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effect to keep the floater away from the sidewalls. The
plate is made of acrylic plastic [10] and is heavier than wa-
ter. Its wetting property and sharp edges allow it to float,
due to the meniscus effect (Fig. 1, inset A). The sidewalls
of the cell, however, wet water. Because of the surface ge-
ometry, the interaction between the sidewalls and the plate
is repulsive. This effect [11] causes the plate to stay at
an effective distance from all sides, about 1 cm. Beyond
this distance, the floater is free and its motion is merely
subjected to the viscous drag of the convective flow. The
fluid has to be maintained at high purity so that no pollu-
tion distorts the free motion of the floater. Given the size
of the floater, it can move only along the long axis of the
convection cell, since the lateral gaps are of the same order
as the effective repulsive distance.
The heat flux is estimated from local temperature pro-

files measured by thermistors mounted on a moving stage,
using the thermal conductivity of the fluids and of the
floater material. We found that the heat flux (per unit area)
is reduced significantly at the plate compared with the free
surface, by a factor of 3.7 6 0.6 [12]. The floater now be-
haves as a mobile “thermal blanket” over the fluid. If the
floater is held fixed, hot upwelling flows are observed to
form constantly right under the floater. Hot thermal plumes
accumulate towards the bottom of the floater, and cold de-
scending plumes form constantly at the free fluid surface.
When the floater is set free, the upwelling flow would

entrain the floater in either direction. Remarkably, it is
observed that the plate is driven into a regular motion by
the turbulent convection. The plate oscillates between the
left and right ends of the convection cell periodically. Fig-
ure 2(a) shows a series of shadowgraphs of the convection
in the periodic state, where only half of a period is shown.
The corresponding aspect ratio is 4.0, the Raleigh num-
ber is 3.2 3 108, and the coverage ratio (the length of the
floater divided by the length of the cell L) is 0.38. The
panel labeled (1) in Fig. 2(a) shows that an upwelling flow
structure is well formed under the floater. The floater can
move only to the right at this position, and the clockwise
flow pattern at the right of the floater starts to entrain it.
Panel (2) in Fig. 2(a) shows a typical flow pattern shortly
after the floater has arrived at the right side of the cell. One
observes that the upwelling structure has a slight drift to the
right but the overall flow pattern is essentially unchanged
during this transient time, which lasts about 100 s. In panel
(3) of Fig. 2(a), one sees that an upwelling hot structure
is forming under the plate, and the original flow structure
starts to decay. One observes that the convection cell has
four rolls [13]. Panel (4) in Fig. 2(a) is a picture taken
when the plate starts to move back to the left. A counter-
clockwise flow structure at the left of the plate has devel-
oped and the cell is now in a two-roll state. The time lapse
between panels (1) and (4) is about 600 s. Figure 2(b)
outlines the flow pattern according to the shadowgraphs
shown in Fig. 2(a) and to the corresponding video record-
ing. The process described goes on in a periodic fashion.

FIG. 2. (a) Four shadowgraphs at different times within half a
period. (b) Sketches of the shadowgraphs illustrating the main
flows. Aspect ratio is 4.0, coverage ratio 0.38, and Rayleigh
number 3.2 3 108.

The motion of the floating plate and the flow structure is
closely coupled.
Figure 3 shows a time series of the floater motion for

a cell aspect ratio of 3.3, Rayleigh number 2.0 3 108,
and coverage ratio 0.36. The oscillation period is T !
1302 6 102 s, averaged over 20 periods. We also notice
that the oscillation is slightly asymmetrical, biased towards
the left side. This is due to experimental imperfection, such
as a very slight tilt of the cell bottom. The maximum speed
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Figure 7.  Cumulus congestus transitioning to Cumulonimbus calvus.  Turrets rise above the second stage, with 
arrows marking 3 stages or levels of cloud development.  Even though the tops of fresh turrets are bright white and 
sharp-edged, composed of supercooled water droplets, signs of ice formation are present.  The blue arrow indicates 
an area that is ‘glaciating’, becoming composed of ice particles.  The clear, high-contrast outlines of tufts and turrets 
are here becoming less clear, less bright white, more diffuse, with a ‘silky’ texture (see ‘Ice formation’ below).  
 
    Sometimes the atmosphere is unstable from the ground all the way to the level of a thunderstorm top, and lacks 
intermediate layers of modest stability that cause cumulus clouds to deepen in stages.  Then, powerful columns can 
rise rapidly and without pausing to their full vertical extent, reaching well above the freezing level (Figure 8).  That 
process more often occurs in the afternoon.  Such towering cumulus are called Cumulus congestus, and they indicate 
that thunderstorms are in the making.  Especially telling are towering columns under a gray sky (Fig. 8, right), as that 
attests to moist upper levels and to vigorous convection even with subdued solar warming of the surface. 
  

 
Figure 8.  Towering cumulus (Cumulus congestus)  When there is deep instability the upward rise of convective 
columns is vigorous and continuous, resulting in tall, powerful  columns.  The vertical cumulus development in such 
cases does not “pause” at lower altitudes before continuing.  
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Coriolis Force: Effect of Rotation
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L I X .  On Convection Currents in a Horizontal Layer ~f 
Fluid, when the [[~her Temperature is on the Under Side. 
By Lord RAYLm~g, O.M., F .R .S .*  

T H E  present is an attempt to examine how far the inter- 
esting results obtained by B4nard t in his careful and 

skilful experiments can be explained theoretically. B6nard 
worked with very thin layers, only about 1 ram. deep, standing 
on a levelled metallic plate which was maintained at a uni- 
form temperature. The upper surface was usually free, and 
being in contact with the air was at a lower temperature.  
Various liquids were employed--some, indeed, which would 
be solids under ordinary conditions. 

The layer rapidly resolves itself into a number of cells, the 
motion being an ascension in the middle oi' a cell and a 
doscension at the common boundary between a ceil and its 
neighbours. Two phases are disti,guishod, of unequal dura- 
tion, the first being relatively very short. The limit of 
the first phase is described as the " semi-regular cellular 
r e g i m e " ;  in this state all the cells have already acquired 
surfaces ~early identical, their forms being nearly regular 
convex polygons of, in general, 4 to 7 sides. The boundaries 

* Communicated by the Author. 
Revue gdn(ra/e des Sciences~ vol. xii. pp. 1261, 1309 (1900) ; Ann. d. 

CMmie et de .Physique, t. xxiii, p. 62 (1901). N. Bgnard does not appear 
to be acquainted with James. Thomson's, paper " On a Chang:ng Tesselated 
Structure in certain Litulds (Prec. Glasgow Phil. Soc. 1881-2), where 
a like structure is described in much thicker layers of soapy water cooling 
ti'om the surface. 

1-'hil, M(~g. S~ 6. Vol. 32  No. 192, Dec, 1916. 2 0 

D
ow

nl
oa

de
d 

by
 [U

SP
 U

ni
ve

rs
ity

 o
f S

ao
 P

au
lo

] a
t 1

4:
11

 1
9 

Ju
ne

 2
01

3 

Lord Rayleigh

1916

Model Experiment - Beginnings
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F ~ ∆ρ/ρ ~ 𝛼 ∆T 

Non-Dimensional Numbers

Buoyancy resisted by 
drag and thermal 

diffusion

Time Scales

tbuoyancy = H/v = H/(gαΔT)

Buoyancy

tdiffusion = H2/κ

tdrag = H2/ν

Ra = (tdrag tdiffusion)/t2
buoyancy =

gαΔTH3

νκv = gHαΔT
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Ra < Rac ≈ 1700 No motion
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Heat Transport - Convection rocks!
• Makes radiant home 

heating possible.


• Makes the Earth livable and 
creates weather


• Generates the Earth’s 
magnetic field


• Controls how fast water 
boils


• And so much more! 

Ra ≈ 1012

Ra ≫ Rac ≈ 2000
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What does turbulent convection look like?



Let’s Rotate
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Veronis JFM 1959

Lateral separations shrink

Cellular convection with finite amplitude in a rotating fluid 409 

B. Geometry of the fluid motion 
The possible horizontal patterns for close-packed cells are limited to two- 
dimensional rolls, hexagons, triangles and rectangles. Though the f i s t  of these 
cannot occur in an experimental investigation, it represents the simplest type 
of motion and will be discussed first. 

Rolls. Let wo be independent of the y-co-ordinate. The solution (2.2) which 
satisfies the: symmetry condition awo/ax = 0 at the walls of the cell is 

wo = 2 cos nax sin nz, (2.7) 

where, for reasons which will appear later, w, has been normalized, i.e. (w& = 1. 
(The normalization does not affect the present discussion.) 

Y 
t Y' 

i ell 
C A C A C  

D B D B D  

FIGURE 2. (a) A top view of two-dimensional rolls in a non-rotating fluid. The arrows 
indicate the direction of motion of the fluid. ( b )  The same in a system rotating counter- 
clockwise. (c) A perspective view of fluid particle motions in a role when the fluid is 
rotated. 

