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Abstract We present a method for generating isolated
monopolar vortices in rotating tank experiments. The
technique is based on the electromagnetic forcing commonly used in nonrotating systems, which consists of setting a vertical magnetic field—parallel to the rotation
axis—and a horizontal density current in an electrolytic
fluid layer. The magnetic field is provided by a permanent
magnet placed underneath the central point of the fluid
container, while a radial density current is established
between a central electrode and a number of opposite-sign
electrodes at the periphery. The resulting azimuthal Lorentz force creates a monopolar vortex. It is shown that the
generated vortices are axisymmetric and isolated, that is,
their total circulation is zero. Cyclonic or anticyclonic
vortices can be generated by choosing the appropriate
polarity of the electrodes or the orientation of the magnet.
The strength of the vortices is regulated by the magnitude
of the density current and by the forcing time. This method
allows the systematic study of the unstable evolution of
isolated vortices, which is characterized by the formation
of multipolar vortices.
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1 Introduction
The dynamics of nearly two-dimensional vortices is commonly studied by means of laboratory experiments. The
two-dimensionality of the flow is usually obtained either in
a rotating fluid tank or in a shallow fluid layer (for a recent
review see van Heijst and Clercx 2009). This type of
experiments is often used in the context of geophysical
fluid dynamics, where large-scale vortices in the oceans
and in the atmosphere, with diameters of a few hundreds of
kilometer, are strongly affected by the rotation of the Earth
and also by their small aspect ratio (vertical over horizontal
length scales). As a consequence, their motions are predominantly horizontal.
In two-dimensional fluid dynamics, there are several
types of vortices (monopoles, dipoles, tripoles) and methods to generate them (Hopfinger and van Heijst 1993).
Here, we focus on monopolar, isolated vortices. These
structures are axisymmetric, and they are characterized by
a central vorticity distribution with a given sign, surrounded by a ring of opposite-sign vorticity, such that the
total circulation is zero (Carton et al. 1989). Sometimes
they are referred to as ‘‘shielded’’ or ‘‘Gaussian’’ vortices.
A simple model of an isolated vortex was proposed by
Flierl (1988) for piecewise uniform axisymmetric vorticity
profiles: a central circular patch with uniform vorticity surrounded by a ring of opposite-sign vorticity. A more realistic
model was studied by Carton et al. (1989), who investigated
the dynamics of isolated vortices characterized by an axisymmetric continuous vorticity distribution of the form
h
h  r a i
a  r a i
xðrÞ ¼ x0 1 
exp 
;
ð1Þ
2 R
R
where r is the radial direction (measured from the center of
the vortex), x0 is the peak vorticity at the vortex core, and
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R is the radial length scale. The parameter a measures the
steepness of the vorticity profile. The corresponding
azimuthal velocity profile is given by
h  r a i
x0 r
exp 
vðrÞ ¼
:
ð2Þ
2
R
Isolated vortices obeying (1) and (2) were found in
laboratory experiments by van Heijst and Kloosterziel
(1989) and van Heijst et al. (1991). In these studies, the
vortices were forced manually by stirring the fluid inside
a bottomless cylinder in a rotating tank, and then
removing it, thus releasing the swirling vortex in the
ambient fluid (this is the so-called stirring method).
Another method to create isolated vortices is the
gravitational collapse (Kloosterziel and van Heijst
1992), which consists of immersing a solid cylinder
with a given radius at a certain depth; afterward, the
cylinder is removed and fluid flows radially inward
generating a cyclonic vortex. Of course, anticyclones
cannot be generated with this technique.
The stirring method is not suitable to reproduce systematically experimental results because the manual forcing is difficult to control. In contrast, we describe an
electromagnetic technique to generate isolated monopolar
vortices in a rotating system, both cyclones and anticyclones. Our aim is to show that this procedure allows the
generation of single isolated vortex obeying (1) and (2),
that is, with predetermined parameters x0, R and a.
The method is based on the Lorentz force induced in a
conductive fluid in the presence of an electric density
