Baroclinic vortex interaction in a time-varving flow
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Abstract Ina L\-.'-::-l'.:l.}'l::r -:|u'.:|5i-pl::-::-eilrt:-r.||‘|i-:' |11-::-r|i::|: W r:Lu-:|:.- the vertical inter-
acticn of two identical [:-c:-inl-uanil:m in |nrq’e*—na:‘;a|e~. |'.|'.:|r|:|an:-[:-i|:': shear or sbrain
flowes. Wortex erl.jnn:'l-::-rir-.i- are determined for bath :1Ln:|.-:|:.' anc unﬂlnuﬂ_'.-' |'.:|.rl::l::-
scale Hows. The transibicn towards chaos s analyeed by means of Pomncare
L. An '.:lr:-r.||i|:'.:|Li-::-n to the vertical .'|.|i|_::11m|:'|1l ol two hAnitearen vorbices is
propoaed.

[ stratilied r\-c:-l.'l.lirlg Henws, vortices can B |'|-::-ri:£-::-|1l.'|.||:,' Vi mergsr ancl

\-nrli-:'rl.”:,' Vi .1.|i|,'§|1rnl::nL: pn::-'.-'i-::ll::-::l that the ambient ‘.-:|'|n.'|.r: strain and '.-'-::-rlin:'il.-.-'
l::r'.:l.-:|ii::r|l remiin mederate I:".-1-:"'l.'|'i||i'.:|.1'rm: |!'-.|Er‘:.: 1990%, Vertical vortex '.:||i|,'§|11'r|i::nl
allowes Lhe |'.|'.:|r|:|Lr\-::-[:-i:.:.'|.li|:|11 oof ErErEy anel i::rmlr-::-ph:,' ir -::||:~:'.'|..'.-'inl:: g’r\-::ﬂlr-::-phin:' tur-
bulence {Rhines, 1974 : 51".1|rn-::-11: |‘.'H[]:I. Bt when two |i|-:l::—.=;i|1'l'r|i::r.| vortices inter-
act i a turbulent |i-e'-|r|: the shear or strain exerbed I-_-:.- nnighh-c:-ring’ vorkices on
thern 12 net stationary.
This rermark prorri pL-e*-c| us fox ﬂlur|_'.-' the influence ol an external shear or sbrain on
vertical vortes '.:||i|,'§|1rnl::nL ina Lw-c:-|.'|._'.-'-::r |.|u.'|.1i-|.;’-e'-c:-ﬁ-lr|:|[:-|'|i|: mexdel on the r-[:-|'.:|11-e'~.
This external Aow can have both o stationary and an unsteady component, The
present study generalizes previous work om 210 vortes interaction [Maze =t al.,
2006 to stratihed rotating Qowes.,

In a Arst approach, we study the motion of vortex centers and idealize the
two vortiees as pointlike structure, Thus we consider two identical point-vortices
[cne per layer] with strengths I, located at ry 0 = p. a2 =0, 0+ 7, embedded
in barobropic, center-symmetric sktrain and rotation (with strain rate 5 and
retation rate £, The two layers have sual thicknes B2, Visoosity 15 neglected
and thersfore potential vorticiiy 15 conserved. The motion of each poant vorbex

derives froom a Harmiltonian and s governes] by
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with & = BaS/T, @ = Exll/T. We set &8 = ap -+ s coslad), w = oo+ ewy coslaf)
[with e <<= 1), The equilibrivm positicns are the center of the plane (vortices
vertically aligned] and bwo center-symmetnic positions [bhe stakality of which
depends on s and W), These equilibrium positicns are located inside cegions of
the plane bounded by separatrices, The central region is elliptically shaped and
the micle regions are curves] lobes,

The stakality study shows that there s a bi-frequency response to external
strain and rotation ; in particular, frequency locking can lead to unbounded tra-
jectories (unstable vortex motion), Thus, a multiple Bime-seale expantion of the
equaticn of motion of the vortices around neutral equilibria s performed | when
i hes forcing Frespuency is the sigenfrequency of cecillations around the equilibria,



The resulting amphitude exuation s
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where K, R, and /o are constants.
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Equation [ 1) descrbes the slow-time modulation of vortex cecillations arcund
their equilibrium positions, due to the unsteady straim and retation. Indesd, for
steady straim and external rotation, the vortex trajectones arcund the neatral
equilibrium posibions are ciccles, For a weak unsteady component of the exter-
nal strain and rotation, the vortex trajectories are yoined umweard and cubward
spirals, lomted inside these circles. The periodic motion of the vortices along
these spirals 15 demonstrated analytically, As the unsteady strain and rotation
ncrease, bhe vortex trajpctones exit these circles and approach the location of
the separatrices of the steady problem [note that, due to the unsteady lrge-scale
flovwe, these ex-separattices have become entangled and are now chaotic regions).
The entanglement of the homochinie curves 15 shown via the caleulation of the
Melnikov functicn. Thus, for Gnite-amplitode external strain and rotaticn, the
vortex brajectories enber these chaotic regions and become sensibive fo imital
conditions. The transibicn towards chacs s imvestigated by means of Poncare
maps which show the destabilization of the AR tor and of the cantori inside
each labe.

As an opening towards oceanic apphimations, we mvestigate the mfluence
aof an external shear/strain flow on the alignment of fwo idenbical firide-area
vortiees,  We determine numerically the inite amplitude regimes (alignment,
cacillation, divergence of the vorbices) in the parameter plane of external straun
and rotation, for several values of stratification. Conseguences are drawn for
vorkex inberackions in ooeanic Aows or in geostrophic burbalence,
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