, 
From equations (2.1), the temperature To and the velocity components uo, vo 

are 

2 g h ~  cos nax sin nz, To = n'qa2+ 1 )  
2 
a uo = - -sin nax cos nz, 

vo = '4 sin nw cos nz. 
a(az + 1) 

When TI = 0, we have vo = 0 and the fluid motion is in the x-direction only. In  
figure 2a a view of the top of a non-rotating fluid layer is shown. The fluid has 
maximum upward velocity along lines AB and maximum downward velocity 
along lines CD. 

When the system is rotated, the coriolis force introduces a velocity component 
parallel to the isobars (isotherms in this case), i.e. in the y-direction. Therefore, 
the streamlines are oriented at an oblique angle to the y-axis (figure 2 b ) .  

The wave-number 01 of the cell is a function of 9; as given by (2.6). The wave 
number corresponding to the oblique cell, i.e. in the direction of the orientation of 

𝛀

No Rotation



Rotating flow vertical stiffness (Taylor-Proudman 1916)
No Rotation

From SpinLabUCLA 2014 (Aurnou) YouTube

Rapid Rotation

“Flow forced 
over an 
obstacle 
goes around 
it in 3D.”

“For rapidly 
rotating flows, 
slow flows do 
not vary with 
depth.” So they 
“must go around 
obstacles at all 
heights.”



Rotating flow vertical stiffness

From Jon’s House 1/23/2024

The laminations show how rotating 
flows sustain vertical stiffness

We’ll have some real time demos 
for you in just a little while - they 
are fascinating.  After my talk 
please stay around and try them 
for yourself.



Rotating flow vortex structures

From Jon’s Lab 1/24/2024



Rotating flow boundaries matter

From Jon’s Lab 1/24/2024

For a rapidly rotating flow, a small change 
in rotation rate pulls fluid out of the bulk 
(suction) into a thin layer (an Ekman layer).

Top View

Solid Surface
∼ 1/Ω1/2

Side View

Ekman layer

≈ 1 mm



Rotating Convection: New Numbers

Ek =
ν

2H2Ω

Ro = Ra/Pr* Ek

*Pr = ν/κ
Prandtl Number

Ra ∼ ΔT H3

Ekman Number

Buoyancy time ~ Ra-1

Rotation time

Rossby NumberRotation time vs buoyancy time

• Ro >>1 buoyancy wins  

• Ro<<1 rotation wins   

• Ek<<1 & Ro<<1 rapid rotation



It’s demo time!

“Wheel of Fortune”



Rotating Convection: What happens where

102 104 106 108 1010

Ta
103

104

105

106

107

108

109

R
a

Conduction

Ra c
 ~ Ta2

/3

Convection

10-1

Ek−2 ∼ Ω2

10-2 10-3 10-4 10-5

Ek

Ra c
≈ 8.7

Ek−
4/3

1000

10
0

• Rotation produces vertical 
stiffness and suppresses 
convection 

• Bucket of water 12″ high 
convects for ∆T > 0.0000001 
C 

• Bucket of water 12″ high 
rotating at 1 RPS convects 
for ∆T > 1 C 

• 1.5 cm spacing of rotating 
structures



Rotating Convection: Heat Transport

• Two main regions 
of flow 

• Region of heat 
transport 
enhancement 

• What happens 
when Ra → ∞ and 
Ek → 0?

Rotating Rayleigh-BLnnard convection 155 

Nu 

2 

' 09  
8 
I 
6 
5 
4 

3 

2 

104 105 1 O6 107 
R 

F 1 ~ ~ ~ ~ 2 1 . N ~ v s . R f o r 5 2 = O ( + ) , Q = 2 9 6 ( ~ ) , 5 2 = 5 7 2 ( ~ ) , Q =  1147(0),D=2145((.).Solid 
line is the linear, least-squares fit for D = 0 data and yields a scaling exponent of 0.299f0.003. 
Labels (a-d) refer to figure 22. 

A a R-Range r Reference 
0.131 0.300 (5) 3 x 104-2 x 106 1.65 (c) Rossby (1969) 
0.183 0.278 3 x 10~-108 1.M.O (C) Chu & Goldstein (1973) 
0.145 0.29 3 x 107-4 x los 3.5-14 (S) Tanaka & Miyata (1980) 
0.129 0.299 (3) 105-2 x 107 1.0 (c) This work 
0.137 0.275 (7) 2 x 108-2 x 10' 0.71, 1.6 (S) Solomon t Gollub (1991) 
TABLE 2. Values of heat transport scaling parameters: A,  a, R-Range, r (C = cylindrical, 

S = square with r = L/d) ,  and reference 

(it should substantially modify the prefactor). On the other hand the centrifugal 
terms will change the energy balance and therefore should influence the scaling 
exponent directly. In this experiment centrifugal effects were minimized and should 
play no role in the exponent but in future work sufficiently strong centrifugal 
accelerations should be applied to test the theory. 

In  this work we show data and shadowgraph images that are suggestive of a 
number of the features expected from the theoretical descriptions and that set the 
stage for more thorough studies that will include measurements of PDFs using local 
temperature probes, In particular, we first consider the influence of rotation on the 
dependence of Nu on R for large values of R, see figure 21. The non-rotating data scale 
like Nu = ARP with an exponent /3 = 0.299 & 0.003 (the errors reflect statistical errors 
in the least-squares fit and do not include possible systematic errors) and a prefactor 
A = 0.129. The scaling exponent /3 has been measured in water by a number of 
investigators. Experiments by Rossby (1969), Chu & Goldstein (1973), Tanaka & 
Miyata (1980), and Solomon & Gollub (1991) yielded values in the range 0.129 < 
A < 0.18 and 0.275 < /3 < 0.300. Specific values are listed in table 2. In general the 
values for the scaling exponent fall below the classical 3 value but slightly above the 
5 scaling found in helium experiments (Wu & Libchaber 1992). This may be due to 
the limited range of R used to determine p or because, for the higher Prandtl number 

6-2 

Enhancement
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0Nu
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Rotating Convection: The extremes in nature
37

00
 C

1200 km

Inner
Core
solid

3500 km

Outer Core

Mantle
43

00
 C

Liquid

Plastic

Jupiter


Ek ~ 10-12


Ra ~ 1024

Earth’s Outer Core


Ek ~ 10-15


Ra ~ 1025

Solar Convection


Ek ~ 10-12


Ra ~ 1020



Mathematics to the rescue
Keith Julien 

Edgar Knobloch 

Many 
collaborators

Ra → ∞ Ek → 0

R̃a = RaEk4/3 = A Rac

very large buoyancy very rapid rotation

No Ekman layer

Vertical stiffness  ~ H Lateral Scale Ek1/3 H << H

No fast waves No non-rotating state

But does it work!?



Regimes of Rapidly Rotating Convection 
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Figure 5
Representative images of RRBC !ow states. (a) Shadowgraph image (dark, hot; light, cold) of a wall mode with mode number m = 12
coexisting with a bulk-state structure in the center (R̃a ≡ Ra/Rac ≈ 1.04, with Rac the Rayleigh number for the onset of bulk
convection; Ek ≈ 2.3 × 10−4; Pr ≈ 6.4; and cell aspect ratio ! ≈ 5). (b) Temperature "eld from direct numerical simulations (DNS)
(R̃a ≈ 5, Ek = 10−6, Pr = 0.8, ! = 1/2). (c) Nonhydrostatic quasi-geostrophic volume render of temperature for the cellular state
(R̃a = 2.3, Pr = 7). (d) Thermochromic liquid crystal image of the temperature "eld (R̃a ≈ 4, Pr ≈ 7, Ek ≈ 9 × 10−5). (e–g) Volume
render of temperature: (e) convective Taylor columns state (Pr = 7, R̃a = 4.6), ( f ) plume state (Pr = 7, R̃a = 13.8), and (g)
nonhydrostatic quasi-geostrophic turbulence (Pr = 0.7, R̃a = 18.4). (h) Rheoscopic visualization of geostrophic turbulence (R̃a = 77,
Pr ≈ 4, Ek = 1.9 × 10−6, ! = 1/4); the central section is shown. (i) Horizontal kinetic energy in the height range 0 < z/H < 3/4
(Ra = 1.7 × 107, Ek = 10−4, Pr = 1) from DNS. Panels adapted with permission from (a) Ning & Ecke (1993), (c, e–g) Julien et al.
(2012b), (d) Sakai (1997), (h) Cheng et al. (2015), and (i) de Wit et al. (2022).

