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Motivation

9 Wﬁ@mmm(NAO) 5 a leading mode of
ofithelNortherniHemispherefandibeyond.

It affects ! ' and oceans )| -0\l ime

its a could help interannual and
over and around the North
Atlantic basin.

The hierarchical modeling approach allows one to
give proper weight to the understanding provided by the
models vs. theirrealism, respectively.

Back-and-forth between (conceptual) and
(“realistic”) , and between and

Joint work with F. Codron, H. A. Dijkstra, Y. Feliks, S. Jiang, F.-F. Jin,
H. Le Treut, E. Simonnet, S. Speich, and S. Wang




Outline, Tipping Points I

¢+ The NAO and the oceans’ wind-driven circulation
+ The low-frequency variability of the double-gyre circulation
— bifurcations in a toy model
=» multiple equilibria, periodic and chaotic solutions
— some intermediate model results
+ Atmospheric impacts
— simple and intermediate models + GCMs

¢ Conclusions and bibliography
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An example of bifurcations and hierarchical

J. Apel (1987), Principles of Ocean Physics

The mean surface currents are (largely) wind-driven
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blocked vs. “orf)/
flow regimes

Kimoto & Ghil, JAS, 1993a PG 1 h—u;m-dymdmn;-wuﬁm;onxMcmdamt;tdhm(?;w--‘mw

10 the jet axis) are seperumposed for 10-day mecrvals danag NH wister 1978/79. Perssstence is illestrated by some
of the pancls (see text for detals)




Quiling
iireciuaiion fhe WAL and 1he oceans’ wind-driven cwcddbn
. .~ \Iofitheldoublesgyreicirculation
in‘a‘toy'model

—>  equilibria, periodic -1/ SRENETCITI,
— some intermediate model results™

Atmospheric impacts

— simple and intermediate models + GCMs
Some data analysis — atmospheric.and oceanic
Some very promising NAO results
Conclusions
— The coupled climate system: is it the tail or the dog?

— Natural climate variability: a source of decadal
predictability?




The double-gyre circulation and its
low-frequency variability
An D . Shallow-water model

Ih . T+
- — + V.- (ulU) = —-glh— + fV + a,;AV"’U — RU — —
y It dx e - p
modelfofitnes - 2 iv-v) = —g'hg—z — fU + a4AV?V — RV
mid-latitudefwind=arivens 5 = — G+
— where

ocean circulation:

Ue, + Ve, = hu = h(ue, + vé,)

20'km reSOIUtIOn, g':  reduced gravity (= g9(p2 — p)/p)
. A:  viscosity coefficient (= 300 m?s~1)
about 1 5 OOO Varlables R: Rayleigh coefficient (= 1/200 day~1)

: wind stress = 7 cos 27/ L(7, =1 dyn cm ™2 & L=2000km)

Reduced gravity
(1.5 - layer)
model

Active Layer

S. Jiang, F.-F. Jin &
M. Ghil (1995)

J. Phys. Oceanog.,
25: 764-786

Inert Layer



The JJG model’s equilibria
mj]m (m@m )) (Exact) Equilibrium state: (o, (x_z)=(l.3, 1.2)

— linear case — — nonlinear case —

effects_ the (AIEELD) 2000 km =20 x soo-Tgpy o . b) h,.(x.y)
SyMMeEtry: . . '
(perturbed)ipitchfork
bifurcation? =

X (20 KM)x 50 = 1000 km X (20 KM)

S u b po I ar gyre Multiple equilibria (nonlinear case): (0,4, 0p)=(1.3, 0.9)

! a) h(=0)=0 b) h(=0) = h(x,y)

dominates

Subtropical gyre
dominates

X (20 KM)

h = ULT = upper-layer thickness




periodic and chaotic

Time-dependent solutions

o captureispaces

time de\:pendence 1. Periodic, w/ interannual period (2.8 years)

meteorologiststand TINC vARIATION OF WLT ()
oceanographerss t -
often use

Hovmodallerdiagrams

h(r=0) = O

2. Aperiodic (weakly chaotic)

TIME VARIATION OF UL L b}

10 20 B0 40 SO
X (20 KM)
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Poor man’s continuation method

Bifurcation diagram

Perturbed pitchfork + Hopf + transition to chaos

Position of Merging Point (km)
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Global bifurcations in
“intermediate” models

DIl

equivalent-ba
high-resolution
model: pitchfork,
mode-merging,
Hopf, and homoclinic

2005] Simonnet et al.: Quasi-geostrophic double-gyre circulation 937

Yigay 0309

Figure 1. Schematic bifurcation diagram of an equivalent-barotropic QG model, plotted in terms of
an asymmetry measure Ay (see Section 3a further below) vs. wind-stress intensity. The limit
cycles are schematically drawn for illustrative purpose and the streamfunction patterns correspond-
ing to the three steady-state branches—subtropical, antisymmetric, and subpolar (from top to




Homoclinic orbit: numerical and analytical

2005] Simonnet et al.: Quasi-geostrophic double-gyre circulation 039 ]l]{}j] Simonnet etal.: ngj. gmgrmphp'g doible- gvre circlation 04]
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Figure 3. Bifurcation diagram of the highly truncated, four-mode model (3), projected onto the
(A} + A5 Ay) planeforp = Land s = 2; P stands for pitchfork bifurcation ai 7 = 7 = 7,61,

Figure 2. Unfolding of the relaxation oscillations induced by the gyre modes, shown in the plane [  while ¢ = 7, = 10.4299 at the homoclinic bifurcation. The branches of periodic orbits are
spanned by the total potential energy of the solution E,, and the difference A between the subpolar rep] aced by several e:(plici[l‘u' cumputed limit eveles,
potential energy and the subtropical one (see text for details). The orbits of several limit cycles are ’ ’ ’




