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ABSTRACT

An up-to-date review 1s given of the Tollowing fundamental results
obtalned In the rotating shallow water modeling of the natural
vortlcal structures: (1) a new obJect of nonlinear physics - the
Rossby soliton having quite unexpected properties - is discovered,
(2) generation of Rossby vortices by the unstable zonal flows has
been investigated, (3) a new soliton model of solitary vortices of
the Jupiter Great Red Spot type has been elaborated, (4) the
hydrodynamic conception of the %alactic Spiral structure generation
has been substantiated, (5) on the basis of laboratory modeling,
the existence of glant interarm vortices in real galaxies has been
predicted (the prediction has been confirmed by dlrect astronomical
observatlon - see the lecture by A.Fridman in this issue), (k) a
concegtion 1s described, according to which all the above-mentioned

ures are generated by the common centrlfugal instability
mechanism, (7) basing on the poits (1,2), the propertles of drift
sol%;gry vortices in the magnetized plasma have been predicted with
confidence.
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INTRODUCTION

This lecture bears a review nature. It is devoted to a description
of the rotating shallow water experiments made by our team in the
Instltute of Nuclear Fusion of the RRC "Kurchatov Institute" on
laboratory model largest and longest-lived vortical structures
in nature. It consIists 0f three parts which are closely physically
linked with each other. The firs gart 1s devoted to the model
- atmospheric vortices of the type of the Great Red Sgot of Jupiter
(GRS), dominating on the giant planets, as well as the submarine
oceanic "lenses". The second part concerns modeling the so called
drift vortices widely spread the magnetized plasma. The third
part is devoted to the modeling hydrodynamic generation of spiral
Structure in galaxies.

I. PLANETARY VORTICES.
ta. OBJECTS FOR LABORATORY MODELING.

The sub'ect of this Section are the so called Rossby vortices.
According to definition, they exist under the so called Rossby
regime, namely, they are rotat around their local vertical axes
more slowly than the planet itself rotates, and they drift along
the parallels of a planet. A Rossby vortex may be considered as a
acket of the Rossby waves. If the packet 1s linear, it suffers.
1spersion spread (i.e. dispersion decay) during some relatively
short time, Tiin. However, the nonlinear gacket may be not
subjected to such a decay, 1f its dispersion spread is compensated
by nonlinearity. Then 1t may survive Tor essen ially 1on%er time,
l.e. 1t may be lon§—11ved. In such a case, we call it soliton. For
instance, a typical 1life time, Tlin, for a linear large-scale
(planetary-size) Rossby wave packet in the terrestria atmosphere
1s about two-four weeks (see, for Instance, [11). Therewith, there
are no vortices in the terrestrial atmosphere, which survive
essentlally longer than one month. Hence, there are no long-lived
vortices In the atmosphere of the Earth (in regard to the oceanic
"lenses", see below). On the other hand, the long-lived vortices
are widely gresented In the atmospheres of giant planets: Jupiter,
Saturn, Neptune. For instance, the famous anticyclonic vortex, the
Great Red Spot of JUgiter (GRS), survives for more than three
centuries, 1l.e. about 3-4 orders of magnitude longer than Tiin for
a linear wave packet of the same size. Therefore, let us pay our
attention to the typical atmosphere of a glant planet, namely, to
Jupiter's one.
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In Fig.1, a gicture of zonal flows and the lon%;lived vortices in
the Jovlan atmosphere is shown (2]. The characteristic horizontal
size, a, of the GRS exceeds the so called barotropic Rossby-Obukhov
radius (Rr):

a>Re = (gm)!72/ ¢ (1)

where H is the e-folding thickness of the atmosphere, f 1is the
Coriolls parameter: f = 2isindg where Q 1is the angular veloclty of
the Elane rotation, ¢ 1s the glven latitude, g 1s the free-tall

eration. The GRS own rotation period 1s one week, whereas
Jupiter's rotation period is ten hours, so, the GRS exists in the
Rossby re§1me. The effectlive thickness of the GRS, 1s unknown yet,
hohever, there are grounds to believe that it 1s about the known
e-Tfolding thickness of the Jovian atmosphere:

H = KT/mg (2)

which 1s about 25 km. So, the GRS (as well as a number of other
anticyclonic vortices dominating in the glant planet atmospheres)
may be considered as a "shallow water structure". The latter
approach [31] 1s suggorted even by F.Busse, who 1s the author of

. deep thermo-convection concept [4].

The system of Jupiter's zonal flows (Fi%.1) turns out to be
unstable with resgect 1o generation of the large-scale, lon%—lived
vortices. The Instability seems to be arisen due to the fact that
the known Rayleigh—Kuo Instability criterion (see, for instance,
[11) 1s satisfied near the Places of maximal flow velocity
gradlents. :

The remarkable fact 1s that almost all the lar§e long-lived
vortices shown in F1§.1, are anticyclones (thelr own rotation in
the planet frame 1s directed contrary to the planet rotation). The
sSame qualltative situation takes place in-Saturnian atmospheres
(and the only blg vortex in Negtunian atmosphere 1s also an
anticyclone). The single excepiions from thls rule are cyclonic
"Barges" (Jupiter, 14 de%rees North) and cyclonic "UV-Spot"
(Saturn, 24 degrees Nort ). So, very distinect cyclonic-anticyclonic
asymmeiry 1s observed in the atmospheres of gilant planets.

One more manifestation of the asymmetry (F1§.1) 1s that all the
zones with cyclonic flow vorticity (excegt or the "Barges" zone)
are empty (cyclones are not observed in them), whereas all the
zones with anticyclonic flow vorticity are filled with vortices
of the anticyclonic polarity. In particular, there exists the s0
called "Little Red Spot" (which 1s about 2.5 times as smal] as
GRS, 1.e. 1t 18 nearly of the Earth size) situated symmetrically
to the GRS with respect to the planet equator [21.

There exist other remarkable Rossby vortices, the so called oceanic
"lenses". They are observed at a depth of a few hundred meters from
the ocean surface, in the re lon of an interface between the water
layers with different densit es (see, for instance, [51). They are
rather widely-spread structures amonﬁ the oceanic eddies. They also
exist 1n the Rossby regime and have horizontal dimenslons of the
order of a few tens of kllometers, somewhat greater than the so

plangtary parallels with velocities close to the so called Rossby
Speed:



Vg = PRC° , (3)

where B = df/dy s (4)

and y 1s the meridional coordinate. As a rule, the oceanic lenses
are anticyclones (like vortices of the GRS—tyYe dominating on the
§1ant Planets): they rotate contrary to the planet rotation. The

enses' llfe times reach a few years (see, for instance, [51) and
exceed the value of Tlin about 20 times or even more. So, they are
the long-lived vortices, too.

S50, the clear-cut cyclonlc-anticyclonic asymmetry is a grogerty of
the mentioned planetary and oceanic vortices. A study of this
property was one of the obJjectives for our laboratory modeling.

Thls problem seemed to be closely linked with a new version of the
Rossby soliton concept, which appeared in 1979-1981 [6-8] and was
essentially developed in [9]. According to that concept, the
anticyclonic Rossby structures satisfy ng the condition (1) may be
1ike solitons, 1.e. they may be not subjected to dispersion spread
" because the latter is compensated by the nonlinearity.

An attempt of creating the Rossby sollton and a study of 1ts
propertiies was also one of the main objectives of our experiments.

(1b). LABORATORY INSTALLATIONS.