2.1. Quasi-Geostrophic Convection
Several states of RRBC have been identi"ed using the nonhydrostatic quasi-geostrophic approach
(Sprague et al. 2006, Julien et al. 2012b). Near onset, RRBC takes the form of cellular vortical
structures (Chandrasekhar 1953, Veronis 1959) (see Equations 4 and 5 and Figure 2a). These
structures (Figure 5a,c,d) are nonlinearly unstable to slow dynamics (Küppers & Lortz 1969,
Cox & Matthews 2000). With increasing R̃a and Pr ! 3, the !ow structures gradually change to
convective Taylor columns (Figure 1d and Figure 5e) with an interesting structure of T and ωz

(Grooms et al. 2010, Rajaei et al. 2017) around the Taylor column and ef"cient heat transport.
With further increase of R̃a, the vertical coherence of the convective Taylor columns is degraded
and plumes only partially penetrate across the !uid layer with an even shorter vertical correlation
length ( Julien et al. 2012b,Nieves et al. 2014, Rajaei et al. 2017) (see Figure 5f,g). For the highest
investigated R̃a ≈ 20 in the nonhydrostatic quasi-geostrophic model ( Julien et al. 2012b) and for
Pr = 1 (see Figure 5g), one reaches a state of geostrophic turbulence in which heat transport is
throttled by the interior rather than by thermal BLs. Experimental examples of geostrophic tur-
bulence are shown in Figure 5h with R̃a = 77 and Roc = 0.12 and in Figure 1f with R̃a = 27
andRoc = 0.024. Finally, in certain circumstances DNS have shown that a large-scale vortex con-
densate forms from the geostrophic turbulence state ( Julien et al. 2012b, Guervilly et al. 2014,
Guervilly & Hughes 2017, Julien et al. 2018, Favier et al. 2019, de Wit et al. 2022). The regions
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Figure 5
Representative images of RRBC !ow states. (a) Shadowgraph image (dark, hot; light, cold) of a wall mode with mode number m = 12
coexisting with a bulk-state structure in the center (R̃a ≡ Ra/Rac ≈ 1.04, with Rac the Rayleigh number for the onset of bulk
convection; Ek ≈ 2.3 × 10−4; Pr ≈ 6.4; and cell aspect ratio ! ≈ 5). (b) Temperature "eld from direct numerical simulations (DNS)
(R̃a ≈ 5, Ek = 10−6, Pr = 0.8, ! = 1/2). (c) Nonhydrostatic quasi-geostrophic volume render of temperature for the cellular state
(R̃a = 2.3, Pr = 7). (d) Thermochromic liquid crystal image of the temperature "eld (R̃a ≈ 4, Pr ≈ 7, Ek ≈ 9 × 10−5). (e–g) Volume
render of temperature: (e) convective Taylor columns state (Pr = 7, R̃a = 4.6), ( f ) plume state (Pr = 7, R̃a = 13.8), and (g)
nonhydrostatic quasi-geostrophic turbulence (Pr = 0.7, R̃a = 18.4). (h) Rheoscopic visualization of geostrophic turbulence (R̃a = 77,
Pr ≈ 4, Ek = 1.9 × 10−6, ! = 1/4); the central section is shown. (i) Horizontal kinetic energy in the height range 0 < z/H < 3/4
(Ra = 1.7 × 107, Ek = 10−4, Pr = 1) from DNS. Panels adapted with permission from (a) Ning & Ecke (1993), (c, e–g) Julien et al.
(2012b), (d) Sakai (1997), (h) Cheng et al. (2015), and (i) de Wit et al. (2022).

2.1. Quasi-Geostrophic Convection
Several states of RRBC have been identi"ed using the nonhydrostatic quasi-geostrophic approach
(Sprague et al. 2006, Julien et al. 2012b). Near onset, RRBC takes the form of cellular vortical
structures (Chandrasekhar 1953, Veronis 1959) (see Equations 4 and 5 and Figure 2a). These
structures (Figure 5a,c,d) are nonlinearly unstable to slow dynamics (Küppers & Lortz 1969,
Cox & Matthews 2000). With increasing R̃a and Pr ! 3, the !ow structures gradually change to
convective Taylor columns (Figure 1d and Figure 5e) with an interesting structure of T and ωz

(Grooms et al. 2010, Rajaei et al. 2017) around the Taylor column and ef"cient heat transport.
With further increase of R̃a, the vertical coherence of the convective Taylor columns is degraded
and plumes only partially penetrate across the !uid layer with an even shorter vertical correlation
length ( Julien et al. 2012b,Nieves et al. 2014, Rajaei et al. 2017) (see Figure 5f,g). For the highest
investigated R̃a ≈ 20 in the nonhydrostatic quasi-geostrophic model ( Julien et al. 2012b) and for
Pr = 1 (see Figure 5g), one reaches a state of geostrophic turbulence in which heat transport is
throttled by the interior rather than by thermal BLs. Experimental examples of geostrophic tur-
bulence are shown in Figure 5h with R̃a = 77 and Roc = 0.12 and in Figure 1f with R̃a = 27
andRoc = 0.024. Finally, in certain circumstances DNS have shown that a large-scale vortex con-
densate forms from the geostrophic turbulence state ( Julien et al. 2012b, Guervilly et al. 2014,
Guervilly & Hughes 2017, Julien et al. 2018, Favier et al. 2019, de Wit et al. 2022). The regions
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Figure 5
Representative images of RRBC !ow states. (a) Shadowgraph image (dark, hot; light, cold) of a wall mode with mode number m = 12
coexisting with a bulk-state structure in the center (R̃a ≡ Ra/Rac ≈ 1.04, with Rac the Rayleigh number for the onset of bulk
convection; Ek ≈ 2.3 × 10−4; Pr ≈ 6.4; and cell aspect ratio ! ≈ 5). (b) Temperature "eld from direct numerical simulations (DNS)
(R̃a ≈ 5, Ek = 10−6, Pr = 0.8, ! = 1/2). (c) Nonhydrostatic quasi-geostrophic volume render of temperature for the cellular state
(R̃a = 2.3, Pr = 7). (d) Thermochromic liquid crystal image of the temperature "eld (R̃a ≈ 4, Pr ≈ 7, Ek ≈ 9 × 10−5). (e–g) Volume
render of temperature: (e) convective Taylor columns state (Pr = 7, R̃a = 4.6), ( f ) plume state (Pr = 7, R̃a = 13.8), and (g)
nonhydrostatic quasi-geostrophic turbulence (Pr = 0.7, R̃a = 18.4). (h) Rheoscopic visualization of geostrophic turbulence (R̃a = 77,
Pr ≈ 4, Ek = 1.9 × 10−6, ! = 1/4); the central section is shown. (i) Horizontal kinetic energy in the height range 0 < z/H < 3/4
(Ra = 1.7 × 107, Ek = 10−4, Pr = 1) from DNS. Panels adapted with permission from (a) Ning & Ecke (1993), (c, e–g) Julien et al.
(2012b), (d) Sakai (1997), (h) Cheng et al. (2015), and (i) de Wit et al. (2022).

2.1. Quasi-Geostrophic Convection
Several states of RRBC have been identi"ed using the nonhydrostatic quasi-geostrophic approach
(Sprague et al. 2006, Julien et al. 2012b). Near onset, RRBC takes the form of cellular vortical
structures (Chandrasekhar 1953, Veronis 1959) (see Equations 4 and 5 and Figure 2a). These
structures (Figure 5a,c,d) are nonlinearly unstable to slow dynamics (Küppers & Lortz 1969,
Cox & Matthews 2000). With increasing R̃a and Pr ! 3, the !ow structures gradually change to
convective Taylor columns (Figure 1d and Figure 5e) with an interesting structure of T and ωz

(Grooms et al. 2010, Rajaei et al. 2017) around the Taylor column and ef"cient heat transport.
With further increase of R̃a, the vertical coherence of the convective Taylor columns is degraded
and plumes only partially penetrate across the !uid layer with an even shorter vertical correlation
length ( Julien et al. 2012b,Nieves et al. 2014, Rajaei et al. 2017) (see Figure 5f,g). For the highest
investigated R̃a ≈ 20 in the nonhydrostatic quasi-geostrophic model ( Julien et al. 2012b) and for
Pr = 1 (see Figure 5g), one reaches a state of geostrophic turbulence in which heat transport is
throttled by the interior rather than by thermal BLs. Experimental examples of geostrophic tur-
bulence are shown in Figure 5h with R̃a = 77 and Roc = 0.12 and in Figure 1f with R̃a = 27
andRoc = 0.024. Finally, in certain circumstances DNS have shown that a large-scale vortex con-
densate forms from the geostrophic turbulence state ( Julien et al. 2012b, Guervilly et al. 2014,
Guervilly & Hughes 2017, Julien et al. 2018, Favier et al. 2019, de Wit et al. 2022). The regions
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Figure 5
Representative images of RRBC !ow states. (a) Shadowgraph image (dark, hot; light, cold) of a wall mode with mode number m = 12
coexisting with a bulk-state structure in the center (R̃a ≡ Ra/Rac ≈ 1.04, with Rac the Rayleigh number for the onset of bulk
convection; Ek ≈ 2.3 × 10−4; Pr ≈ 6.4; and cell aspect ratio ! ≈ 5). (b) Temperature "eld from direct numerical simulations (DNS)
(R̃a ≈ 5, Ek = 10−6, Pr = 0.8, ! = 1/2). (c) Nonhydrostatic quasi-geostrophic volume render of temperature for the cellular state
(R̃a = 2.3, Pr = 7). (d) Thermochromic liquid crystal image of the temperature "eld (R̃a ≈ 4, Pr ≈ 7, Ek ≈ 9 × 10−5). (e–g) Volume
render of temperature: (e) convective Taylor columns state (Pr = 7, R̃a = 4.6), ( f ) plume state (Pr = 7, R̃a = 13.8), and (g)
nonhydrostatic quasi-geostrophic turbulence (Pr = 0.7, R̃a = 18.4). (h) Rheoscopic visualization of geostrophic turbulence (R̃a = 77,
Pr ≈ 4, Ek = 1.9 × 10−6, ! = 1/4); the central section is shown. (i) Horizontal kinetic energy in the height range 0 < z/H < 3/4
(Ra = 1.7 × 107, Ek = 10−4, Pr = 1) from DNS. Panels adapted with permission from (a) Ning & Ecke (1993), (c, e–g) Julien et al.
(2012b), (d) Sakai (1997), (h) Cheng et al. (2015), and (i) de Wit et al. (2022).

