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Abstract :

Large-scale flows are known to present a predominance of anticyclonic vortices. A previous study (Perret et al.
(2006)) showed a strong cyclone-anticyclone asymmetry in large-scale wakes, anticyclones are circular whereas
cyclones are deformed. To determine the mechanisms responsible for the asymmetry, we perform a stability anal-
ysis of parallel wake flows associated with experimental velocity profiles. It is shown that the most unstable mode,
in a frontal regime, is localized in the anticyclonic shear leading to a strong cyclone-anticyclone asymmetry in the
nonlinear evolution of the perturbation. Moreover, the wake instability changes from the absolute instability in
the quasigeostrophic regime to the strongly convective instability of the frontal regime. To determine whether the
stability property of a parallel flow in a frontal regime could be a mechanism of anticyclones selection, we extend
this stability analysis to parallel jets and shears. The anticyclonic shear, in a frontal regime, is much more unstable
than the cyclonic one, but the nonlinear evolution of the flowleads, in both cases, to circular vortices.
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1 Introduction

Large-scale flows defined by a characteristic length scale larger than the local deformation ra-
dius are known to present an asymmetry in the dynamics and in the morphology of cylconic
and anticyclonic structures (Mc Williams (1885); Carton (2001)). Considering the simplest
model for representing geophysical flows,i.e. the rotating shallow-water model on the f-plane,
several studies have been devoted to the cyclone-anticyclone asymmetry in decaying turbulence
(Arai and Yamagata (1994)), stability of isolated vortices(Arai and Yamagata (1994); Steg-
ner and Dritschel (2000)) or jets (Poulin and Flierl (2003)). Anticyclones are more circular,
robust and stable than cyclones which are more distorted andelongated when the Rossby num-
ber increases or the deformation radius becomes smaller than the characteristic length scale of
the flow. Laboratory experiments (Perretet al. (2006)) investigated the cyclone-anticyclone
asymmetry in a cylinder wake, from the quasigeostrophic regime (small Rossby numbers and
deformation radius of the same order than the obstacle diameter) to the frontal regime (small
Rossby number and deformation radius smaller than the obstacle diameter). In a frontal regime,
the structure of the wake is very different from classical von Karman street. A quasiparallel
wake extends up to several diameters behind the cylinder. The vortices are then formed far
behind the obstacle and the vortex street is strongly asymmetrical, anticyclones being circular
and robust whereas cyclones are deformed and streghened. The first objective of the present
study is to determine if the instability of the flow in the wakeof the cylinder could explain the
cyclone-anticyclone assymmetry observed experimentally(sec. 3). As the quasiparallel wake

1



18 èmeCongrès Français de Mécanique Grenoble, 27-31 août 2007

observed in the experiment in a frontal regime is asymmetric, one may wonder if the asymme-
try of the vortex street could be attributed to the asymmetryof the flow around the cylinder or
to the stability properties of the wake. We therefore perform a stability analysis of idealized
parallel wakes associated with symmetrical and asymmetrical velocity profiles measured at one
single location just behind the cylinder. The second objective is to extend the previous study to
parallel jets and shears in order to determine if the stability property of such flows could explain
the predominance of anticyclonic vortices in a frontal regime.

2 Problem formulation

In order to investigate the barotropic instability of parallel flows we use the rotating shallow
water model on the f-plane.

Ro
(∂~V

∂t
+ (~V ∇)~V

)

+ ~n × ~V = −Roλ

Bu
∇η +

Ro

Re
∇2~V

λ
(∂η

∂t
+ ~V .∇η

)

+ (1 + λη)∇.~V = 0

where~V = (u, v) is the horizontal velocity scaled by the typical velocityV0, η the dimensionless
surface deviation and~n is the vertical unit vector of the f-plane. We define the Rossby number
Ro, the relative surface deviationλ, the Burger numberBu and the Reynolds numberRe:
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with L the characteristic length scale,f = 2Ω the Coriolis parameter,∆H the characteristic
surface deviation,H0 the layer mean depth,Rd =

√
gH0/f the deformation radius withg the

gravity acceleration, andν the kinematics viscosity.
The Rossby number is assumed small and fixed atRo = 0.1. Therefore the geostrophic

balance is satisfied at leading order, imposing the surface deviation to equilibrate the Coriolis
term andλ = Ro/Bu. Depending on the value of the Burger number, one distinguishes various
dynamical regimes at small Rossby number. The classical quasi-geostrophic regime is defined
for Bu = O(1) leading to small surface deviationλ = O(Ro) ≪ 1. In this regime cyclones
and anticyclones are expected to follow the same dynamics. The second regime is the frontal
regime, defined forBu = O(Ro) ≪ 1 leading to large surface deviationλ = O(1). In this
regime, the flow is expected to follow at leading order the frontal geostrophic asymptotic model
(Cushman-Roisin (1986)).

