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An experimentmixing a stablealtgradient
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Statt with a strongly
stable density gradient:

b= N?z

With molecular diffusion,
the mixing time Is:
2

H
taig = N ' 1year

With stirring,the experiment
lasts adw hours.
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Turbulence in the wak of the rod
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Strong stiring, PWG94
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Weakly stratiPedturbulent mixing looks li& accelerated molecular diffusic
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I\/Ioderate stiring PWG941ayer formation
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Moderatey stratibedturbulent mixing amplibes byancy gradients.
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Weak stiring PWG94the interior regime
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Ols swngy stratibed turbulence stable
(Phillips 197ZFosmentier 1977)

No, not If stable bugancy gradients supgss mixinghe turbulent
[3ow spontaneousl becomes spatiglinhomogeneous.

gradient, " 4

Conservation of mean bugancy:

_of .
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The linear instablility of Phillips &$mentier

P&P explain the onset ofyiering as anegatie-diffusion instability
h=1f, and b=N2z+8 " 8B=f"(N?)8,

Density ﬂmﬁ The diffusivity is:

Divergence

L The Bux is alays
down-gradient.




Problems with the P & P model

gradient, " 4

(1) There is no mechanism to egst interface steepening.

(2) The problem is ill-posedhere is no high waenumber cut-off.

@t: f! (NZ)@zz




Beyond the linear instability?

To explain the experiments &need a moe elaborate modelgLSY 1998

e(z,t) = TKE and b(z,t) = mean buoyancy

Physical arguments suggest the model:
b( — (gell2bz)z = 5(661/262)2! gell2bz! Oég! 1e3/2 + P

conversionTKE—)Pa 1dissipation
The mixing length: . of TKE,!

Consewation of enery:
d O%JH

We nust specify the eneggproduction’P.....




Completing the model
h — (Zellzbz)z = 6(681/262)2! gell2bz! Oégl 193/2 + P

The most satisfactgor
Equipartition assumption is:

01/2
P=a—U?
T

TKE density elaes to
the rod speed:
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Linear stabllity of the
spatialf unibrm solution

The;pon-%imensional system is:
o = %Y .

i $ .
% %l/zez Z# %1/29_'_ r 1$ 1(1# e)el/Z’

% &
o U2

e+ g

, and g" b,.

Linearize asund the homogeneous
state:

g — gO+ glesH—imz
e= e0+ elest—i—imz

Note [ is necessayrfor the high
wavenumber cut-off.




(1) linear instability (P&P).
(2) pattern derelopment via merger

(3) invasion of the edgeyars and
ultimate homogenization.
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Mergers Iin the interior maintain constant (3

2345+6.738975*/3:;,81531515<5" #HH=5>HHH#

#(& . .

#( 101/

#H#$
* H#'#

If the Bux is slighyl
non-unibrm then the

steps slavly migrate
leading to Iger merger

%&H# %"# %!#

2A45+6.738975-B)6?531515<5"####:5>####

This merger pocess keps the interior [3ux close
to constant (and & can calculate the constant).




General lessons?

At the bottom of the banana
the system can besduced
via an amplitude expansion.
The critical pointis:

r —7+4$§ _g 1 L
| ‘\ - I — ' gO' T g . 2

!%—./012/;;!1‘.5067813‘!‘( !"!‘)
Yo
The expansion beginsdkhis:

r=r o+ Py g=go + o+ Az )]+ O(1%)
and leads to theCahn-Hilliad equation

Ar= *A" A+ AP+ A%

The CH equation - dered by CH from thermodynamic arguments - Is the
simplest complete description of negatidiffusion (anaegatie viscosity.....
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\ )
vertical

This is a Bui®stratipedOO
by \ertical vorticity

2! ot = 2 xsinem%l §ﬂ£& %' R COSQ%O (9—90?&
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Stratibed turbulence in apally
rotating! -plane 3uid

AvallabIePotentlal Energy In
the tilted interface is eleasec
by baroclinic instability

AT

20'H
$:g

$ 10 to 40 km
fo

ocean

bottom drag
dissipates enelg

)
Geostrophic balance: (u1,v1) =

L0 (U

(v I 1" pressure in layer 1
Y x




The quasigeostphic gproximation
Gt + Uty + ($+ % °U) #ix + J(#1, 1) = —&V°q,
bt — Uthx + ($— % °U) #o + J(#2, ) = —' VH#, — &V°0p.

Fotential\orticity: Gh = " nxx + "nyy + 2 (1) ("1! " 2)

From the abae, we obtain the energ equation:
U?% %(! & ~ $(|! ! ,|*) where ()= average over X, y and t
heat [3UX bottom drag

The release oRPEby baioclinic edlies is poportional to the heat [3uxand
also to the suppl the mechanical eneygequired to balance bottom friction.

