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Super-rotation in simplified systems

• Laboratory experiments and demonstrations
• Illustrating mechanisms and basic principles, scaling etc.

• Simplified and intermediate complexity numerical models
• Circulation regimes & parameter sweeps
• Zonally symmetric forcing
• Equatorial jets
• Thermal tides & tidally locked forcing
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Laboratory experiments: 
“Dishpan” convection

Oscillating
plunger

• Early experiments on rotating 
convection at University of 
Chicago [Fultz et al. 1956]

• Open cylinder (“dishpan”), heated 
from below near the outer edge 
and cooled at the centre

• Rotated about its axis at Ω rad s-1

• Produces circulations analogous to 
axisymmetric “Hadley” and 
baroclinic wavey “Rossby” 
regimes, depending upon Ω.

Dave Fultz
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Laboratory experiments: 
“Dishpan” convection

Oscillating
plunger

• Early experiments on rotating 
convection at University of 
Chicago [Fultz et al. 1956]

• Axisymmetric flow profile shows 
evidence of super-rotation?

• ℛ = 2.66
• s > 0 near outer rim of tank
• m ~ constant for 0.2 < r/b < 0.7
• Viscous AM transfer or eddies….?
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Laboratory experiments: 
Rossby wave mixing
• Generation of Rossby waves in a 2 

m dia. rotating cylindrical tank 
[Whitehead 1975]
• Free surface deforms centrifugally 

to a parabolic interface
• ℎ = 2.934 + 0.00126𝑟! (cm)
• Imposes a “planetary vorticity 

gradient”
• 𝛽 = !"

#
$#
$%

• Various localized forcing 
mechanisms
• Vertically oscillating plunger
• Bubbles
• Radially oscillating plate

Oscillating
plunger

Mean flow generated by circulation on a /&plane: 
An analogy with the moving flame experiment 

By JOHN A. WHITEHEAD, JR., Department of Physical Oceanography, Woods Hole 
Oceanographic Institution, Woods Hole, Mass. 02543, US-4 

(Manuscript received May 31; revised version September 26, 1954) 

ABSTRACT 

A number of laboratory experiments are described in which water with a curved 
upper surface in a rotating basin exhibited prograde flows when stirred by stirrers 
which put no azimuthal torque upon the fluid. I t  is suggested that the flows were 
generated by Reynolds stresses of the circulating fluid, and that this is a general 
consequence of circulations on a 8-plane. This is reinforced by an analogy between the 
equations of the moving flame experiment and the equations of flow on a 8-plane. 
Implications upon atmospheric and oceanic flows are mentioned. 

1. Introduction 

Although it has become clear that momentum 
is transported by Reynolds stress in many 
oceanic and atmospheric phenomena (Starr, 
1968), it has been difficult to develop theoretical 
tools which can adequately cope with the wide 
variety of processes which generate a net 
Reynolds stress. The most notable progress has 
been made in the momentum transfer prop- 
erties of waves, whose dispersion properties 
allow one to make systematic developments of 
the wave equation. The same progress hm not 
been made with eddies or other circulations 
which exist on many scales in the ocean atmos- 
phere, as observed in the mesoscale by Polygon 
and MODE. In fact, only a few candidates for 
first  principles for systematic momentum pump- 
ing by eddies are even presently hinted at, 
despite intense efforts to overcome severe theo- 
retical problems. A central difficulty is that the 
Reynolds stres is capable of transporting mo- 
mentum away from mean currents which have 
eddies in some instances such as in many 
turbulent mean flows, and yet it is capable of 
transporting momentum towards mean flows 
in other cases, such as in baroclinic instability, 
in the rotating flame experiment, and through- 
out the atmosphere. 

Only a limited amount of laboratory observa- 
tions have been made of the direct generation of 

a mean flow by eddies. Of those which have been 
conducted, the moving flame experiment has 
often been cited as the clearest example of such 
a process. In this experiment, a heater moving 
under a horizontal cylindrical annulus of 
liquid is observed to generate a mean flow 
in the liquid in a direction opposite to the 
direction of travel of the flame. This mean flow 
generation has been attributed theoretically to 
the phase lag in the overturning fluid due to 
the finite time it takes for vorticity and/or 
temperature to work its way into the fluid 
(Stern, 1959; Davey, 1967). A variety of analy- 
ses using this physical approach have been 
made by Schubert (1969), Kelley & Vreeman 
(1970), Malkus (1970), Schubert et al. (1970), 
Thompson (1970), Hinch & Schubert (1971), and 
Whitehead (1971), (1972), although Busse 
(1972) has found one exact solution where 
this is not so. This phase lag generates a net 
Reynolds stress. The Reynolds stress can have 
a significant cumulative effect, as is evidenced 
by the fact that flows three times fester than 
the “eddy propagation speed” were observed in 
experiments in liquid mercury (Whitehead, 
1972). 

It is not yet established whether the moving 
flame experiment has any direct relation to 
flows in nature. Schubert & Whitehead (1969) 
have suggested that this effect can generate a 
motion in the upper atmosphere of Venus, yet 

Tellus XXVII (1976), 4 
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Laboratory experiments: Rossby wave mixing

• Generation of Rossby waves in a 2 
m dia. rotating cylindrical tank 
[Whitehead 1975]
• Free surface deforms centrifugally 

to a parabolic interface
• ℎ = 2.934 + 0.00126𝑟! (cm)
• Imposes a “planetary vorticity 

gradient”
• 𝛽 = !"

#
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• Various localized forcing 
mechanisms
• Vertically oscillating plunger
• Bubbles
• Radially oscillating plate

8

Turbulence, Rossby waves and zonal jets on the polar
�-plane: experiments with laboratory altimetry

YAKOV D. AFANASYEV

Figure 8.1 Sketch of the experimental setup. A tank filled with water
is on a table rotating with angular velocity ⌦. A video camera and a
light source co-rotate with the tank.

This chapter discusses experiments in a geophysical fluid dy-
namics (GFD) laboratory where zonal jets emerge in flows on
a rotating table. For a detailed review of the previous work we
refer to the introductory chapter 6. The flows are induced by a
forcing which is designed to model various geophysical situa-
tions. Different methods of forcing can be divided into two cat-
egories. The first category is a localized forcing. The localized
forcing can be due to meanders and eddies formed in baroclini-
cally unstable currents flowing along the eastern boundary. An-
other example of localized forcing is convective thermal sources
such as those due to hydrothermal vents. In the second category
the forcing is uniformly distributed over the domain. This forc-
ing can be modeled in a GFD laboratory by small-scale thermal
convection from a uniformly heated bottom or by an electro-
magnetic method where a regular array of permanent magnets
is used in combination with a uniform horizontal electric cur-
rent to generate turbulence in the entire domain.

8.1 Altimetric Imaging Velocimetry in a GFD
laboratory

To observe the flows on a rotating table and to measure their
dynamical characteristics we use an altimetry method. It was

always a significant challenge to observe global patterns of
planetary waves and currents in the ocean, as well as in a la-
boratory. The oceanographic measurements were revolution-
ized by the advent of satellite-based altimeters starting with
TOPEX/Poseidon in 1992. For the first time in history oceanog-
raphers were able to see the global pattern of ocean circulation.
The satellite altimeter measures the surface elevation which can
then be easily converted into geostrophic velocity. Laboratory
altimetry was introduced fairly recently by Rhines et al. (2006)
and was based on optical methods used by telescope makers to
control the quality of parabolic mirrors. The method was further
developed by Afanasyev et al. (2009) to include color in order
to measure two components of the slope of the surface eleva-
tion field. This method allows one not only visualize the flows
by their surface topography but also to determine the velocity
field. For this reason it is called Altimetric Imaging Velocime-
try (AIV). Here we describe this method briefly and refer the
readers to the above mentioned papers for more details.

8.1.1 AIV

A typical experimental setup for the AIV is quite simple and in-
cludes a video or photo camera and a light source located above
the tank filled with water (Fig. 8.1). The entire apparatus is in-
stalled on a table rotating with angular velocity ⌦. The camera
records images of the surface of water with large spatial resolu-
tion (a few pixels per millimeter) at a rate of 10 or more frames
per second. Note that a photo camera can be used instead to ob-
tain snapshots of the flow. The light source contains a multicolor
mask where color varies across the mask in x- and y-directions.
A high-brightness computer monitor displaying the mask can
be used as the light source. The camera observes the reflection
of the color mask on the surface of the water.

The free surface of fluid enclosed in a container when in solid
body rotation is a paraboloid due to the balance between the
pressure gradient directed towards the axis of rotation and the
centrifugal force. The depth of the fluid layer in a cylindrical
tank of radius R is given by

h(r) = H0 +
⌦2

2g

✓
r2 � R2

2

◆
, (8.1)

where r is the distance from the axis of rotation, H0 is the depth
of the layer in the absence of rotation, ⌦ is the rotation rate
of the tank and g is the gravitational acceleration. The surface
of water reflects light just like a telescope mirror. For a fixed
height, Hc, of the camera and the light source, we can adjust
the rotation rate of the table such that Hc becomes twice the
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Oscillating
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Laboratory experiments: 
Rossby wave mixing

• Generation of Rossby waves in a 
2 m dia. rotating cylindrical tank 
[Whitehead 1975]
• Various localized forcing 

mechanisms
• Vertically oscillating plunger

• Forms a prograde jet at radius of 
the plunger

• Weaker retrograde zonal flow 
either side

MEAN FLOW QENEBATED BY CIBCULATION ON A /%PLANE 361 

Fig. 2. Dye streak photographs of prograde flow in 
the rotating fluid with gentle agitation (5- 
0.0148) and with the tank covered. Pictures are 32 
seconds apart. 

