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Abstract. Experiments of baroclinic waves in a rotating,
baroclinic annulus of fluid are presented for two gap widths.
The apparatus is a differentially heated cylindrical gap, rotated around its vertical axis of symmetry, cooled from
within, with a free surface, and filled with de-ionised water
as working fluid. The surface flow was observed with visualisation technique while thermographic measurements gave
a detailed understanding of the temperature distribution and
its time-dependent behaviour.
We focus in particular on transitions between different
flow regimes. Using a wide gap, the first transition from
axisymmetric flow to the regular wave regime was characterised by complex flows. The transition to irregular flows
was smooth, where a coexistence of the large-scale jet-stream
and small-scale vortices was observed. Furthermore, temperature measurements showed a repetitive separation of cold
vortices from the inner wall. Experiments using a narrow
gap showed no complex flows but strong hysteresis in the
steady wave regime, with up to five different azimuthal wave
modes as potential steady and stable solutions.

1 Introduction
Baroclinic waves are known to be of particular importance
for the transport of heat and momentum in the earth’s atmosphere and in oceans and also atmospheric flows on other terrestrial planets may affected by baroclinic instability. A suitable laboratory model for the mid-latitude large-scale flow
phenomena in the earth’s atmosphere is the differentially
heated rotating annulus of fluid as mentioned for example
in an article by Fultz (1961). Since the pioneering investigations by Hide (1958) of the baroclinic annulus experiment,
baroclinic waves have been investigated in the annulus not
only in numerous experimental studies but also theoretically,
e.g. Lorenz (1962), and numerically, for example by Miller
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and Gall (1983). Methods of nonlinear time series analysis were used to investigate the dynamics of baroclinic wave
flows for example by Read et al. (1992) and Früh and Read
(1997), who used time series of temperature data of the fluid
interior, as Sitte and Egbers (2000) used velocity time series data which were acquired by the optical Laser Doppler
Velocimetry technique. Recent theoretical work by Lewis
and Nagata (2004) focussed on the linear stability analysis
while ongoing numerical work by Randriamampianina, et al.
(2005)1 considered air as a working fluid in contrast to a liquid in the annulus.
Since the flow regime that develops in the cylindrical gap
depends on the forcing parameters, i.e. on the radial temperature gradient between its vertical endwalls, 1T , and on the
rotation rate of the apparatus, , a usual form of displaying
the characteristics of the fluid flow as a function of these two
parameters is the two-parameter regime diagram spanned by
the dimensionless Taylor number T a as abscissa, T a ∝ 2 ,
and thermal Rossby number Ro as ordinate, Ro ∝ 1T
. Vis2
cosity as one of the physical properties of the fluid is the third
key parameter and has significant effects on the regime diagram and on transitions between different flow regimes as
experimental studys of e.g. Fowlis and Hide (1965) and Fein
and Pfeffer (1976) have shown.
The regime diagram for fluids like water (Fig. 1) typically
displays the well investigated anvil shape which characterises
the transition from axisymmetric flow to regular baroclinic
waves (e.g. Hide and Mason, 1975). While the flow in the
lower symmetric regime is stabilised by diffusive effects, axisymmetric flow in the upper symmetric regime is stable due
to stratification. Geostrophic turbulence, characterised by
spatially irregular, aperiodic flows, is found at high rotation
rates. Flows in the regular wave regime are found to be either steady or time-dependent as the latter undergo changes
in amplitude or shape for example, denoted as ‘amplitude
1 Randriamampianina, A., Früh, W.-G., Maubert, P., and Read,

P. L.: DNS of bifurcations to low-dimensional chaos in an air-filled
rotating baroclinic annulus, J. Fluid Mech., submitted, 2005.
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Fig. 1. Parameter space for water (Fowlis and Hide, 1965, modified).

