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Dynamics of Convectively Driven Banded Jets in the
Laboratory

Peter L. Read Yasuhiro H. Yamazaki, Stephen R. Lewi$
Paul D. Williams Robin Wordsworth, Kuniko Miki-Yamazaki,
Department of Physics, University of Oxford, Clarendon duatory,
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Joel Sommeria, Henri Didelle
LEGI Coriolis, 21 rue des Martyrs, 38000 Grenoble, France

February 22, 2007

Abstract icantly steeper slope with wavenumbefor the zonal
flow than for the non-zonal eddies, which largely follow

The banded organization of clouds and zonal win8fi€ classical Kolmogorok—?/# inertial range. Potential
in the atmospheres of the outer planets has long fyerticity fields show evidence of Rossby wave breaking
cinated observers. Several recent studies in the tABd the presence of a ‘hyper-staircase’ with radius, indi-
ory and idealized modelling of geostrophic turbulen&@ting instantaneous flows which are super-critical with
have suggested possible explanations for the emergeﬁ?é@e‘:t to the Rayleigh-Kuo instability criterion and in
of such organized patterns, typically involving highl State of ‘barotropic adjustment’. The implications of
anisotropic exchanges of kinetic energy and vorticiﬂ?ese results are discussed in light of zonal jets observed
within the dissipationless inertial ranges of turbuleff Planetary atmospheres and, most recently, in the ter-
flows dominated (at least at large scales) by ensef@strial oceans.
bles of propagating Rossby waves. Here we present re-
sults from an attempt to reproduce such conditions in .
the laboratory. Achievement of a distinct inertial rangl. Introduction
turns out to require an experiment on the largest fea-
sible scale. Deep, rotating convection on small horihe banded organization of clouds and zonal winds in
zontal scales was induced by gently and continuoughe atmospheres of the outer planets has long fascinated
spraying dense, salty water onto the free surface of tignosphere and ocean dynamicists and planetologists,
13m diameter cylindrical tank on the Coriolis Platforrespecially with regard to the stability and persistence of
in Grenoble, France. A ‘planetary vorticity gradienthese patterns. This banded organization, mainly appar-
or ‘ 3-effect’ was obtained by use of a conically-slopingnt in clouds thought to be of of ammonia and Mgt
bottom and the whole tank rotated at angular spedds, is one of the most striking features of the atmo-
up to 0.15 rad s!. Over a period of several hours, sphere of Jupiter. The cloud bands are associated with
highly barotropic, zonally-banded large-scale flow patultiple zonal jets of alternating sign with latitude (Li-
tern was seen to emerge with up to 5-6 narrow, alternataye 1986; Simon 1999; Garcia-Melendo and Sanchez-
ing, zonally-aligned jets across the tank, indicating thevega 2001; Porco et al. 2003), with zonal velocities
development of an anisotropic field of geostrophic tuin excess of 100 ms" and widths of order 10km.
bulence. Using particle image velocimetry (PIV) tecHimilar patterns of multiple zonal jets are also found in
niques, zonal jets are shown to have arisen from ndhe atmospheres of Saturn (Sanchez-Lavega et al. 2000;
linear interactions between barotropic eddies on a scRlerco et al. 2005; Sanchez-Lavega et al. 2006) and the
comparable to either a Rhines or ‘frictional’ wavelengtbther gas giants, though on different absolute scales.
which scales roughly a§3/U,,s)~ /2. This resulted A similar pattern of zonation may also occur in the
in an anisotropic kinetic energy spectrum with a signiarth’s oceans, though on a very different scale to those
of the gas giant planets. Patterns of zonally banded
IEI.(r)(\jvag;L%Dep}lys(i)cfsﬁixgism;nd Astronomy, The Open UniversithO\-N are fairly ubiquitous in numerical model simu-
Walton Hall, Vi Keyni/es, VKT GAA. UK 4 P Yatl(_)ns of ocean circulation carried out with sufficient
*Now at Dept. of Meteorology, University of Reading, Earley10rizontal resolution. In practice this seems to require
Gate, Reading, RG6 6BB, UK a resolution of at least 176in latitude and longitude,




within which banded flows appear on a scale of°2-£esses removing energy at the largest scales. Under
(Galperin et al. 2004; Maximenko et al. 2005; Richard®me circumstances (including systems dominated by
et al. 2006) which are coherent in the east-west dirdekman bottom friction) this leads to a direct connec-
tions for 1000 km or more. Such features often afion between the so-called ‘frictional’ wavenumber (at
pear to be surface-intensified, but extend coherentlywhich frictional and dynamical timescales are roughly
great depths in an equivalent-barotropic form. The obemparable) and the Rhines scale, though for other con-
servational evidence for this phenomenon is still quittions the scale selection mechanism is less clear (e.g.
sketchy, however, though similar features are now b&ee Sukoriansky et al. (2007)).

coming apparent in suitably filtered satellite altimeter

data (Maximenko et al. 2005), at least in medium-long While such models can provide useful and interest-
term time averages. ing insights into possible mechanisms for banded flows,
they are highly idealised and take little account of the

The dynamical origin of these banded Strucwres.r\%rtical structure of realistic geophysical fluid systems.

mains poorly understood, although the fact that the ]?%SIS sometimes difficult, therefore, to relate results from

decay with height in the upper tropospheres and lower : . . i
stratospheres of Jupiter and Saturn would suggest tﬁu?h studies directly to geophysical problems. Lab

a . . .
. : ratory experimen n provi n alternative mean
they are driven by momentum sources in the Weaklo-ato y experiments can provide an alternative means
stratified region in the atmosphere below the visible

or studying these processes in a real fluid, for which
clouds. The depth to which this pattern of winds pegpproxmatlons and assumptions underlying simplified
m?dels do not apply. In the present contexgi-affect

etrates below the clouds remains controversial, but mgs : :
can be emulated by use of conically-sloping topography,

approaches towards understanding the processes organ- o .
ising the flow into zonal bands have suggested that %?eleast for quasi-barotropic flow (e.g. Read (2001)).

- . . owever, previous investigations to date (Mason 1975;
pattern may originate from the anisotropy in & Shallo%Yondie and Rhines 1994; Bastin and Read 1998), have
turbulent layer of fluid due to thg-effect, i.e., owing b ’ '

o o : een unable to access regimes at a sufficiently high
to the latitudinal variation of the effective planetary vor
. Reynolds number (or low enough Ekman number) to be
ticity (e.g. see Ingersoll et al. (2004) and Vasavada a8Ble convincingly to demonstrate fully developed, non-
Showman (2005)). gy y ped,

linear zonation effects.

Until recently, quantitative understanding of this pro-
cess has been based principally on high resolution nuHere we report the results of new experiments, con-
merical simulations of two-dimensional or geostrophitucted on the world’s largest rotating platform, which
turbulence in stirred rotating fluids (Williams 1978seek to confirm that multiple zonal jets may indeed
1979; Vallis and Maltrud 1993; Chekhlov et al. 199&he generated and maintained by internal nonlinear
Galperin et al. 2001; Huang et al. 2001; Sukorianskpnation processes. Some preliminary results from
et al. 2002; Williams 2003; Galperin et al. 2006). Thithis study were published by Read et al. (2004), in
has led to the notional concept of a rotating fluid whiclvhich some of the basic flow patterns were discussed
is stirred on small scales and within which kinetic erand aspects of the anisotropic spectra presented for
ergy cascades to larger scales via nonlinear interactiom& of the main experimental cases investigated. In
The formation of jet-like structures occurs through thbis paper, we present a more detailed analysis of
effects of anisotropies introduced by the presence ofte results of these experiments, considering not only
‘planetary vorticity gradient’, because of which eddiethe form of flow pattern which may develop in the
of a large enough scale are constrained to propagptesence of background rotation and sloping or flat
zonally in a dispersive manner reminiscent of Rossbpttom topography, but also the detailed interactions
waves. This results eventually in an accumulation of Kietween different scales of motion in terms of energy
netic energy in zonally-elongated structures, ultimatedynd potential vorticity. Section 2 describes the experi-
in the form of zonal jets. The mechanism for scal@ental configuration and introduces the main analysis
selection of such jet-like structures, however, has neethods. Section 3 presents an overview of the main
mained somewhat obscure, although the scale sepasafdes of motion and the range of phenomenology
ing jets which emerge in modelled flows often seems ébserved during the sequence of experiments. Sections
be comparable with the so-called Rhines sdalge ~ 4 and 5 examine diagnoses first of the direct eddy-zonal
(Urms/ﬁ)l/2 (Rhines 1975), wheré#.,,s is a measure flow interactions, and then the detailed 2D kinetic
of the rms total horizontal velocity fluctuations afids energy spectra and anisotropic transfers in Fourier
the ‘planetary vorticity gradient'£ (2Q2 cos¢)/a fora space. Section 4 considers the observed structure of
spherical planet, wher® is the planetary rotation ratethe flow in terms of potential vorticity dynamics and
a the planetary radius and is latitude). Others (e.g.instabilities. The final section 7 discusses all of these
Galperin et al. (2001), Sukoriansky et al. (2002)) havesults in the context of the geophysical and planetary
attributed at least part of the scale selection mechanisystems introduced above.
to the balance between upscale energy transfer and pro-



