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Introduction Model Southern Ocean Mode Lorenz Energy Cycle Mechanism Consequences Summary

INTRODUCTION

I climate variability:
global mean surface temperature vs. ocean heat content

I climate hiatus: some 1023 J of heat missing
I Suggested locations of the missing heat:

I Indian Ocean (e.g. Meehl et. al (2011))
I Pacific (e.g. England et. al (2014))
I Atlantic (e.g. Chen and Tung (2014))
I Southern Ocean
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MODEL
PARALLEL OCEAN PROGRAM

I high resolution: 0.1◦ ≈ 10 km
⇒meso-scale eddies

I ocean only configuration
⇒ oceanic processes are
isolated

I repeated monthly mean
climatological forcing
⇒ every mode of variability
that is not diurnal or seasonal
is internal

I 325 model years,
last 50 full output
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SOUTHERN OCEAN HEAT CONTENT ANOMALY
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SOUTHERN OCEAN MODE

I 50 yr cycle in ocean heat content
I not seen in low-resolution model⇒ eddies seem essential

Research question

What causes the Southern Ocean Mode?

PROPOSED MECHANISM: EDDIES – MEAN FLOW INTERACTION

I eddies interact with mean flow to alter energy input
I mechanism proposed by Hogg et al. (2005) for

quasi-geostrophic model
I description in mechanical energy framework
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LORENZ ENERGY CYCLE
MECHANICAL ENERGY BALANCE OF THE OCEAN

1. Reservoirs
I Kinetic Energy (KE)
I Available Potential Energy (APE)

2. Generation
I KE: wind stress forcing ∝ ~u · ~τ
I APE: buoyancy fluxes (heat and salinity)

3. Conversion
I APE↔ KE: vertical movement of water

4. Dissipation
I steady state assumption: dissipation = residual

Eddy-mean decomposition: xy = x̄ȳ + x′y′ with x = 1
T

´ T
0 x dt

I additional eddy-mean conversion terms
I KE: barotropic instability
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MECHANISM: EDDY VS. MEAN FLOW

I eddies seem crucial
A maximum energies: increased generation of eddies,

nonzonality increases
B decreasing energy input, dissipation of energies
C low total energy: weak production of eddies
D increasing energies: zonal acceleration by wind
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The phasing of energy components supports the eddy-mean
flow interaction as the cause of the SOM!
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I convection explains heat release
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SUMMARY

I missing heat of the hiatus
I Southern Ocean Mode

I 50 year period mode
I mechanical energy cycle
I eddy – mean flow interaction

I correct phasing of
energy components

I eddies are crucial
I convection and its effects in overturning

I associated heat release

Conclusion

The eddy-mean flow interaction mechanisms likely causes the
Southern Ocean Mode.
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COMPLETE LORENZ ENERGY CYCLE
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APPENDIX
APE PHASING

different phase naming convention!
A low total energy: weak production of eddies
B increasing energies: zonal acceleration by wind & tilting of

isopycnals
C maximum energies: increased generation of eddies,

nonzonality increases
D decreasing energy input, dissipation of energies
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APPENDIX
LEC EQUATIONS: RESERVOIRS

Pm = −g
2

ˆ

V

1
n0
ρ̄∗2 dV (1)

Pe = −g
2

ˆ

V

1
n0
ρ∗′2 dV (2)

Km =
ρ0

2

ˆ

V

(
ū2 + v̄2) dV (3)

Ke =
ρ0

2

ˆ

V

(
u′2 + v′2

)
dV (4)

Definition of density anomaly:

ρ∗(x, y, z) = ρ(x, y, z)− ρref (z) (5)
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APPENDIX
LEC EQUATIONS: GENERATION

G(Pm) = −g
ˆ

S

(
α0,1

n0
Jsρ∗︸ ︷︷ ︸

heat

+
β0,1

n0
Gsρ∗︸ ︷︷ ︸

salinity

)
dS (6)

G(Pe) = −g
ˆ

S

(
α0,1

n0
J′sρ′︸ ︷︷ ︸

heat

+
β0,1

n0
G′sρ′︸ ︷︷ ︸

salinity

)
dS (7)

G(Km) =

ˆ

S

(
τxū + τyv̄

)
dS (8)

G(Ke) =

ˆ

S

(
τ ′xu′ + τ ′yv′

)
dS (9)
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APPENDIX
LEC EQUATIONS: CONVERSION

C(Pe,Pm) = −
ˆ

V

g
n0
ρ′u′h · ∇hρ̄ dV (10)

C(Ke,Km) = ρ0

ˆ

V

(
u′u′ · ∇ū + v′u′ · ∇v̄

)
dV (11)

C(Pm,Km) = −g
ˆ

V

ρ̄w̄ dV (12)

C(Pe,Ke) = −g
ˆ

V

ρ′w′ dV (13)
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