corners is stationary. 
The vertical velocity profile was assumed to be flat at the turn off of the forcing, but a persistent 
vertical shear might have sped up the decay of the motion in the plane of measurements. Further 
experiments with different fluid depths Hand velocity measurements at severallevels are necessary 
to fully understand the spin-down of a vortex in a stratified fluid. 
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5.2. Rotating experiments 

5.2.1. forced turbulence 

The outflow from the sourees in the rotating experiments showed a behaviour distinctively 
different from the non-rotating case. The souree jets got immediately deflected to the right, even 
though the anticyclonic residual initial flow would have caused an opposing deflection. This clear 
effect of the Coriolis force in the rotating frame created a concentrated anticyclonic vortex at each 
source. The subsequent time-evolution of the flow is consistent with the two-dimensional inverse 
energy cascade, as in the non-rotating experiments. The flow does not break down into ever smaller 
structures where energy finally gets dissipated, as one would expect for three-dimensional 
turbulence. Instead, the quasi-two-dimensionality of the flow supports coherent vortex structures. 

The size of the vortex structures however, is now limited by the effects of the rotation. Baroclinic 
instability makes structures with horizontal scales larger than the Rossby radius of deformation Rn 
unstable, and will tend to split these into smaller structures. The three-dimensional effects needed 
for this long-wave instability to operate are provided by the vertical shear that is inherently linked to 
the nature of the forcing. In the present experiments the length scale of the forcing l is larger than 
Rn. The vortices formed at the sourees can indeed be seen to break up befare they reach the 
maximum size set by the effective souree spacing S from equation (59). The resulting structures 
then penetrate into the interior of the tank where they interact to form structures on the scale of Rv. 
lt seems inappropriate to describe the processes as energy transfer local in wavenumber space with 
blocking at the deformation radius. It is rather an intermittent process with vortices of like sign 
merging to farm larger ones and vortices breaking up into smaller ones, local in physical space. 

With vorticities around 0.4 s-1 the Rossby number of the vortices, as defined by (9), is 
approximately 0.2. This indicates that they aretoa reasanabie extent quasi-geostrophic: the Coriolis 
acceleration is dominant over the convective acceleration. The small vertical shears are consistent 
with these dynamics. 

-®V 
~ 

V 

Figure 43: Sketch showing the density structure differences between cyclones and anticyclones. 

More well-pronounced anticyclones are observed in the flow than cyclones. The production of 
concentrated anticyclones as opposed to the cyclonic vorticity in long, thin strips at the sourees may 
partly explain this dominance. Yamagata ( 1982) suggested that the differences in the density 
structures might be important as well. Figure 43 shows how the isopycnals slope when a vertical 
shear is present. This slope can be calculated with the so-called thermal wind equation, that 
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balances vertical velocity shears with horizontal pressure gradients. This results in the density 
structures shown, with rising isopycnals above anticyclones and sinking isopycnals above cyclones. 
Intuitively, the divergence of isopycnals at the edges of cyclones produces an 'open' character, 
whereas the convergence at the edges of anticyclones gives more self-contained structures. This idea 
still has to be investigated in more detail. 

5.2.2. decaying vortices 

In the freely decaying flow the smallest vortices decay quickly or get swept up by larger vortices, 
but the scale of the largest vortices remains comparable to Rv. When the flow field is entirely filled 
with vortices of that scale, they do not merge any more. When only the anticyclonic vortices are left, 
they still barely shift their positions due to wall interaction and some dispersed positive vorticity 
that is still present in the tank. The cyclones seem to decay a bit faster than the anticyclones, even 
though their Rossby-numers of approximately 0.2 do not give any reason for that. 

The decay of the circulation contained in each vortex seems to be exponential (see figure 34). It 
is hard to give an accurate estimate of the decay timescale. It certainly is much shorter than the 
viscous decay time Tviscz700 minutes, where the total depth of the tank has to be used as the length 
scale for vertical diffusion, since the vertical shear has almost diminished to zero at these late stages 
of the flow. On the other hand, the decay time is only slightly longer than the Ekman decay time 
T f:Z5 minutes. Even though Ekman pumping is inhibited by the stratification, probably both 
processes seem to play a role in the decay of the vorticity, just like in the nonrotating case. More 
experiments will have to be carried out to provide full insight. 
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5.3. Partiele dispersion 

From the plots of the autocorrelation function we derived a Langrangian timescale h=4 s, 
indicating the timescale on which the velocity of a partiele decorrelates with its initial velocity. Bath 
R1111 and R1.,. show a slight increase around 6 s. This might be a indication of the eddy turnover time 
of the coherent vertices in the fluid, since a partiele trapped in an eddy will regain its initial velocity 
u after one complete revolution. The vertices observed in the system (figure 32) have an absolute 
care vorticity around 1 s-1

, which indeed corresponds toa circulation time of approximately 6 s. 

