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Synchronization phenomena in a fluid dynamical analogue of atmospheric circulation is studied

experimentally by investigating the dynamics of a pair of thermally coupled, rotating baroclinic annulus

systems. The coupling between the systems is in the well-known master-slave configuration in both

periodic and chaotic regimes. Synchronization tools such as phase dynamics analysis are used to study the

dynamics of the coupled system and demonstrate phase synchronization and imperfect phase synchro-

nization, depending upon the coupling strength and parameter mismatch.
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Introduction.—The origin of oscillations and cyclic be-
havior in the weather and circulation of the atmosphere and
oceans has long been of interest to scientists. Commonly
cited examples include the El Niño/southern oscillation
(ENSO), the North Atlantic oscillation (NAO)/arctic oscil-
lation, the quasibiennal oscillation, and the zonal index
cycle [1–4]. It has been suggested that certain fluctuations
in meteorological records are characterized by ‘‘telecon-
nection’’ patterns, in the sense of significant correlations
between the fluctuations of a field at widely separated
points. Such correlations suggest that some kind of infor-
mation is propagated between two (or more) distant places,
through the atmosphere. For instance, teleconnections be-
tween chaotic middle latitude blocking of the northern and
southern hemispheres have been diagnosed by [5]. Similar
results have also been found in numerical general circula-
tion models or coupled-hemisphere models [6–8]. In other
teleconnection phenomena, attention has been directed
towards regional events, such as in historic records of
precipitation or the high water levels of major rivers such
as the Nile. Such responses may be correlated with differ-
ent cycles of climatic variables which could reflect a
degree of nonlinear synchronization underlying such cor-
relations (see [9–11]).

The study of synchronization in simple and controlled
experimental analogs of atmospheric circulations may
therefore be expected to provide a helpful and powerful
source of insight in the study of climate variability.
Detailed studies of synchronization in controlled labora-
tory experiments, especially in relation to continuum fluid
systems, are still comparatively unusual, however, in part
because of intrinsic difficulties in measurement and experi-
mental control. In the present study, investigations of syn-
chronization phenomena are presented in the context of
two idealized analogues of midlatitude atmospheric circu-
lation, namely, the thermally driven, rotating annulus ex-
periment [12,13]. The experiment is traditionally
interpreted as being analogous to a midlatitude baroclinic
‘‘storm zone’’ in either the northern or southern hemi-

sphere of an Earth-like planet. The experiment studies
the motion of a fluid in cylindrical-annular container,
differentially heated in the horizontal (�T) and rotating
(at angular velocity �) around the vertical axis of symme-
try, emulating the temperature contrast between polar and
tropical regions on Earth. Depending on the imposed pa-
rameters, the rotating baroclinic annulus system can ex-
hibit a rich variety of dynamical phenomena and sequences
of bifurcations, including highly coherent and symmetric
patterns of periodic or quasiperiodic (modulated in ampli-
tude) waves, transitions to low-dimensional chaotic states,
and forms of geostrophic turbulence. In this work, we
studied the effects of coupling two annuli exhibiting baro-
clinic waves, whose amplitude varied in time in either a
quasiperiodic or chaotic regime.
Experimental setup.—The experiment consists of two

annular containers, mounted one above the other on a
turntable base so they can be rotated about their common
vertical axis of symmetry. Each annulus comprises two
concentric brass cylinders; the lid and the base are made
of Perspex and Tufnol. The inner cylinders have a radius of
Rinn ¼ 25 mm, while the outer cylinders have a radius of
Rout ¼ 80 mm. The depth of each annulus is h ¼ 140 mm.
Inside the annular space, at mid-depth and midradius, a
copper-constantan thermocouple ring is situated in each
system, providing 32 measurement points, equally spaced
in the azimuthal direction. Both annuli are arranged inside
a temperature controlled enclosure in order to maintain a
stable thermal environment to within �0:05 �C. The inner
cylinders are cooled (T ¼ Tinn) and the outer ones are
warmed (T ¼ Tout) by circulating water flows in spiral
grooves inside the inner cylinders and outside the outer
cylinders whose temperature is finely maintained via inline
computer-controlled heaters. Experimental investigations
carried out by [14] have shown that when amplitude vac-
illating (AV) flows are present in the annulus, the total heat
transfer between the outer and inner walls is modulated in
the same form as the vacillation of the flow, implying an
oscillation in the temperature of the cooling water. The
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coupling between the two annuli was achieved by connect-
ing the output of the circulating coolant from the outer
cylinder of the master annulus to the coolant input of the
outer circuit of the slave annulus. By this means, dynami-
cally induced variations in the horizontal heat transport
within one experimental system led to fluctuations in the
temperature of coolant fed to the second system in such a
way that the dynamics of the first system could affect in
real time the boundary conditions presented to the second
system, while both systems were maintained on average at
similar (though not identical) points in parameter space.
Remotely controlled electric solenoid valves allowed the
coupling to be turned on or off. A schematic diagram of the
system is shown in Fig. 1

Experimental procedure.—The working fluid was a 25%
(by volume) solution of glycerol in water, having a mean
density of 1081 kgm�3 and a Prandtl number of 26.4. This
system has been extensively studied by [14] in an essen-
tially identical apparatus so that a comprehensive regime
diagram was already available.