vacillation’ (AV ) and ‘structural vacillation’ (SV ), respectively, as well as more types of complex flow patterns are
known to exist in the baroclinic annulus like ‘modulated amplitude vacillations’ (MAV ) and various multi-mode states
(e.g. Hide and Mason, 1975; Pfeffer et al., 1980; Hignett
et al., 1985; Read et al., 1992; Früh and Read, 1997). Particularly, Früh and Read (1997), who studied nonlinear aspects
of complex flows within the regular wave regime, reported
on other types of flow states where an intermittent bursting
of the flow field were observed and of those in which the flow
alternated between two zonal wave modes. Even though SV like flows appear to be regular with some weak spatially localized instabilities it seems that they can not be described by
low-dimensional dynamics as an estimate of the dimension
failed, contrary to AV and MAV flows which were found to
be quasi-periodic and usually chaotic resp. (Guckenheimer,
1983; Read et al., 1992; Früh and Read, 1997).
Hysteresis, which describes the dependence of flow
regimes on initial conditions so that more than one wave
number or flow state can occur at identical forcing parameters, is a well known phenomenon in such annulus experiments and is generally observed between different azimuthal
wave modes using a free surface (e.g. Sitte and Egbers, 2000;
von Larcher and Egbers, 2005) and in the rigid lid case (e.g.
Cole, 1971; Hignett et al., 1985). Also, the transition from
the upper symmetric regime to the ‘steady’ wave regime was
observed to be affected by hysteresis (Fultz et al., 1959, as
reported in Miller and Butler, 1991), but investigations of the
transition from the lower symmetric regime to the regular
wave regime with a rigid lid generally found no hysteresis
(W.-G. Früh, private communication).
This study is concerned with the effect of the gap width
on transition between wave numbers, in particular the degree
of hysteresis involved and complex vacillations. The results
are based on conventional flow visualisation but also on thermographic measurements which show the temperature field
at the surface of the fluid. The apparatus and measurement
techniques are described in the following section, while the
results for the wide gap and the narrow gap experiments are
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Fig. 2. Sketch of the experiment set-up.

presented in Sects. 3.1 and 3.2, respectively. The paper is
then concluded with a discussion section and a conclusion.

2 Experimental setup
The set-up (Fig. 2) consisted of a tank with three concentric
cylinders which was built on a turntable and rotated around
its vertical axis of symmetry. The inner cylinder was made of
anodised aluminium, the middle and outer one were made of
borosilicate glass. The cylindrical gap (the middle chamber)
had a flat bottom topography while its surface was free. A
temperature difference between the vertical end walls of the
gap was realised by heating the fluid in the outer chamber by
a heating coil and cooling the fluid in the inner chamber using
a thermostat. De-ionised water is used as working fluid.
The temperature of the inner and outer cylinder and also
the rotation rate of the apparatus was controlled by the experiment software which was programmed in LabVIEW®,
as was the co-rotating camera, which allowed for automated
long-time measurements with smooth parameter variations.
Two temperature sensors (resolution 0.07 K) were integrated
in the upper and lower part of the inner gap wall and four sensors of the same model were mounted in the outer cylinder
close to the outer gap wall in mid-height and with distance of
π
2 in azimuth.
Geometric parameters of the experimental setup, typical
experiment conditions and physical properties of the fluid are
shown in Table 1. Generally, the observable wave number
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m is restricted by the dimensions of the gap, as Hide and
Mason (1970) found an empirical law of the minimum and
maximum wave number, m min ≤m≤m max , that is in modified form
1
(b + a)
3
(b + a)
·π ·
≤m≤ ·π ·
,
4
(b − a)
4
(b − a)

and

Table 1. a) Geometric parameters of the experimental setup, b)
typical experiment conditions, c) physical properties of the working
fluid at T = 20◦ C, p = 105 Pa, d) integral wave numbers as derived
from Eq. (1).

(1)

which results in (2) 1.7≤m≤5.2 (5) for the wide gap and
(7) 6.8≤m≤20.3 (20) for the narrow gap (integral wave
numbers in parenthesis).
A co-rotating U SB camera was used to observe the surface flow from above which was then visualised with aluminium particles. For thermographic measurements of the
surface temperature distribution, this camera was removed
and a non-rotating heat sensitive camera of high quality was
mounted above the tank (resolution ±0.03 K, absolute accuracy <±2 K, 240 rows per picture, 360 pixel per row, 16 bit
A/D converter).
Experiments with a wide gap were done applying visualisations of the surface flow as well as thermographic measurements. Using the narrow gap, the thermographic camera was
not available and only visualisation technique was applied.
Pictures of the surface flow were taken every 30 s as records
up to 60 s were taken usually every 1200 s. The sample interval of thermographic measurements was 30 s.
The Taylor number and thermal Rossby number describe
the two principal variables, i.e. the horizontal density gradient 1ρ due to the imposed temperature gradient and the
rotation rate, respectively, by
4 2 (b − a)5
Ta =
ν2 d
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g d 1ρ
Ro =
,
ρ 2 (b − a)2

