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Introduction

The idea of multiple equilibrium states of atmospheric circulation in
geophysical hydrodynamics, and specifically, bimodality, goes back to
(Charney and DeVore1979), in which, using a model with a small
number of variables and a finite-difference scheme with a relatively
large number of degrees of freedom, solutions with significantly
different values of zonal and wave speed components were obtained.
The results of similar studies for low-parameter approximations were
given in (Kallen 1980,1981; Glukhovsky et al. 2001; Koo and Ghil
2002).
The regimes considered in these works differed in the magnitude of
the zonal component of the flow (westward transport): in the state
with weak transport, the role of almost stationary atmospheric eddies
increases, which corresponds to the circulation blocking regimes.
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In the same years, another kind of bimodality was found.
In experiments of A.M. Obukhov and co-workers (Obukhov et al. 1976,

Gledzer et al. 1981), modes with differently directed axes of large-scale
fluid rotation were observed in closed vessels with the same value of
external generation of hydrodynamic currents.
The analog of transitions between the above modes for atmospheric
circulation could be a finite-angle shift of the system of cyclones and
anticyclones, which leads to significant climatic changes in conditions of
inhomogeneity of the Earth’s surface.
Another type of multimode can be related to the existence of
quasi-stationary states with different wave numbers of disturbances
specifying cyclonic and anticyclonic vortices of the atmospheric circulation
under the same external parameters.
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Introduction

In this paper, the above types of multi-mode, are considered on the basis
of laboratory and numerical experiments in circular rotating channels.
In some of our previous works in this direction (2014-2020), the permanent
magnet (or source-stock) configurations could create a nearly stationary
distribution of cyclonic and anticyclonic vortices.
This creates the possibility of finding different equilibrium states under the
same external parameters generating fluid motion in the channel.
In this case, as in the mentioned experiments of A.M. Obukhov and
collaborators, the transition between different states is provided by
changing the value of the main parameter of generation of currents (for
MHD currents - current between electrodes on the outer and inner radii of
the channel) with subsequent restoration of its initial value.
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The phenomenon of flipping. A.M. Obukhov et al.
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Figure 2. Time-averaged streamfunction field for (a) blocked and (b) zonal flow. The streamfunction
is calculated from the velocity field measured by particle tracking. The shaded areas indicate the
coverage of the mountains, and the black dot indicates the position of the hot-film probes. The
contour interval is 15 cm2 s−1 for both streamfunctions, and the letters H and L indicate the highs
and lows of the streamfunctions. The Rossby numbers Ro for the blocked and zonal flows are
0.044 ± 0.004 and 0.066 ± 0.004 respectively (pump flux F = 260 and 390 cm3 s−1); for both flows,
the Ekman number is Ek = 4.8× 10−4 (Ω = 3π rad s−1).

However, Legras & Ghil (1985) pointed out that Umax overestimates the actual velocity
U (see also figures 3 and 4 here), so we use U = Umax/5 in the current paper. The
scaling factor 1/5 is chosen to give values of U that are close to the observed flow
velocity in the presence of the topography.

The second non-dimensional number we use is the Ekman number, given by

Ek =

(
Tannulus

TEkman

)2

=

(
4π

H

)2 ( ν
Ω

)
, (2.4)

where H is the mean depth of the tank (18.7 cm), Tannulus = 2π/Ω is the annulus rota-
tion period, and TEkman = H/2(νΩ)1/2 is the relaxation time for unforced disturbances
(Sommeria et al. 1991). Note that Ek, unlike Ro, does not depend on the forcing F ,
while both depend on the rotation rate Ω (Ro ∼ Ω−1/2 and Ek ∼ Ω−1).

Since the annulus rotates rapidly and the forcing is relatively weak, the two non-
dimensional control parameters are small for our experiments: 0.003 < Ro < 0.100
and 10−4 < Ek < 10−3. Because of this, the flow velocities in the annulus are
predominantly two-dimensional and depend mostly on horizontal position. This
essentially barotropic character of the flow is a result of the Taylor–Proudman
theorem for rapidly rotating fluids (Greenspan 1968).

We verified the flow’s barotropic nature by examining separately the velocity signals
as measured individually by the two hot-film probes, mounted at the same horizontal
position but at the top and bottom of the tank. The correlation coefficient between
the two velocity signals is typically above 0.9 for all the experiments conducted. In
the results discussed in this section, the time series displayed were obtained from the
top probe; signals from the bottom probe (not shown) were similar.

