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Abstract
The long-time decay of rotating, homogeneous flows over variable topography is analyzed by means of
laboratory experiments and numerical simulations. The influence of the topography on the flow evolution
is associated with stretching and squeezing effects on fluid columns as they experience changes in depth,
and with viscous effects produced by the boundary condition at the solid bottom of the tank. In particular,
experiments with a sine-shaped topography in one of the horizontal directions are analyzed by using two
different basic flows. First, the evolution of dipolar vortices drifting across the topography while slowly
decaying, is examined. The second set of experiments considers the evolution and decay of an initially
circular vortex transforming into a tripolar structure. The experiments are well represented by numerical
simulations based on a quasi-two-dimensional formulation with variable topography.
The main result is that the long-term evolution of the flow (one or two Ekman periods, which are much
longer than the rotation period of the system) is characterized by the alignment of the flow along the
topographic contours. It is shown that the key process that leads to this phenomenon takes place as cyclonic
(anticyclonic) structures are cleaved in two parts over crests (troughs) of the topography. As a result, positive
relative vorticity is distributed on deep regions, while anticyclonic vorticity spreads over shallow parts of
the domain. In addition, it is numerically found that the dipole speed is somewhat slower than for the flat
bottom case, due to a more effective Ekman decay over variable topography. For circular, unstable vortices
where the horizontal length scale of the topography is comparable with the vortex diameter, the formation
of tripolar structures might be inhibited.
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1. Introduction
In rotating tank experiments with the rotation axis aligned with gravity, defined as the vertical
direction, the motion of a homogeneous fluid is predominantly horizontal. This behaviour is
observed when the associated Rossby number Ro = U/2ΩL is small (with Ω the rotation rate of
the system, U the horizontal velocity scale and L the corresponding horizontal length scale). This
phenomenon is commonly used as a laboratory model for mesoscale geophysical flows affected
by the Earth’s rotation, which also present a predominant horizontal motion. The 2D character of
such flows, however, is also associated with the small ratio between the vertical and horizontal
scales of motion and to stratification effects.
Since vertical motions are nearly suppressed, fluid columns move horizontally, with no tilting.
In a purely 2D flow the horizontal divergence is zero. When bottom topography presents spatial
variations, however, fluid columns might be stretched or squeezed as they experience changes
in depth. Furthermore, the presence of a solid bottom is able to break the 2D motion due to
the formation of a thin boundary (Ekman) layer. In both cases topography effects are usually
very weak, allowing their incorporation in “quasi-2D” physical models (see e.g. Zavala Sansón
and van Heijst, 2002). In this paper, the evolution and decay of homogeneous vortices over
variable topography in a rotating tank is analysed. The aim is to study the long-term (several
rotation periods) configuration of the flow depending on the shape of the bottom topography.
The study is extended by performing numerical simulations based on a quasi-2D formulation
including topography effects. As pointed out in a number of previous studies, this formulation is a
strongly simplified physical model for geophysical flows affected by the planet’s rotation. Despite
its limitations, quasi-two-dimensional models are very powerful instruments to understand the
essential physical mechanisms involved in rotation-dominated flows with topography.
The effects of variable topography on homogeneous vortices have been examined in several
studies, in which the characteristic horizontal and vertical length scales of the solid bottom are
crucial for the flow behaviour. For instance, the behaviour of monopolar vortices over a weak
uniformly sloping bottom (the so-called topographic ␤-plane) was studied experimentally by
Carnevale et al. (1991). In this configuration the horizontal length scale of the topography is
much larger than the scale of the vortex. The authors showed that cyclonic structures drift towards
shallow regions of the domain with a leftward inclination, that is, towards the local “northwest”
direction (due to potential vorticity considerations the shallow part corresponds with “north”,
whilst the deep part corresponds with “south”). This behaviour has been exploited by several
authors to study experimentally the ␤-drift of vortices (e.g. Velasco Fuentes and van Heijst, 1994;
Zavala Sansón and van Heijst, 2000a), which is analogous to the drift of geophysical vortices
on a planetary ␤-plane. In these cases, vortices tend to maintain their structure as they move,
although they are somewhat distorted due to topographic Rossby wave radiation. On the other
hand, when a barotropic vortex encounters an isolated topographic feature (e.g., a sea mountain)
with a horizontal scale of the same order, the flow evolution is often much more complicated since
the vortex structure might be strongly distorted (see e.g., Grimshaw et al., 1994; van Geffen and
Davies, 2000). In particular, a very characteristic interaction of monopolar cyclonic structures
above a tropographic ridge is the strong vortex deformation that eventually drives its cleavage
in two parts (Zavala Sansón, 2002). This complex phenomenon is a key process for the flow
behaviour observed in the experiments and simulations reported here.
In contrast with previous studies, the present paper is focused on the long-term evolution and
viscous decay of vortices over variable topography. The topography considered here is a sineshaped bottom in one direction, where the wavelength is of the same order than the vortex scale.
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In this way, the effect of a continuously variable, but still simple, bottom is analysed. Two wellknown types of vortices are considered: dipolar structures (see e.g., Meleshko and van Heijst,
1994) and tripolar vortices (van Heijst et al., 1991). It will be shown that, as vortices decay,
they get into a more geostrophic regime and then the flow will tend to follow the topographic
contours. This classical behaviour for rotation-dominated flows has been clearly illustrated by
Bretherton and Haidvogel (1976), who studied numerically the adjustment of an initially random
vorticity distribution over random topography in the quasigeostrophic context. The authors showed
that after several rotation periods of the system the final flow configuration is aligned with the
topography, with cyclonic circulation over hollows and anticyclonic structures over bumps (see
also Huppert and Bryan, 1976; Carnevale et al., 1995). The present study provides experimental
evidence of such behaviour, complemented with 2D numerical simulations based on shallow water
theory. Furthermore, the study of Bretherton and Haidvogel (1976) assumes a high Reynolds
number flow, while here dissipation plays an important role by damping the flow motion.
The paper is organized as follows. In Section 2 the experimental set-up is presented, as well as
the physical model used for interpreting the results. The laboratory experiments on the long-term
decay of dipolar and tripolar vortices over variable topography are presented in Sections 3 and
4, respectively. Both situations are numerically simulated in order to show the 2D character of
the experiments, as well as the physical mechanisms involved. A final discussion is presented in
Section 5 together with some final remarks.

