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A laboratory investigation is presented with the aim of studying systematically the occurrence and char-
acteristics of low-frequency variability of flows resulting from the interaction of a baroclinic flow with
periodic bottom topography. Low-frequency variability within the baroclinic wave regime occurred in two
distinct forms in separate regions of parameter space. One corresponded to the transition region between
the baroclinic travelling and stationary wave regimes. It involved primarily an interaction between the
drifting baroclinic waves and stationary components of the topographically forced wave. The resulting had
characteristics similar to amplitude vacillation and had a time-scale of 30-60 annulus revolutions (‘days’),
which also corresponded with the wave drift period. A new regime of low-frequency amplitude vacillation
was discovered in the transition region with the axisymmetric flow regime. As the complexity of the flow
increased the period of the vacillation cycles grew to ∼100-180 ‘days’. This slower vacillation seemed to
involve a cyclic enabling and disabling of nonlinear interactions between the forced stationary wave and the
growing and azimuthally drifting wave, which in turn was linked to a decrease in mean flow shear. Subse-
quent chains of wave-wave interactions characterised the complex but robust oscillation phenomenon. The
resulting behaviour has several features in common with some recent models of intraseasonal oscillations in
the mid-latitude troposphere and with sudden stratospheric warmings.
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1. Introduction

In a companion paper (Read and Risch (2011), hereafter Paper I), we presented results from a
new laboratory study of the interaction between thermally-driven, rotating baroclinic flow and
periodic bottom topography. In that paper, the main features of the apparatus and method-
ology were described, and a new regime diagram was presented which shows more clearly
and comprehensively than in previous studies the rich variety of complex flows which can be
exhibited in the presence of topographic forcing at a single azimuthal wavenumber (in this
case, m = 3). The results of that paper noted the applicability of the Charney-Drazin theory
for large-scale wave propagation in a rotating, stratified fluid, which helped to account for the
organization of the regimes observed in parameter space, including the occurrence of large-
amplitude stationary waves which penetrate to all heights in the apparatus. We also found
that multi-stable flow states were common throughout the wave-dominated regimes, though
this was not necessarily greatly enhanced compared with flows without bottom topography.
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1.1. Low-frequency variability in the atmosphere and oceans

Another important motivation for the present experiments arises from an interest in mecha-
nisms for low-frequency variability in baroclinically unstable systems which only entail internal
linear or nonlinear dynamics, as opposed to variations of external forcing or boundary condi-
tions. There is an ongoing debate in the climate research community concerning the relative
importance of processes involving either external cyclic forcing in the atmosphere (e.g. due
to the annual cycle or processes in the ocean circulation) or nonlinear, autonomous internal
variability.
James and James (1989), James and James (1992), and James et al. (1994), for exam-

ple, found evidence for spontaneous variability on timescales from months to years (or even
decades) in simple GCM experiments with constant forcing conditions, which appear to be
due entirely to internal chaotic processes within the model atmosphere itself. This has lead
to significant uncertainty in the interpretation of a variety of phenomena identified in climate
observations and numerical simulations, including the North Atlantic Oscillation (NAO) on
timescales of tens of days (sometimes known as the ‘Index Cycle’, Wallace (2000)) to several
months or years, and various ‘Intraseasonal Oscillations’ such as the Madden-Julian oscillation
in the tropical atmosphere (ref: Madden & Julian 1994) and comparable oscillations in the
extra-tropics (e.g. Branstator 1987, Ghil 1987, Kushnir 1987, Dickey et al. 1991). In several of
these phenomena, the role of topographic forcing has been suggested as having an important
dynamical role in inducing oscillatory behaviour on timescales of greater than a few tens of
days (e.g. Jin and Ghil (1990)).
In the stratosphere, too, a number of sources of variability are generally regarded as owing

their origin to topographic forcing at the Earth’s surface, such as those responsible for the
episodic breakdown of the winter polar vortex leading to Stratospheric Sudden Warmings
(SSWs - e.g. Andrews et al. (1987)). The mechanism for SSWs is commonly understood to
arise from the resonant breaking of large-scale Rossby waves, forced by the interaction of the
underlying flow with continent-scale topographic features (e.g. Matsuno 1971), though the
nature of this breakdown and the extent to which it may be dependent on seasonal changes in
the large-scale circulation remain controversial (O’Neill and Pope 1988, Charlton and Polvani
2007, Charlton et al. 2007, Matthewman et al. 2009). In particular, the possible origin of SSWs
and their variability as intrinsic instabilities (e.g. Yoden 1987, Esler and Scott 2005), or due
to external influences (e.g. Scott et al. 2008) remains uncertain with possible roles suggested
either for resonant effects with topographically forced waves (Plumb 1981) or smaller scale
phenomena (Birner and Williams 2008).
The occurrence of SSWs is also not necessarily confined solely to the Earth, but there is

some evidence from numerical simulations that a dynamically similar phenomenon may occur
in the Martian atmosphere (Barnes and Hollingsworth 1987, Wilson 1997, Kuroda et al. 2009),
where the amplitude of continent-scale topography is larger even than for the Earth.

1.2. Low-frequency variability in the laboratory

Examples of low-frequency oscillations have also been reported in the literature for a number
of years for rotating annulus experiments, both with and without topography (e.g. Buzyna
et al. (1978), Bernardet et al. (1990) and Früh and Read (1997), respectively).
In the absence of bottom topography, low frequency variability is observed to occur as the

result of long-timescale vacillations of wave amplitude and/or structure. Within the regular
wave regimes in the rotating annulus, Buzyna et al. (1978) found slow and chaotic variabil-
ity associated with modulations of the applied thermal contrast between the sidewalls. The
frequency of the associated variability, however, was not directly commensurate with the fre-
quency of the modulation of the boundary conditions. Read et al. (1992) and Früh and Read
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(1997) found evidence for such slow vacillations in association with the amplitude vacillation
phenomenon and related bifurcations, in which the amplitude of a baroclinic wave grows and
decays periodically via interactions with the zonal mean flow. The period of the amplitude
vacillation itself was consistent with a dependence mainly on Taylor number, such that the
period diverged towards very large values (in apparent association with a homoclinic bifurca-
tion) at a critical value of T . By varing thermal Rossby number, however, Read et al. (1992)
and Früh and Read (1997) also found that the quasi-periodic amplitude vacillation would also
undergo a bifurcation involving the spatial sidebands of the dominant wavenumber, leading to
a mode competition in which the amplitude vacillation itself could undergo a cyclic (though
often chaotic) modulation in time, on a timescale which could also diverge without limit as a
particular point in parameter space was approached, in the form of a ‘soft mode instability’.
For the case where topography was present, Bernardet et al. (1990) conducted experiments

with radially non-varying wave-2 topography and a free surface at five selected fixed points in
parameter space, of which two cases coincided with the region covered in the present study.
These two cases were characterised by low-frequency vacillations of the dominant drifting
wave-6 amplitude on a time-scale which corresponded to about 50 annulus revolutions. The
period of one vacillation cycle was observed to be equal to the time it took wave-6 (and
wave-4, which was found to have the same drift-frequency) to drift by one wave-length. The
interaction was therefore interpreted as a constructive and destructive interference between
the drifting waves and the stationary wave-2. Similar results had been reported earlier by
Leach (1981) and Li et al. (1986).
Bernardet et al. (1990) suggested a possible analogy of some of their observed features

to the 30-60 day oscillation found in the NH extra-tropical atmosphere (e.g. Anderson and
Rosen 1983, Jin and Ghil 1990)). Such an analogy would suggest that the mechanisms for the
atmospheric oscillation could be governed entirely by internal dynamics of the mid-latitude
atmosphere, and that forcing, say from the tropics or oceans, is not essential for it to occur. In
this context it may be of some interest to note that the scale separation between the drifting
baroclinic waves and the stationary wave-2 in Bernadet et al.’s experiments was similar to
that generally associated with the mid-latitude storm tracks on Earth, which have a planetary-
scale structure, upon which smaller-scale baroclinic waves grow and decay. It would also be of
interest to investigate whether or not a similar low-frequency phenomenon occurs when the
horizontal scale of the topography is similar to the scale of the transient waves themselves. This
is the case in the present experiments, and also in the atmosphere of Mars (e.g. Hollingsworth
et al. 1996) where storm tracks can be identified during the winter seasons in each hemisphere
but the dominant wavenumber of both transient and stationary waves is typically m = 1− 3.
In a previously sparsely explored region of parameter space (see Paper I), the present exper-