2- Apparatus and data anaIySiS Flow Visualisation @

The experiments were performed on the 13 m diame

“Caoriolis” rotating platform in Grenoble, France. The®
schematic layout of the configuration is illustrated i
Fig. 1 and the values of the main parameters are list
in Table 1. The experiment consisted of a large circul
cylindrical container of diameter 13.0 m and maximui
depthh = 1.5 m, set coaxially on the turntable. An
equivalent topographig-effect was obtained by impos-
ing a conical slope at the bottom of the circular coi
tainer, such that the imposed ‘planetary vorticity grac

otating spray arm

Sloping bottom

Laser light sheet

ent’, 3 was given by Vertical convection
Q
~ 2Qdh(r) 1 i
p= 7 dr @) EICCTINOIG v\yv\ywvw\ A
wherer is the radial coordinate arid the rotation rate 4 035m ?
of the tank. The bottom slope was implemented by L

13.0m

ing a plastic-coated, fabric sheet, stretched betwee Tom

circular tubular frame, set just inside the outer radius ot =

the tank, and a circular jig close to the centre of the tank

whose height could be adjusted via a clamp attached teigure 1: Schematic cross-section of the circular con-
post on the axis. This sheet could also be removed relginer, showing the rotating spray arm used to provide
tively easily to enable additional experiments with a flalontinuous convective forcing and the field of view of
bottom, in order to compare the flow structure both witlhe narrow angle camera. The entire apparatus is set on
and without a topographig-effect. The upper surfaceg circular turntable.

was free and open to the air. This meant that there was

unavoidably a weak centrifugal deformation of the up-

per surface, even when the bottom surface was flat. At

the hlghgst rotation rate used, however, this led to a djfz rotated, the flux of salty water deposited onto the
fgrence in height across thel tank fr_om the centre to tﬁ'@e upper surface of the tank was as uniform as possi-
rim of only ~ 5 cm. The rotation period of the platformy e | practice, tests indicated that the volume flux from
7, Was set tor, = 40 seconds for most experimentsy,is system was uniform across the entire radius of the
though some additional experiments were carried QUpy 1o petter thar-10 %. The flow speed and direc-
with a rotation period of;, = 80 s. The working fluid tion of each jet was set so as to disturb the surface of the
was a homogengogs weak salt solution of mean dengifyjer s little as possible. For most runs carried out, the
1026 kg v, within which small, neutrally-buoyantgyay arm was rotated with a period of 30-50 seconds
particles (of diameter 0.5 mm) could be suspended fgrgjther the prograde or retrograde direction while de-
flow visualization and measurement (see below). positing approximately 5-7 litres mirt of salty water.

By varying the density of the water spray a range of
buoyancy fluxes's = g(Ap/p)Fy (whereg is the ac-
A key objective of this study was to investigate the progeleration due to gravity)p is the difference in density
erties of geostrophic turbulence maintained by a medetween the working fluid and spray, afg is the vol-
anism which was as ‘natural’ and unconstrained as pogne flux of the spray) could be obtained ranging from
sible. In particular, it was considered important to appgpproximately 10% - 107 m* s=3. For most runs a
forcing on a relatively small horizontal scale, but whichuoyancy flux of around’s = 4.5 x 10~% m? s~% was
was not fixed in position relative to the rotating refeebtained. Together with a rotation rate(df— 2)7/40
ence frame. rad s ! and a deptt of around 30-40 cm, this would be
To achieve this, convective forcing was applied bgxpected to lead to a field of convection with a ‘natural
gently spraying relatively dense, salty water onto thRossby number'’Ro* Fernando et al. (1991); Maxwor-
main fluid layer from a reservoir located above the cethy and Narimousa (1994); Marshall and Schott (1999),
tre of the tank. A system of spray nozzles was set dgfined by
along a radial arm, which could be rotated around the g\ Y2
tank in either direction at a speed controlled indepen- Ro™ = (W) 5
dently of the rotation of the main tank. The spacing of
the nozzles was carefully designed so that, as the aurheref = 2Q) of aroundl — 3 x 10~3. Such a value

2a. Convective forcing

)



would indicate a convective regime somewhat similar to
that of deep convection in the terrestrial oceans Marshall A Q
and Schott (1999), and imply that rotation should exert
a strong influence on the form of convection.

2b. Flow measurement

The horizontal velocity fields were obtained from pla

view CCD images by a Correlation Imaging Velocimef- 7
try (CIV) method (Fincham and Spedding 1997; Fi
cham and Delerce 2000). Neutrally-buoyant tracer pa
ticles of diameter 0.5 mm were suspended in the flow
and illuminated by a beam from a 6 W argon-ion laser
located at the side of the tank and introduced through
a glass panel in the outer wall. The beam was rapidly
scanned in the horizontal to create a diverging light
sheet across a chord through the annular channel, at a

depth which could be selected by moving the laser oftgyyre 2: The coordinate systems used in this paper in
computer-controlled carriage. relation to the cylindrical tank. For some purposes, the
The illuminated tracer particles were observed fro@}/lindrical coordinate systeifr, 6, z) is used alternately

above at a height of approximately 4 m above the Swjith a local cartesian systefw, r, z), for whichz =
face of the tank by two digital cameras, a low-resolution, ¢ js in theclockwise(—6) direction.

wide-angle camera with resolution 768484 and cov-
ering an area 4.5 nx 3.3 m, and a higher resolution,
narrow-angle camera with a resolution of 1024.024
and covering an area 2.5 m 2.5 m. This allowed the )
observation of the largest feasible area of the tank,gi\/%nfew mea_surements were made of the flow N the
the limited height of the building in which the rotatingzmuth-height (0, 2) or (-, 2)) plane near mid-
facility was accommodated, though represented am dius by rejorllentmg the Iase_r light-sheetinto a veftica
mum of just 12% of the total surface area of the annulRA"e and viewing W'th the wide-angle camera through
channel which was visible simultaneously. By alignin second glass panel in the outer wall. This e”at?'ed the
the long axis of the wide-angle camera with the radi Qw overa Q'S mx 0.5 m area to be meqsured n or
of the tank however, the optimum coverage of the zo gr to examine the flow pattern forced directly by the
flow profile across the tank could be obtained. Thid/erhead spray.
did mean that a true instantaneous zonal average couldhe vertical profile of density in the flow could be
not be measured directly, though use of time-averagifgasured at ?ntervals to an accuracy of approximately
would help to recover a more global sample of flow1 kg m™? using a conductivity probe, mounted on the
statistics. operator gantry at mid-radius and which could be driven

Flow fields were obtained every 20s from groups Slownwards into flow from the surface to within 10 cm of
images obtained by each camera over time interval ¢ bottom of the tank on command via a motor-driven
up to 3s. By applying CIV analysis to these bursts &8Mage.
images, velocities could be measured to a precision of
better thant0.1 mm s~! (relative to typical velocities
of a few mm s1) on a 72x 48 point (Wide-angle) or 3. Scales and Flow Morphology and
98 x 98 point (narrow-angle) rectangular grid. In or- .
der to diagnose the azimuthal anisotropy of the evolving  Variability
flow, the velocity fields were subsequently decomposed
into radial and zonalife., azimuthal) components andn this section we describe the basic flow structures
mapped into «, rf) coordinates, where is the radius which were obtained over a range of conditions. Be-
from the centre of the tank artithe azimuthal angle cause of limited time available for this investigation,
(increasing anticlockwise from above; see Fig. 2(apnly a few combinations of parameters could be ex-
For the purposes of presentation and analysis, we gidored. Accordingly we concentrate on discussing a
make use of a simple local cartesian system witin  set of just three runs whose parameters are listed below
the (clockwise) direction (sox = —r#, usually mea- in Table 1. A few additional short experiments were
sured from the radial centre line of the camera imagalso carried out at other parameter settings (especially
andr in the outwards radial direction. with varying buoyancy forcing), though with only lim-

In addition to long series of horizontal flow fieldsited flow measurements.

ro=x r



Table 1: Experimental parameters for the three main exgariscovering the full range ¢f obtainabler,. is the
rotation period of the turntable while; is the mean Ekman spindown timescalé:/ /1.

| Run| 7. (s) | Bottomslope{) | 8(m~'s™") | Fp (x10*m?s73) | Umms (cms™) | 75 (s) |

I 40 0 0.004 4.6 0.20 1387
I 80 4.5 0.035 21.0 0.67 1962
11 40 4.5 0.08 4.5 0.34 883

3a. Vertical measurements

As discussed above, the forcing of the flow was effected
by spraying dense, salty water onto the free surface of
the tank from a rotating arm in the frame of the rotating
table. This initially produced a shallow layer of dense
fluid on the top surface of the flow which rapidly be- s
came statically unstable (on a timescale of a few seq
onds), leading to the formation of discrete plumes o
salty water which would then descend towards the bo
tom of the tank. This is illustrated in Fig. 3, which
shows two dye visualizations of descending plumes i
the azimuth-height(¢9, =) or (—z, z)) plane of the tank
close to mid-radius for a case with a flat bottom, a rota
tion period of 80s and buoyancy flux of approximatel
1.7 x 107" m? s73.
Fluoroscein dye was introduced at the surface of th S
tank as the spray arm moved overhead above the fie
of view. This was then entrained into the plumes, whict__
could be seen descending and spreading horizontally §
they moved towards the bottom of the tank. It is note:
worthy from such images (e.g. in Fig. 3(b)) that, al-
though the convective mixing is initially most vigorous
in the uppermost 25% of the depth of the tank (Fig#
3(a)), individual plumes actually reach the bottom o
the tank, albeit with some azimuthal tilting, indicative §
of deep, penetrative convection. ;
The velocity field associated with these plumes wa &8
obtained via CIV analysis of sequences of these im
ages, using the dispersion of neutrally-buoyant particle
to trace the flow. A typical example of such a velocity
field is shown in théz, z) plane at mid-radius in Fig. 4.