2.1. Quasi-Geostrophic Convection
Several states of RRBC have been identi"ed using the nonhydrostatic quasi-geostrophic approach
(Sprague et al. 2006, Julien et al. 2012b). Near onset, RRBC takes the form of cellular vortical
structures (Chandrasekhar 1953, Veronis 1959) (see Equations 4 and 5 and Figure 2a). These
structures (Figure 5a,c,d) are nonlinearly unstable to slow dynamics (Küppers & Lortz 1969,
Cox & Matthews 2000). With increasing R̃a and Pr ! 3, the !ow structures gradually change to
convective Taylor columns (Figure 1d and Figure 5e) with an interesting structure of T and ωz

(Grooms et al. 2010, Rajaei et al. 2017) around the Taylor column and ef"cient heat transport.
With further increase of R̃a, the vertical coherence of the convective Taylor columns is degraded
and plumes only partially penetrate across the !uid layer with an even shorter vertical correlation
length ( Julien et al. 2012b,Nieves et al. 2014, Rajaei et al. 2017) (see Figure 5f,g). For the highest
investigated R̃a ≈ 20 in the nonhydrostatic quasi-geostrophic model ( Julien et al. 2012b) and for
Pr = 1 (see Figure 5g), one reaches a state of geostrophic turbulence in which heat transport is
throttled by the interior rather than by thermal BLs. Experimental examples of geostrophic tur-
bulence are shown in Figure 5h with R̃a = 77 and Roc = 0.12 and in Figure 1f with R̃a = 27
andRoc = 0.024. Finally, in certain circumstances DNS have shown that a large-scale vortex con-
densate forms from the geostrophic turbulence state ( Julien et al. 2012b, Guervilly et al. 2014,
Guervilly & Hughes 2017, Julien et al. 2018, Favier et al. 2019, de Wit et al. 2022). The regions
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Figure 1
(a) An RRBC setup: A container of height H is !lled with a "uid and rotated about a vertical axis at angular rate !. The bottom (top) is
kept at temperature T+ (T−) with T− < T+. (b) Nu versus Ra for experimental runs at constant Ek and Pr ≈ 7. The right arrow
indicates decreasing Ek. The Nusselt number in the nonrotating case,Nu0 ∼ Ra0.3, is labeled with small differences in Nu0 for each data
set. (c) Nu/Nu0 versus Ro for runs at constant Ra ≈ 108. (d–i) Experimental images (Cheng et al. 2020) showing representative examples
of (d–f ) rotation-dominated, (g) rotation-affected, and (h–i) buoyancy-dominated or nonrotating states. Panels d–i adapted from Cheng
et al. (2020) with permission; copyright 2020 American Physical Society.

(Jn is the Bessel function of the !rst kind). For large " ! D/H " 1, one obtains (Shishkina 2021)
the relations of Equations 4 and 5 in the limit Ek(1 + Pr)/Pr → 0. In the steady case we have
ω0 = 0, whereas in the oscillatory case, the oscillation frequency ω0 in the same limit Ek/Pr → 0
follows |ω0|/! = [2π/(1 + Pr)]2/3Pr−1/3(2 − 3Pr2)1/2 Ek1/3.

1.2.2. Main features. An overview of the features of RRBC starting at onset can be seen in heat
transport (Nu) measurements, covering almost 10 (5) decades in Ra (Ek) using water with Pr ≈ 7
(see Figure 1b).The rapid rise from the conduction valueNu = 1 represents the nonlinear growth
from onset and de!nes a region of rotation-dominated quasi-geostrophic dynamics with intrin-
sic time dependence arising from nonlinear instability (Küppers & Lortz 1969, Cox & Matthews
2000) at anyRa > Rac. As demonstrated by these data, the range ofNu spanned in this region in-
creases with decreasing Ek so that in the limit Ek → 0, the buoyancy-dominated state becomes out
of reach. In this limit, one can write a system of nonhydrostatic quasi-geostrophic equations valid
asymptotically as Ek → 0, Ro→ 0, and Ra → ∞ such that R̃a ≡ Ra/Rac ∼ Ek4/3Ra remains
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Pr ≈ 0.7 (Zhong et. al. 2009)
Pr ≈ 6.4 (Zhong et. al. 2009)
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Figure 1
(a) An RRBC setup: A container of height H is !lled with a "uid and rotated about a vertical axis at angular rate !. The bottom (top) is
kept at temperature T+ (T−) with T− < T+. (b) Nu versus Ra for experimental runs at constant Ek and Pr ≈ 7. The right arrow
indicates decreasing Ek. The Nusselt number in the nonrotating case,Nu0 ∼ Ra0.3, is labeled with small differences in Nu0 for each data
set. (c) Nu/Nu0 versus Ro for runs at constant Ra ≈ 108. (d–i) Experimental images (Cheng et al. 2020) showing representative examples
of (d–f ) rotation-dominated, (g) rotation-affected, and (h–i) buoyancy-dominated or nonrotating states. Panels d–i adapted from Cheng
et al. (2020) with permission; copyright 2020 American Physical Society.

(Jn is the Bessel function of the !rst kind). For large " ! D/H " 1, one obtains (Shishkina 2021)
the relations of Equations 4 and 5 in the limit Ek(1 + Pr)/Pr → 0. In the steady case we have
ω0 = 0, whereas in the oscillatory case, the oscillation frequency ω0 in the same limit Ek/Pr → 0
follows |ω0|/! = [2π/(1 + Pr)]2/3Pr−1/3(2 − 3Pr2)1/2 Ek1/3.

1.2.2. Main features. An overview of the features of RRBC starting at onset can be seen in heat
transport (Nu) measurements, covering almost 10 (5) decades in Ra (Ek) using water with Pr ≈ 7
(see Figure 1b).The rapid rise from the conduction valueNu = 1 represents the nonlinear growth
from onset and de!nes a region of rotation-dominated quasi-geostrophic dynamics with intrin-
sic time dependence arising from nonlinear instability (Küppers & Lortz 1969, Cox & Matthews
2000) at anyRa > Rac. As demonstrated by these data, the range ofNu spanned in this region in-
creases with decreasing Ek so that in the limit Ek → 0, the buoyancy-dominated state becomes out
of reach. In this limit, one can write a system of nonhydrostatic quasi-geostrophic equations valid
asymptotically as Ek → 0, Ro→ 0, and Ra → ∞ such that R̃a ≡ Ra/Rac ∼ Ek4/3Ra remains
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Figure 1
(a) An RRBC setup: A container of height H is !lled with a "uid and rotated about a vertical axis at angular rate !. The bottom (top) is
kept at temperature T+ (T−) with T− < T+. (b) Nu versus Ra for experimental runs at constant Ek and Pr ≈ 7. The right arrow
indicates decreasing Ek. The Nusselt number in the nonrotating case,Nu0 ∼ Ra0.3, is labeled with small differences in Nu0 for each data
set. (c) Nu/Nu0 versus Ro for runs at constant Ra ≈ 108. (d–i) Experimental images (Cheng et al. 2020) showing representative examples
of (d–f ) rotation-dominated, (g) rotation-affected, and (h–i) buoyancy-dominated or nonrotating states. Panels d–i adapted from Cheng
et al. (2020) with permission; copyright 2020 American Physical Society.

(Jn is the Bessel function of the !rst kind). For large " ! D/H " 1, one obtains (Shishkina 2021)
the relations of Equations 4 and 5 in the limit Ek(1 + Pr)/Pr → 0. In the steady case we have
ω0 = 0, whereas in the oscillatory case, the oscillation frequency ω0 in the same limit Ek/Pr → 0
follows |ω0|/! = [2π/(1 + Pr)]2/3Pr−1/3(2 − 3Pr2)1/2 Ek1/3.