iments have also demonstrated the existence of a robust oscillation – subject to hysteresis – of
significantly lower frequency (100-180 annulus revolutions) than those observed by Bernardet
et al. (1990) (around 30-60 annulus revolutions). These new observations in our experiments
raise questions over possible alternative analogues in the atmosphere on a longer timescale,
comparable with intraseasonal variations and even the seasonal cycle itself. In this paper,
some possible similarities between the laboratory flows and atmospheric phenomena such as
intraseasonal oscillations and major stratospheric sudden warmings (SSWs) are examined.
Such global-scale SSW events are only generally observed to occur once per winter (but
even then not every year), and also only in the northern hemisphere, where land-sea thermal
contrasts and orography produce more intense stationary waves than in the southern hemi-
sphere. The nature of SSWs continues to excite controversy, with debates continuing over
whether they occur because of vortex interactions with the winter polar vortex or because of
wave-zonal flow mechanisms. Such an analogy as discussed here would shed valuable insight
into the possibility that SSWs are part of a cyclic vacillation phenomenon in the atmosphere
due to interactions between topographically forced and internal planetary waves, but which



May 20, 2015 Geophysical and Astrophysical Fluid Dynamics RRpaper2v2

4

is periodically interrupted by large changes in the thermal forcing during the seasonal cycle.

1.3. Outline

This paper is organised as follows: Section 2 briefly outlines the laboratory apparatus and
analysis methods used in the present study (though the main details are presented in Paper
I). Results from the experiments are presented in section 3 and 4, analyzing in detail two
distinct kinds of low-frequency phenomena found in different regions of parameter space.
Section 5 summarises and discusses the results in terms of the new insights compared with
earlier laboratory studies and in terms of their possible relevance to causes of slow variability
of the atmospheric general circulation on Earth and Mars.

2. Apparatus and Methods

The laboratory system under investigation was described in some detail in Paper I, and so
we only give a brief outline of the essential features here. The apparatus used was essentially
the same thermally-driven rotating annulus as used in studies by Hignett et al. (1985) and
Hignett (1985), though with improved instrumentation and control systems as described in
Paper I. A fluid is contained between two upright, coaxial brass cylinders of radii 2.5 and 8.0
cm, and between horizontal, thermally-insulating boundaries at heights above the bottom of
zero and 14.0 cm. Topography was introduced in the form of a sinusoidally-varying false base,
with wavenumber m = 3 structure in azimuth, no variation with radius, and an amplitude of
1.1 cm.
The temperature of each boundary was controlled independently to a precision of around

±0.02 K, and the outer cylinder is typically maintained at a higher temperature than the
inner. The entire system was then rotated at angular velocity Ω (with a stability ∼ 1 part in
104) , where Ω ranged in the present experiments from around 1 - 3 rad s−1. This enabled the
system to operate over a range in the principal nondimensional parameters:

T =
4Ω2(b− a)5

ν2d
, (1)

Θ =
gα∆Td

Ω2(b− a)2
, (2)

where T is the Taylor number and Θ the stability or Thermal Rossby number, a and b are
the inner and outer radii, d is the depth of the annulus, ∆T is the temperature difference
between the outer and inner wall, ν is the kinematic viscosity and α is the coefficient of
thermal expansion. The parameters used for all the experiments discussed here and in Paper I
are listed in Appendix A below. The temperature contrast ∆T and rotation rate Ω were under
continuous computer control, enabling these parameters to be varied either continuously in
time or in sequences of short steps, as well as being capable of being maintained at constant
values. Such controlled variations are invaluable in enabling large regions of parameter space to
be explored semi-automatically. However, caution is sometimes necessary in the interpretation
of the results of such experiments, especially with continuously varying scanning, since this
can lead in some cases to behavior that is induced directly by the parameter variations (e.g.
see Buzyna et al. 1978, Bishop and Galvanetto 1993, Hua and Lu 2001, Kogan 2007).
Measurements were routinely made of the temperature of the walls and other parts of the

apparatus at intervals of 20 s throughout each run using copper-constantan thermocouples.
The flow itself was visualised and measured at up to 5 levels in the vertical using a suspension
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Figure 1. Sequence of streak movie snapshots (20s apart) at level 2 showing the decay and re-establishment of a
stationary wave-3 over a 5 minute interval. The sequence runs from left to right and top to bottom. The plot corresponds
to B3r at T =24×106, Θ=0.17.

of neutrally-buoyant Pliolite particles of diameter ∼ 300µm, illuminated from the side via
perspex windows in the outer sidewall and viewed from above in the rotating frame via a
CCTV video camera. Visualisation was achieved by continuously tracking particles illuminated
at a chosen level and displaying streaks accumulated over 2.5 - 10s. Such streak images could
be displayed either in real time or recorded on a time-lapse video recorder. Continuous image
sequences of particle motions (recorded on SVHS videotape) could also be analysed using
DigImage software to obtain quantitative velocity fields either at single level or cycled through
several levels over a period of up to 30 s. More details of the analysis procedure can be found
in Paper I.

3. Stationary wave amplitude vacillation (SAV)

3.1. Flow variability

Over most of the drifting wave parameter regime the amplitude and structural variability of
the dominant drifting wave modes appears to be very complex. A Fourier time-series analysis,
however, reveals that a relatively regular or periodic amplitude vacillation of the stationary
wave-3 component underlies most flows. In the SAV-region of parameter space (see figure 7
of Paper I) a quasi-stationary wave-3 temporarily grows to large enough amplitudes such that
it dominates and can also be identified on streak movies. The periods of wave-3 domination
are characterised by a quickly forming wave-3 pattern whose (eastward) drift slows down over
a few tens of degrees until it becomes almost stationary. At this point its amplitude grows to
a maximum until it begins to drift eastwards again and decays.
The improved flow visualisation allows the naked eye to follow in great detail the evolution

of the quasi-periodic but complex SAV patterns, giving a good first intuitive picture. As an
example, figure 1 shows a sequence of streak movie snapshots at level 2, each 20s apart, which
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(a)

(b)

Figure 2. Time-dependent amplitudes of waves 3, 4 and 5 during SAV at level 2 mid-radius, (a) for B1 (T = 12.3× 106)
and (b) for B3 (T = 20.6× 106).

covers just over two ‘cycles’ of a wave-3 decay and growth. It illustrates the strong stationary
wave-3 competing with a structurally very distorted wave-4 and also a temporary dominance
of a wave-5. The subsequent almost total decay of the drifting waves then leads into the
growth of another quasi-stationary wave-3 which eventually starts to evolve into a drifting
mode again, this time directly into a wave-5.
Figure 1 was produced from a 5 minute interval of experiment B3, in which ∆T was

steadily decreased over the range 14.5− 1.9 K while keeping Ω fixed (see Table A, reproduced
from Paper I). This experiment generally has very similar characteristics to B1. In order to
investigate the effect of T on the variability characteristics of the flow regimes encountered by
B1, experiment B3 scans the T -Θ parameter space vertically at level 2 in the same manner
as B1 by linearly decreasing ∆T while keeping all other parameters constant; T =20.6×106

in B3 compared to T =12.3×106 in B1. It generally crosses the same types of flow regime as
B1 (see figure 5 of Paper I). Small differences include a slightly larger parametric extent of
dominating wave-2 in B3 followed by a slightly smaller extent of wave-4 domination. As in B1,
the subsequent transition at similar values of Θ to a SAV flow is followed by another wave-4
domain before a quasi-steady stationary wave-3 flow is established.
For a similar time-span and range of Θ, figure 2 compares the SAV flow encountered in