current and a magnetic field. It was proposed in the late
1960s by the former Soviet researchers to investigate the
dynamics of vortex structures in thin fluid layers (see the
review by Bondarenko et al. 2002). Since then, it has been
used in several works to study the evolution of nearly twodimensional vortical flows (Sommeria 1986; Tabeling
et al. 1991; Clercx et al. 2003; Figueroa et al. 2009). In
particular, Sommeria (1988) generated vortices in thin
layers of mercury subjected to a uniform vertical magnetic
field. The electromagnetic forcing in these studies is usually applied in shallow flows (fluid depth of a few millimeters) because the vertical magnetic field in typical
magnets rapidly decays with height. There are few experimental studies applying this technique in rotating systems,
most of them still using thin layers (about 1 cm, see Afanasyev and Wells 2005; Espa et al. 2008; Duran Matute
et al. 2012). Espa et al. (2009) used a 4-cm fluid layer in
order to study quasi-two-dimensional geostrophic turbulence. In this study we use a rotating fluid tank with a total
depth of 8.5 cm. Rotation effects allow the electromagnetic
forcing to be distributed over the whole fluid depth,
according to the Taylor–Proudman theorem. The advantage
of using deeper fluid layers is that bottom friction is
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strongly reduced in comparison with the nonrotating case
(Zavala Sansón and van Heijst 2000; Espa et al. 2009).
The importance of designing experimental methods to
gain control over the characteristics of isolated vortices is
that these structures are unstable, and their subsequent
evolution is closely related to their initial axisymmetric
profile. In addition, there is a strong difference between
cyclones and anticyclones due to the competition between
barotropic and centrifugal instabilities, as recently discussed by Carnevale et al. (2011). When forcing cyclonically with the stirring method, van Heijst and Kloosterziel
(1989) and van Heijst et al. (1991) found that the vortices
develop barotropic instabilities with azimuthal wave
number m = 2 (with m an integer), which deform the initially circular vortex and often lead to the formation of a
tripolar structure [a behavior anticipated in numerical
simulations by Carton et al. (1989)]. The cyclonic tripole is
characterized by a central core with two anticyclonic vortices at the flanks, and the whole structure steadily rotates
in the sense of the central vortex. In contrast, when stirring
anticyclonically, Kloosterziel and van Heijst (1991) found
that the vortices were centrifugally unstable, rapidly
breaking into two dipolar vortices moving in opposite
directions.
Tripolar vortices are relatively easy to reproduce.
However, barotropic instabilities with wave number m [ 2
might lead to the formation of multipolar vortices. In these
structures, m satellite vortices emerge along the periphery
of the original central vortex core, i.e., from the outer ring
of opposite-sign vorticity. The observation of three satellites (unstable mode m = 3, thus creating triangular vortices) was achieved by Beckers and van Heijst (1998) in a
stratified fluid, and by Carnevale and Kloosterziel (1994) in
a rotating tank using the stirring method in anticyclonic
vortices. Recently, Trieling et al. (2010) were able to force
multipolar vortices (tripoles, quadrupoles, pentapoles) by
rotating two concentric cylinders with different radii, both
immersed in the fluid rotating system. The resulting vortices emerged depending on the ratio between the radii of
the cylinders.
In the present paper, we mainly focus the discussion on
the generation method and the resulting axisymmetric
vortices. In Sect. 2 we describe in detail the experimental
technique. Section 3 presents the results of axisymmetric
vorticity profiles, both for cyclones and for anticyclones.
Special attention is given to the case of anticyclonic vortices, which remain circular during a time span long
enough to measure their radial profiles before getting
unstable. To our knowledge, anticyclonic profiles have not
been reported before. The posterior unstable evolution is
briefly discussed for some cases, especially the generation
of triangular vortices emerging from anticyclones. In Sect.
4 we discuss the advantages and limitations of the proposed
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Fig. 1 Sketch of the experimental setup. The left panel shows a side
view of the rotating tank. Note the parabolic bottom to avoid freesurface effects. The permanent magnet is placed underneath the