We perform a linear temporal stability analysis of parallelflows. We assume that the under-
lying instability is inviscid and therefore we consider therotating shallow-water system without
viscous terms. The governing equation are linearized around a parallel basic state (Ū(y), η̄(y))
and the perturbation field is expanded in normal form. The matrix of the linear operator is
computed in a spectral basis with periodic boundary conditions and diagonalized using the LA-
PACK linear algebra package. We adapt the resolution fromNy = 256 to Ny = 2048 depending
on the basic state considered to match the resolution of the linear stability solver.

To compute the full nonlinear shallow water equations we usea pseudo-spectral code with
a second-order Leapfrog scheme for time integration. As forthe linear case the resolution is
adapted depending on the basic state considered but the aspect ratio is the sameLy×Lx = 6×24
and the boundary conditions are periodic. The Reynolds number isRe = 5000 to reduce viscous
effects. The flow is perturbed with a small perturbation localized at the extremum of vorticity.
The perturbation is an adjusted dipole similar to the one used by Chomaz (2003) so that all
initial fields,u, v andη are perturbed.
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3 Parallel wakes

We study the stability of a symmetric and an asymmetric velocity profile, measured in two
different laboratory experiments. The symmetrical velocity profile (resp. the asymmetrical ve-
locity profile) is measured in an experiment performed in a quasigeostrophic regime at Bu=0.67,
Ro=0.06 and Re=200 (fig. 2(a)) (resp. in a frontal regime at Bu=0.11, Ro=0.19 and Re=800
(fig. 2(b))). We emphasize that those profiles define a parallel flow solution of the shallow-water
equations valid for all values of the controled parameters.Thus, we study the stability of each
profile in a quasigeostrophic and a frontal regime.
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Figure 1: Symmetrical (a) and asymmetrical (d) velocity profiles (solid line) filtred and interpolated from
experimental profiles (dots). Growth rate of the two most unstable branches for the symmetrical wake
profile in a quasigeostrophic regime (b) and a frontal regime(c) and the asymmetrical wake profile in a
quasigeostrophic regime (e) and a frontal regime (f).

For the four cases of study, the two leading unstable modes are localized in the anticyclonic
(called mode A) and the cyclonic (called mode C) part of the flow, respectively. The growth rate
of these two unstable modes are plotted on figure 1 for the symmetrical and the asymmetrical
velocity profiles in a quasigeostrophic and a frontal regimes. For the symmetrical wake in
a quasigeostrophic regime mode A and C have similar growth rates, whereas in the frontal
regime the cyclonic growth rate drops with a maximum four times smaller than the maximum
growth rate of mode A. For the asymmetrical wake in a quasigeostrophic regime the growth
rate of the anticyclonic branch is already much larger than for the cyclonic one. However, in a
frontal regime, the growth rate of the anticyclonic mode decreases by 20% whereas it decreases
by 80% for the cyclonic mode. Thus, the frontal regime tends to favour the development of
instability in the anticyclonic shear independently of thevelocity profile of the base flow.

We performed the nonlinear stability evolution of the perturbation for the same basic states
extended to the entire domain, in a quasigeostrophic and a frontal regime. In a frontal regime,
cyclones are stretched and deformed whereas anticyclones remain circular and robusts, no mat-
ter if the basic state is symmetric or not. Thus, nonlinear evolution of instability tends to enhance
the cyclone-anticyclone asymmetry. Moreover, the vortex street pattern of the asymmetric wake
in a frontal regime (corresponding to the experimental case) is very similar to the one observed
in the experiment although the stability analysis is local.This suggests that the vortex street
formed in the laboratory experiment is due to the noise driven destabilization of the quasipar-
allel wake extending behind the cylinder rather than the emergence of a global mode as in the
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classic von Karman street.
This is confirmed by a linear spatio-temporal analysis of thesymmetrical wake in a quasi-

geostrophic regime and the asymmetrical wake in a frontal regime. We follow the development
of a localized perturbation in space and time (see Delbendeet al. (1998) for detailed theory).
The spatio-temporal growth rate is plotted as a function of the group velocity. The nature of
instability is determined by the sign of the trailing edge group velocityvg whereσ(vg) = 0.
If vg > 0, the instability is convective, otherwise the instabilityis absolute. The instability of
the asymmetrical wake in a frontal regime is strongly convective, vg = 0.34V0 (see fig. 2). As
the wake, in the laboratory experiment, is quasiparallel over a long distance behind the cylin-
der, the convective nature of instability applies to the whole near-wake region. Thus the wake
instability undergoes a transition from absolutely unstable characterized by a global mode in a
quasigeostrophic regime to convectively unstable in a frontal regime.
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Figure 2: Growth rate of the wave packet as a function of the group velocity for the asymmetrical wake
profile in a frontal regime.

4 Parallel jet and shears

From these results, one may wonder if the stability properties of parallel flows, in a frontal
regime, generally induce a selective destabilization of the anticyclonic vorticity region. On
the other hand, does the nonlinear evolution of the perturbation leads to deformed cyclonic
vortices. We then extend the stability analysis performed in sec. 3. to parallel jet, anticyclonic
and cyclonic shears.

