Characterization
of tracer cascade

Induced by geostr ophic eddies
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Instantaneous Lagrangian diagnostics (today)
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T/S compensation, "Spice" distribution (Saturday)
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| Evolution of tracer gradient in simple flows

@ Basic Mechanisms

Il Dynamics of tracer gradient

e Alignment with specific orientations

which depend on V4 and V%f

[Ill Numerical simulations

e Statistical validation of alignement properties

eCascade in physical space: Palinstr ophy production
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Tracer Cascade toward small spatial scales:
e The tracer field results from the stirring by the mesoscale eddies

e Production of small scales = strong horizontal gradients
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From Tuck (1989)

Horizontal gradients of different tracer fields at same locations
in physical space
= result from the flow topology
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Approach :

e use information from fields of « and % (velocity AND acceleration)

= dynamics of tracer gradient

® Mesoscale eddies /& quasigeostrophic turbulence

Neglect diffusion

Lagrangian reference frame
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Neglect diffusion
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Lagrangian reference frame
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(velocity AND acceleration)


|  Simple flows

Pure strain field

® ) =0y

e Alignment of tracer gradient with compressional axis of strain

tensor

e Strong growth of tracer gradient norm



Pure vorticity field

_ 2 2
e =5 (z" +y°)
e Rotation of tracer gradient

e No growth of tracer gradient norm



Results of Okubo and Weiss

e t Dgq 0
assive tracer : —
" Dt
DV
th = —[Va]" Vq eigenvalues : &+ \1/2

Okubo (1970) and Weiss (1981) :

Vg~ Vqo exp(£AY/? ¢)

A = (strain rate)? — (vorticity)?

e )\ > ( ( strain rate dominates): exponential growth

e )\ < 0 (vorticity dominates): rotation of gradients

Assumption

o [Vf[[]* varies slowly along Lagrangian trajectories



Finite size axisymmetric vortex

Vq

Outside axisymmetric vortex,

vorticity w =0 and strainrate o # 0

Rotation of gradient and linear growth of tracer gradient norm
A=0?—-w?=0%2>0 — exponential growth

Okubo-W eiss criterion fails

because the rotation of strain tensor axis Dthu

has not been taken into account







I Dynamics of tracer gradient

DV s 1 o Os +w
~Zvd = —|Vu|*Vqg = —= " ’ Vq
Dt 2\ o, —w -0,
cos 6 Y q
Vqg=|Vq|| A
sin 0
On sin 2¢ // (/2+m/4
=0 ’ i
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///9
it —-p-Tt/4
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2 scalar equations for the norm |V ¢| and the gradient orientation ¢

DIO%LYQF = —osin(2(0 + ¢))

215_? = w — o cos(2(0 + ¢))

DVu
Dt

Where does come into play?



Equation for the orientation of tracer gradient

Do

2— =w —o0cos(2(0 + ¢))

Dt

and the strain rate tensor axis

Relative anqle between V(]. [ C — 2(9 =+ ¢) j

Nondimensional

Lagrangian Time T — fO dt,
4 )
D¢ ..
5> =T —Ccos(
N /

w+2D¢/Dt  effective rotation”

r = :
o strain rate
4 N
D¢ DVi
Bt related to Dy
N\ J




Strain-dominated regions

(D¢ —T—COSC\

Dt

(] < 1]

_ w+2D¢/Dt

T s

Assumption : r is slowly varying

e Two fixed points (+ = % arccosr
— stable orientation (_ = growth of | V|

— unstable orientation (1 = decay of |Vq|
e Alignment of tracer gradient with the stable orientation of (_

e Exponential growth of gradients norm

Lapeyre, Klein and Hua, 1999, Physics of Fluids



“Eff ective rotation”-dominated regions

/DC —T—COSC\

(x| > 1]

w+2D¢ /Dt

A,

e non uniform rotation of gradient (g—g IS variable)

e the gradient spends most of its time near the direction with minimal

rotation rate (D¢ /Dt? = 0)

e The most probable orientation of this direction is & such that

a = arctan <§> + (1 — szgn(r))g)
r
D(o~") 1L g |
§=———-+ o~ : stirring time scale
Dt °