B3 with that of B1 in terms of the amplitudes of the most dominant modes, i.e. wave-3,
4 and 5. For clarity the phases are not shown in figure 2 but instead are presented over a
shorter interval in figure 3 (noting that azimuthal phase is defined herein as increasing towards
the “west”). The most prominent feature of the wave-3 phase is the quasi-stationarity which
coincides with each wave-3 amplitude maximum, similar to figure 10 of Paper I. The most
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notable difference between B1 and B3 is a generally more structurally noisy wave-field in B3.
Specifically the SAV cycles occasionally include a dominating wave-5 mode in B3 which seems
to disorganise the temporal behaviour quite substantially. For example, a fairly robust feature
of figure 2a is the periodicity of the dominance of wave-3 which recurs every time the wave
has drifted by 3 wavelengths, i.e. once around the annulus, between 7700 and 9200s. The
wave-5 component, although not insignificant, never grows enough to dominate. Figure 2b on
the other hand shows a very irregular appearance of wave-3 dominance. Rather than peaking
once every time the drifting component has advanced by 6π, it dominates the flow after a
fairly random but integer number of 2π phase drift periods. Occasionally it becomes dominant
after several successive 2π phase cycles (2900-3300s). The growth of a strong and sometimes
dominating wave-5 signal is often connected with an exceptionally large-amplitude wave-3
peak (e.g. 3200s, 3850s, 4500s). This suggests that the wave-5 draws its energy from a wave-
wave as opposed to a wave-mean flow interaction.
The important point is that there seems to be a temporally regular underlying wave-3

amplitude vacillation throughout the SAV regime. The above examples demonstrate how this
important dynamical feature may not always be easily identifiable from the streak movies,
despite their high quality. It is important to bear in mind that the timeseries shown in figures
1-3 involve a smooth change in the external parameter Θ and are not taken at a fixed point
in parameter space (such as e.g. in Bernardet et al. (1990)). The complexity of the temporal
evolution of the wave-patterns might be expected to be enhanced by the variation in Θ. Even
so, a characteristic flow evolution defines the SAV regime, the parametric boundaries of which
agree well in terms of Θ between experiments B1 and B3, despite significant differences in T .

3.2. Wave-3 resonance

The lower boundary of the SAV regime deserves some more attention in order to clarify what
the underlying nature of the vacillation might be. The existence of a quasi-steady wave-4
regime at values of Θ below the SAV regime and above the region of parameter space which
is totally dominated by a stationary wave-3 is suggested by figure 5 of Paper I and figure 2.
In figure 5 of Paper I, the coincidence of the disappearance of a measurable drifting wave-
3 component with the vanishing of the SAV phenomenon strongly suggests that resonance
between the drifting and stationary components is a crucial element in the mechanism for
the large intermittent growth of wave-3. It is also observed that SAV involves a fast wave-
3 decay after a sharp amplitude maximum, which is typical for a flow which temporarily
satisfies a resonance condition. If a stationary wave-3 were to grow gradually to a point where
it dominates the flow, there is no reason to believe that it should decay again in the SAV
parameter domain. Evidence for this is provided by experiments B7i and D2i which cover
similar regions of parameter space but vary Ω at a constant value of ∆T ; see Table A. These
experiments support a quasi-steady, stationary wave-3 throughout the domain where SAV has
been observed.
Hysteresis was observed in association with a number of the flow transitions, as noted in

Paper I, and made it difficult to define boundaries of some flow regimes precisely on a regime
diagram, particularly for the drifting wave-3 and SAV regimes. Although B1 and B3 agree
very closely on the values of Θ between which SAV occurs, lower values of Θ were still found
to support SAV if the flow regime was approached from a different direction. This applies both
to B7r and D2r which exhibit SAV at values of Θ as low as 0.155. This raises the question
as to whether the SAV is associated with a drifting wave-3 regime after all or whether it
is only an overlapping zone between the stationary wave-3 and the drifting wave-4 regimes
with random intermittent switching between the two. In other words, doubts may arise as
to whether the existence of a region of quasi-steady wave-4 between the SAV and stationary
wave-3 regimes is merely a result of the (relatively fast) decrease in the forcing parameter Θ
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3. Time-series of amplitudes of waves 0, 3, 4 and 5 during SAV at level 2 mid-radius, Θ∼0.22; (a-c) for B1 at
T =12.3×106; (d-f) for B3 at T =20.6×106.
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Figure 4. Timeseries of D3r (Θ=0.12=const.) at level 1 mid-radius showing (a) the amplitudes of waves 5, 3 and 4, and
(b) the phase of wave-3.

during B1, B3 and B7.
In order to test the robustness of this part of the wave-4 regime, experiment D3 was con-

ducted (see Table A). It is similar to D2 in that it approaches the region of interest by smoothly
varying T . The constant value of Θ for D3 was chosen to lie lower than the lowest Θ where
SAV had been observed, and just above those values where a transition to the stationary
wave-3 occurred in B1, B3 and B7. Quantitative data were collected during the first 3 hours
of the scan beyond which qualitative flow visualisation was continued up to the point where
the flow pattern changed to a stationary wave-3. As figure 4 shows, the steady wave-4, though
erratic, clearly dominates throughout almost the entire scan. Any measurable drifting wave-3
components do not normally drift by a whole wave-length and remain insignificant compared
to the stationary component.
It seems, therefore, that the SAV phenomenon is associated with a distinct regime in which a

drifting wave-3 component interacts with the forced stationary wave-3 in a manner suggestive
of a topographic resonance phenomenon. This could entail resonant triad nonlinear wave-wave
and wave-zonal flow interactions (given oscillations and variability in the mean zonal flow are
observed as well as variations in the waves themselves) that involve a number of different wave
modes. This is explored further below in the context of the LAV regime, and in a companion
series of papers by Marshall and Read (2015). The period of vacillation corresponds to the
drift period of wave-3 consistent with a nonlinear interference between drifting and stationary
wave components.
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Similar observations had been made in previous work. For example, Bernardet et al. (1990)
and Pfeffer et al. (1990) performed experiments with a differentially heated rotating annulus
with wave-2 bottom topography at a fixed point in parameter space corresponding to T =2.1×
107 and Θ=0.24, which lies within the SAV regime in our experiments. Their observations of
low frequency variability were similar in character to SAV in the sense that they observed a
cyclic growth and decay of a wave component on time-scales corresponding to ∼30-60 annulus
revolutions. Bernadet et al. interpreted their measurements as a drifting wave amplitude
vacillation, since in their experiment a drifting wave-6 was both dominant and vacillating
regularly in amplitude every time the wave-6 had drifted by one wave-length. In this sense it
may be perhaps more appropriate to refer to SAV as a drifting wave amplitude vacillation.
However, since the streak movies only allowed the identification of a wave-3 pattern near its
maximum amplitude, which corresponds to the quasi-stationary phase of the cycle, the wave-3
was interpreted primarily as a topographically forced stationary wave.

4. Low frequency amplitude vacillation (LAV)

In addition to SAV, the regime scans also identified a region of parameter space at slightly
larger Θ and smaller T than the SAV regime (but within a similar range of ∆T ≥ 4K)
where a robust, quasi-periodic variability phenomenon was found. This turned out to be the
most regular, lowest frequency and largest amplitude vacillation over the entire region of
parameter space investigated. The LAV regime itself may be divided into a region at lower
T , where a relatively simple wave amplitude vacillation was found which was dominated by
wave-4, and a more complex type of LAV at higher T which involved interactions with more
wave-number components. The vacillation periods ranged from about 100 annulus revolutions
for the ‘simple’ LAV to 180 for the ‘complex’ LAV. Each flow will now be described in turn.

