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Overall Outline

Lecture I: Observations and planetary flow theory (GFD())
Lecture II: Atmospheric LFV() & LRF(™)

Lecture lll: EBMs), paleoclimate & “tipping points”
Lecture IV: Nonlinear & stochastic models —RDS(*)
Lecture V: Advanced spectral methods-SSA® et al.

=) Lecture VI: The wind-driven ocean circulation

(¥) GFD = Geophysical fluid dynamics
() LFV = Low-frequency variability

(*) LRF = Long-range forecasting

+) EBM = Energy balance model

(*) RDS = Random dynamical system

(£) SSA = Singular-spectrum analysis



Motivation

e The IS
of the Northern Hemisphere and beyond.

o |t affects the atmosphere and oceans on several time and
space scales.

e lts predictive understanding could help interannual and
decadal-scale climate prediction 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. their realism, respectively.

e Back-and-forth between (conceptual) and
(“realistic”) , and between models and data.

Joint work with S. Brachet (SHOM), F. Codron (LMD), H.A. Dijkstra (Utrecht U.), Y. Feliks
(IIBR), S. Jiang (Wall Street), F.-F. Jin (U. Hawaii), H. Le Treut (IPSL), A.W. Robertson
(Columbia U.), E. Simonnet (INLN), S. Speich (ENS) & L. Sushama (UQAM)



Outline

Introduction: oceans’ wind-driven circulation
The low-frequency variability
— bifurcations in a toy model
=> multiple equilibria, periodic and chaotic solutions
— some intermediate model results
Atmospheric impacts
— simple and intermediate models + GCMs

Some promising NAO results

Time-dependent forcing and pullback attractors

Conclusions

— The coupled climate system: is it the tail or

— Natural climate variability: a source of decadal predictability
Some references
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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




Annual Mean Net Surface Heat Flux

Large heat /oss
balanced by
poleward heat
transport
(advection)
Latent heat flux
IS large relative
to sensible.

Kelly, Jan 2009
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Kuroshio Extension
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The gyres and the eddies

Many scales offmotions
dominated'in the'mid-latitudesiby
(l) the dOUbIejgyre ml i Slope Water

Warm Core Rifg

and (i)

Much of the focus of physical
oceanography over the 70s to
‘90s has been with the

- ”: the meanders,
rings & eddies, and the
associated two-dimensional and
quasi-geostrophic

Based on SSTs, from satellite IR data




Space-time organization:
oceans

10,000yt —

More complex than for ™"
the atmosphere, but 100y |
still, basically, 1oy |-
faster goes with shorter
- “weather” =
and slower goes with
longer - “climate.” |-

1wk |-

Time Scale

1hr -

1sec |- capillary
waves

molecular

0.1sec

vertuical
Tmin = turbulent
mopang

. climate
climate change
basin scale
variability
El Nifio
Rossby
wavos
> 5 seasonal
weather cycle
shorter scale fronts
and barotropic
W variability
Interaction coastal
upwelling
“oRgGe | sutaco wes
internal waves
and
inertial motions
surface
gravity waves
© D. Chelton
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| | J

Tmm 1cm

m 10m 100m 1km  10km 100km 1000km 10°%km 10°%m

Spatial Scale



Aurosnlo Exiansion (K£2)

altirrece s
Stable vs.

WiSIGD)C.

periods

Qiu & Chen
(Deep-Sea Res., 2009)

Pain Crzngas
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“Limited-contour” analysis for atmospheric
low-frequency variabili

10-day sequences of S ‘
subtropical jet paths:
blocked vs. zonal
flow regimes
Kimoto & Ghil, JAS, 1993a e b e e P e 2

of the paneds (see 1ex1 for detmds)



Climate models (atmospheric & coupled) : A classification

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

e Space

= 0-D (dlmenSIM O Radlatlve Convective Model(RCM)
=1-D

. Energy Balance Model (EBM)
vertical

latitudinal
= 2-D ﬁ

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

- Coupling
» Partial
unidirectional
asynchronous, hybrid
= Full

= Hierarchy: back-and-forth between the simplest and the most elaborate model,
and between the models and the observational data



Modeling Hierarchy for the Oceans

Ocean models
* 0-D: box models — chemistry (BGC), paleo
« 1-D: vertical (mixed layer, thermocline)
e 2-D — meridional plane — THC or MOC

