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Experimental measurements of properties of the large-scale circulation �LSC� in turbulent
convection of a fluid heated from below in a cylindrical container of aspect ratio 1 are presented and
used to test a model of diffusion in a potential well for the LSC. The model consists of a pair of
stochastic ordinary differential equations motivated by the Navier–Stokes equations. The two
coupled equations are for the azimuthal orientation �0 and for the azimuthal temperature amplitude
� at the horizontal midplane. The dynamics is due to the driving by Gaussian distributed white noise
that is introduced to represent the action of the small-scale turbulent fluctuations on the large-scale
flow. Measurements of the diffusivities that determine the noise intensities are reported. Two time
scales predicted by the model are found to be within a factor of 2 or so of corresponding
experimental measurements. A scaling relationship predicted by the model between � and the
Reynolds number is confirmed by measurements over a large experimental parameter range. The

Gaussian peaks of probability distributions p��� and p��̇0� are accurately described by the model;
however, the non-Gaussian tails of p��� are not. The frequency, angular change, and amplitude
behavior during cessations are accurately described by the model when the tails of the probability
distribution of � are used as experimental input. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2919806�

I. INTRODUCTION

Turbulent convection is one of the outstanding unsolved
problems of classical physics �for reviews, see, for example,
Refs. 1–3�. The problem of Rayleigh–Bénard convection
�RBC� consists of a fluid sample heated from below. The
heat input causes the emission of volumes of hot fluid known
as “plumes” from a bottom thermal boundary layer that rise
due to buoyancy, while cold plumes emitted from a top
boundary layer sink. The experiments are done in cylindrical
containers with an aspect ratio ��D /L�1 �L is the height
and D is the diameter of the sample�. In the turbulent regime
of �=1 samples, the plumes drive a large-scale circulation
�LSC�, also known as the “mean wind,” which is oriented
nearly vertically with up-flow and down-flow on opposite
sides of the sample.4–11 The wind, in turn, carries the plumes,
primarily up one side and down the other. The dynamics of
the LSC include oscillations6–8,12–19 in which the orientation
of the upper half of the LSC oscillates out of phase with the
lower half.9,20 The LSC breaks the rotational symmetry of a
cylindrical sample and its circulation plane must somehow
choose an azimuthal orientation. This orientation has been
found to undergo spontaneous diffusive meandering.21–24

The LSC also undergoes reorientations both by azimuthal
rotations,14,23 and by cessations in which the LSC slows to a
stop and restarts in a random new orientation.23,25 On longer
time scales, Earth’s Coriolis force was found to cause a net
rotation of the LSC orientation on average once every
3 days, and to align the LSC in a preferred orientation close

to West.24 These LSC dynamics observed in experiments
may be related to some natural convection dynamics. For
example, it is possible that cessations of the flow in Earth’s
outer core are responsible for changes in the orientation of
Earth’s magnetic field.26 Reversals are known to occur in the
wind direction in the atmosphere.27 Torsional oscillations are
observed in the solar convection zone.28

Two stochastic models of LSC flow reversal have been
proposed in literature.29,30 They treated diffusion of the LSC
strength in a potential well, but there was no physical moti-
vation for the shape of the potential that was used �which
differs from ours� and the model parameters were phenom-
enologically chosen. No azimuthal degree of freedom was
included, and thus only genuine reversals of the LSC �which
are now known to be very rare events� could be produced.
Two other models31,32 describe the LSC with deterministic
differential equations that have chaotic solutions. They have
their roots in the Navier–Stokes �NS� equations and retain
terms that are argued to be physically important. One of
them31 again is lacking the azimuthal degree of freedom that
is so important to the LSC dynamics found in experiment.
The other32 is based on an exact solution of the Boussinesq
equations in the inviscid and unforced limit, but employs
physically unrealistic boundary conditions and adds dissipa-
tion a posteriori. It lacks the stochastic character found in
experiment, and requires the arbitrary adjustment of param-
eters to yield the chaotic solutions that might be compared
with observations.

In order to improve upon the state of the field described
above, we briefly presented a stochastic model of the LSC
that was motivated by the physically relevant terms of the
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NS equations for RBC in Ref. 33. It is in the same spirit as a
model for the effects of Earth’s Coriolis force on the flow,24

and we will show in a subsequent paper that the Coriolis-
force model is consistent with the strong-damping limit of
the current model. The model consists of two coupled sto-
chastic ordinary differential equations �ODEs�: one for the
strength of the LSC represented by an amplitude � of the
azimuthal temperature variation at the horizontal midplane of
the sample, and the other for the azimuthal LSC orientation
�0. For �, it leads to diffusive motion in a potential, which
has a minimum at �0�0 and a maximum at �=0. On the rare
occasions when the diffusion reaches �or comes close to� the
maximum, then a cessation has occurred. The shape of that
potential follows from taking a volume average of contribu-
tions from buoyancy and from the viscous drag on the walls.
The equation for �0 contains a nonlinear coupling to the
�-equation, which is proportional to �, which comes from the
advective term in the NS equation, and which represents the
angular momentum of the circulation. Thus, when � is large,
the angular momentum is large and the LSC orientation is
relatively immune to reorientation by the stochastic forces.
On the other hand, near cessations where � becomes small,
reorientations are relatively easily achieved by the fluctuat-
ing background. The stochastic driving phenomenologically
represents the action of the small-scale turbulent fluctuations
on the large-scale circulation. The strength of these fluctuat-
ing forces is obtained from experiment by measuring the
diffusivities of the relevant variables. The model was nu-
merically simulated, and the numerical simulations were
found to reproduce quite well the cessations and rotations, as
well as the diffusive azimuthal meandering, that had been
observed in experiments.14,23,25 The model also yielded prob-
ability distributions for the angular displacement during ces-
sations and rotations that were in quite good agreement with
the measurements.23,25

In the present paper, we present a more detailed deriva-
tion of and motivation for the model. Then, we derive new
analytic results by a lowest-order expansion of the potential
for the � equation about its minimum, and by linearizing the
coupling term of the �0 equation. We present experimental
measurements of the model parameters, as well as of the
Rayleigh-number dependences of several quantities, and for
the most part find reasonable agreement of these results with
the model predictions. A notable exception is the shape of the
�-potential near �=0. We suggest that a possible explanation
for this disagreement may be found in the neglect by the
model of diffusive heat transport across the top and bottom
boundary layers, which can be expected to become signifi-
cant when the LSC amplitude becomes small.

In the next section, we discuss the experiment. This is
kept brief because much of it was done before.23,34 In Sec.
III A, we give a detailed derivation of and motivation for the
model. A linearized version of the model is derived in Sec.
III B. The potential for the � equation, and its linearized
version, are discussed in Sec. III C. In Sec. IV, we present
new experimental measurements of the model parameters.
First, measurements of the Reynolds numbers are discussed.
Then, the diffusivities corresponding to stochastic fluctua-
tions are presented. Next, probability distributions, power

spectra, and correlations of � and �̇0 are given. This is fol-
lowed in Sec. V by a comparison between model predictions
for various Rayleigh-number dependences and measure-
ments of the model time scales, of �0, of the diffusivities, and
of further interesting dimensionless parameters. In Sec. VI,
we use the experimental measurement of the tails of the
probability distribution of � as an experimental input to the
model to predict the behavior of cessations more accurately.
We predict the duration, frequency, and net angular change
during cessations and compare these values to the experi-
mental results of Ref. 23. In Sec. VII, we suggest a modifi-
cation of the model that would add a third equation and that
would be expected to account for the small-� behavior with-
out the empirical experimental input.

II. THE EXPERIMENT

In order to measure the model parameters, experimental
data from two cylindrical samples with aspect ratio ��1
were used. These were the medium and large samples de-
scribed in detail elsewhere.23,34 The samples had copper top
and bottom plates and a Plexiglas sidewall. The medium
sample had a diameter D=24.81 cm and a height L
=24.76 cm, and the large sample had D=49.67 cm and L
=50.61 cm. The Rayleigh number R is given by

R �
�g�TL3

��
, �1�

where � is the isobaric thermal expansion coefficient, g the
acceleration of gravity, �T the applied temperature differ-
ence, � the thermal diffusivity, and � the kinematic viscosity.
By applying a temperature difference 0.5 K	�T	20 K be-
tween the bottom and top plates, with two samples of differ-
ent heights L, a Rayleigh number range of 3
108�R
�1011 could be covered. The Prandtl number � is given by

� �
�

�
. �2�

Each sample was filled with water and the average tempera-
ture between the bottom and top plates usually was kept at
40.0 °C, giving �=4.38. Some measurements were made at
other temperatures and permitted a change of � over the
range 3.3���5.5. Measurements were made with ther-
mistors placed into blind holes drilled into the sidewall from
the outside so they did not interfere with the flow. There
were eight thermistors at the midheight of the sidewall,
equally spaced azimuthally. The LSC carried warm fluid
from the bottom plate up one side of the sample, which
cooled when it passed the top plate and went down on the
opposite side of the sample. The temperature profile

T = T0 + � cos��0 − �� �3�

was fitted to the temperature measurements where � charac-
terizes the strength of the LSC and �0 is the orientation of the
LSC.23,35 Fits of the temperature measurements every 2.5 s
provide time series of � and �0. These time series contained
the diffusive dynamics of the LSC and the reorientations.23,25

The model parameters can be extracted from the time series,
as described in Sec. IV.
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III. THE MODEL