Above: " S+ Y2), 7= (1! 1)
The baptropic mode The baoclinic mode(OheatO)
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The most unstable linee
disturbance is:

' exp |[tky(x ! ct
Bamotropic zonal-aeraged zonal XD [1Fx
Bow:anegatie-yiscosityinstability k=0 %

u(y,t)) L't u(z,y,t)de

L=50"#"

J(",&*")=0

Exponential gywth is stopped
by a secondar instability
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Statisticall stead
turbulence
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Baiotropic zonal
mean Bwv a(y,t) $ 10U

(Williams 1979,Panetta 1993)




\\ Physical basis of
negatie viscosit
VNN B8 4

g+ UV , = %S

LAV

u(y,t) Weak zonal distdaron of the
elevator mode un-mirs

\—/:///

momentum and so maintains
the jets against bottom drag.

#'= acoslk (x” wy)0] ) UV 1 +}(ka)'ta, mp @ = —i(ka)’ta,, — B

(Star 1968,Sivashinsky 198Blanfioi &Young 1999)  jumpto CH



The Kolmogprov problem '~

An illustrative model ofnegatie viscosityis the stability of/A%

I =11 . COSKX, V=1I,=

The 2D NavierStokes equation Is:

|20+ Re(1+ ") sinx (120 + 1) +J(0, 02 )+#,= 14" $l 2

y

differential otation
and bottom drag

This RBav is unstable (in d=2) if:

|
Rz'gaX>Rc V2

(Meshalkin & Sinai 1961)




The Kolmogorov problem - continied

The weakly nonlinear expansion of:
| 21+ Re(1+ ") sinx (I 21 + ! )y+ JO,L 2+ #, =14 $ 2

stars like this:

Y = A(%b_/$<§/§9 + eSINXRAy + O(€)?

Y & T

Again ve obtain theCahn-Hilliad equation: :

Ur = —uU — (2—#°)U + 3Uyy +2#U% — 2U°

f Negatie Symmety
Bottom drag viscosity breaking

Notation: U # " Ay

TheTaylor-Prandtl debatenix momentum or wrticity?

(Sivashinsky 1988lanfioi & Young 1999)



The Kolmogorov problem - continied

The weakly nonlinear expansion of:
| 21+ Re(1+ ") sinx (I 21 + ! )y+ JO,L 2+ #, =14 $ 2

stars like this:

Y = A(g@@ + eSINXRAy + O(€)?

Y & T

Again ve obtain theCahn-Hilliad equation: :

Ur = —uU — (2—#°)U + 3Uyy +2#U% — 2U°

1 Negatie Symmety
Bottom drag viscosity breaking

Notation: U # " Ay

TheTaylor-Prandtl debatenix momentum or wrticity?
One point to Prandtl ér the weakl/ nonlinear case alve.

(Sivashinsky 1988lanfioi & Young 1999)



U+ 3Uyy + 202" 207

YY

(1) Initial jet spacing acading to linea
Instability

(2) &t spacing ina@ases due to merge
(3) Mergers ag halted ly bottom drag
(not the Rhines scale).

(4) E-W asymmety due to UM2.




The mechanical eneygudget is: u 2%#&63 %ﬁ%zlg

= DU

Always impotant

l 11
# SH W &
L

Dimensional angsis (HH 1980 =u##D: = & 5 g

Small and unimpaaint

The leading contender (LH 2003):4% = ux1 1.753: 2(1" 3.)%2
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A satisfactoy
theory for D
must include

bottom drag

e.g., D"®=uxtl 1758 (1" p)%?




Conclusion

¥ |s turbulence stable? Not
always.

¥ For experiments lile PWG

t
t
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nere is an almost-conncing
neory (BLSY).

"here Is no equivalent thegr

for baroclinic turbulence
problem.

¥ Rhines scalingf the jets
doesnQvork either




Conclusion

¥ |s turbulence stable? Not
always.

¥ For experiments lile PWG
there is an almost-conncing
theory (BLSY).

¥ There is no equivalent thegr
for baroclinic turbulence
problem. why?

¥ Rhines scalingf the jets
doesniQvork either wha:




Taylor® identity:

)

Ud+ViG= UV U, % Vi + Vigdy= 0

IS Incompatible with PV diffusion:

VR 1ror #_u
vig; = ! D@y, Voq;, = ! Do, , D,= €7




| n2

Rhines scalingaus! !

Another consequence

of Rhines scaling: U"D/N = K(IVYl) = w(@) =
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A PV staicase érmed by pattially mixing the! -ramp
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