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Climate context (1)

Climate study → ocean, atmosphere...

Low frequency Variation → ocean

Ocean has different variability scale (tide, eddies...)
low dynamic → ThermoHaline Circulation (THC)

⇒ Variability and stability of the ocean circulation

Endogenous variability

→ internal process sustains the variability
(always non-linear)

Exogenous variability

→ the perturbation sustains the variability
(could be linear)
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Florian Sévellec Optimal surface salinity perturbations influencing the ocean circulation



Introduction
Background materials

Meridional Overturning Circulation (MOC)
Meridional Heat Transport (MHT)

Conclusion

Climate context
Problematic
Contents

Climate context (2)

Global warming:

Strong modification of the global
mean temperature during the past
century.

Increase arises after a millennial of
a decrease

→ Josey and Marsh (2005):

Increase of the precipitations in the north Atlantic

SSS modification during the last three decades
⇒ SSS impact on the oceanic circulation
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Problematic (2)

Linear approach:
weak variations (perturbations) of the ocean circulation

Optimal perturbation:

Farrell and Ioannou (1996) ⇒ optimal initial and stochastic
perturbation (atmosphere)
Tziperman and Ioannou (2002) ⇒ optimal initial and
stochastic perturbation (3 box THC)

⇒ Finite time growth
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Non-orthogonality : finite time growth

Finite time growth due
to non-normal eigen-
vectors in a two dimen-
sional space.

|u−>

|u+>

: LINEAR APPLICATION
OF |u+> AND |u−> AT INITIAL

TIME
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Florian Sévellec Optimal surface salinity perturbations influencing the ocean circulation



Introduction
Background materials

Meridional Overturning Circulation (MOC)
Meridional Heat Transport (MHT)

Conclusion

Maximisation method
Model
Steady state
Linear and adjoint model

Eigenvectors and biorthogonality

A |ui 〉 = λi |ui 〉 and A† |u†i 〉 = λ∗
i |u

†
i 〉

Def:
• |u†i 〉 is the biorthogonal of |ui 〉
Properties:
• |u†i 〉 biggest contravariant pro-
jection on |ui 〉
• 〈ui |u†j 〉 = δij

|u

|u+>

|u−>
=−>|u

+>=

A =
∑

i

|ui 〉λi 〈u†i | et A† =
∑

i

|u†i 〉λ
†
i 〈ui |
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Maximisation method (Lagrange parameters)

u the perturbation

F(u) the function to maximize

Ci(u) = 0 les contraintes

⇒ G(u, γi ) = F(u)−
∑

i γiCi(u) (γi Lagrange parameter)

the optimum u maximize F under the Ci constraints if

dG(u, γi ) = 0 ⇒ dF(u)−
∑

i γidCi(u) = 0
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Oceanic circulation application

Functions to maximize (|F 〉):
Meridional Overturning Circulation (MOC)
Meridional Heat Transport (MHT)

Constraints
1 Norm: 〈u(0)|S|u(0)〉 = 1
2 Salt conservation: 〈C |u(0)〉 = 0
3 Only surface salinity perturbation: |u(0)〉 = |u′〉
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Computation

Perturbation evolution:

∂t |u〉 = A |u〉

⇒ |u(τ)〉 = M(τ) |u(0)〉 =
∑

i

|ui 〉 eλiτ 〈u†i |u(0)〉 .

Explicit solution of the optimal initial perturbation:

⇒ |u(0)〉 = P |u′〉

|u′〉 =
N−1P†M†(τ) |F 〉 − γ2N

−1P† |C 〉
2γ1

, with N = P†SP,

γ1 = fct (M(τ), |F 〉 , |C 〉 ,N,P, γ2) and

γ2 = fct (M(τ), |F 〉 , |C 〉 ,N,P) .

⇒ Solution function of the maximisation delay τ
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OPA ORCA2: steady state
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OPATAM: linear and adjoint model

Modification for linear and adjoint run:

Permit surface variability
⇒ Remove of the surface restoring for T et S

Damped Pacific equatorial variability (MOC influence less
than 10−4 Sv)
⇒ Addition of 1 day restoring term on T and S from 10◦S to
10◦N and from surface to bottom in the equatorial Pacific

Damped linear Gibraltar overflow instability
⇒ Closed the strait and remove Mediterranean sea only in the
linear and adjoint run

⇒ No more non-linear saturation
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MOC growth maximum

Ro = Ū
fL � 1; EkH = νH

fL2 � 1; EkV = νV

fH2 � 1 ⇒ Geostrophic regime
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MHT growth maximum

Ro = Ū
fL � 1; EkH = νH

fL2 � 1; EkV = νV

fH2 � 1 ⇒ Geostrophic regime
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