A. Derivation

The model presented in Ref. 33 is reproduced here in
more detail. The LSC strength can be described by the ve-
locity component u. Here,  is an angle in the vertical
circulation plane of the LSC, as shown in Fig. 1, and u

describes the flow in the absence of azimuthal motion. One
expects the acceleration to be due to a balance between
buoyancy and drag forces. The pressure term primarily pro-
vides the inward force to keep the LSC in a loop, and it is not
expected to contribute a net force in the -direction. Thus,
only the buoyancy and viscous drag terms are included on
the right-hand side of the NS equation for u, and we neglect
the nonlinear term:

u̇ = g��T − T0� + ��2u. �4�

To obtain a model in the form of an ODE that describes the
flow with only a few variables, a global average is taken over
the field variables that retains the essential physics of the
LSC. This average can be carried out using the experimental
observation23–25,36 that the temperature of the LSC at the
sidewall at midheight is given by Eq. �3�. The profile is in-
terpolated to be

T�r,�� = T0 +
2r�

L
cos��0 − �� , �5�

where r is the radius measured from the cylinder axis. An
approximately linear radial variation was experimentally
found in Ref. 8. The buoyancy acts on the entire LSC. It
enhances the LSC in proportion to its vertical component.
Thus, to approximately account for this, we multiply the vol-
ume average by a factor of 1 /2. The buoyancy term can now
be approximated by an integral over the container volume V
using Eq. �5� to obtain 1 / �2V��Vg��T−T0�S��−�0�dV
=2g�� / �3�� where S is a step function with S=1 for
��0−��	� /2 and S=−1 otherwise. Note that when the vol-
ume averages are taken, assumptions about the geometry of
the flow only affect coefficients by factors of order 1, and do
not influence the functional form of the results.

It was argued in Ref. 23 based on the experiments in
Ref. 10 that the azimuthal velocity profile is close to a step
function, so the bulk velocity profile is assumed to be

u�r,�� =
2rU

L
, �6�

where U is the maximum vertical speed near the sidewall.
Here, again, the linear variation with r is supported by ex-
perimental results.8,16 The drag is assumed to occur in the
viscous boundary layers, where �2u�−U /�2 �� is the vis-
cous boundary-layer width�. The viscous boundary layers on
the sidewall and plates occupy a fraction of the container
equal to 6� /L, so the volume average of the drag is
−6�U / ��L�. The viscous boundary-layer width is assumed to
follow the Prandtl–Blasius form �=LRei

−1/2 /2 with a fluctu-
ating Reynolds number Rei�UL /�. Although this must be
regarded as an approximation, the Prandtl–Blasius form for
the boundary layer has worked remarkably well in previous
models �for example, see Ref. 24�. It has also been very
successful in predicting the dependence of the Reynolds
number on the Rayleigh number,37 and in treating non-
Boussinesq effects on the Nusselt number and the center
temperature.38,39 With this form, the damping term becomes
nonlinear in U. A volume average of the acceleration term

using Eq. �6� results in �1 /V��Vu̇dV=2U̇ /3. Combining
these results gives the volume-averaged equation

2U̇

3
=

2g��

3�
−

12�1/2U3/2

L3/2 . �7�

This equation has two variables, � and U, but we only have
experimental measurements of �. In order to compare the
model to current data, it is assumed that the temperature
amplitude � is instantaneously proportional to the speed U,
since both variables are measures of the LSC strength. This
assumption is consistent with simultaneous velocity and tem-
perature measurements at the same point at the midheight
near the sidewall, which gave a correlation of 0.8.40 Two-
dimensional direct numerical simulations also found that on
average � is proportional to U, although instantaneously both
separately fluctuate, with the same correlation of 0.8.41 The
proportionality constant relating � to U must satisfy the time
average

2g�	�

3�

=
12�2 Re3/2

L3 �8�

of Eq. �7�. This fixes the proportionality at

2g��

3�
=

12�U Re1/2

L2 . �9�

Note that Eq. �8� forces the sum of the powers of U and Re
to be 3 /2, and so the assumption fixes ��U Re1/2. Equation
�9� is substituted into Eq. �7� and a stochastic term f��t� is
added to represent the influence of the small-scale turbulent
fluctuations on the large-scale flow to get the Langevin equa-
tion

�̇ =
�

��

−
�3/2

��
��0

+ f��t� . �10�

Using Eqs. �1� and �2�, one finds the constant

L U

λ

φ

FIG. 1. A diagram of the LSC showing the coordinate , maximum of the
velocity profile U, and viscous boundary-layer width � �not to scale�.
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�0 �
18��T� Re3/2

R
�11�

and the time scale

�� �
L2

18� Re1/2 . �12�

The stochastic term is assumed to be Gaussian distributed
white noise with zero mean. These properties will be ex-
plored in detail in Sec. IV.

Equation �10� has two fixed points: one unstable at �=0
and one stable when �=�0. Thus, in the absence of fluctua-
tions, �0 can be interpreted as the steady-state amplitude. The
stochastic equation reproduces some of the important behav-
ior of the LSC. When a temperature difference is applied to
generate buoyancy, the LSC will start to grow due to the
instability at �=0 until it reaches the stable fixed point at �
=�0. If the fluctuations are small, � spends most of its time
meandering near the stable fixed point at �0, and if the fluc-
tuations are large enough, the LSC occasionally undergoes a
cessation when fluctuations drive � close to 0.

Other models of the LSC dynamics29,30 have used an
equation for the LSC strength similar to Eq. �10�, but as-
sumed an exponent of 3 for the damping term instead of 3 /2.
The essential physics of Eq. �10� is in the �in�stability behav-
ior of the fixed points. Equations such as Eq. �10� have one
unstable and one stable fixed point as long as the damping
exponent is greater than 1. Thus, in a qualitative sense, Eq.
�10� has a behavior similar to that of the earlier models.
Since � is chosen to be non-negative and reversals are ac-
counted for by a change in orientation �the parameters of the
temperature profile T=T0+� cos��−�0� are not uniquely de-
termined, because the change �→−� is equivalent to �0

→�0��; thus, � is chosen to be always non-negative for
uniqueness�, there is no need to restrict the exponents to odd
integers as in the other models. Since the 3 /2 power came
from our choice of drag law and scaling relationship between
� and U, the phenomenology of the model is also robust to
these choices as long as the exponent of the drag term is
greater than that of the buoyancy term.

The second Langevin equation describes the azimuthal
motion of the LSC. The only driving force for azimuthal
motion in a symmetric system is turbulent fluctuations, and
damping can come from either viscosity or rotational inertia.
Thus, only the drag term is kept on the right-hand side of the
NS equation in the azimuthal coordinate,

u̇� + u� · �� u� = ��2u�. �13�

Again, the components of the nonlinear term are negligible
except the one corresponding to the rotational inertia of the

LSC in the -coordinate �u� ·�� �u���u /r��u� /��U�̇0.
This can be physically understood in terms of the dynamics
of a rigid rotator: A rotating body has some stability due to
its angular momentum that resists a torque in an orthogonal

direction. The torque in the �-direction is equal to I�̈0= L̇�

where L� and L are the angular momenta in the respective
coordinates, and I is the moment of inertia. Since the LSC
nearly fills the container, I is assumed to be the same around

both axes of rotation. For a differential torque applied to a
rigid rotator, a change in orientation is more difficult when
there is rotation in a perpendicular direction d�0=dL� /L, or

L̇�=L�̇0, where L= Iu /r�2UI /L. Combining these equa-

tions yields the inertial contribution to acceleration �̈0

=2U�̇0 /L. Using the approximation that viscous drag occurs
mainly in the boundary layers, one has 	��2u�
V

���L�̇0 /2� /�2
6� /L. The volume average of Eq. �13� is

L�̈0

3
= −

2U�̇0

3
−

6��̇0 Rei
1/2

L
. �14�

The ratio of the viscous drag term to the angular-momentum
damping is equal to 9Rei

1/2. At Rei=3700 �the Reynolds
number at R=1.1
1010�, for example, this yields �0.15 for
this ratio. Since rotational inertia damps the azimuthal mo-
tion much more than the viscous drag across the boundary
layer near the sidewall, the viscous damping term of the
azimuthal equation is neglected from now on. The azimuthal
speed is generally small compared to the LSC speed so the
effect of rotational inertia is much larger on the azimuthal
coordinate than on the LSC strength, which is why the non-
linear term could be ignored in Eq. �4�. Converting the re-
maining terms from U to � using Eq. �9�, and adding another
stochastic term f �̇�t� representing turbulent fluctuations, give

�̈0 = −
�̇0�

��̇�0
+ f �̇�t� �15�

with the constant time scale

��̇ �
L2

2� Re
. �16�

The two stochastic ODEs �10� and �15� compose the model
for the LSC dynamics. The stochastic terms f��t� and f �̇�t�
that drive the dynamics of the system are presumed to origi-
nate from the small-scale turbulent background fluctuations.
We made some extremely simplifying assumptions about
them because they cannot be isolated from the dynamical
system to independently measure their properties. They are
assumed to be Gaussian distributed, uncorrelated white
noise. Then, the diffusivities D� and D�̇ are the only param-
eters required to describe them, and these can be estimated
from experimental data. The adequacy of these assumptions
is tested in the context of the model in Sec. IV. There are
direct model predictions for �0 and the time scales �� and ��̇.
Methods for experimentally obtaining all of the parameter
values and testing the model will be covered in Sec. IV.

