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Abstract
The changes in model ENSO behavior due to an increase in greenhouse gases (ac-

cording to the IPCC Business-As-Usual scenario) are investigated using a 62 member
ensemble 140-year simulation (1940–2080) with the National Center for Atmospheric
Research Community Climate System Model (CCSM, version 1.4). Although the global
mean surface temperature increases by about 1.2 K over the period 2000–2080, there are
no significant changes in the ENSO period, amplitude and spatial patterns. To explain
this behavior, an analysis of the simulation results is combined with results from interme-
diate complexity coupled ocean-atmosphere models. It is shown that this version of the
CCSM is incapable of simulating a correct meridional extension of the equatorial wind
stress response to equatorial SST anomalies. The wind response pattern is too narrow and
its strength is insensitive to background SST. This leads to a more stable Pacific climate
system, a shorter ENSO period and a reduced sensitivity of ENSO to global warming.

1. Introduction

Interannual variations in the present climate strongly involve El Niño/Southern Oscillation
(ENSO) in the Tropical Pacific. This phenomenon is caused by ocean-atmosphere interaction
in the equatorial Pacific. The surface winds are influenced by the sea-surface temperature
(SST) which subsequently affect the ocean currents and ocean heat transport causing changes
in SST. The time scale of variability is determined by ocean adjustment processes (Philander,
1990; Neelin et al., 1998; Dijkstra and Burgers, 2002).

From proxy data, more and more information becomes available on the behavior of ENSO
under different global mean temperatures. Based on the analysis of annually banded corals
from Papua New Guinea, Tudhope et al. (2001) show that ENSO has existed for the past
130ka. However, there have been substantial changes in its strength through time. Based on
analysis of Ecuadorian varved lake sediments, Rodbell et al. (1999) find that ENSO periods
were larger than15 year during the interval 15ka - 7ka and that modern periodicities of 2 - 8
years appeared afterwards. Data from microfossils show that ENSO events were less intense
around 3ka but more pronounced around 1.5 ka (Woodroffe et al., 2003).

The variations in strength of ENSO events over the last 150 years are better known from
observational data. According to NCEP data, the standard deviations of the Southern Oscil-
lation Index (SOI, normalized sea level pressure difference between Darwin and Tahiti) and
the NINO3.4-index (SST anomalies averaged over the region 5◦S–5◦N, 170◦W–120◦W) for
1951–1975 were1.59 ± 0.14 and0.78 ± 0.07 respectively, and1.82 ± 0.19 and0.95 ± 0.09
for the period 1976–2000. The error margins indicate the 95% confidence level interval. This
shows that the amplitude of these indices has increased (for NINO3.4 this is partly due to bet-
ter sampling since 1980), raising concern that ENSO may be intensifying as a result of global
climate change (Trenberth et al., 1997).

Model studies of the behavior of ENSO in a warmer climate show conflicting results. In
some early studies using coarse resolution models (Knutson et al., 1997), the mean zonal sea-
surface temperature gradient decreased with little change in El Niño-like activity. In other
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early models (Timmermann et al., 1999), increasing greenhouse gas concentrations induced
a more El Nĩno like mean state with more pronounced cold events than warm events. In
the second version of the Hadley Centre model (HadCM2), changes in El Niño activity, fre-
quency and phase locking are found. However, in the new version of the Hadley Centre model
(HadCM3), no changes in El Niño statistics are found (Collins, 2000). This is attributed to
the differences in physical parameterization and not to the differences in resolution between
the two versions of the model. In one coupled model (Noda et al., 1999), a change towards
a more La Nĩna state is found. The credibility of the predictions of the response to global
warming in the coupled models (an overview of the models is given in Latif et al., 2001) is
also undermined by the lack of confidence in their simulation of cloud feedbacks.

One of the most comprehensive models used for studying the behavior of ENSO under dif-
ferent global mean temperatures is the NCAR - CCSM (Otto-Bliesner and Brady, 2001; Hu-
ber and Caballero, 2003). The model ENSO variability under present climate conditions was
studied in Otto-Bliesner and Brady (2001) using a 300 year simulation. The warm-pool/cold-
tongue equatorial temperature gradient has a realistic amplitude. However, the cold tongue
is located too far to the west and the mean SST is too symmetrical with respect to the equa-
tor. The equatorial thermocline is slightly more diffusive than in observations. There is a
reasonable simulation of the amplitude, phase and propagation features of the SST anomalies
and thermocline anomalies. SST anomalies appear as a standing pattern whereas there is a
slight eastward propagation of anomalies at the depth of the thermocline. The variability in
the model is largest in the NINO3.4 region with a standard deviation of0.77 K. The wavelet
power spectrum shows that the period is in the 2–4 year range and hence relatively short
compared with observations, which show a more diffuse spectrum with a period between 3–8
years.