1.2.2. Main features. An overview of the features of RRBC starting at onset can be seen in heat
transport (Nu) measurements, covering almost 10 (5) decades in Ra (Ek) using water with Pr ≈ 7
(see Figure 1b).The rapid rise from the conduction valueNu = 1 represents the nonlinear growth
from onset and de!nes a region of rotation-dominated quasi-geostrophic dynamics with intrin-
sic time dependence arising from nonlinear instability (Küppers & Lortz 1969, Cox & Matthews
2000) at anyRa > Rac. As demonstrated by these data, the range ofNu spanned in this region in-
creases with decreasing Ek so that in the limit Ek → 0, the buoyancy-dominated state becomes out
of reach. In this limit, one can write a system of nonhydrostatic quasi-geostrophic equations valid
asymptotically as Ek → 0, Ro→ 0, and Ra → ∞ such that R̃a ≡ Ra/Rac ∼ Ek4/3Ra remains
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DNS: direct numerical
simulations

a b c

Trms
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Figure 2
(a) Cellular !ow showing !uid parcel motion with anticyclonic and cyclonic vertical vorticity that reverses sign at mid-plane. Panel
adapted from Veronis (1959) with permission; copyright 1959 Cambridge University Press. (b) Vorticity production (not to scale).
Thermal instability pulls converging warm !uid laterally into an expanding plume where it spins up cyclonically, whereas cool
diverging return !ow from the top (or interior) produces anticyclonic vorticity. Thermal (δθ ) and kinetic (δu) boundary layer (BL)
thicknesses are indicated. (c) Vertical pro"les of BL structure. Warm (cool) upward (downward) plumes generate positive (negative)
cyclonic vorticity from in!owing !uid. The vorticity produced is fairly independent of z outside of the Ekman BL and produces Ekman
pumping with the vertical velocity uz ∼ EkHωz at the distance from the plate z = δu ∼ Ek1/2H , where ωz is the vertical component of
the vorticity and H is the cell height. Vorticity is dissipated in the Ekman BL per linear Ekman BL processes. The thermal (kinetic) BL
thickness is de"ned by where root-mean-square (rms) temperature Trms (velocity urms) is maximum with respect to z. The thermal wind
layer (TWL) is in quasi-geostrophic balance with signi"cant Ekman pumping and differs from the thermal BL in nonrotating RBC.

the Coriolis force to generate cyclonic vorticity in the rotating frame so that the local rotation rate
of the !uid exceeds $. Similarly, the return !ow from the bottom (top) to top (bottom) (where it
exists for R̃a ∼ 1) spreads out as it comes near the top (bottom) and spins down anticyclonically so
that the local rotation rate is less than$. Thus, in both regions an Ekman BL forms with thickness
δu ∼ δE to dissipate the interior !ow vorticity at the no-slip horizontal boundary. Note that, as
opposed to the buoyancy dominated/nonrotating kinetic BL, the thickness of the Ekman BL only
depends on Ek and not on the strength of the velocity (i.e., on Ra). Near the onset of convection,
we have δu ! δθ so that Ekman pumping produces additional uz ∼ EkHωz. The vertical velocity
ampli"cation can be formulated as an effective Ekman pumping BC ( Julien et al. 2016) that yields
a much steeper variation ofNu with R̃a than one would expect for the rotation-dominated regime
with no Ekman BL (Ek → 0 or free-slip BCs) ( Julien et al. 2012b, Stellmach et al. 2014, Plumley
et al. 2016) and is consistent with measurements (Cheng et al. 2015, Lu et al. 2021) and direct
numerical simulations (DNS) (Stellmach et al. 2014, Aguirre Guzmán et al. 2021).

In the nonlinear or turbulent regime, the impact of the Ekman BL depends on its interplay
with the thermal BL in a complicated manner ( Julien et al. 1996, 2012b, 2016; Sprague et al.
2006; King et al. 2009; Stevens et al. 2010a; Kunnen et al. 2011, 2013; Stellmach et al. 2014;
Plumley et al. 2016). Figure 2b,c provides a picture of Coriolis generation of vorticity and the
resultant Ekman pumping process. The Ekman pumping effect is strongest for δθ > δE because,
in that case, Ekman pumping produces higher thermal contrast and greater thermal !uctuations.
Ekman pumping also complicates theNu:δθ relationshipNuθ = H/(2δθ ) of nonrotating RBC. For
example, Aguirre Guzmán et al. (2022) showed for DNS with Ek ∼ 10−7 that Nu ≈ 2Nuθ over
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Why do rotating flows make vortices

DNS: direct numerical
simulations
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Figure 2
(a) Cellular !ow showing !uid parcel motion with anticyclonic and cyclonic vertical vorticity that reverses sign at mid-plane. Panel
adapted from Veronis (1959) with permission; copyright 1959 Cambridge University Press. (b) Vorticity production (not to scale).
Thermal instability pulls converging warm !uid laterally into an expanding plume where it spins up cyclonically, whereas cool
diverging return !ow from the top (or interior) produces anticyclonic vorticity. Thermal (δθ ) and kinetic (δu) boundary layer (BL)
thicknesses are indicated. (c) Vertical pro"les of BL structure. Warm (cool) upward (downward) plumes generate positive (negative)
cyclonic vorticity from in!owing !uid. The vorticity produced is fairly independent of z outside of the Ekman BL and produces Ekman
pumping with the vertical velocity uz ∼ EkHωz at the distance from the plate z = δu ∼ Ek1/2H , where ωz is the vertical component of
the vorticity and H is the cell height. Vorticity is dissipated in the Ekman BL per linear Ekman BL processes. The thermal (kinetic) BL
thickness is de"ned by where root-mean-square (rms) temperature Trms (velocity urms) is maximum with respect to z. The thermal wind
layer (TWL) is in quasi-geostrophic balance with signi"cant Ekman pumping and differs from the thermal BL in nonrotating RBC.

the Coriolis force to generate cyclonic vorticity in the rotating frame so that the local rotation rate
of the !uid exceeds $. Similarly, the return !ow from the bottom (top) to top (bottom) (where it
exists for R̃a ∼ 1) spreads out as it comes near the top (bottom) and spins down anticyclonically so
that the local rotation rate is less than$. Thus, in both regions an Ekman BL forms with thickness
δu ∼ δE to dissipate the interior !ow vorticity at the no-slip horizontal boundary. Note that, as
opposed to the buoyancy dominated/nonrotating kinetic BL, the thickness of the Ekman BL only
depends on Ek and not on the strength of the velocity (i.e., on Ra). Near the onset of convection,
we have δu ! δθ so that Ekman pumping produces additional uz ∼ EkHωz. The vertical velocity
ampli"cation can be formulated as an effective Ekman pumping BC ( Julien et al. 2016) that yields
a much steeper variation ofNu with R̃a than one would expect for the rotation-dominated regime
with no Ekman BL (Ek → 0 or free-slip BCs) ( Julien et al. 2012b, Stellmach et al. 2014, Plumley
et al. 2016) and is consistent with measurements (Cheng et al. 2015, Lu et al. 2021) and direct
numerical simulations (DNS) (Stellmach et al. 2014, Aguirre Guzmán et al. 2021).

In the nonlinear or turbulent regime, the impact of the Ekman BL depends on its interplay
with the thermal BL in a complicated manner ( Julien et al. 1996, 2012b, 2016; Sprague et al.
2006; King et al. 2009; Stevens et al. 2010a; Kunnen et al. 2011, 2013; Stellmach et al. 2014;
Plumley et al. 2016). Figure 2b,c provides a picture of Coriolis generation of vorticity and the
resultant Ekman pumping process. The Ekman pumping effect is strongest for δθ > δE because,
in that case, Ekman pumping produces higher thermal contrast and greater thermal !uctuations.
Ekman pumping also complicates theNu:δθ relationshipNuθ = H/(2δθ ) of nonrotating RBC. For
example, Aguirre Guzmán et al. (2022) showed for DNS with Ek ∼ 10−7 that Nu ≈ 2Nuθ over
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Figure 2
(a) Cellular !ow showing !uid parcel motion with anticyclonic and cyclonic vertical vorticity that reverses sign at mid-plane. Panel
adapted from Veronis (1959) with permission; copyright 1959 Cambridge University Press. (b) Vorticity production (not to scale).
Thermal instability pulls converging warm !uid laterally into an expanding plume where it spins up cyclonically, whereas cool
diverging return !ow from the top (or interior) produces anticyclonic vorticity. Thermal (δθ ) and kinetic (δu) boundary layer (BL)
thicknesses are indicated. (c) Vertical pro"les of BL structure. Warm (cool) upward (downward) plumes generate positive (negative)
cyclonic vorticity from in!owing !uid. The vorticity produced is fairly independent of z outside of the Ekman BL and produces Ekman
pumping with the vertical velocity uz ∼ EkHωz at the distance from the plate z = δu ∼ Ek1/2H , where ωz is the vertical component of
the vorticity and H is the cell height. Vorticity is dissipated in the Ekman BL per linear Ekman BL processes. The thermal (kinetic) BL
thickness is de"ned by where root-mean-square (rms) temperature Trms (velocity urms) is maximum with respect to z. The thermal wind
layer (TWL) is in quasi-geostrophic balance with signi"cant Ekman pumping and differs from the thermal BL in nonrotating RBC.