2.2.2. Blocked and zonal flow patterns

We obtained two distinct types of flows in the experiments, by varying the control
parameters in the (F,Ω)-plane and by testing various initial states. Figure 2 shows
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Figure 7. Phase diagram showing regions of differing flow patterns in the experiment, as a function
of Ro and Ek. In each of the two regions labelled ‘Blocked’ and ‘Zonal’, the resulting flows are
stable, resemble the pattern associated with the respective label, and occur from any initial state.
In the middle region between the two that is labelled ‘Intermittent’, the flow pattern switches
spontaneously between the blocked and zonal flows. The black dots at the boundaries of this region
are derived from experimental runs at constant Ek by using the highest and lowest values of Ro
where intermittent behaviour was found (see also figure 4 in Weeks et al. 1997). The locations of
experimental runs used for figures 2, 4, 5 and 8 are indicated by asterisks.

3. Numerical investigation
3.1. Model formulation

3.1.1. Governing equation

Our model is governed by the quasi-geostrophic barotropic potential-vorticity equa-
tion, since the flow in the rotating annulus is predominantly two-dimensional and
nearly geostrophic, due to the rapid rotation of the annulus. Including vorticity forc-
ing, Ekman friction and eddy viscosity, the dimensional form of the equation is (Ghil
& Childress 1987; Pedlosky 1987; Marcus & Lee 1998),

∂

∂t
(∇2ψ) + J(ψ,∇2ψ) +

fs

H

∂ψ

∂x
+
f

H
J(ψ, h) = − (2AVf)1/2

H
∇2(ψ − ψ∗) + ν∇4(ψ − ψ∗).

(3.1)

On the left-hand side, J is the Jacobian operator, ψ = ψ(x, y, t) is the streamfunction,
H is the mean depth of the fluid, f = 2Ω is the Coriolis parameter, s is the tank’s
bottom slope, and h = h(x, y) is the height of the topography measured from the
underlying sloping bottom. We follow Lorenz (1963) in neglecting the curvature of
the annular gap in the tank, so that x corresponds to rθ and y to r; y, however, points
toward the axis of rotation or ‘poleward’, in the customary atmospheric analogy.

The right-hand side of (3.1) includes the forcing, Ekman friction and eddy viscosity;
ψ∗ = ψ∗(x, y) is the streamfunction of the external forcing field, which produces the
eastward jet and whose exact form will be derived further below (see (3.7) and (3.8)).
The vertical component AV of the turbulent viscosity coefficient in the frictional
boundary layers is taken to be the same at the top and bottom (Charney & DeVore
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Figure 8. Spontaneous transitions between the two flow states, as seen in the azimuthal velocity
signal. The parameters Ro = 0.0475 ± 0.001 and Ek = 4.8 × 10−4 are held fixed (rotation rate
Ω = 3π rad s−1 and pump flux F = 280 cm3 s−1). Part (b) shows an expanded view of one of the
transitions from (a).

1979; Gill 1982; Pedlosky 1987), and ν is the eddy coefficient of lateral viscosity
that simulates the effect of the subgrid-scale motions on the flow (Smagorinsky 1963;
Kraichnan 1976).

To non-dimensionalize (3.1) we introduce the scaled variables,

x = arLx
′, y = Ly′, t = art

′/f,
h = Hh′, ψ = L2fψ′, ψ∗ = L2fψ′∗,
ν = L2fν ′,



 (3.2)

where L is chosen as the length scale, 1/f as the time scale, and Lf as the velocity
scale, while ar is the aspect ratio of the channel. This yields the non-dimensional
equation, with the primes dropped for convenience,

∂

∂t
(∇2ψ) + J(ψ,∇2ψ + hm) + β

∂ψ

∂x
= −arκ∇2(ψ − ψ∗) + arν∇4(ψ − ψ∗). (3.3)

The non-dimensional Laplacian operator in (3.3) is defined as

∇2ψ ≡
(

∂2

a2
r ∂x

2
+

∂2

∂y2

)
ψ, (3.4)

and the two non-dimensional parameters on the right-hand side are defined as

β =
Ls

H
, κ =

(2AVf)1/2

fH
. (3.5)

Transitions from zonal
to blocked mode in the
experiments of Weeks et
al. 1997; Tian et al.
2001.
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Schematic diagram of a laboratory setup
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corresponding moments of the velocity and vorticity
fields [12].