The velocity field is evidently dominated by irregufigure 3: Two visualizations of convective plumes in the
lar, descending jets of fluid associated with each plumgimuth-height plane of the Coriolis tank, rotating with
on a horizontal scale of around 10 cm, again cleadyperiod of 80 s and with a flat bottom and viewed from
traversing the entire depth of the tank along a slopifige side using a wide-angle digital camera. The field
trajectory. The flow pattern appears to evolve rapidlyf view is approximately 0.74 nx 0.55 m in(ro, z),
on timescales less than the rotation period of 80 gith the bottom of the tank approximately at= 0,
thus representing a significantly ageostrophic, threghd plumes are visualized using fluoroscein dye intro-
dimensional convective flow on these scales. duced at the top surface as the spray arm moves over-

Although this convective flow would suggest the pregread across the field of view. The two images are sepa-

ence of a statically unstable stratification, in practie thated by approximately 110 s-(1.5 rotation periods).
conductivity probe always measured either a neutral or

weakly stablalensity gradient. The vertical density gra-

dient was typically found to evolve during the course
of an experiment lasting a few hours, beginning with
essentially neutral stratification and then gradually de-
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) . ) _ Figure 5: Horizontal flow field at mid-heightin the Cori-
Figure 4. Flow field in the presence of convectivgjis tank, rotating with a period of 40 s and with a flat
plumes in the azimuth-height plane of the Coriolis tankottom. Shaded contours are of azimuthal velocity in

rotating with a period of 80 s and with a flat bottom anghyy 5-1. The maximum vector length corresponds to a
viewed from the side using a wide-angle digital camerge|ocity of approximately 0.6 cnTs.

The maximum vector length corresponds to a velocity

of approximately 10 mms'. _ _ o
the turbulence field, due mainly to Ekman friction. The

) o horizontal flow was typically measured at a level close
veloping a weakly stable gradient in the lower part ¢ ig_gepth (approximately 25 cm below the top sur-
the taﬂk with & maximum value 6fp/9z of around 1-2 ¢ in each case), although in at least two runs (with
kg m™*. The upper p_grt of Fhe tank remal_ned approxy fat bottom) a short sequence of measurements were
mately neutrally stratified with no clear evidence of uny, o 4e in which the horizontal flow field was sampled at

stable stratification, which was probably confined t0 4qries of 5 different levels spanning the full depth of
thin layer near the top surface, though this could not e, -

measured reliably.
These measurements would suggest a crude est"Ti‘.aﬁat bottom flows The first case we consider is for a

of an upper limit oV of ~ 5 x 10~ s7%, where flat bottom, in which the fabric sheet was loosened suffi-
ciently to lie at the bottom of the tank. In this case there
is only a weak topographic gradient across the tank, due
solely to the centrifugal distortion of the free upper sur-
p is the fluid density (withp, a reference value) angl face. In practice at a rotation periag = 40 s this led
is the acceleration due to gravity. This would also implp a mean slope in the top surface of around 0 44d a
a corresponding lower limit on the internal deformatiocorresponding value fa8 (cf Eq (1)) of~ 0.0036 nt!
wavenumber, s~1. Although this case corresponds most closely to an
kq = f/(Nh), (4) f—plane, therefore, there is a weak residdaleffect
which should not be ignored. However, the effect is
comparatively weak, and leads to characteristic length
scales based an (such as the ‘Rhines scale’

N2 _9.0p 3)

0o 0z

of k; > 13 rad nT ! for cases | and Il and&t; > 6.5 rad
m~! for case II.

3b. Horizontal flow patterns Ln=n (Urms/ﬁ)l/Q , (5)
For each main experiment, the fluid in the tank was

brought into solid-body rotation with the tank over a pavhereU,,, is a typical horizontal velocity scale based
riod of at least half a day prior to the start of the expeon the root mean square velocity fluctuations) which are
iment, without any form of forcing. For the majority ofcomparable with the size of the tank. For Run I, for
experiments carried out, horizontal velocity fields weexample,Lz ~ 2 m, indicating a ‘Rhines wavelength’
derived at 20 s intervals, beginning shortly after the indf around 4 m.

tiation of convective forcing, and continued for as long Fig. 5 shows a typical example of an equilibrated hor-
as possible. In at least two cases, the flow continuedzontal flow, taken from run | using the wide-angle cam-
be monitored some time after the convective forcingwasa. In this case, the flow is apparently dominated by
removed, thereby providing information on the decay af single, complex anticyclonic gyre, around 2m across



in radius though perhaps more extended in azimuth b
yond the field of view. In addition, there is a genera
tendency for broadly retrograde drift in the azimutha
direction towards the outer radius and prograde drift i
the inner part of the tank. This trend is clearly seen i . ss
the azimuthal mean azimuthal velocity profile in the Ief‘g
frame of Fig. 5. This overall pattern was seen to persi:'_ °|
for long periods of the experiment, with the anticyclonicél,v
gyre remaining almost stationary, though evolving erra &

ically in shape and intensity. ‘

It was subsequently noted that the location of the ir
clined prograde jet on the inner flank of the gyre (a
aroundr =4.5 m andr = 0) coincided with some folds = 3|
and irregularities in the fabric sheet which led to som meanu, " ZonalPosition x [m]
residual topographic ridges 1-2 cm in height. It was
possible, therefore, that some weak topographic effects
were present to render the main flow pattern nearly sigure 6: Horizontal flow field at mid-heightin the Cori-
tionary relative to the bottom of the tank. The weak diblis tank, rotating with a period of 40 s and with a slop-
ferential azimuthal drift with radius is also in the samig bottom. Shaded contours are of azimuthal velocity
sense as might be expected from the residual effectsro€m s~!. The maximum vector length corresponds to
wind stress or drag, produced by differential motion ba-velocity of approximately 0.6 cn1$.
tween the moving surface of the tank and the stationary
air in the laboratory, though it was difficult to estimate
this effect theoretically. Nevertheless, the influence 8f*. This banded organization of the zonal flow is also
these experimental imperfections needs to be borneapparent in the shading of Fig. 6, in which clear stripes
mind in interpreting these results. or bands oriented azimuthally are clearly seen. Flow

near the outer boundary, however, is predominantly ret-

ii. Sloping bottom flows In cases designated as ha/odrade, much as for case | in Fig. 5.
ing a sloping bottom, the fabric sheet was placed undefEddy gyres of either sign are apparent, though they
tension between the tubular steel frame along the outgpically are found at radii in which the vorticity of the
radius and a circular harness attached to the central g@muthal currents are of the same sign as the gyres. As
of the tank. This enabled a conically-sloping surfagtiscussed below, unlike in case |, these gyres continu-
to be obtained, once the fluid in the tank had spun-upatly evolve and, like other meanders in the azimuthal
solid-body rotation, with a slope angle of approximatejgts, translate azimuthally across the measurement do-
5°, decreasing the depth of the tank to around 25 cmrmagin, moving predominantly in the retrograde direction.
the inner radius of the annular channel{at 2.5 m). Individual eddy gyres typically persisted for longer than
Several cases were run in this configuration, varying ttfee transit time across the field of view and formed rea-
buoyancy flux (by changing the density difference bsenably coherent structures. They had a typical hori-
tween the tank fluid and the spray) over around an @ental aspect ratio not far from unity, though their shape
der of magnitude. Good statistics, however, were orgyd orientation were found to evolve chaotically as they
measured for a few cases owing to difficulties with flomoved across the field of view.
visualisation and control of the spray forcing during the
early phases of the experimental investigation. iii. Time variations of jets As discussed above, the
For illustration, we present here results from a lorgpttom slope was found to have a strong influence on
duration experiment (case lll, lasting some 6 hours) cdhe time evolution of the nonaxisymmetric eddies and
responding to a mean buoyancy flux of 430-8 m? gyres, with a tendency for stationary, non-propagating
s~3 (i.e. comparable to the case I, discussed above), atidictures with a flat bottom and retrograde-propagating
with a rotation period of 40 s. eddies with a sloping bottom. Such behaviour is sugges-
The appearance of the flow in this case is quite diive of the eddies acting in a manner similar to Rosshy
ferent to case | discussed above. Overall the flow\Wsaves, which propagate in a retrograde sense at a speed
dominated by a mixture of small gyre-like eddies d¥roportionalto3. In the present case lll, large-scale ed-
typical diameter 0.5-1 m interspersed with meanderirfj€s with an azimuthal wavelength of around 1 m were
azimuthally-oriented currents. The latter also appe¥fen to propagate azimuthally at a speed of around 2
clearly in the azimuthal mean azimuthal flow profile iftm s~' across the domain at most radii.
the leftmost frame of Fig. 6, in which ‘jets’ of alternat- During this time interval, however, the zonal flow
ing sign are found with peak ampltudes of up to 0.5 cpattern was also observed to evolve, although the ba-
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sic qualitative character of the flows shown above were
preserved.