center of the container. The disposition of the electrodes is better
appreciated in the upper view shown in the right panel

methodology and present some final remarks and
conclusions.

Table 1 Experimental parameters

2 Experimental method
2.1 Rotating tank
The experimental setup is shown in Fig. 1. The experiments were performed in a cylindrical tank with horizontal
diameter of 60 cm and vertical height of 30 cm. The tank
was placed on an anticlockwise rotating platform whose
angular speed was X ¼ 0:5 s-1. This value implies a
rotation period of T ¼ 2p=X  12:5 s and a Coriolis
parameter of f ¼ 2X ¼ 1 s1 . The tank is set in rotation at
the specified angular speed for about 30 min in order to
ensure that the fluid has reached a state of solid-body
rotation before the start of an experiment. The depth fluid
in rest was H = 8.5 cm. In order to maintain the same
depth at every point in the rotating system, the bottom of
the tank was designed with a parabolic shape that coincides
with the parabolic deformation of the free surface (Fig. 1).
Measured from the center of the tank, such a deformation is
f2r2/8g (g is gravity), which is less than 1 mm and therefore
much smaller than H.
Flows in rotating tank experiments are mainly affected
by bottom friction effects (see, e.g., Zavala Sansón and van
Heijst 2000). These are effective at a timescale
TE ¼ H=ðmXÞ1=2 , with m the kinematic viscosity of the fluid
(0.01 cm2 s-1). In the present experiments, TE & 120 s or
about 10T. Most of the relevant stages in the vortex evolution are observed in much shorter periods, so bottom
friction effects are considered unimportant. Table 1 summarizes the important experimental parameters.

Definition

Notation

Value

Units

Coriolis parameter

f

1

s-1

Rotation period

T

12.5

s

Fluid depth

H

8.5

cm

Kinematic viscosity

m

0.01

cm2 s-1

Ekman period

TE

120

s

Density

q

1.014

g cm-3

Electric conductivity

r

2

S m-1

Mean magnetic field

B

0.3

T
cm

Scale of the magnet

Lm

4.5

Electric current

I

0.5–2

A

Forcing time

Tf

3–50

s

2.2 Electromagnetic forcing
The method is based on the electromagnetic force induced
in a conductive fluid by applying a horizontal density
current and a vertical magnetic field (Sommeria 1986). The
Lorentz force is F = J 9 B with J and B the density
current and the magnetic field, respectively.
In order to have a conductive fluid, we added 14 g l-1 of
salt in all experiments. The electrical current is generated
by means of four electrodes: one at the center of the tank
and three electrodes disposed at 15 cm from the center and
forming an equilateral triangle (see Fig. 1). The electrodes
are carbon cylinders with a diameter of 2 mm. By plugging
in a DC supply in the electrodes, this configuration implies
a nearly radial electric current I from/to the external electrodes to the center of the tank. Consequently, the radial
density current through a vertical cylindrical surface of
radius r centered at the origin is of the form Jr = I/
2pHr. Thus, the density current is more intense near the
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origin, where the vortices are generated, and it decays as 1/
r. Since the central electrode is rather thin, it is assumed to
have a small influence on the vortex evolution. In Sect. 4
we discuss in more detail the role of the number of outer
electrodes, as well as the influence of the central electrode.
The magnetic field is generated by a square permanent
magnet placed beneath the central part of the tank. The
dimensions of the magnet are 4.5 cm 9 4.5 cm 9 2.5 cm,
and it has an approximate maximum value of 3,000 G (0.3
T). The most important contribution of the magnetic field is
the vertical component Bz, which has a maximum at the
central part of the magnet, and rapidly decays outward.
Besides square magnets, we have used others with a
cylindrical shape, and the obtained results were very similar. The square magnet was chosen because it had the
highest intensity among the available magnets.
Thus, the combination of the radial density current and
the vertical magnetic field provides a Lorentz force
Fh = JrBz in the azimuthal direction, around the central
electrode. Note that this force can be applied in both
clockwise and anticlockwise directions; hence, cyclonic or
anticyclonic vortices can be generated in rotating tank
experiments. The sign of the forcing can be changed by
simply inverting the DC current or by inverting the magnet.
The Lorentz force is applied during a time span of Tf, and
then interrupted by turning off the DC current. The forcing
time is varied from 3 s (*T/4) to 50 s (*4T) depending on
the type of experiment.
A practical assumption to estimate Fh over the magnet is
to consider the density current Jr at the length scale R and
the maximum vertical magnetic field B0:
Fh 

