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Abstract. In many parts of the world, climate projections
for the next century depend on potential changes in the prop-
erties of the El Nĩno – Southern Oscillation (ENSO). The
current staus of these projections is assessed by examining
a large set of climate model experiments prepared for the
Fourth Assessment Report of the Intergovernmental Panel
on Climate Change. Firstly, the patterns and time series
of present-day ENSO-like model variability in the tropical
Pacific Ocean are compared with that observed. Next, the
strength of the coupled atmosphere-ocean feedback loops re-
sponsible for generating the ENSO cycle in the models are
evaluated. Finally, we consider the projections of the mod-
els with, what we consider to be, the most realistic ENSO
variability.

Two of the models considered do not have interannual
variability in the tropical Pacific Ocean. Three models show
a very regular ENSO cycle due to a strong local wind feed-
back in the central Pacific and weak sea surface temperature
(SST) damping. Six other models have a higher frequency
ENSO cycle than observed due to a weak east Pacific up-
welling feedback loop. One model has much stronger up-
welling feedback than observed, and another one cannot be
described simply by the analysis technique. The remaining
six models have a reasonable balance of feedback mecha-
nisms and in four of these the interannual mode also resem-
bles the observed ENSO both spatially and temporally.

Over the period 2051–2100 (under various scenarios) the
most realistic six models show either no change in the mean
state or a slight shift towards El Niño-like conditions with
an amplitude at most a quarter of the present day interan-
nual standard deviation. We see no statistically significant
changes in amplitude of ENSO variability in the future, with
changes in the standard deviation of a Southern Oscillation
Index that are no larger than observed decadal variations.

Correspondence to:G. J. van Oldenborgh
(oldenborgh@knmi.nl)

Uncertainties in the skewness of the variability are too large
to make any statements about the future relative strength
of El Niño and La Nĩna events. Based on this analysis of
the multi-model ensemble, we expect very little influence of
global warming on ENSO.

1 Introduction

The El Niño – Southern Oscillation phenomenon (ENSO) is
the largest and best known mode of climate variability that
affects weather, ecosystems and societies in large parts of
the world. The influence of increasing greenhouse gases on
the properties of ENSO is a critical question in determining
the impacts of climate change at the regional scale. Because
of the complexities of the physical processes involved, we
must rely heavily on complex climate models which repre-
sent interactions between those processes explicitly. Here we
assess ENSO simulations in the multi-model ensemble col-
lected for the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (4AR).

Observations and understanding of ENSO have progressed
rapidly over the last decade (e.g.McPhaden et al., 1998;
Neelin et al., 1998). The theoretical framework we will be
using is sketched in Fig.1 (Fedorov and Philander, 2001;
Burgers and van Oldenborgh, 2003). The main positive feed-
back in the ENSO cycle is represented by the outer loop
(Bjerknes, 1966). Wind anomalies in the central equatorial
Pacific generate thermocline anomalies which travel to the
east. In the eastern equatorial Pacific these upwell as sea sur-
face temperature (SST) anomalies, which in turn give rise
to wind anomalies in the central Pacific. There is a sec-
ondary feedback loop in the central Pacific (Wyrtki, 1975;
Picaut et al., 1996), whereby SST is affected directly by wind
anomalies via advection, anomalous upwelling, evaporation
and mixed-layer depth anomalies. These central Pacific SST
anomalies in turn influence the wind. The whole system is
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Fig. 1. The main feedbacks in the ENSO cycle.

close to stability and affected by external noise in the form
of wind variations. While this conceptual model represents
radiative feedbacks (Yu and Boer, 2002) only as damping
terms, we should note the climate models examined all have
complex representations of clouds and radiation.

Most climate models now show ENSO-like oscillations in
the tropical Pacific and the properties of the modeled time
series in the current climate may be compared with that ob-
served. However, there are many different physical ways in
which models can produce interannual oscillations. Using
the ENSO theory outlined above, we first evaluate whether
the main nodes in Fig.1 have the correct variability. Next,
we compare the strength of the couplings in the models to
the the observations. The changes in ENSO properties under
global warming can then be assigned confidence levels using
these findings.

Previous complex model studies (e.g.Meehl et al., 1993;
Knutson et al., 1997; Tett, 1995; Timmermann et al., 1999;
Collins, 2000a,b) have used a wide range of techniques to
evaluate the model ENSO behaviour and found a wide range
of responses to increasing greenhouse gases from no change
to significant changes in the amplitude, frequency and skew-
ness of ENSO. As an example of more recent work in the
manner of the study we present here,Zelle et al.(2005) anal-
ysed the links of the feedback chains quantitatively in the
NCAR CCSM 1.4 model. They found that in spite of very
reasonable overall ENSO properties, this coarse resolution
model suffers from a number of flaws that cast doubt on the
projected ENSO properties: the wind response is too narrow
in latitude leading to a more stable ENSO cycle; the wind re-
sponse does not depend on the background temperature, and
the central Pacific surface cycle is too strong compared with
the Bjerknes feedback loop. By examining the key physi-
cal processes responsible for ENSO properties in the mod-
els, we can build confidence in their predictions of changes

in properties in a warmer world. Ultimately we should attach
formal likelihoods to different model projections in order to
make probabilistic predictions of future climate (e.g.Murphy
et al., 2004).

The outline of this article is as follows. First, the models
and their output are introduced in Sect.2. For these models
we consider the overall ENSO properties: amplitude, pattern,
spectrum of the time series in SST in Sect.3 and the corre-
sponding amplitudes in zonal wind stress and thermocline
depth in Sect.4. Next, we discuss the wind response to SST
anomalies in Sect.5 and the SST response to thermocline
and wind anomalies in Sect.6. The response to increasing
greenhouse gases is discussed in Sect.7 and we give a short
set of conclusions in Sect.8.