The experiments in a rotating cylindrical vessel at
parameters differing from those considered in this
work were recently reported in [18]. In those experi�
ments, the average zonal velocity depending on the
shape of the profile of the zonal flow, which is deter�
mined by the distribution of sources and sinks and by
general rotation, as well as the velocity of the transfer
of vortex structures, was calculated. Counterpropagat�
ing zonal flows in the experiments reported in [18]
were excited by inflows (outflows) of the mass at the
outer boundary of the vessel and at its central part and
sink (source) over the circle in its middle under the
action of the Coriolis force and bottom flow. This can
correspond to the atmospheric circulation with the
eastern polar and equatorial transfers and the western
average flow at temperate latitudes. However, for
experiments with a high vessel rotation velocity (with
periods shorter than 3 s), such a scheme for generation
of flows is not implemented owing to the prevailing
centrifugal force, which enhances the flow from the
center to the surface of the fluid layer in the vessel.
This is because real circulation in the vessel is signifi�
cantly three�dimensional and sinks and sources of the
fluid on the bottom cannot completely control flows
on the surface of the layer at rapid rotation. In this
case, there are regimes of the source over one circle on
the bottom (e.g., near the outer boundary) and sink
over another circle inside the vessel, which create only
flows of one direction.

In this work, to generate counterpropagating flows
in the presence of the beta effect, we used the magne�
tohydrodynamic (MHD) method, which appeared
efficient at much faster rotation of the system than in
[18]. Moreover, the thickness of the layer of the (con�
ducting) fluid in the vessel is almost an order of mag�
nitude smaller than that for flows with source–sink
experiments; for this reason, the three�dimensional
circulation effects in the layer are much weaker. In the
fast rotation regime (angular velocity Ω0 = 2π/T,
where T ~ 2–3 s) with a thin layer of the fluid (average
depth of the fluid layer h0 ~ 1–1.5 cm), the Rossby–
Obukhov scale, which characterizes the typical size of
vortices in rapidly rotating layers of the fluid, can be
strongly reduced as compared to the source–sink
experiments [6]. The experiments with counterpropa�
gating flows in a system without rotation with MHD
generation by a radially flowing current were per�
formed at the end of the 1970s (see [19, 20]). This
method was used quite recently in [21] for the simula�
tion of individual two�dimensional vortex structures
(polar vortex).

The results reported below were obtained for rotat�
ing cylindrical vessels with a free surface (see Fig. 1).
The general rotation at the angular velocity Ω0 = 2π/T
up to Ω0 ≈ 3 s–1 corresponded to the Earth’s rotation
in the Southern Hemisphere. The vessel with the inner

radius r0 = 1.5 cm and the outer radius L = 14.5 cm has
a conical plastic bottom 3 with the height hb and slope
s = hb/(L – r0) = 0.038. The fluid layer at rest has the
depth h from 0.7 to 1.0 cm near the outer boundary,
which ensures the filling with the fluid at all angular
velocities of the general rotation. The conical plastic
bottom covers iron conical base 1 with circular, square,
or rectangular magnets with the transverse sizes from
0.5 to 1.5 cm. The magnets form two coaxial rings with
different poles in the upper part (N and S in Fig. 1).
The plastic bottom is based on these rings. The motion
of the conducting fluid (10% solution of cupric sulfate
CuSO4) occurs over the plastic bottom. Because of the
different polarities of the magnetic rings, two counter�
propagating flows appear; their velocities depend on
the magnitude of the electric current (100–900 mA)
supplied to cylindrical electrodes 4 with radii r0 and L.
(The flow appearing between plastic bottom 3, base 1,
and magnets because the space between 1 and 3 is not
leakproof does not affect the main motion over the
bottom.) Similar composite magnetic systems were
successfully used to simulate quasi�two�dimensional
turbulence [22, 23].

A video camera immobile with respect to the vessel
is mounted over it on the rotation axis. This camera
records the picture of the motion of probe particles on
the surface of the fluid. The PIV method developed at
the Obukhov Institute of Atmospheric Physics, Rus�
sian Academy of Sciences, was used on a 75 × 75 mesh
covering the image of the vessel on a frame. The
motion of particles followed with steps of 2/25 and
4/25 s–1. Since the velocities of particles in the experi�
ment were low (less than 1 cm s–1), there was no prob�
lem of the “loss” of particles in the calculation of the
velocity. It is also noteworthy that the velocity compo�
nents averaged in time and azimuth angle are the main
quantities obtained from the experiments. This

Fig. 1. (a) Scheme of the rotating vessel with the magnetic
system: (1) conical base with permanent magnets S and N,
(2) conducting fluid, (3) conical bottom, and (4) cylindri�
cal electrodes. (b) Conical base with permanent magnets.