IB0
:
2pHR

ð3Þ

The initial forcing is characterized by the ratio between
the Lorentz force and the viscous force, known as the
Chandrasekhar number, Ch = Fh/Fm. Considering a
velocity scale x0R, the viscous shear is approximated as
Fm * qmx0/R. This yields Ch & I B0/2pqmx0 H. Using
values in Table 1, and assuming x0 * 3 s-1 and R * 3 cm
(as shall be shown in the next section), Ch is within the
range of 102–103, so the initial forcing overcomes
viscosity. The magnetic field induced by charges in
motion is assumed to be very small in comparison with
B0 (small magnetic Reynolds number regime).
We verified that the magnitude of the magnetic field in
the vertical direction decays rapidly (e.g., Figueroa et al.
2009), so the applied forcing is concentrated near the first
2–3 cm over the solid bottom. However, this forcing is
immediately transmitted to the whole fluid column in a
rotating system, according to the well-known Taylor–
Proudman theorem. This is a great advantage of rotating
tank experiments because it allows the use of relatively
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deep fluid layers while keeping the two-dimensionality of
the flow. In contrast, in the absence of rotation, it is more
convenient to use shallow fluid layers, as in most of the
previous experimental studies using electromagnetic forces (see references in Sect. 1). Another advantage of the
rotating case is that the experiments are barely affected by
bottom friction in a fluid layer of about 10 cm, in comparison with shallow fluids with depth of 1 or 2 cm,
which are strongly damped by the so-called Rayleigh
friction.
The nondimensional numbers that characterize the vortices are the Rossby number Ro = x0/f and the Reynolds
number Re = x0R2/m. Using typical x0 and R values
(presented in next section) yields Ro * O(1), while the
Reynolds number is approximately *1,200.
2.3 Procedure
Once the fluid tank is in solid-body rotation, an experiment
starts by switching on the DC current (t = -Tf). Initially,
the sudden forcing together with the electrochemical
reaction of the central electrode with the electrolytic fluid
generates some turbulence around the origin. However, the
fluid motion is predominantly azimuthal and rapidly
spreads radially outward around the origin. When the DC
current is switched off at time t = 0, the flow has been
organized into a monopolar, isolated vortex.
All experiments were recorded and analyzed quantitatively. The horizontal velocity and relative vorticity fields
were obtained by a standard particle image velocimetry
(PIV) method. The fluid was seeded with polyamide particles (50 lm) and recorded with a CCD camera mounted
on the rotating platform. A horizontal area at the free
surface was illuminated with a laser sheet. The field of
view is a rectangle of 33 cm 9 25 cm. The PIV analysis
was applied to the subsequent images with the FlowManager v4.60 software from Dantec Dynamics. The velocity
field (u, v) is calculated by means of PIV measurements in
a planar Cartesian coordinate system (x, y). The vertical
component of the relative vorticity is calculated by taking
the curl of the measured horizontal velocity field,
x = vx - uy. Qualitative observations were obtained by
adding fluorescent dye to the generated vortices.

3 Results
Since the detailed behavior of cyclonic and anticyclonic
vortices is essentially different, we first analyze the generation of cyclones and afterward we examine anticyclones. It is useful to begin with the cyclonic case since
these vortices are more stable than anticyclones, and
therefore, they are more easily generated and measured. In
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both cases, we focus the discussion on the initial stage, at
which the vortices present an axisymmetric shape during a
number of rotation periods. We shall also briefly mention
the posterior unstable stages of some vortices.

this, the structure maintains the two-dimensional character
with no visible vertical motions.
Figure 3 presents the experimental and calculated vorticity profiles of three examples in which Tf is much shorter
(Tf* T/3, T/2 and T) and the forcing current is higher (2 A).
Panels a, b and c present the initial profiles at t = 0. The peak
vorticity is clearly associated with the forcing time: the
longer Tf, the stronger the vortex. In contrast, the length scale
of the cyclone R remains the same regardless of the forcing.
This is due to the fixed size of the magnet beneath the container and therefore of the spatial distribution of the Lorentz
force. The value of the steepness parameter a is about 2.
Panels d, e and f in the same figure show the corresponding
profiles of the same vortices at t = 2T. The circular shape of
the vortices is clearly preserved. In addition, the peak vorticity is decreased, and the length scale increases as viscous
effects produce a gradual decay and expansion of the vortices. This is a well-known behavior observed in several
experimental studies (e.g., Zavala Sansón and van Heijst
2000). However, the steepness parameter presents a subtle
but measurable increment in all cases.
Cyclones are barotropically unstable, and the most
energetic instability is the azimuthal mode with wave
number m = 2, which leads to the formation of tripolar
vortices. A cyclonic vortex generated with the electromagnetic method that turns into a tripole is shown in
Fig. 4a. In this case the forcing time was very long Tf = 37
s (about 3T) and the forcing current very weak, I = 0.5 A.
Another well-known instability is observed when vortices
are forced with a more intense current for a shorter period.
In this case the cyclones break up into two dipoles moving
in opposite directions (Fig. 4b). Besides these two cases,
we did not observe any other structures during the unstable
evolution of cyclonic vortices, regardless of the imposed
forcing conditions.