B. Linear approximation

When fluctuations of � are small, or ���0, a linear ap-
proximation to the Langevin equations can be made. For the
data of Ref. 23, this approximation is satisfied most of the
time, but not during the quite rare cessations. Thus, the lin-
earized version of the model should apply to long-term av-
erages of data, but the full nonlinear model must be used to
study cessations.
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Starting with Eq. �10� for �, we expanded around the
stable fixed-point solution �=�0 by rewriting �=�0+�. As-
suming ���0 and thus keeping up to the first order term in
the expansion, one has ��0+��3/2��0

3/2+3���0 /2. Using

�̇��0�=0, Eq. �10� simplifies to a linear equation

�̇ = −
�

2��

+ f��t� . �17�

Equation �15� can also be linearized near the stable fixed
point by setting �=�0 to obtain

�̈0 = −
�̇0

��̇

+ f �̇�t� . �18�

The typical size of fluctuations in � can be measured by the
ratio of the variance of � to the average of � squared, or
��

2 /�0
2�0.07 for the large sample data and smaller in the

medium sample �see Sec. IV C�. Since this ratio is small, the
effect of the variable nature of the damping on averages is
small.

C. The potential wells

It is useful to think of Eq. �10� in terms of diffusion in a
potential well, as in the Arrhenius–Kramers problem.42 The

potential is defined by V��−��̇dd�, where �̇d is the deter-
ministic part of Eq. �10�. Thus,

V� = −
�2

2��

+
2�5/2

5��
��0

. �19�

This potential is shown in Fig. 2. Its minimum is at �=�0,
and due to the stochastic term f��t� the value of � fluctuates
around �0 in the bottom of the well. A cessation occurs when
the LSC amplitude drops to zero, or when fluctuations in �
cross the potential barrier �V��V��0�−V���0�. The linear-
ization of the potential well near the stable fixed point gives

V� � V���0� − �̇dd� = V���0� +
�2

4��

, �20�

where �̇d is the deterministic part of Eq. �17�. This potential
is also shown in Fig. 2. The minima of both potentials over-
lap and have the same curvature, so the dynamics for small
fluctuations will be the same for both; however, the nonlinear
potential V� is skewed to bias fluctuations towards small �
relative to the parabolic potential V�.

Similarly, the dynamics of �̇0, given by Eq. �15�, can be
thought of as diffusion in the potential well

V�̇ � − �̈0d�̇0 = �̇0
2�/�2�0��̇� . �21�

In this case, the well is parabolic, with a minimum at �̇=0.

Thus, the mean of �̇ will be zero, with fluctuations symmetri-
cally about this value. However, the well curvature varies

with �. Thus, reorientations occur when fluctuations take �̇0

far away from the average of zero, and this is more likely
when �, and thus the curvature of the potential, are small.
The extreme case is a cessation, which occurs when � is
close to zero and the potential V�̇ is nearly flat.

IV. MEASURING THE MODEL PARAMETERS

A. The Reynolds number Re
and the mean temperature amplitude �0

The model of the large-scale circulation requires several
input parameters. The Reynolds number Re was measured in
many experiments �for a recent summary, see Ref. 43� and
described by theoretical models.37 Values are taken from
temperature-correlation functions corresponding to the
plume turnover that came from the same apparatus as the
current measurements and were reported in Ref. 43, and will
not be distinguished from different measures of the Reynolds
number that were discussed in Ref. 43 because these differ-
ences are small compared to the current needs. The fixed-
point temperature amplitude �0 can be approximated by an
average over a time series: �0�	�
. Due to the asymmetry of
Eq. �19� around �=�0, 	�
 is slightly less than �0, but the
difference is a small fraction of �0 and so will be ignored.

B. The diffusivities and time scales

For diffusive fluctuations, the mean-square change
	�dx�2
 of a variable x over a time interval dt is a linear
function of dt, and the diffusivity Dx is defined by the equa-
tion 	�dx�2
=Dxdt. For stepwise numerical simulations, the
stochastic terms fx�t� in the model have a variance Dx /h,
where h is the time step of the numerical integration.

1. Diffusion of the amplitude �

A plot of 	�d��2
�	���t+dt�−��t��2
 as a function of the
time interval dt is shown in Fig. 3 for R=1.1
1010 as an
example �data at numerous other values of R behave in a
similar manner�. The equation 	�d��2
=D�dt was fitted to the
data for 30 s	dt	80 s to obtain D�=6.4
10−5 K2 /s. Al-
though this linear relationship is characteristic of diffusion,

0.0 0.5 1.0 1.5 2.0
−0.1

0.0

0.1

0.2

δ / δ0

V
δτ

δ
/δ

02

∆Vδ

FIG. 2. �Solid line� The potential well V�= �−�2 /2+2�5/2 / �5��0�� /�� in
which � diffusively meanders. �Dashed line� A parabolic potential well V�

=V���0�+ ��−�0�2 / �4���. �Dotted line� The potential for �	0.5�0 inferred
from the measured p���. �V� is the predicted potential barrier for cessations.
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the variance of the change in � saturates at a constant value
for large dt. This happens because the diffusion of � occurs
in the potential well given by Eq. �19� and so is bounded to
a finite range. For the linearized model �17�, the potential
well is parabolic so p��� is Gaussian with variance ��

2

=��D� �see Sec. IV C for a derivation�. The long-term vari-
ance of the change in � is given by limdt→�	���dt�−��0��2

=limdt→�	���dt��2−2��dt���0�+ ���0��2
. Since ��dt� and
��0� are uncorrelated for large dt, but each has variance ��

2, it
follows for large dt that 	�d��dt��2
=2��

2=2��D�. Since D� is
measured from the slope of 	�d��dt��2
 for intermediate dt in
Fig. 3, one can obtain �� from the ratio of measured values to
get ��=47 s. The transition between the two scaling regimes
occurs at dt=2��. Thus, 2�� is the time scale over which the
amplitude retains some correlation. The parameters deter-
mined here and below for R=1.1
1010 are summarized in
Table I. The dependences of the measured diffusivities and
time scales on R are shown in Sec. V.

2. Diffusion of �̇0

Figure 4 shows the mean-square change in azimuthal

rotation rate 	�d�̇�2
�	�̇0�t+dt�− �̇0�t�
 as a function of the

time interval dt. Here, �̇0�t�= ��0�t+dt /2�−�0�t−dt /2�� /dt.
Also plotted is the same quantity derived from measurements

of �̇0�t� that are restricted to the range 0.9�0	�	1.1�0 near

the stable fixed point. The equation 	d�̇0
2
=D�dt is fitted to

the latter data to obtain D�̇=2.9
10−5 rad2 /s3 for R
=1.1
1010. The diffusivity is calculated from the data with
� close to �0 so that it can be analyzed according to the linear
prediction �18�. The difference between the two results is

small in any case. The plot of 	�d�̇0�dt��2
 has a plateau

because the damping term causes �̇0 to be bounded. Since the
linear azimuthal equation �15� also corresponds to a para-

bolic potential well, p��̇0� is also Gaussian with variance

�
�̇

2
=��̇D�̇ /2, which gives limdt→�	�d�̇0�dt��2
=D�̇��̇. Again,

since D�̇ is measured from the slope of 	�d�̇0�dt��2
, one can
obtain the time scale ��̇=6.9 s from the ratio of measured
values. The transition between scalings occurs at dt=��̇, so

this is the time scale over which �̇0 remains correlated.
Allowing for variations in �, for instance, during cessa-

tions, the time scale corresponding to the damping term for
Eq. �15� is ��̇�0 /�, which diverges when �=0. However,
such a large time scale does not exist for the LSC dynamics
since cessations have a typical duration on the order of ��

�see Sec. VI C�. Since 2�� is the correlation time for �, the
damping term of the azimuthal equation may retain some
autocorrelation over this time scale. This is the longest time

scale expected for the dynamics of �̇0 and, in fact, Fig. 4 has
a slightly lower plateau for dt���.

The data in Fig. 4 were intended to test whether the

fluctuations in �̇0 are diffusive, but the range of the sloped
region is too short to do this with confidence. At best, the
diffusivity can be estimated based on the first two data points
by assuming diffusive behavior. The plateau region of Fig. 4
corresponds to a range where the dynamics can be consid-
ered strongly damped. For these time intervals, the accelera-

tion term is negligible ��̈0�0� and the azimuthal equation
�15� becomes

�̇0 =
�0��̇

�
f �̇�t� �22�

for the diffusion of �0. It implies that fluctuations of �0 fol-
low a diffusive scaling 	d�0�dt�2
=D�dt where the diffusivity
is

100 101 102 10310−4

10−3

10−2

dt

<
(d

δ)
2 >

FIG. 3. The mean-square change in amplitude 	�d��2
 as a function of the
time interval dt for R=1.1
1010. �Solid line� A fit of 	�d��2
=D�dt to the
data for intermediate dt gives the diffusivity D�. �Dotted line� A constant
2D��� fit to data with large dt, together with D�, yields ��.

TABLE I. The time scales �� and ��̇, together with the model predictions
�12� and �16�, and the diffusivities D� and D�̇, obtained from the mean-
square change 	�dx�dt��2
 of the variables over time and from power spectra
Px��� for R=1.1
1010.

	�dx�dt��2
 Px��� Prediction

�� �s� 47 34 85

��̇ �s� 6.9 5.4 13

D� �K2 /s� 6.4
10−5 1.8
10−4
¯

D�̇ �rad2 /s3� 2.9
10−5 1.4
10−4
¯

100 101 102 103

10−4

2.10−4

<
(d

θ 0
)2 >

dt

.