with a and b as inner and outer radius of the gap, d as fluid
depth, ρ as average density, g as acceleration due to gravity, ν as kinematic viscosity. The Prandtl number, defined
by P r= κν , κ as thermal conductivity, describes the physical
properties of the fluid (P r=7 for the working fluid). Both
experiments used a fluid depth of d=135 mm resulting in a
d
radius ratio, η= ab , and aspect ratio, 0= (b−a)
of η=0.38 and
0=1.8 for the wide gap experiments, and η=0.79 and 0=5.4
for the small gap experiments.
By keeping the temperature gradient fixed and varying the
rotation rate of the apparatus, regime sequences can be defined which represent cuts of the parameter space. The spinup time was found to be less than 30 min for steady waves
and up to 40 min for complex flows. Observations were done
up to three hours per parameter point, extended partly to four
hours in complex flow regimes. Due to limited availability time of the thermographic camera, temperature measurements were restricted to two hours per parameter point.
To define a reference temperature gradient, we used the
averaged temperature difference measured in the axisymmetric flow regime close to the transition to the first instability,
i.e. 1T =7.5 K in the wide gap case and 1T =6.7 K in the
narrow gap case. In practice, the thermal Rossby number
was individually calculated for each parameter point using
the averaged temperature gradient which was calculated from

narrow gap

wide gap

95
120
135
25
0.79
5.4

45
120
135
75
0.38
1.8

1.47. . . 3.56
0.1
20
6.7
0.62. . . 3.64
1.68. . . 0.25

0.10. . . 1.78
0.1
23
7.5
0.76. . . 221.07
0.16. . . 41.47

a) geometric dimensions
inner radius
a (mm)
outer radius
b (mm)
fluid depth
d (mm)
gap width
b − a (mm)
radius ratio
η= ab
d
aspect ratio
0= (b−a)
b) experimental conditions
rotation rate
 (rad s−1 )
motor accuracy (%)
mean temp.
<T> (◦ C)
ref. temp. diff.
1T (K)
Taylor number
T a (×106 )
th. Rossby no.
Ro

c) physical properties of the fluid (de-ionised water)
density
ρ (kg m−3 )
998.21
kin. viscosity
ν (m2 s−1 )
1.004×10−6
th. conductivity κ (m2 s−1 )
0.1434×10−6
−1
exp. coefficent
α (K )
0.207×10−3
Prandtl number P r
7.0
d) wave number
minimal
maximal

mmin
mmax

7
20

2
5

the permanent temperature measurements. Deviations of the
temperature gradient was found to be within ±0.1 K in narrow gap experiments and ±0.2 K in wide gap experiments,
2.1

Narrow gap temperature control

Using the narrow gap, the imposed temperature gradient
could not be kept constant due to technical reasons and was
found to be affected by the flow state in a significant manner
for lower and medium rotation rates.
Figure 3 shows logs of the temperature gradient for increasing and decreasing Taylor numbers. The temperature
drop and jump, respectively, at the transition from axisymmetric flow to the wavy flow regime was substantial. In case
of increasing Taylor numbers, additional drops of the temperature gradient, weak but noticable in amplitude, were observed up to m=8. Here, it was possible to assign specific
temperature differences to wave numbers from m=0 to m=8.
While wave number m=5 was stable for 6.5 K≥1T ≥6.25 K,
modes of m=6 and m=7 were restricted to 1T ≈6.17 K and
1T ≈6.07 K, respectively. For higher wave numbers, the
temperature gradient remained constant at approx. 5.9 K.
In case of decreasing Taylor number, the temperature
log look similar but the gradient appeared to increase not
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Fig. 4. Wide gap experiments, regime diagram as defined by visualisation.
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Fig. 3. Narrow gap experiments. Log of the temperature gradient
for the increase (upper subfigure) and decrease (lower one) of the
Taylor number. Parameter runs as well as wave numbers m are assigned to temperature logs by colors.

stepwise but smoothly, especially for wavy flows of m=11
to m=7. Therefore, a correlation of wavy flow pattern and
temperature gradient have not been undertaken. Generally,
although the preset forcing parameters were the same, there
was a systematic difference in the temperature gradient for
increasing and decreasing Taylor numbers of round about
0.15 K.

