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Goal: 
Understand how El Niño/Southern Oscillation (ENSO) 

will change in the 21st century

CMIP3: 
huge variations 

in ENSO 
amplitude 

projections
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past millennium49,50. However, there is no direct palaeo-analogue 
of the rapid greenhouse-gas-induced climate change that we are 
currently experiencing.

Detecting externally forced changes in the characteristics of 
ENSO using observational and climate change simulations is dif-
!cult because of the large intrinsic variations in ENSO behaviour, 
which can occur on multidecadal and centennial timescales, even 
in the absence of external changes52–54. "is problem can be par-
tially overcome in CGCMs by performing multiple runs with the 
same model and measuring forced changes against natural vari-
ability from long, unforced control experiments. However, in the 
real world this is not possible, and naturally occurring variability 
could be masking changes driven by global warming.

ENSO processes and feedbacks may be a#ected by greenhouse-
gas-induced changes in mean climate or by direct changes to some 
of those physical feedbacks and this could, in turn, lead to changes 
in the characteristic amplitude or frequency of ENSO events. As 
illustrated in Fig. 3, some CGCMs show an increase in the ampli-
tude of ENSO variability in the future, others show a decrease, and 
some show no statistically signi!cant changes. Figure 3 is based 
on just one of many studies that have come to the same conclu-
sions9,10,55–60. Based on the assessment of the current generation of 
CGCMs, there is no consistent picture of changes in ENSO ampli-
tude or frequency in the future. However, by assessing individual 
feedback processes16 separately in CGCMs, we can shed some light 
on how ENSO might be a#ected by climate change:

Mean upwelling and advection. Both the mean upwelling of cold 
water in the eastern equatorial Paci!c and the mean subsurface 
advection act to strengthen the climatological temperature gradi-
ents in the horizontal and the vertical. If a positive thermal anomaly 
occurs in the east Paci!c, then these processes damp that anom-
aly. Mean upwelling and mean advection in CGCMs are reduced 
under climate change due to the general weakening of the equa-
torial trade winds25. "is would lead to a tendency for enhanced 
ENSO activity.

!ermocline feedback. Changes to the eastern equatorial Paci!c 
thermocline depth can a#ect the character of El Niño. A $atten-
ing of the equatorial thermocline on interannual timescales leads 
to a positive SST anomaly in the east Paci!c. As the climatologi-
cal thermocline shoals in CGCMs under greenhouse warming, 
the SST response to an anomaly in thermocline depth should 
increase15. In CGCM projections, changes in the mean depth 
of the thermocline in the east Paci!c are a#ected by two com-
pensating processes; thermocline shoaling or rising up tends to 
reduce the depth in the east, but a reduction of the equatorial 
thermocline slope tends to deepen it24,25. "ese changes could 
be expected to enhance the amplitude of ENSO events under 
climate change.

SST/wind stress (Ekman) feedback. A weakening of the wind stress 
during El Niño events on interannual timescales leads to positive 
SST anomalies as less cold water is pumped upwards from below the 
surface of the ocean. "ose positive SST anomalies further weaken 
the wind stress. "is e#ect could increase under climate change 
because of the reduced mixed-layer depth that arises as a result of 
the reduced mean trade wind strength, and increased thermal strat-
i!cation15,33. Wind stress anomalies could become more e#ective 
at exciting SST anomalies; in addition, the wind stress response to 
SST anomalies can become stronger in regions where SST increases 
are largest15, that is, on the equator. Both e#ects would tend to 
amplify ENSO.

Surface zonal advective feedback. "is is a positive feedback in 
the ENSO cycle. "e anomalous zonal advection of the mean SST 

gradient ampli!es El Niño events during their growth phase. As 
there is little change in the mean zonal SST gradient in CGCMs 
(Fig. 2c), it is unlikely that this feedback would change signi!-
cantly under climate change. However, it might be important if 
the relative frequency of occurrence of di#erent types of ENSO 
modes changes31. "e zonal advective feedback is more promi-
nent in central Paci!c El Niño, or ‘Modoki’, variability in which 
SST anomalies occur principally in the central Paci!c without the 
warm anomalies in the east.