In particular, cases with a sloping bottom were found
to produce fields of relatively small vortices in asso-
ciation with an azimuthal mean flow with increasing
amounts of structure and variability as the topographic
was increased. Such a trend is clearly shown in Fig. 7,
which presents radius-time contour maps of azimuthal
mean azimuthal velocity across the field of view of the
narrow-angle camera. From these maps, it is clear th

N —_—
the flow breaks up into patterns of meandering zonal je! 5.5 — Eﬁlllkg IIm™]
as( is increased. The position and amplitude of eac w . """ 508
jetis not constant, however, as apparentin Fig. 8, whic 5 ’
shows a sequence from the strongestase Ill over a - -~ -
longer time interval. But the flow evidently evolves er- p . ’
ratically with time, with individual jets appearing to spli e 45 W 0.03
and merge. The total number of jets, however, remair = '
more or less the same throughout the period of observ 4 . —
tion, though it may be that some slow, systematic evc )
lution is apparent. This might suggest that the jets ar 35 J .
emerging during a long transient phase, even though tl

average kinetic energy of the flow reaches an equilit
rium level within 1-2 hours of turning on the forcing. "X [m]
Such a possibility is discussed below in the context ¢
other model studies.

3c. Vertical flow structure

Although the basic buoyancy-driven forcing of the flows L > J

was essentially baroclinic in character, various theore Ve L5 e . o D 4
ical and modelling studies suggest (Salmon 1980) thi = 4.5 e R a1l ‘.“t‘

the evolution of any upscale nonlinear energy cascac ' ot o ;:_ ' 3
will lead to the excitation of large-scale flow compo- e }' v) T

nents of an essentially barotropic character. Althoug :‘0".‘ .;/_'h‘;” ~ 2
time did not permit an extensive study of this aspect ¢ 35/ '~y -

the flow evolution, a few near-simultaneous measure . TR - b 1

ments were made of the horizontal flow field at severe e o ¥ S
levels in the vertical for one case with a flat bottom.

The flow was allowed to develop for several hours
whilst buoyancy forcing was maintained at a constar
value of aroundFy ~ 4 x 1078 m? s=3. Fig. 9 shows
results from the near-simultaneous measurement of hor-
izontal velocity at five vertical levels at a particular inFigure 9: Instantaneous horizontal kinetic fields in the
stant, spanning almost the full depth of the tank. FiGoriolis tank, rotating with a period of 40 s and with a
9(a) shows shaded contours of the vertically averagitat bottom. Shaded contours are of kinetic energy per
flow, while (b) shows a map of the standard deviatiamit mass (in units of J kg* m~2) and show (a) the
of KE about that vertical mean. Thus, Fig. 9(a) may beénetic energy of the vertically-averaged flow and (b) the
regarded as representing the KE of the barotropic cogtandard deviation of kinetic energy about the vertical
ponent of the flow, while Fig. 9(b) represents a measurean.
of the baroclinic velocity field.

From these maps, it is clear that the vertically-
averaged (barotropic) flow (i) contains much more ki-
netic energy than the standard deviation (baroclinic)
components, by a factor of 10 in peak amplitude (note
the difference in contour scale between Figs. 9(a) and
(b)). In addition, (ii) the vertically-averaged flow ap-
pears to be dominated by relatively large-scale struc-
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Figure 7: Azimuth-time contour plots of azimuthal mean a#inal flow at mid-height in the Coriolis tank, for the
three main cases discussed in the text: (a) case | (rotationdp40 s; flat bottom), (b) case Il (rotation period 80 s,

sloping bottom) and (c) case lll (rotation period 40 s, shgpbottom). Shaded contours are of azimuthal velocity
incmst.
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Figure 8: Azimuth-time contour plot of azimuthal mean azihal flow at mid-height in the Coriolis tank, for case

1l (rotation period 40 s, sloping bottom) over a period opagximately 2 hours. Shaded contours are of azimuthal
velocity incm s,



tures, whilst the baroclinic standard deviation field iloreover, various other modelling studies appeared to

dominated by small-scale patches of KE, with a typsuggest that large-scale non-zonal eddies might derive

cal diameter of around 10-20 cm. Such a partitioning tfeir energy from barotropic instability of the pattern of

scale and magnitude between the barotropic and bazonal jets, thereby linking this with the observed viola-

clinic components of the flow is quite striking, and aptions of the Rayleigh-Kuo stability criterion in the mea-

pears to demonstrate strongly the trends suggested fieured zonal jets around Jupiter’s cloud tops.

simple model studies in forming a strongly barotropic

large-scale flow from a baroclinic (convective) energda. Reynolds stress accelerations

input. . - Similar issues must surely arise in the present experi-
The typical scale of the baroclinic features presum-

ably represents the horizontal size of individual convemems' though in this case we have already established

tive plumes in the flow, with reference to Figs 3 and tj]aj[ the !arge-scale ﬂO.W (including, presumfibly, the
main eddies resolvable in our measurements) is predom-

above. Itis of interest that this scale is comparable 10 ; ) )
' inantly barotropic. Given detailed, accurate and rep-
the scald,.,;, defined by . ) .
resentative measurements of horizontal velocity fields,
Lot ~ (3= 5)(Ro*)'/?h, (6) well-sampled in time and covering a sufficient area of
the flow to obtain meaningful statistics, it is feasible

and suggested by Fernando et al. (1991) and M%lrfectly to derive not only the pattern of horizontal

shall and Schott (1999) as a likely horizontal scale fg{eynolds stress at each timestep for which velocities

rotationally-dominated convective plumes. Given thaere measured. but also the divergence of this Revnolds
value of natural Rossby numb&o* ~ 3 x 10~2 and ' g y

h ~ 30-40 cm, this would be expected to lead,g ~ stress and hence the implied eddy-induced acceleration

10-20 cm, much as observed here in Fig. 9(b). Mor%f the azimuthal mean zonal flow. In cylindrical geom-

i . . etry (e.g. see Pfeffer et al. (1974), Read (1985)), the
over, the observed velocity fluctuations:ip andw on . ;
) ; : full azimuthally-averaged zonal momentum equation re-
the scale of the plumes is O(1 cm'9, again consistent

with the scalings suggested by Fernando et al. (19éjﬂces o
and Marshall and Schott (1999) pf, w| ~ Qlyor ~ 1 -

2cms . ou/ot _ (2Q+7u/r)v —vdu/or Ko
i 2] 8

4. Eddy-zonal flow interactions - W[Z]/ 0z =30/ (”?5(]7““’”’) +

In considering the origin of the large-scale barotropic 8/0z(wi) + F@

flow discussed above, it was suggested that a form of (6] ul

up-scale nonlinear cascade of energy could be the mech-

anism responsible. In effect, this implies that the pattern(cf Andrews et al. (1987); Eq (3.3.3)) whete v

of slowly-varying, barotropic zonal jets arise through dand w are now respectively the azimuthal, radial and
rect interactions between non-axisymmetric eddies avertical velocity components.F(*) represents resid-
the azimuthally-symmetric component of the flow. Sualal forces e.g. due to molecular viscosity and/or wind
a possibility was effectively proposed for Jupiter’s zonatresses. Term [2] represents the combined Coriolis and
jets by Ingersoll et al. (1981), who presented evidencentrifugal acceleration due to zonal mean meridional
from analyses of cloud-tracked winds derived from inflow, while [3] and [4] represent advection of zonal mo-
ages from the Voyager 1 and 2 spacecraft. The evidemeentum byw. Terms [5] and [6] represent accelera-
for this mechanism was later questioned by Sromovstgns due to the divergence of the Reynolds stresses. If
et al. (1982) because of possible biases caused by tthee present experiment develops zonal jets via the same
non-uniform distribution of cloud tracers obtained biarotropic nonlinear zonation mechanism as is believed
manual selection, though this result has subsequentype responsible for the development of zonal jets in the
been confirmed from Cassini data by Salyk et al. (200&umerical simulation studies discussed above, the zonal
Read (1986) also raised additional doubts over the intacceleration [1] should be dominated by the effects of
pretation of this result, (a) because it was based ontarm [5] representing the divergence of therizontal
assumption that barotropic motions dominated the fld®eynolds stress. Moreover, this balance should be real-
in the Jovian troposphere, and (b) because the evideizesl independently of heighat Thus, if the zonal flow is
was based on the correlation of the horizontal Reynolidgleed a direct result of barotropic eddy-zonal flow in-
stress component’v’ (wherew is the zonal velocity teractions, it should be possible to compare independent
component and the northward velocity, and primes in-measurements of both the horizontal Reynolds stress di-
dicate departures from the zonal mean) with the latexedrgence and actual changes in the azimuthal mean flow
gradient of zonal flowbu/dy, which provides a funda- at any height in the flow.

mentally non-local measure of zonal flow interaction. In Fig. 10 the results of such a comparison are shown,

10
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Figure 10: Measurements of the divergence of the horizéregholds stress (a) in an equilibrated convectively-
driven flow with a sloping bottom (case Ill), compared with) {he measured acceleratiof /0t of the mean
azimuthal flow, as determined by finite time-differencingeddurements cover a period of approximately 1 hour,
sampled twice per rotation period.