the Coriolis force to generate cyclonic vorticity in the rotating frame so that the local rotation rate
of the !uid exceeds $. Similarly, the return !ow from the bottom (top) to top (bottom) (where it
exists for R̃a ∼ 1) spreads out as it comes near the top (bottom) and spins down anticyclonically so
that the local rotation rate is less than$. Thus, in both regions an Ekman BL forms with thickness
δu ∼ δE to dissipate the interior !ow vorticity at the no-slip horizontal boundary. Note that, as
opposed to the buoyancy dominated/nonrotating kinetic BL, the thickness of the Ekman BL only
depends on Ek and not on the strength of the velocity (i.e., on Ra). Near the onset of convection,
we have δu ! δθ so that Ekman pumping produces additional uz ∼ EkHωz. The vertical velocity
ampli"cation can be formulated as an effective Ekman pumping BC ( Julien et al. 2016) that yields
a much steeper variation ofNu with R̃a than one would expect for the rotation-dominated regime
with no Ekman BL (Ek → 0 or free-slip BCs) ( Julien et al. 2012b, Stellmach et al. 2014, Plumley
et al. 2016) and is consistent with measurements (Cheng et al. 2015, Lu et al. 2021) and direct
numerical simulations (DNS) (Stellmach et al. 2014, Aguirre Guzmán et al. 2021).

In the nonlinear or turbulent regime, the impact of the Ekman BL depends on its interplay
with the thermal BL in a complicated manner ( Julien et al. 1996, 2012b, 2016; Sprague et al.
2006; King et al. 2009; Stevens et al. 2010a; Kunnen et al. 2011, 2013; Stellmach et al. 2014;
Plumley et al. 2016). Figure 2b,c provides a picture of Coriolis generation of vorticity and the
resultant Ekman pumping process. The Ekman pumping effect is strongest for δθ > δE because,
in that case, Ekman pumping produces higher thermal contrast and greater thermal !uctuations.
Ekman pumping also complicates theNu:δθ relationshipNuθ = H/(2δθ ) of nonrotating RBC. For
example, Aguirre Guzmán et al. (2022) showed for DNS with Ek ∼ 10−7 that Nu ≈ 2Nuθ over
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How about Ekman layers
Ekman layers matter for experiments and numerical simulation

Remember how 
change in 𝛀 caused 
thin layer that pulled 
fluid from the bulk

DNS: direct numerical
simulations
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Figure 2
(a) Cellular !ow showing !uid parcel motion with anticyclonic and cyclonic vertical vorticity that reverses sign at mid-plane. Panel
adapted from Veronis (1959) with permission; copyright 1959 Cambridge University Press. (b) Vorticity production (not to scale).
Thermal instability pulls converging warm !uid laterally into an expanding plume where it spins up cyclonically, whereas cool
diverging return !ow from the top (or interior) produces anticyclonic vorticity. Thermal (δθ ) and kinetic (δu) boundary layer (BL)
thicknesses are indicated. (c) Vertical pro"les of BL structure. Warm (cool) upward (downward) plumes generate positive (negative)
cyclonic vorticity from in!owing !uid. The vorticity produced is fairly independent of z outside of the Ekman BL and produces Ekman
pumping with the vertical velocity uz ∼ EkHωz at the distance from the plate z = δu ∼ Ek1/2H , where ωz is the vertical component of
the vorticity and H is the cell height. Vorticity is dissipated in the Ekman BL per linear Ekman BL processes. The thermal (kinetic) BL
thickness is de"ned by where root-mean-square (rms) temperature Trms (velocity urms) is maximum with respect to z. The thermal wind
layer (TWL) is in quasi-geostrophic balance with signi"cant Ekman pumping and differs from the thermal BL in nonrotating RBC.

the Coriolis force to generate cyclonic vorticity in the rotating frame so that the local rotation rate
of the !uid exceeds $. Similarly, the return !ow from the bottom (top) to top (bottom) (where it
exists for R̃a ∼ 1) spreads out as it comes near the top (bottom) and spins down anticyclonically so
that the local rotation rate is less than$. Thus, in both regions an Ekman BL forms with thickness
δu ∼ δE to dissipate the interior !ow vorticity at the no-slip horizontal boundary. Note that, as
opposed to the buoyancy dominated/nonrotating kinetic BL, the thickness of the Ekman BL only
depends on Ek and not on the strength of the velocity (i.e., on Ra). Near the onset of convection,
we have δu ! δθ so that Ekman pumping produces additional uz ∼ EkHωz. The vertical velocity
ampli"cation can be formulated as an effective Ekman pumping BC ( Julien et al. 2016) that yields
a much steeper variation ofNu with R̃a than one would expect for the rotation-dominated regime
with no Ekman BL (Ek → 0 or free-slip BCs) ( Julien et al. 2012b, Stellmach et al. 2014, Plumley
et al. 2016) and is consistent with measurements (Cheng et al. 2015, Lu et al. 2021) and direct
numerical simulations (DNS) (Stellmach et al. 2014, Aguirre Guzmán et al. 2021).

In the nonlinear or turbulent regime, the impact of the Ekman BL depends on its interplay
with the thermal BL in a complicated manner ( Julien et al. 1996, 2012b, 2016; Sprague et al.
2006; King et al. 2009; Stevens et al. 2010a; Kunnen et al. 2011, 2013; Stellmach et al. 2014;
Plumley et al. 2016). Figure 2b,c provides a picture of Coriolis generation of vorticity and the
resultant Ekman pumping process. The Ekman pumping effect is strongest for δθ > δE because,
in that case, Ekman pumping produces higher thermal contrast and greater thermal !uctuations.
Ekman pumping also complicates theNu:δθ relationshipNuθ = H/(2δθ ) of nonrotating RBC. For
example, Aguirre Guzmán et al. (2022) showed for DNS with Ek ∼ 10−7 that Nu ≈ 2Nuθ over
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works for differential rotation as well
w ∼ Ek ωz → 0 but not very fast!



prediction of fRa
3/2

(figure 6a).

There is a striking di↵erence in the trends of Trms evaluated at its maximum value (with

respect to z) versus fRa (figure 6e). The non-hydrostatic quasi-geostrophic model suggests

normalizing Trms with Ek
�1/3 and the experimental results are similar in magnitude when

Figure 6

For Pr ⇡ 7: (a) Nu� 1 vs. ✏ with non-hydrostatic quasi-geostrophic regions (C – cellular, QG – quasi-geostrophy, CTC –
convective Taylor columns, P – plumes, GT – geostrophic turbulence, LSV – large-scale vortices) and approximate

scalings; (b) �@T/@z (H/�)Pr vs. fRa for 4.4  Pr  8.8. Smaller Ra have smaller mean gradient and a wider saturation

region; (c) (!zrms/⌦)Pr Ek�1/3 vs. fRa; (d) Trms/(maxz Trms) vs. z/�✓. Arrows indicate the approximate locations of

�u/�✓ for the non-hydrostatic quasi-geostrophic (�<u ) and power-law (�>u ) scaling regions for larger fRa (Aguirre Guzmán

et al. 2021); (e) (Trms/�) Ek�1/3 (or (Trms/�)Ro
�1/3) vs. fRa; (f) Vortex densities �

2
cN+ and �

2
cN� vs. fRa: cyclonic

(blue) and anti-cyclonic (red).
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Why does this matter? It’s the heat transport
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Experiments and simulations are tall and thin

𝜀 = Ra/Rac-1

a

d

b c e
D = 0.2 mD = 0.2 m

H = 0.5 m D = 0.5 m

H = 1.0 m

D = 0.6 mD = 0.6 m

H = 1.8 m

D = 0.4 m

H = 4 m
D = 1.1 m

H = 2.2 m

Figure 3
Examples of RRBC facilities. (a) RoMag (Rotating Magnetoconvection Device) at the University of California, Los Angeles (UCLA)
(cell aspect ratio range 0.4 ! ! ! 4, liquid Ga, 0.025 ! Pr ! 0.028, 2.1 × 10−7 ! Ek ! 1.1 × 10−4, 1.3 × 104 ! Ra ! 2.2 × 109) (King
& Aurnou 2013, Aurnou et al. 2018). (b) Trieste experiment at the International Centre for Theoretical Physics (! ≈ 0.5, cryogenic
liquid He, 0.69 ! Pr ! 0.72, 2.7 × 10−7 ! Ek ! 9.3 × 10−5, 3.3 × 109 ! Ra ! 1.1 × 1012) (Niemela et al. 2000, Ecke & Niemela
2014). (c) NoMag (Nonmagnetic Rotating Convection Device) at UCLA (0.11 ! ! ! 6, water, 3.5 ! Pr ! 9.4, 1.5 × 106 ! Ra !
9.2 × 1012, 4.2 × 10−8 ! Ek ! 1.3 × 10−3) (Cheng et al. 2015, Aurnou et al. 2018). (d) U-Boot of Göttingen at the Max Planck
Institute for Dynamics and Self-Organization (! ≈ 0.5 and ! ≈ 1; pressurized gases SF6, N2, and He; 0.7 ! Pr ! 1.0;
7.9 × 10−9 ! Ek ! 6.2 × 10−1; 3.4 × 103 ! Ra ! 1.2 × 1015) (Ahlers et al. 2009a, Zhang et al. 2020,Wedi et al. 2021).
(e) TROCONVEX (turbulent rotating convection to the extreme) at Eindhoven University of Technology (0.1 ! ! ! 0.5, water,
2.1 ! Pr ! 6.9, 4.8 × 10−9 ! Ek ! 5.2 × 10−6, 6.2 × 109 ! Ra ! 2.0 × 1014) (Cheng et al. 2018, Kunnen 2021). Figure reproduced
from Cheng et al. (2018); copyright 2018 the authors (CC BY-NC-ND 4.0).