�TS ¼ Tout
S � Tinn

S was maintained at ’ 10:0 �C for the

slave system and was varied from �TM ¼ Tout
M � Tinn

M �
9:5–10:5 �C for the master; two rotation rates were used,
�P ¼ 1:736 rad=s and�C ¼ 1:621 rad=s, for the periodic
and chaotic cases, respectively (the combination of the
chosen �C and �TM;S ensured that we were well inside

the chaotic regime described in [13–15], with a typical
largest Lyapunov exponent of � � 3� 10�3 bits=s). The
indices M and S refer to the master and slave system,
respectively. These conditions produced amplitude oscil-
lations with an ‘‘observed’’ [16] period of oscillation, �M;S,

of�166 s for the periodic case and�157 s for the chaotic
flow. The coupling strength was determined by the varia-
tion of the flow rate of the cooling water: the smaller the
flow rate, the larger the perturbation in the temperature of
the circulating water produced by the master annulus. This
allowed a maximum temperature perturbation of about
TRMS
c ¼ 0:02 �C. For stronger coupling a computer-

controlled auxiliary heater was later introduced to amplify
the fluctuations output from the master. A temperature time
variation in an AV regime for the unperturbed flow was
digitally acquired, amplified, and fed back via the auxiliary
heater to the cooling water that fed the outer (warm) circuit
of the slave annulus. This auxiliary system allowed a
coupling amplitude up to TRMS

c ¼ 1:2 �C. The dimension-
less coupling strength was defined as � ¼ TRMS

c =�TS. A
parametric mismatch between the systems was achieved by
slightly altering the mean temperature contrast (�TM) of
the master system which, in turn, changed the natural AV
oscillation period �M. This variation was almost linear (in
the studied range) with a rate of about 1.8 s for every
0:1 �C. With the aid of the auxiliary heater, larger mis-
matches were also possible by digitally frequency shifting
the acquired time series.
Time series of the amplitude of the baroclinic waves (for

each wave number) were obtained by applying Fourier
transform techniques to the temperature measurement
from the thermocouple ring for each system [13].
The detection of synchronization consisted mostly on

the construction of the analytic signal and phase analysis,
via the Hilbert transform (as described in [16,17]), for each
system, �M ¼ XMðtÞ þ iXH

MðtÞ and �S ¼ XSðtÞ þ iXH
S ðtÞ,

where XM;SðtÞ is the experimental time variation of the

wave amplitude (around the temporal mean) and XH
M;SðtÞ

its Hilbert transform. The phase is then obtained by com-

puting: �M;SðtÞ ¼ arctan
XH
M;S

ðtÞ
XM;SðtÞ . The phase �M;SðtÞ is re-

stricted by construction to the interval ½0; 2��. By
accumulating the phases such that, following every cycle,
�M;S increases by 2�, its increasing value in time can be

observed. Finally, by calculating �� ¼ �MðtÞ ��SðtÞ,
synchronization signatures can be investigated. Extra in-
formation to help in the identification of synchronized
states was provided by histograms of ��ðmod2�Þ and
the value of the synchronization index R ¼
j 1N

P
N
k¼1 e

i��ðtkÞj [18] as a measure of phase coherence,

yielding the value of unity only if the condition of full
phase synchronization is fulfilled or zero for a uniform
distribution of phases (expected for unsynchronized sys-
tems). The observed frequencies or periods [16] were also
computed to study frequency entrainment.
Results.—Figure 2(i) shows time series of the phase

difference �� between the natural AV modulation of
each flow for four different values of mismatch with a
constant coupling strength (� ¼ 2:1� 10�3). Figure 2(ii)
presents the corresponding ��ðmod2�Þ histograms. In
this example, we can observe the transition from un-
synchronized to synchronized states when the detuning is

FIG. 1 (color online). A detailed diagram of the system
coupled via the outer cooling water circuit highlighting the
location of electric valves and the auxiliary heater. If valves
No. 1 and No. 4 are closed, a coupled configuration is obtained.
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varied. Figures 2(b) and 2(c) show significant phase corre-
lation. In particular, case 2(b) exhibits so-called phase
slips, characteristic of coupled systems entering a synchro-
nized Arnol’d tongue. Here the phase difference appears to
remain constant for intervals but then jumps (2� jumps)
rapidly to another value in an irregular series of small
steps. As shown in Fig. 2(c), the systems reached full phase
synchronization when the parameters of the two systems
were sufficiently close (but not identical), as indicated by
the approximate stationarity of �� and a clear peak in the
��ðmod2�Þ histogram. Figure 2(d) shows a continuously
decreasing��, a signature of uncorrelated behavior, as we
leave the synchronized region. A compilation of the ex-
periments in the periodic AV case, plotted on a ��� �M
graph, where �� ¼ �S � �M, is presented Fig. 3. This
figure clearly shows that the AV oscillation frequency of
the slave system is being pulled towards that of the master
system (so that �� � 0) when the systems are actively
interacting. The frequency entrainment region is clearly
widened as the coupling strength is increased.

