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We report a systematic experimental study of the orientation and the flow strength of the large-scale circu-
lation �LSC� in water-filled cylindrical Rayleigh-Bénard convection cells with aspect ratios 2.3, 1, and 0.5 by
both direct velocity measurement and the indirect multithermal-probe measurement. Unlike its weak effect in
the system’s global heat transport, the aspect ratio � is found to play an important role in the dynamics of the
azimuthal motion of the LSC. It is found that in larger � geometries the azimuthal motion of the LSC’s vertical
plane is confined in smaller azimuthal region than that in smaller � geometries. The twisting motion between
top and bottom parts of the LSC observed in the �=1 geometry is found to be absent in the �=1 /2 case. It is
found that in the �=1 /2 geometry the orientational change ���� through a reorientation has an exponential
distribution, in contrast to the power-law distribution for the �=1 case. Despite the difference in orientational
change, the occurrence of the reorientations is a Poisson process in both geometries. Using the conditional
average of the time interval between adjacent cessations or reversals on the rebound flow strength, we dem-
onstrate the possibility to empirically predict when the next cessation or reversal will most likely occur if the
rebound flow strength of the preceding cessation or reversal is given.
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I. INTRODUCTION

Rayleigh-Bénard �RB� convection is a fluid layer heated
from below and cooled from the top. The fluid is set to
motion when the applied temperature difference exceeds a
critical value. The dynamics of the flow is determined by the
geometry of the cell and two dimensionless parameters: the
Rayleigh number Ra=�g�TH3 / ���� and the Prandtl number
Pr=� /�, where �T is the applied temperature difference, H
is the height of the cell, g is the acceleration due to gravity,
and �, �, and � are, respectively, the volume expansion co-
efficient, kinematic viscosity, and thermal diffusivity of the
fluid. The lateral confinement of the convective flow due to
the existence of the sidewall is characterized by the aspect
ratio �=D /H, where D is the diameter of the cylindrical cell
used. RB convection receives extensive studies not only be-
cause it is a model system for the study of buoyancy-driven
fluid turbulence but also because of its importance in the
understanding of the ubiquitous convection phenomenon oc-
curring in nature, for example, those in astrophysical and
geophysical systems such as solar and mantle convections
�1,2�.

At sufficiently high value of Ra, a large-scale circulation,
in the form of a single roll comparable to the size of the
convection cell, emerges �3–5� �see Fig. 1�. The various as-
pects of this large-scale circulation �LSC� have been studied
extensively over the years, using experimental, numerical,
and theoretical approaches �6–18�. Through these studies, it
is now generally believed that, in �=1 cells, the laterally
separated warm and cold plumes rise and fall along the two
opposing sidewall regions, thus driving the bulk fluid in the
cell interior �8,10,11,19,20�. For the �=1 /2 geometry, direct
velocity measurements showed that the time-averaged large-
scale flow is also of a single-roll structure �8,12�. A numeri-
cal study suggests that the flow structure in this geometry

can be either single-roll or double-roll, depending on the Ra,
Pr, and the sidewall used �16�. In a recent experimental
study, we found that both the single-roll and double-roll
structures exist in �=1, 1 /2, and 1 /3 geometries. Our sys-
tematic study of flow mode transitions further showed that in
�=1 and 1 /2 geometries, the large-scale convective flow is
overall a single-roll structure, while in the �=1 /3 geometry
the flow spends only one-third of time in the single-roll flow
mode �21�.

Figure 1 is a shadowgraph image showing the spatial
structure of LSC in a �=1 cell, which is captured simulta-

FIG. 1. Instantaneous shadowgraph images of the convective
flow in an aspect ration unity cylindrical cell taken simultaneously
from two vertical planes at 90° angle. The convecting fluid is
Dipropylene glycol at Pr=1032, Ra=8.3	108. A rectangular jacket
is glued to the outside of the cylindrical cell to reduce optical dis-
tortions due to the curvature of the cell.
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neously by two CCD cameras separated by 90° in a horizon-
tal plane. When viewed from the positive x direction the fluid
rises on the right and sinks on the left, suggesting that the
flow is overall a single-roll structure. When viewed from the
positive y direction the fluid goes up vertically within a nar-
row band near the central region of the cell. Combining the
two views together we can conclude that the flow in the
convection cell is a quasi-two-dimensional �2D� single-roll
structure with a finite width of about half cell diameter. The
self-organized process of formation and sustenance of this
single-roll structure from individual plumes has been eluci-
dated convincingly in a recent experiment using both flow
visualization and quantitative velocity measurements �20�.
Since the LSC is a quasi-2D structure, it may rotate azimuth-
ally. The LSC’s vertical circulating plane has indeed been
found to undergo constant azimuthal meandering in both
mercury �7,22� and water �12,23–25� convections. For the
�=1 geometry, in addition to the overall azimuthal meander-
ing, the upper half and the lower half of the LSC are also
found to undergo a twisting oscillation with a 180° phase
difference �26�. Occasionally the LSC will experience larger
reorientations which can be accomplished by two scenarios.
One is by rotation of the LSC’s circulating plane during
which the flow strength shows no appreciable variation, this
is called rotation-led reorientation; the other involves a tem-
porary vanishing of the flow strength—a cessation of the
LSC �23�, with the LSC restarting at a new orientation,
which is called a cessation-led reorientation. Note that a ces-
sation does not necessarily produce a reorientation, because
after a cessation the LSC could restart from the same azi-
muthal position where it stops. If the cessation is accom-
plished by an orientational change of 180°, it is a flow direc-
tion reversal of the LSC. Reversals have been observed in
two-dimensional numerical simulations of RB convection
�27� and is the subject of a number of recent model studies
�28–32�. In addition to its importance in understanding the
dynamics of turbulent flows in the RB system �28,33� and in
other turbulent systems �34�, the putative connection of this
phenomenon to similar reversals in the magnetic polarity of
the Earth �35� and in the wind direction in the Earth’s atmo-
sphere �36� also makes it of more general interest. Ahlers and
co-workers �23,25� showed that the reorientation of the LSC
plane is the major dynamic event compared to the much rarer
reversals. Specifically, they found that, in �=1 geometries,
the orientational change after reorientation ���� is power law
distributed, i.e., no special ���� exists and reorientation with
small orientational change is more probable. They further
showed that after a cessation, the orientational change ����
is uniformly distributed, i.e., the LSC can restart at any new
orientation with equal probability after a cessation.