for the case Il with the most highly developed pattern
of zonal jets featured above. In Fig. 10(a) shaded con-
tours of the instantaneous divergence of the measured
Reynolds stress are shown, sampled twice per rotatic -
period for a total interval of around 1 hour. By this time
the forcing had been applied continuously for severe
hours and the flow seemed to have reached a reas«
ably equilibrated level of kinetic energy. In Fig. 10(b),
measurements are shown of the acceleration of the ¢
imuthal mean zonal flowwu/0t, obtained by differenc-
ing the profile of azimuthal mean flow in successive
timesteps using centred differences. Both fields appe
to be quite noisy, with many patches of both positive
and negative accelerations apparent in each field, app
ently fluctuating back and forth and mostly concentrate
in the outer half of the annular channel. Even so, thet
are some similarities apparentin the spatial variations (
both fields, suggesting that they could be correlated.
Fig. 11 shows the result of forming the correlation
coefficientC(r, 7), computed as a function of radius and

averaged over all timesteps in the narrow angle dataggf,re 11: Shaded contour map of the correlation co-

for case IIl, between the two quantitites plotted in Figyficient between the horizontal Reynolds stress diver-

10. The definition ot is given by Eq (8) below gence and the zonal flow acceleration in an equilibrated
<Ty(r,t+7) - (div. o' (r,t)) > ::I(I))nvgctivgly-driv'en fllow (\j/vith a fslopi'ng b?ttogn. (cas?j
— 2 —— > 12’ . Covariance is plotted as a function of radius an

[< (@(r1))* >< (divu'v(r,1))* >] /(8) time lag between the measurement of Reynolds stress

(where angle brackets denote the time average, &{gjaccelerati_on. Measurements are th_eraged over a pe-

subscript ¢ denotes time derivative andiv.[] = rloq of approximately 1 hour, sampled twice per rotation

1/79/0r(r[])) and allows for the possibility of a timePeriod.

lag in the response between the Reynolds stress diver-

gence and the azimuthal mean zonal flow itself. The

results show a clearly peaked response in correlation

-200 -100 0 100 200
T [s]

Clr,7) =

11



close to lag zeron = 0) and of magnitude up to 0.5, - 2/37.-5/3
though with a tendency for the acceleration to respond Er(k) = Cre*"k ©)

slightly after the measured Reynolds stress event. Ther@ater generalized by Kraichnan (1967) and Batche-
is a clear cut-off on the negative lag (time lead) side gfr (1969) to two-dimensional turbulence, and hereafter
the origin at all radii, with a more gradual decay in COkeferred to as ‘KBK’), wher& is a universal dimen-
relation with time lag in the positive lag direction. Thigjonless constant 4 — 6 andk is the total (isotropic)

is a clear signature that the horizontal Reynolds streggvenumber (in m'). In the direction perpendicular

is strongly correlated with the measured zonal flow ag; the zonal flow (i.e. increasing latitude on a spheri-
celeration, and is entirely consistent with the hypothga| planet, or cylindrical radius as here), however, vari-
sis that horizontal Reynolds stress plays a major rolediis studies have suggested that the spectrum may equili-

controlling and influencing subsequent changes in thgate towards a different, and significantly steeper, form
behaviour of the pattern of azimuthal mean flow. How-
ever, it is somewhat surprising th_at the zonal accelera- Ey(k) = Cz8%k~5, (10)
tion takes place following a short time delay. The expla-
nation for this is not clear in the present work, thouglwhereC', is another universal dimensionless constant
may indicate a finite time interval needed for distur~ 0.3 — 0.5) provided certain conditions are fulfilled
bances detected at the mid-plane to propagate their(gee Galperin et al. (2006) for further discussion). Such
fluence throughout the water column. conditions mainly relate to the respective sizes of the
The magnitude of the implied conversion of kinetiscales of energy injection (which need to be small
energy from eddies into the zonal flow, corresponé&nough) and those scales affected by large-scale en-
ing to —u/rd(ru/v’)Or integrated over the domain, isergy removal (i.e at wavenumbers less than the so-called
around3.0 x 10~8 W kg~!, which may be compared'frictional wavenumberks,; see Galperin et al. (2006)
with the computed value for the rate of change of zonaihd references therein).
kinetic energyd(u?/2)/0t of 3.2 x10~® W kg~! for
case lll. Thus, the Reynolds stresses can account $ar Spectral slopes and anisotropies
more than 90% of the energy fluctuations in the zonlal . . .
: . . n.the present series of experiments, the previous sec-
flow for this case. The missing remainder may repres?nt - . :
iops have indicated that the convectively driven turbu-
the effects of measurement errors, but could also refIFc ; . S
. nt flows result in the formation of jet-like, zonally-
other sources of zonal acceleration e.g. due to ver R .
elongated structures which appear to be the result of up-

cal Reynolds stresses associated with baroclinic (con- . : : ; :
sc?le nonlinear interactions, including strong and coher-

vective) exchanges on small scales, and also the direcf. . ; ; )
interactions with the azimuthally-symmetric compo-

. .en
effects of wind stresses. The latter are almost certain . .

. . nent of the zonal flow. It is of interest, therefore, to
dominant for case I, for which Reynolds stresses are tgo

. Xamine whether the kinetic energy spectra reveal any
weak to account for observed accelerations. o ] . o2 ) .
similarities with those obtained in idealized numerical

model studies.
: : Fig. 12 shows kinetic energy spectra for each of the
o. Kinetic energy Spectra and en- three main cases discussed above, illustrating the influ-
ergy transfers ence of increasing on the equilibrated energy spec-
tra. In the flat bottom experiment (Fig. 12(a)), the total
Numerical studies of small-scale forced, twoand non-zonal spectra appear to follow closely a -5/3
dimensional turbulent flows on the sphereplane slope over the full range of wavenumbers from around
which develop systems of parallel zonal jet strear®s50 rad nT!, beyond which the spectrum steepens for
are often found to develop strongly anisotropic kinetic > 50. The zonal spectrum in fact follows a slope close
energy spectra with various characteristic properti¢s.-8/3, broadly consistent with an isotropic energy spec-
Given the importance of inertial up-scale energyum, with no evidence of any steepening at the lowest
cascades in such flows, the form of the energy spectravenumbers accessible in these measurements. The
may be diagnostic of various important aspects of taeplitude of the total energy spectrum is approximately
turbulent dynamics shaping the equilibrated flow. K0% below the expected KBK spectrum ot = 5
particular, the logarithmic slope of the energy spectruasing the value of estimated fron ~ Ej /g, though
may indicate the nature of energy transfers betwetlte reason for this is not clear.
scales in different directions. But for equilibrated Fig. 12(b) shows the intermediate case with the
spectra with a constant energy injection ratgn units full sloping bottom but half the rotation rafe. In this
of m? s7?), introduced at small scales, the upscatmse the non-zonal and total energy spectra have a some-
energy-cascading kinetic energy spectrum is expecteldat steeper slope than -5/3 over the rahge k£ < 50
to tend to the quasi-universal ‘Kolmogorov 5/3 lawtad nT !, though with an amplitude approaching that of
(Kolmogorov 1941), the expected KBK spectrum aroukd< 10 rad nt'.
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Figure 12: Kinetic energy spectra for the three main cases (&) Il and (c) Ill. Graphs show the non-zonal
isotropic kinetic energy (solid lines), total kinetic eggr(dashed lines) and the kinetic energy of the azimuthal
mean flow (dashed-dotted lines), all in units of energy pet omass per unit wavenumber as a function of
wavenumber (rad m'). Dotted straight line segments indicate the spectraleslaif -5/3 and -5. The lines la-
belled -5 indicate segments of spectra given by Eq (10) aosktfabelled -5/3 by Eq (9) with’x = 5 in both
slopeand magnitudeData were obtained by CIV analyses of images from the naargyle camera.
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In contrast to case |, however, the zonal spectrum dgr the presence of predominantly retrograde azimuthal
hibits a -8/3 slope only fok > 9 rad nT!, becoming flow near the outer boundary of the experiment. It is
significantly steeper for lower values &f This indi- only in the case with the strongesteffect that a possi-
cates that the kinetic energy distribution is starting tde influence of the anistropic energy cascade becomes
become somewhat anisotropic at low wavenumbersaaparent in the zonal energy spectrum, even though
least qualitatively consistently with numerical studiesome weak indication of zonation in the azimuthal flow
on theg-plane. It is of interest to note that the steejis apparent in the intermediatiecase Il.

ening of the zonal spectrum occurs around a wavenum-

ber comparable to or somewhat greater thar{~ 5.5 5b. Spectral transfer rates

rad nr! for this flow). At the lowest wavenumbers, thel_ . : . .
non-zonal spectrum clearly flattens for< 5 rad nr! he evolution of the anisotropic spectra discussed above
- ' 'ﬁidetermined by the nature of the nonlinear interactions