Tellus XXVII (1976), 4 

from the center and h is depth of the fluid (in 
centimeters). 

The first  stirrer consisted of a horizontal 
disk 20 cm in diameter connected to a scotch 
yoke of variable amplitude driven by a variable 
speed motor. When the disk was centered 60 
am from the center of the turntable and oscil- 
lated up and down in the 6.72 cm deep water 
a t  periods from 4 to 40 seconds, and with a 
variety of amplitudes, a pronounced prograde 
flow waa observed due west of the plunger, 
between a radius of 60 to 60 cm from the 
center (the marked circles are 10 cm apart). 
This jet sometimes stretched completely around 
the tank. A retrograde flow was observed in 
other regions of the tank. Such a flow is shown 
in the dye-streak photos in Fig. 1. In order to 
measure this flow more carefully, the table 
was covered with sheets of vinylidene chloride 
(saranwrap), with one slitlike opening left 90" 
west of the plunger so that a saturated solution 
of potaasium permanganate could be injected as 
a flow tracer. This covering reduced the 
retrograde flow to one revolution in 106 table 
revolutions, which was approximately one 
order of magnitude slower than the slowest 
flows measured. Fig. 2 shows a slow flow under 
such conditions. Velocity was measured by 
timing the traverse time for dye to travel 
between 9O"W and 60"W (the plunger is at 
0") a distance of 31.4 om. The data were taken 
for various plunger periods from 4.1 seconds up, 
and for plunger amplitudes of 1.76 om, 3.6 om, 
and 6.2 om. Fig. 3 shows the data pointa ob- 
tained. Both ordinate and abscissa are presented 
as Rossby number, the Rossby number of the 
plunger defined as e9=AP,/RP where A is 
amplitude of the plunger motion, P, is period 
of one table revolution, R is radius of the 
plunger, and P9 is period of one plunger cycle. 
The Rossby number of the current wati defined 
as E ~ = U I ! ~ L  where U is the measured 
velocity of the jet, !2 is angular rotation rate 
of the table, and L is a half width of the jet, 
which waa placed at 10 cm for all data even 
though there was slight variation about that 
value. 

Flow rate of the jet increased sharply with 
velocity of the plunger for low plunger speeds. 
It is not inconceivable that this obeys a 
quadratic power law (a dashed line with a 
slope of 2 : 1  is inserted for comparison). At 
greater plunger speeds the flow rate of the jet 
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though there was slight variation about that 
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velocity of the plunger for low plunger speeds. 
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quadratic power law (a dashed line with a 
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Fig. 3. Rossby number of the flow as a function of Roasby number of the plunger for experimente with a 
covered tank. Amplitude (peak to peak): X - 1.75 cm, - 3.5 om, + 5.20 cm. A dashed line with a dope 
of 2 : 1 is inserted for comparison. 

is relatively insensitive to the plunger speed. 
During the course of these experiments it was 
obvious that in this latter case there was ex- 
tensive turbulence in the fluid, while in the 
former case there was virtually no turbulence. 
The exact nature of the flow field around this 
plunger is poorly understood and a more de- 
tailed experimental investigation and an ac- 
companying theoretical analysis is planned. 

However, this oscillating plunger is not the 
only mixer that generates a mean flow, because 
a variety of other mechanisms were used. Fig. 4 
shows dye being swept by a mean flow generated 
by air bubbles rising from a pipe with 20 holes 
located 60 cm from the center, a t  approximately 
a 4 o'clock position. The flow was qualitatively 
very similar to the flow generated by the 
plunger. 

A similar flow was generated by moving a 
vertical sheet of plastic which is 30 cm long in 
and out, with an amplitude (peak to peak) of 
about 9 cm. Although the flow was not as 
pronounced as in the other two cases, it was 
qualitatively similar and was prograde at the 
"latitude" of the sheet, and retrograde north 
and south of it. 

Comments upon applications 

There exists in the literature a number of 
theoretical and numerical studies which ahow 

Fig. 4. Dye streak photographs of prograde flow 
generated by air bubbles from a header located at 
approximately a 4 o'clock position. 
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Laboratory experiments: 
Rossby wave mixing

• Generation of Rossby waves in a 
2 m dia. rotating cylindrical tank 
[Whitehead 1975]
• Forms a prograde jet at radius of 

the plunger
• Weaker retrograde zonal flow 

either side

• Strength of jet (𝜀!"# = 𝑢$%&/Ω𝐿) 
scales roughly with 𝜀'()*+",-  at 
small amplitude

• Saturates at larger amplitude
29/11/23 FDEPS2023 8



Experimental concept 
(Turlab – Torino, Italy)

Forcing comb   laser                    Bridge
           sheets

Plan view Measure velocity
fields via PIV in
2 overlapping 
camera views

Sloping 
bottom

Observe waves 
and jets 
downstream
of forcing comb
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Chaotic tracer patterns indicate 
zonal jets, Rossby waves and 
compact vortices
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Rb  ≈ 2.25     Rb ≈ 2.20    Rb ≈ 2.18

Potential vorticity 𝑞 = 𝒌.𝛁×𝒖'(𝛀
*
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tR (s)
30.3

40.4

61.0

119.0

Zonal mean flow: time variations

• Width of mean 
zonal flow increases
with tR – scales with
Rhines scale?
• Timescale of
Fluctuations also 
Increases with tR
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Laboratory experiments: 
Internal wave streaming

• Generation of a mean flow by 
dissipation of vertically 
propagating internal gravity 
waves [Semin et al. (2016,2018)]
• A single, progressive or standing 

gravity wave excited at the 
upper boundary of a cylindrical 
tank of salt-stratified fluid
• Generate a mean azimuthal flow 

as the wave propagates 
downwards and dissipates

PHYSICS OF FLUIDS 28, 096601 (2016)

Generation of a mean flow by an internal wave

B. Semin, G. Facchini, F. Pétrélis, and S. Fauve
Laboratoire de Physique Statistique, École Normale Supérieure, PSL Research University,
Université Paris Diderot Sorbonne Paris-Cité, Sorbonne Universités UPMC Univ Paris 06,
CNRS, 24 Rue Lhomond, 75005 Paris, France

(Received 14 March 2016; accepted 1 September 2016; published online 22 September 2016)

We experimentally study the generation of a mean flow by a two-dimensional
progressive internal gravity wave. Due to the viscous damping of the wave, a non-
vanishing Reynolds stress gradient forces a mean flow. When the forcing amplitude is
low, the wave amplitude is proportional to the forcing and the mean flow is quadratic
in the forcing. When the forcing amplitude is large, the mean flow decreases the wave
amplitude. This feedback saturates both the wave and the mean flow. The profiles
of the mean flow and the wave are compared with a one-dimensional analytical
model. Decreasing the forcing frequency leads to a wave and a mean flow localized
on a smaller height, in agreement with the model. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4962937]

I. INTRODUCTION

A wave propagating through a fluid generally induces a mean flow. For example, acoustic
waves generate a mean flow called “acoustic streaming,”1,2 sea waves approaching a coastline at an
oblique angle induce a mean current parallel to the coastline,3,4 and internal gravity waves induce a
mean wind in the equatorial Earth stratosphere.5

This article focuses on the mean flow induced by an internal gravity wave. This generation
of a mean flow is an important issue in geophysics because this mean flow can induce material
transport and promote mixing in the ocean.6 In planetary atmospheres, internal gravity waves can
generate a coherent and strong wind. For example, in the equatorial Earth stratosphere, there is a
wind which is inhomogeneous in height and which undergoes reversals with a period of approx-
imately 28 months. This is known as the quasi-biennial oscillation.5 Similar winds are observed
in Jupiter7 and in Saturn.8 In Venus, wave-mean flow interaction may explain the super-rotation
phenomenon.9

A plane progressive homogeneous internal gravity wave does not induce any mean flow. To
generate a mean flow it is thus necessary to consider an inhomogeneous wave. This inhomogeneity
can be due to the transient character of the wave, for instance, if we consider a wave-packet.10,11 It
can also be due to the dissipation of the wave.12,13

Experimental studies of the generation of a mean flow by internal waves are scarce. King
et al.6 have investigated the wave and mean flow generated by the tidal flow over a half-sphere.
A strong mean flow in the direction perpendicular to the forcing has been measured. G. Bordes
et al.14 have forced an internal wave using a vertical wave generator narrower than the channel. The
inhomogeneity is due to the dissipation and to the localization of the wave (see also a numerical
modelization in the work of Kataoka and Akylas15). A mean flow with a non-zero vertical vorticity
is generated by the wave.

A di↵erent geometry has been investigated by Plumb and McEwan16 and Otobe et al.,17 to
provide an analog of the quasi-biennial oscillation. A stratified fluid is located between two concen-
tric vertical cylinders and is forced by membranes located at the top or at the bottom of the
fluid. Each membrane oscillates in opposition of phase with its 2 neighbors. The flow is mainly
two-dimensional (2D). If the forcing amplitude is high enough, a mean flow is generated and
oscillates with a period which is very long compared to the wave period.

1070-6631/2016/28(9)/096601/15/$30.00 28, 096601-1 Published by AIP Publishing.