Compared to the extensive studies in �=1 geometry, there
are relatively few experimental studies focused on the azi-
muthal motion of the LSC in �=1 /2 geometry. Recently
Sun, Xi, and Xia found that in �=1 /2 cells the meandering
of the LSC orientation is diffusive over short time scales, and
in longer time scales it generates a net rotation �12�. These
properties, which were first observed in �=1 /2 cells �12�,
were later confirmed in �=1 cells �24,25�. Sun, Xi, and Xia
also suggested that the origin of the observed net rotation is
the Earth’s Coriolis force �12�. The effect of the Earth’s Co-

rilolis force to the azimuthal motion of the LSC was later
systematically studied in detail for �=1 geometry �37�. In a
recent study Xi and Xia showed that in �=1 /2 geometry
cessations not only can occur, they do so with much higher
probability than those in the �=1 case with about one third
of the cessations being reversal events �38�. With this large
number of reversal events, detailed statistical analysis of un-
ambiguously identified cessation-led reversals became pos-
sible. For example, it is found that the time interval between
successive reversals is exponentially distributed, suggesting
that the occurrence of the reversals is a Poisson process �38�.
Since the dynamics of cessations and reversals are very dif-
ferent in �=1 and 1 /2 geometries, it is natural to ask
whether other dynamical events such as the azimuthal mo-
tion and the reorientation of the LSC are the same in these
two geometries.

In this paper, we report an experimental study of the azi-
muthal motion of the LSC in cylindrical convection cells of
different aspect ratios, using water as the working fluid. Di-
rect velocity measurements are made in cells with aspect
ratios �=2.3, �=1, and �=1 /2, respectively, and we find
that the aspect ratio plays an important role in the dynamics
of the LSC. We then make a comparative study of the prop-
erties of reorientation in �=1 and 1 /2 geometries. Long time
measurements of both the orientation and the flow strength
of the LSC are made simultaneously. Detailed analysis re-
veals that the dynamics of reorientation of the LSC in the
two geometries appear to be governed by different mecha-
nisms.

The remainder of this paper is organized as follows. In
Sec. II we describe the convection cells and experimental
methods. We then discuss the properties of the azimuthal
motion of the LSC in different geometries in Sec. III. Section
III A shows the overall features of the LSC’s azimuthal mo-
tion in different aspect ratio geometries, where results from
direct velocity measurement ��=2.3, 1, and 1 /2� and from
the multithermal-probe measurement over much longer pe-
riod of time ��=1 and 1 /2� are presented. The oscillatory
and diffusive motions of the LSC’s azimuthal orientation are
discussed in Sec. III B. In Sec. III C we show that the LSC
has different properties for reorientation events in �=1 and
1 /2 cells. In Sec. III D, we show how the time interval be-
tween adjacent events of cessations or reversals is related to
the rebound strength of the LSC after such an event. We
conclude and summarize our findings in Sec. IV.

II. APPARATUS AND EXPERIMENTAL METHODS

A. The convection cell

Two types of cells are used in the experiment and water is
the convecting fluid in both cases. The details of the cells
used in the PIV velocity measurement and in the
multithermal-probe measurement have been described in
Refs. �24,39�, respectively. We give only their essential fea-
tures here. The first type, used in the PIV measurement, re-
ferred to as the sapphire cell, consists of a 5-mm-thick sap-
phire disc as top plate and a 1.4-cm-thick copper disc as
bottom plate. The use of the sapphire plate is to make the top
plate optically accessible. Plexiglas cylindrical tubes of inner
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diameter 18.5 cm and wall thickness 8 mm are used as the
sidewalls. The separations between the top and bottom plates
are 8.0, 18.5, and 37.0 cm so that the aspect ratios of the
cells are respectively, �=2.3, 1, and 1 /2. The second type of
cell, used in the multithermal-probe measurement, referred to
as copper cell, has 1-cm-thick copper discs as its top and
bottom plates and a Plexiglas tube of inner diameter 19 cm
and wall thickness 5 mm as the sidewall. Two plexiglas
tubes with height 19.0 and 38.0 cm are used, thus resulting
in the aspect ratio �=1 and 1 /2, respectively.