2. Methods
2.1. Experimental set-up
The laboratory experiments were performed in a square-rotating container (with horizontal
dimensions 100 cm × 100 cm) filled with fresh tap water. The rotation rate of the tank (in anticlockwise direction) was fixed at  = 0.41 rad s−1 , which corresponds with a Coriolis parameter
f = 2 = 0.82 s−1 . The experimental procedure consisted of setting the tank at the specified constant rotation about 30 min before the start of an experiment in order to ensure that the fluid has
reached a state of solid body rotation (spin-up).
In all experiments the fluid depth at rest is H = 15 cm. The bottom of the tank is a sine-shaped
topography oriented along the x-direction, with wavelength L and amplitude A, so the fluid depth
is of the form H–A sin (2πx/L) (see Fig. 1). Typical values of the amplitude are A = 0.5–1 cm, so
the relative height of the topography is A/H = 0.033–0.066; wavelength values are L = 6–10 cm.
Topography contours in all experimental and numerical results presented hereafter are oriented
perpendicular to the x-axis. Furthermore, depth variations due to bottom topography (of order
1 cm) are more important than those due to the parabolic free surface along the tank (of order
1 mm).
Two types of barotropic vortices over this topography are studied, namely, the so-called dipolar
and tripolar vortices. The associated length and velocity scales, L and U, are of order 5–10 cm
and 1–3 cm s−1 , respectively. Thus, the initial Rossby number Ro = U/fL is moderate enough to
consider a quasi-two-dimensional motion. Once the vortices are forced, they initially present a
rather turbulent, three-dimensional behaviour; after one or two rotation periods, however, they
organize in vertical columns. In all cases, the flow was visualised by adding fluorescent dye to
the fluid before starting the experiments. The evolving dye distributions were recorded with a
co-rotating camera mounted at some distance above the rotating tank.
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Fig. 1. Schematic view of the rotating tank and the sine-shaped variable topography.

The duration of the experiments is of order
TE =

2
H
,
=
−1/2
fE
(νf/2)1/2

(1)

the Ekman time scale, where E = 2ν/(fH2 ) is the Ekman number and ν the kinematical viscosity
of water (≈0.01 cm2 s−1 ). After a few Ekman periods bottom friction effects become manifest,
and the flow is damped almost to rest. Note that the Ekman period (≈234 s) is much longer than
the rotation period of the system T = 2/ ≈ 15 s. Thus, both inviscid (associated with the shape
of the topography) and viscous topographic effects are fully considered in order to investigate the
final flow configuration.
2.2. Physical model
The physical model considered for the present problem is the quasi two-dimensional formulation reported in Zavala Sansón and van Heijst (2002), which is an extended version of classical 2D
models with topography but now including nonlinear Ekman effects. In this model, the evolution
equation for the vertical component of the relative vorticity, ω, has the following form:
∂ω
δE
δE
+ J(q, ψ) −
∇ψ · ∇q = ν∇ 2 ω −
ω(ω + f ),
∂t
2h
2h

(2)
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where 2 = ∂2 /∂x2 + ∂2 /∂y2 is the horizontal Laplacian and J the Jacobian operator. The potential
vorticity is
q=

ω+f
h

(3)

where h(x,y) is the total fluid depth, which in general depends on the horizontal coordinates (x,y)
due to topographic variations, and it is time independent by using the rigid-lid approximation. The
length δE = (2ν/f)1/2 is the thickness of the Ekman layer; all terms proportional to this parameter
are associated with Ekman friction. The relative vorticity can be written in terms of the transport
function ψ as
1
1
δE 2
ω = − ∇ 2 ψ + 2 ∇h · ∇ψ +
J(h, ψ).
h
h
2h h2

(4)

This formulation has been adopted since the long-term (a few Ekman periods) evolution of experimental flows can be numerically simulated with better accuracy in comparison with numerical
solutions obtained with more simple models (see also Zavala Sansón and van Heijst, 2000b). The
quasigeostrophic model can be recovered when considering topographic variations much smaller
than the total fluid depth. Of course, classical linear Ekman friction can also be recovered by
neglecting nonlinear Ekman effects and using the mean depth H together with the definition of
the Ekman number in the dominant, linear friction term at the right-hand-side of Eq. (2):
δE
1
fω → E1/2 fω.
2h
2