3 Results
3.1

Wide gap experiments

The regime diagram as defined by visualisation is shown in
Fig. 4 and photographs of particular flow patterns of m=0
to m=4 which was observed at different parameter points
are shown in Fig. 5, where sketches of the flow states are
drawn in for clarification. Generally, wavy flows up to m=4
were found but the overall steady flow regime was dominated by a m=3 mode. The critical Taylor number which
marks the onset of the first instability was determined to be
T ac =6.33×106 where the transition from axisymmetric flow

T a = 2.21 × 108
Ro = 0.15
m = 4, irregular

Fig. 5. Wide gap experiments. At T a=2.21×108 , the visualisation indicate no regular jet-stream but rather a random distribution
of tracer particles but records of the surface flow showed a distorted
wavy flow of wave number m=4, which was confirmed by thermographic observations (bottom right panel).

to a steady wavy flow of m=2 was observed. No hysteresis
was found between m=2 and m=3 and only moderate hysteresis was observed between m=3 and m=4 in the parameter region which is indicated with up- and downarrows for in1 numbers respectively, where
creasing and decreasing Taylor
in-between m=3 as well as m = 4 flow patterns were observed. Two different types of time-dependent complex flows
were observed in the region marked with 2/3I which was a)
mode-interaction of m=2 and m=3 mode where the m=2
flow was always present but disturbed by the m=3 mode and
b) a non-uniqueness state where the m=2 pattern vanished
and was displaced by a distorted m=3 mode.
At higher rotation rates, the visualisation showed usually
a flow dominated by m=3 or m=4 but at Taylor numbers
greater than 108 , the large-scale jet-stream structure was
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Fig. 6. Wide gap experiments. Pictures of the surface temperature
distribution for complex flow patterns in the first transition from
axisymmetric flow (upper left panel) to wave mode of m=3 (bottom
right panel). Cooled inner cylinder black, heated outer one pink to
white, cold cells blue.

in part affected by small scale, spatially localized vortices
which typically influenced only one wave lobe while the others remained unaffected. This parameter region is denoted as
‘transition to irregular flow’ in Fig. 4. However, at high rotation rates it was usually observed that the tracer particles
were distributed randomly rather than followed the largescale flow. Records of flow visualisation were used to de1
termine the flow regime since they gave a much better impression of the actual flow state rather than the pictures. Due
to this unexpected behaviour of the aluminium particles, the
onset of the ‘irregular flow’ regime from visual inspection
was somewhat a question of personal judgement.
The analysis of thermographic measurements generally
agrees with the overall flow analysis from visualisation but
also indicates some significant differences. Figure 6 gives
an impression of the complex flow patterns found in the
first transition where mode-interaction between mode 2 and
3 was observed by thermography at T a=8.08×106 and
T a=9.37×106 , which was also observed by flow visualisation, as was the non-unique flow state at T a=1.08×107 ,
where a mode competition between m=2 and m=3 was
found to occur (Fig. 7). A breakdown of the wavy flow
structure was observed several times, as shown in Fig. 7
at t=+600 s, and was found to be apparently non-periodic
which must be subject to further analysis.
In contrast to the flow visualisation which indicated a
steady flow of m=2 at T a=6.88×106 , here, thermographic
measurements showed a wavy flow of m=2 which was
slightly disturbed by a mode 3. We will discuss later that
the complex vacillating flows found at the onset of the instability are supposably consistent with the 2/3I flow state
which was characterised by Früh and Read (1997) in rigid
lid experiments.
Thermographic measurements in the parameter range
where ‘steady’ m=3 flows were observed by visualisation revealed a type of radial vacillation illustrated in Fig. 8 which
shows a 150 s sequence of thermographic measurements.
Cold cells separated from the inner wall, moved radially out-
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t=0s

t = +600 s

t = +1200 s

t = +1800 s

t = +2400 s

t = +3000 s

Fig. 7. Wide gap experiments. Sequence of thermographic measurements at T a=1.08×107 , Ro=3.00. t as time elapsed since the
first frame in the figure.

t=0s

t = +30 s

t = +60 s

t = +90 s

t = +120 s

t = +150 s

1
Fig. 8. Wide gap experiments. Wavy flow of m=4 with radial
oscillation of the cold cells (T a=7.65×107 , Ro=0.41). t as time
elapsed since the first frame in the figure. Note also the asymmetric
formation of the wave lobes.