During the experiments, for both the sapphire cell and the
copper cell, constant power is supplied to the bottom plate of
the convection cell, so that it is under a constant-flux bound-
ary condition, but at steady state its temperature remains ef-
fectively constant; the top plate’s temperature is regulated by
a refrigerated circulator �Polyscience, 9702�, so that it is un-
der constant-temperature boundary condition. Since the con-
stant temperature boundary condition of the bottom plate is
achieved by constant heat flux, to examine the temperature
inhomogeneity of bottom plates, we made an independent
measurement using the same apparatus. The measurements
are in the �=1 copper cell for Ra=5.0	109, �T=31 °C. In
this measurement we have three thermistors embedded in the
bottom plate along a diameter, one at the center and the other
two at half-radius positions, which are represented by the
three solid circles in Fig. 2�a�. To lock the azimuthal orien-
tation of the LSC, we tilted the convection cell with 2° at
azimuthal angle 
=0. The temperatures at the angular posi-
tions 0 and � and plate center were first measured, these

positions are denoted by the the solid circles. To achieve
azimuthal resolution of � /4 of the temperature measure-
ments in the plates, we repeat the measurement after the cell
is rotated by � /4, � /2, and 3� /4 with respect to the tilt
position, so that temperatures in angular positions � /4, � /2,
3� /4, 5� /4, 3� /2, and 7� /4, which are denoted by the
open circles, are effectively measured with respect to the
LSC orientation. Each measurement lasts for 48 h, which is
about 5000 times of the LSC turnover time for that Ra, and
therefore is statistically sufficient. In this way, we have ob-
tained mean temperatures of bottom plates in radial and azi-
muthal directions. These data reveal that the temperature at
positions where hot plumes are emitted from plate is higher
than that at the positions where the cold plumes arrive the
plate, as shown in Fig. 2�b�. The mean temperature at plate
center is almost the same as the mean temperature of the
plate Tmean. Although the spatial temperature difference is
small—the hottest position is only about 0.5 °C hotter than
the coldest position �only 1.7% of �T�, it is a manifestation
of the existence of the LSC, and could be used to identify the
orientation and flow strength of the LSC �7,22�. The calcu-
lated r.m.s. temperatures of bottom plate in azimuthal direc-
tions �Fig. 2�c�� show that all the r.m.s. temperature less than
0.35% of �T. The r.m.s. temperature of plate center, which is
not shown in the figure, is about 0.21% of �T. The measured
r.m.s. values also show that the temperature fluctuations are
larger at where the plumes arrive at the plate than those from
where plumes are emitted, which is consistent with a recent
measurement made in the 1-m diameter Hong Kong Big Cell
�40�. We have shown the temperature distribution of the bot-
tom plate for the tilted case. For the leveled cell case, the
LSC will explore larger azimuthal range �41�, thus both the
spatial and temporal variations will be slightly smaller.
Based on the small spatial and temporal variations of the
plate temperatures we conclude that our experiments are ap-
proximately under the constant temperature boundary condi-
tion.

B. Experimental methods

Two methods are used to measure the orientation and the
flow strength of the LSC. One is direct PIV velocity mea-
surement, the other is multithermal-probe method. The direct
velocity measurement is carried out in the sapphire cell. The
PIV system and the selection criteria for the operating pa-
rameters in turbulent thermal convection have been given in
Refs. �9,11�, and the measurement of the two-dimensional
�2D� horizontal velocity field in a �=1 cell has also been
described in detail in Ref. �24�. Here we just give a brief
introduction to the method, a laser lightsheet of thickness
�2 mm is shone horizontally through the sidewall of the cell
at a distance of 1 cm below the top sapphire plate, where the
horizontal velocity is maximum as found by previous veloc-
ity measurements made in the LSC’s vertical plane �11,12�.
The measuring area covers the entire horizontal cross section
of the cell and contains 709 velocity vectors. As in Ref. �24�,
we define a velocity V� LSC to represent the overall direction
and magnitude of the velocity field in the horizontal plane

V� LSC�t�=Vx�t�î+Vy�t� ĵ, where Vx and Vy are respective spa-
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FIG. 2. The sketch �top view� of the bottom plate and the ar-
rangement of the thermistors �the circles� embedded in the plate �a�.
The azimuthal profile of the normalized mean temperature �b� and
r.m.s. temperature �c� measured by the thermistors embedded in the
bottom plate. Here Tmean is the mean temperature of the plate and
�T is the temperature difference across the top and bottom plates.
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tial averages of the local velocities vx�t� and vy�t� over the
measuring area. From V� LSC the speed or magnitude of the
LSC VLSC��V� LSC�= �Vx

2+Vy
2�1/2 and its azimuthal orientation

�=arctan�Vy /Vx� are obtained. Here � is defined within �0°,
360°�, this definition leads to artificial and sudden changes
when the orientation of LSC plane changes from 360° to 0°
or vice versa. To eliminate the artificial jumps we use another
quantity �, �=�2n	360°, to extend the range of azi-
muthal angle from �0°, 360°� to �−� , +��. Anticlockwise
direction is defined as positive when viewed from the top.