(5)

Linear Ekman damping is more effective over variable topography than on a flat bottom, due to
the explicit dependence on the depth field h(x,y): although the decay rate is reduced on valleys, it
is enhanced over bumps, so the net decay is stronger compared with the flat bottom case (see the
Appendix A).
The simulations are based on a finite differences code that solves Eqs. (2) and (4), using
a 129 × 129 square grid and a timestep of 0.1 s. A similar procedure was followed by Zavala
Sansón and van Heijst (2002), who simulated the evolution of experimental vortices over different
irregular topographies during times comparable with the Ekman period. It must be emphasized
that the inclusion of nonlinear Ekman effects is necessary to obtain a better comparison between
experiments and simulations, and therefore to derive a more accurate physical interpretation of
the experimental results. However, the main physical mechanisms that explain the observed flow
behaviour are those associated with stretching/squeezing effects and with classical linear damping.
3. Dipolar vortices
3.1. Experiments
The first set of experiments is focused on the evolution of dipolar vortices over the sine-shaped
topography. A dipole consists of two counter-rotating vortices whose mutual interactions provide
the self-propelling mechanism. These vortices are contained within the dipole atmosphere a, which
drifts with speed U. Dipolar vortices are produced by slowly moving a bottomless thin-walled
cylinder of about 15 cm diameter, while gradually lifting it. As a result, a columnar dipole is formed
in the wake of the cylinder (see Velasco Fuentes and van Heijst, 1994). Vortices in this study drift
with a typical speed of U ≈ 0.5–1 cm s−1 and have a radius atmosphere of a ≈ 15–25 cm. Using
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Fig. 2. Sequence of photographs showing the evolution of a dipolar vortex propagating in the x direction over a topography
with amplitude A = 0.5 cm and wavelength L = 10 cm. The dipole is initially generated at the left side of the domain. The
panels correspond with times 40, 80, 120, 160, 200, 320 s. The rotation period of the system is T ≈ 15 s and the Ekman
period is TE ≈ 234 s. The domain shown is a 80 cm × 80 cm square, approximately.

these values the initial Rossby number Ro = U/fa is O(10−1 ), as required to ensure a quasi-2D
motion. The vortices are initially generated near one of the lateral boundaries, and directed towards
the centre of the tank. The sine-shaped topography used in these experiments has a wavelength
L = 10 cm and amplitude A = 1 cm.
Fig. 2 shows the evolution of a dipolar vortex propagating in the x direction, perpendicular to
the topography. The flow is initiated at the left side of the photographs. During the first 40–80 s
(3–5 rotation periods) the cyclonic and anticyclonic parts of the dipole (upper and lower structure
in the panel, respectively) are clearly visible and propagate from left to right. Notice that a wake
of dye is left behind the structure, which is characteristic when producing dipoles by the present
method. For the purposes of this study such a filament is very useful for detecting the effects of
the variable topography as the flow decays. At t = 120 s (about eight rotation periods) the dipole
and its tail are strongly deformed; furthermore, the dipole trajectory is slightly deflected towards
its right. These two observations are more pronounced during the rest of the experiment. The
main result to point out here is that as the flow decays, the dye patterns are clearly aligned with
the topography. This is evident for the tail of the dipole which has acquired a sinusoidal shape at
t = 320 s, that is, after more than 20 rotation periods. Regarding the structure of the dipole, it is
also clear that the edges of its vortices are deformed according with the topography from early
stages of the experiment, and that this behaviour is reinforced for later times.
The deflection of the dipole is associated with different processes of secondary importance,
which however must be mentioned. On one hand, the dipole turns slightly towards the right due to
nonlinear effects from the bottom Ekman layer (Zavala Sansón et al., 2001). This process induces
the anticyclonic part to have a slower decay than the cyclonic part; as a result, the dipole turns
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Fig. 3. Top view photographs showing the alignment of dye at t = 430 (left) and 490 s (right) from a similar experiment
with a dipolar vortex as in previous figure. This times are approximately 29T ≈ 1.8TE and 33T ≈ 2.1TE , respectively.

towards the stronger vortex. The numerical simulations shown in next sub-section support this
assertion. It must be recalled that such an effect can be expected to occur only for times comparable
with the Ekman period (≈240 s or about 16 rotation periods in the present case). Besides Ekman
effects, there might be an influence of the free surface deformation due to the rotation of the system:
as the dipole initially drifts towards the centre of the tank, it is slightly squeezed, and therefore the
anticyclonic part becomes stronger. Such an effect is considered unimportant, however, since it
is counteracted as the dipole crosses the centre of the domain. Again, this is confirmed by means
of numerical simulations with a rigid-lid approximation. Furthermore, as explained in Section
2, depth variations due to the bottom topography are much more important than free surface
effects.
Due to the experimental method, the final dye configuration shown in Fig. 2 is not reproducible:
dipoles in different experiments acquire a slightly different strength and direction during its generation. However, several similar experiments were performed (about 10), all of them showing
the same tendency for long times, i.e., the final dye pattern tends to follow the topography contours. For instance, Fig. 3 shows the final state at t = 430 and 490 s in an experiment where the
dye was distributed by the dipole over almost the whole domain. It must be mentioned that this
result applies for vortices generated in any direction. For instance, for dipoles initially drifting
parallel to the topography the final dye distribution is again mainly oriented along the bottom
variations (not shown here). As mentioned above, the generation method does not allow a direct
comparison between dipoles drifting across or parallel to the topography, since initial vortices
are always slightly different. Such a comparison will be presented by using numerical simulations, where the same initial condition can be prescribed. More importantly, it will be shown
that positive (negative) relative vorticity areas are concentrated above troughs (crests) of the
topography.
3.2. Simulations
The initial condition used in the simulations for the dipolar vortex is the model discussed
by Meleshko and van Heijst (1994), which is a solution of the inviscid, steady Euler equations
in a reference frame co-moving with the dipole at a constant velocity U. The relative vorticity
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distribution in polar coordinates (r, θ) is
ω(r, θ) = −