4.1. Simple LAV

Figure 5 shows a sequence of streak movie snapshots during LAV, alternately switching be-
tween levels 4 and 2 every 20s. It corresponds to the third LAV cycle from the left in figure 6a,
which in turn corresponds to experiment D1r near the point in parameter space where D1
and C5 cross (T ∼ 8.95 × 106, Θ=0.44). The difference in streak lengths in figure 5 gives an
impression of the relatively slow (mainly eastward) velocities at level 4 compared to level
2. It also shows a tendency to minimise this difference during the wave-4 amplitude peaks.
More importantly perhaps, the streaks at level 4 reveal a detectable amount of wave-activity
throughout the whole LAV cycle, even if this is only in the form of small eddies near the inner
wall, suggesting that wave-generation mainly occurs near the bottom.
Figure 6a reveals that the LAV in this parameter region is very regular and periodic and

dominated by a wave-4. A slight gradual decrease in the wave-4 amplitude maxima with
decreasing T is noticeable. A wave-2 signal, whose phase is drifting (not shown), is present
during or just after the decay of wave-4, but is of relatively small amplitude. The significance
of the wave-2 will become more apparent in the discussion below of the more complex LAV
at higher T . No detailed analysis of the phase propagation at level 2 and 4 is presented here
since the temporal resolution was not sufficiently high.
In order to follow the evolution of the LAV with further decrease of T , another ‘window’ of

quantitative data was obtained at T ∼ 5.15 × 106. The wave amplitudes at level 2 are shown
for comparison in figure 6b. Notice that the y-axis range is half of that in figure 6a. With
time and decreasing T , the smaller wave amplitude maxima continue to diminish towards
a state where it would become indistinguishable from a quasi-steady wave-4, as observed in
the streak movies. The drifting wave-2 and wave-6 signals seen in figure 6a have virtually



May 20, 2015 Geophysical and Astrophysical Fluid Dynamics RRpaper2v2

11

Figure 5. Sequence of streak movie snapshots (20s apart) showing the growth and decay of a wave-4 for about 85% of
one cycle of low frequency amplitude vacillation (LAV) over a 7min 40s interval. The sequence runs from left to right and
top to bottom with images alternating between level 4 (lower row) and 2 (upper row). The corresponding experiment
and location in parameter space were D1r and T ∼ 8.95× 106, Θ=0.44.
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(a)

(b)

Figure 6. Time-series of wave-amplitudes at level 2 mid-radius over a 2000s interval, comparing (a) D1r around
T ∼8.95×106 and (b) D1r around T ∼5.15×106; Θ=0.44 (held constant); note the differing y-axis scales.

disappeared. An important observation is that the LAV still persists regardless of the fewer
significant wave-numbers and the lower wave-amplitudes. Furthermore, the period of about
500s is exactly the same as that of figure 6a. Additional confirmation of the independence of
the LAV period on T comes from D1i which again adjusted to the same LAV period as in
D1r after the initiating abrupt flow disturbance. This result implies that the period of LAV
depends directly on the thermal Rossby number Θ.

4.1.1. Resonant triads

The main feature of the observations at low T lies in the relative simplicity of the LAV
characteristics. It enables the identification of some of the underlying dynamics of the more
complicated LAV-phenomenon seen at higher T and Θ. Due to the relatively slow drift-speed
of the waves, the phase propagation is also sufficiently well resolved for quantitative analysis at
low T . Figure 7 thus shows quantitative comparisons of the most prominent wave amplitudes
and phases between level 2 and 4. One feature of a likely fundamental dynamical mechanism
can be seen in figure 7b. The frequencies of wave-4 and wave-7 are, on average, the same,
i.e. ωk=4 = ωk=7. This phenomenon, referred to as phase-locking, is highly suggestive of a
nonlinear interaction. Due to the presence of wave-3 topography, a likely scenario would be a
resonant interaction between a stationary wave-3 and drifting waves 4 and 7 which dominate
the flow. The necessary conditions for resonance, i.e.

k1 ± k2 ± k3 = 0 and ω1 ± ω2 ± ω3 = 0, (3)

are both satisfied.
But a closer look at figures 7b and d reveals that the second condition is only satisfied over

part of the cycle; that part corresponding to a growth in wave-4 amplitude. During the other
part of the LAV cycle a drifting component of wave-3 is present and the phase differences
between wave-4 and 7 are not constant. The fact that the resonance condition is satisfied
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7. Time-series of wave-amplitudes, phases and mean flow at level 2 and 4 during D1r (T ∼5.15×106, Θ=0.44);
(a) wave-amplitudes at mid-radius of wave 4 and 7 at level 2 and 4, (b) phases of waves 4 and 7, (c) amplitudes of wave
3, (d) phases of wave 3, (e) zonal flow (wave 0) at level 2, (f) zonal flow (wave 0) at level 4.
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during the wave-4 growth period suggests that energy is transferred into wave-4, although
the origin of this energy is not clear. Simple considerations might suggest that energy is
provided from the forced wave-3 component. This is partly consistent with detailed analyses
conducted, for example, by McEwan et al. (1972) who studied numerically the behaviour of
three resonant waves, of which one wave was directly forced. When the forced wave amplitude
exceeded a critical value, energy was transferred to the other two modes such that a steady
amplitude of the two unforced modes was established and the amplitude of the forced wave
remained at the critical value. This is consistent with the present observations of an apparently
limiting amplitude of the forced wave-3 (figure 7c), which, though not necessarily constant,
does not vary significantly or in any regular fashion, particularly at level 4. The growth of
the wave-4 in this context would then be a consequence of an ever stronger wave-3 forcing
due to an increasing strength of zonal flow over the topography, which would be justifiable
for the level 4 (but not for level 2). The numerical experiments by McEwan et al. (1972) also
suggested, however, that, unless the mode with the highest frequency was forced, all waves
except the forced one would decay. Furthermore, evidence from numerical experiments by
Fjørtoft (1953) suggest that the energy transfer would have to occur simultaneously to both
larger and smaller scales.
This would not strictly apply to the present situation where wave-3 has zero frequency on

average (although a back and forth azimuthal movement around its mean stationary position
is noticeable) and where the energy transfer is primarily to smaller scales (waves 4 and 7).
The notion in the present context that two (or more) drifting wave modes of comparatively
smaller scale tend to extract energy from a forced stationary wave component, however, is not
new. The laboratory investigation of wave triads by Jonas (1981) noted a similar behaviour,
although no definite principle or mechanism for this effect could be established. But overall, it
seems unlikely that a single triad resonance, forced by a stationary wave-3 which loses energy
to wave-4 and wave-7, is sufficient to account for what is observed in these experiments.
In practice, it seems more likely that more than one resonant wave triad contributes to the

dynamical exchanges of energy within the flow. A wave-4 component, for example, could grow
in amplitude spontaneously through baroclinic instability and interact with a topographically
forced wave-3 to form a resonant triad with wave-7. The resonance condition on frequencies
(see Eq (3)) would then be consistent with wave-4 and wave-7 having the same frequency and
with Fjørtoft’s requirement for wave-4 to lose energy to both higher and lower wavenumber.
But other wave-wave interactions are also likely to be involved. This is more clearly apparent
in the more complex LAV flows discussed below, but may also be present in the simpler
flows too. Similar kinds of interaction involving nonlinear interference effects between different
wavenumber components, either stationary or drifting, and the mean zonal flow were also
discussed by Buzyna et al. (1989), Ohlsen and Hart (1989) and Pfeffer et al. (1990) in the
context respectively of wave amplitude and zonal flow vacillations without topography and
baroclinic wave interactions with periodic topography. This is explored further in the work
presented in the companion paper by Marshall and Read (2015).
A radial cross-section of zonal mean zonal flow at level 2 is shown in figure 7e. The mean

zonal flow minima occur during or just after the wave-4 amplitude maxima, while the mean
flow maxima occur during the first half of the wave-4 growth. In comparison, the mean flow
at level 4 shown in figure 7f (notice the different contour levels) does not seem to follow the
same pattern. In fact, the maximum zonal flow at level 4 coincides with the maximum wave-4
amplitude at that level, i.e. almost coincident or just prior to the mean flow minimum at level
2. Since the zonal flow maxima at level 4 tend to occur at relatively small radii compared
with the jet location at other times they could be interpreted as being connected with the
evolution of the zonal flow at level 2. The maximum of the latter occurs a few tens of seconds
earlier than the level 4 maximum but at similar or only slightly smaller radii. The mean flow
acceleration at level 2 is most likely to be directly due to the thermal forcing, while the mean
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flow increase at level 4 seems to be more subtly connected with an adjustment of the vertical
shear in the mean flow.
Finally, another feature of figure 7b is that the phases at level 4 slightly lag behind those

at level 2 for waves 4 and 7. This implies an eastward phase tilt with height in radial velocity
which, somewhat surprisingly, would normally suggest baroclinic decay rather than growth
and instability. The tilt is greatest around the amplitude maxima and more pronounced for
wave-7. The phases of wave-3 on the other hand, as indicated in figure 7d, do not show a clear
phase difference between level 2 and 4, particularly during the stationary phase, which implies
a nearly barotropic structure. Other wave-features, which are not shown on the grounds that
the wave-amplitude is below a threshold of about 0.2 mm/s, include a quasi-stationary wave-2
and wave-1, and a drifting wave-6 which was typically phase-locked to wave-4 and wave-7.