The necessity of satisfying condition (1) has predetermined the
geometry of the experimental set—ugs: they should be parabolically
shaped, nearly simllar to the shallow water free surface, which
rotates rather fast; hence, the paraboloid curvature has to be
rather large. That was the first essential difference of our
set-ups from those ever used in other laboratories for modeling
natural vortices. For instance, In the known experiments by P.Read
and R.Hide [10] and J.Sommeria, S.Meyers and H.Swinney [11]1 a free
surface of the rotating fluid was absent at all; in the experiments
by F.Dolzhanskii [12] and Yu.Chernous'ko [131 the fluid rotation
frequency was so_small that the free surface effects did not play
any essential role. Etc.

An essential distinction of our experiments from all other under

consideration may be explained also in the followlng way. All the
known experiments, except for ours (see, for instan¢, [11), were

carried out under the conditions

a<Rr. (8)

This was determined by the fact of either very slow rotation (in
(12,131) or the presence of a solid 1id on the fluid surface (In
[11]). The Inequality (5) meets the conditions in the Farth
atmosphere, where Rr is about 3000 km. Unlike the works mentioned,
our experiments meet the condition (1) which 1s typlcal for the
Jovian GRS and like vortices and under which, according to theory
[6—9;61the monopolar (anticyclonic) Rossby solitary vortices are
possible.

The second principal distinction of our experiments compared to the
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experiments of all other authors was determined by the method for
iggense vortex creation by means of unstable shear-flows. S0, 1n
the experiments [11] intense vortices could have only a cyclonic
Slgn, and in the experiments [101, only an anticyclonic sign. As
for our experiments, the generation conditions for cyclones and
anticyclones were 3u1te equal. The consequences of the differences
mentloned will be discussed in the following parts of the paper.

(1c). FIRST STAGE OF THE EXPERIMENTS: .
ROSSBY SOLITARY VORTEX~A NEW OBJECT OF NONLINEAR PHYSICS.

Our first goal was creation of the Rossby soliton (solitary vortex)
In its free motion. The first series of the experiments was carried
out by means of the set-up shown in Fig.2, on the left [1]). Two
paraboloids were used: the "little" one, 23 cm 1n diameter, and the
‘large" one, T2 cm in diameter; a *normal" rotation period at which
H = const was e%ual oT9 msec in the first case and 840 msec in the
second one. Shallow water-thickness, H (measured in the direction
normal to the shallow water free surface), was varied from (3 - 5)
mm in the small device to 7.5 cm in the large device. A description
gg T$§?ods for local vortex creation and the vortex dlagnostics see

A typlcal example of the structure under study 1s shown in Fig.3.
It 1s a large-scale anticyclone (1ts slze exceeds the Rossby
radius, Rr) existing in the Rossby regime, drifting contrary to the
vessel rotation with a velocity excee ing the Rossby speed (and so
Satlsfying the known necessary soliton condition [(11).” It survives
longer than the linear Rossby wave packet of the same size, 1.e. 1t
is a lon§—11ved structure. Its 1ife time is preclsely equal to the
maximal Iife time for the Rossby vortices, determined by the
molecular (table) viscosity [1].

The anticyclone collisions with like structures lead to their
me§ %r, tgo like structures never pilerce each other as the Kdv
solitons do.

The necessary condition for the mentioned longevity of the
structure under consideration has been discovered: the maximal
linear veloclty of its own rotation must exceed the velocity of

i1ts (westward) drift. This condition 1s shown to be necessary to
avold the structure "twlsting" due to degendence 0of the drift
velocity on the meridional coordinate. Therewith, the system of the
Structure stream lines includes the Separatrix inside which there
1s the trapped fluld well transferred with the structure under
Study. It means that 1t is "a real vortex".

The effective fluld transfer by the vortex under consideration 1is
demonstrated in.Fig.4 where the anticyclonic vortex created at
position 1 and colored at position 2 by a dye introduced from the
above drifts westwards, together with the trapped fluid.

A cyclonic vortex having the same (or any .other) garameters suffers
dispersion decay and doesn't survive longer than the linear Rossby
wave Yacket; unlike anticyclone, it is s ort-lived; this is an
example of cyclonic-anticyclonic asymmetry manifestation.

The vortex characteristic size does not depend on 1ts amplitude,
being determined by the conditlons (geometry) of the vortex
creatlon only.
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So, basinéyon the above-said we can conclude that the structure
under study 1s a Rossby eddy having some groperties Similar to
theoretical predictions for the wavy Rossby soliton [6-8]. However,
from the viewpoint of the mentioned wavy version of the soliton
theory, 1t 1s very "unusual", dualistic object because 1t has very
clear-cut vortical properties unexgected from the vilewpoint of the
wavy theory. Those vortical properties appeared to be responsible
for all the mentioned contradictions between theory [6-81 and the
experiment. We call this dualistic object "solitary vortex". It is
g newigbject 0of nonlinear physics discovered in the experiments
escribed.

The experiments consldered have stimulated development and
%mpgoge?eng of the Rossby soliton theory [9]1 (see als [1] and the
ext below).

(1d). SECOND STAGE OF THE EXPERIMENTS: GENERATION OF THE ROSSBY
VORTEX CHAINS BY MEANS OF UNSTABLE ZONAL FLOWS.
CYCLONIC-ANTICYCLONIC ASYMMETRY IN LABORATORY.

- Initially, the experiments were carried out with the set-up shown
In Fig.2, on the right, but the most Interesting results were
obtained with the unit shown in Fig.5. In both cases, the local
voriex source was absent and the counter-streaming shear-flows were
produced by means of the rings rotated (in the paraboloid frame)
contrary to each other and involved the adJacent shallow water
layers. It should be stressed that the flows vorticity sign and,
consequently, the golarity of vortlces they generated (cyclones,
anticyclones) could be easily regulated by switching rotation
directions of the rings (positions 5 and 6 in Fig.2 and 4 and 5 in
Fig.5). So, the condifions for cyclone and anticyclone generation
wggeiqual and that was of crucial importance for the résults
obtalned.

The exgeriments have shown that the Broduced zonal flows were
unstable and that manifestation of the instability was quite
different, depend on the vorticity sign. We will consider first
the case of anticyclonic vorticlity.

In this case, the flows generate a vortex chain at any experiment
geometiry. The number of vortices in the chain 1s the less, the
greater 1s the velocity shift ("shear") between the counter
Streaming flows (see below).

An example of vortex chain consisting of three solitary large-scale
vortices carry the tragped fluid and drifting contrary to the
vessel rotation Is shown in Fig.6.

Quite different results were obtained at cyclonic vorticity of the
flows. First, at the same experiment feometry as that in F1%.6,
intense cyclones were not generated. typical picture is shown in
Fig.7. It turned out that order to obtaln a c¢yclonilc vortex
chain 1t's necessary to ag roach the flows to each other as near as
gossible. In particular, the distance between the flows equal

0 1 mm, a chain of intense cyclones is generated - Fig.8.

A striking difference between the results of the cyclone and
antlcyclone creation can be easily explained, 1f one takes into
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account the results of the preceding chapter. Since anticyclones
are long-lived, a rather low level of "pumging" them by the.
shear-flows 1s sufficient for sustaining their large amplitude. At
the same time, cyclones are short-lived, and they may be
successfully generated and sustained only by extremely strong
"gumping" and therefore, require for their generation an extremely
high shear flow veloclity gradient. It 1is our understand of
cyclonic-anticyclonic asymmetry of the large-scale, long-Iived
Rossby vortices In laboratory.