wards and then returned to the inner cylinder while their
outer boundary remained unaffected. This type of radial oscillation was first observed at T a=2.53×107 , Ro=1.25 and
appeared regularly at higher rotation rates. Furthermore, an
asymmetric formation of the wave lobes was observed which
will be subject to the disussion in Sect. 4.
As such a vacillation of the wave shape is consistent with
the definition of a structural vacillation, this range of Taylor number was reclassified as 3SV and 4SV , respectively.
Together with the discrepancy1at T a=6.88×106 , the regime
diagram was revised as shown in Fig. 9.
3.2

Narrow gap experiments

In narrow gap experiments, steady baroclinic waves up to
m=13 but no complex flows were observed. Figure 10 shows
the regime diagram determined by flow visualisation, and
photographs of the surface flow, covering examples of different flow states, are displayed in Fig. 11. The transition to the
wave flow regime, which was found to be affected by strong
hysteresis, took place at T acrit =7.44×105 . Although the first
transition remained unaffected by hysteresis, the minimum
wave number was found to be unequal in case of increasing
and decreasing Taylor numbers, respectively, i.e. mmin =5 for
increasing T a and mmin =7 for decreasing T a. Furthermore,
in case of decreasing Taylor numbers, no wavy flow of wave
number 8 and 6 was observed.
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Fig. 10. Narrow gap experiments, regime diagram as defined by
flow visualisation.

It has to be kept in mind that the extent of each wave number is only the documented extent on following the bifurcation sequence either from axisymmetric flow or from the high
wave number 13. Wave numbers 6 and 8 existed probably
to lower values of Taylor number than indicated in Fig. 10
since the experiment did not trace each wave number in the
decreasing Taylor number direction but started at the higher
wave number and followed therefore only the highest possible wave number.
With increasing Taylor numbers, the tracer particles were
more and more accumulated in the outer vortices (cf. Fig. 11)
and finally, at comparatively high rotation rates, the jetstream could be hardly identified. Here, assuming that each
accumulation marks an outer vortex with the jet-stream on
the inner side, which was observed at moderate rotation rates,
we could infer the wave number of the flow indirectly. While
this estimate of the wave number is open to criticism, there
was no indication of a transition to a qualitatively different
flow regime, such as to irregular flows. However, other observation techniques would have to be applied in future to
determine the spatial and temporal structure of the flows reliably.

Fig. 11. Narrow gap experiments, photographs of different flow
states. Note the accumulation of the aluminium tracers at higher
Taylor numbers.