2 Models

The model set consists of the climate models that had made
enough data available via the IPCC data center at PCMDI on
15 April 2005 (subsurface data for ECHAM5/MPI-OM and
UKMO HadGEM1 was obtained directly from the modeling
groups). The list is given in Table1, including references to
detailed information about the models. Properties of present-
day ENSO are from the “Climate of the twentieth cen-
tury” (20c3m) experiments except for the UKMO HadGEM1
model, for which the pre-industrial control (picntrl) was
used. For the future climate we used the last 50 years of
the SRES A2 experiments, except for FGAOLSg-1.0 and
MIROC3.2 (hires), for which the SRES A1B was used, and
GISS-EH and UKMO HadGEM1, which only had “1% in-
crease per year to doubling” (1pctto2x) experiments avail-
able.

Observations are mainly taken from the Tropical Atmo-
phere Ocean (TAO) array of moored buoys (McPhaden et al.,
1998), which has measured many variables at a relatively
coarse grid. Most buoys have been deployed in the late
1980s, so that the length of the record is the main restric-
tion. SST measurements go further back, the pattern of
ENSO variations is compared to the SSTOIv2 analyses of
Reynolds et al.(2002) over 1981–2004 and the time series
properties are evaluated against the reconstruction ofKaplan
et al.(1998) which covers the period 1856–2003. Finally, we
use the NCEP tropical Pacific ocean reanalysis 1980–1999
(Behringer et al., 1998) for subsurface temperatures and the
ERA-40 reanalysis (Uppala et al., 2005) for sea-level pres-
sure (SLP) and zonal wind stress (τx).

3 SST variability in the tropical Pacific

Most of the climate models considered show ENSO-like os-
cillations in the tropical Pacific. We compare the SST ex-
pression of these oscillations in the current climate with
that observed by calculating the first EOF over the region
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Table 1. The models considered here. The ocean resolution is the resolution along the equator. The number of ensemble members refers to
runs with different initial conditions. For most models, ocean data was available only for a single ensemble member.

Name Originating Country Resolution Resolution Ensemble Reference
group(s) atmosphere ocean members

CCSM3 NCAR USA T85L26 1.125◦ ×0.27◦ L40 6 Collins et al. (2005)
CGCM3.1(T47) CCCMA Canada T47L31 1.85◦

×1.85◦ L29 1 Kim et al. (2002)
CNRM-CM3 Mét́eo-France/CNRM France T63L45 2◦

×0.5◦ L31 1 Salas y Ḿelia et al. (2005)1

CSIRO-Mk3.0 CSIRO Australia T63L18 1.875◦
×0.84◦ L31 1 Gordon et al.(2002)

ECHAM5/MPI-OM MPI Germany T63L31 1.5◦ ×1.5◦ L40 3 Jungclaus et al. (2005)
FGOALS-g1.0 LASG/IAP China T42L26 1◦ ×1◦ L33 3 Yu et al.(2004)
GFDL-CM2.0 GFDL USA 2.5◦ ×2◦ L24 1◦

×1/3◦ L50 3 Delworth et al.(2005)
GFDL-CM2.1 GFDL USA 2.5◦ ×2◦ L24 1◦

×1/3◦ L50 3 Delworth et al.(2005)
GISS-AOM NASA/GISS USA 4◦ ×3◦ L12 4◦

×3◦ L16 2 Lucarini and Russell(2002)
GISS-EH NASA/GISS USA 5◦ ×4◦ L20 2◦

×2◦ L16 5 Schmidt et al.(2005)
GISS-ER NASA/GISS USA 5◦ ×4◦ L20 5◦

×4◦ L13 9 Schmidt et al.(2005)
INM-CM3.0 INM Russia 5◦ ×4◦ L21 2.5◦ ×2◦ L33 1 Volodin and Diansky(2004)
IPSL-CM4 IPSL France 2.5◦ ×3.75◦ L19 2◦

×1◦ L31 1 Marti et al.(2005)
MIROC3.2(hires) CCSR, NIES, FRCGC Japan T106L56 0.28◦

×0.1875◦ L47 1 K-1 model developers(2004)
MIROC3.2(medres) CCSR, NIES, FRCGC Japan T42L20 1.4◦

×0.5◦ L43 3 K-1 model developers(2004)
MRI-CGCM2.3.2 MRI Japan T42L30 2.5◦

×0.5◦ L23 5 Yukimoto and Noda(2002)
PCM NCAR USA T42L18 2/3◦ ×1/2◦ L32 2 Washington et al.(2000)
UKMO-HadCM3 UKMO UK 3.75◦ ×2.5◦ L19 1.25◦ L20 2 Gordon et al.(2000)
UKMO-HadGEM1 UKMO UK 1.875◦ ×1.25◦ L38 1◦

×1/3◦ L40 1 Johns et al.(2004)

1 Salas y Ḿelia, D., Chauvin, F., D́eqúe, M., Douville, H., Gueremy, J. F., Marquet, P., Planton, S., Royer, J. F., and S., T.: Description and
validation of the CNRM-CM3 global coupled model, Climate Dyn., submitted, 2005.

10◦ S–10◦ N, 120◦ E–90◦ W, as this captures the main pat-
tern, period and amplitude of SST variability. It excludes the
coastal El Nĩno which models do not simulate, presumably
because the thermocline is too deep as a consequence of the
absence of stratus clouds. Despite this limitation, the char-
acteristic examples shown in Fig.2 show that many models
can capture SST variability well.