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  163.1.19.1 On:
Mon, 17 Oct 2016 14:51:35
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Laboratory experiments: 
Internal wave streaming

Benoit Semin   Francois Petrelis. Stephan Fauve
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Laboratory experiments: 
Internal wave streaming

Benoit Semin   Francois Petrelis. Stephan Fauve

096601-6 Semin et al. Phys. Fluids 28, 096601 (2016)

FIG. 4. Amplitude of the horizontal wave component u0 normalised by the forcing amplitude M , as a function of height
z . Steady state, forcing period T = 38 s, Brunt–Väisälä frequency: N = 1.44 rad s�1. · · •: M = 1 mm, ��⇥: M = 2 mm,
��⇤: M = 4 mm, ��5: M = 6 mm, ���: M = 8 mm, ��⇤: M = 10 mm, and ��⇧: M = 12 mm. Inset: same curves, for
M  6 mm only.

that no wave can propagate in the fluid (data not shown). In that case no mean flow is generated as
expected.

We have determined the dependence of u0 and ū on the forcing amplitude M at a given alti-
tude. In the following, we investigate this dependence on the whole height. The horizontal wave
component normalized by the forcing amplitude M as a function of z is displayed in Figure 4.
The amplitude of the wave decreases with z, i.e., when the measuring point is farther away from
the membrane. This is due to the damping of the internal gravity wave by viscosity and wall fric-
tion. The values of u0/M decrease smoothly when M increases. The curves for M  6 mm almost
collapse on a master curve. The di↵erence between this master curve and the curves for higher M is
larger than the di↵erence between the curves for M  6 mm. This shows that u0 is proportional to
M everywhere for low forcing amplitude, up to roughly M = 6 mm. This confirms the conclusion of
Figure 2 that the wave amplitude is proportional to M for low forcing amplitudes.

The amplitude of the mean flow normalized by M2 is shown in Figure 5. The mean flow first
increases and then decreases when z increases: this results from the competition between the no-slip
boundary condition ū(z = 0) = 0 and localization close to the membrane of the forcing of the mean
flow by the wave.

The curves for M = 2,4, and 6 mm collapse on a master curve, showing that the mean flow is
actually proportional to M2 in that regime. The mean flow measured for M = 1 mm is very small
so that the relative errors are large and this curve is only qualitative. When the forcing amplitude is
larger, i.e., M = 8,10, and 12 mm, the normalized mean flow decreases with M , which is consistent
with the saturation shown in Figure 2.

In this section, we have shown that even at low forcing amplitude a mean flow is generated.
For the small values of the forcing, i.e., M  4 mm, the wave amplitude u0 is proportional to the
forcing and the mean flow is proportional to the square of the forcing in the steady state. For larger
forcing amplitudes, the wave and mean flow almost saturate. In both regimes the mean flow is
proportional to the square of the wave amplitude, which is consistent with Equation (1). We will see
in Section IV C that the saturation of the wave amplitude is at least partially due to the feedback of
the wave on the mean flow. With similar arguments we show in Figure 16 (the Appendix) that the
saturation at high amplitudes cannot be explained only by a less e�cient wave generation by the
membrane.

In Secs. IV B–IV C, we discuss separately the two regimes: linear at small M and nonlinear at
high M .

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  163.1.19.1 On:
Mon, 17 Oct 2016 14:51:35
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Laboratory experiments: 
Internal wave streaming

096601-7 Semin et al. Phys. Fluids 28, 096601 (2016)

FIG. 5. Amplitude of the mean flow ū normalized by M2, as a function of height z. The amplitude is measured in the
steady state. Forcing period T = 38 s, Brunt–Väisälä frequency: N = 1.44 rad s�1. · · •: M = 1 mm, ��⇥: M = 2 mm, · ·⇥:
M = 2 mm, ��⇤: M = 4 mm, ��5: M = 6 mm, ���: M = 8 mm, ��⇤: M = 10 mm, and ��⇧: M = 12 mm.

B. Generation of a mean flow without feedback on the wave

In this section, we study the case of low amplitude forcing, where the wave amplitude is
increasing linearly with the forcing and where the mean flow is much lower than the horizontal
wave phase velocity c. We will verify that the feedback of the mean flow on the wave is then
negligible.

The amplitude of the horizontal wave component as a function of height for di↵erent times is
shown in Figure 6(a). The initial time t = 0 corresponds to the beginning of the forcing. The data
correspond to a small forcing amplitude: M = 2 mm. The wave amplitude is constant in time for
t � 150 s, which is the time required to establish the wave in the whole cell.

The amplitude of the mean flow as a function of height for di↵erent times is shown in
Figure 7(a). At every height, the mean flow increases with time until it reaches a constant value.
The region where the mean flow is non-zero grows towards the bottom of the cell. The time scale of
the growth of the mean flow is of the order of magnitude of ��1, the inverse of the decay rate due
to the friction on the wall (��1 ' 103 s, see Subsection 1 of the Appendix). It is significantly larger

FIG. 6. Amplitude of the horizontal wave component u0 as a function of height z at di↵erent times (time t = 0 corresponds
to the beginning of the forcing), T = 38 s, N = 1.44 rad s�1. (a) Low forcing amplitude M = 2 mm, times: +: t = 150 s,
⇥: t = 350 s, ⇤: t = 650 s, 5: t = 1050 s, �: t = 2050 s, and ⇤: t = 3050 s. (b) Large forcing amplitude M = 8 mm, T = 38 s,
N = 1.44 rad s�1. Times: +: t = 150 s, ⇥: t = 250 s, ⇤: t = 450 s, 5: t = 2150 s, and �: t = 3250 s.

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  163.1.19.1 On:
Mon, 17 Oct 2016 14:51:35
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Laboratory experiments: Jets driven by 
[baroclinic] instabilities

• Baroclinically unstable flow in a 
differentially heated, rotating annulus
• Sloping bottom and free surface create 

topographic b-effect
• Large diameter (1m) annulus [Smith et al. 

2014]

• Sources of Rossby-like wave in a 
rotating, stratified fluid
• So horizontal momentum flux 𝑢!𝑣′ ≠ 0
• Drives alternating prograde and 

retrograde mean flows

circulators. This rate of heat loss was a constant,
amounting to a temperature offset that appeared to vary
only with the experimental regime. Lower-resolution
(60.18C) temperature probes in the inner and outer
baths were used to compensate empirically for this offset
and measure the imposed DT for each experiment. The
variance of the bath temperatures with time is an order
of magnitude smaller than the reported accuracy of the
imposed DT for each experiment.

Before data collection, the apparatus was allowed to
spin up from rest over a period of’15 h. An adjustment
time of’1 h was allowed between each iterative change
in forcing parameters. Data were then taken for 1 h
(with the exception of experiment GT10, which was run
for 0.5 h).
Visualization of the flow was made with neutrally

buoyant particles illuminated by a horizontal light sheet
at middepth within the fluid (Fig. 3). Pliolite particles

TABLE 1. Experimental parameters.

Symbol Description Value Uncertainty

a Inner cylinder radius (mm) 200 60.1
b Outer cylinder radius (mm) 487.5 60.1
L Annulus gap width (mm) 287.5 60.1
hb(r) Height of the bottom topography (mm) 0–37 60.1
f Slope of the bottom topography (8) 7.4 60.2
hl Height of the PIV light sheet (mm) 95 65
h0 Mean (fill) height of the free surface (mm) 150 61
d Mean depth (mm) 120 61
V Apparatus rotation rate (rad s21) 0.5012–4.0000 61 3 1024

DT Temperature gradient across annulus gap (8C) 11.0–19.9 60.1

FIG. 3. Schematics of the tank geometry. (a) Plan view showing the annular domain, the
cylindrical polar coordinate system û, r̂, and the field of view (FOV) of the imaging camera.
(b) Vertical cross section shows (to scale) the dimensions of the inner and outer radii (a and b),
the gap widthL, the depth of the fluid layer d, the height of the free-surface h, and the height of
the sloping bottom topography hb. The horizontal light sheet that illuminates the particles is
shown on the right at height hl. For different rotation rates, the parabolic free surface obtains
different height profiles. Several of these are shown to scale for representative rotation rates
[V (rad s21)]. Note that for V ; 4 rad s21, the light sheet intersects the free surface.

SEPTEMBER 2014 SM I TH ET AL . 2279

smaller DT and larger V, we identify four-jet regimes.
Using nondimensional wavenumber notation, these are
kjet ’ 1, a single, irregular, prograde jet (GT09, GT01,
GT08, and GT03); kjet ’ 2, one retrograde and two
prograde jets (GT07 and GT04); kjet ’ 3–4, two pro-
grade jets near the walls and eddy-forced prograde jets
in the central radii (GT06, GT05, and GT10); and kjet ’
4–5 that has a larger number of weaker jets (GT10 and
GT11). Wavenumber spectra (Fig. 8) support this de-
scription of the progression of jet regimes.
Experiments GT09 and GT08 (kjet ’ 1) are each

dominated by a single, prograde jet. Eddies of approx-
imately 1/3 to 1/2 the annulus gap width are spawned from
the hot and cold walls and cause long time-scale mean-
ders of themain jet with no obvious periodicity. Because
of this intermittent ‘‘switching’’ behavior in the motion,
this has been termed irregular flow or geostrophic tur-
bulence (Buzyna et al. 1984; Ketchum 1972). Experi-
ments GT09 and GT08 have the lowest value for b and
so bear the most resemblance to the regimes identified
by classical annulus studies, although it is difficult to
ascertain the exact effect of the small b that is present
without a proper control experiment.
Between V ’ 1.3 and 2 rad s21, the main prograde jet

has split, and in experiments GT07 and GT04, the flow is
dominated by twoprograde jets, each hugging a bounding
wall with a single, retrograde jet between them (kjet’ 2).
At higher Ta, b, and lower RoT (GT06), the wall jets

are confined more closely to the boundaries, and two
new prograde jets appear in between them. GT12 has
a similar value for b and Ta as GT06, but a lower RoT.
Consequently, it has very low velocities, which make
resolving fine features difficult. While its jets are weaker
thanGT06, upon averaging in time, GT12 seems to have
a similar number of jets.

