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Coupling of ENSO and the 
Annual Cycle



Wang 1994

Coupling of ENSO and annual cycle

Wang splits the mean annual cycle 
into equatorial symmetric and 
antisymmetric parts. He then estimates 
the EOFs of the sum of interannual 
anomalies with either the symmetric 
or the antisymmetric parts of the 
seasonal cycle. This indicates that 
only the equatorial symmetric part 
interacts with ENSO.
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Principal components 1-4 of sum of equatorial symmetric seasonal cycle and 
interannual anomalies. Note the distinct differences in character of EOF 1, 3 
compared to EOF 2, 4 ....
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 ... and EOF 1 and 3 recover the symmetric seasonal cycle, while EOF 2 and 4 capture 

the interannual anomalies. 

EOF 1, 3 EOF 2, 4
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In contrast, the EOFs of symmetric annual cycle 
and interannual anomalies can not be separated. 



Modulation of mixed layer depth in eastern Pacific by interannual forcing

Xie 1995

dT

dt
=

Q

H �1� h�

mixed layer depth modulated by 
interannual anomalies

seasonal forcing

Note: this argument only works if the 
ENSO period is an integer multiple of 
the annual period.
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Annual Cycle 72-73 ENSO  82-83 ENSO

Annual ENSO

Tozuka and Yamagata explain the annual evolution in the equatorial region as resulting from 
a propagating coupled wave that extends the warm/cool conditions off S. America towards 
the west. ENSO, initiated in the west, is an eastward propagating anomaly, that deepens the 
thermocline in the central and eastern equatorial Pacific, and thereby modulates the annual 
cycle and leads to a weaker cold season and warmer warm season.
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Schematic of Annual ENSO: westward propagating coupled anomalies 
develop in in response to seasonal variations off S. America
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Interannual Variability

El Nino is associated with a deep thermocline in the east ... 
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.. that then leads to an enhance seasonal warming there.



Nonlinear thermocline temperature
Delayed oscillator equation with annual cycle forcing; ENSO modeled as a low-order 
chaotic process driven by the annual cycle. 
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From left to right: increase 
nonlinearity of A(h), solution 
goes from a n oscillation at 
annual period, irregular 
oscillations, mode locked and 
chaotic. Mode locked and 
chaotic solution have 
maximum deviations in same 
4 month of the calendar year. 
Small nonlinearity: quasi-
periodic or mode-locked to a 
single nonlinear resonance. 
Higher nonlinearity: two or 
more mode locked solutions 
coexist. Tziperman et al. 1994
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Stripped down coupled model for equatorial ocean, including 'full'  SST equation (mode), 
forced by annual cycle. Vary � S the importance of zonal and vertical advection leads to 

frequency-locked steps created by nonlinear resonance with the annual cycle.  Behavior is 
also sensitive to coupling strength .�

Nonlinearity of thermocline temperature and advection terms

Devil's Staircase: inherent frequency of system locks onto a sequence 
of rational fractions of the external frequency, associated with the 
transition to chaos by the overlapping of these nonlinear resonances.

Interaction of ENSO 
mode and annual 
cycle occur though 
upwelling and 
thermocline slope, 
and their response to 
seasonal wind stress 
forcing.



Seasonal modulation of the coupling strength in the ENSO in delayed oscillator

Kelvin wave, 1 month delay, positive feedback

Rossby wave,  6 month delay, negative feedback
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Tziperman et al. 1998

Coupling strength

ENSO events

Coupling strength strongest during boreal spring and summer, and weakest during early 
winter due to: ITCZ close to equator, large mean horizontal SST gradients, shallow 
thermocline, strong winds, high SST and strong upwelling.

Solution segment of the model
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Why do ENSO perturbations peak when coupling is weakest?
Peak at dh/dt=0:  this can only be achieved in winter, when the large Kelvin wave 
amplitude, multiplied by weak coupling, can balance the weak Rossby wave of 6 
month prior, multiplied by a strong coupling.
The opposite phasing does not work: assume ENSO peaks in summer: the large 
Kelvin wave amplitude is multiplied by a strong coupling can not balance the weak 
Rossby wave amplitude of 6 month prior multiplied by the weak coupling then. 
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SST, NINO3.4

SLP, Phil. Sea

Wind stress, north of N 
Guinea

Western Pacific Turnabout
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ENSO composite 1/2 month prior to peak warming/cooling

SLP and tau 
tendency
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Rate of change of temperature along equator
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Why does Philip Sea perturbation 
persist?

3 month prior to 
peak

Establish SST/SLP
anomalies that 
enhance each other
by increased wind 
speed, only in NE trade season 


