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Rasmussen and Carpenter (1982)
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Onset phase (NDJ -1)
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Five Day Zonal Wind, 55T, and 20°C Isotherm Depth Anomalies 2°5 to Z2°N Average
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Delayed Oscillator Theory

* Suarez and Schopf (1988); Schopf and
Suarez(1988)

 Battist1 (1988); Battisti and Hirst (1989)

« El Nifio due to a meénagerie of oceanic
Kelvin and Rossby modes
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Linear Inverse Modeling

(Penland 1989; POP analysis: Hasselmann 1988, von Storch et al. 1988;
Penland and Sardeshmukh 1995)

Using a two-parameter linearization, we obtain for SST
anomalies around the annual cycle:

dT/dt =BT + & with < E (t+7) ET (1) > = Q(H)d(7)

For now, we’ll assume & behaves as additive white noise,
although that assumption is generally false. Q(1) is periodic.

Corresponding FPE:

o, p,0]

op(T, 1) 1
Saa s LELCR0) S

d1;0T,



From the FPE.
p(T.t +t|T,,¢) is Gaussian, centered on G(7) T,
where G(7) = exp(B1) = <T(t+0) T () >< T(HO T (1) > .

The covariance matrix of the predictions:

2 (t,7) = <T(t+D)T7(t +7)> - G(D) < TOT(#)> GT (7).

Further,

9 < TT(1)> =B < TOT'(1)> + < TOT"(1)> BT+ Q(1)
ot



Digression #1: The disturbing assumption of additive noise.

Instead of d7T/dt = BT + &, the system is actually of the form

dT/dt =BT+ (AT +C)&, +D&,.

All of the LIM formalism follows through, with the identification
B—B+A22; Q—=<AT+C) (AT+C)T>+ DDT

G(t) = exp { (B +A2/2) 1}

[ Note: p(T,t +t|T,,t) is no longer Gaussian, but G(7) T, is still the
best prediction in the mean square sense.
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SST kurt, extended summer
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Eigenvectors of G(7) are the “normal” modes {u;}.

Eigenvectors of GT(7) are the “adjoints” {v.},
(Recall: G(7) = <T(t+7)T'(t) >< T(H) T(¢) >)

and uvi=u'v = 1.

Most probable prediction: T(t+7) = G(7) T, (¢)

The neat thing: G(7) ={G(z.) } ¥ To.

If LIM’s assumptions are valid, the prediction
error € = T(t+7) — G(1) T, does not depend on the
lag at which the covariance matrices are evaluated.
This 1s true for El Nino; it 1S not true for the chaotic
Lorenz system.



Below, different colors correspond to different lags used
to 1dent1fy the parameters What is plotted 1 r(Z) vs lead.
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# Projections onto ECF 1

A model generated with the stationary B and the
stochastic forcing with cyclic statistics Q(f) does
reproduce the correct phase-locking of El Nifio/ La
Nina with the annual cycle.

(Note: Generate model using Kloeden and Platen (1992) )
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When a system is linear, we can completely identify it
from data (Linear Inverse Modeling). \When it is multi-
dimensional, its size can temporarily grow, even though
all of its components are decaying. This happens if the
components are almost never orthogonal.

A+B K | Farrell (1988)

B
Case 1: A and B orthogonal.
A +B'

A goesto A’
B goestoB'

[y A

(A'+ B" is shorter than (A + B)

B and C are the same length.
B' and C' are the same length.

Case 2: A and C non-orthogonal.

C

Agoesto A’
Cgoesto

A A -

A+ C

(A"+ C"Yis longer than (A + Q)



Optimal 1nitial structure for growth over lead time :

Right singular vector of G(7) (eigenvector of GT'G(7))

Growth factor over lead time T:

Eigenvalue y of GTG(‘L’) (Penland and Sardeshmukh 1995)

:2'__""I""I""I""|""_i
1.5
L

In(y)

0.5 |

I
-]
0

L J 1 1 1 i I I} k 1 !
15 20 25
T (months)

_[I.S-n.ll.lllul'll.ll
0 3 10




The transient growth possible in a multidimensional linear system occurs when an
El Nifio develops. LIM predicts that an optimal pattern (a) precedes a mature El
Nifo pattern (b) by 6 to 8 months

Temp. Anom. in Nifio 3.4 region (6°N-6°S, 170°W-120°W): 0T} ,

This time series virtually identical with PC 1.
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But where does the optimal structure come from? Recall that
this pattern is a statistical compromise of ALL sensitive regions.

0N

* Oceanic Kelvin waves generated by westerly wind bursts
over the Maritime continent (McPhaden, Kleeman, Kessler, etc.)

e Temperature advection by instability waves (e.g., Legeckis;
Jochum and Murtugudde)

e “Seasonal footprinting mechanism” (Vimont et al 2003.)



Moore and Kleeman 1999
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A satellite image from May 1986 showing the cloud
formations associated with intense westerly wind burst activity and a pair of
tropical cyclones (courtesy of the Taiwan Weather Bureau).
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Zhang et al. (1997)
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Alexander et al. (in press)
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Optimal Structure in Pacific Ocean (15 Eofs)
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Composite based on Optimal Structure in MAM
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Conclusions

El Nino is complicated.

It's so complicated that it’s basically linear and
stochastic (> seasonal timescales)

It's not so complicated that there isn't some
limited predictability (T up to about 1 year).

Timescales related to E1 Nino range from hours
(convection) to decades (PDO).

A decade 1sn’t as long as 1t used to be.



Shameless plug for my next talk

* How global a phenomenon is El Nino?

« Haven’t we mostly ignored the Southern
Hemisphere?