Further experiments were carried out at even
higher values of V (GT10 and GT11). Because of the
extreme deformation of the free surface (Fig. 3b), the
light sheet was not entirely immersed in the fluid, and
a full meridional transect of velocities could not be
taken. However, the streak images show qualitatively
that the progression to higher numbers of jets seems
to continue with the movement to more turbulent
regimes.

b. Eddy zonal-mean interaction

As the system moves into the turbulent regime, baro-
clinic instability produces eddy fluxes that, in zonal

FIG. 4. Time-averaged (r, z) temperature fields measured by a set of six traversing thermistors averaged over the duration of each
experiment and referenced to the average measured temperature. The experiments are arranged by increasing the rotation rate from left
to right and imposed DT from top to bottom (Table 2). The meridional locations of the six thermistor profiles are shown by the dotted
vertical lines (the grid has been stretched vertically to show detail). The temperature fields are shown relative to the bounding surfaces: the
hot and cold walls (gray), the topographic b plane (black), and the fluid free surface (blue line).

FIG. 5. Long exposure image of neutrally buoyant particles in
experiment GT06. The flow is predominantly in the prograde di-
rection [counterclockwise (CCW), to the left in this plot]. The
exposure is ’13 s. (Animated version in supplementary material.)

SEPTEMBER 2014 SM I TH ET AL . 2281
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Laboratory experiments: Jets driven by 
[baroclinic] instabilities

• Baroclinically unstable flow in a 
differentially heated, rotating annulus
• Sloping bottom and free surface create 

topographic b-effect
• Large diameter (1m) annulus [Smith et al. 

2014]

• Sources of Rossby-like wave in a 
rotating, stratified fluid
• Horizontal momentum flux 𝑢!𝑣′ ≠ 0
• 𝜵. 𝑭 ≈ "

#
$
$#

𝑢!𝑣′  drives alternating 
prograde and retrograde mean flows

between the bulk thermal wind and the measured
flow from particle image velocimetry (PIV) analysis is
shown in Fig. 10. The two velocity scales approach one
another at high rotation rates, that is, in the multiple jet
regime.
The divergence at lower rotation (and higher veloci-

ties) is likely due to a sampling issue associated with the
horizontal velocities being recorded at depth instead of
at the surface. The height of the horizontal plane of il-
luminated particles does not change from experiment to
experiment, while the radial distribution of water depth
does change. Velocities measured in the bulk of the fluid
are smaller in magnitude compared with the surface.
Hence, as V decreases, the light sheet is deeper over
much of the radius and velocities in the light plane are
smaller.
As a practical matter, because our bulk Rhines pa-

rameter kb is also based on the external parameter Ur,
we define the internal Rhines scale

Lb,rms[
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Urms/b

q
, (20)

based on the total rms velocity.

A jet spacing, defined as the distance betweenmaxima
of the zonally averaged flow, shrinks in proportion to the
decreasing bulk Rhines scale (Fig. 11a) based on the
externally imposed thermal wind. The relation to jet
spacing is in either case very similar (Figs. 11a,b), as
would be expected. Read et al. (2007) report a jet
spacing (their case III, similar toGT06) that falls close to
the same relationship (Fig. 11b).

d. Spectral characteristics

The two-dimensional eddy kinetic energy spectra S is

S(kx, ky)5
1

2
jbu021 by02j , (21)

where the overline represents an average in time, the hat
represents the Fourier transform, and the u0 and y0

perturbation velocities [Eq. (18)] were computed from
the Cartesian velocity data on a 262 3 229mm square
subdomain centered around u 5 p/2. A Cartesian co-
ordinate system was used since the domain is a small
sector of the full annulus and the curvature of the
bounding walls is considerably smaller than that of the
eddies. The influence of this choice is minimal.

FIG. 7. Time-averaged fields derived fromPIVdata plotted for several experiments. (top to bottom) Speed (mms21), vorticity (s21), and
eddy kinetic energy (mm2 s22). The experiments are ordered (left to right) by decreasing RoT and Lb*. Even with the considerable
meandering visible in the streak animations, one can see the two-jet structure in GT07 and the 3–4-jet structure in GT06.

SEPTEMBER 2014 SM I TH ET AL . 2283

average, redistribute the momentum to drive the jets
(Vallis 2006).
The velocity fields can be separated into zonally av-

eraged and residual components

u5 hui1 ~u (17)

and into time-averaged and perturbation components

u5 u1 u0 . (18)

Using Eq. (17), we can construct the zonally averaged
zonal momentum equation, and, following Read et al.
(2007) and references therein, the dominant balance is
the acceleration of the mean flow by eddies and the
scalar Reynolds flux divergence:

›huui
›t

;
1

r

›

›r
[r(~uu~yr)] (19)

[see also terms 1 and 5 of Eq. (7) in Read et al. (2007)].
The time mean of the quantity on the right of Eq. (19) is
displayed alongside the zonal velocity huui in Fig. 9.
Starting with the two cases of GT04 and GT07, we find

a divergence of eddy momentum centered on the retro-
grade jet (dotted line) and a convergence centered on
the prograde jets (dashed lines). This pattern is also
present in the freely evolving midlatitude jet present in
GT06. However in this latter case, the divergent regions

bordering the prograde jets are weaker in magnitude.
Consequently, there is less eddy driving of the retrograde
jets, which are correspondingly much weaker than in the
GT07 case. Here, the retrograde jets are only visible as
local reductions in the mean zonal flow and do not result
in negative Eulerian velocities. This momentum flux
profile is consistent with the eddy driving mechanism for
the numerical experiments of Panetta (1993).
Even with the decreased velocities of GT12, a pattern

of eddy flux convergence consistent with the previous
experiments is still visible. The slight misalignment with
the jet locations is likely due to an increased un-
steadiness of the jets in this regime.

c. Scaling revisited

An assumption in our earlier scaling arguments is
the use of the bulk thermal wind shear Ur as represen-
tative of an rms zonal velocity scale. The relationship

FIG. 6. Streak images of different regimes. The experiments are arranged from left to right in order of increasing rotation rate V and
from top to bottom in order of decreasing DT (mirroring the placement of the black boxes in Fig. 1). At high rotation rates (GT10 and
GT11), the light sheet penetrated the free surface, causing the overexposed band near the inner wall. (Animated version in supplementary
material.)

TABLE 3. Nondimensional parameters compared between the
Southern Ocean and the laboratory.

Parameter Southern Ocean Laboratory

d Aspect ratio 1023 0.5
Ro Rossby number 1024 to 1023 1023 to 0.5
Ta Taylor number 1024 to 1026 109 to 1011

E Ekman number 1027 1026 to 1025

L2
b/L

2 Scaled Rhines length 1023 1024 to 1022
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ℛ =0.39           

      0.024      

    0.0096           

    0.0054

Following Vallis and Maltrud [1993, their Eq. (2.11)],
we plot the transition wavenumbers:

kRx 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b/Urms

q
cos3/2u , (22a)

kRy 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b/Urms

q
cos1/2u sinu , (22b)

where u 5 arctan(ky/kx) together with energy (Fig. 12).
The transition represents a rough boundary between
smaller-scale turbulence and larger-scale Rossby wave
dynamics. As expected, the experiments where the b
effect is significant (i.e., Lb* ! 1; GT07, GT10, and
GT12) have energy troughs and peaks that roughly
correspond to the size and shape of this boundary cre-
ating a picture similar to the ‘‘dumbbell’’ plots of Vallis
and Maltrud (1993). In contrast, the lower V experi-
ments (GT09 and GT08) have a scale for Lb that is
comparable to the gap width, and the 2D spectra are
more isotropic.
The classical picture of the energy cascade in geo-

strophic turbulence (see, e.g., Salmon 1978, 1980; Vallis
and Maltrud 1993) envisions four or more distinct

spectral ranges partitioned by the Rhines wavenumber
kb, dissipation at the high and low ends of the spectrum,
and some energy injection scale. This latter scale is
sometimes identified with the deformation radius, but
in real flows this is not a simple source localized in

FIG. 8. Meridional FFT of time-averaged zonal velocity for
several experiments. Note how the peak in meridional wave-
number (i.e., number of jets) increases from GT09, to GT07, to
GT06, to GT12.