FIG. 4. �Dots� The mean-square change in azimuthal rotation rate 	�d�̇�2
 as
a function of the time interval dt for R=1.1
1010. �Open circles� Modified
time series using only azimuthal steps d�0 when 0.9�0	�	1.1�0. �Solid

line� A fit of 	d�̇0
2
=D�dt to the open circles for dt	6 s. �Dotted line� A

constant D�̇��̇ fit to data with large dt. Together with D�̇ it yields ��̇.
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D� = ��0��̇

�
�2

D�̇. �23�

Diffusive behavior for �0 was observed in Refs. 21–23 and
was used in Ref. 24 to study the long-term dynamics of �0

due to Earth’s Coriolis force. The variances 	�d��2
 reported
in Refs. 22–24 do not saturate at a maximum value because
�0 represented by Eq. �22� has no potential terms and thus it
is unbounded. In the model of Ref. 24 there are weak poten-
tial terms that would go on the right-hand side of Eq. �22�
due to Earth’s Coriolis force, which tend to align the flow in
a preferred orientation and cause a net azimuthal rotation of
the LSC. However, these terms are small compared to the
fluctuation size, so they do not effectively bound �0 to a
finite range.24 Since a weak Coriolis force is only relevant to
long-term dynamics, a long-term approximation can be made
by assuming �=�0, where the predicted value of the diffu-
sivity of �0 is D�=�

�̇

2
D�̇=1.4
10−3 rad2 /s. This can be com-

pared with the value D�=1.22
10−3 rad2 /s reported in Ref.
24. The good agreement shows that the Coriolis-force model
of Ref. 24 is consistent with the strong-damping limit of Eq.
�15� near the stable fixed point. Because the Coriolis-force
terms are small, they do not affect any of the short-time-scale

dynamics of � or �̇0 and can be ignored in the present work.
Thus, the results of Ref. 24 are completely consistent with
and represent a long-time-scale limit of the current model.

C. The probability distributions

1. The distribution p„�…

The probability distribution p��� of the amplitude � can
be calculated from the steady-state solution of the Fokker–
Planck equation �see, for instance, Ref. 44�, which represents
a balance between advection and diffusion of probability as
follows:

�̇dp��� =
D�

2

dp���
d�

, �24�

where �̇d is the deterministic part of Eq. �10�. The solution to
this differential equation is

p��� � exp
− 2V�

D�

, �25�

where the potential V� is given by Eq. �19�. In the linear
approximation, valid near the stable fixed point, the potential
V� from Eq. �20� is parabolic, and then p��� is Gaussian with
variance

��
2 = ��D�. �26�

Figure 5 shows the probability distribution p��� derived
from experimental data at R=1.1
1010 as open circles. The
predictions of p��� for both potentials V� and V� are plotted
as well as dotted and dashed lines, respectively. For the pre-
dictions, the values of D� and �� obtained from Fig. 3 and of
�0 derived from the experimental time series for ��t� were
used. The Gaussian shape of the peak and its variance are
correctly predicted by the model. The good match near the
peaks supports the validity of the linearized model of diffu-

sion in a potential well near the minimum. While the nonlin-
ear model correctly predicts a skewed distribution favoring
small �, the predicted p��� does not match the experimental
data in the tails of p��� very well.

For �	0.5�0, the measurements shown in Fig. 5 suggest
an exponential dependence of p��� on �. A fit of

p��� = p�0�exp
B�

�0
�27�

with the free parameters B and p�0� to data for R=1.1

1010 is shown in the figure. Since cessations occur due to
large fluctuations in �, the statistics corresponding to cessa-
tions should be determined by the tail of p��� rather than by
p��� near its peak. Because the model is based on the as-
sumption of the existence of the LSC, it is perhaps not sur-
prising that it fails when the LSC is weak. Near the end of
this paper, in Sec. VII, we suggest a possible expansion of
the model that could reproduce the small-� behavior of p���
more accurately.

2. The distribution p„�̇0…

The peak of the probability distribution of p��̇0� can be
estimated from the linearized azimuthal equation �18�. This
equation is mathematically similar to the amplitude equation
�17�, and the steady-state solution of the Fokker–Planck
equation leads to the similar result

p��̇0� � exp�−
�̇0

2

��̇D�̇
� �28�

for �̇0 near the stable fixed point. Thus, the variance of p��̇0�
is

�
�̇

2
=

��̇D�̇

2
. �29�

Figure 6 shows the experimental results for p��̇0� for R
=1.1
1010 along with the model predictions for constant
damping, as well as the result of a numerical simulation of

0.0 0.2 0.410−3

10−2

10−1

100

101

δ (K)

p(
δ)

FIG. 5. The probability distribution of the amplitude p��� for R=1.1

1010. �Dashed line� Gaussian fit to data. �Dotted line� Model prediction
from Fokker–Planck equation. �Solid line� An exponential fit of p���
= p�0�exp�B� /�0� to data for �	0.6�0.
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full models �10� and �15�. The linearized model accurately

describes p��̇0� as a Gaussian near the peak of the distribu-
tion, but with larger tails due to the variable damping term,

which allows large fluctuations in �̇0 when � is small. The
simulation distribution does not match the tail of the experi-
mental distribution very well, but does have an approxi-

mately exponential decay for large �̇0 similar to the experi-
mental data.

D. Power spectra

To a limited extent, one can test the assumption of white
noise for the stochastic terms f��t� and f �̇�t� by examining

power spectra of � and �̇0. These are shown in Fig. 7 for R
=1.1
1010. Both power spectra are mostly flat for small
frequencies, as expected for white noise, but they show a
rolloff for large frequencies. The measured power spectra are
a result not only of the stochastic terms but also of the re-
sponse to them contained in the dynamical equations �10�
and �15�. Since the system spends most of its time near the
stable fixed point, the amplitude response can be calculated

to a good approximation from the linearized equation �17�.
For a single driving frequency f , the stochastic term can be

represented by f��t�=�D� /dt exp�i2�ft�. Assuming re-

sponses of the form �̇=C exp�i2�ft+ i��, substituting these
into Eq. �17�, and taking the magnitude of the complex so-
lutions lead to a power P� given by the Lorentzian function

P� � �C�2dt =
D�

4�2f2 + 1/�4��
2�

. �30�

A fit of this function to the data very near the scaling cross-
over gives ��=34 s and D�=1.8
10−4 K2 /s. Considering
the approximations made in deriving the model, these values
are in satisfactory agreement with those obtained from fits of
	�d��dt��2
 �see Table I�. The power spectrum P� has unex-
plained small features �which also appear in other data sets�
that deviate from the expected function. In addition, the
rolloff appears to have an exponent somewhat more negative
than −2, indicating that there are more low-frequency and
less high-frequency fluctuations than expected. Nonetheless,
the shape of P� is at least roughly similar to the model pre-
diction.

Similarly, the response to the linearized azimuthal equa-
tion �15� is

P�̇ =
D�̇

4�2f2 + 1/�
�̇

2 . �31�

A fit of P�̇ to the power spectrum of �̇0 gives ��̇=5.4 s and
D�̇=1.4
10−4 rad2 /s3. This fit is excellent, and as was seen
for P� and 	�d��dt��2
, the fit parameters are also in satisfac-

tory agreement with those found from fits of 	�d�̇0�dt��2
.
This power spectrum is consistent with the model assump-
tion of white noise, which is filtered at high frequencies due
to inertial damping.

E. Correlation between � and ��̇0�

So far, all of the tests of the model have assumed the
damping term of the azimuthal equation �15� to be indepen-
dent of � in order to make the azimuthal equation linear. A
need for a variable � to appear in the azimuthal equation was

indicated already by measurements that showed that ��̇0� and

� are negatively correlated with � slightly leading to ��̇0�.23,25

This is now qualitatively explained by the model; as the
damping term increases with �, the magnitude of the azi-

muthal rotation rate decreases. Since ��̇���, �̇0 changes

faster than �. Thus, the distribution of �̇0 comes close to a
temporary stationary state for a given � after a time of the
order of ��̇. This is the lead time measured in Ref. 25. It was
experimentally found in Ref. 25 that the delay time was
about 6% of the turnover time T. Using Eq. �16� and Re
=2L2 / �T��, one can estimate roughly that ��̇=T /4. The mea-
sured ��̇ is somewhat smaller, and it has a somewhat differ-
ent dependence on R �see Fig. 8 below�. For all R, there is
order-of-magnitude agreement with the measured lead time.

0 2 4 610−4

10−3

10−2

10−1

100
p(

|θ
|)

|θ |/σ0 θ
.

.

0.

FIG. 6. The probability distribution of the azimuthal rotation rate p���̇0��
over a single time step dt�2.5 s for R=1.1
1010. �Circles� Experimental
data. �Triangles� Simulation data. �Dotted line� The Gaussian distribution
predicted for a constant damping term with �=�0. �Solid line� Exponential
fits to the tails of the distributions.
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FIG. 7. The power spectra P� �left axis, dotted line� and P�̇ �right axis, thin
solid line� derived from the experiment. �Dashed line� A fit of a Lorentzian
near the crossover of P�. �Thick solid line� A fit of a Lorentzian to P�̇.
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Numerical simulations indicate that the peak of the correla-
tion occurs at a time of the order of ��̇, but that it also
depends on other model parameters.