As the PIV method is not practical for long-time measure-
ment, we use the multithermal-probe method to obtain better
statistics. This method takes advantage of the fact that the
LSC is essentially an organized flow of thermal plumes �20�
and that when it flows up �down� along the sidewall it carries
hot �cold� fluid. Therefore by measuring the relative tem-
perature differences along the perimeter of the sidewall
�23,25,38� �or along the plates �7��, the orientation and
strength of the LSC can be obtained. This method has been
used in �=1 cells by Ahlers and co-workers �23,25�, was
extended to �=1 /2 and 1 /3 cases by Xi and Xia �21,38�.
Here we give only a brief description of this method.
Twenty-four blind holes were drilled from the outside into
the sidewall in such a way that they distribute in three hori-
zontal rows at heights H /4, H /2, and 3H /4 from the bottom
and in eight vertical columns equally spaced azimuthally
around the cylinder. The end of these holes has a distance of
0.7 mm from the fluid-contact surface. Twenty-four ther-
mistors were placed into the blind holes until they touched
the end snugly. The thermistors were connected to a multi-
channel multimeter and their resistances were measured at a
sampling frequency of 0.29 Hz, which were then converted
into temperatures using measured calibration curves. By fit-
ting the function Ti=T0+A cos�i� /4−��, i=0, . . . ,7, sepa-
rately at each time step, to the eight temperatures in one row,
we obtain amplitude A, which is a measure of the strength of
the flow at that height, and �, which gives the azimuthal
orientation of the flow �the angular position at which the hot
fluid comes up� at the corresponding height �23�. We then
similarly convert � to the continuous variable �. Again, an-
ticlockwise direction is defined as positive when viewed
from the top. The typical errors of the fitting are 16% for A
and 13° for �.

Experiments using the PIV technique are made in the sap-
phire cell at the fixed Prandtl number Pr=5.3, and are con-
ducted only at one or a few values of Ra for each �. For the
systematic multithermal-probe measurement, which were
conducted in the copper cells, the Ra is varied from 9.0
	108 to 6.0	109 for �=1 geometry and from 1.6	1010 to
7.2	1010 for �=1 /2 geometry. To achieve better statistics,
two extra-long measurements lasting 31 days and 34 days
are conducted in the �=1 and 1 /2 copper cells, at Ra=5.6
	109 and Ra=5.7	1010, respectively, using the
multithermal-probe method. It is found that the measure-
ments by the two methods give the same results for all the
statistical properties. Because results from the 24 thermistors
provide a more complete picture on the overall state of flow
in the system, unless stated otherwise all results presented
below come from the multithermistor measurements.

In the PIV measurements, the convection cells are leveled
to within 00.2°. After an improvement in the levelling
method �see the Appendix for details�, the convection cells
are leveled to within 00.057°, which is the case for all
measurements using the multithermal probe method.

III. RESULTS AND DISCUSSION

A. Overall features of the azimuthal motion
in different aspect ratios

Figure 3 plots time traces of � measured by the PIV tech-
nique in �=2.3, 1, 1 /2 cells, respectively �all cells are lev-
eled�. In the figure, the time trace for �=1 has been shown
previously �24�, for ease of comparison we replot it here. The
figure shows that the azimuthal motion of the LSC in �
=2.3 cell is confined in much narrower azimuthal region than
in the �=1 and �=1 /2 cells. The striking feature of the trace
for �=1 is the existence of the plateau levels in �, this
“residence” phenomenon has been studied in detail previ-
ously �24�. In �=1 /2 cells, under the same leveling condi-
tion, � is found to be much more erratic and the “residence”
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FIG. 3. The time series of the orientations of LSC obtained by
direct velocity measurement for �a� �=2.3 �Ra=8.0	108�, �b� �
=1 �Ra=4.7	109�, �c� �=1 /2 �Ra=5.3	1010�. Note: the �=1
data is reproduced here from Fig. 4 of Ref. �24� for comparison.
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phenomenon is absent. To show clearly the range of the azi-
muthal angle that can be explored by the LSC, in Fig. 4 we

plot V� LSC in polar coordinates. In this plot both the amplitude

VLSC and the orientation � of V� LSC are displayed, and 3000
data points are plotted for each �, which corresponds to mea-
surements spanning about 50–100 turnover times of the LSC.
From the figure the differences are obvious; in the �=2.3
cell azimuthal motion of the LSC is highly confined in both
angular range and the magnitude of the velocity �note that
VLSC never goes down to zero�; in �=1 the LSC can explore
more azimuthal region and the velocity magnitude also has
much larger fluctuations; and in �=1 /2 the LSC can reach
any azimuthal orientation with nearly equal probability and
cessations �VLSC�0� occur much more frequently which is
consistent with our previous finding �38�. The above results
suggest that the LSC’s azimuthal motion is more confined in
larger � geometries.