3.1 Cyclonic vortices
Figure 2 presents a typical case of a cyclonic vortex just
after the forcing was stopped. Panel a shows the photograph of the free surface where the vortex is visualized
with a small amount of dye. This image illustrates the
circular shape of the cyclone. Panel b presents the corresponding velocity field calculated with the PIV
method. By localizing the center of the vortex, the radial
profile of the azimuthal velocity and vertical relative
vorticity is calculated. Panel c shows the vorticity profile, where dots indicate the experimental values and the
solid line is the best fit of an isolated profile defined by
(1). The figure also shows the corresponding parameters
x0, R and a. The quasi-perfectly circular shape of the
qualitative and quantitative images of the vortex (panels
a and b), as well as the remarkably good agreement of
the radial distribution of vorticity with the isolated
vortex model, indicates that the method is suitable for
generating this type of vortices. In all the experiments
with cyclonic vortices, the structures remain nearly circular during at least five rotation periods before getting
unstable.
The strength of the vortex depends on the forcing time
Tf and on the applied current I. The vortex in Fig. 2 was
forced with a weak current (I = 0.5 A) during a relatively
long forcing time (Tf = 4T). As a result, the vortex is very
intense, x0/f = 3.7. Previous studies reporting the generation of vortices with the stirring method report similar
values (e.g., Kloosterziel and van Heijst 1991). Despite
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Fig. 2 Cyclonic vortex generated with a forcing current I = 0.5 A
during Tf = 4T. The images correspond at time t = 0, just after the
forcing was stopped. a Photograph of the vortex visualized with
fluorescent dye. The image shows the white particles dispersed over
the fluid surface over a dark bottom. The central electrode is visible at
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3.5 cm s-1. c Radial profile of the relative vorticity. Dots indicate the
experimental values, and the solid line is the best fit of an isolated
profile defined by (1)
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3.2 Anticyclonic vortices
Previous experimental studies on axisymmetric isolated
vortices are mainly focused on cyclonic vortices, because
anticyclones are centrifugally unstable and therefore they
rapidly break up in the form of two dipoles moving in
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Fig. 4 Unstable stages of
cyclonic vortices. a Tripolar
vortex at t = 7.8T. The forcing
parameters are I = 0.5 A and
Tf = 3T s. Upper panel shows a
photograph of the flow
visualized with dye. Lower
panel presents positive (blue)
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vorticity contours every 0.04
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forcing current I = 2 A, and
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opposite directions (Kloosterziel and van Heijst 1991).
Here, we show that the proposed electromagnetic method
allows the generation of initially circular anticyclonic
vortices, at least for about two rotation periods (recall that
now the polarity of the electrodes has to be inverted in
order to generate anticyclones). At longer times, the
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vortices get unstable. Due to this short time span, the
measurement of the radial profiles of an anticyclonic vortex
is much more difficult to achieve and control than in the
cyclonic case. Very likely, this is the reason why previous
investigations have not reported isolated anticyclonic
profiles.
Thus, in order to generate anticyclonic vortices that
remain circular for a few rotation periods, it is required to
apply a weaker forcing than those used in experiments with
cyclones. We achieve this by using a fixed forcing time of
Tf = T/4 (about 3 s) and a moderate electric current. Let us
first present a typical experiment of an initially circular
vortex forced with a current of 0.9 A (Fig. 5). Panel a
presents the velocity field at t = 2T, which is a time lapse
at which the vortex still maintains a clearly circular shape.
The measured radial profile of the vorticity and the fitted
curve (1) are shown in panel b. The corresponding azimuthal velocity profile is presented in panel c. These plots
reveal the isolated character of the structure: a core of
negative vorticity surrounded by an annulus of cyclonic
vorticity.
In order to study the vortex parameters x0, R and a as a
function of different electromagnetic forcing, we performed experiments for three different values of the electric current I: 0.6, 0.9 and 1.1 A (keeping the forcing time
Tf = T/4). Each case was repeated four times for a total of
12 experiments. Let us first discuss the effect of the forcing
current by looking at the vortices at a fixed time 2T. Figure 6 shows the fitted profiles for the three different
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Fig. 6 Anticyclonic vorticity
profiles at time t = 2T in
experiments repeated four times
with different forcing currents.
In all cases Tf = T/4 s.
a I = 0.6 A. b I = 0.9 A.
c I = 1.1 A. The average vortex
parameters are presented in
Table 2, and the corresponding
average profile is shown in
Fig. 7a
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Fig. 5 Anticyclonic vortex
generated with a forcing current
I = 0.9 A during Tf = T/4. The
images correspond at time
t = 2T. a Horizontal velocity
field. Maximum speed is
0.75 cm s-1. b Radial profile of
the relative vorticity according
to formula (1). c Radial profile
of the azimuthal velocity
according to expression (2)