4

Discussion

Series of flow visualisations and temperature measurements
of the surface flow in a rotating differentially heated annulus with a free surface and a flat bottom topography were
presented using two different radius ratios. In wide gap expriments, the application of various measurement techniques
revealed some surprising differences
that might partly caused
1
by the techniques themselves. Some regions of vacillating
flows were uncovered by thermography whereas flow visualisation indicated steady flow pattern. Furthermore, an
asymmetric formation of the jet-stream structure which is apparently associated with radial oscillations of the cold cells
was observed by thermography but not by flow visualisation
at moderate and higher Taylor numbers. Due to the nonrotation of the heat sensitive camera, one has to take into account that some of the thermographic recordings, especially
at high Taylor numbers, could be affected by blurring effects,
or similar, due to technical reasons. Nevertheless, since the
quality of the records was subject to careful inspections using
two reference targets with different temperatures which were
co-rotated during the temperature measurements, the asymmetric distribution of the cold cells is evident, as is the radial
oscillation of the wavy flow. However, since the spacious
jet-stream was not affected by this in a significant manner
and due to the fact that the tracer particles followed the dominating large-scale flow it could be accepted that the zonal
displacement of the cold cells is barely perceptible in flow
visualisation.
Two different types of complex flows were found in wide
gap experiments. While the flow was dominated by m=2
mode and only weak influenced by mode 3 at the onset of the
first transition, the m=2 flow was more and more affected by
the m=3 mode with increasing Taylor number. As the analysis of thermographic measurements indicates, that flow patterns might be identified as a superposition of two coexisting
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waves with different zonal wave numbers and phase speeds,
denoted as ‘interference vacillation’ (I V ), which was found
to occur in experiments with a free surface (e.g. Pfeffer and
Fowlis, 1968; Kaiser, 1970) as in rigid lid experiments (Früh
and Read (1997)).
Numerical studies using two-layer models have shown that
such mixed-mode flow states can only be stable when the βeffect is considered, (e.g. Hart, 1981; Pedlosky, 1981; Moroz
and Holmes, 1984; Mansbridge, 1984). Since we focussed
on experiments with a free surface, the surface was affected
by the centrifugal force and had a parabolic profile, i.e. a βplane, but on the other hand due to relative low rotation rates
in the parameter range of the complex flows this might not
had a strong effect. Früh and Read (1997) discussed the stabilizing effect of I V flows following an approach by Ohlsen
and Hart (1989a) and Ohlsen and Hart (1989b), resp., who
observed a type of nonlinear interference vacillation in which
a string of triads and self interactions could drive the I V flow.
They were able to prove the fullfilment of the so-called harmonic triad conditions in their experiments for the classified
2+3I V mode and concluded that, even in a f -plane flow, I V
flows are possible and stable with harmonic interactions and
self interactions only, i.e. the flow is driven through wavewave interactions.
Just before the onset of the steady wave flow of m=3 another type of complex vacillating flow was observed. The
m=3 mode collapses and is replaced by a I V flow pattern
of 2 and 3. The m=3 mode is then recovered and collapses
again. This flow behaviour is typically described by ‘intermittent bursting’ but here the flow might also be comparable
to a m=2−3A flow pattern, as observed by Früh and Read
(1997), where the dominant wave number alternates between
wave number 2 and 3. In this case, the flow may be forced
through wave-zonal flow interactions. However, regarding
our experiments, an explicit characterisation of the flow dynamics at this critical parameter points can hardly be done by
visualisation and thermography only and must be subject to
further investigations.
The complex vacillation involving two adjacent zonal
wave numbers appears to preclude the possibility of hysteresis. This may be due to the fact that the two modes do
not form separate basins of attraction as described by Früh
and Read (1997) who observed this behaviour in the rigid lid
case. Regarding the possibility of a 2−3A mode, a attractor switching could be caused for example by a crisis where
two potential attractor shells clash as described by e.g. Grebogi et al. (1987) and Früh and Read (1997). Furthermore,
stochastic fluctuations could also be responsible, denoted as
noise-induced crisis, which is discussed by Früh and Read
(1997) to cause the 2−3A flow in their experiments.
Unlike exclusion of hysteresis in the first transition zone,
vacillating flows at higher Taylor numbers do allow for moderate hysteresis. From the thermography it appears that this
vacillation involved a radial oscillation of temperature minima. This could be consistent with an oscillation of a higher
radial mode of the same azimuthal wave as observed in experiments by Pfeffer et al. (1980) and theoretically by Weng
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et al. (1986) whose numerical study, using truncated spectral
Eady models with two Ekman layers of different strength,
show the existence of a quasi-periodic vacillating flow with
two different radial modes of the same azimuthal wave number.
It was a surprise that the radial oscillations of the m=3 and
m=4 pattern were not observed in flow visualisation but only
by thermography. While the vacillating flows at the onset of
the first instability might be in part too weak to be identified by visual inspection, which then would be a human factor more than a technical one, the radial vacillations are too
strong to be overlooked in flow visualisation. An explanation might be that the aluminium particles are captured in the
dominating wavy flow structure and are therefore not able to
follow the relative rapid change in radial direction which is in
addition only significant at the inner cylinder side of the cold
vortices and thus outside the jet-stream flow. This possibility
is also supported by the fact that the overall jet-stream structure is not influenced by the radial oscillation as indicated by
the thermography.
Narrow gap experiments were done with visual inspection
of the surface flow only. Steady flows up to wave number
13 were detected, partly by an indirect estimate of the wave
mode. Due to the accumulation of the tracer particles visual inspection was not possible any longer at high rotation
rates and the experiments were restricted to Taylor numbers
lower than 4×106 . As described in Sect. 3.2, waves with
wave number 6 and 8 were missed when the rotation rate
was decreased. Due to the limited number of runs which had
been done for the narrow gap case, and as an additional argument to the discussion in Sect. 3.2, we also can not rule
out the possibility that stochastic fluctuations, as mentioned
above, were responsible for the absence of the wave numbers
which should then be observed in supplemental experiments.
As the wide gap experiments have shown, flow visualisation may not be sufficient to analyse the flow regimes in
detail. However, due to the restricition of the narrow gap in
radial direction the appearance of only ‘steady’ flows might
be possible. Furthermore, strong hysteresis affected the flow
in the narrow gap. Regarding the discussion above where
the vacillation of adjacent modes may preclude hysteresis, it
might be possible, that hysteresis is linked with the occurrence of steady waves and precludes vacillating flows. All in
all, the classification of ‘steady’ waves in the regime diagram
for the narrow gap case on the basis of flow visualisation only
can be accepted with reservation. Even though complex vacillating flows were not observed in the narrow gap case we
can not rule out that the clustering of particles mark the onset of some type of SV -like flows.
Recent work has shown that inertia-gravity waves can be
generated by baroclinic waves in the laboratory (Williams
et al. (2005), see references therein for possible inertiagravity wave generation mechanisms), and that the gravity
waves may exert a strong influence on baroclinic wave transitions (Williams et al. (2004)). Also Read (1992) mentioned
the existence of gravity waves in the baroclinic annulus of
fluid as he analysed bursting oscillations, weak in amplitude,
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which he had observed in experiments. Due to technical reasons Read could not rule out the possibility that these oscillations arose from interactions with the experimental setup
rather than were generated by internal dynamics of the fluid.
However, there is no evidence of gravity waves in our experiments, which should be detected by thermographic measurements due to the high quality heat sensitive camera, if
possible.