Spectra obtained from wide-angle images (not sho " : b ts in the fl
indicate a flattening of the non-zonal spectrum arou Ween various wavenumber components in the Tlow.
us far we have concentrated on examining some of

k ~ 3 rad nT!, indicating a value foky, of around 3 it " i the phvsical d in b .
rad nT !, which is comparable to the radial Wavenumbél}]ese_ interactions In the physical domain, by examin-
: ing directly the energetic exchanges between the az-
of the zonal jets. . :
o imuthal mean (zonally-symmetric) flow and the non-
The strongesp case in Fig. 12(c) shows some evegyjsymmetric eddies. However, most theoretical treat-
clearer signs of anisotropic structure, though evidengnts of energy cascades consider exchanges within the
for the classical KBK -5/3 slope is not very clear. Howgpectral domain, by examining the transfer of energy
ever, the total and non-zonal spectral become tangenf{in one region of the spectrum to another in wavenum-
the KBK form aroundr = 10 rad n, and in corre- per space. Anisotropy is then revealed in the channelling
sponding spectra obtained using the wide-angle camgf@nergy in particular directions in wavenumber space.
(not shown) there is clearer evidence for a segment ofchekhiov et al. (1996), for example, computed a
the spelctrum with a slope of -5/3 fer 6 < k < 12 yyo-dimensional enstrophy transfer function in Fourier
rad nT". The non-zonal and total energy spectra aggavenumber) space from a sequence of direct numeri-

i — 1 . ) ) .
pear to rise to a peak at aroukd= 6 rad n’, flat- 5| simulations of3-plane turbulence. Starting with the
tening or even decreasing Aslecreases below 6 rad enstrophy evolution equation

m~!, again suggesting a value fby, of around 6 rad

m~! which, as in case Il, corresponds closely to the ra-

dial wavenumber of the zonal jets. At smaller scales [

(k > 50 rad nT!) the spectrum steepens, perhaps ap-

proaching the -3 slope characteristic of an enstrophyhere=(k, ¢) is the vorticity correlation functiony is

cascading range in 2D turbulence (sometimes knowre kinematic viscosity of the fluids is the horizontal

as ‘Kraichnan’s -3 Law’; Kraichnan (1967)). At thesevave vector and its magnitude. The spectral enstrophy

scales, however, corresponding to a horizontal waveansfer7=(k, t), is then given by

length of < 10 cm, the flow is almost certainly domi-

Eated by thrge-dlmensmnal baroclinic effects, and per- (k1) = 27kR {/ %X
aps even viscous effects at the smallest scales. The P

azimuthal mean spectrum is significantly steeper than - pxq

8/3 for6 < k < 15 rad nm!, indicating fairly strongly 5

anisotropic structure biased towards accumulation of [Pl

energy in zonal modes at low wavenumber. We plgierec(k, t) is the relative vorticity as a function of
in Fig. 12(c) a straight line segment with the slope ywayenumbek at timet, p andq are wave-vector vari-
and magnitude consistent with Eq (0) comparison apjes of integrationR denotes the real part and an-
with the measured zonal spectrum. In this case both @g brackets denote the ensemble average. To com-
slope and the magnitudef the zonal spectrum are aCtubute a spectral energy transfer mapkispace, a cut-
ally comparable with thetheoretical spectrum suggesl@ﬁj wavenumberk,. was introduced such that the en-
e.g. from the model studies of Huang et al. (2001) apgyy injection into modé is taken into account only
_Sukonansky etal. (2002). Such a trend is somewhat Y5 “triads involving other modes witfk| > k.. The
ident for case II, though not at all for case I. k-dependent net time-averaged enstrophy transfer into

The role of wind stress in adding a directly drivemodek, 7=(k|k.), was then computed for each mode
component of the zonal flow in each case here mkysuch thatk| < k. (the so-called ‘explicit’ modes),
partly underly why the effects of anisotropic inertiaby integrating Eq (12) over all other modes with wave-
energy cascades are difficult to identify in those casesctorsp and q for which |p| and |q| > k. (the

ay

whereg-effects are relatively weak. It was mentionetimplicit’ modes), replacing the ensemble average with
above that wind stresses may be partly responsitie time-mean spectral covariance. The corresponding

0 =
g %QVkQ} 2k, t) = T=(k, 1), (11)

tqek 4m?

(C(p, t)¢(a, t)((=k, 1)) | (12)
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time-averaged energy transfer functiai (k|k.) can
then be computed from

Z=(klk.)

To(lke) = =

(13)

Chekhlov et al. (1996) and Galperin et al. (2006) com-
puted the integral in Eq (12) for their DNS3 run, and this
clearly showed a strong tendency for energy to accumu-
late into particular wavenumbers along #heaxis, con-
sistent with the formation of strong zonal jets on a scale
< ke.

In the present experiments, we have computed the
same spectral energy transfer function in two dimen-
sions, using the measured vorticity fields at mid-depth
discussed above. Fig. 13 shows two examples of such
functions, computed from sequences of vorticity fields
derived from images from the narrow angle camera. Fig.
13(a) shows the resulting kinetic energy transfer func-
tion for the flat bottom (Case 1), which indicates a gen-
eral trend for upscale energy transfer towards the low
wavenumber region arounl{| = 5-10 rad nt!. There
is also apparently a weak tendency for the accumulation
of kinetic energy into two peaks &t around(+3, +3)
rad nTt. This is consistent with the form of the ve-
locity fields within this field of view shown above, with
persistent diagonal flows across the domain in associ-
ation with a near-stationary domain-filling eddy with a
diameter> 2 m.

For the sloping boundary, on the other hand, a clearer
pattern is found to emerge. Fig. 13(b) indicates a clear
tendency for kinetic energy to accumulate friggh > k.
into a roughly circular ring in wavenumber space with
a radius of around 8-10 rad ™, but with clear max-
ima close to thek, axis atk, = 48 rad nm'. The
maxima are roughly twice the strength of the isotropic
ring in 7x (k|k.), indicating a modest accumulation rate
of kinetic energy into zonally elongated structures with
a wavelength of a little less than 1 m. Such a wave-
length is roughly consistent with the development of

the zonal jets described above, though indicates a much

k, (rad m™)

k, (rad m™)

@)

k. (rad m™)

(b)

10

weaker tendency for strong jet formation than in thieigure 13: Normalized spectral energy transfer func-
much clearer example presented in the numerical motiens for (&) Case I (flat bottom) and (b) Case Iil (slop-
simulations of Chekhlov et al. (1996) and Galperin et dng bottom, full 3). Functions were computed from

(20086).

6. Potential vorticity dynamics

sequences of vorticity fields obtained from narrow an-
gle camera images, and integrated over triangles in
wavenumber fok. ~ 20 rad nT!, averaging in time
over approximately 40-50 rotation periods. The field of
Tr (k|k.) is normalized in each case by the maximum

Potential vorticity almost certainly plays at least as invalue in the field. Contours are shown with interval 0.1
portant a role in the dynamics of the observed jets aadd contours below 0.5 are dashed.

vortices in the experiment as their energetics. In partic-
ular, the formal stability of the observed flows is gener-
ally expressed using criteria formulated in terms of po-
tential vorticity and its gradient. In this section, there-
fore, we compute diagnostics relating to a potential vor-
ticity ¢ based on a barotropic (shallow water) formula-
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Figure 14: (a) Radial profile of the azimuthal and timEigure 15: Radial profiles of the azimuthal mean az-
mean azimuthal velocity, and (b) the corresponding prioauthal velocity (a) and the corresponding profile of
file of (shallow water) potential vorticity (see text), avfshallow water) potential vorticity (b) (see text) for a
eraged over a period of approximately 1 hour from véypical instantaneous flow from Case 1l in the rotating
locity fields acquired from the narrow angle camera. tank with sloping bottom. Velocity fields were acquired
from the narrow angle camera.
tion
20+ ¢ (14) gradients ing are found associated with retrograde az-
h(r) ’ imuthal jets. This is much as found in idealised models
where( is the relative vorticity measured at mid-depttf active Rossby wave critical layers (e.g. see Haynes
This can be determined relatively easily using the vorticl 989)). Similar traits are also found in the PV structure
ity fields measured via CIV and knowledge of the varf Jupiter’s atmosphere (Read et al. 2006) in association
ation of the depth of the tank due to the sloping low#Y¥ith the cloud-level zonal jets.

q:

and upper boundaries. If the profiles are averaged over an intermediate time
scale, however, the violations of the Rayleigh-Kuo sta-
6a. Rayleigh-Kuo stability bility criterion are less marked but still evident, with

) ) ) ) ) clear indications of a PV ‘staircase’ with radius. Fig.
Fig. 14 shows radial profiles of the time and a2|muth%(a) and (b) shows profiles averaged over an interval

mean azimuthal velocity and corresponding potentig{ j,st 300 s around the time of the instantaneous flow
vorticity, averaged over approximately one hour of the rig 15(a) and (b). This would seem to indicate a ten-
late phase of the experiment. From these profilesylncy for persistent barotropic instability on timescales
is clear that there are some zonal jet-like Structurgs 5 tew hundred seconds, beyond which the instabil-
which survive the time-averaging, but the potential VOfy is able to eliminate the regions of reversag)/dr
ticity profile associated with this profile af is evi- jy the Py ‘hyperstaircase’ found on short timescales.
dently monotonic in radius. Such aresult would suggesticy a process would constitute a form of ‘barotropic
that the spatio-temporal mean azimuthal flow is Consg‘djustment’, in which the time-averaged flow on long
tent with a state of neutral stability with respect to thgnescales approaches a state of near-neutral stability
Rayleigh-Kuo _cnterlon for barotropic stab|l|t_y_. with regard to PV gradients. The mechanism for this
On shorter timescales, however, the stability statusQfyimost certainly a manifestation of a form of Rossby
the azimuthal flow profile is less clear. Figs 15 and 16 e breaking, in which PV gradients become tem-

show the equivalent profiles @f(r) andg(r) for an ex- o rarily reversed as waves reach a large enough ampli-
ample of an instantaneous flow (Fig. 15) and a shorgge to overturn.

term time average (this time over just 300 s; Fig. 16).