Atmospheric damping. "e atmospheric damping of SST anoma-
lies is generally partitioned into components associated with sen-
sible and latent heat $uxes, and surface short wave (SW) and long 
wave (LW) $uxes. In general we expect that SST anomaly damp-
ing through surface $uxes will increase because of increased cli-
matological SSTs15,17. "is increase would therefore tend to reduce 
ENSO variability. Surface $ux damping might also change because 
of mean cloud changes brought about by weakening of Walker cir-
culation and/or changes in cloud properties. Cloud feedbacks and 
their link to the two large-scale circulation regimes that operate in 
the east Paci!c (subsidence and convective61) remain a large uncer-
tainty in CGCMs17,62, probably driving a large fraction of the ENSO 
errors in the control climate conditions of present-day CGCMs17.

Atmospheric variability. Westerly wind variability in the west 
Paci!c, o%en associated with coherent intraseasonal variability 
and the MJO, has been shown to be important in triggering and 
amplifying El Niño events63–66. "ermocline anomalies excited 
in the west can propagate to the east, where they are ampli!ed. 
Climate change simulations in several CGCMs project a future 
enhancement of the intraseasonal variability in the equatorial 
Paci!c in response to greenhouse gas increase, and this is an 
important factor for potential intensi!cation of the El Niño activ-
ity38. However, it should be noted that the simulation of the MJO 
and related activity is perhaps one of the major weaknesses of cur-
rent CGCMs, but is an area in which there is considerable poten-
tial for improvement.

Other processes and feedbacks. Other processes have been shown 
to play a role in determining the precise characteristics of ENSO 
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Figure 3 | Projected changes in the amplitude of ENSO variability, 
as a response to global warming, from the CMIP3 models8,9. The 
measure is derived from the interannual standard deviation (s.d.) 
of a mean sea-level-pressure index, which is related to the strength 
of the Southern Oscillation variations. Positive changes indicate a 
strengthening of ENSO, and negative changes indicate a weakening. 
Statistical significance is assessed by the size of the blue bars, and the 
bars indicated in bold colours are from those CMIP3 CGCMs that are 
judged to have the best simulation of present-day ENSO characteristics 
and feedbacks.
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Collins et al. (2010)
bold -> “best” ENSO representation

Tuesday, June 21, 2011



CMIP5 CCSM4 experiments

20th century ensemble: 6 members, 1850-2005

Representative Concentration Pathway (RCP) ensembles: 
3 ensembles, 5 members each, 2006-2100

1850 control: 250 ppm CO2, 1300 year integration 

Does ENSO become stronger/weaker with CO2 in CCSM4?
What are the mechanisms for changes to ENSO?
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CCSM4: mean state changes

Fig. 3. Summary of changes to the atmosphere/ocean mean state between CCSM4 en-

sembles. Lefthand column: ensemble-mean pattern of changes between RCP8.5 and the

20th century, with boxes indicating averaging regions. Righthand column: distribution of

regionally-averaged diagnostics for each ensemble as a function of CO2 stabilization level. (a)

SST (◦C); (b) Thermocline depth (Z20); (c) Vertical thermal stratification (dT/dz, z positive

downwards; units of ◦C/m); (d) Zonal wind stress (N/m2); (e) Precipitation (mm/day). In

the righthand panels, the red lines inside the boxes indicate the ensemble median, the extent

of the boxes the distance between the 25th and 75th percentiles, and the whiskers the 2.5th

and 97.5th percentiles. Red ’x’s above or below each box indicate outliers.
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Weakened equatorial trade winds
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Note: plots show magnitude of wind stress

CCSM4: mean state changes
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Mean state changes seem physically consistent... 
but what about ENSO changes?

Increased vertical thermal stratification
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Fig. 1. Spectral ‘envelopes’ for each CCSM4 ensemble, calculated using a Morlet wavelet

transform of the SST timeseries. a: NINO3.4 SST for the 20th century ensemble, pre-

industrial (1850) control and the RCP 4.5 extension. b: NINO3 SST for the 20th and 21st

century ensembles. c: Same as b, for NINO4 SST. Envelopes for the forced ensembles are

calculated by finding the maximum and minimum at each wavelet scale from spectra of each

ensemble member. Envelopes for the 1850 control and RCP 4.5 extension are calculated

from spectra of 100-year subintervals of those simulations.