There have been two modelling studies of the Last Glacial Maximum with this model.
Otto-Bliesner et al. (2003) report 2.1 K cooling in the tropical Pacific Ocean compared to
present-day conditions, a reduced east-west gradient and a sharper thermocline; ENSO activ-
ity is enhanced by 20%. Recently, Peltier and Solheim (2004) in a much longer experiment
found equatorial SST about 4.5 K below present-day values. They find very little changes in
ENSO characteristics. The only change is that the amplitude of SST variability increases by
25% in the Nĩno3 region.

In this study, we address the question of changes in ENSO behavior under an increas-
ing global mean temperature. We use results from a 62 ensemble member simulation of the
CCSM version 1.4 over the period 1940–2080, using the IPCC Business-As-Usual scenario
for greenhouse gas forcing after 2000. The choice for this model version was motivated by
computational constraints, the fact that it was carefully tuned to simulate the ENSO phe-
nomenon rather well (Otto-Bliesner and Brady, 2001) and the relatively small effort involved
in preparing the model system for our purpose. The procedure of the ensemble simulations
is outlined in section 2, the results on the tropical Pacific climate system and its variability
are presented in section 3. In section 4, we perform a detailed analysis using results from in-
termediate coupled ocean-atmosphere models which leads to the interpretation of the results
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from section 3. A summary and discussion is provided in section 5.

2. Global warming in the ensemble simulations

a. Model

The CCSM version 1.4 is a global climate model containing a primitive equation ocean and
atmosphere model, a sea-ice model and a land-surface model. We have used the configuration
as in Ammann et al. (2005). The atmosphere was run at T31 resolution (equivalent to a grid
spacing of 3.75◦× 3.75◦) in latitude and longitude with 18 levels in the vertical and the highest
model level at about 35 km. The land surface model distinguishes between specified vegeta-
tion types and contains a comprehensive treatment of surface processes. The ocean model was
run using a grid with 25 vertical levels and a longitudinal resolution of 3.6◦. The latitudinal
resolution changes from 0.9◦ in the tropics to 1.8◦ in higher latitudes. The near equatorial
meridional resolution is slightly coarser than that used in the ECHAM4/OPYC simulation
(0.5◦) by Timmermann et al. (1999). The sea-ice model includes sea-ice thermodynamics
and sea-ice dynamics. The coupled system does not require artificial corrections in the heat
exchange between atmosphere and ocean to simulate a reasonable climate state wih surface
temperature bias below 2 K in most of the oceans (Boville et al., 2001).

An initial state (at 01-01-1940) was obtained from the simulations of Ammann et al.
(2005). The coupled simulation was started under 1870 atmospheric composition conditions
and integrated for 100 years. The atmospheric composition was then prescribed for the 1870-
1940 period. This resulted in the initial state used as the starting point for the ensemble
simulations. The climate system was integrated 62 times over the period 1940–2080. Dur-
ing the historical part of the simulation (1940–2000), greenhouse gas (GHG) concentrations,
sulphate aerosols, solar radiation and vulcanic aerosols were prescribed according to observa-
tional estimates, kindly provided by C. Ammann (Ammann et al., 2005). From 2000 onwards,
the solar constant and sulphate aerosols were kept fixed. Only the GHG concentrations varied
according to the IPCC Business-As-Usual scenario which is similar to the SRES-A1 scenario
(Dai et al., 2001). The ensemble members differ only in a small random perturbation in the
initial temperature field of the atmosphere, enough to lead to entirely different atmospheric
evolutions within the first couple of weeks of the integrations. In the following analysis, the
first 10 years (1940–1949) of the simulation have been discarded to remove any remaining
model spinup effects.

b. Changes in the global mean state

Fig. 1 shows the global mean surface air temperature as simulated by all 62 members, the en-
semble mean and an observational estimate obtained from the Climatic Research Unit (CRU,
Jones et al., 2001). The simulated temperatures cover the observations very well. The effects
of the volcano eruptions of the Agung (1963), El Chichon (1982) and Pinatubo (1991) are
clearly visible as a temporary cooling on the order of several tenths of a degree. The tempera-
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ture rise after 2000 is solely due to the increasing concentrations of GHGs. Between 2000 and
2080 the global mean temperature has risen 1.2 K, extrapolating the rise from 1990 to 2100
leads to a global warming of about 1.7 K.

The difference pattern of the ensemble mean temperature averaged over the 30-year peri-
ods 2050–2080 and 1950–1980 is plotted in Fig. 2a. Warming of up to 5 K occurs in the region
north of 40◦N. In the equatorial Pacific the warming is less strong at about 1 K, the west-
ern equatorial Pacific heats up 0.2 K more than the eastern equatorial Pacific. The changes
in precipitation between the 1950–1980 and 2050–2080 periods are shown in Fig. 2b as a
percentage of the 1950–1980 mean. The largest relative changes are found over the Sahel,
Antarctica, Greenland, the northern Indian ocean and the equatorial Pacific. In the western
equatorial Pacific precipitation increases by about 2mm/month.