As for the cyclonic-anticyclonlc asymmetry in the glant glanet
atmospheres, the results described In this chapter seem to explain
thls remarkable phenomenon. Namely, the zonal velocity gradient in
the GRS reglon 1s rather small: 1t is about 200 m/s over 13000 km;
on the other hand, the gradient in the region of "Barges" (Fig.1)
is about 120 m/s over the distance of only 1300 km. So, the
transition from the generation conditions of laboratory
anticyclones (Figs.6,10, see below) to those for cyclones (Figs.Tb,
8b) seems to be similar to the transition from the generation
conditions for GRS-1ike vortices to those for "Barges" (Fig.1).
This 1s our understandin% of cyclonlc-anticyclonic asymmetry of the
lar§e—scale vortices in the Jovian atmosphere. (Further detalls see
11 and Refs. there).

(1e) : UNIQUE SOLITARY ROSSBY VORTEX AS A LABORATORY MODEL
FOR THE GREAT RED SPOT OF JUPITER AND LIKE VORTICES

In Fig.9 the number of anticyclonic vortices across the system

perimeter, generated by the unstable counterstreami flows, is

glotted as a function of the shear-flow velocity shift. Naturally,
hils nonlinear phenomenon exposes hysteresis.

According to Fig.9, at a sufficlently large velocity shear, an
uni%ue voriex, single over the whole system perimeter, 1s generated
- F1g.10. It survives for an unlimited time.” Its own vorticity
exceeds that of the surrounding flow, similar to the analogous
groperty of the GRS. This self-organizing structure 1s considered
y us to be a laboratory analogue of natural vortices of the Jovian
GRS type. So, the observational fact that the GRS 1s an unique
vortex over the latitude circle is no more a physical problem.

Note that the same properties of the vortices under study were
ggm???grated by the thorough numerical simulations (see Refs.cited

(II). MODELING OF THE EARTH POLAR VORTEX (THE “OZONE HOLE" PROBLEM)

Laboratory model stabllity of the large-scale intense barotropic
atmospheric polar Rossby vortices has been carried out. Vortices
having closed stream-lines were created by the method of sources

of mass (for anticyclones) and sinks of mass (for cyclones). The
vortex dimensions were %reater or apgroximately equal to the
Rossby-Obukhov radius. The experiments were carried out on a
parabolic vessal, T2 cm in diameter and 36 cm height, which was
rotated with a period of 0.85 sec. Water having a free surface was
used as a working liquid. The thickness of the water layer was
regulated within the 1imits from 0.75 cm to 7.5 cm. After switching
the source on for a short time (and then switching 1t off), a free
motion of the vortices (without external perturba ions) was
studied. The experiments have shown that the vortices did not move
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from the garaboloid pole (where they were created) and decayed in
time quletly. Dependence of the e-fold time (T) for the maximal
linear rotation veloclty of a vortex on the thickness (Ho) of the
water layer has had the following peculiarities: (1) when Ho
decreases from 7.5 cm to zero, the value of T decreases smoothly
Trom 45 sec to To = 18 sec (for anticyclones) and from 38 sec to To
= 12 sec for cyclones; (2) when Ho apgroaches zero, the value of T
does not approach zero (as 1t takes place In the absence of the
1iquid free surface), but remains a rather large (T = To). These
regularities are well explained by the theory of viscous Rossby
vortex damping, with due account for the free surface. The damping
time 1s equal to the Ekman time multiplied by the factor equal to
(unity plus the vortex radius squared over the Rossby-Obukhov :
radlus squared); in other words, the damping time exceeds the Ekman
time by the value of To. Cyclones survive on the pole agproximately
1.25 times less compared to anticyclones. This fact 1s in an
accordance with the expression for the viscous dam ing time which
1s proportional to the water thickness, H (the latter 1s less with
cyclones), and inversely proportional to the square root of the sum
0f the Coriolls parameter and the frequency of the vortex own
rotation (the latter 1s positive with cyclones and negative with
anticyclones). Cyclones on the pole survive longer than on the

- "beta-plane" (since in the latter case, they areé shifted along a
meridian and therefore lose energy — see below and [151). The
Investigatlon described relates o the intense vortices bearing
tragged liquid. Belng formed, the vortices do not let the media
partlcles neither in nor out. Such Eolar vortices, in the absence
of external perturbations, do not show any signs of instability.
The results obtained are of eat Importance, in particular, in the
context of “ozone hole" problem. The next task of the work will be
a study of the golar voriex behavior in the presence of external
perturbations 1llke waves or the planetary zonal flows.

(III). SELF-ORGANIZATION MECHANISM AND A NEW TYPE
OF CYCLONIC-ANTICYCLONIC ASYMMETRY
OF THE ROSSBY AND PLASMA DRIFT VORTICES .

Solitary structures described in preceding Sections manifest some
gro%erties similar to those of the first, classical, soliton in the
1story of science, which was discovered by Scott Russel in 1833 on
non-rotating shallow water and thoroughly described by Korteveg and
de-Vries (KdV) in 1995. Firstly, they are observed 1f their size
exceeds some minimal scale (in the case considered, the radius Rr).
Secondly, 1n case of constant shallow water thickness, they are
elevations (anticyclones), but not depressions of the shallow water
free surface. Thirdly, the so called generallized Charney-Obukhov
equation describin% the objJects under consideration [6-8]1 contains
a nonlinarity of the KdV type and, if the vortex is cylindrically
symmetrical, the mentioned nonlinearity is the only one in the
vortex equatlon (since the second nonlinearity %resented by the
Jacoblan equals zero in that case). Therefore, the first assumption
[1] was that the objects under study are solitons of the Kav type.
However, there remalned a fundamental question concerning the
mechanism of interaction of dispersion and nonlinearity, which
provided formatlon of the Rossby vortices having the properties
mentioned. It was the following: in the soliton of the Russel-
Korteveg-de Vries (KdV) type, 1sgersive spreading inherent
in a wave packet is balanced by the nonlinear Steepening. And vice
versa, the unlimited nonlinear steegening (and overturning) of the
packet 1s prevented by dispersion. This equilibrium, in particular,
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manifests in that there exists quite a definite relationshi
between the gacket wldth and its amplitude: the larger 1s the
amplitude (the stronger nonlinearity), the less 1s the width
(the stronger dispersion). The similar theoretical relationship
does exlst also iIn the case of solitary (gurely wave) structure
[(6-8]1 which was accepted to be named Ross y sollton (or drift
plasma soliton). .

However, the situation has become more complicated, when 1n the

model experiments described In ([11), there was discovered that

the tyg%cal slze of the structures under consideration turned out

to be Independent of the amplitude, which evidenced a more

complicated dynamics of the structure formation comgared to the

gégp%e compensation of dispersion by the nonlineari ¥y of the
-type .

A new understanding of the dynamics mentioned [14] has appeared in
the course of our discussions with J.Nycander and G.Sutyrin, the
authors of [9]. Shortly speaking, we have in mind a different type
of the solltary structure self-organization at which, besides the
Rossby wave dispersion and the "scalar" nonlinearity (of the
Kdv-type), at least one more nonlinearity, namely, the "vector" one
(presented by the Jacobian in the vortex equations), is involved
into the process. In particular, if, at a glven structure size, its
structure amplitude i1s too large, i.e. the scalar nonlinearity
exceeds the Rossby wave dis%ersion, then the Insufficient
dlspersive compensation of ithe scalar nonlinearity is provided by
the vector nonlinearity which prevents the structure from the
unlimited steepening. In this case, the vector nonlinearity "works"
a§a1nst the scalar one. In another case, when, at a given structure
Slze, 1ts amplitude turns out to be too small, so that the wave
dispersion exceeds the scalar nonlinearity, the vector nonlinearity
"helps" the scalar one, 1.e. it works against the wave disgersion.
Certalnly, the very vortex is sli%htly axlally asymmetrica
(otherwise, the vector nonlineariiy vanishes).