In the first case, the instantaneous profileiathows a

stronger and more complex array of zonal jets in assp- Discussion

ciation with aq profile which is clearly non-monotonic.

Indeeddq/Or clearly changes sign in Fig. 15(b) severaDur objectives in carrying out this experiment were to

times, indicating positive violations of the Rayleighseek to create conditions in the laboratory which could
Kuo stability criterion consistent with active barotropicapture, at least qualitatively, some aspects of the dy-
instability. Sharp positive gradientsdoccur in associ- namical regime which might characterize the banded
ation with prograde peaks i, while weak or reversedcirculation observed in the gas giant planets, and per-
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(a) (b) simulations, as one in which

(a) the flow is forced on relatively small scales (com-

sof 50/ pared with those of the physical domain),

(b) an inertial range exists over a large enough range
of scales such that th@-effect can exert sufficient
influence on the flow to allow anisotropic interac-
tions to develop fully,

45 4.5r

r(m)
r(m)

40r 40r

(c) large-scale ‘friction’ (i.e. removal of energy at
large-scales) is sufficiently small to permit (b) yet
enough to prevent the accumulation of energy in

02 01 00 o1 o2 025 030 035 040 045 the largest (domain-filling) modes of the system.
Zonal velocity (cm s) Scaled SWPV (s™)

351 3.5

The existence of such a ‘universal’ regime has been

disputed e.g. by Danilov and Gurarie (2002), though
Figure 16: Radial profiles of the azimuthal and timsubsequently Galperin et al. (2006) and Sukoriansky
mean azimuthal velocity (a) and the corresponding pret-al. (2007) have claimed that the cases considered by
file of (shallow water) potential vorticity (b) (see textDanilov and Gurarie (2002) did not lie in the appropri-
for a flow averaged over a period of 300 s around tlage region of parameter space. Galperin et al. (2006)
time of the snapshot in Fig. 15 above. Velocity fieldsroposed a series of chain inequalities as a means of
were acquired from the narrow angle camera. formulating a set of criteria for identifying the range of

parameters over which such a regime might occur. In

haps the recently discovered zonally-banded currentél?ﬁ present context, these can be expressed in the form

the Earth’s oceans. Such a goal turns out to be far from or

trivial, since (as we discuss below) the relevant regime is ke 2 2kp > 8k > ——, (15)
difficult to achieve on a laboratory scale because of var-

ious conflicting scaling requirements. The present ewherek, is a wavenumber (in units of rad ™) char-
periments were made possible as a result of an all-t@steristic of the scales of energy input/forcikg,is de-
brief opportunity (for 6 weeks in 2002) to carry out dined as s
collaborative investigation with the team at the Coriolis fy — B /
facility in Grenoble, which provided the best available A=

resources to access the conditions necessary for no%eree is the rate of input of kinetic energy into the
ear zonation. However, the difficulties of such an expg{z<.aie cascade by the forcing, in units Gfsn®) and
iment should not be underestimated, and our experimell; osents the scaie at which the Rossby wave period is
tal programme in the end was able to sample adequat(le parable with the eddy overturning timescalg,is

only a few points in the parameter space of the SYStIls frictional’ wavenumber determined by the balance
Nevertheless, from the results obtained we were abl

(16)

€

e apparatud. = 6.5 m). Given sufficient time to

excnatloz‘as co:JId.be ;ar;]wsmned vylthmfar:errefltnal la Volve, flows which satisfy Eq (15) are expected to de-
oratory. An analysis of the properties of these flows o elop self-similar energy spectra which adopt the ‘uni-

tained in the laboratory, therefore, ought thereby to POarsal forms given in Egs (9) (over most angt@sand

vide impor_ta_nt insights intq the dynamical mechanis fO) (close top = +/2) over discernible regions of
at work within such a regime, and to allow us 0 puf,qir spectra. Under such circumstances, the zonal com-
several previously proposed mechanisms for zonal nent of the energy spectrum (given by Eq (10)) can be
formation and maintenance to some severe experim egrated over wavenumber and shown (e.g. Galperin
tal tests. et al. (2001), Galperin et al. (2006)) to leadip ~ kp

to within a factor O(1), where

7a. Zonostrophic regime

Galperin and co-workers (Sukoriansky et al. 2002; kr = (8/Usms)'/? = LL 17)
Galperin et al. 2006) have attempted to define such a n

regime, dominated by the nonlinear generation of zorialthe Rhines wavenumber (cf Eq (5)). Thus, in this
jets (termed the ‘zonostrophic’ regime), based on extaregimekr and kg, are more or less interchangeable as
sive studies using idealized barotropic numerical modsdtimates of the meridional scale favoured by the flow
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for the emergence of banded zonal jets. Most recentlywer limit can be estimated becausgis poorly de-
Sukoriansky et al. (2007) have further elucidated thisied. The external deformation scale is estimated from
relationship betweet;, and kr, noting that forced- kgez: ~ f/\/gT, though this wavenumber turns out to
dissipative flows for whiclkg > 2kp will exhibit most be much less than the smallest wavenumber that can be
of the salient properties of the zonostrophic regimaccommodated in the annular domain. These estimates
whilst those for whichks < 1.5kr will lie in the so- suggest that the external deformation radius does not
called frictionally-dominated regime and will not explay a role in the dynamics of this experiment, but in-
hibit significant zonostrophic inertial ranges. ternal baroclinic disturbances could be of significance.

Table 2 presents estimates of the main parameterslﬂﬁlwever, there is no evidence of scales of motion which
voked in Eq (15), derived from the experimental pararffanifest themselves as different from those represented
eters noted in Table 1 above and the apparatus dimBW£s, kr OF ke.
sions. k¢ is estimated a8n/l,,:, wherel,,; is com-
puted using Eq (6) above, arig is obtained from Eq 7b. Scales and spectral transfers
(16). Note that the estimates efused here were ob-

) ; ~~ Insofar as our Experiment Il does lie parametrically in
tained ag ~ U2 __/(27g), whererg is the Ekman spin- P P y

q , Irms Vo). bl hi el the zonostrophic regime, therefore, the diagnostics com-
OWT tlr_nescal(é: fh/ v ),dsee Ta(‘) efl.hT S typ;)ca yputed above help to reveal the dynamical mechanisms
results in a va ue Toe aroun 3-15% of t € mpgt_ U0Y-at work in sustaining a zonally-banded circulation. We
ancy fluxF'g, which is not unreasonable since itis “kel¥1ave shown that, provided is strong enough, a flow
that only a small fraction of the energy input associated itaq py stirring at small scales will evolve a large-

with Fig will actually be utilised in the nonlinear inverseSC le barotropic zonation, accompanied by an ensemble
energy cascade (cf the estimates used by Galperin ehf barotropic vortical structures, many of which prop-

(2006) for: tl':je oceans and gas tg):]lant plz;neﬁ). '®P- agate zonally, at least qualitatively, like Rossby waves.
resents the dominant wavenumber at which large-Sca{g, tormation of the zonation in azimuthal flow appears

friction exgrts a strong influence on the energy spec- be largely as a result of direct eddy-zonal flow in-
trum, and is estimated from the low wavenumber pegi . ions, with a clear tendency for kinetic energy to