V. THE RAYLEIGH-NUMBER DEPENDENCE
OF THE PARAMETERS

A. The time scales �� and ��̇

The time scales �� and ��̇ predicted by the model were
inferred from the mean-square variable change over time,
and from power spectra, as discussed above. The azimuthal
time scale can also be estimated in the strong-damping limit

from the ratio of measured diffusivities ��̇=�D� /D�̇. Each of
these is nondimensionalized in the same way as the turnover
time to obtain a Reynolds number. This gives Re�

�L2 / �����, which is plotted in Fig. 8�a� and Re�̇

�L2 / ���̇��, which is plotted in Fig. 8�b�. The different meth-
ods of measuring the time scales all agree within about a
factor of 2. The model predictions of Eqs. �12� and �16� are
also shown in the figure. Fits of power laws to the Reynolds
numbers obtained from variance measurements in the large

sample gave Re��R0.43 and Re�̇�R0.20. These exponents do
not agree with the predicted exponents of about 1 /4 from Eq.
�12� and about 1 /2 from Eq. �16�, respectively. The Rey-

nolds numbers for different samples with the same � and �
do not agree at the same R, indicating that the L-scaling of
the model prediction is incorrect. The Reynolds number Re
=2L2 / �T�� corresponding to the plume circulation period T
was reported in Ref. 43 to be Re=0.0345R1/2 and is shown in
Fig. 8�a�. It is seen to be very close to Re� for the large-
sample autocorrelation measurements, which implies ��

�T /2. The two predicted time scales were observed by sev-
eral methods, and the predicted values are within an order of
magnitude of the data, but both the L-scaling and the
R-scaling of the model disagree with the measurements.

In principle, the time scales could be affected by the
stochastic terms from the Langevin equations if these terms
are autocorrelated over some time interval. The time scales
obtained from the variances represent long-term dynamics.
Thus, they should be unaffected by the correlation times of
any of the model terms. A power spectrum could be modified
if the corresponding stochastic term has a nonzero correla-
tion time, which corresponds to colored noise. Since the time
scales measured from the correlation functions are close to
those obtained by the mean-square variable change, the cor-
relation times of f��t� and f �̇�t� must be small compared to ��

and ��̇, respectively. The correct prediction of the peaks of
probability distributions based on the mean-square variable
change provides support for using the time scales obtained
by this method, so these measured time scales will be used as
the experimental input for other model predictions.

B. The amplitude �0

Previous work revealed correlations between the veloc-
ity of the LSC and the temperature near the sidewall in the
horizontal midplane.17,18 Equation �11� predicts the relation-
ship between the mean temperature amplitude �0 and the
Reynolds number. It can be rearranged to get

�0

�T



R

�
� 18��Re�3/2. �32�

Figure 9 shows measurements of ��0 /�T��R /�� versus Re

109 1010 1011103

104
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R

R
eδ

.
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104
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eθ
(a)

(b)

FIG. 8. �a� The Reynolds number Re��L2 / �����. �b� The Reynolds number

Re�̇�L2 / ����̇�. Each is measured by several methods for a wide range of R.
�Circles� From the mean-square variable change over time. �Triangles� From
power spectra. �Squares� From the strong-damping approximation of ��̇

=�D� /D�̇. �Solid symbols� Medium sample. �Open symbols� Large sample.
�Solid lines� Prediction from models �12� and �16�. �Dashed line� The Rey-
nolds number corresponding to the turnover Re=0.0345R1/2 from Ref. 43.
�Dotted lines� Power-law fits to the open circles.
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FIG. 9. The measured value of 	�
 /�T
R /� as a function of Re. �Solid
circles� Medium sample, �=4.4. �Open circles� Large sample; �=4.4. �Up-
pointing triangles� Medium sample, �=5.5. �Down-pointing triangles� Me-
dium sample, �=3.3. �Solid line� A fit of the predicted power law 	�
 /�T

R /�=c Re3/2 to all of the data.
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over 2.5 decades of R and for 3.3���5.5, with data from
both the medium and the large sample. Values of Re are
based on the plume circulation period determined in Ref. 43
from measurements with the same apparatus as the current
experiments. The Prandtl number � was varied by changing
the mean temperature of the fluid. The solid line shows a
power-law fit with the exponent 3 /2 to the data with a free
coefficient c defined by ��0 /�T��R /��=c�Re�3/2. The fit
yields c=159, a factor of 2.8 larger than the predicted 18�.
This power law fits the data within better than 20% over 2.5
decades of R, and thus strongly supports the predicted rela-
tionship between �0 and Re.

C. The diffusivities

The values of the nondimensionalized diffusivity
D��L2 /�T2�� are shown as a function of R in Fig. 10. The
nondimensionalization used there leads to a disagreement be-
tween data from the two samples for the same control pa-
rameters R and �, which is undesirable. A power law was
fitted to the large-sample data and yielded an exponent of
−0.04. Since ��T�2�R2, this gives D��R1.96.

The value of the nondimensionalized diffusivity
D�̇�L2 /��3 is shown as a function of R in Fig. 11. This non-
dimensionalization is also seen to lead to disagreement be-
tween data from the two samples at the same R. A power law
was fitted to the large-sample data to obtain D�̇�R0.76.

D. Nondimensional parameters

An alternate nondimensionalization can be made by
combining the three parameters from the equation for the
temperature amplitude �, Eq. �10�, into ���D���� /�0

2, and
the two parameters from the azimuthal equation �15�, into
D�̇�

�̇

3
. These are shown in Figs. 12 and 13, respectively, for

various R in both samples. While there is still some disagree-
ment for � between the two samples, it is smaller than in Fig.
10 and it is possible that this may be due to a non-
Boussinesq effect.38 These two dimensionless parameters
have only a weak R-dependence. A fit of a power law to D�̇�

�̇

3

gives an exponent of 0.14�0.01. In the large sample, � is

essentially constant, while in the medium sample and for R
�4
109, it varies as R0.32 as shown by the solid line in Fig.
12. These two nondimensional parameters completely deter-
mine the parameter space of the linearized model. Taking
into account the variable damping term requires the addi-
tional nondimensional parameter ��̇ /��, which is proportional
to R0.23 in the large sample. Since all of these nondimen-
sional parameters vary only weakly with R, the large experi-
mental range of R covers only a small region of the param-
eter space. It would be very interesting to learn how the
parameters vary with the aspect ratio � of the sample.

VI. CESSATION RESULTS

A. Empirical potential

Cessations occur when � becomes small, so the approxi-
mations near the stable fixed point may not be adequate for
describing them. It was seen in Fig. 5 that the model does not
accurately predict the tails of p���, so Eq. �10� will not ac-
curately describe the statistics of cessations, even though
cessations do occur for that dynamical equation at a rate
which exceeds the experimental observations by only a fac-
tor of 2 or 3. The problem can be directly seen in a compari-

108 109 1010 1011
0.02
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δ/
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FIG. 12. The nondimensionalized diffusivity �=D��� /�0
2 for various R.

�Solid circles� Medium sample. �Open circles� Large sample. �Solid line� A
power law with an exponent of 0.32.
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FIG. 10. The nondimensionalized diffusivity D� /�T2
L2 /� for various R.
�Solid circles� Medium sample. �Open circles� Large sample. �Solid line� A
power-law fit to the large sample data.
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FIG. 11. The nondimensionalized diffusivity D�̇
 �L2 /��3 as a function of
R. �Solid circles� Medium sample. �Open circles� Large sample. �Solid line�
A power-law fit of the large sample data.
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son of the structure of the Langevin equation for � with
experimental measurements. It was observed that the average

of �̇ is independent of � both before and after a cessation
when � is sufficiently small, roughly when �	�0 /2.23 For

small �, the model �10� predicts �̇��, in disagreement with
the data. In this section, it will be shown that this inconsis-
tency can be repaired by using an empirical potential inferred
from the experimentally measured small-� tails of p���,
grafted onto the parabolic potential of the model near �=�0.

On its own, p��� determines the product of the frequency
and of the duration of cessations. These two values can be
separately predicted for diffusion in this empirical potential
well V�,e by also using the model parameters that were ob-
tained in Sec. IV. The empirical potential is obtained by fit-
ting Eq. �27� to the experimental results for p��� for small �.
For small �, the form of Eq. �27� and the Fokker–Planck
result �25� then imply

V�,e = −
BD��

2�0
+ const. �33�

We note that this potential does not yield a fixed point at �
=0 because its derivative is finite. Nonetheless, it yields a
well defined potential barrier that can be used to predict

properties of cessations. The time-averaged �̇ is directly re-

lated to the potential by the equation �̇=−dV� /d�. For small

�, Eq. �33� implies �̇=BD� / �2�0�, which is independent of �
in contrast to the model �10�. The potential barrier �V�,e

=V�,e�0�−V�,e��0� can be expressed in terms of the measured
p��� using Eq. �25� to get

2�V�,e

D�

= ln p��0� − ln p�0� � � ln p . �34�

The values of B� and �� ln p obtained from fits of p���
= p�0�exp�B� /�0� at various R are shown in Fig. 14. The
peak value p��0�= �2�D����−1/2 is taken from the Gaussian
approximation of p���. Both values are seen to be nearly
independent of R when scaled by �. The inferred potential is
shown in Fig. 2 for �	0.5�0 using the typical measured
values B=8.6 and �=0.069, and � ln p=6.2 that are a good
approximation for all of the large-sample data. The potential

barrier is larger for the empirical potential than for the origi-
nal model potential and it yields a smaller cessation fre-
quency.

For the potential to be smooth and thus for �̇d to be well
defined in the corresponding Langevin equation, the small-�
limit given by V�,e and the potential V� near �=�0 must
match up at some intermediate value �=C�0. Based on the
measured p���, C�0.5. These requirements fix the param-
eters B and � ln p to be B= �1−C� /� and � ln p
= �1−C2� / �2��. Thus, the observation that B� and �� ln p
are roughly constant is equivalent to C being roughly con-
stant, and that p��� has the same shape for different control
parameters. Since we do not have data covering a large range
of �, it cannot be confirmed that both B and � ln p scale as
1 /�, but the fact that the significant decrease in � for small R
shown in Fig. 12 does not appear in Fig. 14 is consistent with
that conclusion over a small range of �.

