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Turbulence, vortices, jet streams, and structure transitions in quasi-geostrophic hydrodynamic
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A.M. Obukhov, G.S. Golitsyn, F.V. ’
DO|ZhanSky, M.V. Kurgansky, Y.L A.M. ()bul(hOVv F.V. DOthanSky, E.B.

Chernous’ko and R. Hide. 1978 Gledzer, F.V. Dolzhansky. 1979

Yxetnanu un gp. TypbyneHTHOCTL, BUXPU, CTPYHHbIE TEHEHUA U CTPYK 7 anpens 2026 r.



Inroduction

Structures and flows of planetary scales have always been one of the central problems of
geophysical hydrodynamics, taking into account the study of such formations in the
atmospheres of the Earth and the planets.

These include large eddies on giant planets, zonal currents in the Earth's atmosphere at
mid-latitudes, jet flows in the atmosphere and associated meanderings and ocean rings.

In the atmospheres of the Earth and planets, such structures have been known for a long time
and in the ocean extended submesoscale structures have been discovered relatively recently.

In addition, it should be especially said about blocking formations. This type of motion includes
systems of counter-current zonal flows in planetary atmospheres demonstrating both super
-rotational and subrotational behavior.
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Inroduction

In an ideal two-dimensional hydrodynamics, the explanation of the enlargement of vortex
formations and extended flows from small-scale turbulent perturbations of the velocity field
should not cause difficulties, since the mechanism of the inverse cascade of energy with
appropriate energy transfer to the large-scale interval of the scale spectrum is known.

But already for relatively thin layers, where vertical motions are permissible, the mechanism of
reverse energy transfer is not fully clarified.

As the results of experiments for thin layers show, as well as measurements of the velocity field
in the atmosphere, the three-dimensionality of the flows proves to be an important factor in the
dynamics, which is manifested in particular in the transition of the longitudinal structure

functions of the third-order velocity field to negative values (as in three-dimensional turbulence).

v
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Inroduction

The results of experiments in circular non-rotating and rotating channels in thin fluid
conductive layers for configurations consisting of a large number of permanent magnets and
providing MHD generation of small-scale velocity fields are presented.

The alternating ray configurations of the magnets were chosen in such a way as to ensure the
preservation of the discrete symmetry of their relative position relative to the rotary channel
rotations about the central axis and were formed on the basis of numerical calculations with the
shallow water equations.

Both in numerical and in laboratory experiments, large-scale almost circular vortices were
obtained as a result of energy transfer from a system of externally generated small-scale
vortices to large-scale velocity fields (the inverse cascade) under the influence of the Coriolis
force in the case of rotation.

Single large-scale eddies and wide jet streams appear in the modes of subrotation and
superrotation with respect to external rotation.

— = = — Ty
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Inroduction

The anisotropization — B. Galperin et al. OD 2007, S.Espa et al. 2014 JPO 2014; B.Galperin
et al. PRE 2016 J

The homogenization of potential vorticity — Rhines, Young JFM 1982, Auberf et al. GRL 2002,
Constantinou et al. JAS 2014 J

The vortex condensate — Xia et al. PRL 2008, PF 2009; Bardéczi et al. J

Changes in the sign of structural functions — Nastrom, Gage JAS 1985, Gledzer et al. JETP
2011 J
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Experiments in IAP

Since 70-th... A.M.Obukhov, F.Dolzhansky, E.Gledzer, Yu.Novikov, M. Chusov, V. Ponomarev,
Yu. Chernous'ko, M. Kurgansky, B. Boubnov, V. Dovzhenko, V. Krymov, A. Batchaev, G.
Golitsyn, D. Manin, S. Danilov, I. Sazonov, |. Yakushkin, A. Khapaev, S. Kostrykin, A.
Gledzer....

Hydrodynamic stability; Elliptic instability, Convection, Rossby waves, Blocking phenomena,
Bottom and Ekman friction, Clusters formation, Self-oscillations processes, Kolmogorov flow,
2D and Quasi—2D stationary and decaying turbulence...

Inertial method, Source-Sink method, MHD-method, PIV, Numerical pre—modelling... )
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Experiments in IAP
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Since 1972, the Laboratory of Geophysical Hydrodynamics has published 116 articles and 3
monographs on the topic of laboratory modeling of geophysical flows.
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Multiple eqilibrium states

The idea of multiple equilibrium states of atmospheric circulation in geophysical
hydrodynamics, and specifically, two-modality, dates back to (Charney, DeVorel979).