FIG. 9. Relationship between zonal mean and eddy components.
Temporally and zonally averaged zonal velocity huui and Reynolds
flux divergence (1/r)›(rhu0uu0ri)/›r for several experiments ordered
by (top to bottom) decreasing RoT and increasing b. To facilitate
comparison, a dashed line is placed at a radius corresponding to
every prograde (eastward) jet, and a dotted line is placed corre-
sponding to every retrograde (westward) jet.
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Laboratory experiments: Moving flames and 
thermal tides?
• Possible sources of vertically propagating 

waves or tilted convection 
• So vertical momentum flux 𝑢!𝑤′ ≠ 0 
• Drives a retrograde mean flow close to forcing 

• Inspired by the moving flame experiment 
[Fultz et al. 1956]?
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Moving Flame Experiment with Liquid Mercury: 

Possible Implications for the Venus Atmosphere 

Abstract. A bzinsen flanze rotated under a cylindrical annulus filled +vitlz liqziid 

rtzercziry forces tlze liquid mercury to rotate in a direction counter to ilzat of the 

rotating flame. The  rate o f  rotation of the liquid is several tinzes greater than that 

of the flame. This 01)servation nzay provide an  explanation for the high 19cloci-

ties o f  apparent cloud formations in the zipper atmosphere o f  Venus.  

The idea that periodic radiative 

heating of the earth's atmosphere 

might cause it to acquire a net angular 

momentum was originally suggested by 

Halley ( I ) .  Fultz (2) performed an 
experiment in which a flame was ro-

tated around the outside bottom rim 

of a cylindrical vessel filled with water. 

Within the fluid a net angular momen-

t ~ l mwas established in the sense op-

posite to the motion of the flame. Stern 

(3) carried out a similar series of ex-
periments in which the water was con-

fined within a cylindrical annulus in 

order to reduce the effects of radial 
convection. The water acquired an 

average rotation in a direction counter 

to that of the flame which was 0.1 to 
1.0 percent of the rate of rotation of 

the flame. A linearized analysis (4) of 

the two-dimensional motions induced in 

a horizontal layer of fluid by traveling 
sinusoidal temperature perturbations 

applied at the boundaries demonstrates 
how the Reynolds stress associated 

with fluctuations in the induced veloc-

ity supports the mean shear of the fluid. 
This analysis is valid only if the speed 
of the traveling thermal wave is very 

much greater than the mean velocity 
ind~lcedin the fl~lid. 

These experiments show that a mov-

ing source of heat can impart angular 
momentum to a fluid in a sense oppo-

site to the motion of the source. How-
ever, the fluid rotates with an angular 

speed several orders of magnitude 
smaller than the rate of rotation of the 

source. Thus the physically important 

question of whether a moving source 

of heat could produce a mean motion 
of a fluid with velocity comparable to 

or even greater than that of the source 
has thus far remained unanswered. We 

have measured mean rotational speeds 

in liquid mercury which are four times 

as great as the speed of the moving 
flame. 

The experimental apparatus (Fig. 1) 

consisted of a cylindrical annulus of 

rectangular cross section. The bottom 

of the channel was an aluminum disk 

Fig. 1. Schematic diagram of the apparatus 
for the moving flame experiment. 

1 mm thick; the side and top walls of 

the channel were made of Plexiglas (5  

lnln thick). Inside and outside diam-

eters of the channel were 25 cm and 

35 cm, respectively, and the channel 

height was 2 cm. A bunsen flame, 

mounted on a turntable, provided a ro-
tating source of heat beneath the bot-

tom wall of the channel. The flame was 

spread out radially in order to provide 

uniform heating and to minimize the 

radial motions within the liquid. Liquid 

mercury filled the channel to a depth 

of 1.5 cm and was covered with a layer 

of distilled water 0.5 cm thick in order 

to retard oxidation. If we interpret the 

mean length of the annular channel as 

an equivalent wavelength, then 2~ 

times the ratio of the depth of the mer-

cury to the wavelength is 0.1. The 

rotation rate of white ball bearings (4 
mm in diameter), floating at the mer-

cury-water interface, provided a mea-

sure of the angular velocity of the 

mercury, and the speed of the bunsen 

flame was indicated by a synchronized 

pointer directed at the flame. 

The speed of the flame was 1 mm/ 
sec, and the temperature of the mercury 

increased from room temperature at 

the rate of about 3°C per minute. The 

time scale for thermal diffusion from 
the bottom to the top of the mercury 

is about one flame rotation period. A 
steady-state flow was established after 

about 5 minutes (about one-third the 
time required for the flame t o  com-

plete a rotation): however, the mer-

cury was rotating so rapidly in a di-

rection counter to that of the flame, 

about 4 mm/sec, that it completed 

almost two revolutions over the flame 
in this time. 

The motion of a large number of 

vapor bubbles floating at the mercury-
water interface showed that the flow 

was uniform over a large portion of 

the cylindrical annulus. However, im-

mediately above the flame, and in a 

small wake behind it, the motion was 

disorganized. An indication of the ve-

locity below the surface of the mer-

cury was obtained by observing a ball 

bearing 1 c n ~in diameter moving al-

most as fast as the smaller ones (the 
speed of the large bearing was within 

a few percent of that of the smaller 
ones). With water as the working fluid, 
velocities that were negligibly small 

compared with the flame speed were 
imparted to the liquid. 

The high angular velocities observed 
in the experiment with liquid mercury 

are the result of the rapidity of thermal 
diffusion as compared with viscous dif-
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fusion. The Prandtl number, the ratio 

of kinematic viscosity to thermal diffu- 

sivity, for liquid mercury is two or-

ders of tnagnitude less than that of 

water. L,inearined analysis of two-

dinien\ional rnotions predicts that the 

ratio of the mean fluid velocity to the 

speed of the traveling thermal wave 

becomcs large ds the Prandtl number 

becomes smiall; thus the theory is not 

valid in the limit of Prandtl number 

approaching Lero. Results frorn an ex-

tended analysis which it~cludes non- 

linear interactions between the pertur- 

bations and the mean flow are shown 

in Fig- 2, where the ratio of mean flow 

velocity to wave speed is plotted against 

Prandtl number. This velocity ratio, 

which is approximately proportional to 

the l 5 / 4  power of the inverse Prandtl 

number tor Prandtl numbers between 

1 and 0 . 1 ,  is ok the order of unity for 

Prandtl nunlbers of the order 10.'. 

Prandtl number 

Flg. 2. Ratio crf the mean velocity of the 
Aurct to the speed of the forcing thermal 
w'lve plotted aga~n\t Plandtl number. Fluid 
was confined althxn a two-dimensional 
channel, and temperature perturbations of 
the tr'ivellng wave wele applied at the 
wall,. Tho Roussinesrl equations of motion 
wer a 5olved nurnerlcally for the following 
case: l T / T  - 1 0  ', &-/a -- I, gh/U2 
LO', / C / I  - I 0  , where w is the angular 
frequency, X is the wave number of the 
thermal wave, ka is the channel height, K is 
the therrn:~l allffusivity, g is the acccle~ation 
of gtavity, U -- w/k ,  and AT/T 1s the 
relative magnitude of forced fluctuation\ of 
the wall temperature. The nonlinear ~nter- 
action r.f the per lrxrbations and the mean 
flow is included in the solution. 

This experiment demonstrates that 

the periodic rnotioa of a source of heat 

can lead to a mean fluid notion with 

speed several times faster than that ol 

the source. This phenomenon mdy ex-

plain the relatively rapid displacement\ 

of clouds m the high atmosphere or 

Venus which have been observed in 

ultraviolet photographs (5). These ok- 

servations suggest that at least the up-

per layers of the atmosphere of Venuh 

are moving with speeds of 300 krni 

hour relative to the planet's surface, 

The overhead motion of the sun wos1Pd 

provide a periodic traveling thermal 

source, and the zonal flow induced by 

this movement would be in the direc 

tion of the cloud motion, which i\ 

some 20 times faster than the overhead 

speed of the sun. 

In the atmosphere of Venus, a near-

infrared band oi carbon dioxide ab-

sorbs a significant fraction of the incr-

dent solar radiation. At altitudes of fenq 

of kilometers where pressures are ol 

the order of an atmosphere or le5s ( 6 ) ,  

a kilometer of CO, absorbs several 

percent of the incident solar radiation 

(7).  The radiative transfer would he 

characteri~ed by an effective diffusion 

coefficient ( 8 )  

where ,T is the Stefan-Boltzmann con= 

stant, T is the temperature, I is the 

mean free path of the radiation, [, i\ 

the density, and c, is the specrfic heat 

at constant pressure. At helghts ol teas 

of kilometers, K zz 31 cm? sec I, an3 I 
is at least of the order of 10-@m l i  i 

Momentum transport would at best be 

accomplished by turbulent mixing, for 

which the mixing coefficient is raol 

likely to exceed 10-m' sec ' ( 8 ) -

'Thus jt is possible that in the high 

atmosphere of Venus periodic heat~ng 

from above occurs in a medium t h t  

can transport heat more effectively t t ~ a n ~  

momentum. Cnder such c~rcumstances, 

zonal motions at high velocity could be 

induced in the Venus atmosphere. 

4, A. Davey, J. Fluid Mech. 29, 137 (1967). 
5 .  B,  A. Smith, Science 158, 114 (1967). 
6.  V. S .  Avduevsky, M. Ya. Marov, M. K, Kozh- 

destvensky, J .  Atmos .  Sci. 25, 537 (1968). 
1. P, Fabian, T. Sasamori, A, Kasaharrs, in prepa- 

ration. 
8.  R. M. Goody and A. R. Robinson, Astrophys. 