36

Ensembles overlap in NINO3, NINO4 spectral power

envelopes = min/max power 
for an ensemble member

Fig. 1. Spectral ‘envelopes’ for each CCSM4 ensemble, calculated using a Morlet wavelet

transform of the SST timeseries. a: NINO3.4 SST for the 20th century ensemble, pre-

industrial (1850) control and the RCP 4.5 extension. b: NINO3 SST for the 20th and 21st

century ensembles. c: Same as b, for NINO4 SST. Envelopes for the forced ensembles are

calculated by finding the maximum and minimum at each wavelet scale from spectra of each

ensemble member. Envelopes for the 1850 control and RCP 4.5 extension are calculated

from spectra of 100-year subintervals of those simulations.
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2-7 year variance is statistically identical between 
20th, 21st centuries

Long control simulations -> ENSO weakening likely will become 
statistically significant, but not for several hundred years

Consistent with Stevenson et al. (2010): 
~250 years of data/model output required for stable ENSO statistics
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Why so little change? Ocean dynamical adjustment

Fig. 4. Trends in thermocline depth (measured as the depth of the 20◦C isotherm) for the
CCSM4 ensembles. Lefthand panels show difference maps taken between the first and second
halves of the run: (2051-2100) - (2005-2050) for the RCPs, and (1931-2005) - (1850-1930)
for the 20th century. Righthand panels show the time series of thermocline depth averaged
over the ‘equatorial’ and ‘off-equatorial’ regions specified in Figure 3. a,e: 20th century. b,f:
RCP 2.6. c,g: RCP 4.5. d,h: RCP 8.5.

39

Z20 (second half) - Z20 (first half)

Extratropical 
thermocline signal 
persists out to end 

of 21st century

“First half”: 2006-2050 (RCPs), 1850-1925 (20th c.)

“Second half”: 2051-2100 (RCPs), 1926-2005 (20th c.)

 20th c.

RCP 2.6

RCP 4.5

RCP 8.5
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Solid line: first half
2000-2050 (RCPs), 
1850-1925 (20th c.)

Dashed line: second half
2050-2100 (RCPs), 
1926-2005 (20th c.)

Change persists throughout 
upper 200m =>

Trend is not an artifact of the 
thermocline definition
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RCP 2.6

RCP 4.5

RCP 8.5
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Why so little change? Ocean dynamical adjustment

Understanding ENSO climate sensitivity requires 
stable, multi-century integrations

 20th c.

RCP 2.6

RCP 4.5

RCP 8.5
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thermocline signal 
persists out to end 

of 21st century
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Comparison with Stabilized Simulations

Fig. 3. Changes to the mean state of the ocean.
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Mean state response to CO2 increase very similar to the climate-
change case: reduced zonal SST gradient, higher vertical stratification

CCSM3.5 T31x3: 1000 years @ 255,355,455 ppm CO2

355 - 255: 
SST 

T(z)

Tuesday, June 21, 2011



Comparison with Stabilized Simulations

CCSM3.5 T31x3: 1000 years @ 255,355 ppm CO2

Fig. 1. Spectral range for 100-year subintervals taken from each of the three equilibrated
CCSM3.5 simulations.

24

Fig. 1. Spectral range for 100-year subintervals taken from each of the three equilibrated
CCSM3.5 simulations.

24

But ENSO response to CO2 increase is reversed: now it 
STRENGTHENS with CO2! 

Response in same direction as stable CCSM4 simulations

Differences in model physics? 
Forced vs. stable mean climate??