or break in the total or zonal wavenumber spectrum fgﬂ':cumulate upscale into the form of zonally-elongated
each case. structures or jets. Such a tendency is at least con-
From these estimates, it is apparent that, althouglstent with the hypothesis of Balk (2005) that such
each experiment satisfies the first inequality in Eq (1%)nally-elongated structures will be favoured in flows
Cases | and Il do not rigorously satisfy either of the rgonstrained simultaneously to conserve the three dy-
maining two criteria for the zonostrophic regime. Casgamical invariants, energy, enstrophy and the geomet-
1, however, with the strongest-effect, comes the clos-ric invariant noted by Balk (1991) for Rossby wave sys-
est to fuffilling all of the criteria, withks ~ 2kr. For tems. It would be of interest in further work to investi-
case Il, our estimates df; andkr are probably too gate further the latter invariant in actual diagnostics of
close together to allow much of an inertial range to dgctual flows and numerical simulations, to examine in
velop between them, placing it on the margins of thfteater depth the validity of this hypothesis.
ZonOStl’OpiC and frictiona”y'dominated regimes. As dis- The Scale favoured by the Zonation process iS a Sig_
cussed further by Galperin et al. (2006), this section gfficant factor in determining the effect of zonostrophic
the spectrum is critical for the emergence of the fullynisotropy on flow structure. The Rhines wavenum-
formedk—? spectrum in the zonal flow, and the separger, kr, (as define in Eq (17)) has often been suggested
tion of kg and kg or ki is much greater for the outeras representing the likely scale of zonal jet formation.
gas giant planets than could be obtained in our expesk originally noted by Hide (1966), such a scale rep-
ments here. This may well help to account for why oygsents a rough balance between relative and planetary
banded zonal jets are much less dominant in the Iafyrticity advection, though this may not be the most use-
oratory than are typical in the atmospheres of Jupitgj palance to consider. Galperin et al. (2001) put for-
and Saturn. Even so, the flows obtained in Case {{hrd an alternative interpretation, relating the favoured
do show a number of features suggestive of the ZonQsrscale, represented Ry, to a balance between up-
trophic regime, indicating that we were able to enter g¢ale energy transfer and large-scale energy removal.
least the margins of this class of dynamical behaviogpth of these are effectively internal parameters, de-
Galperin et al. (2006) note that the oceans also do findent on flow-dependent quantities, so are not par-
quite satisfy the criteria otz /ks set out in Eq (15), ticularly useful as predictive quantities. But they appear
though fulfill them somewhat more clearly than in oug pe broadly consistent with the observed scale of jets
experiment 1. found in the present experiments. However, our exper-
Also included in Table 2 are estimates of wavenurniments Il and Il indicate in this case that ~ 1.5kg,
ber scales based on both the internal and external ddich is not quite as suggested by Galperin et al. (2001)
formation radii. k4 is defined in Eq (4), though only aand Galperin et al. (2006) for the zonostrophic regime,
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Table 2: Derived parameters for the three main experimentB.|All wavenumber scales shown are in units of
rad nT! - see text for explanation of symbols.

| Run | Ro* | € (m2 S_3) | k’g | k’@ | ker | kr | kq | kdeat |
| 22x1073 [ 1.5x107° | 49| 21| <3 [ 14| >13 | 0.13
Il 1.3x1072 | 1.1x1078 | 20| 5.2 | ~3 | 23| > 6.5 | 0.08
1 34x1073|6.6x107° | 61| 95| ~6 49| >13 | 0.16

though is close to the form suggested by Sukorianster probably concentrates intense convection into small
et al. (2007). In both cases Il and Ill the scalg. cor- and highly intermittent regions, though would certainly
responds quite closely to the radial wavenumber of tbperate on a small scale compared with that of the planet
observed zonal jets, indicating that the scale sepaiiggelf. But an overall upwelling energy input of around
ing adjacent zonal jets is reasonably well estimated By6 W m~2 from the interior heat source on Jupiter (e.g.
~ 1.5kg. The Rhines scalégr also seems to be quiteVasavada and Showman (2005)), coupled with a depth
closely consistent with observed flows in the outer plafer convection of at least 50 km, would suggest an av-
ets (e.g. Vasavada and Showman (2005)) and the oceznagie natural Rossby number*Raf 0.1 or less, plac-
(Richards et al. 2006), which satisfy Eq (15) even moigg it in a qualitatively similar convective regime to the
closely. present experiments.

An important aspect of the near-equivalencekgf  Similar types of deep, rotationally-controlled convec-
with kr, asserted by Galperin et al. (2001), Galperiive forcing may also occur in the oceans (Marshall and
et al. (2006) and Sukoriansky et al. (2007), is the aSehott 1999), though only in very restricted regions such
sumption that energy removal takes place in a relativelg the polar oceans and the Mediterranean. More com-
scale-independent manner. This is consistent, for emenly, it is baroclinic instability on horizontal scales
ample, with Ekman damping, such as would apply tf 50-100 km which provides the dominant source of
our present experiments, and in the Earth’s oceans. Tét&ring’ in the wider ocean basins, and may be respon-
principal mechanism for energy removal on large scalgible for the energy input for the putative small-scale
on the gas giant planets, however, is not clear at thenal jets now being found in ocean models and obser-
present time. None of the gas giants is believed vations (Galperin et al. 2004; Maximenko et al. 2005;
possess a solid underlying surface, so the relevancerathards et al. 2006). This was the original concept for
Ekman damping seems unlikely. But presumably thee®citing geostrophic turbulence by Salmon (1980), and
must be some means of removing barotropic kinetic ehere is certainly some evidence for zonation in small
ergy from the flow on large scales which, given the apeale laboratory experiments on baroclinic instability
parent consistency of the observed jets with the Rhingsing sloping endwalls (Mason 1975; Bastin and Read
wavenumber, must act comparably on all scales. Thisli898), which would support the notion that the zonos-
an aspect of the energy flow within the atmospheric cirophic regime does not depend strongly on the mech-
culation of these planets which deserves closer attentarism of small-scale energy injection. But laboratory

in future work. experiments to date on baroclinic instability with slop-
ing endwalls have been carried out only on a relatively
7c. Convective forcing small scale, and almost certainly have not satisfied the

. . criteria expressed in Eq (15) above. It would be of sig-
The r‘nethod’of forcing PS_ed hereln seems to work W%ﬁficant interest to investigate this further on the scale of
as a ‘natural’ means of injecting energy at small scal

Re Coriolis facility.
though the use of salt-driven convection does pose gg- Onolis faciity

nificant practical difficulties in sustaining a uniform anc}d Potential vorticit
steady input of energy over long periods of time. In fu-— y
ture experiments, it would be useful to explore the poshe potential vorticity structure of the equilibrated
sibility of driving convection via imposed thermal conbanded zonal flow shows some clear signatures of in-
trasts, although providing sufficient heating and codknse interactions with eddies. Although the net effect
ing (on the order of 10-100 W n? on the scale of the of such interactions is to accelerate the zonal flow and to
Coriolis facility) would be a major undertaking. Themodify its structure, especially in the vicinity of Rossby
imposition of unstable stratification has clear paralletsitical layers which develop spontaneously as the flow
with what may be happening in the atmospheres of theolves, the resulting instantaneous zonal flow ends up
gas giant planets, though in their case the role of moista state which violates many of the ‘classical’ crite-
convective processes needs to be taken into accoumfor stability. Instantaneous velocity fields show evi-
(Gierasch et al. 2000; Ingersoll et al. 2000). The ladence for smoothing out and even reversals of the radial
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PV gradient, indicative of local Rossby wave breaking— 2005: Angular distribution of Rossby wave energy.
Longer time-averages, however, are much closer to &hys. Lett. A345 154-160.

state of neutral stability. This would seem to suggestthat _ )
barotropic instability acts as an adjustment mechani§#stin, M. E. and P. L. Read, 1998: Experiments on

on long enough timescales in these experiments, Sucﬂ;he structure of baroc[lnlc waves and z.onal jetsin an

that instantaneous flows are indeed unstable but adjudfternally heated rotating cylinder of fluigthys. Flu-

the PV distribution over timescales of a few hundred  1dS, 10, 374-389.

towards marginal stability. This would appear to be_ i@atchelor, G. K., 1969: Computation of the energy

contrast to rt_asults from unforced n_umencr_;ll model SIM- ghectrum in homogeneous two-dimensional turbu-

ulations, which seem to produce jets which are r_nUChIence.Phys. Fluids Suppl. |112, 233-239.

closer to neutral stability, even for instantaneous fields.

The continuous forcing must therefore play a major roBerloff, P. S., 2005: On rectification of randomly forced

in perturbing the zonal flow away from this marginal flows.J. Mar. Res.63, 497-527.

state, by an amount which presumably depends on the _

strength of forcing. Chekhlov, A S. A. Orszag, S. Sukoriansky,
It has long been noted that the westward zonal jets orB: Galperin, and |. Staroselsky, 1996: The ef-

the outer planets tend to violate the classical Rayleigh-fect of small-scale forcing on large-scale structures

Kuo/Charney-Stern instability criteria (Vasavada and in two-dimensional flowsPhysica [ 98, 321-334.

Showman 2005; Read etal. 2006) (though may be Cloi%ndie, S. A. and P. B. Rhines, 1994: A convective

to neutrality with respect to Arnol'd’s second stability s S
) ; ) model for the zonal jets in the atmospheres of jupiter
theorem (Dowling 1993, 1995)). This may again be @ and saturnNature 367, 711—.

signature of the effect of the processes forcing the jets on
Jupiter and Saturn, whose origins are still poorly undébanilov, S. and D. Gurarie, 2002: Rhines scale and the
stood in detail, though may lead to Rossby wave break-spectra of3-plane turbulence with bottom dra@hys.
ing as energy cascades upscale from the smaller-scalRev. E 65, 067301.
convective forcing. Further studies of the relationship
between eddy forcing and stability criteria in experPowling, T. E., 1993: A relationship between potential
ments and models may be a useful source of further in-vorticity and zonal wind on Jupited. Atmos. Sci50,
formation on these mechanisms for driving zonal flows 14—22.
on thg outer planets. Flnqlly, we rem_ark that the extent 1995: Dynamics of Jovian atmospherésin. Rev.
to which the small-scale jets found in ocean obs;erva—FIuiol Mech. 27 293-334
tions and models violate the classical instability creri T '
has not yet been investigated in detail, but could forpernando, J. S. F.,, R. Chen, and D. L. Boyer, 1991:
an important means of discriminating between zonos-gffects of rotation on convective turbulende Fluid
trophic mechanisms for jet formation and alternative Mech, 228 513-547.
mechanisms (e.g. see Berloff (2005)).
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