Here, for 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 the
zonal and wave components of velocity were obtained.

o

The results of similar studies for low-parameter approximations were presented in (Kallen
1980,1981; Glukhovsky et al. 2001; Koo, Ghil 2002).

The regimes considered in these works differed in the magnitude of the zonal component of the
flow (western transport): In a state with weak transport, the role of almost stationary
atmospheric vortices increases, which corresponds to the modes of blocking circulation.

Yxetnanu un gp. TypbyneHTHOCTL, BUXPU, CTPYHHbIE TEHEHUA U CTPYK 7 anpens 2026 r.



Multiple eqilibrium states

In the same years, another kind of two-modality was found. J

In experiments conducted by A.M. Obukhov and his collaborators (Obukhov et al. 1976,
Gledzer et al. 1981), modes with multidirectional axes of large-scale rotation of a liquid with the
same magnitude of external generation of hydrodynamic flows were observed in closed vessels.

An analogue of the transitions between these modes for atmospheric circulation could be a shift
to the final angle of the system of cyclones and anticyclones, which, in conditions of
heterogeneity of the Earth's surface, leads to significant climatic changes.

Another type of multimode can be associated with the existence of quasi-stationary states with
different wavenumbers of disturbances that define cyclonic and anticyclonic vortices of
atmospheric circulation with the same external parameters.
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Introduction

In this paper, the types of multimode are considered on the basis of laboratory and numerical
experiments in annular rotating channels.

In a number of our previous works in this area (2014-2019), the configurations of permanent
magnets (or sink sources) could create an almost stationary pattern of distribution of cyclonic
and anticyclonic vortices.

This makes it possible to search for different equilibrium states with the same external
parameters that generate fluid movement in the channel.

At the same time, as in the mentioned experiments by A.M. Obukhov and his collaborators, the
transition between different states is ensured by changing the value of the main parameter of
current generation (for MHD currents, the current between the electrodes on the outer and
inner radii of the channel), followed by restoring its initial value.
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Inroduction
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Introduction
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Laboratory setup scheme

T ~2sec +~ 1 min; s = hy/(Rout — Rin) = 0.038
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Magnet configurations

The channel 2 The channel 1
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The basic small-scale motions

s

Marker paths: channel 1, 10 mm, T=5.3 s

Marker paths: channel 2, 10 mm, T=4.1 sec.

€C.
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Transitions to the circular vortices. h=10 mm, T=4.7 sec.
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Transitions to the circular vortices. h=10 mm, T=5.8 sec.
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Transitions (T=8.3 sec, h=15 mm, 1=900mA)
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Transitions (T=60 sec, h=20 mm, 1=900mA)
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Formation of vortex clusters

Particle trajectories during generation of vortices with formation of clusters by shear flow in channel 1:
(a) T=15.4 sec; (b) anoher current direction T=15.4 sec; (c) T=19.1 sec.
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Jet flows with vortices
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a) T=29.4 sec, h=15 mm; b) T=24.4 sec, h=24 mm.
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The jet flows of the northern hemisphere in the Wind field at the level of 500 mbar: a) 18.09.14;
19.09.14; c) 20.09.14; d) 21.09.14 are presented in the azimuthally equidistant projection
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Jet flows

o — , = \ ; : i ~ N \
Well defined narrow jet flows, channel 2: a) h=24 rTr1m, T=67.0 sec, b) T-39.8 sec, h=24 mm.
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Jet flows

et

s of time.
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Jet flows - azimuthal velocity dynamics
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Energy, enstrophy and vorticity: T=39.8, 67 sec; h=24 mm
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Helicity estimations: T=39.8, 67 sec; h=24 mm
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Magnets and their configurations

Cylindrical neodymium magnets with a diameter of 15 mm and a height of 10 mm with an
average magnetic induction value of 0.358 Tl for each magnet were located along circles with
radii of 7 and 13 cm (for channel 1) and 15 and 26 cm (for channel 2).

—
The polarity of the direct electric current supplied through the electrodes ensured, at the

initial moment of time after its inclusion, the opposite rotation of the conductive liquid near the
outer boundary of the channel with respect to the external one.

—
This corresponds to the east equatorial wind.