In Table2 the main features are summarized for all mod-
els. In the SSTOIv2 analysis (1981–2004) the first EOF ex-
plains 65% of the variance and matches the cold tongue up-
welling region along the equator (Fig.2a). The correspond-
ing time series of the Kaplan analysis (1856–2003) has a
broad peak in the spectrum spanning periods from 2.5 to 6
years. The standard deviation is 0.20 (with the EOF pattern
normalized to one) and the skewness is 0.54; this means that
SST anomalies are in general larger during El Niño than dur-
ing La Niña.

The GISS-AOM and GISS-ER models do not appear to
simulate any ENSO variability and are not considered in the
rest of the paper. This is most likely due to the ocean resolu-
tion being too coarse to describe the equatorial wave guide.
We should note however that other coarse resolution mod-
els can simulate some ENSO variabiliy (Collins, 2000b) and
that the highest ocean resolution does not guarantee the best
simulation by this measure.

In the models CCSM3 (Otto-Bliesner and Brady, 2001)
and CGCM3.1(T47) the SST variability pattern is displaced
to the west, the peak in the spectrum is at slightly higher
frequencies than in the observations, the amplitude is lower
than observed and the skewness close to zero (e.g. Fig.2b).
These are well-known (but not fully understood) effects of
a coarse-resolution atmosphere model (van der Vaart, 1998;
Guilyardi et al., 2004; Zelle et al., 2005). The CSIRO-Mk3.0
(Cai et al., 2003), GFDL-CM2.0 (Wittenberg et al., 2005),
GISS-EH (Schmidt et al., 2005), INM-CM3.0 (Volodin and
Diansky, 2004), MRI-CGCM2.3.2 and PCM (Meehl et al.,
2001) models also have a too short ENSO period but do not
display all the features described above.

The models CNRM-CM3, FGOALS-g1.0 (Yu et al., 2004)
and IPSL-CM4 (Codron et al., 2001) display an unrealis-
tically sharp ENSO peak in the spectrum, with variabil-
ity mainly in the eastern Pacific (illustrated in Fig.2c with
the CNRM-CM3 results). These models all have a larger
ENSO amplitude than observed and negative skewness.
This behaviour resembles the one observed in intermediate
complexity models above the first Hopf bifurcation (Dijk-
stra, 2000). The ENSO cycle then is a self-sustained regu-
lar oscillation that has not yet reached the chaotic stage. It
is affected very little by atmospheric noise. The HadGEM1
model (Johns et al., 2004) also has a narrowly peaked spec-
trum, but a lower amplitude and positive skewness.

www.ocean-science.net/os/1/81/ Ocean Science, 1, 81–95, 2005



84 G. J. van Oldenborgh et al.: El Niño in a changing climate

(a)

 0

 1

 2

 3

 4

 5

 6

 0.1  1  10  100

po
w

er

Spectrum of index eof1 of Kaplan SSTa (kaplan_ssta_eof1_11928) (detrend)

(b) (c)

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 0.1  1  10  100

po
w

er

Spectrum of index eof1 of cccma cgcm3.1 20c3m tos (tos_cccma_cgcm3_1_20c3m_eof1_22987) (detrend)

 0

 5

 10

 15

 20

 25

 30

 0.1  1  10  100

po
w

er

Spectrum of index eof1 of cnrm cm3 20c3m tos (tos_cnrm_cm3_20c3m_eof1_25823) (detrend)

(d) (e)

 0

 1

 2

 3

 4

 5

 6

 7

 0.1  1  10  100

po
w

er

Spectrum of index eof1 of mpi echam5 20c3m sst (tos_mpi_echam5_20c3m_eof1_25155_++) (detrend)

 0

 1

 2

 3

 4

 5

 6

 7

 0.1  1  10  100

po
w

er

Spectrum of index eof1 of gfdl 2.1 20c3m tos (tos_gfdl_cm2_1_20c3m_eof1_28366_++) (detrend)

(f) (g)

 0

 1

 2

 3

 4

 5

 6

 7

 0.1  1  10  100

po
w

er

Spectrum of index eof1 of hadcm3 20c3m tos (tos_ukmo_hadcm3_20c3m_eof1_6397_++) (detrend)

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 0.1  1  10  100

po
w

er

Spectrum of index eof1 of miroc 3.2 hi 20c3m tos (tos_miroc3_2_hires_20c3m_eof1_1339) (detrend)

Fig. 2. Examples of the first EOF of detrended SST in the region 10◦ S–10◦ N, 120◦ E–90◦ W and the spectrum of its corresponding time
series. The pattern is normalized to have unit amplitude and the contour interval is 0.2.(a) Observations: the pattern of SSTOIv2 and the
time series of Kaplan SST,(b) CGCM3.1(T47),(c) CNRM-CM3, (d) ECHAM5/MPI-OM, (e) GFDL-CM2.1,(f) MIROC3.2(hires) and(g)
HadCM3.
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Table 2. Properties of the first EOF and associated time series (PC) of detrended monthly SST in the region 10◦ S–10◦ N, 120◦ E–90◦ W.
The pattern denotes the longitudes of the contour of 80% of the peak value, the period denotes the height of the power spectrum at 50% of
the peak value.