B. The rate of cessations

The equation for � does not contain an inertia term, and
corresponds to pure diffusion in a potential well. Thus, if the
root-mean-square amplitude of this diffusive motion is small
compared to its mean value �0, then successive cessations
will follow Poissonian statistics. This will be the case when
the diffusivity D� is small compared to the depth of the well,
and this condition is satisfied for the physically relevant pa-
rameter values.

The experimental results for the time-averaged frequen-
cies of cessations �c, measured in events per unit time, are
not very accurate because cessations occurred only about
once or twice per day. Nonetheless, a comparison between
experiment and the model is useful. The rate of cessations
can be calculated using the model of diffusion across a po-
tential barrier, which is analogous to the Arrhenius–Kramers
problem.42 Stochastic fluctuations with strength D� drive the
amplitude � in a potential well. A cessation occurs when �
fluctuates from the bottom of the potential well at �=�0 to
the top at �=0. Thus, for a cessation to occur, fluctuations
must overcome a barrier �V�V�0�−V��0�. First, we shall
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use the empirical potential barrier �V�,e. It can be obtained
from Eq. �34� and the data in Figs. 12 and 14. One sees that
the ratio of the potential barrier to the diffusivity given by
2�V�,e /D� is around 6 or larger. This means that the
Arrhenius–Kramers equation for the large-barrier
approximation42 can be applied here. In that approximation,
the rate of escape is proportional to exp�−2�V�,e /D��. The
prefactor depends on expansions of integrals around the peak
and minimum of p��� with the result depending on the cur-
vature of the potential at these points. The full solution is

�c= �B /����� / �2��exp�−2�V�,e /D��. While the exponential
dependence always has the same form in the large-barrier
limit, the proportionality to B�� is a result of the shape of
the potential near �=0. This prediction for �c is shown in
Fig. 15 as triangles, along with experimental data from Ref.
23 which are given as circles. The prediction is seen to be in
agreement with the experimental data within about a factor
of 2. The cessation rate is nearly independent of R for the
large sample, and decreases for the medium sample with
decreasing R. This plot roughly follows the same trend as �,
see Fig. 12, confirming that � is the most relevant parameter
for determining the rate of cessations; it must be since it is
the only dimensionless parameter in the relevant Langevin
equation.

For comparison, the prediction in the large-barrier limit
for the model potential �19� is �c=exp�−2�V� /D�� / �2����,
but the large-barrier limit is not as good an approximation for
this model in the experimental parameter range because �V�

is too small �see the potential barriers in Fig. 2�. For in-
stance, for R=1.1
1010, it yields about 14 cessations per
day, which is an order of magnitude larger than the experi-
ment. However, when the complete model, Eqs. �10� and
�15�, is numerically integrated for the same R instead of us-
ing the large-barrier analytic expression, one finds about 3.8
cessations per day,33 which is only a factor of 2 larger than
the experiment. It turns out that the prediction based on the
empirical p��� and the prediction based on the parabolic po-
tential of the linearized model give about the same result for

�c, but the functional dependence on � differs between the
two due to the different shapes of the potentials around �=0.

C. The duration of cessations

For ��0.5�0, it was experimentally observed23 that dur-
ing cessations the average over all events of the magnitude

	��̇�
 of the rate of change of � was independent of �. Thus,
the amplitude drop and recovery are symmetric and follow
the equation

��t� = �m + 	��̇�
�t� , �35�

where t is the time elapsed since the cessation. We calculate
the average duration of a cessation to be 	�t

= ��0−2�m� / 	��̇�
. Here, �m=0.095�0 is the average minimum
measured amplitude during cessations, which is just slightly
larger than zero in any experimental measurement. The value

of 	�̇���
 for the rise can be calculated from the experimen-

tally obtained small-� tail of p��� to be 	�̇
=−dV�,e /d�

=BD� / �2�0� using the empirical V�,e from Eq. �33�. This 	�̇

is independent of � in agreement with experiment.23 The
average duration of cessations is thus predicted to be 	�t

���0−2�m� / �BD� / �2�0��. The average measured cessation
duration, as well as the predicted value based on the empiri-
cal potential, are shown in Fig. 16 for various R. Both data
and the prediction of �t are roughly proportional to ��, but
the prediction is an overestimate by about a factor of 2.
While the amplitude behavior during cessations is inconsis-
tent with the proposed model �10� in the sense that it is
responsible for the tails of p���, using the tails of the mea-
sured p��� as experimental input into the diffusion model

allowed the prediction that 	�̇
 during cessations is constant
and approximately proportional to �0 /��.
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D. Angular change during cessations

Within experimental resolution, the net angular change
�� during cessations was found to have a uniform probabil-
ity distribution p����.25 Numerical simulations based on the
model equations �10� and �15� confirmed this within their
resolution.33 A viable but ad hoc explanation of this result
was that, once the LSC ceases, there is no memory of its
original orientation and the reorganization of the new circu-
lation will occur in an arbitrary new orientation. Here, we
offer an alternative view of this phenomenon. We present
arguments showing that a near-uniform distribution can be
due to large azimuthal fluctuations that occur when the iner-
tial damping term in Eq. �15� becomes small. This occurs
only when � becomes small during cessations.

Equation �28� predicts that, over a given time period �t,
the orientation diffuses, yielding a Gaussian distributed
p����. The typical orientation change due to diffusion near
the fixed-point amplitude �0 is d�rms=�D��t, which with Eq.

�15� yields d�rms���̇�D�̇�t. For the average cessation pe-
riod 	�t
�1.34T,23 one then has d�rms�0.3 rad. Because
the inertial damping decreases as � decreases during a ces-
sation �see Eq. �15��, the angular change is typically larger
during cessations then it is when � is near �0 or larger. In the
strong-damping approximation, the diffusivity of �0 is given
by Eq. �23� and is larger at smaller �, and the time depen-
dence of ��t� is given by Eq. �35�. The mean-square change
in amplitude, when integrated over the duration of a cessa-
tion, gives

	�d�0��t��2
 = 
−�t/2

�t/2

D����t��dt = 2D�̇�
�̇

2
�0�t/�m. �36�

Thus, the typical angular change during cessations ���

��	�d�0��t��2
�1.4 rad at R=1.1
1010. This is much
larger than the angular change for constant damping with �
near �0 that was illustrated above.

There is an additional contribution during cessations
when the flow reverses, that is, when � becomes less than
zero. This can occur due to a continuous meandering of �
below zero, but in our analysis the absolute value ��� is taken
and �� added alternatively to �0 whenever a reversal oc-
curs. For an odd number of reversals, there is a net contri-
bution of � to ��. The percentage of cessations with rever-
sals depends on the potential barrier to cessations and how
the threshold for cessations is defined. This would be
50% if a cessation was counted only if � crossed zero, but
because the LSC cannot be experimentally resolved
when ��0, a cessation is counted when � drops below
0.15�0. The chance of getting an odd number of reversals in
a cessation can be estimated in the large-barrier limit to be

A = 0.5 exp�2�V�,e�0� − V�,e�0.15�0��/D��

� 0.5 exp�− 0.15B� � 0.14

at R=1.1
1010. While this is at best an order-of-magnitude
estimate, numerical simulations indicate that there are an odd
number of reversals for a fraction A=0.32 of cessations at
this value of R. The combination of diffusion and reversals
results in a double-peaked distribution at 0 and � for small

azimuthal fluctuations, but with larger fluctuations, both
peaks spread out. This predicted distribution is reduced to the
range 0 to � by the transformation ��red=�
− ��− ��� mod 2��� so that ��red is the smaller of the choices
of angular change in either direction during the cessation.
This transformation is made because of the nonuniqueness of
�0 in which a change of �� and ���2� is indistinguishable
unless the orientation can be smoothly traced in time, which
cannot practically be done during cessations. The distribution
can be expressed as

p���red� � �
n=−�

�

�1 − A�exp�−
��� + 2�n�2

2���
2 �

+ �
n=−�

�

A exp�−
��� − � + 2�n�2

2���
2 � . �37�

If both peaks are assumed to have the same height, the net
distribution is within 10% of uniform if ����1.35 rad. In
the limiting case where A=0 �no reversals�, for p���� to be
within 10% of uniform would require ����2.70 rad. For
stronger diffusion, the absolute angular change can increase,
but p���red� remains nearly uniform. Experimental data from
Ref. 23 for 109	R	1.1
1010 are plotted in Fig. 17, along
with the predictions of Eq. �37� for R=1.1
1010 and R
=109 using A=0.32. The model result is consistent with the
data without any fit parameters. The predictions for both
ends of the R range, as well as the uniform distribution, are
consistent with the data because the experimental probability
distribution has fairly large error bars since cessations are so
rare that only a few hundred have been measured.

Experiments reported in Ref. 45 with �=1 /2 for
1.5
1010�R�7.2
1010 found p���� peaked at 0 and �
with p�� /2��0.3p�0�. Although the effect of changing � on
the model parameters is unknown, a single LSC roll was
observed, so the model should apply to those experiments
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FIG. 17. The probability distribution p���red� of the orientation change
during cessations, reduced to the range 0¯� by the transformation ��red

=�− ��− ��� mod 2���. �Solid circles� Data from Ref. 23. �Solid line� Uni-
form distribution. �Dotted line� Prediction from Eq. �37� for R=109.
�Dashed line� Prediction from Eq. �37� for R=1.1
1010.
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with different parameters. The measured p���� is consistent
with the predicted functional form of the sum of Gaussians,
one centered at each integer multiple of �.