Figure 36 shows that the maximum length of the tracks is rather short. This makes it hard to 
point out the differences in dispersion between different regions of the flow. Unfortunately, a 
camparisen with simulations like those of Babiano et al. (1994) can therefore nat be made. The 
experiments described by Pervez & Soloman (1994) did produce long partiele tracks. They used 
much higher rotatien rates, no stratification and illuminated the whole depth of the flow. In an effort 
to increase the length of the tracks in the present experiments, one run (Exp. 22) was perforrned 
with a wider lightsheet (3 cm), but the results were unsatisfactory. More experiments will have to be 
carried out, with a wider light sheet that possibly even ineludes levels above the forcing ring, and 
with higher stratification and rotatien rate. 

Since the individual partiele tracks were only occasionally langer than 20 s, the partiele pairs 
could nat be foliowed for long times either. Nevertheless, by averaging over numerous partiele pairs 
released at several moments in time, the odd long track was captured and meaningful data could be 
obtained for up to 40 s. Figure 37b shows that partiele pairs initially separate at an almast constant 
rate, independent of the initia! separation. The log-log plot reveals that the dispersion increases at a 
rate slightly slower than -t2

, consistent with the rate derived in equation (38). Fairly soon, after 
several seconds, the curves flatten off. This corresponds more or less to the Langrangian timescale 
that was mentioned above. Befare the pair separation reaches the maximum scale, the size of the 
tank, the dispersion rate decreases to approximately -t, matching equation (50). Any intermediate 
dispersion law could nat be verified with these experiments. 

We went on to divide the flow into different regions, using a strain and speed threshold. Close 
inspeetion of these regions shows that they do nat define the regimes entirely satisfactorily. 
Especially the eddy regions do nat show up elearly, since they are nat always completely encireled 
by a region with high velocities. Still, the dispersion plots for these regions elearly show important 
differences. Whereas the total dispersion goes on until the largest available size is reached, the 
dispersion in eddy regions seems to be limited by a smaller scale. Surprisingly enough, the 
dispersion rate in the strain regions is lowest of all. The separation even reaches a significant 
minimum after approximately 2 s. The partiele pair tracks in the streaming regions are in fact toa 
short to be able to give quantitative statements about the dispersion characteristics. 

The separate analysis of different flow regimes elearly is a new way forward into the description 
of dispersion in geophysical turbulence. Many more experiments will have to be carried out, 
however, to obtain a fully comprehensive quantitative statistica! description. 
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6. CONCLUSIONS 

The experiments in a stratified fluid, forced with radially directed sourees and sinks in a 
horizontal plane, showed the development of a turbulent flow field that is to a good approximation 
planar. Coherent vertex structures appear and an inverse energy cascade is observed: they grow by 
merging of vertices of like sign, whereas opposite vorticity is expelled. The planar flow finally self
organises into a single vertex structure of the largest available scale, while the influence of the 
individual sourees and sinks is restricted to a small area with vertices close to the forcing. 

The large vertex is maintained against decay by intermittent entrainment of patches of vorticity 
from the exterior. ( m, 11')-diagnostics showed that at later times the influx of vorticity equals more or 
less the decay due to vertical diffusion of momentum. The flow reaches a quasi-steady state and the 
total flux of momenturn from the sourees seems to balance an overall momenturn dissipation 
proportional to VRkf . ./. 

The present experimental apparatus showed a small bias towards an anticlockwise vertex. This 
can be offset by an initial clockwise flow of only a few percent of the strength of the final 
circulation. 