Analysis/model Pattern Period (yr) Amplitude Skewness

SSTOIv2/Kaplan 160◦ W–<90◦ W 2.5–6 0.25 0.54

CCSM3 160◦ W–100◦ W 2–2.5 0.22 −0.06
CGCM3.1(T47) 170◦ E–150◦ W 2.5–5 0.14 0.08
CNRM-CM3 160◦ W–<90◦ W 3.1–3.5 0.48 −0.13
CSIRO-Mk3.0 160◦ E–95◦ W 2–4 0.27 0.04
ECHAM5/MPI-OM 175◦ W–105◦ W 2.5–7 0.47 0.08
FGOALS-g1.0 180◦ –105◦ W 3.0–3.3 0.57 −0.18
GFDL-CM2.0 175◦ E–115◦ W 1.5–3.5 0.32 0.14
GFDL-CM2.1 180◦ –105◦ W 2–6 0.39 0.31
GISS-AOM 140◦ E–<90◦ W 1–10 0.09 −0.01
GISS-EH 150◦ W–100◦ W 1.5–4 0.16 −0.20
GISS-ER 170◦ W–<90◦ W 2.5–8 0.07 −0.18
INM-CM3.0 150◦ E–155◦ W 1.5–9 0.34 0.42
IPSL-CM4 175◦ W–100◦ W 2.2–2.7 0.28 −0.12
MIROC3.2(hires) 160◦ E–100◦ W 2.5–7 0.17 0.63
MIROC3.2(medres) 155◦ E–105◦ W 3–10 0.25 0.16
MRI-CGCM2.3.2 180◦ –105◦ W 1.8–3.5 0.26 0.55
PCM 145◦ W–100◦ W 1.5–5 0.23 0.21
UKMO-HadCM3 175◦ W–100◦ W 2.5–5 0.32 0.21
UKMO-HadGEM1 145◦ W–110◦ W 4.1–4.4 0.17 0.15

The remaining models, ECHAM5/MPI-OM (Keenlyside
et al., 2005), GFDL-CM2.1 (Wittenberg et al., 2005),
MIROC3.2 (K-1 model developers, 2004) and HadCM3
(Collins, 2000b), (Figs 2d–f) resemble the observed ENSO
reasonably well in SST variability. A noteworthy result is
that the high-resolution version of MIROC3.2 has a much
more realistic skewness than the medium resolution version.

4 Variability in wind stress and thermocline depth

While the variability of SST is a useful indicator of the gross
characteristics of ENSO, the mechanisms which generate the
coupled nature of the mode must be examined in order to
fully evaluate model reliability. Hence we examine the vari-
ables displayed in Fig.1 by computing the standard deviation
of the grid box SST variability at the maximum of the first
SST EOF, the standard deviation of zonal wind stress at the
maximum of the zonal wind response to this SST EOF, and
the standard deviation of the depth of the 20◦C isotherm at
these two positions as a measure of the depth of the thermo-
cline. Numerical values are shown in Table3 with uncertain-
ties quantified by the 95% confidence interval obtained using
a bootstrapping approach with 7-month moving blocks. For
the observations we use single buoys from the TAO array
which we note are only available from the rather active last
20 years. Both factors lead to higher observed variability, es-

pecially in wind stress and SST, than can be expected from a
long model simulation.

In many models thermocline variability is underestimated
in comparison with the observations although we should note
the caveat above regarding the length and period of the ob-
served record. The wind stress variability depends strongly
on the weather noise, so that the low variability in many
models can be due either to a too weak ENSO signal or
too little internal atmospheric variability (many models fail
to simulate intraseasonal variability for example). Excep-
tions are CNRM-CM3 and FGOALS-g1.0, which overesti-
mate the SST variability, and HadCM3 and ECHAM5/MPI-
OM, which seem well-balanced.

There are various instances in which a reasonable SST
variability is generated from zonal wind stress and thermo-
cline variability that is much lower than observed. These
sensitivities will be explored in more detail in Sect.6.

5 Wind response to SST perturbations

The amplitude of zonal wind stress variability in Table3
is a combination of the slow variations that are part of the
ENSO cycle and high-frequency weather noise integrated to
the monthly time scale. To separate these contributions, the
response of the atmosphere model to SST variations along
the equator is examined. This may be done by regressing
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Table 3. The amplitude (standard deviation) of monthly SST and thermocline variability at the maximum of the first SST EOF, and amplitude
of zonal wind stress and thermocline variability (approximated by the depth of the 20◦C isotherm) at the point of maximum wind response.
The errors denote the 95% confidence interval.

Model lon SST z20 lon τx z20
(K) (m) (10−3 Pa) (m)

TAO (1983–2004) 110◦ W 1.7±0.5 26±5 170◦ W 22±4 18±5
NCEP (1980–1999) 115◦ W 1.5±0.4 28±6 170◦ W 13±2 17±3
ERA40 (1957–2002) 170◦ W 18±2
Kaplan (1854–2004) 112◦ W 0.9±0.1

CCSM3 125◦ W 1.33±0.09 19.9±1.0 170◦ W 12.3±0.2 12.1±0.8
CGCM3.1(T47) 170◦ W 0.76±0.05 8.7±0.5 170◦ E 13.2±0.7 5.8±0.3
CNRM-CM3 120◦ W 2.31±0.13 40.8±1.9 170◦ W 17.5±1.3 22.7±2.1
CSIRO-Mk3.0 140◦ W 1.24±0.10 26.2±3.5 160◦ W 10.0±0.7 11.6±2.6
ECHAM5/MPI-OM 140◦ W 1.78±0.06 27.0±0.6 160◦ E 18.2±0.5 17.8±0.3
FGOALS-g1.0 120◦ W 3.23±0.09 29.1±1.6 170◦ W 17.4±0.4 21.8±1.4
GFDL-CM2.0 150◦ W 1.22±0.06 16.3±1.1 160◦ E 19.9±0.9 12.2±0.8
GFDL-CM2.1 130◦ W 1.91±0.18 27.8±2.9 170◦ E 24.1±1.2 17.3±1.9
GISS-EH 100◦ W 1.31±0.03 11.0±0.6 155◦ W 9.9±0.2 8.1±0.5
INM-CM3.0 160◦ E 1.69±0.11 11.3±0.7 155◦ W 13.4±0.7 25.3±1.8
IPSL-CM4 130◦ W 1.33±0.10 14.8±1.3 155◦ W 10.1±0.6 10.7±0.9
MIROC3.2(hires) 160◦ W 0.57±0.06 9.3±0.6 160◦ E 8.7±0.6 8.1±0.7
MIROC3.2(medres) 140◦ W 0.73±0.03 15.8±0.6 160◦ E 9.5±0.3 5.2±0.2
MRI-CGCM2.3.2 150◦ W 1.05±0.05 16.8±0.4 180◦ 22.7±0.6 11.9±0.3
PCM 120◦ W 1.51±0.10 17.1±1.2 180◦ 11.1±0.4 10.5±1.0
UKMO-HadCM3 130◦ W 1.55±0.09 33.2±1.6 180◦ 14.8±0.7 10.0±0.7
UKMO-HadGEM1 130◦ W 1.28±0.10 22.7±2.1 170◦ E 13.0±0.7 8.5±0.7