VII. AN EXPANDED MODEL FOR SMALL �

Measurements of p��� and �̇ for small � indicate that the
Langevin equation for � should be dominated by a constant
term for ��0.5�0, in contrast to the model equation �10�,
which has �̇�� when � is small. In this section, we outline
how the model might be expanded so as to account for the
small-� behavior, but leave the details of this expansion to
future work.

The expansion consists of the inclusion of the heat-
transport equation

Ṫ + u� · �� T = ��2T �38�

to describe the top and bottom boundary-layer heat conduc-
tion. When the LSC is weak, � and U are small and the
advective term of Eq. �38� can be neglected. The diffusion
term contributes only in the thermal boundary layers and can
be estimated as ��2T��T / �2l2�, where l is the width of one
boundary layer. It is given approximately by l=L / �2N�.37

This term contributes in the fractional volume 2l /L. Using

Eq. �3�, the volume-averaged temperature change is Ṫ

=4�̇ / �3��. Combining these terms gives �̇
=3���TN / �2L2��0.03 K /s for R=1.1
1010. This is a
constant, i.e., independent of �, as required by the data for
p���. It is within an order of magnitude of the experimental

value �̇�1.34�0 /T�0.007 K /s reported in Ref. 23. Using
the result N�R1/3 for the large sample,46 the prediction gives

�̇�R4/3. This is close to the measured �̇��0 /T�R5/4 reported
in Ref. 23. These values are consistent with the conclusion
that the dominating driving term for small � is due to thermal
diffusion across the boundary layers. At least for small �, this
replaces the need to use the momentum equation and the
assumption ��U.

A more complete model that applies for all ranges of �
might consider the LSC velocity U separately from �. This
separation would be more realistic since � and U separately
fluctuate, even though the model produced cessations and
rotations without taking this into account. Such a model
would likely include the momentum equations �7� and �14�
as well as the heat transport equation, for a total of three
differential equations for the three parameters U, �, and �.
The advective term of the heat-transport equation couples it
to U, while the buoyancy term of Eq. �4� for the LSC veloc-
ity couples it to �. The fact that only one equation was nec-
essary to describe the LSC strength near the stable fixed
point suggests that the time scale for the coupling of � and U
is short compared to ��, so that the dynamics of � and U can
to lowest order be described by a single equation.

VIII. SUMMARY AND CONCLUSIONS

We demonstrated that many aspects of the dynamics of
the LSC can be described by two coupled stochastic ODEs
that are motivated by the NSs equations. One of the equa-
tions is for the amplitude of the azimuthal temperature varia-
tion � that is induced by the circulation, and the other is for
the azimuthal orientation �0 of the near-vertical LSC circu-
lation plane. The �-equation represents the balance between
the driving due to buoyancy and the dissipation due to the
drag across viscous boundary layers near the walls. The �0

equation is coupled to the �-equation by an advective term
that represents the angular momentum of the circulation.
Both equations are driven by a Gaussian white noise term
that represents the action of the small-scale turbulent fluctua-
tions on the large-scale circulation.

The original definition of reorientations as a relatively
large and fast angular change was cumbersome because there
was no clear distinction between small fluctuations and large
reorientations.25 Now, all of the azimuthal dynamics—
including meandering, larger and faster rotations, and the
large azimuthal changes associated with cessations—are sim-
ply described as diffusive fluctuations in a potential well V�̇

given by Eq. �21� and with a curvature that depends on �.
Larger rotations tend to occur when �, and thus the well
curvature, is smaller, and the large angular change during
cessations �with � near zero� occurs because the potential
well becomes nearly flat so that the azimuthal motion is al-
most unconfined. Reversals of the LSC with ���� are not
distinct events in this description. Crossings of the potential
maximum at �=0 tend not to be reversals because this is
when the azimuthal fluctuations are at their largest.

Previously, we had suggested that the uniform distribu-
tion of p���� for cessations occurs because the LSC loses
any memory of its orientation during cessations.23 This is the
expected result if the LSC completely breaks up. In Sec.
VI D, we showed that a good approximation to this distribu-
tion can occur even if � remains finite during cessations,
provided � becomes small enough so that the azimuthal dif-
fusion is large over the durations of cessations.

By studying power spectra and probability distributions,
it was found that the stochastic driving terms can to a good
approximation be described by Gaussian white noise. The
model contains two time scales: ��̇ and ��. These were indi-
rectly measured by several methods to be within a factor of 2
or so of the prediction; however, the predicted dependence
on the Rayleigh number R and the sample height L differed
somewhat from the data. The prediction for the dependence
of the mean temperature amplitude �0 of the LSC on R
agreed well with measurements over the large range of R and
the small range of the Prandtl number � that were explored.

The model accurately describes the dynamics and much
of the R dependence using the potential near the minimum
where ���0 and predicts the existence of cessations near
�=0. However, it fails to quantitatively measured the behav-
ior far from the potential minimum, including the tails of
p��� and details about cessations. Using the measured p���
as empirical experimental input to the model, the scaling
behavior of the frequency, angular change, and amplitude
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behavior during cessations could be reproduced quite well.
This supports using a model of diffusion in a potential well
for the LSC even though the originally proposed model
equations must be modified for small �. In the preceding
section, we suggest that the modification may consist of the
inclusion of the driving by the diffusive heat transport across
the top and bottom thermal boundary layers, which becomes
important when the driving due to � becomes small.

In agreement with experiment, the model predicts a rate
of cessations that is roughly uniform at about 1–2 per day
over a wide range of Rayleigh numbers, from 3
108	R
	1011.23 On the other hand, the model of diffusion over a
potential barrier suggests a very sensitive dependence of the
rate of cessations on the model parameters, at least when the
potential barrier is not small compared to the diffusivity. The
lack of a dependence on R can be understood because the
barrier ratio 2V /D���−1 is nearly independent of R. It is
conspicuous that the two dimensionless parameters � and

D�̇�
�̇

3
that determine the dynamics of � and �̇0, respectively,

are both nearly constant over the 2.5 decades of R that were
studied.

The only known dynamical behavior of the LSC that is
conspicuously missing from the model is a description of the
twisting oscillation of the LSC.9,20 There is no signal of the
twisting oscillation in measurements at the midheight of the
sample, so it seems that the oscillations are independent of
the azimuthal diffusion and reorientations described by the
model. The Nusselt number, or nondimensional heat flux, is
another important aspect of RBC not represented in the
model. The Nusselt number is understood to be controlled by
the thermal boundary layers and not the LSC, so its absence
from a model of the LSC, which does not include these
boundary layers, is not surprising.

Here, the LSC was studied in a container with cylindri-
cal symmetry. A previous paper described measurements and
a model of the symmetry-breaking effect of Earth’s Coriolis
force on the LSC.24 That model is consistent with the strong-
damping limit of the current model. A later project will con-
sider the effects of various asymmetries of the system on the
LSC in which perturbative terms can be added to the model
equations �10� and �15�.

ACKNOWLEDGMENTS

This work was supported by Grant No. DMR07-02111
of the U.S. National Science Foundation.

1E. D. Siggia, “High Rayleigh number convection,” Annu. Rev. Fluid
Mech. 26, 137 �1994�.

2L. P. Kadanoff, “Turbulent heat flow: Structures and scaling,” Phys. Today
54�8�, 34 �2001�.

3G. Ahlers, S. Grossmann, and D. Lohse, “Hochpräzision im Kochtopf:
Neues zur turbulenten Konvektion,” Physik Journal 1, 31 �2002�.

4R. Krishnamurti and L. N. Howard, “Large scale flow generation in tur-
bulent convection,” Proc. Natl. Acad. Sci. U.S.A. 78, 1981 �1981�.

5M. Sano, X. Z. Wu, and A. Libchaber, “Turbulence in helium-gas free
convection,” Phys. Rev. A 40, 6421 �1989�.

6B. Castaing, G. Gunaratne, F. Heslot, L. Kadanoff, A. Libchaber, S.
Thomae, X. Z. Wu, S. Zaleski, and G. Zanetti, “Scaling of hard thermal
turbulence in Rayleigh–Bénard convection,” J. Fluid Mech. 204, 1
�1989�.

7S. Ciliberto, S. Cioni, and C. Laroche, “Large-scale flow properties of

turbulent thermal convection,” Phys. Rev. E 54, R5901 �1996�.
8X. L. Qiu and P. Tong, “Large scale velocity structures in turbulent ther-
mal convection,” Phys. Rev. E 64, 036304 �2001�.

9D. Funfschilling and G. Ahlers, “Plume motion and large scale circulation
in a cylindrical Rayleigh–Bénard cell,” Phys. Rev. Lett. 92, 194502
�2004�.

10C. Sun, K. Q. Xia, and P. Tong, “Three-dimensional flow structures and
dynamics of turbulent thermal convection in a cylindrical cell,” Phys. Rev.
E 72, 026302 �2005�.

11Y. Tsuji, T. Mizuno, T. Mashiko, and M. Sano, “Mean wind in convective
turbulence of mercury,” Phys. Rev. Lett. 94, 034501 �2005�.

12F. Heslot, B. Castaing, and A. Libchaber, “Transition to turbulence in
helium gas,” Phys. Rev. A 36, 5870 �1987�.

13T. Takeshita, T. Segawa, J. A. Glazier, and M. Sano, “Thermal turbulence
in mercury,” Phys. Rev. Lett. 76, 1465 �1996�.