255
355
455
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Conclusions

Tropical Pacific mean-state response to climate change is 
consistent with previous multi-model experiments

ENSO seems to weaken with CO2... but the signal is 
not statistically significant in the 20th/21st century CCSM4 projections

Stable CCSM3.5, CCSM4 simulations indicate that hundreds of years 
are required for a robust signal, and the response differs between 

forced & stable mean climate simulations

Understanding the true ENSO climate sensitivity requires 
millennial integrations of multiple CMIP-class models
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What is the contribution of natural variability?

and M6, there are decades of weak, biennial oscillations,
followed by a large warm event, then several smaller events,
another large warm event, and then a long quiet period.
Although the model’s NINO3 SST variations are generally
stronger than observed, there are long epochs (like M1)
where the ENSO amplitude agrees well with observations
(R1). An unlucky modeler – who by chance had witnessed
only M1-like variability throughout the first century of
simulation – might have erroneously inferred that the
model’s ENSO amplitude matched observations, when a
longer simulation would have revealed a much stronger
ENSO.
[9] If the real-world ENSO is similarly modulated, then

there is a more disturbing possibility. Had the research
community been unlucky enough to observe an unrepre-
sentative ENSO over the past 150 yr of measurements, then
it might collectively have misjudged ENSO’s longer-term
natural behavior. In that case, historically-observed statistics
could be a poor guide for modelers, and observed trends in
ENSO statistics might simply reflect natural variations.
[10] The modulation time scales of the CM2.1 ENSO are

surprisingly long. A 200 yr epoch of consistently strong

variability (M3) can be followed, just one century later, by a
200 yr epoch of weak variability (M4). Documenting such
extremes might thus require a 500+ yr record. Yet few
modeling centers currently attempt simulations of that
length when evaluating CGCMs under development –
due to competing demands for high resolution, process
completeness, and quick turnaround to permit exploration
of model sensitivities. Model developers thus might not
even realize that a simulation manifested long-term ENSO
modulation, until long after freezing the model develop-
ment. Clearly this could hinder progress. An unlucky
modeler – unaware of centennial ENSO modulation and
misled by comparisons between short, unrepresentative
model runs – might erroneously accept a degraded model
or reject an improved model.

3.2. Modulation of NINO3 Spectra

[11] Figure 2a shows time-mean spectra of the observa-
tions in Figure 1a, for epochs of length 20 yr – roughly the
duration of observations from satellites and the Tropical
Atmosphere Ocean (TAO) buoy array. The spectral power is
fairly evenly divided between the seasonal cycle and the

Figure 1. SST (!C) averaged over the NINO3 region (150!W–90!W, 5!S–5!N), for (a) the ERSST.v3 historical
reconstruction of Smith et al. [2008], and (b) the 20 consecutive centuries (numbered) from the CM2.1 pre-industrial
control run. Red/blue shading highlights departures of the running annual-mean SST from the multidecadal background
state, where the latter is obtained via a 211-month triangle smoother which transmits (25, 50, 75)% of the time series
amplitude at periods of (15, 20, 30) yr. Unshaded time series ends in Figure 1b indicate the half-width of the triangle
smoother; ends of the observed time series in Figure 1a are zero-padded prior to smoothing. The top of the gray bar is the
long-term mean, indicated at the bottom right of each plot. Labeled epochs are discussed in the text.
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Fig. 5. Composite El Niño/La Niña analysis for the CCSM4 ensembles, where El Niño
and La Niña events are defined as periods exceeding +/- 1 standard deviation relative to
a linearly detrended time-mean state. In all panels, the difference between El Niño and La
Niña is plotted in surface temperature (◦C; colors) and sea level pressure (hPa; contours).
Negative differences are indicated as blue colors or dashed contours. Left column: DJF.
Right column: JJA.
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What about atmospheric teleconnections? 
Could they be different?
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Fig. 6. Evolution of anomalies in surface air temperature (top) and sea level pressure

(bottom), differenced between El Niño and La Niña as in Figure 5. Filled symbols indicate

DJF anomalies, empty symbols JJA. Symbols indicate the ensemble-mean El Niño/La Niña

difference, and the solid line shows the ensemble spread. The three symbols themselves

represent averages over three different regions: Northern Hemisphere (NH: circle, 20-60
◦
N,

120
◦
E-160

◦
W), equatorial (EQ: square, 10

◦
S-10

◦
N, 30-90

◦
N) and Southern Hemisphere (SH:

triangle, 50-80
◦
S, 80-160

◦
W).
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...Guess not.
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