Marques 2009, Cheng et al. 2018, Horn & Aurnou 2018). The resulting parameter range in a
realistic OB experiment is bounded for both Ra and Ek (see Figure 4b).

DNS of RRBC are based on solving numerically nondimensionalized and discretized versions
of Equations 1–3 on computational grids that are suf!ciently !ne in space and time to resolve the
Kolmogorov and Batchelor scales within the bulk of the "uid and to provide a suf!cient number
of grid points to resolve velocity and temperature BLs (Shishkina et al. 2010). There are sev-
eral numerical approaches: !nite-volume [e.g., a fourth-order code Gold!sh; see Shishkina et al.
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Ra ∼ H3

Ek ∼ H−2

Vortex spacing ~ H-2/3 

More buoyancy

More rotation

H=4 m  D = 0.4 m 
tank water ~ 1/2 ton

H=4 m  D = 4 m 
tank water ~ 50 ton!



Are we happy yet?
There is another important state that has been ignored: Wall Modes

D/H = 10 D/H = 5 D/H = 1/2

They appear at lower Ra than the bulk state and add to the heat transport
SimulationExperiment

a

b

c

d

e

f

g

h

i

Figure 5
Representative images of RRBC !ow states. (a) Shadowgraph image (dark, hot; light, cold) of a wall mode with mode number m = 12
coexisting with a bulk-state structure in the center (R̃a ≡ Ra/Rac ≈ 1.04, with Rac the Rayleigh number for the onset of bulk
convection; Ek ≈ 2.3 × 10−4; Pr ≈ 6.4; and cell aspect ratio ! ≈ 5). (b) Temperature "eld from direct numerical simulations (DNS)
(R̃a ≈ 5, Ek = 10−6, Pr = 0.8, ! = 1/2). (c) Nonhydrostatic quasi-geostrophic volume render of temperature for the cellular state
(R̃a = 2.3, Pr = 7). (d) Thermochromic liquid crystal image of the temperature "eld (R̃a ≈ 4, Pr ≈ 7, Ek ≈ 9 × 10−5). (e–g) Volume
render of temperature: (e) convective Taylor columns state (Pr = 7, R̃a = 4.6), ( f ) plume state (Pr = 7, R̃a = 13.8), and (g)
nonhydrostatic quasi-geostrophic turbulence (Pr = 0.7, R̃a = 18.4). (h) Rheoscopic visualization of geostrophic turbulence (R̃a = 77,
Pr ≈ 4, Ek = 1.9 × 10−6, ! = 1/4); the central section is shown. (i) Horizontal kinetic energy in the height range 0 < z/H < 3/4
(Ra = 1.7 × 107, Ek = 10−4, Pr = 1) from DNS. Panels adapted with permission from (a) Ning & Ecke (1993), (c, e–g) Julien et al.
(2012b), (d) Sakai (1997), (h) Cheng et al. (2015), and (i) de Wit et al. (2022).

2.1. Quasi-Geostrophic Convection
Several states of RRBC have been identi"ed using the nonhydrostatic quasi-geostrophic approach
(Sprague et al. 2006, Julien et al. 2012b). Near onset, RRBC takes the form of cellular vortical
structures (Chandrasekhar 1953, Veronis 1959) (see Equations 4 and 5 and Figure 2a). These
structures (Figure 5a,c,d) are nonlinearly unstable to slow dynamics (Küppers & Lortz 1969,
Cox & Matthews 2000). With increasing R̃a and Pr ! 3, the !ow structures gradually change to
convective Taylor columns (Figure 1d and Figure 5e) with an interesting structure of T and ωz

(Grooms et al. 2010, Rajaei et al. 2017) around the Taylor column and ef"cient heat transport.
With further increase of R̃a, the vertical coherence of the convective Taylor columns is degraded
and plumes only partially penetrate across the !uid layer with an even shorter vertical correlation
length ( Julien et al. 2012b,Nieves et al. 2014, Rajaei et al. 2017) (see Figure 5f,g). For the highest
investigated R̃a ≈ 20 in the nonhydrostatic quasi-geostrophic model ( Julien et al. 2012b) and for
Pr = 1 (see Figure 5g), one reaches a state of geostrophic turbulence in which heat transport is
throttled by the interior rather than by thermal BLs. Experimental examples of geostrophic tur-
bulence are shown in Figure 5h with R̃a = 77 and Roc = 0.12 and in Figure 1f with R̃a = 27
andRoc = 0.024. Finally, in certain circumstances DNS have shown that a large-scale vortex con-
densate forms from the geostrophic turbulence state ( Julien et al. 2012b, Guervilly et al. 2014,
Guervilly & Hughes 2017, Julien et al. 2018, Favier et al. 2019, de Wit et al. 2022). The regions

www.annualreviews.org • Turbulent RRBC 615

A
nn

u.
 R

ev
. F

lu
id

 M
ec

h.
 2

02
3.

55
:6

03
-6

38
. D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 7

3.
22

5.
16

1.
23

7 
on

 0
8/

06
/2

3.
 S

ee
 c

op
yr

ig
ht

 fo
r a

pp
ro

ve
d 

us
e.

 

Experiment



Where are we now? nature

37
00

 C

1200 km

Inner
Core
solid

3500 km

Outer Core

Mantle

43
00

 C

Liquid

Plastic

Experiment 
Simulation

Rotating Rayleigh-Binard convection 

Sapphire window Top thermistor 

139 

E 

Cooling f- water 

regulated to 
0.25 mK r.m.s. 

Reference - 
resistor 

- 
FIGURE 1. Illustration of the Rayleigh-Benard convection cell. 

Rotation was provided by a stepping motor that drove a flexible belt attached to 
the shaft, A gear assembly allowed the motor to operate at reasonably high 
frequency so as to avoid the jitter associated with digital stepping motors. In 
addition, microstepping reduced this effect so that i t  was not a factor in the rotation. 
Rotation frequencies were in the range 0.01 to 0.5 Hz with the speed determined to 
be steady to &O.OOOl Hz. Early in the experiment the stepping motor was driven by 
a separate controller board, whereas later a module was driven directly from a 
frequency generator in the computer thereby allowing for programmed control of the 
rotation speed. 

Flow visualization was achieved using optical shadowgraph visualization of the 
temperature field. Recent enhancements of this standard technique including digital 
image processing have made it a powerful tool for studying the convective 
instability. Until this work, however, optical shadowgraph visualization has been 
used almost exclusively (for an exception see Busse 1981) for convection in thin fluid 
layers, 1-5 mm. We have used the technique to study patterns and vortex structures 
in deep cells of water where d = 5 cm. The sensitivity of the shadowgraph method is 
lower for deep layers and therefore the distance from onset that a pattern can be 
detected is substantially greater than for thin layers. Whereas it has become 
straightforward to detect patterns in thin layers to within better than 0.2 % of onset, 
our visualization is limited to about 30% above onset. This is adequate for our 
purposes and is much better than visualization with dye or aluminium flakes. We use 
the afocal shadowgraph arrangement (Croquette 1986 ; Kolodner & Williams 1990) 
and a CCD video camera, figure 2, t o  obtain images of the flow. As a consequence of 
the rotation of the convection cell and the stationary structure of the shadowgraph 
optics and video camera, we captured a single frame each full revolution of the cell. 