=> also 2.5-D: a little longitude dependence

— horizontal — wind-driven

=> also 2.5-D: reduced-gravity models (n.5)

« 3-D: OGCMs — simplified
— bells & whistles
Coupled 0-A models
» |dealized (0-D & 1-D): intermediate couple models (ICMs)
« Hybrid (HCMs) — diagnostic—statistical atmosphere
— highly resolved ocean

 Coupled GCMs (3-D): CGCMs



Outline

* The low-frequency variability
— bifurcations in a toy model
=> multiple equilibria, periodic and chaotic solutions
— some intermediate model results



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)

—_—




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]

....... ......... ......... ......... }I ......... ....... £

Homiclnic

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

) l"'l(! _0) = ) model grid distribution
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@@I@ Of 2005] Simonnet et al.: Quasi-geostrophic double-gyre circulation 947

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

(COADS) Gulf-Stream

M om o L) LA om "
Frequency (monthe1)

15 55T meridicnad deviadon IMEM =40}

axis data g o e e SRR R

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

Multi-channel SSA analysis of

the UK Met Office

monthly mean SSTs
for the 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
Atlantic Oscillation (NAQO),
on the other.

Moron, Vautard & Ghil
(Climate Dyn., 1988)
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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.



South Atlantic Observational Data

While there is no fully formed
subpolar gyre in the South
Atlantic, there is an indication
of relaxation oscillations
nonetheless:

The separation latitude of the
Brazil Current moves slowly

LATITUDE ‘S

away from the Equator and -
rapidly back toward it. MW_\ p ,..""'1”"’“ e,

TIME(JD)

SEPARATION (DEGREES)

1 L . i " i " " e L "
180 200 240 280 320 360 40 80 120 160 200 240 280 320 360 4 80 120 180 200 240 280 320 380 4 50 120 180 200
1984 1988 1988 1987

TIME(JD)

Figure 3.2: Time series of separation latitudes derived from NOAA AVHRR HRPT
observations. (a) Brazil Current (thick curve) and Malviuas (thin curve) separation
from the 1000 m isobath; (b) the distance between the two separation locations in
time. Separations are given in degrees of latitude. Note the abrupt transition of
Olson et al. the Brazil Current during the middle of 1986, usually associated with the system’s

(Deep Sea RGS., 1 988) nonlinearity (from Olson et al. 1988).




Outline

* Atmospheric impacts
— simple and intermediate models + GCMs



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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SST effects on NAO, via Granger causality

Q: Where does SST add information to knowledge of the NAO?
A: Just where you’d expect it!

Daily data from

50-yr simulation of
IPCC-class coupled GCM,
HadCM3

Mosedale, Stephenson, Collins & Mills
(J. Climate, 2006)



Praclolizilorn sffscis:
sat. obs. (TRMM 3B43), ECMWF reanalyses,

and AFES (AGCM for the Earth Simulator, T239, 48 levels)
k

—

a Observed rain rate, satellite 50”? Rain rate, AGCM . € Rain rate, AGCM, smoothed
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Minobe et al. (Nature, 2008):

smoothing the SST field suppresses the rain wall
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Time-dependent forcing and pullback attractors

Conclusions

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

— Natural climate variability: a source of decadal predictability
Some references



The 7=3=yr meads 1n 2imesonarie ckii
Likewise a contentious issue

(2) 12-mortn rumning Toss

to SODA data‘overthe omft Yl Fm,’\,v‘fv" K,,:{\J A X’A‘\j«.“‘-‘w\,,.'
Gulf Stream region™ 1970 o ee 700

(D) T U-yr (15%)

+ Use SST (-5 m) data from P ~ AT
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Time-dependent forcing, |

€ Much of the theoretical work on the intrinsic variability of the wind-driven
ocean circulation has been done with time-independent wind stress.

€ To address truly coupled ocean—atmosphere behavior and climate change
an important step is to examine time-dependent wind stress.

€ The proper framework for doing so is the theory of non-autonomous and
random dynamical systems (NDS and RDS).

€ We do so here with a “toy” model given by the low-order truncation of the
QG, equivalent-barotropic potential vorticity equation (PVE).