Klein, Hua and Lapeyre, 2000, Physica D
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Summary of Dynamics of

tracer gradient

o

D (o71)

S =

o

Dt )

e |rr| < 1: strain rate dominates
— Alignment with the orientation (_ (1)
— Exponential growth of |Vq| for |r| < 1
— Linear growth of |Vq| for |r| =1

° |r| > 1 : effective rotation dominates

— statistical alignment with the orientation «

— weak growth or decay

DVu
Dt

e 7 and s depend on V and
— saddle point: r =0and s = 0
— axisymmetric vortex : |r| = land s = 0

— strong rotation : || >> 1

(r and s)

Both r and s are independent of the reference frame
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Both r and s are independent of the reference frame


Il Numerical Simulations (10242)

vortictly w

w+2D¢ /Dt

(o)

® green: strain dominates

e blue and red: effective rotation dominates
red <> w  blue <> 2D¢/Dt

e yellow <+ |r| =1



Active tracer (vorticity w) and passive tracer (C) rapidly show the same
orientations in their gradients at specific locations of the flow

Lapeyre, Hua and Klein, Physics of Fluids, 2001

(a) vorticity gradient
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Alignment in strain-dominated regions

D¢
Dr

r — cos (

¢ ~ (_ = predicted dynamical alignment



Alignment in “eff ective rotation”-dominated regions
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Alignment dans strain-dominated regions

for Okubo-W eiss prediction ( %t = 0)

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Joint PDFof ( + /2 and w/o

No alignment occurs for Okubo-Weiss criterion



Distribution of strain-dominated and effective-rotation dominated

regions for a uniform elliptic vortex (positive)

r<-1

<1 Ir|<1

r<-1
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Palinstr ophy production

| V

e Gradient enhancement of vorticity w, Py = (pallnstrophy
production) is such that its domain-averaged value measures the

strength of the cascade of enstrophy (|w|2) to ever smaller scales.

e Spatial patterns of palinstrophy production/destruction are
quadrupoles for non-uniform elliptic vortex (Kimura and Herring,
2001, JFM)
elliptic streamfunction
U(z,y) = F(ax? + by?) F differentiable function
— P; =abla — b)lG(a:2, y?,a,b), G functional of .

Xy
— a = b, P, = 0 no palinstrophy production for circular patterns

— x, y axes separate Py > 0 and P; < 0: quadrupole pattern
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Y. Kimura and J. R. Herring

Palinstrophy production P;(colored) and contours of vorticity




Y. Kimura and J. R. Herring

Free-decay turbulence with random initial elliptic vortex conditions

Generically seen that regions of strong palinstrophy production
(Ps > O): purple-blue) correspond to spiral filamentary extrusions from

regions of near elliptically organized vortices.



Estimation of palinstr ophy production

salVa? = —V¢'Svq
2 X
$4:Vg? = V¢'NVq
the expression of S and IV in the strain coordinates become :
c | 1 O o2 | 1—s
Sst'rain = = ’ Nst'r'a/i,n = =
210 -1 2 r

In terms of the gradient norm p :

_p12 %p2 = —osin(
2
_plz _C(ljtzp2 = 0*(1—xcos(¢—a))

with x and « defined by :

X = Vr2+s? (sina, cosa) = (i,z).

e ( = « alignment of Vg with eigenvectors of IN.
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Palinstr ophy production

—osin( = osin(arccosr) = ov1—7r2 when |r| <1
. . s

—osin( = —osin(a) = —0— when |r| > 1
X


lien hua
 

lien hua
 


(a) vorticity t=0, 0.3

(c) analytical prediction of palenstrophy production

I .

A\




Summary

Dynamics of tracer gradients as a function of flow topology

mechanism 1 : r Competition between strain rate and effective
rotation
D¢

o

T =

mechanism 2 : s Variation of stirring time scale (0_1)

Do

Dt

§ = ——
o2

preferred orientations for tracer gradient that depend on

V4 local properties of velocity field and

V%";‘ acceleration gradient tensor: long-range influence of

mesoscale eddies in physical space( Hua and Klein, 1998);

both Vu and V%f are entirely diagnostic for Quasi-Geostrophic
dynamics (Hua, McWilliams & Klein, 1998)

— better identification in physical space of tracer cascade toward small

spatial scales
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