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Motivation

o The Morih Atlantic Oscillation (NAO) 5 a leading mode of
offthelNortherniEemispherelandibeyond> o

o liciiizes #he stmosphere and oceans o soveral ime

Its derst: could helplinterannual 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 S. Brachet, Y. Feliks and E. Simonnet
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Tz Norin Atlznile Osclllilon (NAQ)

Positive phase Negative phase
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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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Western North Atlantic Circulation

Florida Current
brings warm
water north

Gulf Stream
separates &
recirculates

Recirculation
creates heat
reservoir

Heat fluxed to
atmosphere

Kelly, Jan 2009
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The gyres and the eddies

| Many scalesiofimotion:

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

of Miami Hosenshel gmm of Manne & Almosphenc Science

Slope Water
Warm Core Rifg
w8 :

Based on SSTs, from satellite IR data




Aurosnlo Exiansion (K£2)

altirrece s
Stable vs.

WiSIGD)C.

periods

Qiu & Chen
(Deep-Sea Res., 2009)
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plfimitedscontoligdanalySiSyor;
atmosphernicllow:ireguencyavariability;

N

Siig)ige)s)lez])
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)
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Climate models (atmospheric & coupled) : A classification

o« Temporal
% stationary, (quasi-)equilibrium
% transient, climate variability

pace

& 1-D = /

* latitudinal
% 2-D :
* horizontal
* meridional plar.z
% 3-D, GCMs (Géneéral Circulation Model)
* horizontal
- meridional plane
% Simple and intermediate 2-D & 3-D models

& 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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O introduction: the NAO and the oceans’ wind-driven circulation
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— 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

i

> !

40°N

20°N

o &
T T | LA S S S S S S SR S S S S S e
120°E 140°E 160°E 180° 180°W 140°W 120°wW

Bo Qui. 2.5 - layer QG model. 1997

Westward recirculation ~—|<—- Kuroshio Extension

26 27 28 20 30 O 32 33 34 35 38 37 38 39
model year



@@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
MUltEchanneISSA |
‘analysisioiithelUK
Met Officesmonthly;
mean SSilisiforthe

century-long
1895—1994"Iinterval

60"

300° * 300°  330°

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.



Ouiline
> Introduction: the NAO and the oceans’ wind-driven circuldion
O Tihe - variability of the double-gyre drum
ons In a by model

PP

-~
o

— 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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LOW-FREQUENCY OSCILLATIONS IN THE ATMOSPHERE INDUCED BY A MID-LATITUDE SST FRONT

LMD-Z has zooming capability V-

Model set-up
— 19 levels, 3°x3° outside the zoomed area and 0.5°x0.5° inside it;

— zoomed area of (20° lat. x 40° long.), centered at (65°W,40°N);

— perpetual forcing, corresponding to February 15.

} 3 simulations, 800-day long:
' — a control simulation with the climatological SST field and no zoom;

-+ —one with zoom and the climatological SST field still; and

- —and one with zoom and a sharper SST front.
‘ . i o SRR . A BT,



LOW-FREQUENCY OSCILLATIONS IN THE ATMOSPHERE INDUCED BY A MID-LATITUDE SST FRONT

LMD-Z
Climatology

HEIGHT (mb} : 100427
T : 0.5 to 872.5 (averaged) DATS SET: sortie_histday_cntl

Superimpose £ (T)= 2cos(x)*( 8)S|n(y)
for a Gulf Stream that hag'an”

axis inclination of 25° to zonal.

B
o

]
=z

HEIGHT (mb} : 100427
T : 0.5 to 872.5 (averaged)

LATITUDE

Y
N

H
z

60° SA*W
LONGITUDE

LATMUDE

Air temperature (K)

oW BO°Y TOW 60°% S0°W 40°% 30w
‘CONTOUR: TEMPDIFF LONGITUDE

TEMP[D=sortie_histday_gulf] — TEMP[D=sortie_histday_cntl]




LOW-FREQUENCY OSCILLATIONS IN THE ATMOSPHERE INDUCED BY A MID-LATITUDE SST FRONT

R It Mean w averaged from 70°W to 40°W.
es u S Height vs. latitude cross-section; red/blue means +ve/—ve upward velocity.