currents. Each panel presents the four repetitions for each
case. Note from these plots that the higher the forcing
current, the stronger the vortex peak vorticity x0. This
behavior is equivalent to that found for cyclones. An
important point is the reproducibility of the experiments.
Figure 6a, b (forcing currents of 0.6 and 0.9 A) shows that
two of the four experiments were very similar, while the
other two presented some differences in the peak vorticity
over the average value. In contrast, the four experiments
with the current of 1.1 A are nearly identical (Fig. 6c). This
indicates that stronger vortices are more robust to reproduce. A reason for this is that weaker structures are more
prone to be affected by unavoidable experimental errors,
such as wind forcing, bottom friction or any other systematic sources of error.
More general conclusions can be derived from average
values over the four repetitions for each forcing current.
First, the average vortex profiles at a given time (2T) are
shown in Fig. 7a. The parameters of these profiles were
calculated as the average of the parameters obtained for
each one of the four experiments for each forcing current.
The numerical values are presented in Table 2 (second
row). It is verified that stronger currents lead to stronger
vortices on average, as discussed before. The length scale
R is also relatively similar: Note that the profiles change
sign approximately at the same radial distance (about
3–3.5 cm). The reason is evidently that such a scale is
determined by the size of the magnet. However, this scale
is somewhat smaller than that found for the cyclonic cases,
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(dotted-dashed)
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Table 2 Vortex parameters of anticyclonic profiles for two forcing
currents (0.9 and 1.1 A) at three different times (1.5T, 2T and 2.5T)
Current
0.6 A

0.9 A

1.1 A

Time

x0 (s-1)

R (cm)