Even more remarkably, clear signatures of phase syn-
chronization were also obtained in experiments in the
chaotic AV regime. Figure 4 shows extracts of phase
difference time series for varying mismatch of parame-
ters. Larger coupling strengths (compared to the peri-
odic case) were needed to reach full synchronization
[Figs. 4(b) and 4(c)], presumably due to the higher com-
plexity and amplitude variation in this chaotic regime.
When added to the intrinsic and unavoidable natural ex-
perimental noise, this enhanced the apparition of phase
slips, as shown in Fig. 4(a) and the desynchronization of

the systems, even when the two systems were very close in
parameter space [as exemplified in Fig. 4(d)]. A collection
of the experiments performed in this regime is presented in
Fig. 5. As before, for relatively small detunings, the phase
of the system is actively affected in such a way that its
observed frequency becomes closer to that of the master,
i.e., a signature of frequency entrainment. For larger cou-
plings, clear phase synchronization for a large range of
forcing periods was found. These results presented in
Fig. 4 clearly demonstrate that the synchronized region
increases in size as the coupling strength is increased.
Concluding remarks.—Synchronization between natural

periodic, and more importantly, chaotic, oscillations was

FIG. 2 (color online). (i) Time variation of the phase difference
�� between the master system and the slave system, and
(ii) histograms of �� (mod 2�), in the periodic AV regime,
showing the transition from unsynchronized to partial and full
phase synchronization for a constant coupling strength of
� ¼ 2:1� 10�3 for (a) �M ¼ 158:6 s, (b) �M ¼ 162:3 s,
(c) �M ¼ 165:5 s, (d) �M ¼ 171:6 s.

FIG. 4 (color online). As in Fig. 2 for the chaotic case.
Demonstrating the transition to a synchronized state with con-
stant � ¼ 1:25� 10�2 for (a) �M ¼ 152 s, (b) �M ¼ 156:4 s,
(c) �M ¼ 160:7 s, (d) �M ¼ 164:9 s.

FIG. 3 (color online). Plots of oscillation period difference ��
as function of �. A clear plateau is observed for small mis-
matches for the weakly coupled cases.
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found in our coupled experiment. We particularly empha-
size the importance of having found synchronization in the
chaotic regime since this is one of the first experiments to
demonstrate synchronization of chaos in fluid dynamics.
Furthermore, it provides a controlled laboratory analogue
of teleconnected atmospheric phenomena (which are in-
trinsically chaotic in nature). For the periodic oscillation
case, our results are similar to those found by [19], with the
main difference that the signal now comes directly from
another (nonidentical) system. Both sides of the mismatch
range were explored, and synchronization was found
reached even when the amplitude of the thermal perturba-
tion (coupling) was extremely small. By coupling two
annulus experiments via the thermal control of their outer
(heated) sidewalls, we are effectively considering a sche-
matic idealized interaction of two nearby, parallel, baro-
clinic zones, such as between the midlatitude or subtropical
baroclinic zones in the northern and southern hemispheres
of a planet. As discussed in [5], such an interaction might
lead, for example, to near-simultaneous occurrence of
blocking events in both hemispheres, and would constitute
a form of indirect teleconnection. The nature and fre-
quency of the occurrence of such teleconnected blocking
events might be expected to depend on a number of factors,
including the strength and coherence of interhemispheric
coupling, and on season (which in turn affects the para-
metric relative ‘‘detuning’’ of the two hemispheres). These
are situations that could, in the future, be modeled in our
experimental setup. The case when �TM;S in both annuli is

the same could represents a planet with obliquity, ’ ¼ 0;
i.e., the two hemispheres receive the same radiative heat-
ing. However, if �TM � �TS, we would be emulating a
planet with a ’ � 0. The method of coupling was intro-
duced in our laboratory system is, of course, quite sche-
matic when compared with explicit geophysical analogues.

However, in light of this study it seems likely that syn-
chronization effects are not particularly sensitive to the
way in which the slave system is perturbed by the master.
It has been shown that some subtle entrainments and

coherencies associated with higher order synchronization
are invisible to correlation techniques (usually applied to
the analysis of atmospheric data) and that, in general, phase
analysis produces better quantitative results, in particular,
in the estimation of the phase lag or difference between the
two oscillatory phenomena [10,11]. It is therefore sus-
pected that there are other cyclic phenomena which have
only previously been investigated with these correlation
techniques, in which some subtle but dynamically signifi-
cant degrees of synchronization can be revealed if studied
with modern time series tools based on phase analysis and
phase synchronization approaches similar to those used in
our experiment. The existence of such synchronization
effects may have a strong influence on the behavior of
weather systems and their potential predictability.
The authors acknowledge the U.K. Natural Environment
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FIG. 5 (color online). As in Fig. 3 but for the chaotic case.
Relatively large coupling strengths resulted in complete (phase)
synchronization for a large range of mismatches.
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