Compared to other models that have been used in the IPCC Third Assessment Report
(IPCC, 2001, Chapter 8: Model Evaluation), the CCSM configuration used here is on the low
end with respect to sensitivity to GHG forcing. The extrapolated 1.7 K global temperature
increase between 1990–2100 is just above the lower bound established in the TAR (1.4 K to
5.8 K) based on results from different model simulations and emission scenarios. The patterns
of change in temperature and precipitation (up to 2080) have comparable features with those
of the other models.

3. ENSO and Global Change

From the total data set emerging from the ensemble simulations the equatorial Pacific region
was extracted, in particular for the variables zonal wind stressτx, the depth of the 20◦C
isotherm Z20 and the sea-surface temperature SST. The domain used is 12◦S–12◦N, 120◦E–
80◦W. Because the time mean state of the equatorial Pacific, the seasonal cycle and ENSO
variability are strongly linked, we present the changes in each of them subsequently in the
following paragraphs.

The ensemble mean sea-surface temperature averaged over the period 1950–1980 is shown
in Fig. 3b, to be compared with ERA-40 reanalysis data (Uppala and coauthors, 2005) in
Fig. 3a. Although the overall features of the cold tongue/warm pool agree reasonably well
with observations, there are several deficiencies similar to those in the single simulation de-
scribed by Otto-Bliesner and Brady (2001). The cold tongue extends too far to the west and
the SST pattern is too symmetrical about the equator: there is little SST variability south
of the equator near the South-American coast. The differences in SST between the periods
2050–2080 and 1950–1980 are shown in Fig. 3d. There is a nearly homogeneous warming of
the tropical Pacific with a slight increase in the equatorial east-west temperature gradient as
the western part warms about 0.2 K more than the eastern part.

The ensemble mean seasonal cycle of SST for the period 1950–1980 is shown in Fig. 4b,
the same for ERA-40 reanalysis data in Fig. 4a. The semi-annual signal in the western Pacific
and the annual signal in the eastern Pacific are simulated reasonably well. The timing of the
maximum SST in spring is a bit too late but the westward propagation of SST anomalies is
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Figure 1: Global mean temperatures of all 62 simulations (light crosses), the ensemble mean
(solid line) and observed temperatures from the Climate Research Unit (dark dots). The CRU
timeseries obtained are anomalies with respect to the 1960–1990 period. We added the en-
semble mean simulated temperature over this period.
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(a)

(b)

Figure 2: Difference of (a) ensemble mean surface temperature (K) and (b) ensemble mean
precipitation (%) between the 30-year periods 2050–2080 and 1950–1980.
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(a)

(b)

(c)

(d)

Figure 3: (a) Annual mean sea surface temperature in the equatorial Pacific from ERA-40
reanalysis data. (b) CCSM simulations, 1950–1980 ensemble mean, (c) the same for the
period 2050–2080 and (d) difference of (c) and (b).

in accordance with observations. The differences in the seasonal cycle of SST between the
periods 2050–2080 and 1950–1980 are shown in Fig. 4d. The figure confirms that the western
Pacific is warming up more than the eastern Pacific, otherwise the warming is almost homo-
geneous. We do not find an intensification of the seasonal cycle as discussed by Timmermann
et al. (2004).

A similar analysis of thermocline depth shows no significant differences between the pe-
riods 1950–1980 and 2050–2080. There is a slight deepening of the equatorial thermocline
of approximately 6 m in the western Pacific and approximately 3 m in the eastern Pacific.
Changes in surface wind stress are also negligible.

As already mentioned in Otto-Bliesner and Brady (2001), the variability of the ENSO
indices is slightly smaller than what is observed. For the first ensemble member, SST averaged
over the NINO3.4 region is shown in Fig. 5a together with an estimate of the trend of the
ensemble. The detrended NINO3.4 SSTA index with seasonal cycle removed is shown in
Fig. 5b. The amplitude is simulated reasonably well with a standard deviation of0.77± 0.01
K for the period 1970–2000, but there is more high frequency noise and the oscillation is
more regular than the observed NINO3.4 index. The standard deviation was computed for
the whole ensemble, but individual members show very similar results. The skewness of the
detrended NINO3.4 index for the period 1970–2000 is−0.05± 0.02 compared to0.40± 0.25
for the NCEP NINO3.4 index: ENSO is almost symmetrical in the CCSM. The amplitude
of thermocline variability in the NINO3.4 region for the period 1970–2000 is too small:5.6
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Figure 4: (a) Seasonal cycle of the sea-surface temperature in the equatorial Pacific from
ERA-40 reanalysis data. (b) CCSM simulations, 1950–1980 ensemble mean, (c) the same for
the period 2050–2080 and (d) the difference of (c) and (b).

m compared to13.0± 1.5 m from TAO/TRITON observations (McPhaden et al., 1998). The
amplitude ofτx variability in the NINO4 region (160◦E–150◦W, 5◦S–5◦N) is also weaker than
observed:6.5 10−3 Pa compared to(14± 1) 10−3 Pa in the TAO/TRITON observations.