2Uk
J1 (kr) sin θ
J0 (ka)

for 0 ≤ r ≤ a,

(6)

and ω = 0 for r > a (i.e. outside the circular region of radius a the flow is assumed to be irrotational).
Here J0 and J1 are the first and second order Bessel functions of the first kind, respectively, and
k is a constant such that ka = 3.8317 gives the first zero of J1 . The circulation associated with,
say, the positive part of the dipole is + ≈ 6.83 Ua (Nielsen and Juul Rasmussen, 1997; van
Geffen and van Heijst, 1998). In the present simulations the vortex radius is chosen a = 15 cm
and + = 60 cm2 s−1 , so the initial speed is U = 0.59 cm s−1 . The maximum absolute vorticity is
ω0 = 0.442 s−1 . These parameters approximately correspond with the experimentally measured
values for dipolar vortices over a flat bottom (Tenreiro et al., 2006).
Fig. 4 shows the simulation of a dipole propagating in the x direction, starting at (x0 ,
y0 ) = (−32.8 cm, 0 cm) with the origin set at the centre of the domain. Numerically, two basic
results are obtained. On one hand there is the calculation of the relative vorticity field, shown in
the first column at three different times. The second column corresponds with the transport of
passive tracers initially distributed within the dipole’s atmosphere for the same times. At t = 0 s a
total of 1000 particles were randomly placed within a circle of radius a.
Note that the calculation of the transport of tracers based on the 2D formulation provides a
qualitatively good agreement with the laboratory experiment presented in Fig. 2. The two main
features observed in the laboratory are also observed in the simulation, namely, the occurrence
of fluid detrainment to the ambient at the wake of the dipole, and the weak deflection to the right
of its trajectory. Although both effects are closely related with the bottom Ekman layer (Zavala
Sansón et al., 2001), the important point to stress here is the distortion of the tracers along the
topography. Clearly, the tail of particles left behind by the translating dipole acquires a sinusoidal
shape according with the topographic features. For later times, the main vortex structure is also
elongated in the y direction.
The calculation of the relative vorticity field (first column) represents a crucial result obtained
from the numerical simulations. The important point to remark is that the long-term evolution of
the flow is such that contours of positive relative vorticity tend to be aligned along deep regions
(troughs), while negative contours are aligned along shallow regions (crests) of the topography.
This behaviour is basically due to stretching and squeezing effects: fluid columns over troughs
(crests) are stretched (squeezed) and therefore they tend to acquire positive (negative) relative
vorticity.
How does the flow evolve towards this state? A closer inspection to the vorticity field provides
an answer, despite the evolution of the cyclonic and anticyclonic parts of the dipole over the
topography is rather complicated. In a first stage (a few rotation periods) initial inertia allows the
dipole to drift across the topography while maintaining its main structure (t = 40 s). However, as
the flow becomes weaker the dominant process consists of the cleavage of individual cyclonic
(anticyclonic) vortices over crests (hollows). This can be noticed, for instance, when the cyclonic
part of the dipole is strongly deformed over a topographic crest, and being subsequently cleaved
in two small cyclones at the adjacent hollows (t = 120 s). The cleavage process over a topographic
feature with similar horizontal length scale as the vortex has been analysed by Zavala Sansón
(2002) who studied monopolar cyclonic vortices over a single ridge. A similar deformation can
be observed for the anticyclonic part over a hollow, where the vortex acquires an eight-shape
perpendicular to the topography. For later times (t = 320 s), the vorticity field has been confined
along the topography with positive (negative) values at deep (shallow) parts of the domain.
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Fig. 4. Left column: numerically calculated vorticity contours of a dipole propagating along the x direction. The panels
correspond with times 40, 180, 320 s. Black (gray) contours indicate positive (negative) vorticity values. The contour interval is 0.05 s−1 , and the maximum/minimum vorticity is 1/−1 s−1 . The initial dipole parameters are a = 15, U = 0.59 cm s−1
and (x0 , y0 ) = (−32.5 cm, 0), being (0, 0) the central point of the domain. Right column: Evolution of 1000 passive tracers
randomly placed within the initial atmosphere of the dipole. Gray (white) topography surfaces indicate deep (shallow)
regions.