—

At the same time, in the middle part of the channel, the liquid moves in the same direction as
the external rotation (the western transfer of the middle latitudes). J
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The scheme of experiments

The scheme of experiments is the next:

After switching on the DC current (500 mA) for 2 minutes, the mode of fluid movement in the
channel is set, with a certain number of cyclonic and anticyclonic vortices, standing or with weak
transmission along the azimuth angle.

—

Then, for the next 2 minutes, the current increases to 700 mA in order to disrupt or significantly
change the flow regime formed in the previous 2 minutes.

Note that in the experiments mentioned above (Obukhov et al.), the external effect on the liquid was
turned off altogether.

After 2 minutes of operation 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.

One can expect either a return to the mode of the first two minutes of the experiment for the
configurations of cyclonic and anticyclonic vortices , or a transition to a significantly differentflow in
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Particle trajectories, t=0.5 min, 2 min, 5.5 min, 6.0 min. T= 8.2 sec.
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Particle trajectories, t=0.5 min, 2 min, 5.5 min, 6.0 min. T=7.3 sec
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Particle trajectories, t=0.5, 2, 5.5, 6.0 min. T=20.3 seconds.

N
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Particle trajectories, t=0.5, 2, 5.5, 6.0 min. T=17.7 sec.
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Marker trajectories in the observed flows
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Marker trajectories in the observed flows
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Time dependence of the angular coordinates ¢ of the (C) cyclones and (A) anticyclones
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Parameters w and wy for the experiments with the (filled symbols) and MHD generation and
(open symbols) sources and sinks
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Conclusion

@ An experimental MHD technique for the beta-plane experiments has been developed.

@ For the fast rotation regimes with a thin fluid layer, where the Rossby—Obukhov scale does
not exceed the characteristic sizes of the annulus, the system of perturbations appears
with almost immobile blocked anticyclones in the outer part of the flow and rapidly
moving cyclones in the main flow.

@ The diagram of regimes is plotted in the variables of the relative angular velocities of the
averaged zonal flow and transfer of vortices about the system rotation axis.

@ We demonstrate the generation of a large-scale vortex under the action of small-scale
perturbations of the velocity field formed by the interaction of external magnetic fields and
radial electric current in thin layer of conducting fluid.

@ The formation of large-scale structures under the action of small-scale turbulence can lead

to a modification of the general circulation and emerging of a planetary scale vortex with
sustained of differential rotation.

@ Narrow jet flows that envelop small-scale vortices with cyclonic and anticyclonic rotation
were obtained.
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Conclusion

@ The jet changes its size, precesses, the number of small-scale eddies changes. For a slower
rotation (T = 67 sec, h = 24 mm), a certain violation of the cyclone-anticyclone
asymmetry is observed, which is well manifested for relatively fast rotations (T = 39.8 sec).

@ The jet+vortices structures demonstrate the definite sign of helicity. The changes of the
mean helicity well correlate with the energy density.

@ In general, the jet flows are characterized by considerable temporal variability, as well as
similar structures in the Earth's atmosphere.

@ It should be noted that the circular vortices and jet flow were generated both in
non-rotating and slowly rotating channels, with or without a conical bottom (i.e., with and
without a beta effect).
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Conclusion

The experimental results show that transitions to modes different from the initial ones are
possible for some parameter values.:

@ The number of anticyclonic vortices changes during fast rotations.

@ For slower rotations, with the same number of anticyclones, their angular position has
changed significantly. There were no transitions to new modes for the intermediate
periods, and the final patterns of vortex movements practically did not differ from the
initial ones. All experiments were carried out when changing the main parameter of
generation: for laboratory experiments, this is an increase in current from 500 mA to 700
mA, followed by a return to 500 mA.

Yxetnanu un gp. TypbyneHTHOCTL, BUXPU, CTPYHHbIE TEHEHUA U CTPYK 7 anpens 2026 r. 43 /45



Conclusion

@ Numerical experiments with the shallow water model confirm the results on the possibility
of switching to new modes when the parameter determining the external force of action on
the liquid during MHD generation and flow generation by the source-sink method is
changed for a while.

@ Possible cause is the introduction of noise into the initial stationary flow pattern, which
creates the possibility of transition to new modes using noise-induced transition
mechanisms.

@ This mechanism can be an alternative to low-mode scenarios in the multi-mode problem.

The work was performed within the framework of the state assignment: No.
125020501536-2.
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