€ The forcing is deterministic, aperiodic, and dominated by multi-decadal
variability.

z(s,t;xg), with z¢ varying
T

The pullback attractor of a linear, o | —n-ze-2)|
scalar ODE, )
jj: —Cl{a?—l—()'t, @ > O’ O > O’ 50F
IS given by ol
O— 1 -100
alt) = —(t — — ~150
( ) 87 ( Og) 200




Random Attractor

Physically open system, modeled
mathematically as non-autonomous
system: allows for deterministic
(anthropogenic) as well as random
(natural) forcing.

The attractor is “pullback” and
evolves in time ~ “imaginary” or
“‘complex” number.

Climate sensitivity ~ change in the
statistical properties (first and
higher-order moments) of the
attractor as one or more
parameters (A, |, ...) change.

Ghil (Encyclopedia of Atmospheric
Sciences, 2" ed., 2012)
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Time-dependent forcing, Il

The highly idealized, toy model of the QG, equivalent-barotropic PVE
is given by the following system of four quadratically nonlinear ODEs:
1 4+ Linpr + Ligtps + B (0, ¥) = Wi(2),
o + Loty + Loaths + Ba(W, W) = W(t),
s + Lagibs + Laiibr + Bs(¥,¥) = Ws(2),
a + Laatps + Laotho + Ba(W,¥) = Wy (t);

where W denotes the vector (¢, Y, Ys, Y,)
and the bilinear terms B; are given by

By (U, V) = 2J112912 + 2J11401%4 + 2J134131)4,
Bo (U, ) = Jop19)7 + Joxoths + Jogarhs
+ 2J213Y1903 + 2224124,
B3 (U, V) = 2J3149104 + 2J3231213 + 2J3341)31)4,
By(U, W) = Jyp197 + Jazas + Jusss + Jaaaths
+ 2J4139%193 + 2J424%2)4.



Time-dependent forcing, lil

* The quadratic terms are conservative and the linear terms are weakly
dissipative, while the system is unstable for reasonable parameter values.

« For autonomous systems, we know that these properties can lead to
chaotic solutions that live on a strange attractor.
« Here they lead to the existence of a pullback attractor (PBA).

Time-dependent forcing at far

left + ensemble of 644 orbits
starting from the same subset I but
with different parameter values:

left panels, close to periodic;

right panels, fully chaotic;

lower panels, time series of Y.
Time interval is 400 years.

Pierini, Ghil & Chekroun
(J. Clim., 2016)

rrrrrrrrrr



Time-dependent forcing, IV

« There are strong numerical indications, along with theoretical justifications,
that multiple PBAs are present within a global attractor.

* Moreover, preliminary numerical results suggest that the basin boundaries
between two attractors are fractal.

Measure of divergence of trajectories for each initial point in the (g, @s)-plane in the
remote past: blue
indicates stability;
parameter values
(left) and (right) are
the same as in the
previous figure.
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Outline

e Conclusions
— The coupled climate system: is it the tail or
— Natural climate variability: a source of decadal predictability



Concluding remarks

What do we know?

 There's an NAO, & it's important.

e It has decadal variability (7—8 yr).

* An oscillatory mode, albeit weak, can help prediction.
 Time-dependent forcing helps understand the coupled system.

What do we know less well?
How does the climate system really work?
Is it the tail that wags the dog —
i.e., weather noise that drives a passive ocean?
Or does the dog bite its tail —
i.e., coupled O—A modes of decadal variability?
Or does the old dog ocean plain wag its tail, the atmosphere?

What to do?

e Work the model hierarchy, and the observations!

e Explore further non-autonomous and randomly driven models,
on the way to fully coupled ones.



Nature is not deterministic or stochastic:

It depends on what we can, need & want to know
— more or less detail, with greater or lesser accuracy —
larger scales more accurately,
smaller scales less so

But we need both, deterministic and stochastic descriptions.
Knowing how to combine them is necessary, as well as FUN!
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Outline, Tipping Points |
Elementary Bifurcation Theory and Variational Principle
1. Fixed Points
— linear stability
— non-linear stability and attractor basins
2. Saddle-node bifurcations
— multiple branches of stationary solutions
— linear stability
3. Bifurcations in 1-D
4. Non-linear stability and variational principle
— variational principle in 0-D
— variational principle in 1-D
5. Bistability and hysteresis
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¢ Conclusions and bibliography



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



Concluding remarks, Il

¢+ 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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