It must be noted that the term "self-organization" 1s used here
mainly in the context with an elucidation which factors (dispersion
and nonlinearities of different kind) condition formation of the
solitary (stable, long-lived) Rossby structures. Although, the
experimental fact (see below) that the size of solitary vortices
turns out to be more or less close to the Rossby-0Obukhov radius,
independently of the size of the vortex local source, reminds
formation of an attractor.

A recent continuatlon of the experiments described above has led us
to a discovery of "anomalous" cyclonic-anticyclonic asymmetry. The
point is the following. At constant shallow water thickness (the
case described above), the asymmetiry is "mormal®, l.e. the solitary
vortices may only be as anticyclones, not cyclones. Such a type of
the asymmetry manifests, in garticular, in that the big, long-lived
vortices dominat In the glant planet atmospheres are, as a rule,
anticyclones. Unlike that, The new type of the asymmetry manifests
In that the large-scale solitary vortlices may only be as cyclones,
not anticyclones. This phenomenon is observed In the presence of a
rather strong gradient the rotating shallow water thickness,
directed parallel to the gradient in the Coriolis parameter. This
very type of the asymmetry exists with drift vortices in the
magnetized plasma [(14-161. The latter 1s not surprising because
there 1s a remarkable fact: the generalized Charney-0Obukhov
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equation for the Rossby nonlinear waves (vortices) and the
eneralized Hase§awa—Mima equation for nonlinear drift waves
%vortices) are similar like two drops of water (see [161]).

The evidence of existence of the new type of cyclonic-anticyclonic
asymmetry was observed in the following way. The point 1s that the
linear waves (vortices) of the type considered have the limiting
propagatlon speed: the so called Rossby speed (Vr) in geophysical
rluld dynamics and the drift speed (Vx) in a plasma. The existence
condition for a soliton 1s that its propagation velocity has to lie
beyond the range of the linear wave veloclties (otherwise, 1t will
be In the Cerenkov resonance with linear waves and will lose its
energy due to radiatlon, that is, 1t will not be long-lived and,
consequently, will not be sollton-like). It means that the soliton
veloclty (Vd) must exceed the limiting linear wave Speed: 1n case
of the Rossby structures,

Vvd > Vr (6)

where
Vr = gd/dy (H/T) ; (7)

" 1in case 0f plasma drift structures,
Vd > Vx . (8)

(Note that in case when the shallow water thickness Ho is not
constant, the soliton condition (6,7) has some '"nuances" connected
with meridional motion of the Rossby vortices (see [151)).

And, as shown in the exgeriments considered [14-161, 1In case of
constant shallow water thickness, the condition (6) may only be
satlsfled for anticyclones, whereas in case of the above g?adient
In shallow water thickness and, analo ously, in case of the
magnetlized plasma where the (negative) radial gradients in plasma
density and electron temperature are parallel o ich other, the
conditions (6-8) may only be satisfied for cyclones. Therewith, a
cyclonic solitary structure can only propagate to the "east",
whereas 1ts antlcyclonic counterpart can only ropagate to the
west, 1.e. 1n the usual direction of the planetary 0ssby wave
propagation.

In the experiments mentioned [14,15], the rather paradoxical (on
the first glance) effects were observed.

Namely, 1t is well known that at Ho = const, the drift veloclty of
a cyclone (which 1s a depression of the shallow water surface) is
the less, the greater 1s its amplitude (i.e.the deeper 1s the the
well on the waler). However, in the presence of a sufficliently
large negative radial %radient in the shallow water thickness, in
accordance wilth the solitonic condition (6-7), everything occurs in
the contrary way: namely, the deeper 13 the cyclonic well, the
faster 1t propagates to the east. The similar effect has been
observed for a solitary anticyclone. Namely, whereas at Ho = const
an anticyclone drifts to the west the faster, the larger 1s its
elevation, in the gresence of a sufficlently large negative shallow
water thickness, the anticyclone drifts to the east the slower, the
larger 1s its elevation (!). In more detall, see [14,15].
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(1d). SECOND STAGE OF THE EXPERIMENTS: GENERATION OF THE ROSSBY
VORTEX CHAINS BY MEANS OF UNSTABLE ZONAL FLOWS.
CYCLONIC-ANTICYCLONIC ASYMMETRY IN LABORATORY.

Initially, the experiments were carried out with the set-up shown
in Fig.2, on the right, but the most interesting results were
obtalned with the unit shown in Fig.5. In both cases, the local
vortex source was absent and the counter-streaming shear-flows were
produced by means of the rings rotated (in the parabolold frame)
contrary to each other and involved the adjacent shallow water
layers. It should be stressed that the flow vorticity sign and,
consequently, the polarity of vortices they generated (cyclones,
anticyclones) could be easily regulated by switching rotation
directions of the rings (positions 5 and 6 in Fig.2 and 4 and 5 in
Fig.5). So, the condifions for cyclone and antlcyclone generation
wggeiqual and that was of crucial importance for the results
obtained.

The exgeriments have shown that the produced zonal flows were
unstable and that manifestation of the instabllity was qulte
different, depend1n§ on the vorticity sign. We will consider first
the case of anticyclonic vorticity.

In this case, the flows generate a vortex chain at any experiment
geometry. The number of vortices in the chain is the less the
greater 1s the velocity shift ("shear") between the counter
Streaming flows (see below).

An example of vortex chain conslsting of three solitary large-scale
vortices carrying the tragped fluld and drifting contrary to the
vessel rotation Is shown in Fig.6.

Quite different results were obtained at cyclonic vorticity of the
flows. First, at the same experiment geometry as that in F1%.6,
intense cyclones were not generated. typical plcture 1s shown in
Fig.?. It turned out that In order to obtain cyclonic vortex chain
1t's necessary to approach the flows as near as possible. In
partlcular, at the distance between the flows equal to 1 mm, a
chain of intense cyclones is generated - Fig.8.

A striking difference between the results of the cyclone and
antlcyclone creation can be easily explained, 1f one takes into
account the results of the preceding chapter. Since anticyclones
are 1on%—11ved, a rather low level of "pumping" them by the
shear-flows 1s sufficient for sustalning thelr large amplitude. At
the same time, cyclones are short-lived, and they may be
successfully generated and sustained only by extremely strong
"gumping" and therefore, require for their generation an extremely
high shear flow velocity gradient. It is our understanding of
cyclonic-anticyclonic asymmetry of the large-scale, long-Iived
Rossby vortices in laboratory.

As for the cyclonic-anticyclonic asymmetry in the glant planet
atmospheres, the results described in this chapter seem to explain
thls remarkable phenomenon. Namely, the zonal velocity gradient in
the GRS reglon 1S rather small: 1%t is about 200 m/s over 13000 km;
on the other hand, the %radient in the region of "Barges" (Fig.1)
1s about 120 m/s over the distance of only 1300 km. So, the
transition from the generation conditions of laboratory
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anticyclones (Figs.6,10, see below) to those for cyclones (Figs.Tb,
8b) seems to be similar to the transition from the generation
conditions for GRS-1ike vortices to those for "Barges" (Fig.1).
This 1s our understanding of cyclonic-anticyclonlc asymmetTy of the
large-scale vortices in the Jovian atmosphere. (Further detalls see
in 1] and Refs. there).