1, 146 (1966). 
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Species Diversity: 

Hemthonic Foraminifera in 

Western North Atlantic 

Abstract. Maximum species diversity 

occurs at ahyssal depths of greater than 

2500 meters, Other diversity peaks oc-

cur c l t  depths o f  35 to  4.5 meters and 

100 to 200 meters. The peak at 35 to 

45 meters is due to species equitability, 

whereas the other two peaks correspond 

to nn increa~e in the number o f  species. 

Populations of benthonic Foraminifera 

exhibit species-diversity peaks at depths 

of 35 to 45 m, 100 to 200 m, and great- 

er than 2500 rn in the western North 

Atlantic. The peaks progressively ia-

crease in diversity as depth increases, the 

maximum diversity occurring in depths 

greater than 2500 m. The depths of the 

peaks correspond to effective wave base, 

the edge of the continental shelf, and 

the abyss. The peak in diversity at 35 
to 45 m is due to species equitability 

rather than to an increase in the number 

oi species, whereas the other two peaks 

correspond to an increase in the number 

of species. Data for this pattern are 

frorn 84 samples taken at depth ranges 

i.rorm 29 to 5001 m in the western North 

Atlantic (Fig. 1 ) .  

Many foraminiieral species have been 

recorded in abyssal depths in the Gulf 
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high foraminifera1 diversities in abyssal 

environments closely reflect the diversity 
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G. S( IILlBEKT 
vertebrates including Molluscs, Ar-

Departrlzent of Planetary und thropoda, and Echinodermata (4). The 

Space Science, Ilniversity of 
for~nerly erroneous viewpoint of very 

California, Los Artgeles 
low diversity in the deep sea probably 

.f. A, WHITEHF,AI)
resulted from difficulty in obtaining 

Institute o f  Ceoplaysics aiecE 

Planetary Physics, University o f  

California, Los Angeler 
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enough individuals of larger inverte-

brates for an accurate estimate sf the 

number of species (4). 
The benthonic Foraminifera, being 

stnall, of high density and ubiquitous 

distribution, do not present many prob- 

lems encountered in sampling larger 

organisms. Even in the abyss, hundreds 
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Laboratory experiments : Moving flames and 
thermal tides?
• Possible sources of vertically propagating 

waves or tilted convection 
• So vertical momentum flux 𝑢!𝑤′ ≠ 0 
• Drives a retrograde mean flow close to 

forcing 

• Inspired by the moving flame experiment 
[Fultz et al. 1956]?

• Extended by Douglas et al. [1972] to use 
a moving internal heat source

http://journals.cambridge.org Downloaded: 24 Aug 2009 IP address: 131.111.16.227

Motion due to a moving internal heat source 47 1 

Solid 
A.c. supply 

I I 
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Outer 
cooling 

bath 
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zzzB 

Thermally and electricallv 
\ 

insulating base r=O ).=a r -b  

Sectional view 

cooling bath 
~ ~~~ 

Plan view 

FIGURE I. Schematic diagram of the apparatus showing the position of the two electrodes. 
The fluid was heated by passing an alternating current between the electrodes, and cooled 
by passing water through the two cooling baths. The working fluid occupies the region 
a < r < b and -0-5d < z < 0.5d. 

2. Apparatus 2.1. Convection chamber 
The convection chamber (see figure 1) was the annular space of height 15cm 
between two cylinders; an inner copper cylinder with radius a = 5.0cm and 
an outer clear acrylic cylinder with radius b = 8.5 cm. The cylinders were secured 
to a horizontal electrically insulating acrylic base plate, and placed inside a clear 
acrylic container of square cross-section, so as to overcome a lens effect when 
viewing the fluid from the side. The effective bottom of the convection chamber, 
located at x = - 0-50&, was the upper surface of an annular acrylic ring projecting 
above the level of the floors of the two cooling baths. The top of the chamber 
carried a flat acrylic lid above the level of the free liquid surfam, eliminating 
effects due to evaporation and ‘wind stress ’. The gap width b - a did not deviate 
from its value of 3.5cm by more than 1 per cent as a result of unavoidable 
eccentricities in the shape of the bounding cylinders. The depth d was measured 
to an accuracy of f 0.05 cm by means of a dipstick. 

2.2. Temperature control and internal heating 
The inner and outer cooling baths (see figure 1) were inter-connected and supplied 
with water circulating at about 30 cm3 5-1 and kept at constant temperature 
to within & 0.05 OK by means of a refrigerator and thermostat. This cooling water 
was passed first through the outer bath and then through the inner bath in an 
attempt to compensate for the lower thermal conductivity of the outer acrylic 
cylinder compared with that of the inner copper cylinder. 
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Laboratory experiments : Moving flames and 
thermal tides?
• Possible sources of vertically 

propagating waves or tilted 
convection 
• So vertical momentum flux 𝑢!𝑤′ ≠ 0
• Drives a retrograde mean flow close 

to forcing 

• Inspired by the moving flame 
experiment [Fultz et al. 1956]?

• Extended by Douglas et al. [1972] 
to use a moving internal heat 
source
• Clearly demonstrates tilted 

convection cells 

http://journals.cam
bridge.org
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FIGURE 6. The internal flow structure in a vertical plane, through two heating cycles, for each of five values of wh,  the angular - 
speed of rotation of the heat source. In  each case, the solid bar denotes the sector which 1s being internally heated, and the 
arrows show the sense of movement of this heated region. (a) wh = 0, exposure time 7 = 6 s ;  ( b )  oh = 0-0312rad s-l, 

a 
r 

7 = 5 S ;  (c) wh = 0.0622, 7 = 6; (d)  oh = 0-126. 7 = 5;  ( e )  w,  = 0.262, 7 = 3. Experimental details: liqiud used was a water- 
glycerol solutlon of mean denslty cm2 s-l. Z = 2.33  x O K - ' ,  

P = 56 5 2 J s-'. 

= 1.036 g cm-j; I = 1.80 x lo-* em2 s-l, F = 1.26 x 
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Simplified theoretical and 
numerical models: thermal tides 

• Idealise a thermal tide as the excitation of internal gravity waves by a 
moving heat source J’

• Fels & Lindzen [1974]

• Inspired by moving flame experiments of Fultz et al. [1956] and later 
work AND observations of Venus’s super-rotation
• Aims to explain and quantify:

• Acceleration of mean zonal flow in opposite direction to movement of heat 
source/diurnal heating

• Magnitude of acceleration and its dependence on atmospheric parameters
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9 4 PHYSICS TODAY JUNE 1990

Stephen B. Fels

Atmospheric and Oceanic Sciences),
and he joined the permanent staff of
the NOAA Geophysical Fluid Dynam-
ics Laboratory in 1974.

Soon after arriving at GFDL Fels
began his pivotal research on atmo-
spheric radiative transfer and its
interaction with dynamical pro-
cesses. He developed a computer
code that calculates with great accu-
racy the transmission functions for
atmospheric infrared radiation. By
considering each spectral line in
turn, the code produces atmospheric
infrared cooling rates whose accura-
cy is limited only by the accuracy
with which the absorption rates for
individual spectral lines are mea-
sured in the laboratory. This de-
tailed code is now the fundamental
standard for the worldwide "Inter-
comparison of Radiation Codes in
Climate Models," an effort of the
World Climate Research Programme
to compare all the radiative-transfer
codes in the world's major math-
ematical models of greenhouse-gas-
induced climate change.

The physical insight gained from
the program's detailed results en-
abled Fels to develop approximation
methods that allowed for accurate
radiative calculations which were
1000 times faster than those achieved
by the traditional methods. These
methods are now incorporated into
weather and climate models at major
research and operational centers in
America and abroad. Most signifi-
cantly, the radiation code is now
running as part of the Medium-Range
Forecasting Model at the National
Meteorological Center, where it has
contributed significantly to well-re-
cognized improvements in five-day
weather forecasting. The code has
also been incorporated into the oper-
ational forecast model at the Austra-

lian Numerical Meteorology Re-
search Centre.

Fels studied the interaction of ra-
diative and dynamical processes in
such phenomena as stratospheric cir-
culation, stratospheric climate
change and the Antarctic "ozone
hole." He also investigated the atmo-
spheric circulation of Venus and ex-
plored whether its thermal tides were
related to the strong superrotation
seen in its upper atmosphere.

In addition to doing research, Fels
was a lecturer with the rank of
professor at Princeton. His talent
and dedication as a teacher gained
him great popularity among the stu-
dents. He combined an infectious
enthusiasm for science with a pas-
sionate insistence on clear and quan-
titative thinking. His quick wit enliv-
ened conversations with students and
colleagues alike.

Those of us who were privileged to
know and work with Stephen Fels are
grateful for the all-too-brief time he
was with us. We miss his intellectual
vitality, his immense scientific and
personal integrity and his widely
appreciated sense of humor.

JERRY MAHLMAN
NOAA Geophysical Fluid Dynamics

Laboratory
Princeton, New Jersey

Harry J. White
Harry James White died on 14 No-
vember 1988 in Carmel, California.
He was a pioneer in studying the
electrical breakdown in gases, in de-
signing radar and high-voltage equip-
ment and, especially, in investigating
electrostatic precipitation and air-
pollution-control devices.

White was born on 29 July 1905 in
Fremont, Nebraska. He received a
BS in electrical engineering from the
University of California at Berkeley
in 1928, then pursued graduate work
in physics at the same university.
Working with his thesis adviser, Er-
nest O. Lawrence, White did seminal
research on formative time lags of
spark discharges in gases, using Kerr
cells and transmission lines to mea-
sure nanosecond time intervals. He
received his PhD in 1933.