Long time measurements of the LSC orientations �bot,
�mid, and �top and strengths Abot, Amid, and Atop at the three
heights by the multithermal-probe method are carried out for
�=1 and 1 /2, respectively. For each �, measurements are
performed for at least five Ra, with most of them lasting
longer than 2 days. Since in these two geometries the orien-
tations of the LSC obtained at the three heights are almost
the same �25,38�, except stated otherwise, we will only show
the result from the middle row thermistors.

An interesting feature of the LSC is its preferred orienta-
tion. This appears to be against intuition, as the cylindrical
geometry implies that the LSC would take any azimuthal
orientation with equal probability. Figure 5�a� shows the
probability density function �PDF� of the orientation �mid of
the LSC for both �=1 and �=1 /2, both cells are leveled to
00.057°. It is striking that the orientation plane of the LSC
has a very strong preferred orientation in �=1 geometry. It is
also found that the preferred orientation exists for all values
of Ra studied. The fact that the LSC has a preferred orienta-
tion in �=1 geometry has been reported previously
�7,11,23,24�. In contrast to the prominent preferred orienta-
tion in the �=1 case, the LSC has a much weaker preferred
orientation in the �=1 /2 geometry, which implies that the
LSC’s vertical circulation plane can explore any azimuthal
position with nearly equal probability. The difference be-

tween the two geometries may be quantified by the standard
deviation ��mid

of �mid, which is plotted in Fig. 5�b� as a
function of Ra for both values of �. It is seen that ��mid

in
�=1 /2 geometry is about twice as larger as that in the �
=1 geometry, and there is no obvious Ra dependence for
each �. Recently Brown and Ahlers �BA� proposed a model
to explain the observed preferred orientation and net rota-
tions of the LSC �37�. The model explicitly considers the
effect of the Coriolis force and one of its assumptions is the
existence of a single roll structure of the LSC, which holds in
both the �=1 and 1 /2 geometries. In the model the LSC
flow is divided into four parts: two segments of vertical flow
and two segments of horizontal flow. Force analysis for the
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individual segments shows that the vertical flow induces a
preferred orientation �up flow to the west and down flow to
the east� and the horizontal flow generates a net rotation in
the clockwise direction. According to the model, in both �
=1 and 1 /2 geometries the LSC would have a strong pre-
ferred orientation. However, our previous result in the �=1
geometry shows that although the preferred orientations exist
�24�, it is not unique as the model predicted. Further more
the much flatter PDF of orientation � in �=1 /2 cell in the
present study is not consistent with a strong preferred orien-
tation. In addition, if the Coriolis plays a crucial role, in �
=1 /2 cells the torque induced by the Coriolis force will be
larger than that in �=1 cells as the vertical flows occupy
larger volume in �=1 /2 cells, thus could lock the LSC
within a narrower azimuthal range than that in �=1 cell,
which is obvious not the case as shown in Fig. 5. The origin
of the inconsistency between the BA model and our results
regarding the preferred orientation is presently not known to
us.

B. Oscillatory and diffusive motions
of the azimuthal orientation

To examine the azimuthal motion in more detail, we show
in Figs. 6�a� and 6�b� segments of time traces of the LSC
orientations and amplitudes obtained at the three heights for
�=1 and 1 /2. It is clear that for �=1 both �bot and �top
oscillate over short time scales and fluctuate erratically in
longer time scales. In addition, the oscillations of �bot and
�top have a 180° phase difference, which is confirmed by the
cross-correlation function between these two quantities �not
shown here�. The oscillations of �bot and �top are also evi-
dent from the prominent peak in their respective power spec-
trum, as shown in Fig. 7�a�. It is clear from both the time
trace and the power spectrum that the azimuthal oscillation is
absent at the midheight. Please also note that the slopes of
the power spectra of � in the log-log plot are close to −2,

suggesting a Brownian-type behavior of azimuthal motion of
LSC. The diffusive behavior of the azimuthal motion was
first observed in the �=1 /2 geometry �12� and later also in
�=1 cells �24�.

The oscillation periods �0 of �bot and of �top are very
close to each other �39.2 and 38.3 s at Ra=5.5	109�. This is
the same azimuthal oscillation that has been found in previ-
ous studies �24,25,42�. It is also interesting that the period of
the azimuthal oscillation is essentially the same as those of
the local temperature and velocity oscillations measured at
midheight within the vertical circulation plane of the LSC
�43,44�. How these two types of apparently different motions
are connected has been a mystery. Please see Refs. �45,46�
for the latest development on this problem. The flow strength
Abot and Atop measured near the bottom and top plates also
show weak oscillations. This oscillation is not so obvious
from the time trace �shown in Fig. 6�b��, but can be seen
from the power spectra shown in Fig. 7�b�. This suggests that
the oscillation of the LSC’s magnitude is much less coherent
than that of its orientation. The much weaker oscillation of
the LSC’s magnitude compared to that of its orientation has
in fact been observed in a previous study using direct veloc-
ity measurement �24�. The above results show that in �=1
geometry the top and bottom parts of the LSC constantly
undergo a twisting motion over the time scale of the LSC’s
turnover time measured in a vertical plane, while over longer
time scales the LSC as a whole moves erratically in a diffu-
sive manner. These results are consistent with previous find-
ings using both the shadowgraph and temperature measure-
ments �24–26�.