the zonal wind stress onto the first EOF of SST computed
in Sect.3, however the length of the simulations allows for
a more detailed treatment. For each model we construct
a statistical atmosphere model with as basisn equal-sized
boxes along the equator in 5◦ S–5◦ N, 140◦ E–80◦ W (e.g.
Von Storch and Zwiers, 2001, §8.3). The patterns show the
average atmospheric response to an SST anomaly in this box
only. For comparison with observations we only show re-
sults forn=3 boxes. More detailed plots withn up to eight
(for long runs with multiple ensemble members) confirm the
findings.

The response to each box should to first order be a Gill-
type pattern (Gill , 1980): westerly wind response to the east
of the SST anomaly, weaker easterly response to the west,
and possibly to the north and south of the SST anomaly. The
strength of the response should depend on the background
temperature: due to the nonlinear nature of convection the
wind response is stronger over warm water than over colder
water (e.g.Burgers and van Oldenborgh, 2003). The zero-
line of the wind response is to the east of the heating anomaly
(Clarke, 1994), which in turn is usually located to the west of
the SST anomaly due to the temperature gradient and back-
ground wind.

The ERA-40 data have been analyzed with three boxes
(Figs. 3): western Pacific (warm pool), central Pacific (ap-

proximately equal to Nĩno4) and eastern Pacific (cold tongue,
similar to Niño3). We see that the response to a temperature
anomaly in the central box is indeed stronger than the re-
sponse to an anomaly in the eastern box. In both of these
regions the longitudinal offsets cancel: the zero wind stress
anomaly line is near the middle of the SST anomaly. The
response to the western box is “drowned” in the noise with
only 45 years of data and only small SST variability.

The atmospheres of the climate models are less noisy as
there is more data to construct the statistical atmosphere
model. The responses are very diverse (Figs.3 and 4).
Almost all models show a weaker positive atmospheric re-
sponse than the reanalysis when SST anomalies are present
in the central or eastern Pacific. Only the MRI-CGCM2.3.2
model has a stronger response, with peak values twice
those found in ERA-40. The CCSM3, CGCM3.1(T47),
MIROC3.2(hires), HadCM3 and HadGEM1 models have a
peak response that is only slightly weaker than the reanalysis,
whereas the PCM model hardly shows any response at all.
The weak response in most models explains why thermocline
variability is in general lower than observed, although the
exceptions (CNRM-CM3, FGOALS-g1.0, and INMCM3.0)
show that there are other factors as well. A weak wind re-
sponse will also suppress the non-linear aspects of ENSO in
the ocean.
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ERA40

CCSM3

CGCM3.1(T47)

CNRM-CM3

CSIRO-Mk3.0

ECHAM5/MPI-OM

FGOALS-g1.0

GFDL-CM2.0

GFDL-CM2.1

Fig. 3. The zonal wind stress response[Nm−2K−1
] to SST anomalies in three equal-sized boxes in 5◦ S–5◦ N, 140◦ E–80◦ W.
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GISS-EH

INM-CM3.0

IPSL-CM4

MIROC3.2(hires)

MIROC3.2(medres)

MRI-CGCM2.3.2

PCM

HadCM3

HadGEM1

Fig. 4. Continuation of Fig.3.
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(a)

(b) (c)

(d) (e)

(f) (g)

Fig. 5. Fraction of SST variance explained by the simple SST model Eq. (1) over an AR1 model (α=β=0) in (a) TAO data, (b)
CGCM3.1(T47),(c) CNRM-CM3, (d) ECHAM5/MPI-OM, (e)GFDL-CM2.1(f) MIROC3.2(hires) and(g) HadCM3.

The equatorial negative response to the east of the SST
anomaly in the central Pacific is also (much) weaker than ob-
served in most models. Only the CCSM3, GFDL-CM2.0,
GFDL-CM2.1 and HadGEM1 models have the same magni-
tude. The off-equatorial response is important in setting the
time scale of the ENSO cycle. The negative patterns of the
Rossby wave response in the Gill pattern are hardly visible in
the reanalysis, but much stronger in many models, especially
CNRM-CM3 and MIROC3.2(medres). This is partly due to
the much narrower latitudinal response in the models, a well-
known problem with low resolution atmospheres (Guilyardi
et al., 2004; Zelle et al., 2005), although not necessarily im-
proved at higher resolutions. The narrower response in gen-
eral leads to a shorter and more stable ENSO cycle. The
northern off-equatorial response is positive rather than nega-
tive in the FGOALS-g1.0, HadCM3 and HadGEM1 models.