(1e) : UNIQUE SOLITARY ROSSBY VORTEX AS A LABORATORY MODEL
FOR THE GREAT RED SPOT OF JUPITER AND LIKE VORTICES

In ¥1g.9 the number of anticyclonic vortices across the system

perimeter, generated by the unstable counterstreami flows, 1s

%lotted as a function of the shear-flow velocity shift. Naturally,
his nonlinear phenomenon exposes hysteresis.

According to Fig.9, at a sufficiently large velocity shear, an
unigue voriex, single over the whole systém perimeter, 1s generated
- Fig.10. It survives for an unlimited time. Its own vorticity
exceeds that of the surrounding flow, similar to the analogous
roperty of the GRS. This self-organizing structure is considered
y us to be a laboratory analo%ue of natural vortices of the Jovian
GRS type. So, the observational fact that the GRS 1is an unique
vortex over the latitude circle is no more a physical problem.

Note that the same properties of the vortices under study were
%em???grated by the thorough numerical simulations (see Refs.clted
n .

(II). MODELING OF THE EARTH POLAR VORTEX (THE "OZONE HOLE" PROBLEM)

Laboratory modeling stability of the large-scale intense barotropic
atmospheric polar Rossby vortices has been carried out. Vortices
having closed stream-lines were created by the method of sources

0of mass (for anticyclones) and sinks of mass (for cyclones). The
vortex dimensions were %reater or approximately equal to the
Rossby-Obukhov radius. The experiments were carried out on a
parabollc vessal, 72 cm in diameter and 36 cm helght, which was
rotated with a period of 0.85 sec. Water having a free surface was
used as a working liquid. The thickness of the water layer was
regulated within the 1imits from 0.75 cm to 7.5 cm. After switching
the source on for a short time (and then switching it off), a free
motion of the vortices (without external gerturba lons) was
studied. The experiments have shown that the vortices did not move
from the paraboloid pole (where they were created) and decayed in
time quletly. Dependence of the e-folding time (T) for the maximal
linear rotation velocity of a vortex on the thickness (Ho) of the
water layer has had the followi peculiarities: (1) when Ho
decreases from 7.5 cm to zero, the value of T decreases smoothly
from 45 sec to To = 18 sec (for antlcyclones) and from 38 sec to To
= 12 sec for cyclones; (2) when Ho approaches zero, the value of T
does not approach zero (as 1t takes place in the absence of the
liquid free surface), but remains a rather large (T = To). These
regularities are well explained by the theory of viscous Rossby
vortex damping, with due account for the free surface. The damping
time 1s equal to the Ekman time multiplled by the factor equal to
(unity plus the vortex radius squared over the Rossby-Obukhov
radlus squared); in other words, the damping time exceeds the Ekman
time by fthe value of To. Cyclones survive on the pole approximately
1.25 times less compared to anticyclones. This fact is in an
accordance with the expression for the viscous damping time which
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1s proportlonal to the water thickness, H (the latter 1s less with
cyclones), and inversely proportional to the square Toot of the sum
0T the Coriolils parameter and the frequency of the vortex own
rotatlon (the latter 1s positive with cyclones and negative with
anticyclones). Cyclones on the pole survive longer than on the
"Deta-plane" (since in the latter case, they are shifted along a
meridian and therefore lose energy - see below and [15]1). The
Investigatlon described relates o the intense vortices bearing
tragged 1iquid. Being formed, the vortices do not let the media
pariicles neither In nor out. Such Holar vortices, in the absence
of external perturbatlons, do not show any signs of instability.
The results obtained are of great importance, in particular, in the
context of "ozone hole"™ problem. The next task of the work will be
a study of the golar voriex behavior in the presence of external
perturbations like waves or the planetary zonal flows.

(IIT). SELF-ORGANIZATION MECHANISM AND A NEW TYPE
OF CYCLONIC-ANTICYCLONIC ASYMMETRY
OF THE ROSSBY AND PLASMA DRIFT VORTICES .

Solitary structures described in preceding Sections manifest some
Bro erties similar to those of the first, classical, soliton in the
1story of science, which was discovered by Scott Russel in 1833 on
non-rotating shallow water and thoroughly described by Korteveg and
de-Vries (KdV) in 1995. Firstly, they are observed 1f their size
exceeds some minimal scale (in the case considered, the radius Rr).
Secondly, 1n case of constant shallow water thickness, they are
elevations (anticyclones), but not depressions of the shallow water
free surface. Thirdly, the so called generalized Charney-0Obukhov
equation describing the objects under consideration contains a
nonlinarity of the KdV type and, if the vortex is cylindrically
symmetirical, the mentloned nonlinearity is the only one in the
voriex equation (since the second nonlinearity gresented by the
Jacoblan equals zero in that case). Therefore, the first assumption
[1] was that the objects under study are solitons of the Kdv type.
However, there remained a fundamental question concerning the
mechanism of interaction of dispersion and nonlinearity, which
provided formation of the Rossby vortices having the properties
mentloned. It was the following: in the soliton of the type of
Russel-Korteveg-de Vries (Kdv), dlspersive spreading inherent
iIn a wave packet is balanced by the nonlinear steepening. And vice
versa, unlimited nonlinear steepenin% (and overturning) of the
packet 1s prevented by dlspersion. This e uilibrium, In particular,
manifests 1n that there exists quite a definite relationshiﬁ
between the gacket width and its amglitude: the larger 1s the
amplitude (sironger nonlinearity) the less is the width (stron§er
dispersion). The similar theoretical relationship exists also In
the case of solitary (purely wave) structure which was recently
accepted to be named Rossby soliton (or drift plasma soliton).

However, the situation has become more complicated, when in the
model experiments ([11), there was discovered that the t lcal size
0f the structures under consideration turned out to be in ependent
of the amplitude, which evldenced a more comglicated dynamics of
the structure formation compared to the simple compensation of
dispersion by the nonlinear ty of the Kdv-type .

A new understanding of the dynamics mentioned has appeared in the
course of our discussions with J.Nycander and G.Sutyrin, the
authors of [8]. Shortly Speaking (in details, see [141), we have in



- 14 -

mind a different type of the solitary structure self-organization
at which, besides the Rossby wave dispersion and the "scalar"
nonlinearity (of the KdV type), at least one more nonlinearity,
namely, the "vector" one (presented by the Jacobian in the vortex
equations), 1s involved Into the process. In particular, if, at a
% ven structure size, the structure amplitude 1s too large, 1l.e.

he scalar nonlinearity exceeds dispersion, then the insufficient
dispersive compensatlion of the scalar nonllnearity 1s provided by
the vector nonlinearity which prevents the structure from the
unlimlted steepening. In this case, the vector nonlinearity "works"
a§ainst the scalar one. In another case, when, at a given Structure
size, the structure amplitude turns out to be too small, so that
the wave dispersion exceeds the scalar nonlinearity, the vector
nonlinearity "helps" the scalar one, 1.e. it works against
dispersion. Certalnly, the very vortex is slightly axlally
asymmetrical (otherwise, the vector nonlinearlty vanishes).

It must be noted that the term "self-organization" is used here
mainly in the context with an elucidation which factors (dispersion
and nonlinearities of different kind) condition formation of the
solitary (stable, long-lived) Rossby structures. Although, the
experimental fact (see below) that the size of solitary vortices

- turns out to be close to the Rossby-Obukhov radius, independently
o%tthetsiz?1g§ the vortex local source, reminds formation of an
attractor .