The double-gyre circulation:
A different rung of the hierarchy

Anothersintermediates

model ofithe
double-gyre circulation:
slightly different'physics;

higher resolution’— down'

to 10 km'in'the

horizontal and more
layers in'the vertical,
much larger domain,

2.5-laver model

Quasi - geostrophic model

Sh , ;
A2(hy — ha)) + 38—‘ = ?—J[h. V2hy — Fi(hy — hy))
ApVihy — CV2(hy — ha) + f°H curl#
1
Oh 0
As(ha — b)) + B2 = =T ha, V2ha — Fy(hs — hy)]

ARVihy — CV2(hy — hy) — RV?h,

height anomaly for upper and lower layer (stream functions)

mean height for upper and lower layer

Rossby radius of deformation = Vh'H\[f3.\Jh"H,] f2

wind stress
viscosity coefficient

Rayleigh coefficient for interface and lower layer
Coriolis and beta parameters

mean density and reduced gravity

Ho + hp

Hag>>Hy + Ho



Model-to-model, qualitative comparison
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[ (a) Kineticlenergyiof N
2 5-layershallowswatc e P
model in North=Atlantic '
shaped basin;and .
(b) Cooperative Ocean-
Atmosphere Data Set

(COADS) Gulf-Stream
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Figure 7. Comparison between low-frequency variability in an idealized double-gyre model and in
observations of the Gulf Stream axis. (a) Spectral results for a 2.5-layer SW model for a basin that
approximates the North Atlantic in size and shape, using an idealized wind stress. Maximum




More spatio-temporal data

MultizchanneRSSA T s
analysis of thelUK A A
Met Office'monthly;

mean SSils forthe™
century-long
1895—1994 interval

Marked similarity with the

7—8-year “gyre mode” of
a full hierarchy of ocean
models, on the one hand,

and with the North e A S
Atlantic Oscillation (NAO), . 1/@ B @

on the other: eXplanation? 200" 330" 0O 00 330" 0O

Figure 8. Phase composites of the reconstructed 7-8-year SST oscillation. The MSSA window
length is 40 year and the contour interval is 0.02°C.
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The low-frequencyavatiablivio Rt claoupIEayelcirculation
— bifurcationsiiniaitoyAmaedel
~=>multiple’equilibriay er|®|cchaot|c solutions
— some intermediate" model results -

— simple and intermediate models + GCMs
Some data analysis — atmospheric.and oceanic
Some very promising NAQO results
Conclusions

— The coupled climate system: is it the tail or the dog?

— Natural climate variability: a source of decada
predictability?



Aimesonare Imezect of mid-laiiyeds ST
Anonnzlizas: A highly contentious issue

0 20 40 B0 80
AMBL min= —6.00 max= 6.00

¢ A quasi-geostrophic (QG) atmospheric model in a periodic 3-channel, first
barotropic (Feliks et al., JAS, 2004; FGS’04), then baroclinic (FGS’07).
¢+ Marine atmospheric boundary layer (ABL), analytical solution.

* Forcing by idealized oceanic SST front.




Ocean-atmosphere coupling mechanism (11)
Vertical velocity at the top of the marine ABL

@ The nondimensional w(He) is given by

w(He) = 1G5 — aV?T]

with v = ¢1(foL/U)(He /Ha) and o = ¢2(g/ToU?)(HZ /Ha), where Ha is
the layer depth of the free atmosphere (~ 10 km), and ¢4 the
atmospheric geostrophic vorticity.

@ Two components: one mechanical , due to the geostrophic flow (4
above the marine ABL and one thermal , induced by the SST front.

Atmospheric jet

He

North outh
Michael Ghil, Eric Simonnet, Yizhak Feliks
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The 7=3=yr meads 1n 2imesonarie ckii
Likewise a contentious issue

(2) 12-mortn rumning Toss
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Concluding remarks

¢+ Tipping points and bifurcations: do they really help?
— Yes, if properly understood and carefully applied!
¢+ Can we predict them?
— Yes, depending on the problem and the data!
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Climate models (atmospheric & coupled) : A classification

= stationary, (quasi-)equilibrium
= transient, climate variability

opace

« 1-D ‘ - /

- latitudinal
= 2-D

* horizontal

- meridional plane
= 3-D, GCMs (General Circulation Model)
= Simple and intermediate 2-D & 3-D models

i 5

= Partial

- unidirectional

- asynchronous, hybrid
= Full

Hierarchy: from the simplest to the most elaborate,
iterative comparison with the observational data




Modeling Hierarchy for the Oceans

Ocean models

@ box'models=chemistryA(BGC)¥paleo

" 1-D: vertical (mixed layersthermocline)
2-D— |

S‘als’o‘ﬂSlD:_Aa_litjtl'e’longitude dependence

B T B :'~,q3\)1 -

5'als0 2.5-D: reduced-gravity models (n.5

3-D: OGCMs - simplified
- with bells & whistles (“kitchen sink”)

|dealized (0-D & 1-D): intermediate couple models (ICM)
Hybrid (HCM) - diagnostic/statistical atmosphere
- highly resolved ocean

Coupled GCM (3-D): CGCM
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the SST front
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Low-energy phase

High-energy phase
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Atmospheric jet
spins up from
2000 kmto
4000 km, much
greater speed and
strong recirculation
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Can we, nonlinear people, help?

iheltincertainties
mightoeyntrinsic

R FIELDS,

4

Might fit in nicely with
recent taste for

“stochastic
parameterizations

Figure 7.5-1. The three towers of differentiable dynamics.






