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Stochastic linear dynamical systems Deterministic nonlinear systems
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Hasselmann, null-hypothesis (SST) bifurcations, attractors

Interaction noise and multiple equilibria
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noise induced transitions



Artist’s view of Climate Variability
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Observations
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El Nino variability

sea surface temperature anomaly (OC)

6 SEP 2015 - 3 OCT 2015




Mean Sea Surface Temperature

R

Cold tongueWarm elolo]

5 10 15 20 30
Sea—surface temperature [°C]




-~
)
e
O

I
-
o
AN
S
O
N
-
S
O
S
O

<

-

Zonel Wind (m s~1)

SST (°C)

120°W 100°W

180°W 140°W 120°W 100°W

180°

140°E 180°E

180°W 140°W

180°

140°E 180°E

24 26 28 30

R2

TAD Project Office/PMEL/NOAS

Nov 27 18969

Zonal wind

SST



Temporal variability
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1997-1998 vs 2015-2016

Sea Surface Temperature Anomaly (SSTA)
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Phase locking of ENSO to the seasonal cycle

Degree

NINO3 SST anomaly, observatlons
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Question time



Stochastic dynamical systems approach

“Unresolved' processes
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Ingredient 1:
Wind response to sea surface
temperature anomalies

atmosphere atmosphere
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A positive sea surface
temperature anomaly induces a westerly (towards the
east) wind anomaly west of the sea surface
temperature anomaly




The Southern Oscillation
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El Nino and the Southern Oscillation are
one phenomenon: ENSO

SOl >0
NINO3 < O 1

s
<
=
O
Z
<

Jacob Bjerknes
1897-1975

NINO3 > 0O
—) A —Ge—

1 1 T T 1 I T . 1
1960 1965 1970 1975 1980 1985 1990 1995
YEAR

T SOl <0




Ingredient 2:
Effect of winds on ocean upwelling & thermocline slope
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Temperature

A westerly wind anomaly causes a:
- reduction in upwelling
- smaller thermocline slope



Annual mean upwelling (cm/day)
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Subsurface ocean observations

‘Normal’
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Ingredient 3:
Equatorial ocean wave dynamics

Sea level
anomalies

TOPEX/Poseidon 1997-1998 Jason-2 2015-2016



Ingredient 4: "Unresolved’ processes

equatorial zonal wind anomaly 850 hPa
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lerarchy of Models
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Zebiak - Cane model (1987)
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Ocean Component of the ZC model
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Equations: SST

T v 0, 2wyt L)
ot Loz T oy w1 H
SST t+ar(T —Ty) - KyV*T =0
dynamics
UL =UF+Ug ; V] =0V + Vg ; W =W+ Wg
oT
boundary r=0,L: O =0
conditions y — oo : 1" bounded

A:atmospheric operator
T =Tom T VAT — Tp)

U, Vs, Ws follow directly from 77




Coupled (Bjerknes’ feedbacks

background trade winds

wind anomaly !
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Feedbacks measured by coupling strength:
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Annual mean state

Hadley
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‘ cold water ‘ -
thermocline

= External wind induces weak
upwelling and slight slope in the
thermocline

= Coupled feedbacks generate
the cold tongue/warm pool
structure
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Stability of the annual mean state
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Annual mean state becomes unstable to oscillatory
perturbations



Hopf bifurcation
Y a

X=Ax-wy-x(x*+y°)

y=)ty+oux—y(xz+y2




Ex: Hopt bifurcation
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The ENSO mode

wind
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SST
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north

Spatial patterns: background state
Period: ocean wave dynamics + SST adjustment



Growthrate, g (per year)

Spectral origin of the Hopf bifurcation
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Mechanism: wave oscillator

dT (t)
dt

1 1 .
— ('iheq (Xc,t = E‘CK) + Bl’loff_eq (xc,t — [ETR +‘CK]) — CT({)S

~ 1 months ~5 months



Mechanism: recharge oscillator
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Phase locking to the seasonal cycle

Warm Kelvin wave Cold Rossby wave
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Linear mechanism: seasonal variation in coupling strength
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Irregularity of ENSO
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“Unresolved’ processes
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Results: Cane-Zebiak
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Stochastic Hopf bifurcation

dX =(AX —wY — X(X? +Y?)dt + cdW;
dY =(\Y +wX — Y (X? +Y?))dt + odWs

X
r = /22 + 2 0 = arctan —
Yy
or x or y ] 00 «x
or r Jdy r or  r2 oy  r2
O*r  y? O*r  a? @_Zc_y 0*0 2wy
TRl R v 57 " op

2

dR =(\R — R® + g—R)dt + o(cos OdW; + sin OdIV>)
o)

dO =wdt - R( sin ©dW; + cos OdWs)




Fokker-Planck equation

dXt — f(Xta iL)dlt + g(Xta t)dwt
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Stationary distribution
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Synchronization with the seasonal cycle

Christiaan Huygens
(1629-1695)




Zebiak-Cane model results

Ratio of ENSO frequency to annual cycle
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0.3: 3 ENSO’s every 10 year; 0.33: 1 ENSO every 3 year

Devil's Terrace



Question time



Summary

El Nino is a large-scale pattern of interannual sea surface
temperature variapility -in the equatorial Pacific

El Nino can be understood as an oscillatory mode of variability
of the coupled equatorial ocean - global atmosphere system
affected by atmospheric noise

Dynamical systems framework:
Stochastic Hopf Bifurcation

Physical mechanism: Recharge oscillator