When the dipole drifts along the y direction, parallel to the topography, the evolution of the tail
is different from that observed in the perpendicular propagation, as shown in Fig. 5. In this case
the wake of tracers is not forced to move continuously across the topography and, as a result, it
keeps a straight shape approximately. However, the long-term effect of the topography over the
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Fig. 5. Same as in Fig. 4 but now for a simulation of a dipolar vortex propagating in the y direction. The dipole is initially
placed at (x0 , y0 ) = (0 cm, −32.5 cm).

whole relative vorticity field is similar as in previous case. Initially, the flow is strong enough to
maintain its drift as a dipolar structure. For later times, the cyclonic and anticyclonic parts move
along a crest and a hollow, respectively. As the flow decays, the vortices are clearly deformed and
cleaved in two parts, being redistributed along the topography.
It is worth analyzing the dipole speed across or along the topography. The speed of a dipole
over flat topography is easily calculated either by considering the central position of its almost
circular shape along the trajectory, or by following the maximum or minimum peak vorticities.
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Fig. 6. Left panel: time evolution of the speed U(t) calculated from simulations of a dipolar vortex propagating over
variable topography along the x direction (solid line), along the y direction (dashed line) and over a flat bottom (dasheddotted line). Right panel: total energy decay calculated for the three simulations (values are normalized to unity). Note
that the energy decay for the flat bottom case is slightly slower.

In contrast, over rough topography the vortex is strongly deformed and these methods are not
obvious to apply. Thus, the dipole speed was calculated by following the mean position of the
initial cloud of passive tracers, excluding those particles left behind at the tale of the vortex. Fig. 6
shows the dipole speed across and along the topography, as well as the case for a flat bottom (left
panel). It is important to notice that although the dipole evolution in x and y directions are rather
different, as shown in previous figures, the speed of the vortex does not change significantly. In
addition, it is observed that the dipole speed is somewhat larger over a flat bottom, which is due
to a slower Ekman decay or, equivalently, to a slightly more effective Ekman friction over the
rough bottom, as shown in the Appendix A. This is a consequence of the depth-dependence of the
dominant, linear Ekman term in the vorticity equation [see Eq. (5)]. The enhanced dissipation is
also evident in Fig. 6 (right panel), where the evolution of total energy over the whole domain is
presented. It must also be taken into account that form drag (the net force exerted on the flow by
the topography, Carnevale et al., 1995) has a contribution to slow down the dipole propagation.
4. Tripolar vortices
4.1. Experiments
The evolution of an initially circular vortex, which eventually transforms into a tripolar structure, is examined over the sine-shaped topography. Tripolar vortices emerge from monopolar,
circular vortices consisting of a cyclonic core surrounded by an annulus of oppositely signed vorticity in such a way that the vortex contains zero net vorticity (van Heijst et al., 1991; Kloosterziel
and van Heijst, 1991). Such isolated vortices are created by placing a 15 cm diameter bottomless
cylinder in the centre of the tank, stirring the fluid inside the cylinder, and then removing it, thus
releasing the vortex in the ambient solidly-rotating fluid. Over a flat bottom, these vortices are
often observed to evolve towards a tripolar structure, formed by a cyclonic core with two anticyclonic satellites. The whole tripole rotates in cyclonic direction while slowly decaying. Initially
the vortices are relatively intense, with a peak vorticity at the core of ω0 ≈ 5 s−1 . However, as the
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Fig. 7. Top view photographs showing the dye evolution of an unstable, circular vortex transforming into a tripolar
structure over a sine-shaped topography (A = 0.5 cm, L = 6 cm). The panels correspond with times 40, 80, 120, 160, 200,
450 s (approximately 30T ≈ 1.9TE ).

vortex gets unstable and transforms into a tripolar structure, its intensity is reduced such that the
associated Rossby number Ro = ω0 /f is of O(1) or less.
Tripolar vortices are studied over two different sinusoidal topographies. First, a relatively
smooth bottom with amplitude A = 0.5 cm and wavelength L = 6 cm is used. Fig. 7 shows the
evolution of a tripolar vortex over this topography. At t = 40 s the dye distribution is organized into a
cyclonic vortex which is approximately circular. For later times the vortex develops two adjacent
vortices with opposite relative vorticity (anticyclonic), forming the tripolar structure (t = 80 s).
Notice that these satellites are of similar size as the central cyclone. For t = 120 s–t = 200 s (16
rotation periods) the tripole evolution is very similar to the case of the flat bottom topography
reported by other authors: the center of the tripole stays stationary while the whole structure spins
in cyclonic sense. The effects of the variable topography, however, are manifested on the slight
deformation of the edge of the tripole at t = 160–200 s. This behaviour becomes more clear for
long time periods, as shown at t = 450 s (about 30 rotation periods), when the deformation of the
tripole coincides with the contours of the topography. Thus, in a similar fashion as the dipolar
vortex, in this case the dye distribution tends to follow the shape of the bottom.
On the other hand, Fig. 8 shows the behaviour of a similar vortex over a stronger sinusoidal
topography with A = 1 cm and wavelength L = 10 cm (used for the dipole experiments). At the
beginning of the experiment a similar process as in previous figure is observed, that is, the
formation of an unstable circular vortex, which in principle it would transform into a tripolar
vortex. The formation of the anticyclonic satellites, however, is inhibited. This behaviour can be
observed from t = 80 s, when the cyclonic vortex maintains an approximately circular form. At
t = 120 s the topography affects the shape of the vortex, gradually deforming it (t = 160–200 s).
For later stages of the experiment the dyed filaments clearly denote the form of the topography
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Fig. 8. Top view photographs showing the dye evolution of an unstable vortex over a sine-shaped topography (A = 1 cm,
L = 10 cm). Note that the tripole formation is inhibited. The panels correspond with times 40, 80, 120, 160, 200, 320 s.
(approximately 21T ≈ 1.4TE ).