~1990

Ek ≈ 10−4
a

d

b c e
D = 0.2 mD = 0.2 m

H = 0.5 m D = 0.5 m

H = 1.0 m

D = 0.6 mD = 0.6 m

H = 1.8 m

D = 0.4 m

H = 4 m
D = 1.1 m

H = 2.2 m

Figure 3
Examples of RRBC facilities. (a) RoMag (Rotating Magnetoconvection Device) at the University of California, Los Angeles (UCLA)
(cell aspect ratio range 0.4 ! ! ! 4, liquid Ga, 0.025 ! Pr ! 0.028, 2.1 × 10−7 ! Ek ! 1.1 × 10−4, 1.3 × 104 ! Ra ! 2.2 × 109) (King
& Aurnou 2013, Aurnou et al. 2018). (b) Trieste experiment at the International Centre for Theoretical Physics (! ≈ 0.5, cryogenic
liquid He, 0.69 ! Pr ! 0.72, 2.7 × 10−7 ! Ek ! 9.3 × 10−5, 3.3 × 109 ! Ra ! 1.1 × 1012) (Niemela et al. 2000, Ecke & Niemela
2014). (c) NoMag (Nonmagnetic Rotating Convection Device) at UCLA (0.11 ! ! ! 6, water, 3.5 ! Pr ! 9.4, 1.5 × 106 ! Ra !
9.2 × 1012, 4.2 × 10−8 ! Ek ! 1.3 × 10−3) (Cheng et al. 2015, Aurnou et al. 2018). (d) U-Boot of Göttingen at the Max Planck
Institute for Dynamics and Self-Organization (! ≈ 0.5 and ! ≈ 1; pressurized gases SF6, N2, and He; 0.7 ! Pr ! 1.0;
7.9 × 10−9 ! Ek ! 6.2 × 10−1; 3.4 × 103 ! Ra ! 1.2 × 1015) (Ahlers et al. 2009a, Zhang et al. 2020,Wedi et al. 2021).
(e) TROCONVEX (turbulent rotating convection to the extreme) at Eindhoven University of Technology (0.1 ! ! ! 0.5, water,
2.1 ! Pr ! 6.9, 4.8 × 10−9 ! Ek ! 5.2 × 10−6, 6.2 × 109 ! Ra ! 2.0 × 1014) (Cheng et al. 2018, Kunnen 2021). Figure reproduced
from Cheng et al. (2018); copyright 2018 the authors (CC BY-NC-ND 4.0).

Marques 2009, Cheng et al. 2018, Horn & Aurnou 2018). The resulting parameter range in a
realistic OB experiment is bounded for both Ra and Ek (see Figure 4b).

DNS of RRBC are based on solving numerically nondimensionalized and discretized versions
of Equations 1–3 on computational grids that are suf!ciently !ne in space and time to resolve the
Kolmogorov and Batchelor scales within the bulk of the "uid and to provide a suf!cient number
of grid points to resolve velocity and temperature BLs (Shishkina et al. 2010). There are sev-
eral numerical approaches: !nite-volume [e.g., a fourth-order code Gold!sh; see Shishkina et al.
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~2010

Ek ≈ 10−7

a

d

b c e
D = 0.2 mD = 0.2 m

H = 0.5 m D = 0.5 m

H = 1.0 m

D = 0.6 mD = 0.6 m

H = 1.8 m

D = 0.4 m

H = 4 m
D = 1.1 m

H = 2.2 m

Figure 3
Examples of RRBC facilities. (a) RoMag (Rotating Magnetoconvection Device) at the University of California, Los Angeles (UCLA)
(cell aspect ratio range 0.4 ! ! ! 4, liquid Ga, 0.025 ! Pr ! 0.028, 2.1 × 10−7 ! Ek ! 1.1 × 10−4, 1.3 × 104 ! Ra ! 2.2 × 109) (King
& Aurnou 2013, Aurnou et al. 2018). (b) Trieste experiment at the International Centre for Theoretical Physics (! ≈ 0.5, cryogenic
liquid He, 0.69 ! Pr ! 0.72, 2.7 × 10−7 ! Ek ! 9.3 × 10−5, 3.3 × 109 ! Ra ! 1.1 × 1012) (Niemela et al. 2000, Ecke & Niemela
2014). (c) NoMag (Nonmagnetic Rotating Convection Device) at UCLA (0.11 ! ! ! 6, water, 3.5 ! Pr ! 9.4, 1.5 × 106 ! Ra !
9.2 × 1012, 4.2 × 10−8 ! Ek ! 1.3 × 10−3) (Cheng et al. 2015, Aurnou et al. 2018). (d) U-Boot of Göttingen at the Max Planck
Institute for Dynamics and Self-Organization (! ≈ 0.5 and ! ≈ 1; pressurized gases SF6, N2, and He; 0.7 ! Pr ! 1.0;
7.9 × 10−9 ! Ek ! 6.2 × 10−1; 3.4 × 103 ! Ra ! 1.2 × 1015) (Ahlers et al. 2009a, Zhang et al. 2020,Wedi et al. 2021).
(e) TROCONVEX (turbulent rotating convection to the extreme) at Eindhoven University of Technology (0.1 ! ! ! 0.5, water,
2.1 ! Pr ! 6.9, 4.8 × 10−9 ! Ek ! 5.2 × 10−6, 6.2 × 109 ! Ra ! 2.0 × 1014) (Cheng et al. 2018, Kunnen 2021). Figure reproduced
from Cheng et al. (2018); copyright 2018 the authors (CC BY-NC-ND 4.0).

Marques 2009, Cheng et al. 2018, Horn & Aurnou 2018). The resulting parameter range in a
realistic OB experiment is bounded for both Ra and Ek (see Figure 4b).

DNS of RRBC are based on solving numerically nondimensionalized and discretized versions
of Equations 1–3 on computational grids that are suf!ciently !ne in space and time to resolve the
Kolmogorov and Batchelor scales within the bulk of the "uid and to provide a suf!cient number
of grid points to resolve velocity and temperature BLs (Shishkina et al. 2010). There are sev-
eral numerical approaches: !nite-volume [e.g., a fourth-order code Gold!sh; see Shishkina et al.
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Ek ≈ 5 × 10−9

Ek < 5 × 10−12

~2020

a

d

b c e
D = 0.2 mD = 0.2 m

H = 0.5 m D = 0.5 m

H = 1.0 m

D = 0.6 mD = 0.6 m

H = 1.8 m

D = 0.4 m

H = 4 m
D = 1.1 m

H = 2.2 m

Figure 3
Examples of RRBC facilities. (a) RoMag (Rotating Magnetoconvection Device) at the University of California, Los Angeles (UCLA)
(cell aspect ratio range 0.4 ! ! ! 4, liquid Ga, 0.025 ! Pr ! 0.028, 2.1 × 10−7 ! Ek ! 1.1 × 10−4, 1.3 × 104 ! Ra ! 2.2 × 109) (King
& Aurnou 2013, Aurnou et al. 2018). (b) Trieste experiment at the International Centre for Theoretical Physics (! ≈ 0.5, cryogenic
liquid He, 0.69 ! Pr ! 0.72, 2.7 × 10−7 ! Ek ! 9.3 × 10−5, 3.3 × 109 ! Ra ! 1.1 × 1012) (Niemela et al. 2000, Ecke & Niemela
2014). (c) NoMag (Nonmagnetic Rotating Convection Device) at UCLA (0.11 ! ! ! 6, water, 3.5 ! Pr ! 9.4, 1.5 × 106 ! Ra !
9.2 × 1012, 4.2 × 10−8 ! Ek ! 1.3 × 10−3) (Cheng et al. 2015, Aurnou et al. 2018). (d) U-Boot of Göttingen at the Max Planck
Institute for Dynamics and Self-Organization (! ≈ 0.5 and ! ≈ 1; pressurized gases SF6, N2, and He; 0.7 ! Pr ! 1.0;
7.9 × 10−9 ! Ek ! 6.2 × 10−1; 3.4 × 103 ! Ra ! 1.2 × 1015) (Ahlers et al. 2009a, Zhang et al. 2020,Wedi et al. 2021).
(e) TROCONVEX (turbulent rotating convection to the extreme) at Eindhoven University of Technology (0.1 ! ! ! 0.5, water,
2.1 ! Pr ! 6.9, 4.8 × 10−9 ! Ek ! 5.2 × 10−6, 6.2 × 109 ! Ra ! 2.0 × 1014) (Cheng et al. 2018, Kunnen 2021). Figure reproduced
from Cheng et al. (2018); copyright 2018 the authors (CC BY-NC-ND 4.0).

Marques 2009, Cheng et al. 2018, Horn & Aurnou 2018). The resulting parameter range in a
realistic OB experiment is bounded for both Ra and Ek (see Figure 4b).

DNS of RRBC are based on solving numerically nondimensionalized and discretized versions
of Equations 1–3 on computational grids that are suf!ciently !ne in space and time to resolve the
Kolmogorov and Batchelor scales within the bulk of the "uid and to provide a suf!cient number
of grid points to resolve velocity and temperature BLs (Shishkina et al. 2010). There are sev-
eral numerical approaches: !nite-volume [e.g., a fourth-order code Gold!sh; see Shishkina et al.
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Mathematical models 
help connect 
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