In Figs. 6�c� and 6�d� we show the time series of � and A
measured in the �=1 /2 cell. It is seen that neither the orien-
tation nor the amplitude of the LSC show any oscillatory
behavior, which can also be seen from the respective power
spectra shown in Figs. 7�c� and 7�d�. Thus, the twisting mo-
tion of the LSC found in �=1 geometry is absent in the 1 /2
case. It should be noted that previous local temperature and
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velocity measurements made at midheight and within the
vertical circulating plane of the LSC exhibit oscillations in
the �=1 geometry but not in the �=1 /2 case
�5,8,10,13,44,47�. Thus, it appears that the azimuthal twist-
ing oscillation near top and bottom plates and the local ve-
locity and temperature oscillations at midheight near side-
wall are concomitant features, i.e., if one type of oscillation
is missing �present� in a particular geometry the other type
will also be absent �present� in the same geometry. This sug-
gests that there is a single mechanism driving both types of
oscillations, or it is simply the same oscillation manifested in
different ways. Similar to the �=1 case, the power spectra of
the measured � in the �=1 /2 geometry all have slopes very
close to −2 in log-log scale �Fig. 7�c��, which is consistent
with the diffusive behavior found in a previous study �12� for
this geometry.

C. Reorientations of the LSC

From above it is seen that the long time trend of the
LSC’s orientation is a diffusion-type motion. Each of the
erratic move leads to a change of the LSC’s azimuthal ori-
entation from its previous position. Through closer examina-
tion it is seen that there are large number of such reorienta-
tion events contained in the time series of � measured in
both �=1 and 1 /2 geometries �Fig. 6�. The reorientation of
the LSC can be accomplished by either azimuthal rotations
or cessations. A rotation-led reorientation is accomplished by
a rotation of the LSC’s vertical circulating plane without
significant variation of its flow strength. An example of this
type of reorientation is shown in Figs. 8�a� and 8�b�. A
cessation-led reorientation is a process during which the LSC
momentarily loses its flow strength, then restarts at a new
orientation. An example of reorientation as a result of cessa-
tion is shown in Figs. 8�c� and 8�d�. From Fig. 8 it is obvious
that for a comparable value of the azimuthal angular change

reorientations arising from cessations occur over much
shorter time scales than those arising from rotations. It has
been found that after a cessation, the LSC can start in any
orientation, including the original one, and when the orien-
tational change is 180° it results in a flow reversal. Note that
reversals defined this way is just a subset of cessations and is
different from those resulting from a 180° azimuthal rotation
of the LSC circulation plane. Previous studies have found
that in �=1 geometry, the angular change after a cessation
has a uniform distribution over all possible values �23,25�,
and so reversals are rare events among cessations. Whereas,
it was found in the �=1 /2 geometry that reversals are the
most probable events after a cessation �38�. Hence, the dy-
namics of cessations and reversals in the two geometries ap-
pear to be governed by different mechanisms. As cessations
�and reversals� are a subset of reorientations, it would be
therefore interesting to know whether the more general
events of reorientations are in anyway different in the two
geometries. Here we present a comparative analysis of the
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reorientation events in the two geometries regardless whether
the reorientation is generated as a result of rotation or cessa-
tion.

Operationally we define a reorientation as an azimuthal
angular change satisfying two conditions. First, the net ori-
entational change over a set of successive data points for �
should be larger than ����min, and second the average net
rotation rate over that period should be larger than �̇min.
These two criteria are similar to those used by Brown and
Ahlers �23,25�. For the �=1 cell, we explored the parameter
range: 1° ��̇min�0�4° and 10° � ����min�45°, and found
that the events obtained with different thresholds in these
parameter ranges produce similar statistics. So we adopted
�̇min�0=2° and ����min=20° as the criteria for identifying
reorientation events. From the 31-day measurement in �=1
cell with Ra=5.6	109, 3136 reorientation events are identi-
fied. For the cell with �=1 /2, we explored the parameter
range 0.5° ��̇min�0�6° and 6° � ����min�90°, and found
that the events obtained with different thresholds in these
parameter ranges again give similar statistics. We therefore
used �̇min�0=3° and ����min=45° as the criteria for identify-
ing reorientation events for this geometry. For �=1 /2, from
34-day measurement with Ra=5.7	1010, 7072 reorientation
events are obtained. We emphasize that the different values
of threshold used above will change only the number of
identified reorientation events but they will not influence the
statistical properties of reorientations for the two geometries
to be presented below.