4.2. Constant amplitude drifting wave-4

Experiment D1i (see Table A) was characterised by the formation of a drifting wave-4 which
persisted despite a continuous increase in T into the LAV regime, analogous to C1i where Θ
was smoothly increased. At the upper levels the wave-4 pattern was very weak except near the
inner wall. A very high temporal resolution timeseries at level 4 revealed that the flow was in a
quasi-equilibrium state exhibiting some interesting nonlinear dynamics. This involved phase-
locking between wave-4 and 7 and hence most likely a wave-3-4-7 triad interaction, similar
to the wave-4 amplification mechanism of the LAV cycle. Figure 8 shows that the wave-
4 and 7 amplitudes and phase-differences are remarkably constant. This suggests that the
wave-wave interaction process itself is spontaneous and due to the presence of the stationary
component of wave-3, i.e. it has no significant inherent temporal variability, even though the
wave-3 fluctuates back and forth around its average position on a time-scale of a drift period
of wave-4 or 7, as shown in figure 8b. Notice the much shorter time-scale of the wave-period
as compared with figure 7 (300s for 8 periods versus 2000s). This may be partly due to the
slightly higher values of T and thus a stronger mean flow, but for the most part it is due to
the lack of LAV. The main conclusion from this is that the wave-3-4-7 triad interaction by
itself cannot account for the LAV phenomenon. Since the magnitude of the constant wave-4
amplitude in figure 8a can be estimated to lie roughly between the minimum and maximum
amplitudes of the LAV cycle at this point in parameter space (the latter may be estimated by
interpolating between figure 6a and b), it may be regarded as an ‘equilibrium’ around which
the LAV flow oscillates. Due to the robustness of the LAV flow as a result of the positive
feedback mechanism, however, it may be more appropriate to interpret the quasi-steady flow
as a meta-stable state which might only require a small perturbation to ‘kick’ it into an
oscillating LAV mode.
The mean flow variation across the channel is shown in figure 8c with the same contours

as figure 7f. The location of the mean flow maxima at around 5cm radius are very similar.
Figure 8c does not, however, show a displacement of the jet to larger radii between the
maxima. Instead, the amplitude of the mean flow increases significantly at very small radii
(∼3cm). Figure 9a reveals that the direction of the flow at small and large radii is westward.
Interestingly the overall pattern differs significantly from a regular, stationary wave-3 pattern,
more so than in figure 9b which is shown for comparison with the same contour intervals and
corresponds to the LAV cycles of figure 7. This may be due to an enhanced stationary wave-2
or wave-1 activity which might result from a nonlinear interaction with the forced stationary
wave-3.
Although, as mentioned above, it is not entirely clear how energy gets transferred between

various wave-components, the possible transfer of energy to the stationary wave-2 and wave-1
components would provide a mechanism of energy transfer to larger scales, while the wave-3-4-
7 resonance would transfer some energy to smaller scales. Thus, the Fjørtoft (1953) condition
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(a)

(b)

(c)

Figure 8. Time-series of D1i at T ∼ 6.00 × 106 (Θ=0.44) at level 4 showing (a) amplitude of waves 4, 7 and 3 at
mid-radius and (b) phase of wave-4, wave-7 and wave-3 at mid-radius and (c) zonal mean zonal flow variation across the
gap.

(a) (b)

Figure 9. (colour) Time-mean zonal velocity over 8 wave drift cycles at level 4 for (a) D1i at T ∼ 6.00 × 106 and (b)
D1r at T ∼ 5.15× 106; Θ=0.44.
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Figure 10. Time-series for D1i at T ∼ 6.00× 106 at level 4 showing the phase difference between 1/4 and 3/4 gap width
for each wave.

for wave resonance, which requires simultaneous transfer of energy to both larger and smaller
scales, may be met in the context of nonlinear interactions involving more than just one triad
interaction in the present experiments.

4.2.1. Radial wave components

Equation 3 expresses the necessary conditions for resonance for the wave-generating and
decaying mechanisms suggested by the observations in terms of the zonal wave-number k
and the frequency ω. Full justification for interpreting a process as a wave-triad interaction,
however, further requires that the radial wave-numbers (l) also separately add up to zero. A
possible scenario which would fulfil this criterion would be

(3, 1) ⇌ (4, 1) ⇌ (7, 2) (4)

where (k,l) denote zonal and radial wave-numbers and the arrows show possible directions of
energy flow such that one wave supplies energy for the growth of the other two waves.
The criterion for the radial wave components was tested by comparing the phase at 1/4

gap width to that at 3/4 gap width. A radial wave-1 would imply zero phase difference while
a radial wave-2 would require a phase difference of (ideally) π. Figure 10 shows the phase
difference between the waves at 1/4 and 3/4 gap width which correspond to figure 8. A
relatively small phase difference across the channel is seen for waves 3 and 4. Wave-7, on the
other hand, has a phase-difference across the channel on average ∼2.0. The fact that it is not
equal to π may be explained by the fact that, in reality, many more wave components are
present which may interact with the dominant waves. A similar method of identifying radial
wave components will be applied to the more complex LAV flows below. A distinction between
a radial wave-2 and wave-1 will then be made on the basis of whether the phase difference
between 0.25 and 0.75 gap-width is greater or less than π/2, respectively.

4.3. Complex LAV flows

Perhaps the most intriguing observations of LAV were made during the first 3 hours of ex-
periment B9r for which quantitative data is available (see Table A). Upon decreasing ∆T in
small regular steps every 2400s, the flow evolved from exhibiting oscillations at the lowest ob-
served frequencies, which involved strong wave-2 and wave-4 components, to a flow dominated
mainly by a wave-4 oscillation of slightly higher frequency. The timespan of the quasi-periodic
amplitude vacillation cycles ranged from just over 700s to about 500s over the 3 hour period.
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(a)

(b)

(c)

Figure 11. Time-series of B9r (T = 10.71×106=const.) at level 1 mid-radius showing (a) Zonal velocity amplitude (wave
0), (b) Radial velocity amplitude of wave 2 and 4, (c) Measured wall temperature difference.

This corresponds to about 180 to 130 annulus revolutions. Figure 11b shows the correspond-
ing radial velocity wave amplitude time-series for waves 2 and 4 at level 1. The peaks of
the wave-4 amplitude bursts are comparatively steep and narrow while those of wave-2 are
broader and delayed with respect to wave-4. The combined strong wave-activity coincides
with a sharp drop in zonal mean flow amplitude (wave-0), as a comparison with figure 11a
shows. Characteristic for this time series is also the fact that no two vacillation cycles are the
same and the period of each cycle is generally longer for larger wave-2 amplitude maxima.
Of course the variation of the control parameter ∆T has some effect on the flow’s variability.
But as a comparison with figure 11c shows, the amplitude vacillation feature is robust against
fairly sudden changes in ∆T (at 2000, 4500, 7000 and 9030 s). The modulation of the ∆T
curve between these points is in fact a result of the vacillation phenomenon, not of the control
system. A minimum ∆T is measured during each wave maximum and vice versa. The LAV is
the only flow where such a modulation was measurable (due to the finite conductivity of the
walls and the finite residence time of coolant in contact with the sidewalls). It indicates that
the total heat transport in the flow is significantly modulated during LAV.
Although waves 2 and 4 are drifting waves, it is worth noting that at high Θ a stationary

wave-2 component precedes the growth of the drifting waves, i.e. during the LAV minima.
The amplitude of the stationary wave-2 is substantial over this range of ∆T and in fact
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sometimes dominates over all other waves when it appears. Other apparently important wave-
components include a stationary wave-1 and drifting waves-3, 6, 7 and 8. The amplitude of
the topographically forced wave-3 component never exceeds 0.8 mm/s and can only be said
to play a dominating role during brief intervals of wave-3 amplitude vacillation periods before
a wave-4 growth. A drifting wave-6 or 8, on the other hand, sometimes grows to amplitudes
almost as large as wave-4 during the LAV in B9, but the wave-4 and wave-2 components
always dominate over wave-6 and 8, except occasionally for a few moments between the wave-
4 and wave-2 peaks. This indicates a complex scenario, possibly of wave-wave interactions,
which may have several underlying processes associated with it. Figure 12 illustrates a wave
number spectrum time-series, showing that the LAV in B9r, unlike the flows discussed so far,
experiences significant amplitude growth and decay during each vacillation cycle over almost
the entire measurable wave number spectrum.
Another feature of figure 12 worth noting is the decreasing frequency of the LAV with

increasing Θ. In fact the quasi-symmetric flow observed at higher Θs could be interpreted as
an infinitely long lasting high-amplitude zonal flow phase of the LAV, at least conceptually.
The transition between LAV and symmetric flow was located during the reverse scan B9i (at
values of Θ just above those where B9r was initiated). The period of LAV during this step-wise
scan increased with Θ, but at a critical value of Θ, LAV ceased to develop.