In 1935 White began a productive
and happy relationship with the Re-
search Corporation. (The Research
Corporation is a nonprofit, research-
supporting institution whose income,
until 1958, came primarily from the
manufacture and sales of electrostat-
ic precipitators.) His research there
on electrostatic precipitation contin-
ued until 1960, interrupted only by
White's war work at the MIT Radi-
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Simplified theoretical and 
numerical models: thermal tides 

• Generalisation of EP theorems 
• cf Andrews & McIntyre 1976,1978]

𝑤&𝑝& = −𝜌' 2𝑢 − 𝑐 𝑢&𝑤′
• 𝑤&𝑝&~ Vertical energy flux
• A wave with eastward c (relative to 2𝑢) carries eastward 

momentum upwards

−𝜌'
𝜕2𝑢
𝜕𝑡

=
𝜕
𝜕𝑧

𝜌'𝑢&𝑤& = −
𝜅𝜌'
2𝑢 − 𝑐

𝐷&𝐽′

• A thermally excited, propagating IGW will carry energy 
away from the source region

• Outside source region $
$(

𝜌'𝑢&𝑤& = 0 but momentum 
has to come from somewhere – i.e. from 2𝑢!

• So within the source region, ⟹ eastward c wave produces 
westward acceleration of 2𝑢 (and vice-versa)
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to compare all the radiative-transfer
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methods that allowed for accurate
radiative calculations which were
1000 times faster than those achieved
by the traditional methods. These
methods are now incorporated into
weather and climate models at major
research and operational centers in
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cantly, the radiation code is now
running as part of the Medium-Range
Forecasting Model at the National
Meteorological Center, where it has
contributed significantly to well-re-
cognized improvements in five-day
weather forecasting. The code has
also been incorporated into the oper-
ational forecast model at the Austra-

lian Numerical Meteorology Re-
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Fels studied the interaction of ra-
diative and dynamical processes in
such phenomena as stratospheric cir-
culation, stratospheric climate
change and the Antarctic "ozone
hole." He also investigated the atmo-
spheric circulation of Venus and ex-
plored whether its thermal tides were
related to the strong superrotation
seen in its upper atmosphere.

In addition to doing research, Fels
was a lecturer with the rank of
professor at Princeton. His talent
and dedication as a teacher gained
him great popularity among the stu-
dents. He combined an infectious
enthusiasm for science with a pas-
sionate insistence on clear and quan-
titative thinking. His quick wit enliv-
ened conversations with students and
colleagues alike.
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personal integrity and his widely
appreciated sense of humor.
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vember 1988 in Carmel, California.
He was a pioneer in studying the
electrical breakdown in gases, in de-
signing radar and high-voltage equip-
ment and, especially, in investigating
electrostatic precipitation and air-
pollution-control devices.

White was born on 29 July 1905 in
Fremont, Nebraska. He received a
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in 1928, then pursued graduate work
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Working with his thesis adviser, Er-
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research on formative time lags of
spark discharges in gases, using Kerr
cells and transmission lines to mea-
sure nanosecond time intervals. He
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and happy relationship with the Re-
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supporting institution whose income,
until 1958, came primarily from the
manufacture and sales of electrostat-
ic precipitators.) His research there
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Simplified theoretical and 
numerical models: thermal tides 

• For a finite thickness layer (depth 𝐻8)
𝜕)𝑢
𝜕𝑡

≈
𝒫𝜆9
2𝐻8

-

• Where 𝒫 is power input per m2 and 𝜆/ is 
vertical wavelength

• Sign of acceleration depends on heating or 
cooling

• Example inspired by Venus conditions
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spheric radiative transfer and its
interaction with dynamical pro-
cesses. He developed a computer
code that calculates with great accu-
racy the transmission functions for
atmospheric infrared radiation. By
considering each spectral line in
turn, the code produces atmospheric
infrared cooling rates whose accura-
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with which the absorption rates for
individual spectral lines are mea-
sured in the laboratory. This de-
tailed code is now the fundamental
standard for the worldwide "Inter-
comparison of Radiation Codes in
Climate Models," an effort of the
World Climate Research Programme
to compare all the radiative-transfer
codes in the world's major math-
ematical models of greenhouse-gas-
induced climate change.

The physical insight gained from
the program's detailed results en-
abled Fels to develop approximation
methods that allowed for accurate
radiative calculations which were
1000 times faster than those achieved
by the traditional methods. These
methods are now incorporated into
weather and climate models at major
research and operational centers in
America and abroad. Most signifi-
cantly, the radiation code is now
running as part of the Medium-Range
Forecasting Model at the National
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contributed significantly to well-re-
cognized improvements in five-day
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also been incorporated into the oper-
ational forecast model at the Austra-
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change and the Antarctic "ozone
hole." He also investigated the atmo-
spheric circulation of Venus and ex-
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seen in its upper atmosphere.
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and dedication as a teacher gained
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dents. He combined an infectious
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Harry James White died on 14 No-
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He was a pioneer in studying the
electrical breakdown in gases, in de-
signing radar and high-voltage equip-
ment and, especially, in investigating
electrostatic precipitation and air-
pollution-control devices.

White was born on 29 July 1905 in
Fremont, Nebraska. He received a
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Working with his thesis adviser, Er-
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research on formative time lags of
spark discharges in gases, using Kerr
cells and transmission lines to mea-
sure nanosecond time intervals. He
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In 1935 White began a productive
and happy relationship with the Re-
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until 1958, came primarily from the
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ued until 1960, interrupted only by
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Simplified/intermediate complexity GCMs
• Basic Primitive Equation dynamical core 

• Numerically solves full (shallow) equations for conservation 
of momentum, energy and mass 

• Moderate resolution [7.5ox7.5o – 1ox1o], 10-25 levels
• Simple diabatic forcing

• Linear relaxation to prescribed 𝑇!" 𝜑, 𝑧 ;  #$#% =
$!" &,( )$

*#$%
 OR

• Semi-gray (2-band) radiative transfer
• Dry convective adjustment
• WEAK diffusion or hyperdiffusion

• Simplified boundary conditions
• Thermally insulating surface
• Globally uniform - no topography
• Linear frictional drag at surface [Time constant tfr]

[Wang et al. 2018]

[Cf Earth in 
Perpetual equinox]
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Simplified/intermediate complexity GCMs
• A long-established tool for atmospheric modellers 

• Since the early 1970s for other planets

• For Venus? 
• Early models produced only very weak super-rotation under 

Venus-like conditions (deep atmosphere, slow rotation)
• E.g. Rossow [1980]
• DelGenio & Suozzo [1987]

• Possible reasons?
• Too diffusive?
• Vertical diffusion and/or convective momentum transport 

too strong?
• No diurnal cycle….?
• AM non-conservation by numerical schemes….? 
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Simplified/intermediate complexity 
GCMs: A cautionary tale
• Venus SGCM intercomparison 

[Lebonnois et al. 2014]
• 6 different models with total of 8 

different dynamical cores
• Includes spectral and finite-

difference cores

• Similar (Venus-like) conditions
• Same Teq fields and trad

• Similar resolutions (not identical)
• Linear surface drag
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Simplified/intermediate complexity 
GCMs: A cautionary tale
• Venus SGCM intercomparison 

[Lebonnois et al. 2014]
• 6 different models with total of 8 

different dynamical cores
• Includes spectral and finite-

difference cores

• Very different results!
• LH = spectral models
• RH = FD models
• Last line = finite volume schemes

)𝑢
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Simplified/intermediate complexity 
GCMs: A cautionary tale
• Venus SGCM intercomparison 

[Lebonnois et al. 2014]
• 6 different models with total of 8 

different dynamical cores
• Includes spectral and finite-

difference cores

• Very different results!
• LH = spectral models
• RH = FD models
• Last line = finite volume schemes

)𝑇 − 𝑇4(𝑧)
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Simplified/intermediate complexity 
GCMs: A cautionary tale
• Venus SGCM intercomparison 

[Lebonnois et al. 2014]
• 6 different models with total of 8 

different dynamical cores
• Includes spectral and finite-

difference cores

• Very different results!
• LH = spectral models
• RH = FD models
• Last line = finite volume schemes

0Ψ
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Simplified/intermediate complexity GCMs: A 
cautionary tale

Conclusions
• Numerical models are not perfect physical analogues of atmospheric 

circulation – especially for slow rotators
• Results may be sensitive to resolution, choice of dynamical core, 

numerical advection schemes and other factors
• Deep atmospheres surrounding slowly rotating planets are especially 

challenging because of sensitivity to weak sources or sinks of AM, 
implicit numerical diffusion etc.
• Results may need to be treated with caution and/or tested for 

robustness against changes in resolution and other factors.
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Simplified/intermediate complexity GCMs: 
Parameter sweeps and scaling
• Although particular simulations may not be perfectly accurate, they 

may be useful to explore trends in atmospheric circulation at different 
values of key parameters
• Explore possible scaling laws and other trends in heat and angular 

momentum transfer e.g. as a function of planetary rotation rate and 
related parameters
• Several recent studies have attempted this. Here we look at some 

results using the University of Hamburg PUMA and University of 
Exeter ISCA models

• Wang et al. [2018 QJRMS]
• Lewis et al. [2021 JAS]