5 Conclusions
Our experiments uncovered a variety of complex flow
regimes and a limited ‘steady’ wave regime in the wide gap
case. The vacillating flows are comparable with types of
complex vacillating flows found by Früh and Read (1997)
even though they used a fluid with P r=26.7 in an apparatus with a rigid lid and a different aspect ratio. Our results might be in contrast to some extent to studies by Jonas
(1981) and Pfeffer et al. (1980) who found that vacillating
wave regimes are broadened in higher Prandtl number fluids
where the steady wave regime is then limited. Experiments
of Sitte and Egbers (2000), who determined flow regimes by
flow visualisation and, particularly, through nonlinear time
series analysis of velocity data, using a free surface apparatus with an aspect ratio of 4.4 and a moderate Prandtl number
fluid of P r=7, may also confirm this since they found a limited region of complex oscillating flows at the onset of the
first instability as well as an extended region of steady waves
with different wave number and strong hysteresis. On the
other hand, Sitte and Egbers (2000) determined an extended
region of distorted flows at moderate to higher Taylor numbers, denoted as SV therein, in which structural fluctuations
were increased with the rotation rate. They assumed this region as the transition to turbulent flow. It is speculative that
radial oscillations as observed in our experiments were (in
part) also responsible for some flow states in the SV regime
of Sitte and Egbers (2000).
Our wide gap experiments show that vacillation and hysteresis are only compatible if the vacillation does not involve
adjacent wave numbers which is also observed by Früh and
Read (1997) in rigid lid experiments. Narrow gap experiments show much stronger hysteresis than observed in the
wide channel case. This may be due to the higher azimuthal
wave number and restriction of radial modes. However, since
flow visualisations appear to be unreliable to pick up anything other than strong oscillations further experiments are
necessary to identify temporal and spatial structures of the
flow in the narrow gap.
Since the early eighties, different approaches to dynamical systems analysis were proposed, in particular the ‘method
of delays’ (MOD) by Takens (1981) and the ‘singular systems analysis’ (SSA) by Broomhead and King (1986) that
was extended to the ‘multivariate singular systems analysis’
(M − SSA) which was implemented by Read (1993). Both
methods were successfully applied in experimental fluid dynamics, e.g. Buzug (1994) and Wulf et al. (1999), both of

them charaterised the dynamics of complex spherical Couette flows using the MOD, as it was also used by Sitte and
Egbers (2000), and by Read (1992) and Read (1993) who
used the SSA and M−SSA, resp., to investigate the dynamics of complex flows in the baroclinic annulus. We have measured velocity time series data up to several hours not only
in the complex flow regimes but also in the ‘steady’ wave
regime using the optical Laser Doppler Velocimetry. The
evaluation of the complex flow dynamics of the observed
wide gap flows from this data is the aim of further work.
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