𝑇 ∼2 sec ÷ 1 min; 𝑠 = ℎ𝑏/(𝑅𝑜𝑢𝑡 −𝑅𝑖𝑛) = 0.038
1. 𝑅𝑖𝑛=1.5 cm; 𝑅𝑜𝑢𝑡=14 cm
2. 𝑅𝑖𝑛=5.5 cm; 𝑅𝑜𝑢𝑡=18 cm
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Magnet configurations

Channel 2 Channel 1
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Basic small-scale motion

Marker trajectories: channel 2, 10
мм, T=4.1 сек. Marker trajectories: channel 1, 10

мм, T=5.3 сек.
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Overflights to ring vortices. h=10 mm, T=4.7 sec.
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Overflights to ring vortices. h=10 mm, T=5.8 sec.
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Overflights(T=8.3 sec, h=15 mm, I=900mA)
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Overflights (T=60 sec, h=20 mm, I=900mA)
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Overflights to ring vortices – azimuthal velocity
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Magnets and configurations

magnets with a diameter of 15 mm and a height of 10 mm with an
average magnetic induction of 0.358 Tesla per magnet were arranged
along circles with radii of 7 and 13 cm (for channel 1) and 15 and 26
cm (for channel 2).
Polarity of the direct electric current supplied through the electrodes
provided at the initial moment of time after switching it on the
opposite to the external rotation of the conducting liquid near the
outer border of the channel.
This corresponds to a Eastern equatorial wind.
In this case, in the middle part of the channel, the fluid moves in
the same direction as the external rotation (western midlatitude
transport).
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Scheme of experiments

The scheme of the experiments is as follows:
After the current is turned on (500 mA) for 2 minutes, the fluid flow
regime is established in the channel, with a certain amount of cyclonic and
anticyclonic eddies, standing or weakly carrying them along the azimuthal
angle.
Then for the next 2 minutes, the current is increased to 700 mA to destroy
or significantly alter the flow regime formed in the previous 2 minutes.
Note that in the experiments mentioned above (Obukhov et al.) the
external action on the fluid was actually switched off.
After 2 minutes with a current of 700 mA, the previous current of 500
mA was switched on, i.e., the external parameters returned to their
previous values, only the initial conditions of current generation changed.
can expect either return to the mode of the first two minutes of the
experiment for configurations of cyclonic and anticyclonic vortices, or
transition to a significantly excellent current by the location of vortices
or their number.
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Particle trajectories, t=0.5min, 2min, 5.5min, 6.0min. T=8.2 sec.
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Particle trajectories, t=0.5min, 2min, 5.5min, 6.0min. T=7.3 sec.
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Particle trajectories, t=0.5, 2, 5.5, 6.0 min. T=20.3 sec.
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Particle trajectories, t=0.5, 2, 5.5, 6.0 min. T=17.7 sec.
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Conclusion

Experimental results show that for some values of the parameters,
transitions to different modes from the initial ones are possible:

For fast rotations, the number of anticyclonic vortices changes.
For slower rotations, while the number of anticyclonic vortices
remains unchanged, their angular position has changed
significantly.
For intermediate periods, there were no transitions to new
modes, and the final vortex motion patterns were virtually the
same as the initial ones.
All experiments were performed while changing the main
parameter of generation: for the laboratory experiments this is
an increase in current from 500 mA to 700 mA followed by a
return to 500 mA.
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Conclusion

Numerical experiments with the shallow water model confirm the
results on the possibility of transition to new regimes when the
parameter determining the external force on the fluid during
MHD generation and generation of flows by the source-stream
method is changed for some time.
A possible reason is the introduction of noise into the initial
stationary picture of the flow, which creates the possibility of
transition to new modes with the help of mechanisms of
induction of transitions by noise.
This mechanism may be an alternative to low-mode scenarios in
the multi-mode problem.
This study was supported by the Russian Science Foundation

Project No. 19–17–00248.
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