A recent contlnuation of the experiments described above has led us
to a dlscovery of "anomalous" cyclonic-anticyclonic asymmetry (14,
151. The sltuation 1s the following. At constant shallow water
thickness (the case described above), the asymmetry is "normal",
l.e. the solltary vortices may only be anticyclones, not cyclones.
Such a type of the asymmetry manifests, in particular, in that the
blg, long-lived vortices dominat in the glant planet atmospheres
are, as a rule, anticyclones. Unlike that, the new type of the
asymmetry manifests in that the large-scale solitary vortices may
only be as cyclones, not anticyclones. This phenomenon is observed
In the presence of a rather stro adlent in the rotat shallow
water thlckness, directed parallel To the gradient in the Coriolis
parameter. This very type of the asymmetry exists with drift
vortices In the magnetized plasma [14-16]1. The latter is not
surprising because there is a remarkable fact: the generalized
Charney-Obukhov equation for the Rossby nonlinear waves (vortices)
and the generalized Hasegawa-Mima equation for nonlinear drift
waves (vortices) are simllar like two drops of water (1) [16].

The new type of cyclonic-anticyclonic asymmetry was observed in the
following way. The point 1s that the linear waves (vortices) of the
type consldered have the limiting roga ation speed: the so called
Rossby speed (Vr) in geogpysical flui amics and the drift

speed (Vdr) in plasma. The existence condition for a soliton is
that 1ts propagation velocity has to lle beyond the range of the
linear wave velocities (otherwise, it will be in the Cerenkov
resonance with linear waves and will loose 1ts energy due to
radiation, that is, it will not be long-llved and, Gonsequently,
will not be sollton-like). It means that the soliton velocity (Vd)
m%st %xceed the 1imiting linear wave speed: in case of the Rossby
structures,

Vva > Vr ; (6)
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where
Vr = gd/dy(H/1) ; (7).

In case of drift structures,
vda > Vx . (8)

(Note that in case when the shallow water thickness Ho 1s not
constant, the soliton condition (6,7) has some "nuances" connected
with meridional motion of the Rossby vortices (see [161)).

And, as shown in the exgeriments considered [14,151, in case of
constant shallow water thickness, the condition (6) may be
satisfied only for antlicyclones, whereas in case of the above
gradlent in shallow water thickness and, analogously, in case
0T the magnetized plasma where the (negative) radial gradients in
glasma density and electron temperature are parallel o ich other,
he conditions (6-8) may be satlsfied only for cyclones. Therewith,
a cyclonic solitary structure can propagate only to the "east",
whereas its antlcyclonic counterpart can propagate only to the
west, 1.e. In the usual direction of the planeiary Rossby wave
. propagation.

In the experiments mentioned, rather paradoxical (on the first
glance) eIfects were observed.

Namely, 1t 1s well known that at Ho = const, the drift velocity of
a cyclone (which is a depression of the shallow water surface) is
the less the eater 1s 1ts amglitude (1.e.the deeper 1s the well).
However, In the presence of su Ticlently large negative radial
%radient In the shallow water thlckness, 1in accordance with the
heoretical solitonic condition, everything occurs 1in the contrary
way: namely, the dee%er 1s the cyclonic depression of the shallow
water free surface, the faster it progagates to the east. The
similar effect is predicted for a solltary anticyclone. Namely,
whereas at Ho = cohst an anticyclone drifts to the west the faster,
the ‘larger is the shallow water elevation, in the presence of
sufficlently lar%e negative shallow water thickness gradient, the
anticyclone drifis to the east the slower, the larger is its
elevation (!). For more detailed descrigtion of the effects
mentloned, see [14,15]1, as well as another experiment [17] in which
the rotatin% parabolic free surface layer of Shallow water was also
??id’1§?t the statement of the experiment was quite different from
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(IV). MODELING OF THE GENERATION OF SPIRAL STRUCTURE AND PREDICTION
OF GIANT ANTICYCLONES IN GALAXIES _

(4a). INTRODUCTION

The exgeriments descrlbed in this Section regresent a part of our
general program on rotating shallow water modeling of planetary,
galactlc, and plasma vortical structures in the labora ory. This
modeling 1S based on the analogous dynamics of a compressible

2-D gas and incompressible shallow water having a free surface.
The modeling was realized in accordance with A.Fridman's concept
(18] of sgiral structure generation by theunstable shear-flow
between the central and peripheral parts of agalactic gaseous disk
(see the Fridman lecture in this issue).

(4b). PREREQUISITES FOR THE LABORATORY EXPERIMENTS AND THE SETUPS

Prere%uisites for the laboratory experiments were the following.
(1). The state of a spiral galaxy isquasi-stationary, i.e., strong
gravitation 1s counterbalanced by the centrifugal force due to the
galaxy's rotation. (11). According to the recent astronomical

. observatlons, In most galaxies there exlsts a narrow reglion between
the dense galaxy bul§e and the less dense periphery, where the
rotation velocity fal off rapldly (see, for instance, [1] and Refs.
clted there). This velocity Jumg produces an unstable shear flow in
the gdseous galaxy disk, which 1s considered to be acause of
hydrodynamical creation of spiralstructure in the §alaxy. (111)
Geometrically, the spiral arms in a gaseousgalaxy disk are
"shallow-water" systems because theiP thickness 1s verysmall
compared to thelr transverse dimensions.

These structures may be simulated in the laboratory, since there
exists a deep physicalanalogy between the dynamics of a 2-D
compressible %as and shallow water with a free surface. In this
analogy [191,the perturbation of ashallow-water free surface lays
the role of a perturbation in the realgas density, the quantity vg
equal to the square root of (gH) 1s an analog of thesound speed, c,
and the value /Vﬁ (where U 1s the shallow-water velocity) 1s an
analog of the Mach number; the latter is of the order of 5-10 1in
real galaxles. So,1n the laboratory modeling experiments 1t is
necessary to ensure a rotating shallow water shear-flow with the
appropriate velocity jump and Mach number. (iv). There are some
requirements concerning another hydrodynamical numbers: for
Instance, the Reynolds number, Re, must be much more than unity
(for more detail see [1]).

(4c). GENERATION OF SPIRAL WAVES AND THE HYDRODYNAMICAL CONCEPT
OF GALAXY ARM FORMATION

In accordance with the above, the typical experimental setup
(F1g.11) consisted of two parts. The central part ("the core") is a
parabollic vessel, 2R=16 cm in diameter, "the periphery" is a
garaboloid about 60 cm in diameter. Both parts are shaped so that
he working shallow water brought into steady rotation by the
bottom 1s spread over the vesseél in a thin layer of approximately
constant thickness, H (usually about 2-3 mm). These two paraboloids
rotate with different angular velocities (internal one, W1, outer
one, Q2; usually @1/02 = 5), so that a veloclty Jump is formed in
the shallow water layer between the "core" and the 'periphery"; the
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maximal value of Q1 1s 42 1/s, the maximal value of 2 1is 3.6 1/8,
and the maximal value of the Mach number M = R(Q1-Q2)/ Vg is about
20. One can see that the above-mentioned adequacy criterla for the
spiral siructure modeling were fulfilled. For details concerning
tge structures under study, and dlagnostics used in the experiments
see [1] and Refs.cited there.

The serles of experiments gresented here 1s, a loglcal sequel to
the preced1n§ experiments by our team (see above), where
differentially rotating shallow water was considered as a model of
an atmosphere or an ocean. The eerriments carried out with the
configuration shown in F1§.11 yield the following results which we
Summarize here (see [1,20] and Refs. clted there).