(t = 240 s). Notice that the central cyclone acquires an elongated shape, which is cleaved in two
parts over a crest of the topography. Such behaviour is analogous to that described for the cyclonic
part of the dipole in previous section.
Since tripolar vortices emerge as a result of an unstable process, they are very difficult to
reproduce experimentally (even over a flat bottom). Eventhough, the general behaviour observed in
Figs. 7 and 8 is robust, since it is obtained in several repetitions using the two selected topographies.
Summarizing, the experimental results when using smooth topography parameters (A = 0.5 cm and
L = 6 cm) showed that the tripolar vortex is formed and rotates cyclonically while being distorted
by the topographic variations. In contrast, for stronger topographic parameters (A = 1 cm and
L = 10 cm) the tripolar formation might be inhibited and, more importantly for the purposes of this
study, the final flow configuration is aligned with the contours of the topography. In next subsection
these observations are effectively captured and better understood by numerical simulations based
on the 2D formulation.
4.2. Simulations
The initial condition for an isolated vortex from which the tripole emerges typically has the
following radial distributions of vorticity and azimuthal velocity:

 r α 
α  r α 
ω(r) = ω0 1 −
exp
,
(7)
2 R
R
 r α 
ωo r
ν(r) =
,
(8)
exp
2
R
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Table 1
Numerical simulation of a tripolar vortex over sine-shaped topographies
Simulation

A/H

L/R

1
2
3
4
5
6
7
8
9

0.0333
0.0333
0.0333
0.0666
0.0666
0.0666
0.1
0.1
0.1

1
1.66
2.33
1
1.66
2.33
1
1.66
2.33

In all cases the vortex parameters are α = 2, R = 6 cm, and ω0 = 3 s−1 , and the mean depth is H = 15 cm.

where ω0 is the peak vorticity, R a horizontal length scale, r the radial distance to the centre of
the vortex, and α is a parameter controlling the shape of the radial profile. The vortex parameters
chosen for the simulations are α = 2, R = 6 cm, and ω0 = 3 s−1 . In order to induce the formation of
the tripole, the initial vorticity profile is randomly perturbed around r = R (Orlandi and van Heijst,
1992). Since the generation of the tripolar structure is dependent on this perturbation, it will not
be attempted to reproduce the experiments exactly, but only to analyze the observed effects with
smooth and strong topographies. A basic series of nine simulations were performed, shown in
Table 1, where three different values for the nondimensional amplitude A/H and wavelength L/R
are used.
The effects associated with the amplitude of the topography and a short wavelength are illustrated in Fig. 9, which shows the numerically calculated vorticity contours from two simulations
with L = 6 cm in both cases and A = 0.5 (left column) and 1 cm (right column) (simulations 1
and 4, respectively). Note that the first case is comparable with the experiment shown in Fig. 7.
From the beginning of the simulations the vorticity contours are aligned with the topography in
regions around the vortex. It is important to notice that in both situations the tripolar structure
is formed, although distorted. Of course, for very long times such structure might be difficult to observe, but nevertheless it is possible to recognize it, specially for the low amplitude
case. Another important and evident result is that vorticity contours are more rapidly organized along the topography for greater amplitude. Strong vortex deformation above troughs
and crests is observed in both cases, but more clearly for A = 1 cm. See for instance the eightshape of cyclonic and anticylonic vortices at t = 200 s. For final stages, positive vorticity contours
remain along the troughs of the topography, while anticyconic regions are trapped over the
crests.
As observed in the experiments, a larger horizontal scale of the topography might influence the
evolution of the tripole, preventing its full formation. Fig. 10 shows a sequence of vorticity contours
from two simulations where, again, A = 0.5 and 1 cm (left and right columns, respectively), but
now L = 14 cm (simulations 3 and 6). For topography with low amplitude (left), the tripolar
vortex is formed but now showing a less evident distortion than in previous case with shorter
bottom wavelength. For long times, the final configuration is again aligned along the topography,
with positive (negative) vorticity over troughs (crests). In contrast, for larger amplitude over long
wavelength (right) the cyclonic core of the vortex is rapidly distorted over a crest of the topography,
acquiring a transversal eight-shape, and being cleaved in two parts. More importantly, the two
generated cyclones pair the anticyclonic ring of vorticity from the original vortex, creating two
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Fig. 9. Numerically calculated vorticity contours of a tripolar vortex over a sine-shaped bottom with short wavelength,
L = 6 cm, and different amplitudes: left column: A = 0.5 cm (simulation 1). Right column: A = 1 cm (simulation 4). The
panels correspond with times 40, 180, 320 s. The parameters of the initially circular vortex are α = 2, R = 6 cm, and
ω0 = 3 s−1 , and is centred at (x0 , y0 ) = (0 cm, 0 cm). Black (gray) contours indicate positive (negative) vorticity values.
The contour interval is 0.05 s−1 , and the maximum/minimum vorticity is 3/−3 s−1 .