a

1.5T

-0.34 ± 0.13

3.49 ± 0.41

1.90 ± 0.11

2T

-0.38 ± 0.11

3.14 ± 0.32

1.86 ± 0.05

2.5T

-0.51 ± 0.11

3.10 ± 0.11

1.89 ± 0.07

1.5T

-0.86 ± 0.19

3.00 ± 0.21

2.04 ± 0.06

2T

-0.82 ± 0.19

3.10 ± 0.31

2.16 ± 0.23

2.5T

-0.74 ± 0.13

3.24 ± 0.22

2.28 ± 0.14

1.5T
2T

-1.13 ± 0.26
-1.00 ± 0.05

3.16 ± 0.10
3.41 ± 0.21

2.08 ± 0.11
2.34 ± 0.16

2.5T

-0.89 ± 0.15

3.48 ± 0.10

2.39 ± 0.07

Each case is the average of four different experiments ± a standard
deviation

which is presumably due to the shorter forcing time. The
radial profile steepness a slightly increases for stronger
currents, but the variations are small, so a representative
value for all cases is between 2 and 2.4.
How is the time evolution of the isolated profiles? Now
we take the reproducible case (1.1 A) and examine its
average time evolution at times 1.5T, 2T and
2.5T (Table 2). Figure 7b shows the average profiles at
each time. First, note that the peak vorticity slightly
decreases in time, due to viscous effects as the flow decays.
Recall that the forcing at these times was already switched
off and the vortex is being damped by bottom and lateral
friction. In addition, the shape of the vortices away from
the center (determined by R and a) remains very similar:
The three profiles are nearly indistinguishable.
Now we briefly discuss the unstable evolution of anticyclones. As mentioned before, anticyclonic vortices are
very unstable and they rapidly lose the axisymmetric shape
after a few rotation periods. Similarly to cyclones, negative
vortices may develop into tripoles and into divergent
dipoles. Figure 8 shows a tripolar vortex that emerged from
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an anticyclone. Anticyclonic tripoles have been rarely
observed in the laboratory (for instance, Carnevale et al.
2011). A more striking example not observed in the
cyclonic case is the formation of more than two satellite
vortices around the negative vorticity core. Figure 9 shows
the evolution of an anticyclonic vortex that displays these
characteristics. From the very beginning, the vortex already
shows the annulus of positive vorticity (t = T), which in
fact presents the shape of almost a square vortex. This
structure rapidly disappears, and at the subsequent five
periods (t = 2T - 5T), a triangular vortex is generated.
Recall that the whole structure rotates in the same sense as
the vortex core, that is, clockwise. The last three panels
(t = 6T - 8T) show that two of the satellites merge in such
a way that the final structure is a tripolar vortex. The formation of triangular vortices emerging after two or three
rotation periods was relatively easy to reproduce. In contrast, the observation of square vortices at very early stages
was not always observed.

4 Discussion and conclusions
We presented an electromagnetic method to generate isolated, monopolar vortices in a rotating fluid tank. These
vortices are characterized by the vorticity and azimuthal
velocity radial profiles (1) and (2). Most of isolated vortices
studied in the previous laboratory experiments were generated by means of the stirring method (Kloosterziel and
van Heijst 1991). However, with this procedure, there is
‘‘very little control over the details of the initial vorticity
profile’’, as pointed out by Carnevale and Kloosterziel
(1994). In contrast, the electromagnetic forcing provides
the possibility of carrying out experiments in a more systematic way, and with better control of the initial vortex
parameters.
The parameter most easily controlled is the peak vorticity x0. Its value directly depends on the magnitude of the
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Fig. 8 Photographs of the unstable evolution of an anticyclonic vortex that turns into a tripolar vortex at times a t = 1.8T and
b t = 7.9T. Images show an area of 21 cm 9 21 cm
Fig. 9 Unstable evolution of an
anticyclonic vortex generated
with an electric current I = 0.9
A during a Tf = T/4. The
photographs and relative
vorticity contours are presented
for each period of the rotating
table. The increment of the
contours is 0.025 s-1. The initial
pattern in the first rotation
period resembles a quadrupolar
vortex. A triangular vortex is
formed between 2T and
5T. Afterward, two of the
satellites merge, and the final
structure is a tripole

applied forcing, in our case the forcing current I or the
forcing time Tf. The size of the vortices R depends directly
on the size of the magnet below the tank, and to some
extent on the forcing time. A more subtle case is the