In order to compare with previous studies (Poulin and Flierl(2003)), the basic state for the
jet is the geostrophic Bickley jet (fig. 3(a)) :̄U = (1/L)cosh2( y

L
) whith L = 1.0 is the width

of the jet. As the boundary conditions are periodic, we put tozero the mean velocity so that
the surface deviation is zero at the boundaries. Figure 3(b)shows the growth rate for different
values of the surface deviationλ. As the surface deviation increases the growth rate strongly
decreases and the most unstable mode develops at larger scale. Therefore, as the dynamical
regime becomes frontal, a barotropic jet is more stable thanin a quasi-geostrophic regime. The
spatial structure of the most unstable mode is localized in the center of the jet and remain similar
from the quasi-geostrophic regime to the frontal regime. Hence, at least in the linear phase of
instability there is no signature of a selective destabilisation of anticyclonic vorticity region for
a parallel jet.

We then study the stability property of parallel anticyclonic and cyclonic shear. We choose

a localized shear to avoid discontinuities at the boundaries Ū(y) = (2gy/fL2)e−
y2

L2 whith
L = 0.5 is the half-width of the shear. The cyclonic shear basic state is defined by the op-
posite. The growth rate of anticyclonic and cyclonic shear is shown on figure 3(d) and (f) for
different surface deviationλ. In a quasigeostrophic regime, cyclonic and anticyclonic shear
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Figure 3: Basic state velocity profiles and growth rates of the most unstable mode for different parameters
λ for the Bickley jet (a)-(b), the anticyclonic (c)-(d) and cyclonic (e)-(f) shear.

growth rates are similar, the difference is explained by slight ageostrophic effects. In a frontal
regime, the growth rate of cyclonic shear strongly decreases by94% whereas the anticyclonic
growth rate decreases only by30%. Moreover, when the flow enters a frontal regime, the wave-
length of the most unstable wave becomes smaller for anticyclonic shear and larger for cyclonic
one. Hence, in the linear phase of instability, the frontal regime favours the development of
instability in anticyclonic vorticity regions. The nonlinear evolution of the perturbation in a
quasigeostrophic regime, for an anticyclonic and cyclonicshear leads to similar pattern. In both
cases, the maximum and minimum of vorticity is±0.3f/(gH0). In a frontal regime, the time
evolution is very different between cyclonic and anticyclonic shear. Vortices appear in the an-
ticyclonic shear atT = 50τ , whith τ = L/V0 the eddy reversal time, whereas the emergence
of cyclonic vortices only occurs atT = 250τ . Cyclones are also wider than anticyclones as
expected from linear stability analysis. When nonlinear saturation occurs, both cyclones and
anticyclones are axisymmetric according to potential vorticity field (Fig. 4).
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Figure 4: Nonlinear evolution of potential vorticity for tha anticyclonic atT = 100τ and cyclonic shear
atT = 500τ in a frontal regime withτ = L/V0

To sum up, the frontal regime tends to stabilize cyclonic parallel shear flows. However,
the long time evolution shows the formation of axisymmetricanticyclones and cyclones, cy-
clones being wider than anticyclones. Yet, once emerged, anticyclones should be more robust
to external strain than cyclones, according to the recent study of Graveset al. (2005).
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5 Conclusion

To explain the unusual wake pattern observed experimentally in a frontal regime (Perretet al.
(2006)), we perform a stability analysis of parallel wakes associated with experimental velocity
profiles measured at one single location in the wake, in a quasigeostrophic and a frontal regime.
It is found that the most unstable mode is fully localized in the anticyclonic shear region, in a
frontal regime. The cyclone-anticyclone asymmetry linearly selected is enhanced by the non-
linear evolution of the perturbation leading to deformed cyclonic vortices whereas anticyclones
remain circular. Moreover, the nature of the wake instability changes from absolute in the clas-
sic 2D case and the quasigeostrophic regime to strongly convective in the frontal regime. This
stability analysis is extended to parallel jet and shears todetermine if the stability properties of
the flow, in a frontal regime generally induce a selection of the anticyclonic vorticity region.
According to the stability analysis of a Bickley jet, the frontal regime stabilizes the flow. The
stability analysis of cyclonic and anticyclonic shear flows, on the other hand, shows a different
behaviour for each shear. In a frontal regime, the anticyclonic shear is much more unstable
than the cyclonic one. Yet, the nonlinear evolution of perturbed shear flows both lead to the
formation of axisymmetric vortices at the end. Therefore, the asymmetry of the vortex street
observed experimentally in large-scale wakes seems to be due to nonlinear interactions of the
anticyclonic and cyclonic structures. Barotropic instability of parallel shear flows, in a frontal
regime, favours the production of strong circular anticyclones. This mechanism may be a cause
of the predominance of large-scale anticyclones in the ocean.
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