Without Zoom & without SST front With Zoom & without SST front

HEIGHT {mb)

LATITUDE

40.G°N 42.0°N
LATITUDE
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The 7=3=yr mads In osazanles cdet = I
A sftill contentious issue

Mean SST field Mean SSH field

40 20 0 60 40 20
-0.6 max= 28.15 min= -1.2 max= 0.48

Simple Ocean Data Assimilation (SODA) reanalysis:
¢+ Western North-Atlantic “rectangle” (28 N—42.5 N, 80 W-67.5 W);

¢+ 50 years = Jan. 1958-Dec. 2007 (Carton and Giese, MWR, 2008).




The 7=3-yr mocds 1n ocaanls ezt = |

time= 1.1 yr

The SST field

time=2.1yr

75 70 65 60 S5 50
min= -0.79 max= 0.18

time= 43 yr

75 70 65 60 55 50
min= -0.49 max= 0.33

time=6.4 yr

la sl 4

75 70 65 60 55 50
min= -0.12 max= 0.88

75 70 65 60 55 50
min= -1.05 max= 0.15

SST mean

R
Wi

|
I

/
sliyledls

/

|

75 70 65 60 55 50
min= 8.42 max=25.99

time= 7.4 yr

~

L
FIPLITEY YTV PPN

NP i PP PP

75 70 65 60 55 50
min= -0.10 max= 0.71

time= 3.2 yr
42 = - S o N T S
40 £, é.:‘;?f-.(-{?f“‘\“ I
38 _’?_?':rl,-'-\\’/ e o= N o - - j
36z, - E
32 3

75 70 65 60 55 50
min= -0.83 max= 0.12

time=53yr

75 70 65 60 55 S0
min= -0.18 max= 0.71

time= 8.5 yr

42=. b \J_/‘\J":'
40F &S = ‘%>C/\> E
38 ,;\Wv — _;
365 E
g;F{..,1...,1“.,1“.,1(1\(.‘—5

75 70 65 60 55
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The 7=3=v7 mads 1n oczzanle caiz = |1
The SSH field

time= 1.1 yr time=2.1 yr

Py KA & BTN ANRRIYEAIS 3
408 D e e s ) & il B TR PRI I 3
a8 ARSI S v CACE\: O\ 3 38 i@éﬁﬁ N e T -3
36 =) VY ——=7 36 oot t S -2 =73 E
34 EC /CDE o e < ‘ = K23 =3
32 = = E | . -
75 70 65 55 50 75 70 65 60 55 50 75 70 65 60 55 50
min= -0.12 max= 0.03 min= -0.15 max= 0.01 min= -0.09 max= 0.01
time=4.3 yr SSH mean time=5.3 yr
42 2
40 =
E 38 3
- 36 =
= 34 3
Sd A - 32 J
75 70 65 60 55 50 75 70 65 60 55 50 75 70 65 60 55 50
min= -0.06 max= 0.04 min= -0.59 max= 0.43 min= -0.03 max= 0.10
time=6.4 yr time=7.4 yr time=8.5 yr

34 E -’ O A _—=

30 Eou > TR 1 9% o€ Pt et [
75 70 65 55 50 75 70 65 60 55 50 75 70 65 60 55 50

min= -0.01 max= 0.12 min= -0.01 max= 0.09 min= -0.04 max= 0.05




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
the SODA reanalysis (50'years) s ‘ \/ \/ \
Use the FGS’07 QG model . 1 l . N
in periodic B-channel o | -

— baroclinic + marine ABL Y ‘Y -q'ﬁ A ﬁ f'f
. | IR LE n o~ ni \ A~
Figure shows NAO'index: f\}\r‘x A FRERY JL‘{\/\
. . 2 VYW - TAHYYY \? v
— simulated (solid) L - s e o
— observed (dashed) 10 P
) Y ) ' N\ 'v":. "'{
Va /\Uﬁ.‘. "’ \n. "”\.' :"": ‘L
l":}" '|-.“} |',.,‘ | ‘
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. variability of the double-gyre Circulation.
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A very promising




A model of the North Atlantic basin (I)

The next step in the modeling hierarchy

@ Realistic East Coast contour, at —200 m isobath.

@ An oceanic QG baroclinic model with four layers and internal Rossby
radii from observational dataset (Mercier et al., JPO, 1993).