independent dipoles that move in different directions. These dipoles are quite irregular and show
an erratic motion, until they slowly dissipate. As a result, the formation of the tripolar vortex is
inhibited, and the flow evolves in a very different direction. Nevertheless, for long times the flow
is again aligned with the topography.
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Fig. 10. Same as in Fig. 9 but now for a simulation of an unstable vortex over a sine-shaped bottom with long wavelength,
L = 14 cm, and different amplitudes: Left column: A = 0.5 cm (simulation 3). Right column: A = 1 cm (simulation 6). The
panels correspond with times 40, 180, 320 s.

Since vortex cleavage is a fundamental process by which the flow is adjusted along the topography, it deserves a closer examination. It must be emphasized that this phenomenon is a relatively
fast process, occuring during a few rotation periods. This is shown in Fig. 11, where intermediate
stages of simulation 6 are presented. Left column presents vorticity contours and the right column
shows the corresponding evolution of passive tracers. The cyclonic core is deformed on top of
the topography at 60 s, being strongly strained at 80 s, and fully divided at 100 s.
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Fig. 11. Left column: vorticity contours of the unstable vortex presented in simulation 6 (right column in Fig. 10), for
intermediate times 60, 80, 100 s, showing the short-time process of vortex cleavage. Right column: evolution of 1000
passive tracers randomly placed within a circle of radius 15 cm, centred with the initial vortex. Dark (bright) tracers are
initially placed within positive (negative) vorticity regions.

In order to quantify the distribution of relative vorticity in relation with topography, consider
areas As and Ad , where the fluid depth is shallow (h(x) < H) and deep (h(x) > H), respectively.
Then, the evolution of the following integral quantity can be calculated:


1
1
dAs +
dAd
(9)
B(t) =
A ω−
A ω+
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Fig. 12. Left panel: Time evolution of quantity B defined in Eq. (9) for the nine simulations in Table 1. T = 15 s is the
rotation period of the system. Right panel: ensemble average of B (solid line), showing an increase of about B∼(t/T)0.1
(dashed-line).

where A is the total area of the domain. The first integral is the fraction of As occupied by
anticyclonic vorticity, whereas the second integral represents the fraction of Ad where positive
vorticity occurs. In other words, the aim is to verify that, as time advances, deep and shallow areas
are progressively occupied by cyclonic and anticyclonic fluid columns, respectively. Fig. 12 (left)
shows the time evolution of B for the nine simulations in Table 1. It is important to emphasize
that, as expected, the sum of deep and shallow regions occupied by cyclonic and anticyclonic
motion increases with time. Moreover, this behaviour is very similar in all cases from about 0.5
to 0.65 (except one that exceeds 0.7).
However, no explicit dependence on the topography parameters A and L was found. The
evolution of the ensemble average of B in logarithmic scale is presented in Fig. 12 (right). The
straight line represents the least-square fit of the data from the nine simulations, and shows that
the increase is of the form B(t)∼tm with m = 0.1 ± 0.0172.
5. Discussion
The long-time behaviour of barotropic vortices in a rotating system under the influence of
variable bottom topography was analyzed. By means of laboratory experiments and numerical
simulations, the evolution of dipolar and tripolar structures was examined under the influence of
a simplified sinusoidal bottom in one direction. The general result observed in all experiments is
the alignment of the dye distribution associated with the vortices along the topographic contours
after long timespans, that is, for times much larger than the rotation period, or of the same order
than the Ekman period. This flow behaviour observed in the experiments was clearly captured
by quasi-2D numerical simulations. Furthermore, the simulations showed that positive (negative)
relative vorticity tends to be confined over deep (shallow) regions of the flow domain. In other
words, the final, weak flow along the topography has shallow water to the right (considering
constant, positive planetary vorticity, f > 0). This behaviour was quantitatively measured by means
of quantity B(t), which defines the sum of two fractional areas: the fraction of shallow regions
occupied by anticyclonic vorticity and the fraction of deep regions occupied by cyclonic vorticity.
The evolution of B(t) is an alternative way to identify the vorticity–topography correlation as a
function of time, which showed a power-law behaviour.
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This flow configuration over variable topography is well known and it has been predicted and
demonstrated numerically by several authors in the quasi-geostrophic context (see e.g. Bretherton
and Haidvogel, 1976; Salmon, 1998). Thus, the present results provide experimental evidence of
this important phenomenon. It must be recalled, however, that this study considers a shallow
water formulation and relatively important dissipation (considering long timespans), in contrast
with other studies based in the more restrictive quasi-geostrophic formulation. For instance, the
theoretical analysis by Bretherton and Haidvogel (1976) is based on a principle of minimum