4.3.1. Chains of nonlinear wave-wave interactions

In accordance with the features noted in the general regime diagram (figure 7 of Paper I),
wave-2 becomes an increasingly prominent feature in the LAV regime with increasing T .
The presence of wave-2 (like wave-4) is usually pronounced at small radii and an increase in
wave-6 activity is also seen. The relatively strong wave-4 growth at small radii suggests that
a wave-wave interaction between waves 2,4 and 6 might be active, e.g. 4 → 2 + 6. With the
presence of a strong wave-8 component and the occurence of a significant stationary wave-
2 and wave-1 at high T and Θ, many more wave-wave interactions could be thought of as
contributing to the increasingly complex LAV flows. In order to demonstrate the complexity
and identify some of the most dominant triad interactions, the time interval corresponding to
the fourth wave peak in figure 11b has been re-tracked and reanalysed, this time with velocity
field measurements every 3 seconds. The results are summarised in figure 13.
The relatively fast decrease and gradual recovery of the mean flow is shown in figure 13a.

Such behavior is reminiscent of a relaxation oscillation (e.g. Namias 1950, Ghil and Childress
1987), which is plausible if there is a competition between baroclinic instability releasing
potential energy and diabatic forcing tending to restore it. A few spurious departures from
the curve before and after the minimum are due to intractable particle tracking problems
resulting in very low resolution velocity fields at these points. Superimposed on the curve is a
small high-frequency variability with a time-scale of the order of ∼20s. The wave-amplitudes
for waves 1-9 are shown in figure 13b,c,d in order of decreasing magnitude. Notice the different
y-axis scales. The dominant waves are characterised by a double-peak in the amplitude of
wave-4, followed by a wave-6 peak and another wave-4 peak, before wave-2 dominates the
flow until all wave activity has decayed. The second wave-4 peak coincides with the mean flow
minimum. Just prior to this, a strong wave-5 peak is followed immediately by a clear wave-9
peak. It is also worth noting the amplitude of wave-1, which is relatively high prior to the
LAV compared with the other waves, and it occasionally oscillates around this value during
the periods of high wave-activity.
The purpose of figures 13e-j is to look for evidence that the resonance conditions for cer-

tain triad interactions are satisfied. It tests whether (a) the phases of the waves are locked,
i.e. whether their frequencies ω(m) sum to zero and (b) whether the radial wave-numbers also
sum to zero. The latter criterion is tested by distinguishing between whether the absolute
phase difference ∆φ between the 1/4 and 3/4 gap width is above or below π/2, implying a
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Figure 12. Wave number spectrum time-series at level 1 mid-radius for B9r (T = 10.71× 106=const.)

radial wave-2 or wave-1 component, respectively. Although this is a rather rough measure it
turns out that the 3 wave-components of a triad only rarely meet criterion (b) under this
condition for the same period of time when criterion (a) is satisfied. Reference may also be
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made to figure 10 which shows that this simple analysis would identify a (3,1)-(4,1)-(7,2) triad
correctly for experiment D1i.
The examples shown in figures 13e-j examine the triads

(3, 1) ⇌ (4, 1) ⇌ (7, 2), (5)

(5, 1) ⇌ (4, 1) ⇌ (9, 2) and (6)

(6, 1) ⇌ (2, 1) ⇌ (8, 2), (7)

where the phase-locking for the 3-4-7 triad is determined by the difference in frequencies of
waves 4 and 7, while also assuming that a stationary wave-3 component with zero frequency
is present (the phase of wave-3 turns out to be mainly stationary for the first part of the LAV
cycle up to 2500s before a drifting component temporarily dominates up to about 2750s).
The analysis above suggests that the wave-3-4-7 resonance seems to be associated with

the initial wave-4 growth up to the first peak. The entire duration of the LAV after that
seems to be associated with a large variety of nonlinear mechanisms which keep the wave-
amplitudes high and the mean zonal flow low. The 5-4-9 and the 6-2-8 triads are only two
examples of what appears to be a chain of nonlinear interactions. The simple analysis applied
above is able to identify triads throughout the cycle. In some cases the appearance of an
energetic wave component is preceded by a triad which transfers energy to this wave, e.g. 4-
1-5 (not shown) follows the 3-4-7 resonance and precedes the 5-4-9 interaction. At least part
of the wave-5 amplification, however, may also be linked to a 3-2-5 triad which fulfils the
resonance conditions for a very brief time during the wave-5 amplitude growth (by this time
the wave-3 phase was dominanted by a drifting component). The phases of several waves
of adjacent wave-number often lock, implying that an interaction via the long wave-1, which
remains quasi-stationary, might also play an important role. Generally, however, no systematic
evolution from one interaction to another could be found.
Although the analysis here is very simplistic and does not provide an explanation for all

aspects of the flow, it demonstrates that (a) the wave-3-4-7 triad plays a crucial role, at least
during the initial wave-growth phase of the LAV, (b) the following evolution of the complex
LAV is greatly influenced by nonlinear wave-wave interactions and (c) that high wave-numbers,
and possibly also the quasi-stationary wave-1, play an important role at certain intervals. A
numerical simulation of LAV would ideally be required to perform an in-depth analysis of the
wave-energy distribution and evolution.

5. Discussion

This study has undertaken an experimental investigation of rotating flows which are subject
to both baroclinic and topographically forced waves and instabilities. Our laboratory ex-
periments with the differentially heated rotating annulus with azimuthally varying sinusoidal
wave-3 bottom topography have been performed over a wide range of previously sparsely ex-
plored parameter space. A rich and complex variety of flows, including some new types of flow
regime, were discovered and analysed quantitatively through particle tracking techniques in
parallel with high resolution qualitative flow visualisations. A detailed regime diagram was
constructed in Paper I which summarised the extent of influence of the observed flows in a re-
gion of nondimensional (T ,Θ) parameter space, where it was found that regimes of symmetric,
drifting and stationary wave flows were overlapping.
Within the baroclinic wave regime two distinct time-dependent sub-regimes were identified.

These were characterised by low-frequency oscillations which were robust and reproducible.
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One of the sub-regimes was defined here as a stationary wave amplitude vacillation (SAV),
which was characterised by an oscillation period of around 30-60 annulus revolutions. The
other sub-regime was defined as low-frequency amplitude vacillation (LAV), and differed sig-
nificantly from any annulus flow regimes reported in the present or previous studies. The
period of oscillation for LAV was very long and corresponded to around 100-180 annulus
revolutions.
A common thread through both of these time-dependent regimes was that both seem to

involve nonlinear wave-wave and wave-zonal flow interactions in the form of one or more res-
onant wave triads. Some of the most important of these include components that are forced
directly by the zonally-varying topography. Such a notion has a long history dating back to
the suggestion by Egger (1978) that an interaction of a topographically forced wave with
two traveling Rossby waves play an important role in explaining the persistence of block-
ing events (see also Ghil and Childress 1987, Section 6.2). More recent work has invoked
similar stationary-traveling wave interactions to account for a variety of large-scale dynami-
cal phenomena, including intraseasonal oscillations in the Earth’s extratropics (Jin and Ghil
1990, Dickey et al. 1991, Koo and Ghil 2002) and stratospheric sudden warmings Andrews
et al. (1987), O’Neill and Pope (1988), Charlton and Polvani (2007), Charlton et al. (2007),
Matthewman et al. (2009) as well as various phenomena observed in laboratory experiments
(e.g. Buzyna et al. 1989, Ohlsen and Hart 1989, Pfeffer et al. 1990).
Although some reasonably clear results have emerged from our experiments with some

identifiable flow regimes with clearly delineated properties, some caution may be needed over
our use of continuously or stepwise swept control parameters. Such parametric variations
are well known to be capable of inducing additional nonlinear phenomena and/or leading
to quantitative shifts in the location of bifurcations (e.g. Bishop and Galvanetto 1993, Hua
and Lu 2001, Kogan 2007), especially if such variations are non-monotonic or even cyclic in
nature (e.g. Buzyna et al. 1978, Castrejón-Pita and Read 2010). We have tried to be careful
to vary our parameters sufficiently slowly to avoid the parameter sweeps having too much
influence on the phenomena observed. Nevertheless, we cannot rule out the possibility that
time-varying parameters have affected the form and location of some of the flow transitions
we have observed. This should perhaps be a significant focus for future work.