The location of the response is more easterly than in ob-
servations in most models. Only in ECHAM5/MPI-OM, the
GFDL models, IPSL-CM4 and MRI-CGCM2.3.2 the offset
is zero, as observed. FGOALS-g1.0 shows a westerly offset.
In most models the response is stronger over warmer water,
as expected. Only in CCSM3 the strength is largest over the
cold tongue (which in this model is in the central Pacific).

The response to SST anomalies in the western Pacific is
stronger than in the reanalysis in most models. However, this
is likely a problem in the reanalysis rather than the climate
models, as SST variability is small in the warm pool, which
means the response cannot be determined well by this tech-
nique.

6 SST response to wind and thermocline perturbations

Most models have a wind response to wind anomalies that
is too weak, and hence less thermocline variability than ob-
served. There are three ways to obtain SST variability with
a realistic amplitude from a weak wind response. Either
SST responds more strongly to thermocline variability in the
cold tongue, or SST responds more strongly to local wind
anomalies on the edge of the warm pool, or SST damping
is reduced. These processes have been separated by fitting
the simple local SST equation (Burgers and van Oldenborgh,
2003)

dT

dt
(x, y, t) = α(x, y) z20(x, y, t − δ) + β(x, y) τx(x, y, t)

− γ (x, y) T (x, y, t) (1)

to both observations and GCM output.T is the local SST,
upwelling and mixing of thermocline temperature anomalies
are parametrized byα (nonlinear terms in this process are
very small in TAO data). The finite upwelling timeδ is pre-
scribed from observations (Zelle et al., 2004) and varies from
less than one month east of 130◦ W to 5 months at the date
line; this also agrees well with lag correlations of most model
data. When it did not, no lag (δ=0) was used. The param-
eter β describes the effects of zonal advection, upwelling,
evaporation and variations in mixed-layer depth on SST, ne-
glecting nonlinear terms. The damping parameterγ includes
cloud feedback in the western Pacific.
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Fig. 6. The parameterα (km−1month−1) that describes the effect of
thermocline anomalies on SST in Eq. (1) averaged over 3◦ S–3◦ N
in the TAO observations and the climate models. Note the change
of scale in the third panel.

In the TAO data the SST model Eq. (1) explains 60–80% of
the variance along the equator (Fig.5a), from 170◦ E where
surface processes dominate to 110◦ W in the cold tongue
where upwelling variability determines SST. The TAO buoy
at EQ, 95◦ W has only 80 months of observations, so the un-
certainties in the fit parameters are quite large. In the climate
models (examples are shown in Figs.1b–f) the fraction of
explained variance is similar in most models: higher when
there is little weather noise (CNRM-CM3, FGOALS-g1.0),
and usually lower in models with a weak ENSO (GISS-EH,
MIROC3.2(hires)). In general the SST model fits the data
reasonably well in the region where ENSO is active.

In Figs.6, 7 and8 the values of the parametersα, β and
γ −1 are plotted as a function of longitude, averaged over the
equatorial wave guide 3◦ S–3◦ N. In the GISS-EH model the
parameters fluctuated so wildly that they have not been plot-
ted. The other models are shown in three groups. The first
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Fig. 7. The parameterβ (KPa−1month−1) that describes the effect
of wind stress anomalies on SST in Eq. (1) averaged over 3◦ S–3◦ N
in the TAO observations and the climate models. Note the change
of scale in the third panel.

one has wind stress sensitivities in the central Pacificβ that
are within 50% of those obtained from the TAO data, the sec-
ond group is within a factor two and the third one outside of
that.

We see that in most models, the weak zonal wind response
found in Sect.5 is compensated by an enhanced sensitiv-
ity of SST to zonal wind stressβ and a longer damping
timeγ −1, whereas the sensitivity to thermocline depth varia-
tionsα clusters around the value deduced from observations.
A notable exception to this pattern is the MRI-CGCM2.3.2
model, in which the thermocline sensitivity is a factor three
stronger than observed. In this model the damping term is
stronger than in most other models (and close to the value
fitted from observations) to keep the ENSO amplitude rea-
sonable.

The models with a very regular ENSO cycle (CNRM-
CM3, FGOALS-g1.0 and IPSL-CM4) all have weak
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Fig. 8. The damping timeγ −1 (months) in Eq. (1), averaged over
3◦ S–3◦ N in the TAO observations and the climate models.

damping and strong wind feedback. Most models with a
short ENSO cycle (CCSM, CSIRO-Mk3.0, CGCM3.1(T47),
INM-CM3 and PCM) have too strong wind sensitivities in
the central Pacific to compensate for the weak wind response.
As the thermocline feedback is not enhanced, this implies
that ENSO in these models is much more surface-driven than
in the observations. SST in the HadGEM1 and GISS-EH
models is not described well by Eq. (1).

The models with spectra that most resemble observations
(ECHAM5/MPI-OM, GFDL-CM2.1, HadCM3, MIROC3.2
and to a lesser extent GFDL-CM2.0) show SST sensitivi-
ties comparable to observations in the relevant regions: wind
stress in the central Pacific, thermocline in the eastern Pa-
cific.