Changing the number of sinks does not affect the flow, since they only passively extract fluid. 
The sourees however always produce vorticity. Their number sets the size of the forcing vertices 
and thereby the space available for the central vertex to arise. At later stages of the flow the strength 
of the souree jets plays a role as well: for weaker forcing the central vertex pushes the forcing 
vortices somewhat more aside. 

Introducing a background rotatien to the system limits the size of the vertex structures to the 
Rossby Radius of Deformation RIJ. Vertices of like sign still tend to merge, but once their horizontal 
scale reaches Rv they become unstable due to bareclinic instability and split. Anticyclones dominate 
the flow, and it was suggested that this is due to the nature of the forcing and maybe also due to the 
difference in density structure of cyclones and anticyclones. 

Once the forcing is switched off the vertices spin down and become axisymmetric due to a non
viscous process. The m(ll')-relation becomes linear on a timescale of approximately 20 min. The 
decay of the vorticity is much faster than what it would be just by vertical viscous diffusion. In the 
system with background rotation the cyclones seem to decay faster than the anticyclones. More 
work neects to be done to fully understand the spin-down of a vertex in a stratified fluid. 

The partiele pair dispersion measurements indicated an initia! separation rate -t2
, and at times 

longer than the integral Lagrangian timescale the dispersion increased at a rate -t until scales 
comparable to the size of the domain were reached. Analysis of different regions of the flow showed 
that eddy, streaming and straining regions contribute quite differently to the total dispersion. 
Separately studying the dispersion properties of the coherent structures and of the flow regions 
between them is a promising new way forward in research of dispersion in geophysical turbulence. 
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APPENDICES 

A. List of symbols 

a slope of the energy spectrum 

{3 enstrophy transfer rate 

r strain parameter 

8 aspect ratio 

~ thickness of Ekman layer 

e energy transfer rate 
ç small vertical displacement 

T] dispersing efficiency of eddies 
](" molecular diffusivity 

Kë turbulent eddy diffusivity 

À small dimensionless parameter 

V kinematic viscosity 
ç time 

7r 3.14159 .. 

p density 
(J root-mean-square absolute dispersion 

r time difference 

4> angle 

x tracer concentration 

lfl streamfunction 
(J) vorticity 

r circulation 
<P flux of vorticity 
Q angular frequency of rotating frame 

V differential operator 

Ek Ekman number 
Fr Froude number 
Pe Peelet number 
Pr Prandtl number 
Re Reynolds number 
Ro Rossby number 
St Stokes number 
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a semi-major axis of ellipse 
b semi-minor axis of ellipse 
c position of the centre of gravity 
d diameter of souree orifices 
dp partiele diameter 
e 2.71828 ... 
f Coriolis parameter 
fb force per unit mass 
g gravitational acceleration 
h difference in height 

unit on imaginary axis 
k wavenumber 
1 length scale of the forcing 
m mass 
n number of sourees 
np number of particles 
p pressure 
r radius 
s root-mean-square relative dispersion 
t time 
u velocity vector 
U, V horizontal veloeities 
w vertical velocity 
x,y horizontal coordinates 
z vertical coordinate 

A orifice area 
c a constant 
D separation of a partiele pair 
E energy (flux) 
F flux of tracer mass 
G structure function 
H height or verticallength scale 
L horizontallength scale 
M momenturn flux 
N buoyancy frequency 
p probability 
Q total tracer mass released 
R Lagrangian autocorrelation function 
Ro Rossby radius of deformation 
s effective souree spacing 
T time scale 
u velocity scale 
V jet velocity 
8V relative velocity of a partiele pair 
w enstrophy 
z complex velocity 
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B. Equipment 

pump: Watson & Marlow 505U peristaltic pump 

Watson & Marlow 304MCX four roller, five channel extension heads (2x) 

Marprene tubing, 2.79 mm bore (purple-white colour code) 

flow rate according to specifications: 0.4800 ml/rev 

slide projectors: ELMO omnigraphic 253E 

Kodak carousel S-A V 1010 

video camera: COHU high performance CCD camera 

Kern-Paillard lens, SWITAR H16 RX, f=10mm, 1:1.6 

video recorder: Panasonic AG-7350 Super-VHS video cassette recorder 

FORA VTG-33F time code generator 

computers: BBC microcomputer (controlling the rotating table) 

Gateway 2000 P5-120 Personal Computer 

Data translation DT-2861 Arithmetic frame grabber board 
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