We study first the time interval �1 between neighboring
reorientations. The PDF of �1 for �=1 and 1 /2, normalized
by their respective averages, are shown in Figs. 9�a� and
9�b�, respectively. In both cases, the data can be fitted excel-
lently to p��1 / 	�1
�=exp�−�1 / 	�1
�, suggesting that the oc-
currence of the reorientations is a Poisson process, i.e., the
reorientation has no memory and the neighboring events are
independent of each other. The exponentially distributed �1
in �=1 is consistent with previous findings �23,25�, and here
we find that this property holds also in �=1 /2 geometry.
Shown in the insets of Figs. 9�a� and 9�b� are the Ra depen-
dence of the reorientation frequency fr for the two geom-
etries, respectively, here fr=1 / 	�1
. For �=1, fr is seen to
have increased by roughly a factor of 2 over a decade of Ra,
which is consistent with a previous result �25�. For �=1 /2,
fr is larger than that in �=1 cells, but appears to have a much
weaker Ra dependence.

We examine next the orientational change ���� of the
LSC through a reorientation. Figure 10�a� shows the PDF of
���� for �=1 in a log-log plot, and Fig. 10�b� shows the PDF
of ���� for �=1 /2 in a semilog plot. The straight line in Fig.
10�a� is a power-law fitting, which clearly fits the data very
well. The slope of the power law fit is −3.3, which is within
exponent range of −3.25 to −4.45 obtained for different val-
ues of Ra by Brown and Ahlers �23,25�.

In �=1 /2 geometry, however, the situation is clearly dif-
ferent. As shown in Fig. 10�b�, ���� is distributed exponen-
tially. The inset plots the same data in log-log scale, with the
same solid line as in the main figure, i.e., an exponential fit.
Again, it shows clearly that the data follows an exponential
distribution rather than a power-law one. From Figs. 10�a�

and 10�b�, we can also see that in �=1 /2 cells reorientations
with large orientational change is more probable than those
in �=1 cells. As cessations is a subset of reorientations, the
above result is consistent with a recent finding that in the
�=1 /2 geometry the most probable cessation events are re-
versals �38�. Figures 10�c� and 10�d� show, respectively, for
�=1 and 1 /2, the PDFs of the orientation of LSC at the start,
and at the end, of a reorientation, �initial and �final. Also
shown in the figure is the PDF of � itself. Please note that
here �initial and �final are reduced to within �0, 360°�, � is
also reduced within �0, 360°� �so that it now represents the
physical orientation of LSC�. The PDFs of �initial and �final
are very close to that of �, implying that the reorientation
can start, and end, at any orientation.

The above results, together with those from an earlier
study �38�, demonstrate clearly that the dynamics of reorien-
tations, in the aspect ratio 1 and 1 /2 geometries appear to be
governed by different mechanisms, whether this is with re-
spect to the general reorientation events or a subset �i.e.,
cessations or reversals� of it. A recent theoretical model ap-
pears to have explained well the observed properties of re-
orientations, cessations, and reversals for �=1 case �32�.
Further study in future is of course needed to incorporate
also the result for �=1 /2 case.

D. Cessations and reversals of the LSC

In Fig. 8�b�, we have shown an example of cessation. In
this example the cessation is accompanied by an orientation
change of approximately 180°, which is thus a flow reversal.
It is seen from the figure that the timescale in which the
orientational change itself takes place is much shorter than
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that it takes the flow strength to decline before, and then
rebound after, the orientational change. We find that, on av-
erage, the “reversal process” �or change of �� does not start
until the flow strength has declined about 90% of the previ-
ous maximum. This is qualitatively similar to those found
from records of geomagnetic reversals �48–50�. As has been
shown previously that in �=1 cells cessations occur ran-
domly with very low frequency �about 1.5 /day� �23,25�. On
the other hand, we have recently found that in �=1 /2 cells
both cessations and reversals occur much more frequently
�38�. Thus a statistically significant number of cessations and
unambiguously identified reversal events have been obtained
in this geometry. The reversal of the flow direction of the
LSC in the RB system resembles many reversal phenomena
occurring in nature. An interesting question to ask is there-
fore: Can one predict when the next cessation or reversal will
occur? We have shown in Ref. �38� that the time interval t1
between successive reversals are exponentially distributed,
which means that the occurrence of reversals is independent
to each other. In this sense, as far as the time interval be-
tween events is concerned, the cessation or reversal is a Pois-
son process, thus one cannot predict when the next cessation
or reversal will occur. However, if more information is in-
cluded, such as those about the flow strength change during a
cessation or reversal, the cessation or reversal may not be
unpredictable.

Paleomagnetic records revealed that a larger rebound of
the geomagnetic field intensity after a reversal usually results
in a longer period of time without reversals �48�. It is natural
to ask if the situation is similar for the flow direction reversal
of the LSC in the RB system. To this end we analyze the
statistical properties of flow intensity change and related
time scales during cessations and reversals. Denote Amin as
the minimum value of A reached in the cessation or reversal
and Ar as the local maximum of A after it rebounds from Amin
�see Fig. 8�b��, the normalized “rebound amplitude” is then
defined as �Ar= �Ar−Amin� / 	A
, where 	A
 is the average of
A for the entire time series. Previously we have found that
�Ar and the immediately following t1 are positively corre-
lated �38�. A stronger �Ar will lead a longer time period with