7 ENSO in a warmer climate

After assessing the representation of ENSO in the current
climate we next turn to the projections for the next cen-

tury. Specifically, projected changes in the mean state, am-
plitude and skewness are considered. The SST expression
of the ENSO cycle is not the most convenient index as it is
mixed with the global warming signal itself. Instead, we use
a pressure index comparable to the Southern Oscillation In-
dex (Walker and Bliss, 1932; Berlage, 1957): the time series
of the first EOF of SLP normalized to standard deviation over
the area 30◦ S–30◦ N, 30◦ E–60◦ W. In order to minimize
the influence of weather noise a 5-month running mean is
applied. In the ERA-40 reanalysis this index is strongly cor-
related with the traditional Darwin-Tahiti SOI (r=−0.91).
For scenario experiments the pattern obtained in the current
climate is projected onto the SLP field of the future (in the
IPSL and MIROC3.2(hires) models, the second EOF corre-
sponds to the Southern Oscillation). The patterns are in gen-
eral very realistic (Fig.9) and do not change significantly
under global warming.

For ENSO variability and skewness the first EOF of SST
in the region 10◦ S–10◦ N, 120◦ E–90◦ W with a 10 yr run-
ning mean subtracted was also considered. The results were
identical to the ones obtained with the SLP index.

In Table4 the results are shown as the difference in the
mean value of the indices in the future climate divided by
the standard deviation of the current climate, the ratio of the
standard deviations, and the skewness. The future climate is
represented by the last 50 years of the scenario run (SRES
A2, SRES a1B or 1%/year compounded CO2 increase). Un-
certainty estimates (95% limits) have been computed with
a moving block bootstrap procedure. The subjective confi-
dence level attached to the prediction (medium, high) reflects
whether ENSO in the model seems to be based on the same
physical processes as in the observations, as determined in
the previous sections.

As in previous studies (e.g.Collins and the CMIP Mod-
elling Groups, 2005), changes in the mean state range from
more La Nĩna-like conditions to more El Niño-like mean
conditions. The low-resolution models CGCM3.0(T47),
GISS-EH, INM-CM3, IPSL-CM4 and PCM project a change
to more La Nĩna-like mean conditions, but these all have
been assigned a lower confidence level due to either a too
regular cycle or too much of a surface-driven ENSO cy-
cle. In most of these models this shift is due to a large
change in the Indian Ocean or off-equatorial Pacific Ocean
projecting onto the ENSO pattern. The only model in which
the time change in surface pressure resembles the Southern
Oscillation is INM-CM3.0, however, in the stabilisation pe-
riod after 2100 this model switches to a more El-Niño-like
state.

CCSM3, CNRM-CM3, ECHAM5/MPI-OM, FGOALS-
g1.0, the MIROC3.2 models and MRI-CGCM2.3.2 show a
shift to on average more El Niño-like mean conditions. Al-
most all these shifts are about one quarter of the interannual
standard deviation. (The much larger shift in the high reso-
lution version of the MIROC3.2 model is due to a disconti-
nuity between the twentieth century run and the SRES A1B
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(a)

(b) (c)

(d) (e)

(f) (g)

Fig. 9. First EOF of normalized sea-level pressure over the region 30◦ S–30◦ N, 30◦ E–60◦ W (α=β=0) in (a) TAO data,(b) CGCM3.1(T47),
(c) CNRM-CM3, (d) ECHAM5/MPI-OM, (e)GFDL-CM2.1,(f) MIROC3.2(hires) (second EOF) and(g) HadCM3.

run; the scenario run indicates a much smaller shift in the
mean state.) Again, only in ECHAM5/MPI-OM and MRI-
CGCM2.3.2 the shift resembles the Southern Oscillation pat-
tern.

The remaining models, CSIRO-Mk3.0, both GFDL mod-
els and the Hadley Centre models HadCM3 and HadGEM1
show no significant change to a more El Niño or La Nĩna-like
climatology.

The trends in sea-level pressure are not necessarily con-
sistent with the trends in SST, as investigated by others1.
Quite a few models show warming in the cold tongue, but
no change in psl, or even a shift to La Niña (CGCM3.1(T47),
IPSL-CM4). This could be understood as a change1T in the
cold tongue having less effect on air pressure than the same
change in the warm pool. As the main reason for this study is
the effect of ENSO on the weather, we consider the pressure
trends to be the more important ones.

1E.g., E. Guilyardi (2005) and W. J. Merryfield: Changes to
ENSO under CO2 doubling in the IPCC AR4 coupled climate mod-
els, J. Climate, submitted, 2005.

The range in forecasts for the variability is just
as large. The CCSM3, CGCM3.0(T47), FGOALS-
g1.0, MIROC3.2(medres) and PCM models have statis-
tically significant less variability in the last 50 years
of the scenario runs; the ECHAM5/MPI-OM, GFDL-
CM2.0, MRI-CGCM2.3.2 and HadCM3 models show more
activity and the other models (CNRM-CM3, CSIRO-
Mk3.0, GFDL-CM2.1, GISS-EH, INM-CM3, IPSL-CM4,
MIROC3.2(hires) and HadGEM1) have no significant
change in standard deviation under global warming. The
difference between the two versions of the GFDL model (a
factor 1.21±0.12 higher standard deviation in CM2.0 and
0.88±0.13 in CM2.1) shows that the change in variability
is due to small details of the model, similar to that seen in
Collins (2000a). Note that the changes are of the same order
as those observed in the SOI over the periode 1866–2004, so
that the predicted change in standard deviation is often only
significant with more than one ensemble member, and hence
unobservable in reality.
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Table 4. The change in mean value normalized to the standard deviation, the ratio of the standard deviation and change in skewness of the
SLP pattern between the current climate and the last 50 years of a scenario experiment. Positive values denote El Niño, negative La Nĩna.
The errors denote the 95% CL interval. The MIROC3.2(hires)1 mean is unreliable due to a discontinuity.