(1). Differential shallow-water rotation with a veloclity Jump is
unstable both for low Mach numbers, M < 1, and for high Mach
numbers: 1 < M < 12.

(2). The developin% Instability gives rise to spiral waves of
surface density, which cross the discontlnuity circle (the region
of generator) and stretch across the core and the Eeri hery. In
the statlionary regimes the waves form a symmetrical pattern of m

- arms which are elevations of the llquld surface (m-mode).

The pattern rotates steadily in the same direction as the core and
the perighery So that the spiral tails are directed contrary to
the rotation ("trailin% sgirals"). Note that all solitary spiral
galaxies (having no satellltes) have tralling arms.

(3). The an;ular velocity of the pattern rotation, Qp, lies between
(1 and Q2 (Figs.12,13). The only exception 1s a degenerate mode,
m=0, existing in the relaxational regime: as 1t develops, the
liquid withdraws 1tself from the velocity shear reglon, and the
Instabllity ceases; after the wave reflected from the outer wall
returns, the instability is regenerated again, and so on ad
Infinitum. (4). In the regimes with fast-rotating periphery (Fig.

4), the visible sgiral arm lengths along thelr ridges are greater,
by at least an order of magnitude, than the Rossby-Obukhov radius
at Q = Q2, the counterpart of the characteristic e lcyclic radius
in galaxies. The arms show no tendency to decay into smaller-scale
structures. Recall that in real galaxies of the type we are tryi
to simulate, the arm lengths are also much greater than Rr. Indee ’
the arm length 1s of order of 10 kpc, whereas Rr is of the order
of some tenths of a kpe.

(5). The number of spirals along the system perimeter decreases
with an increasing velocity shift across the Jump, i.e., with an
Increase in M (see F1§.14.). It 18 necessary to Stress that the
regularity presented In Fig.14 1s qualitatively the same as that
In Fig. 9 relating to the exgeriment geometry (Flgs. 2, 5) for
mode1§n§ the atmospheric vortices. It should be also noted that the
regularity mentioned turns out to be a rather eneral and has been
observed In a number of different experiments see, for Instance,
Refs. cited in [201). The given regularity may be Interpreted from
the viewpoint of maximum in the instability growth rate at constant
viscous damping ([20]).

(6). The experiments have revealed, for the first time, the
banana-like anticyclonic vortices between the spiral arms in the
shear region, drifting together with the spiral arms around the
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YS?SG%S?XIS' so that a Joint spiral-vortex structure is formed
g.15).

(7). The test particles captured by vortices move in the azimuthal
directlon between the spirals and in the radial direction inside
the splrals, where thelr velocities are close to ¢ = Ve. Their
azimuthal veloclties are somewhat higher. The longltudInal axes of
the vortices run close to the "velocIty discontinuity" circle.

(8). The liguid layer thickness 1is smallest at the vortex centers.
This means that the resulting centripetal particle acceleration at
the ends of the anticyclonic vortex counterbalances the sum of the
Coriolis force and the pressure gradient force. Therefore, taki
groperty (T) iInto account, one can conclude that the width of the
anana vortices 1s of order of the Rossby-Obukhov radius defined by
the expression (1).

(9). In the presence of such structures, there appears an essential
broadening in the Initial flow velocity Jump which has been the
primary cause of the instabllity [201]. .

(10). The iInstabllity creating spiral-vortex structures described

. here may be ldentified as the centrifugal Instabllity of a
differentially rotating liquid, when its inner part 1s rotat

faster than 1ts outer part (see (1,201 and Refs. cited there).

(t1). In the non-stationary regime, when the core rotation
frequency Increases smoothly, spiral mode rearrangement takes
place, splral structures are asymmetric, and spiral-arm branching
outwards may be observed at a definite stage of thls transient
process. For Instance, with an increase in the core rotation
speed, the number of spiral arms 1s reduced near the core first,
and then at the geriphery, and the spirals come to be outward
branched. These Tacts allow one to predict that the asymmetric and
b¥a¥ch1ng galaxies observed by astronomers are in a non-stationary
state.

The totallty of experimental evidence discussed above, that 1is,
the very exlstence of an instability in a differentially rotating
system, the formation of sgiral structures, their trailin% shapes,
rotation of the spiral patiern In the same direction as the core at
a velocity Intermediate between those of the core and periphery,
qualitative Insensitivity of the instability pattern to the
geripheral angular velocity, the observed switch-over sequence
etween modes wlth different numbers of spiral arms when the value
of the veloclty Jump in the flow system is changed, the existence
of the Instabillty at any value of the Mach number--all these facts
are In a good agreement with the linear theory [18,211, where a
hydrodynamical mechanism is used to describe generation of spiral
structure in galaxies whose rotation curves contain a veloci y

Jump.

There 1s also a qualitative agreement between the principal
results of our experiments desScribed here and the results of the
numerical calculations stimulated by these experiments. Such
calculatlions were carried out [22, 23], in particular, for the
conditions of the shallow-water experiments of our team.

It should be pointed out that spiral structures with different
numbers of arms are found in real galaxies, similarly to the
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laboratory observatilons described above. In particular, natural
structures corresponding to the mode m=0 are known as the
"ring-galaxies". -

Sometimes it 1s argued that our experimental configurations are
eatly different from the natural objects to be s mulated, because
%ﬁey have a solld bottom which causes external (the Rayleigh)
friction of the sgiral structures created, whereas there is no
bottom in real galaxles (!). Our answer to this argument consists
in the following. First, according to the experiments described,
all the effects observed remain qualitatively the same when the
viscosity of the working fluid i1s increased by an order of
ma%nitude. Second, contrary to the argument about the absence of an
external friction in galaxies, our hygothesis is that the external
frictlon does exlst in %alaxies too. It is the friction between the
aseous structures and the stars. Recall that, according to the
drodynamical concept we discuss here, the spiral structures are

formed in the %aseous subsystem of the galactic disk. If, for
Instance, all the stars were located in the central plane of the
galaxy, the friction of the spiral gaseous structures against the
stars would be an obvious analog of the external (Rayleigh)
friction between the atmospheric (say,terrestrial) vortices and the
. underlying surface. Clearly, the fact that the stars are actually
distributed over the %alaxy disk helght does not affect the
%ualitative plcture. We belileve that accord to the Rayleigh law
he specific volume force, f, of the gas friction against the stars
In a galactic disk may be represented In the same form as the
friction of the terrestrial atmosphere against the Earth's surface
[20]. The same friction law is also assumed when analyzing the
dissipation of large-scale zonal flows in the upper Jovian
atmosphere. The underly surface 1S then assumed to be the
surface of the thick adiabatic gaseous layer located below the
upper layer of clouds which bears the large—scale vortices 1ike the
ovian Great Red Spot (see [3,241). Thus the friction of the
rotating shallow water against the bottom of the vessel used for
the laboratory modeling of the mechanism which %enerates the spiral
structures in galaxies is not an Interference, but a necessary
condltion for Such a simulation to be adequate.