no cessation or reversal. But we do not know in which way
these two quantities are correlated. The relationship between
the amplitude of rebound �Ar and the immediately following
t1 between cessations or reversals can be represented by the
average value of t1 for a particular value of �Ar, i.e., the
conditional average 	t1 ��Ar
. Figures 11�a� and 11�b� plot
	t1 ��Ar
 /�0 vs �Ar for cessations and reversals, respectively.
They show that a larger rebound of the flow strength of the
LSC leads to a longer period of time without cessations or
reversals, which can also be seen from the strong positive
correlation between �Ar and t1 �38�. To further study the
relationship between the rebound strength and the time inter-
val t1 between cessations or reversals, we fit the data with an
exponential rise function 	t1 ��Ar
 /�0=a�1−e−�Ar/b� as shown
in Fig. 11. The fitted parameters are a=15.7, b=0.42 for
cessation and a=183.7, b=0.20 for reversal, respectively.
There is an upper bound of the function, the statistical aver-
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aged maximum time interval between cessations or
reversals—a, which suggests that the time interval between
the cessation or reversal cannot be extremely large. The scale
of characteristic flow strength for the exponential rise func-
tion 	t1 ��Ar
 /�0=a�1−e−�Ar/b� are b	A
=0.42	A
 and b	A

=0.20	A
 for cessations and reversals, respectively. The fig-
ure shows that, for a given rebound flow strength, we can
indeed predict when it is most likely to occur.

It is interesting to note that palaeomagnetic records also
show similar correlation between the strength of field inten-
sity rebound and the time interval between adjacent polarity
reversals of geomagnetic field �48�. Although it is generally
believed that the reversal of the geomagnetic field is caused
by the reversal of the convective flow in the outer core of the
Earth, it is obvious that the flow in the idealized RB convec-
tion is different in many ways from the convective flow of
the Earth’s outer core, which is additionally influenced by
magnetic and Coriolis forces. Thus our result cannot be di-
rectly used to predict the next reversal of the geomagnetic
field. But if the reversal phenomenon occurring in a wide
variety of fluid flows share some universal features and the
idealized RB system is able to capture some of the essential
features of the phenomenon, the study of the statistical prop-
erties of the reversals in the RB system may shed some light
to the more complicated reversals of geomagnetic field.

IV. CONCLUSION

In this paper we have reported measurements of the ori-
entation and the flow strength of the large-scale circulation
�LSC� in Rayleigh-Bénard convection. For aspect ratios �
=2.3, 1, and 1 /2 direct velocity measurement reveals that
with increasing aspect ratio the azimuthal motion of the LSC
is increasingly confined in smaller angular regions. A de-
tailed comparative study of the azimuthal motion between
the aspect ratios �=1 and 1 /2 geometries are then made
using long time measurements �over 30 days each� based on
indirect multithermal-probe measurement.

It is found that the twisting azimuthal oscillation of the
LSC observed in �=1 geometry is absent in the �=1 /2 ge-
ometry. For both �=1 and 1 /2, the overall trend of the er-
ratic azimuthal motions of the LSC is found to be diffusive
in nature. The dynamics of reorientations, however, are
found to exhibit different properties in the two geometries.

For �=1 /2, the orientational change ���� is found be dis-
tributed exponentially, and that larger ���� are more prob-
able than those in �=1 case. For �=1, ���� through a reori-
entation is found to be power-law distributed, which is
consistent with previous findings. Despite the difference in
orientational change, the occurrence of the reorientations is
found to be a Poisson process for both geometries. Using the
large number of unambiguously identified cessation or rever-
sal events in �=1 /2 geometry, we have shown that the av-
erage value of the time interval between neighboring cessa-
tions or reversals conditioned on the rebound flow strength
follows an exponential rise function, thus demonstrating the
possibility to empirically forecast the time the next cessation
or reversal will most likely occur if the rebound flow
strength of the preceding cessation or reversal is given.
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APPENDIX: LEVELLING THE CONVECTION CELL

The flow and the heat transport are very sensitive to the
levelling condition of the convection cell. To make the cell as
leveled as possible, we made an apparatus to measure its
leveling condition. The apparatus is similar to a pendulum, a
plumb is hung over a post by a wire, the post itself is fixed
on a stand. If the cell is tilted with a small angle �, when the
apparatus is put on the top plate of the cell �we assume the
top surface of the top plate is a smooth plane�, the plumb tip
will point to a point, denoted by P1, at the stand. Then we
rotate the stand along the vertical axis by 180°, the plumb tip
will point to another position P2 at the stand, due to the tilt of
the cell. Thus the middle point P3 between P1 and P2 is
obtained, since � is very small, it can be calculated by �
=dP1P3

/L, where dP1P3
is the distance between P1 and P2, L

is the length of the wire which is 1 m here. When the plate is
adjusted to let the plumb points to P3, the cell is leveled. The
accuracy in determining the position of P3 is 1 mm, thus the
accuracy of the level condition is 1 mm /1000 mm �rad�
=0.057°. In the experiment, we first make sure that the two
plates are parallel, thus when the top plate is leveled, the cell
is leveled.
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