29/11/23 FDEPS2023 37



Exploring parameter space with a 
simple [3D] climate model

• Pseudo-spectral dynamical core - PUMA [Univ. of 
Hamburg] or ISCA [Univ. Exeter]
• Solves hydrostatic Primitive Equations for conservation of momentum, 

energy and mass using spherical harmonics in horizontal, FD in vertical
• T21-T170 [7.5ox7.5o – 1ox1o], 10-25 levels

• Flat surface (no topography)
• Simple radiative forcing

• Linear relaxation to specified T(f,z) OR
• Semi-gray (2-band) radiative transfer

• Linear frictional drag at surface
• Time constant tfr

• Vary W, trad or tfr

• No moisture or oceans
[Wang et al. 2018]

[Cf Earth in 
Perpetual equinox]

€ 

⊕
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Slowly rotating 
Planets (W<WE)
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Planetary circulation regimes:
fast rotators
[Yixiong Wang 2010]

Rapidly
Rotating
Planets
(W>WE)
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Trends in circulation structure: decreasing 
Ω

a) ⌦⇤ = 8. T (colour), ✓(contour) i) ⌦⇤ = 8. �m(colour), u(contour)

b) ⌦⇤ = 4 j) ⌦⇤ = 4

c) ⌦⇤ = 2 k) ⌦⇤ = 2

d) ⌦⇤ = 1 l) ⌦⇤ = 1

e) ⌦⇤ = 1
2 m) ⌦⇤ = 1

2

f) ⌦⇤ = 1
4 n) ⌦⇤ = 1

4

g) ⌦⇤ = 1
8 o) ⌦⇤ = 1

8

h) ⌦⇤ = 1
16 p) ⌦⇤ = 1

16

Figure 4.1: Zonal mean fields of temperature T (colour), and potential temperature
✓ (contour) [(a) - (h)] and meridional streamfunction and zonal wind (contour)
(colour) [(i) - (p)] for di↵erent values of ⌦⇤ = ⌦/⌦E .

64

41

Ω = ΩE

Ω = ΩE/2

Ω = ΩE/4

Ω = ΩE/8

Ω = ΩE/16

a) ⌦⇤ = 8. T (colour), ✓(contour) i) ⌦⇤ = 8. �m(colour), u(contour)

b) ⌦⇤ = 4 j) ⌦⇤ = 4

c) ⌦⇤ = 2 k) ⌦⇤ = 2

d) ⌦⇤ = 1 l) ⌦⇤ = 1

e) ⌦⇤ = 1
2 m) ⌦⇤ = 1

2

f) ⌦⇤ = 1
4 n) ⌦⇤ = 1

4

g) ⌦⇤ = 1
8 o) ⌦⇤ = 1

8

h) ⌦⇤ = 1
16 p) ⌦⇤ = 1

16

Figure 4.1: Zonal mean fields of temperature T (colour), and potential temperature
✓ (contour) [(a) - (h)] and meridional streamfunction and zonal wind (contour)
(colour) [(i) - (p)] for di↵erent values of ⌦⇤ = ⌦/⌦E .

64
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Trends in circulation structure: increasing Ω

Ω = 8ΩE

Ω = 4ΩE

Ω = 2ΩE

Ω = ΩE
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Order according to key planetary 
parameters defining circulation regimes?

43

• Thermal Rossby [R.Hide] number [-Ratio of forces]
• ℛ = <!

=>
≈ ?@A"B

B#=$C$
= DA"B

=$C$

• 𝐻 = %&
'
; atmospheric scale height

• Burger number [-Ratio of lengthscales]
• ℬ = DA%B

E=$C$ =
>&
$

C$

• 𝐿( =
)*
+

; Rossby deformation radius
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Order according to key planetary 
parameters defining circulation regimes?
• Damping/dissipation parameters [Ratios of timescales]

• Frictional Ekman number 𝐸FG = Ω𝜏FG
H(; [cf 𝐸 = Ω𝜏,-./ 01]

• 𝜏+# = 𝜏(#2'
*
3+,

; [“spindown timescale”; Valdes & Hoskins 1988]

• Radiative damping parameter  𝒜C =
(I

=J'(&
= J')*

J'(&

• Radiative timescale 𝜏#2( ≈
/-4.

5'&/00
1 (107)

; [transmissivity 𝜖]

• OR “Taylor numbers”, ℑFG,GCL~ 𝐸FGH(, 𝒜C
HE

• Others…….?  
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Schematic regime diagram
[w.r.t. dimensionless parameters]
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Planetary parameters
W/W* Q NJ 4W2tR2

1/16 20 0.04 62
1/8 5 0.07 247
1/4 1.3 0.14 992
1/2 0.32 0.28 4000
1 0.08 1.57 1.5e4

2 0.02 3.1 6.3e4

4 0.005 6.3 2.5e5

8 0.001 14.5 1.0e6

Cf

Titan

Mars[?]

Earth

Uranus &
Neptune?

Saturn & 
Jupiter29/11/23 FDEPS2023 46



Simplified/intermediate complexity GCMs: 
Parameter sweeps and scaling
• Hadley circulation width ( 𝜑B )
• and strength ( 0Ψ )

• Width fH scales with ℛ, much as 
predicted by HH80
• ~ℛ"/1 for small ℛ
• ~whole planet for large ℛ

• Strength 𝜑@  also scales with ℛ
•  ~ℛ1/: − ℛ;/: for ℛ ≷ 1

φ H
 (d

eg
s)

Ω∗

Ψ
| x 10

10 kg s
-1
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Simplified/intermediate complexity GCMs: 
Parameter sweeps and scaling
• Peak equator-pole heat transport

• Total heat transport ~ constant for 
ℛ > 1/2 then decreases for smaller 
ℛ

• Zonally symmetric overturning 
contribution decreases with 
increasing Ω∗
• ~ℛ+, for small ℛ
• Dominant for ℛ > 1
• Leads to weak horizontal T gradients

• Eddy contribution peaks at ℛ ≈ 0.3
• ~negligible for ℛ > 10
• Dominates for ℛ < 0.1

• Baroclinic instabilities 

Ω∗
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Simplified/intermediate complexity GCMs: 
Parameter sweeps and scaling
• Global super-rotation S
• 3D simulations stay close to the 

HH80 theory except around 
ℛ~10 − 100
• )𝑢 in gradient wind balance but 

doesn’t quite reach full 
cyclostrophic conditions
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Zonal wind fields (Isca)

Ω*

1

1/4

Ω*

1/16

1/64

1/256
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• Earth-sized planet
• Held-Suarez relaxation forcing
• pS = 1 bar



Local super-rotation 
fields slocal (Isca)

Ω*

1

1/4

Ω*

1/16

1/64

1/256
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Mean meridional mass 
streamfunction (Isca)

Ω*

1

1/4

Ω*

1/16

1/64

1/256
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Ω*

1/16

1/64

EP Fluxes(Isca)
Ω*

1

1/4

Dominated by 
Baroclinic (Rossby) waves
at mid-latitudes

Dominated by
Equatorial Kelvin/Rossby waves
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Simplified/intermediate complexity GCMs: 
Parameter sweeps and scaling
• Some models are more 

successful at reproducing strong 
super-rotation at Venus-like 
rotation rates

• E.g. Yamamoto & Takahashi [2003]
• Strong 𝑢O𝑣′ equatorward 

momentum fluxes maintain ~100 
m s-1 equatorial winds

• Dominant wave modes include 
Rossby, Kelvin and gravity waves

• Role of equatorial Kelvin waves?
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Simplified/intermediate complexity GCMs: 
Parameter sweeps and scaling
• Mitchell & Vallis [2010] noted that 

Kelvin waves were only present 
during spin-up of super-rotation
• Equlibrated state was dominated by 

Rossby and MRG waves with only 
weak Kelvin modes – mechanism…?

• Barotropic Rossby-Kelvin instability 
identified by Peng & Mitchell 
[2014]
• Formed by a resonant interaction 

between a pair of linear equatorial 
Kelvin and Rossby waves

• Doppler-shifted by zonal wind
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Simplified/intermediate complexity GCMs: 
Parameter sweeps and scaling
• Mitchell & Vallis [2010] noted that 

Kelvin waves were only present 
during spin-up of super-rotation
• Equlibrated state was dominated by 

Rossby and MRG waves with only 
weak Kelvin modes – mechanism…?

• Barotropic Rossby-Kelvin instability 
identified by Peng & Mitchell 
[2014]
• Formed by a resonant interaction 

between a pair of linear equatorial 
Kelvin and Rossby waves

• Doppler-shifted by zonal wind
• Instability depends on reversal of PV 

gradients and on Burger no. ℬ and 
Froude number29/11/23 FDEPS2023 56



Simplified/intermediate complexity GCMs: 
Parameter sweeps and scaling – final remarks
• Wave-zonal flow acceleration depends on wave dissipation, forcing or 

transience
• Many possible scenarios
• Acceleration of 2𝑢 in direction of c for dissipating waves
• Critical layer absorption limits 2𝑢 to ~c for dissipating waves
• Acceleration of 2𝑢 in opposite direction to c for forced waves (e.g. thermal tides)
• Strong super-rotation possible with forced waves….

• Many of these mechanisms can be (and have been) demonstrated in lab 
experiments
• Simple GCMs show some clear trends

• But numerics need to be interpreted with caution, especially for slow rotators
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