potential enstrophy, where the long-term flow pattern that minimizes global enstrophy ( q2 dA)
for a given energy is found. It is worth to remark that the flow tends towards a similar state, as
shown in this paper, even in the presence of non-negligible viscosity and without the restriction
of very small topographic variations.
Another important feature reported here is that the experimental and numerical results concerning coherent vortices show in detail the main processes occurring during the adjustment of
the flow to the topography. For instance, it was shown that as a dipolar vortex is damped slowing
down its motion, the cyclonic part is strongly deformed over a crest of the topography, and then
is cleaved in two parts that are spread on the adjacent troughs. Of course, a similar process occurs
for the anticyclonic vortex, which is cleaved in two parts over a hollow, each of them spreading
over adjacent crests. This behaviour has been reported in detail experimentally and numerically
for a monopolar, cyclonic vortex over a ridge (Zavala Sansón, 2002). Basically, that study shows
that a cyclonic structure tends to move uphill and leftward in the presence of the ridge slope, due
to the local topographic ␤ effect; once on top of the topography, the vortex is strongly deformed
and cleaved. In the present case, a similar process occurs as the dipole moves either across or
parallel to the topography. These important phenomena are also observed for tripolar vortices,
which form from an initially circular, unstable vortex. It is therefore concluded that this important
phenomenon is the key process by which relative vorticity is redistributed, so the final state tends
to flow-topography correlation.
For relatively low amplitude A/H and wavelength L/R it was found that the tripolar structure
is formed in the same fashion as on a flat bottom, although somewhat distorted according with
the topography. In contrast, for relatively high amplitude and wavelength the tripole formation
might be inhibited. This process might be due to the vortex cleavage of the cyclonic core over a
crest of the topography which, together with the anticyclonic ring, leads to the formation of two
dipolar vortices moving in opposite directions. Nevertheless, the final state is again with relative
vorticity positively correlated with fluid depth.
An additional consequence of using the quasi-2D formulation given by Eq. (2) is that the
dominant, linear Ekman term is more effective over variable topography than on a flat bottom.
This is due to the explicit dependence on the depth field h(x,y): although the decay rate is reduced
on troughs, it is enhanced over bumps, so the net decay is stronger compared with the flat bottom
case (see the Appendix A; a different approach in the context of quasigeostrophic theory with
small-scale topography was reported by Vanneste, 2000). Since this is a very weak effect, however,
it would be necessary to perform very detailed, quantitative experiments in order to observe it in
the laboratory.
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Appendix A
In this Appendix the linear Ekman decay of a fluid column over a sine-shaped bottom (with
mean depth H) is analytically described. The aim is to show that the vorticity decay of a fluid
column is faster over the variable topography than over a flat bottom with constant depth H.
Notice that the volume occupied by the fluid in both configurations is the same. It is assumed that
the column drifts a distance L with speed U in L/U seconds under the influence of linear Ekman
friction, as given in Eq. (5). Nonlinear effects are ignored for this analysis. Thus, its relative
vorticity evolution is governed by
dω
δE
=
fω.
dt
2h

(A.1)

Of course, for a flat bottom (constant depth H) the solution is given by

−t
ω(t) = ω0 exp
TE

(A.2)

with TE the Ekman period as defined in Eq. (1). In the present case, the depth of the column is
time-dependent as it crosses the sine topography:
h(x; t) = H[1 ± a sin(bt)]

(A.3)

with a = A/H and b = 2U/L. The plus sign corresponds with a column that starts its drift downwards into a trough (h(x) > H from t = 0 to 0.5 L/U), and continues over the crest (h(x) < H from
t = 0.5 L/U to L/U). The minus sign corresponds with a column that travels first over the crest and
afterwards over the trough (see Fig. 13). Thus, the decay is obtained by solving


dt
1
dω
=−
.
(A.4)
ω
TE
1 ± a sin(bt)
The solution is of the form

−τ
ω(t) = ω0 exp
TE
where the function τ for 0 ≤ t ≤ L/U is

±2
−1 a ± tan (b(t − L/2U)/2)
√
tan
τ(t) = √
1 − a2
b 1 − a2

(A.5)

− tan

−1



a
√
1 − a2

(A.6)

Fig. 13 shows a comparison of the evolution of the column’s vorticity for a flat bottom and the
sinusoidal topography. The left panel corresponds with the case of a column starting to drift
towards a trough. As expected, the decay is slower over the trough (0 < t < 0.5L/U) than on the flat
surface since the depth of the column is greater. As the column crosses the crest (0.5 L/U < t < L/U),
its depth is reduced and the decay becomes faster than over the flat bottom. The important point
to notice is that the final vorticity at time t = L/U is smaller than the vorticity obtained for the flat
bottom case, i.e. the decay over the variable topography is enhanced. Note that a large value of
the amplitude was chosen in order to emphasize the difference between the models.
The same situation applies for a column that starts its drift climbing a crest of the topography,
as shown in the right panel of Fig. 13. In this case the vorticity over the crest decays faster than
over the flat bottom during the first half-period 0.5 L/U, and decays slower over the trough. As a
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Fig. 13. Time evolution of the vorticity of a fluid column crossing a sine-shaped topography. The conventional Ekman
damping (solid line), based on the mean depth H (A.2), is always slower than the Ekman decay due to variable topography
(dashed line) based on the column’s depth h(x) (A.5). The column starts its drift towards a trough (left panel) or towards
a crest (right panel). In all cases H = 15 cm, L = 10 cm, U = 0.6 cm s−1 and A = 5 cm.

result, again, it is found that the final vorticity is smaller for the variable topography than for the
flat bottom case.
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