(4d). PREDICTION OF THE EXISTENCE OF INTERARM ANTICYCLONIC VORTICES
IN SPIRAL GALAXIES

The exgerimental data 8resented above (see, for example, Fig. 15)
have allowed us to predict [25] that glant anticyclonic vortices
havin%ydimensions oI the order of the Rossby-Obukhov radius, Rr,
and physlcally similar to those observed in the experiments
described, should exist in real %alaxies, in the region of the
velocity Jump. The recent Study by an international team of
astronomers, based on the laboratory experiments described (see
[26] and the lecture by A.Fridman in this 1ssue), may be considered
as the dlrect evidence for the existence of the galactic vortices
under discussion. The study [261 was sgecially intended to verify
the grediction under consideration. Using the 6-meter reflector at
the Special Astronomical Observatory, the field of velocitles and
the dlstribution of ionized hydrogen were investigated for the
dual-arm galaxy Mrk 1040, which has a Jump 1In its rotatlon curve.
The authors of the mentioned paper believe that the areas predicted
on the basis of laboratory simu ations, that is, areas of
anticyclonic matter motion and low hydrogen density, have been
ldentified unambiguously between the spiral arms and that the
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radial dimensions of those areas are nearly equal to the
Rossby-Obukhov radius, in accordance with the above-mentioned
prediction.

It should be noted that the gravitational (not hydrodynamical)
concept [27]1 also assumes the existence the closed trajectories of
particles in splral galaxies. However, this concept has been made
wlthin the framework of the single-particle approximation, whereas
the concegt considered has been based on collectlve motion of the
medium under study.

(4e). CONCLUSION

Thus, the totality of the regularities presented in this aper
allows one to believe that there is a common physical mechanism
generating large scale (gilant) vortices in planetary atmospheres
and spiral structures in galaxies. More detailed study shows that
this mechanism 1s likely connected with the centrifugal Instability
of rotating flows having a velocity shear ([1, 20, 281).

In conclusion, one has definite grounds for belleving that the

- rotating shaalow water modeling of astro%hysical structures seems
to be rather fruitful and adequate (see [1,201.
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FIGURE CAPTIONS

Fig.1. Zonal flows in Jugiter's atmosphere: the wind veloclity, u,
as a function of the latltude (eastward direction is positive) (2].
The coordinates of lar%e, long-lived vortices are shown for the
Great Red Spot (GRS), Little Red Spot (LRS), White Ovals (W0),
Barges (B). Symbols in the bracket§ denote the vortex sign:

a - anticyclone, ¢ - cyclone.

Fig.2. Schematic drawing of the experimental set—ugs (11 for
exclting and studying s n§1e Rossby solitons in a Tree motion
(left) and for the genera Ing chalns of Rossby vortices by the
unstable zonal flows (right) : (1) Vessel of a nearly paraboloidal
form (the dlameter of the small vessel is 28 cm, that of the large
vessel is 72 cm, the height of the vessel 1s equal to 1ts radius);
(2) free surface of the shallow water which Spreads along the
parabolic bottom when rotating; (3) a photographic camera rotating
with a vessel or together with a vortex; (4§Trotating "pumping
disk"; (5) and (6)- rotating rings producing counterstream ng
flows. The garaboloid rotates around a vertical axis counter
clockwise with anﬁular frequency Qo. In the tog views the solid
. arrows indicate the anticyclonic direction of the pumping disk
rotation and the directions of the zonal flows for the case of
anticyclonic vorticity; the dashed arrow shows the drift direction
0f the Rossby solitary vortex in the left layout (the vortex falls
behind the global rotation of the fluld). The angle a 1s the local
??g%g betgeen the rotation axis of the vessel and the normal to the
uld surface.

Fig.3. An example of an anticyclonic Rossby solitary vortex
visualized with the aid of test particles floating on the surface
of water colored with N1SO4 and photograghed from above against the
white back§round of the vessel bottom. The pumping disk, 3 cm in
diameter, Is indicated by "D"; the white areas show the location of
the disk drive. The gicture was taken with a camera corotating with
the vessel, 2-3 s after the pumging dlsk had been switched off. The
vortex drifts in the clockwise Irection, 1.e. contrary to the
vessel rotatlon. (The small parabolold, Fig.2,a [11.)

Fig.4. The fluld capture and transgort by a drifting anticyclonic
vortex. The vortex was created by the "pumpin% disk", D, in
position 1, was colored with dye when in position 2, and
subsequently drifted clockwise, counter to the vessel rotation.
(The small paraboloid, Fig.2,a [11.)

Fig.5. Experimental configuration where a Rossby autosoliton was
produced:” (1) vessel with nearly garabolic bottom rotat at
angular rate W = 10.85 rads/s; (2) free surface of the f uid which
Spreads evenly over the bottom as the vessel rotates; (3) camera
rotating at at an adjustable angular rate W ; (4) ring rotating
faster than the vessel; (5) ring rotatin% Slower than the vesSel;
(6) bottom zone between the mov rings (11 cm wide along the
meridian); (7) semi-transparent mirror: (8) rotoscope based on a
Dauvet prism rotating at angular rate W/2 s D=28%¢om [1].

F1§.6. Flow pattern in free-surface shallow water for a smooth
velocity proTile and anticyclonic vorticity of the counter
streaming flows: experimental configuration as in Fig.5.
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Fig.7. Flow gatterns in free-surface shallow water in the case of
smooth veloclty profile (a) for anticyclonic and (b) for cyclonic
¥?€t%city of counterflows (experimental configuration as in Fig.2,b

Fig.8. Flow gatterns In free-surface shallow water in the case of
steeg velocliy proflle (a) for anticyclonic and (b) for cyclonic
¥?€t clty of counterflows (experimental configuration as in Fig.2,b

Fig.9. Decrease in the number (m) of antleyclonic vortices in a

chaln with an Increase in the velocity of counterstreaming flows
(experimental configuration as in Fig.5 [11].

Flg.10. Rossby solltary vortex: three realizations for anticyclonic
counterflows with smooth veloclty profiles. The photo aphs were
taken under the ldentical conditions of vortex generatlon and
11llustrate the dynamical behavior of the vortices as a function of
time as they drift. This may be regarded as a %uasi—stationary
%???ratory model of the GRS (experImental configuration as in Fig.5

Fig.11. The set-up "Spiral": 1 - “"core"; 2 - "periphery";

3 - shallow water layer colored in green; 4 - incandescent lamp;
S - red light filter; 6 - camera. First modification: D=28 cm,

R=4 cm, the "geriphery" 1s flat (horizontal) and immovable (see

[1,19, and ReTs. clted there). Second modification: D=60 cm,

R=8 cm, the periphery is parabolic and rotating ([1, [20].

F1§.12, (a-d). Tralling spiral waves of surface density excited in
differentially rotating shallow water: azimuthal modes m=3,2,1,0.
The "core" and the spiral pattern are rotat1n§ clockwise, the
"periphery" 1s at rest (the first setup modification---see caption
to Fig.11). Black (white) parts of the pattern are the elevatlons
(de%ressions) 0f the shallow water (see the Refs. pointed in
capilon to Fig. 11). From [1,20].

Fi%.13. Tralling splral waves of surface density excited in
differentially rotating shallow water: mode m=2 with Q1 = 13 rad/s,
(2 = 2.6 rad/s, shallow water thickness H=0.35 cm. The core, the
periphery, and the spiral pattern are rotating clockwise (the
Second setup modification---see caption to F1§} 11). The angular
veloclty of the pattern rotation 1s Qp = 6 rad/s. The dark circle
Intersected by the spiral arms is the line of the rotation velocity
Jump. From [1,20].

F1§.14. Right-hand limits for the existence of spiral patterns with
different number of arms, m, with a changing (Increasing) flow
veloclty shear between the core and the periphery under the
experimental conditlons of Fig. 12 ([1,201).

Fi%. 15, Spiral-vortex structures excited in differentially
rotating shallow water; the camera rotates with the pattern;
experimental configuration as in Fig. 12.
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