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Energy in the ocean
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Observations of eddies
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Eddies, with transient velocities unrelated to the mean flow were a new thing
when this paper came out



Observations of eddies
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Fig. 2. A progressive vector diagram of currents at 1000 m obtained in the POLYGON
experiment (from BREKHOVSKIKH, FEDEROV, FOMIN, KosHLYAKOV and YAMPOLSKY, 1971, Fig. 4).




Observations of eddies
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Sound velocity at 800m in the
Sargasso Sea (Beckerle, 1972)

from Wunsch (1972}

Temperaturemé_bectrum: most
variance is at timescales of 40
to 100 days (Wunsch,1972b)

Days Hours
20 756 200 42 20 1242
¥ T T =T
) . ]
L .
v - =
£t ;
'n.‘ﬂ_ H- [ ]
= & [ . .o. < 1
o — 1Ok ®eo o & 7
5z} ~
Sao T :
a~ I
R ™
L .
L ] * o
‘ —
B L
I ¢ » -
O 1 L sazel bt sl .1 lmll*lemm_
(o T 2 lo s o2 o™ 10°
~_ . [Nl a1 H R Y

How is energy partitioned between the eddies and the mean tlow?

|s there enough energy Iin the mean

Are the eddies generated locally or at a distance”

low to drive the eddies?



1.5 layers

Pressure
p=p1g(n— z) —h <z<n
p=p19(n+h) — p2g(h + 2) 2 < —h
Geostrophy
—fv="2 = _g'n,

P1

i 2=,



Energy partition in a gyre
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Energy partition in a gyre

Internal radius of deformation
_gh?

~ 30km
/
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E = 5 <,00 (% + N;?) QG expression for energy
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Energy input by the wind

Continuity
(hu)y + (hv)y, + wgr =0

Geostrophy

Ju= —IOZZy = —g'hy




Energy input by the wind

Geostrophy
Continuity o= P _gp
(ht)y + (), + Wik = 0 i
fu = “Py _ —g’hy
P1

—p1g’ (uh?)z — prg’ (vh?)y — p1g’hwgy, = 0
Integrate

—p1g’ [/ uh’ dy] — p19g’ / / hwpk dxdy =0
x=0

output ??7? input




Energy input by the wind

Geostrophy
Continuity o= P _gp
(ht)y + (), + Wik = 0 i
fu = “Py _ —g’hy
P1

—p1g’ (uh?)z — prg’ (vh?)y — p1g’hwgy, = 0

Integrate
—p1g’ [/ uh’ dy] — p19g’ / / hwpk dxdy =0
=0
output ??7? input
Rate of energy input by wind APE T

= 3 yrs

R = p1g’hwgs R 3Pa?



Energy budget

Energy fed in by wind is ot average rate R (~IO°>wWm 2)

Energy exported to western
boundary current is ot same

rate as it is supplied by the wind

Available potential energy V (~ 10° ym?)
Kinetic energy T (~ 102 ym2)

a 1m high sea state contains 10 J/m”



Eddy strength

It all the APE were converted into eddy energy,

Eeddy = APE



Eddy strength

It all the APE were converted into eddy energy,

Eeddy = APE

And for eddies larger than the deformation radius,

APE, 4, = APE

APEeddy k=2
KEeddy a?

KE.qq, = (ka)*?APE = (kB)*KE

because the eddies are smaller than the gyre scale, the eddy kinetic energy can be
much larger than the mean kinetic energy.



Eddy strength

It all the APE were converted into eddy energy,

Eeddy = APE

And for eddies larger than the deformation radius,

APE, 4, = APE

APEeddy k=2
KEeddy a?

KE.qq, = (ka)*?APE = (kB)*KE

because the eddies are smaller than the gyre scale, the eddy kinetic energy can be
much larger than the mean kinetic energy.

KE 44, = (ka)*APE ~ APE
> v=0.2m/s

| assume
10° J/m* = —mu? barotropic
2 .
eddies



How much energy Is actually in eddies?

I
Fuglister (1960)

Meridional temperature section at 5S0W

15-20% of APE is in eddies



Linear stability analysis

Perturbation
Y(x,y,t) = Re{p(z)e™ "~}

Eigenvalue problem

(U = U(f?/N?)p:]: — K¢} + Qyd = 0
Qy = B—I[(f*/N*)U.].

Boundary conditions

&: U- z2=10
¢ (U — c)

¢. _U.+NH,/f 2= —H
¢ (U — ¢

Necessary conditions for instability: any of
* (, changes sign
* Sign of @, is opposite to sign of
* Signof ), is same as sign of 7

at z =20
N*Hy at z=-H

U.
z T
f




Linear stability analysis

(U — C){[(fQ/Nz)qbZ]z — kng} + Qy¢ =0
Qy =p — [(fz/N2)UZ]z
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For instability Ug < 0

Westward current: isopycnals slope upwards towards the equator



How is growth rate affected by the bottom slope”
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g s = H, is negative when the
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How is growth rate affected by the velocity profile”
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Growth Rate (day')

Reducing the slope of the isopycnals near the surface reduces the growth rate anad
the reversal of isopycnals near the surface reduces the growth rate still further.