5.1. Stationary Amplitude Vacillation – period ∼ 30-60 revolutions

It was not immediately obvious from the streak movie observations that the drifting wave-3
component might play a crucial role in SAV. It was shown by careful quantitative analysis of
the regime scans that the mechanism underlying the SAV flow involved the interaction of a
stationary and a drifting component of wave-3, in which the time-scale of one AV cycle also
corresponded to the drift period of the drifting wave-3. The SAV variability characteristics,
including the period of one cycle of about 30-60 annulus revolutions, thus appeared to be
fundamentally similar to those observed in a previous study by Bernardet et al. (1990) and
Pfeffer et al. (1990).
It was also possible in the present experiments to determine the extent in nondimensional

parameter space of the SAV mode of variability. This was defined by the boundaries of the
overlapping drifting and stationary wave regimes (both found to be dominated by wave-3 in
SAV). This clearly separated the SAV regime from other low-frequency variability regimes,
including the LAV regime discussed in Section 4 and below, and possibly another regime at
very low Θ and high T . The latter also involved the growth and decay of a quasi-stationary
wave-3 in an otherwise steady wave-5 flow, but (judging from just a single qualitative streak
movie taken during experiment A4i) it was characterised by a comparatively more irregular
and lower frequency variability than the SAV. Another result from the present investigation,
which is of interest for comparison with barotropic annulus experiments (e.g. Weeks et al. 1997,
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Tian et al. 2001), is that SAV does not simply involve intermittent irregular switching between
a stationary wave-3 and a drifting wave-3. Such a scenario would resemble conceptually the
temporal behaviour observed in the barotropic annulus experiments of Weeks et al. (1997) and
Tian et al. (2001) over a region of parameter space where two regimes, namely the blocked and
unblocked flows, overlap. In the SAV flow regime, however, there was an underlying temporal
periodicity. There is also a region of parameter space between the SAV and the stationary
wave regime (see Fig. 7 of Paper I), which has a distinctly different character, namely a
quasi-steady drifting wave-4.
The identification of similarities between the present experiments and those of Bernardet

et al. (1990) is of some interest since, in Bernadet et al.’s case, the forced stationary wave
was wavenumber 2 while the vacillating drifting wave was wave-6. There was a clear scale
separation, therefore, between the two interacting components, which has been suggested by
Jin and Ghil (1990) as being of some fundamental significance to low-frequency variability
phenomena in the atmosphere. For the study of the Earth’s tropospheric dynamics this may
indeed represent an interesting analogy, since there is typically a scale separation in the
atmosphere between the transient baroclinic waves (wavenumbers 6-9) and the stationary
waves (1-3). The present experiments have demonstrated, however, that such a separation of
scales is not fundamentally essential for low-frequency variability to occur on time-scales of
30-60 annulus revolutions. This may be of some interest also for the mid-latitude atmospheric
dynamics on Mars (see e.g. Hollingsworth et al. 1996) where the horizontal scales of the
baroclinic weather systems are more comparable to the scale of the underlying topography.

5.2. Low frequency Amplitude Vacillation – period ∼ 100-180 revolutions

The LAV flow regime, as observed in our experiments, was primarily characterised by the
quasi-periodic or irregular growth and decay of drifting waves, of which wave-4 usually dom-
inated. Simpler examples of LAV were distinguished from more complicated forms in terms
of Fourier wave-spectra and time-series. These more complex LAV flows tended to occur at
larger values of T , suggestive of a gradual transition towards ever more “turbulent” behavior
as the effects of viscous dissipation are reduced. In such cases, time series of wave amplitude
and the strength of the mean zonal flow showed that a large number of distinct wave modes
grew to substantial amplitudes during a complex LAV, while significantly fewer modes were
involved in the simpler LAV. The mechanism behind the simpler LAV vacillation cycle was
found to involve nonlinear interactions with the topographically forced wave, whereby a res-
onant triad enabled the transfer of energy from the forced wave-3 to wave numbers 4 and 7
which had approximately equal drift frequencies. At the same time a significant weakening
of the vertical shear of the mean zonal flow was observed, resulting in a sharp decrease in
the strength of the mean flow near the top boundary and an increase near the bottom. A
mechanism for a repetition of the cycle was proposed whereby the increased mean flow near
the bottom would cause the forced wave-3 to drift by one wavelength, thereby temporarily
causing the m =3-4-7 triad to violate the necessary conditions for resonance and allowing the
mean flow structure to re-establish a strong vertical shear. The m = 3-4-7 triad also played a
role in the initial wave growth phase of the more complex LAV.

5.3. LAV and stratospheric SSWs?

It is suggested that a possible geophysical analogy to LAV may be found in the winter mid-
latitude phenomenon of stratospheric sudden warmings (SSW). A comparison between a typi-
cal annulus experiment and the general circulation of a planetary atmosphere usually assumes
that one full 360◦ revolution of the annulus (relative to the stationary laboratory) corresponds
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to 1 ‘day’. The fact that major sudden stratospheric warmings usually occur only once per
winter, and then mostly towards the end of that season, already suggests that they may be
the result of an internal dynamical mechanism which has a time-scale of a few months, ie
≥100 days. If the typical winter conditions favouring an eastward zonal jet were to persist for
longer than one season, the possibility arises that SSWs might occur repeatedly with cycles of
similar periods. Indeed, numerical studies with persistent winter solstice conditions have been
carried out recently (e.g. by Yoden et al. 1999 and Gregory 1999), which simulate cyclically
recurring (though generally aperiodic) minor or major SSW events. However, suggestions as
to what the underlying mechanism or cause of the event may be are still controversial.
In order to illustrate the potential of the present experiments as a vehicle to simulate and

study flows analogous to SSW events, figure 14 compares the much-studied major warming
event of 1979 to the complex LAV cycle analysed in figure 13. The time-series in figure 14 shows
the amplitude of the mean flow and the two most dominant wave-modes at the moderately
high level in the atmosphere of ∼10 hPa, while figure 13 is located at the top level 1 (z = 12.4
cm) in the annulus experiments. In the case of the 1979 warming, the wave amplitudes are
given in terms of geopotential height and have wave-numbers 1 and 2, while the behaviour
of the dominant waves 4 and 2 for the laboratory LAV are shown in terms of radial velocity
amplitude.
Perhaps the most striking similarity is the time-scale (measured in ‘days’) over which both

events occur. Robust features in both time-series include

(a) the relatively poleward or radially inward position of the zonal mean jet maximum (fig-
ure 14 a,d),

(b) the (fluctuating) growth of the dominating wave towards a maximum amplitude which
coincides with the mean flow minimum, followed by a (fluctuating) decay back to very
small amplitude (figure 14 c,f),

(c) the delayed growth to a slightly lower amplitude maximum of wave-2 as well as an
amplitude vacillation at low amplitudes prior to the main event, which is roughly in
anti-phase with the fluctuations in the mean flow (figure 14 b,e).