steepness parameter a, but the experimental results suggested that 2 \ a \ 3.
There is a clear difference between cyclones and anticyclones. Cyclones are able to maintain the axisymmetric
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shape for relatively long periods (several rotation periods
of the system), before becoming barotropically unstable.
The initially stable structure of cyclonic vortices was
clearly observed using the electromagnetic method. In
contrast, anticyclones are subject to centrifugal perturbations at early stages, which are characterized by vigorous
vertical motions. As a result, anticyclones hardly maintain
an initially circular shape during a couple of rotation
periods, at the most. It is therefore much more difficult to
measure anticyclonic axisymmetric profiles, and perhaps,
this is a reason why previous studies usually do not report
them. With the present method, we have been able to
examine anticyclonic profiles for different forcing currents
and during different times before getting unstable.
Regarding the unstable evolution, isolated vortices are
subject to the competition between barotropic and centrifugal instabilities (Carnevale et al. 2011). Centrifugal
effects, associated with high Rossby numbers, lead the
vortices to break up into two dipoles moving in opposite
directions, as observed by Kloosterziel and van Heijst
(1991) for anticyclones. This behavior was observed here
for strong cyclones, which can also be centrifugally
unstable (Orlandi and Carnevale 1999).
A different type of perturbation are the barotropic
instabilities, which are characterized by an azimuthal wave
number m around the circular vortex. Previous linear stability analyses have shown that the growth rate of unstable
barotropic modes depends on the steepness parameter a
(Carton et al. 1989). According to numerical simulations,
tripoles (m = 2) result when 1.85 \ a \ 3 (Kloosterziel
and Carnevale 1999). Here, we have shown the formation
of an anticyclonic tripole, a structure rarely reported in the
previous studies (e.g., Carnevale et al. 2011). Triangular
vortices (m = 3) emerge for a & 3 or larger. The present
results suggest that the anticyclonic triangular vortex can
be formed for a \ 3. For higher a-values, there might be
the combination of different modes that lead to the formation of four or more satellite vortices (Carnevale et al.
2011; Trieling et al. 2010). Multipoles are usually
observed only in anticyclonic vortices. The reason is
associated with early centrifugal instabilities that trigger
the barotropic modes, which is an effect that is absent in
cyclones (Carnevale et al. 2011). Some of our experiments
with anticyclones suggest that there might be a very short
stage in which a square vortex (m = 4) emerges at the very
beginning of the experiments (t \ T) or even during the
forcing period. This configuration is rapidly transformed
into the triangular vortex, and after several rotation periods,
it decays into a tripolar vortex. This behavior suggests the
degradation of multipolar vortices into lower m modes. The
process of repeated satellite mergers was first observed in
numerical simulations by Carnevale and Kloosterziel
(1994). Part of our current research is devoted to refine the

123

Exp Fluids (2013) 54:1582

electromagnetic method, which should allow us to perform
detailed studies on vortex stability.
There might be a number of additional or different ways
to improve the experimental procedure. For instance, we
have used three electrodes in the experiments, which may
suggest that an m = 3 instability is favored. This was the
case in the experiments by Carnevale and Kloosterziel
(1994) and Beckers and van Heijst (1998), who used three
indentations symmetrically spaced in the cylinders with
which the vortices were created. However, in the present
method very similar results were obtained by placing four
electrodes disposed in a square configuration, which
strongly indicates that the m = 3 unstable mode was not
artificially forced. The reason is that the density current
around the central electrode is predominantly radial (over
the first 2–3 cm), so the forcing is mainly azimuthal. A
relatively easy way to improve the radial character of the
current is to use a conductive annulus around the center of
the tank as the external electrode, as in the experiments by
Sommeria (1988). The relevant point, however, is that a
small number of electrodes are sufficient to generate axisymmetric, isolated vortices.
Regarding the central electrode, one might think that
despite its very small diameter, it imposes a no-slip condition which might influence the behavior of the vortex (as
pointed out by a reviewer). Since we have found that the
central electrode does not seem to be relevant, we conclude
that the main reason is because the core of isolated vortices
is a stable region to both centrifugal and barotropic instabilities, as discussed by Carnevale et al. (2011). Regarding
centrifugal instabilities, the evolution of small perturbations is determined by the radial distribution of angular
momentum L: In a rotating system, the flow is unstable in
regions where dL2/dr \ 0 (Rayleigh’s criterion). Evidently,
this condition is not met at the core of the vortex [see, e.g.,
Fig. 5 in Carnevale et al. (2011)]. Regarding barotropic
instabilities, we have performed numerical simulations
with a purely two-dimensional model (not presented here),
in which very strong perturbations are imposed at the core
of the vortices, which, however, remained stable. On the
other hand, we tried to remove the central electrode in
some experiments, but the results were rather negative,
because it was difficult to avoid some dripping over the
free surface, hence perturbing the PIV measurements.
We mentioned that electrochemical reactions during the
forcing time generate some turbulence and hence vertical
motions. These reactions are specially observed when the
central electrode is used as the cathode (which depends on
how the DC supply is connected). We tried to use the
opposite configuration to avoid these disturbances, which
may trigger centrifugal instabilities that in turn affect the
evolution of the vortices. In order to minimize these
effects, one can use different materials. For instance,
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Sommeria (1988) used copper electrodes covered by a
nickel layer. Duran Matute et al. (2012) used titanium
electrodes. Here we have used simple carbon electrodes
which are very easy to acquire and to manipulate.
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