Therefore, seasonal changes can have a large effect on the growth of disturbances.



Most rapidly changing disturbances
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Second most rapidly changing disturbances

4000m

(g uno

Perturbation velocity

(Similar to the first baroclinic mode)
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Rate of Conversion of APE to eddy energy

(). k=-O33km' (11, k= -OI95km
. ‘0004 0008 0
z I z
500m 500m. -500+t
L
I000m I000m = 1000
o
[2) k=-0285km™! (3] k =-0275km™ _1500! |
OQTQ2 ‘0004 . ‘0008 . '00!6 —1]
—[2]
z z 3]
500m 500m ‘20000 1 2 3 4
L Velocity (cm/s)
I00Om L I000m L

 Nearly all energy transfer takes place in the top 400m.

Large eddies transfer 2-3 times as much energy as small eddies.

Large eddies dominate at depth, small eddies at the surface.

« Eddies can remove APE from the circulation as fast as it is supplied by the wind.



Energy in the ocean
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How do we identify baroclinic instability”

* Phase increases downwards in the top 400m.

* Phase velocity is upwards
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Failures of the two-layer model

Only Phillips-type instability is possible
 Needs tuning to give reasonable answers
Range of wave numbers is too small
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Conclusions

* Most of the energy of the mean flow is in the APE % ~ 1000

* Energy from eddies comes from the large-scale mean wind field,
via the large-scale mean circulation

 Smaller, faster eddies can be found in the surface field, and larger
slower eddies are found at depth.

 Eddies can remove APE from the circulation as fast as it Is
supplied by the wind.



\overline{\mbox{KE}}=\frac{1}{2}\rho_1 \overline{h(uA2+vA2)}=\frac{1}{2}\rho_1 g' N\overline{h(Ch_xA2+h_yA2)/fA2}

\overline{\mbox{KE}}\sim \frac{\rho_1 g'A2 \overline{h}\, \overline{h'A2}}{BA2fA2}

\overline{\mbox{APE}}=\frac{1}{2}\rho_1 g'(\overline{hA2}-(\overline{h})A2)

\overline{\mbox{APE}}\sim\rho_1 g'A2 \overline{h'A2}

\frac{\overline{\mbox{APE}}}{\overline{\mbox{KE}}} \sim \frac{BAZ2}{ar2}\approx \left(\frac{1000 \mbox{km}}{30\mbox{km}}\right)A2 \approx
1000

a=\frac{g'hA{\frac{1}{2}}}{f}\approx 30 \mbox{km}

g \eta = F_1(z)+g'h
p=\rho_1 g (\eta+h)-\rho_2 g(Ch+z)

Chu) _x+Chv)_y+w_{Ek}=0

-\rho_1 g' (uhA2)_x - \rho_1 g' (vhA2)_y-\rho_1 g' h w_{Ek}=0

-\rho_1 g' \left[ \int uhA2 \, \mbox{d}y \right]_{x=0} - \rho_1 g' \int \int h w_{Ek} \, \mbox{d}x \mbox{d}y=0

\overline{R}=\rho_1 g' \overline{h w_{Ek}}

\frac{\overline{APE}}{\overline{R}}=\frac{L}{3 \beta ar2}=3 \, \mbox{yrs}

\overline{E_{eddy}}=\overline{\mbox{APE}}

\frac{\overline{\mbox{APE}_{eddy}}}{\overline{\mbox{KE}_{eddy}}} \sim \frac{kA{-2}}{ar2}



\overline{\mbox{KE}_{eddy}}=Ck a)A2 \overline{\mbox{APE}}=(Ck B)A2 \overline{\mbox{KE}}

\psi(x,y,t)=Re\{ \phi(z) eA{ik(x-ct)}I\}

Q\overline{U}-cO\{[(fA2/NA2)\phi_z]_z-kA2 \phi\} +Q_y \phi=0

Q_y=\beta-[(fA2/NA2) \overline{U}_z]_z

\frac{\phi_z}{\phi}=\frac{\overline{U}_z}{(N\overline{U}-c)}

\frac{\phi_z}{\phi}=\frac{\overline{U}_z+NAZH_y/f}{(N\overline{U}-c)}

\mbox{Depth Scale}=\frac{fA2 \overline{U}_z}{NA2 \beta}

E=\frac{1}{2} \left( \rho_0 \left( \psi_xAZ2+\frac{fA2 \psi_zA2}{NA2}\right) \right)

\overline{\mbox{APE}} \sim \frac{\rho_0 fAZ2 \psiA2}{NAZHAZ2}\sim \frac{\psiA2 \rho_0}{ar2}