Such direct comparisons, of course, have their limitations, and it is not the aim here to
precisely simulate with a laboratory model specific events in the terrestrial atmosphere. Since
there is no seasonal cycle in the present annulus experiments, the comparison in figure 14
necessarily breaks down at the end of winter where, in the stratosphere, weak summer easterlies
are gradually expected to form, while in the annulus experiments the eastward jet grows back
to its ‘normal’ large amplitude. A sudden reversal to easterlies which occurs, by definition,
in the ‘major’ warming of 1979 down to altitudes of ∼10 hPa, has not been observed in any
LAV events in the present experiments. This does not rule out the possibility, however, that
such a reversal might be seen in the annulus experiments as part of an internal dynamical
LAV mechanism which might involve interactions with other dominant wave-numbers. In this
respect it is worth pointing out that an upper easterly and lower westerly flow has been
observed in the LAV regime in the presence of a quasi-steady drifting wave-3. Although
this flow did not involve low-frequency variability, it demonstrates the possibility of multiple
solutions associated with very distinct vertical mean flow structures in the LAV region of
parameter space.
In this respect the experiments may shed some light onto a more general, but equally

important and topical, issue concerning the interannual variability of SSWs (e.g. Butchart
et al. 2000, Limpasuvan et al. 2004, Charlton and Polvani 2007, Black and McDaniel 2007,
Sun et al. 2012)), and in particular the observation that major SSWs do not occur every
winter. There have been suggestions that the (sometimes) quasi-biennial occurrence of major
SSWs may be linked to the quasi-biennial oscillation in the tropical stratosphere (Holton
and Tan 1980). However, there also exist many observations where major SSWs have not
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occurred for several years in a row, e.g. between 1992 and 1998. A fundamental question
arises, therefore, as to what the underlying reasons for this variability might be. In particular
it is of fundamental interest whether this variability is intrinsic to the internal dynamics of the
stratosphere or whether a variation of external conditions is the main cause, or a combination
of both. For the purpose of this discussion, the rotating annulus in its present configuration
may be understood as representing a highly simplified model of a mid-latitude atmosphere.
Clearly there are no ‘extrinsic’ processess in the rotating annulus corresponding to tropical

ocean SSTs, high latitude dynamical influences or chemical effects. The analogy suggested
here between SSWs and LAV would therefore imply that the dynamical evolution of a SSW
could be purely intrinsic to the mid-latitude stratosphere (including the forcing region of
the troposphere). One could then argue further that the stratosphere should also be able
to support stable flows which differ from those involving SSWs under the same external
parameter conditions, by analogy with the multiple stable states discovered in the same region
of parameter space where LAV occurred (including a weak, steady wave-4 flow or a drifting
wave-3 with an upper easterly jet - see Paper I). The actual flow developing in winter would
thus be sensitive to the initial conditions. Since the internal conditions in a complex system
like the atmosphere are never exactly the same every year, the laboratory evidence supporting
the notion of multiple equilibria may provide some insight into the interannual variability of
major SSWs.
In this regard, annulus experiments of the kind reported here may provide additional insights

e.g. into the possible role of the seasonal cycle in inducing complex long-term variability in
systems supporting coexisting almost intransitive states, along the lines suggested by various
authors (e.g. Buzyna et al. 1978, Lorenz 1990, Itoh and Kimoto 1996, Ghil and Robertson
2002). These studies showed that slow and irregular variability is often associated with various
forms of “chaotic itinerancy” as a system wanders among a finite set of almost intransitive
states. Slow, season-like cyclic modulations in regions of parameter space close to where flow
transitions occur (e.g. between different wavenumber states), in particular, can lead to slow,
chaotic variability which more recent work (e.g. Castrejón-Pita and Read 2010) has shown
can even lead to periodic or chaotic states that are synchronized with the forcing.
With regard to SSWs, the mismatch between the wavenumbers of the dominating wave

modes in the LAV and SSW events inevitably complicates a closer examination of dynamical
similarities or analogies. Another point of disagreement between observed SSWs and the
laboratory LAV was in the phase drift of the dominant wave in the LAV regime. In most of
the SSWs in the northern hemisphere the wave-1 is quasi-stationary during its peak amplitude,
following a slow eastward drift of a fraction of a wave-length which is sometimes even preceded
by a short westward drift. Wave-4 during LAV in the present annulus experiments, on the
other hand, was observed to drift by several wave-lengths during the cycle with the slowest
drift speeds at its largest amplitude. In light of these results, however, it will be of interest to
determine from further numerical model experiments in the stratosphere (e.g. with constant
seasonal conditions) whether SSWs arise in principle as a sustained cyclic internal mode of
oscillation or via some other process.
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Appendix A: Experimental parameters

Table A1. Details of the laboratory and numerical experiments. The endings i and r indicate the direction of the scan: The

varying parameter is either gradually increased (i) or reduced (r). Only the continuously or frequently sampled light levels are

indicated, occasionally other light levels were viewed. This is Table 3 of Paper I.

Expt External parameters Duration Light
T [×106] Θ Ω [rad/s] ∆T [K] [hh:mm] level

A1r 16.10-0.994 0.131-2.13 2.03-0.759 3.99 18:00 1
A1i 1.21-16.90 1.76-0.125 0.861-2.08 3.99 18:00 1
A2r 15.80-5.67 0.264-0.737 2.03-1.22 8.04 13:00 1
A2i 6.15-36.77 0.679-0.114 1.27-3.10 8.04 18:00 1
A3r 15.95-0.985 0.066-1.068 2.03-0.505 2.04 16:00 1
A4r 38.92-4.05 0.086-0.827 3.05-1.01 6.08 29:00 1
A4i 4.05-61.60 0.827-0.054 1.01-3.91 6.08 29:00 1
B1r 12.31 0.556-0.072 1.80 14.47-1.86 3:30 2
B3r 20.64 0.416-0.023 2.33 17.90-0.265 3:30 2
B6r 47.91-8.80 0.128-0.702 3.55-1.52 12.68 6:30 2
B6i 7.12-59.70 0.877-0.102 1.37-3.96 12.69 6:30 2
B7r 23.53-5.56 0.13-0.566 2.49-1.20 6.47 4:00 2
B7i 5.41-62.13 0.58-0.050 1.20-4.04 6.44 6:00 2
B9r 10.71 0.70-0.012 1.68 16.16-0.26 9:30 1
B9i 10.71 0.036-0.880 1.68 0.65-21.35 10:20 1
C1r 6.73 0.654-0.039 1.34 8.85-0.92 1:30 2
C1i 6.73 0.139-0.654 1.34 0.93-8.80 1:30 2,4
C2r 1.85 0.465-0.182 0.70 1.82-0.70 1:30 2
C2i 1.85 0.182-0.465 0.70 0.71-1.83 1:30 2
C3r 1.84 2.50-0.577 0.70 9.59-2.07 3:00 1-4
C3i 1.84 0.498-2.40 0.70 1.93-9.50 3:00 2,4
C4r 0.671 5.44-0.979 0.43 7.71-1.29 3:00 1-4
C4i 0.671 0.906-5.474 0.43 1.20-7.81 3:00 1-4
C5r 8.60 0.750-0.172 1.56 14.54-3.13 3:00 1-4
C5i 8.60 0.179-0.776 1.57 3.34-14.91 3:00 2,4
D1r 18.05-4.92 0.450 2.35-1.23 16.92-5.29 19:30 2,4
D1i 0.671-23.75 0.4500 0.43-2.53 0.53-21.68 23:30 2,4
D2r 40.28-1.02 0.155 4.07-0.28 18.44-0.38 17:00 2,4
D2i 1.24-26.04 0.155 0.61-3.91 0.46-17.51 17:00 2,4
D3r 37.77-8.21 0.127 3.14-1.47 10.03-2.13 4:30 2
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Figure 13. Examples of triad interactions in a complex LAV cycle diagnosed by mean flow (a), wave amplitudes (b,c,d),
phase locking (e,g,i) [determined by the difference in frequency |∆ω| between wavenumbers: (e) |ω(7)−ω(4)|, (g) |ω(9)−
ω(5)−ω(4)|, (i) |ω(8)−ω(6)−ω(2)|] at mid-radius, and radial wavenumber (f,h,j), [indicated by the phase difference ∆φ
between r = 1/4 and 3/4 gap width], all at level 1 . The vertical lines indicate the time intervals over which a certain
wave-triad is likely to play an important role.
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Figure 14. Latitude-time sections at (a,b,c) 10mb of the stratospheric sudden warming event of 1979 (from Labitzke
1981, Fig. 4, with permission) compared with (d,e,f) radius-time sections at level 1 in experiment B9r; (a) mean zonal
wind (m s−1), (b) wave-2 and (c) wave-1 component of the geopotential height field, (d) mean zonal flow (mm s−1), (e)
wave-2 and (f) wave-4 component of radial velocity amplitude.