Climatological, annual-mean COADS wind-stress forcing (1 deg).
Realistic bathymetry.
Transport equation for the SST relaxed to the climatological SST field.

Full coupling with a QG barotropic atmosphere in a periodic 3-channel,
with vorticity feedback to the ocean.

No-slip B.C.s for the ocean at the coasts parametrized following Verron
and Blayo (JPO, 1996); free-slip B.C.s elsewhere.

Neuman B.C.s for SST field, thus ensuring that fQ V2T dx = 0.
@ Free-slip and periodic B.C.s for the atmosphere.

Michael Ghil, Eric Simonnet, Yizhak Feliks



A model of the North Atlantic basin (ll)

Gulf Stream (GS) separation and WBC instabilities: issues

@ Correct no-slip oceanic B.C.s crucial to obtain separation at Cape
Hateras (well-known) = positive vorticity advected into Florida Current.

@ Strong inertial flow is necessary to obtain correct GS path (see
Chassignet et al., etc.); trade-off between viscosity and wind-stress
intensity

= sufficiently high resolution is necessary!

@ Model is sensitive to stratification parameters: too strong baroclinic
and/or bathymetric instabilities destroy GS path along Florida coast

= barotropization of the GS.

@ Occurrence of GS retroflection: true bimodality or model artifact?

@ Correct stratification parameters enhance  GS penetration into the
ocean interior!

@ Thermal diffusivity is important to insure smoothness of the SST front
w.r. to spatial resolution. It also controls the atmospheric jet strength.

QG modeling is far more difficult than in rectangular basins
but it works !

Michael Ghil Simonnet, Yizhak Feliks




Coupled model results, at (1/9) deg resolution (I)

An|ocean= 200 m?/s, k|sst = 1200 m?/s |

Streamfunction (layer 1)

Mean streamfunction (layer 1)

cim2

Michael Ghil, Eric Simonnet, Yizhak Feliks




Coupled model results, at (1/9) deg resolution (II)

He = 800 m, Ap|atmos= 400 m?/s )

Velocity

m/s

Michael Ghil, Eric Simonnet, Yizhak Feliks



Concluding remarks

@ We have a realistic coupled ocean-atmosphere QG model of the North
Atlantic basin; 700 000 grid-point variables (ocean + SST + atmos.).

@ Coupling mechanism is through Ekman pumping in the marine ABL.
@ Persistent, eastward atmospheric jet ~ 10m/s in the troposphere.
@ Atmospheric oscillations with periods of 80 days and 11 months.

@ Interannual oscillations in the ocean and atmosphere.

Ongoing work

@ Robustness of intraseasonal and interannual oscillations in the model.

Spatio-temporal structure of the 80—day intraseasonal oscillation.
Interannual variability in the coupled ocean-atmosphere ~ NAO?
Bimodality of the Gulf Stream?

Baroclinic atmosphere.

Finer spatial resolution: effects on the Gulf Stream and troposphere.

Simonnet, Yizhak Feliks
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Concluding remarks
Whait do we know?




Concluding remarks
What do we know ?

What do we know less well?
 How does the climate system really work?
e |[s it the tail that wags the dog —

i.e., weather noise that drives a passive ocean?
Or does the dog Dbite its tail —
i.e., coupled O—A modes of decadal variability?
Or does the old dog ocean plain wag its tail, the atmosphere?




Concluding remarks
Whait do we know?

What do we know less well?
 How does the climate system really work?
e |[s it the tail that wags the dog —

i.e., weather noise that drives a passive ocean?
Or does the dog Dbite 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?
* Work the model hierarchy, and the datal!




With many thanks to numerous
collaborators on related

and to the 4 most recent ones:
S. Brachet, Y. Feliks,

A. W. Robertson, and

E. Simonnet!
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Appendix. Model equations

G+ (i, Gi) + Bt = uV* + 6 (07Via + V X H(X,Y))

a = V2% — Siipa (i — tit1) — Sica (¥ — Y1) + GaCoB(X, Y)

[SsTequation ]
AT + (1, T) = &V2T +x(T =T)

Atmospheric QG equation

O0a +J(Va,ba) + BKPa = vaV*ha — YV +aV2T.

v
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Can we, nonlinear people, help?
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Figure 7.5-1. The three towers of differentiable dynamics.