Model Confidence Scenarios 1 mean 1 s.d. 1 skewness

CCSM3 20c3m sresa2 0.61±0.08 0.81±0.05 0.04±0.27
CGCM3.1(T47) 20c3m sresa2 -0.38±0.16 0.75±0.09 -0.06±0.31
CNRM-CM3 20c3m sresa2 0.46±0.22 1.09±0.11 -0.09±0.29
CSIRO-Mk3.0 20c3m sresa2 0.07±0.15 1.03±0.10 0.05±0.32
ECHAM5/MPI-OM high 20c3m sresa2 0.22±0.12 1.14±0.08 -0.15±0.20
FGOALS-g1.0 20c3m sresa1b 0.12±0.09 0.64±0.04 -0.18±0.14
GFDL-CM2.0 high 20c3m sresa2 0.02±0.23 1.21±0.12 0.12±0.29
GFDL-CM2.1 high 20c3m sresa2 -0.10±0.16 0.88±0.13 -0.03±0.46
GISS-EH 20c3m 1pctto2x -0.34±0.12 1.00±0.09 -0.03±0.35
INM-CM3.0 20c3m sresa2 -0.76±0.19 0.92±0.15 0.42±0.49
IPSL-CM4 20c3m sresa2 -0.45±0.20 1.10±0.12 -0.07±0.29
MIROC3.2(hires) medium 20c3m sresa1b (1.13±0.20)? 0.97±0.17 -0.29±0.58
MIROC3.2(medres) medium 20c3m sresa2 0.25±0.10 0.86±0.07 0.12±0.27
MRI-CGCM2.3.2 20c3m sresa2 0.25±0.11 1.26±0.07 -0.23±0.16
PCM 20c3m sresa2 -0.12±0.11 0.89±0.07 0.08±0.29
UKMO-HadCM3 high 20c3m sresa2 0.00±0.20 1.16±0.13 0.07±0.35
UKMO-HadGEM1 picntrl 1pctto2x 0.01±0.23 1.10±0.13 -0.15±0.34

Due to the limited number of years (50) in the future pe-
riod, only the FGOALS-g1.0 and MRI-CGCM2.3.2 models
show a shift in skewness that is statistically significantly dif-
ferent from zero. However, even the models that resemble
reality most do not reproduce the observed skewness of SST,
thermocline depth and zonal wind stress very well, so they
are unlikely to contain correctly the nonlinear mechanisms
that determine the differences between El Niño and La Nĩna.
We therefore do not attach much significance to the fact that
these models do not show much change in skewness.

8 Conclusions

We have studied ENSO-like oscillations in the equatorial Pa-
cific in the 19 climate models that had made data available in
the PCMDI archive at the time of submission. First, the simi-
larity of these oscillations with the observed ENSO cycle has
been determined. Two models (GISS-AOM and GISS-ER)
do not show ENSO-like variability and are excluded from
the analysis.

Three models (CNRM-CM3, FGOALS-g1.0 and IPSL-
CM4) show very regular oscillations with negative skewness,
in contrast to the real irregular ENSO cycle with positive
skewness. These models seem to operate in a different dy-
namical regime than the point close to stability that the ob-
served ENSO is thought to occupy. Another group of models
(CCSM3, CGCM3.1(T47)), has a more westerly ENSO pat-
tern than observed, a shorter period, a lower amplitude and
no skewness. Other models (CSIRO-Mk3.0, GFDL-CM2.0,
GISS-EH, INM-CM3, MRI-CGCM2.3.2, PCM) share most
of these properties, which often occur in coarse-resolution

models. ECHAM5/MPI-OM, GFDL-CM2.1, MIROC3.2
and HadCM3 display the most realistic time series proper-
ties. HadGEM1 is unlike other models with a fairly narrow
spectral peak but positive skewness.

The reasons for these diverse modeled ENSO cycles be-
come clearer when considering the strength of the zonal wind
response to equatorial SST anomalies and the SST response
to wind and thermocline depth anomalies. Most models show
a zonal wind response that is weaker and more confined in
latitude than the observations. This is compensated by a
stronger direct SST response to wind anomalies and weaker
damping of surface temperature than the observations indi-
cate, whereas the reaction to thermocline depth anomalies is
similar to estimates from TAO data. In these models ENSO
is therefore more surface-driven than thermocline-driven. A
different mixture occurs in the MRI model, in which SST
reacts very strongly to both wind and thermocline depth
anomalies, and is more damped to obtain a realistic SST
variability. The ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-
CM2.1, MIROC3.2 and HadCM3 models show a fairly real-
istic balance between the two feedback loops of the ENSO
cycle and the forecasts from these models are considered
most reliable.

In these models the forecasts for the mean state of ENSO
in 2051–2100 in an SRES A2 scenario range from no change
(four models) to a small shift (25% of the standard devi-
ation) towards more El Niño-like conditions (two models)
in surface pressure. The variability projections vary from a
slight increase, by 15% (three models), through no change
(two models) to a decreases by 15% (one model). The pos-
sible changes are of the same size as the observed decadal
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variability over the last century and only statistically signif-
icant for multiple ensemble members. It will therefore be
difficult to verify with only one realization of reality. The
statistical and systematic errors in skewness are too large to
say anything with any degree of certainty about the relative
strength of El Nĩno and La Nĩna events in a future climate.

This is only a first assessment of the characteristics of
ENSO variability in climate models, covering what we judge
to be the most important aspects. In the conceptual model of
the ENSO cycle of Fig.1 we have not considered the char-
acteristics of the external noise, nor the relationship between
zonal wind stress anomalies and thermocline perturbations.
The seasonal cycle has been neglected throughout. Outside
of this simplified picture the radiation and latent heat contri-
butions to SST variability should be studied in more detail.
The causes of changes in ENSO properties in the modeled
future climate have also not been investigated in this study
but should be a priority for future work.
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