14S. Cioni, S. Ciliberto, and J. Sommeria, “Strongly turbulent Rayleigh–
Bénard convection in mercury: Comparison with results at moderate
Prandtl number,” J. Fluid Mech. 335, 111 �1997�.

15X. L. Qiu, S. H. Yao, and P. Tong, “Large-scale coherent rotation and
oscillation in turbulent thermal convection,” Phys. Rev. E 61, R6075
�2000�.

16X. L. Qiu and P. Tong, “Onset of coherent oscillations in turbulent
Rayleigh–Bénard convection,” Phys. Rev. Lett. 87, 094501 �2001�.

17J. Niemela, L. Skrbek, K. R. Sreenivasan, and R. J. Donnelly, “The wind
in confined thermal turbulence,” J. Fluid Mech. 449, 169 �2001�.

18X. L. Qiu and P. Tong, “Temperature oscillations in turbulent Rayleigh–
Bénard convection,” Phys. Rev. E 66, 026308 �2002�.

19X. L. Qiu, X. D. Shang, P. Tong, and K.-Q. Xia, “Velocity oscillations in
turbulent Rayleigh–Bénard convection,” Phys. Fluids 16, 412 �2004�.

20D. Funfschilling, E. Brown, and G. Ahlers, “Torsional oscillations of the
large-scale circulation in turbulent Rayleigh–Bénard convection,” J. Fluid
Mech. 607, 119 �2008�.

21C. Sun, H. D. Xi, and K. Q. Xia, “Azimuthal symmetry, flow dynamics,
and heat transport in turbulent thermal convection in a cylinder with an
aspect ratio of 0.5,” Phys. Rev. Lett. 95, 074502 �2005�.

22H. D. Xi, Q. Zhou, and K. Q. Xia, “Azimuthal motion of the mean wind in
turbulent thermal convection,” Phys. Rev. E 73, 056312 �2006�.

23E. Brown and G. Ahlers, “Rotations and cessations of the large-scale
circulation in turbulent Rayleigh–Bénard convection,” J. Fluid Mech. 568,
351 �2006�.

24E. Brown and G. Ahlers, “Effect of the Earth’s Coriolis force on turbulent
Rayleigh–Bénard convection in the laboratory,” Phys. Fluids 18, 125108
�2006�.

25E. Brown, A. Nikolaenko, and G. Ahlers, “Reorientation of the large-scale
circulation in turbulent Rayleigh–Bénard convection,” Phys. Rev. Lett.
95, 084503 �2005�.

26G. Glatzmaier, L. H. R. Coe, and P. Roberts, “The role of the Earth’s
mantle in controlling the frequency of geomagnetic reversals,” Nature
�London� 401, 885 �1999�.

27E. van Doorn, B. Dhruva, K. R. Sreenivasan, and V. Cassella, “Statistics of
wind direction and its increments,” Phys. Fluids 12, 1529 �2000�.

28R. Howard and B. LaBonte, “The Sun is observed to be a torsional oscil-
lator with a period of 11 years,” Astrophys. J., Lett. Ed. 239, L33 �1980�.

29K. R. Sreenivasan, A. Bershadski, and J. Niemela, “Mean wind and its
reversals in thermal convection,” Phys. Rev. E 65, 056306 �2002�.

30R. Benzi, “Flow reversal in a simple dynamical model of turbulence,”
Phys. Rev. Lett. 95, 024502 �2005�.

31F. Fontenele Araujo, S. Grossmann, and D. Lohse, “Wind reversals in
turbulent Rayleigh–Bénard convection,” Phys. Rev. Lett. 95, 084502
�2005�.

32C. Resagk, R. du Puits, A. Thess, F. Dolzhansky, S. Grossmann, and F.
Fontenele Araujo, and D. Lohse, “Oscillations of the large scale wind in
turbulent thermal convection,” Phys. Fluids 18, 095105 �2006�.

33E. Brown and G. Ahlers, “Large-scale circulation model of turbulent
Rayleigh–Bénard convection,” Phys. Rev. Lett. 98, 134501 �2007�.

34E. Brown, A. Nikolaenko, D. Funfschilling, and G. Ahlers, “Heat transport
in turbulent Rayleigh–Bénard convection: Effect of finite top- and bottom-
plate conductivities,” Phys. Fluids 17, 075108 �2005�.

35E. Brown and G. Ahlers, “Temperature gradients, and search for non-
Boussinesq effects, in the interior of turbulent Rayleigh–Bénard convec-
tion,” Europhys. Lett. 80, 14001 �2007�.

36G. Ahlers, E. Brown, and A. Nikolaenko, “The search for slow transients,
and the effect of imperfect vertical alignment, in turbulent Rayleigh–
Bénard convection,” J. Fluid Mech. 557, 347 �2006�.

075101-15 A model of diffusion in a potential well Phys. Fluids 20, 075101 �2008�

Downloaded 20 Jul 2008 to 128.135.35.56. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp

http://dx.doi.org/10.1146/annurev.fl.26.010194.001033
http://dx.doi.org/10.1146/annurev.fl.26.010194.001033
http://dx.doi.org/10.1063/1.1404847
http://dx.doi.org/10.1073/pnas.78.4.1981
http://dx.doi.org/10.1103/PhysRevA.40.6421
http://dx.doi.org/10.1017/S0022112089001643
http://dx.doi.org/10.1103/PhysRevE.54.R5901
http://dx.doi.org/10.1103/PhysRevE.64.036304
http://dx.doi.org/10.1103/PhysRevLett.92.194502
http://dx.doi.org/10.1103/PhysRevE.72.026302
http://dx.doi.org/10.1103/PhysRevE.72.026302
http://dx.doi.org/10.1103/PhysRevLett.94.034501
http://dx.doi.org/10.1103/PhysRevA.36.5870
http://dx.doi.org/10.1103/PhysRevLett.76.1465
http://dx.doi.org/10.1017/S0022112096004491
http://dx.doi.org/10.1103/PhysRevE.61.R6075
http://dx.doi.org/10.1103/PhysRevLett.87.094501
http://dx.doi.org/10.1017/S0022112001006310
http://dx.doi.org/10.1103/PhysRevE.66.026308
http://dx.doi.org/10.1063/1.1637350
http://dx.doi.org/10.1017/S0022112008001882
http://dx.doi.org/10.1017/S0022112008001882
http://dx.doi.org/10.1103/PhysRevLett.95.074502
http://dx.doi.org/10.1103/PhysRevE.73.056312
http://dx.doi.org/10.1017/S0022112006002540
http://dx.doi.org/10.1063/1.2402875
http://dx.doi.org/10.1103/PhysRevLett.95.084503
http://dx.doi.org/10.1038/44776
http://dx.doi.org/10.1038/44776
http://dx.doi.org/10.1063/1.870401
http://dx.doi.org/10.1086/183286
http://dx.doi.org/10.1103/PhysRevE.65.056306
http://dx.doi.org/10.1103/PhysRevLett.95.024502
http://dx.doi.org/10.1103/PhysRevLett.95.084502
http://dx.doi.org/10.1063/1.2353400
http://dx.doi.org/10.1103/PhysRevLett.98.134501
http://dx.doi.org/10.1063/1.1964987
http://dx.doi.org/10.1209/0295-5075/80/14001
http://dx.doi.org/10.1017/S0022112006009888


37S. Grossmann and D. Lohse, “Prandtl and Rayleigh number dependence of
the Reynolds number in turbulent thermal convection,” Phys. Rev. E 66,
016305 �2002�.

38G. Ahlers, E. Brown, F. Fontenele Araujo, D. Funfschilling, S. Gross-
mann, and D. Lohse, “Non-Oberbeck-Boussinesq effects in strongly tur-
bulent Rayleigh–Bénard convection,” J. Fluid Mech. 569, 409 �2006�.

39G. Ahlers, F. Fontenele Araujo, D. Funfschilling, S. Grossmann, and D.
Lohse, “Non-Oberbeck–Boussinesq effects in gaseous Rayleigh–Bénard
convection,” Phys. Rev. Lett. 98, 054501 �2007�.

40P. Tong, personal communication �18–20 November 2007�.
41K. Sugiyama, personal communication �18–20 November 2007�.
42H. A. Kramers, “Brownian motion in a field of force and the diffusion

model of chemical reactions,” Physica �Amsterdam� 7, 284 �1940�.
43E. Brown, D. Funfschilling, and G. Ahlers, “Anomalous Reynolds-number

scaling in turbulent Rayleigh–Bénard convection,” J. Stat. Mech.: Theory
Exp. 2007, P10005.

44M. Gitterman, The Noisy Oscillator, The First Hundred Years, From Ein-
stein Until Now �World Scientific, Singapore, 2005�.

45H. D. Xi and K. Q. Xia, “Cessations and reversals of the large-scale
circulation in turbulent thermal convection,” Phys. Rev. E 75, 066307
�2007�.

46A. Nikolaenko, E. Brown, D. Funfschilling, and G. Ahlers, “Heat transport
by turbulent Rayleigh–Bénard convection in cylindrical cells with aspect
ratio one and less,” J. Fluid Mech. 523, 251 �2005�.

075101-16 E. Brown and G. Ahlers Phys. Fluids 20, 075101 �2008�

Downloaded 20 Jul 2008 to 128.135.35.56. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp

http://dx.doi.org/10.1103/PhysRevE.66.016305
http://dx.doi.org/10.1017/S0022112006002916
http://dx.doi.org/10.1103/PhysRevLett.98.054501
http://dx.doi.org/10.1016/S0031-8914(40)90098-2
http://dx.doi.org/10.1103/PhysRevE.75.066307
http://dx.doi.org/10.1017/S0022112004002289