A wavelet spectrum (based on a Morlet-6 transform) indicates that most of the energy is
contained in the frequency band of 2.5–3.5 year. Weaker energy in this band occurs during the
early and mid 1990’s and between 2050 and 2060 (Fig. 6a). Spectra based on two thirty-year
intervals, averaged over all ensemble members, indicate that the period of ENSO variability
is around 2.8 year (Fig. 6b) for both intervals. In each spectrum of the individual members,
there appears to be no significant change in ENSO period and amplitude. Together with the
results in Fig. 5, this strongly suggests that ENSO variability in this version of CCSM does
not change under a moderate global warming.

The pattern of variability associated with ENSO can be determined through the first EOF
of SST and is plotted in Fig. 7b for the 1950–1980 period. It broadly resembles the observed
variability (Fig. 7a), again with deficiencies in the cold tongue region and the equatorial asym-
metry like in Fig. 3. The first EOF explains 41% of variance, against over 60% in the obser-
vations. Neither this EOF pattern nor the second one (not shown) changes over the period
2050–2080 (Fig. 7c), confirming once more that the ENSO variability is only marginally af-
fected by the global temperature increase.

A simple conclusion from these results would be that ENSO does not change in a warmer
climate. This is in agreement with most studies in state-of-the-art climate models (Collins
and coauthors, 2005), such as those used in the IPCC TAR and summarized in Latif et al.
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Figure 5: (a) SST values in the NINO3.4 region for ensemble member 1 of the CCSM, with
an estimate of the ensemble trend. (b) The detrended NINO3.4 SSTA index for ensemble
member 1, with seasonal cycle removed.

(2001). However, there are a few suspicious features which motivate further analysis into
the reasons why ENSO does not change in the CCSM simulations. Although the mean state
cold-tongue/warm-pool configuration is reasonably simulated, the ENSO period in the CCSM
is smaller than that observed. Furthermore, ENSO under greenhouse warming conditions
appears to be more regular than what is observed, suggesting that the strength of the cou-
pled feedbacks as found in intermediate complexity coupled models (ICMs) is weaker in the
CCSM results. Finally, as will be shown below, the equatorial wind response to SST has some
deficiencies with respect to observations. In the next section, we will analyze and interpret the
CCSM results through a comparison with results from ICMs.

4. Analysis

In this section, our main point is to demonstrate that the insensitivity of ENSO to global
warming in the CCSM is due to deficiencies in the simulation of the equatorial zonal wind
stress response. First we will show that the ENSO behavior in the CCSM is likely to be that of
a noise-driven stable system. Next, ICMs are used to demonstrate that an enhanced stability
of the Pacific climate state and a shorter ENSO period can both be explained by a zonal wind
stress field that is strongly confined in the meridional direction. An analysis of the CCSM
results will show that the wind stress field is indeed too narrow around the equator, and that
the wind response is independent of background SST.
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Figure 6: (a) Wavelet spectrum (Morlet-6) of the NINO3.4 index of the ensemble simulations.
(b) Spectra of the NINO3.4 index for two thirty-year periods, averaged over all ensemble
members.
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(a)

(b)

(c)

Figure 7: (a) First EOF of SST in the equatorial Pacific from ERA-40 reanalys data. (b) CCSM
simulations, ensemble mean over the period 1950–1980 and (c) for the period 2050–2080.

a. Low-order chaos versus noise driven

In the theoretical framework that has been developed to describe ENSO variability, a Hopf
bifurcation marking the transition from a stable stationary time-mean state to a periodically
varying state is of central importance (Neelin et al., 1998). The transition from stable to
unstable can, for example, be induced by varying the strength of coupled feedbacks in the
equatorial Pacific, such as the amplitude of the wind anomaly per degree SST anomaly. The
spatial and temporal pattern of the periodically varying state of ENSO can be estimated from
observations, even if there are substantial secondary modes (Jiang et al., 1995).

Estimates from observations indicate that ENSO is close to neutral in reality (Fedorov and
Philander, 2000; Dijkstra and Burgers, 2002) and, in addition, is quite irregular; this leaves
two possibilities. The first possibility is that the Pacific climate state is linearly unstable, that
the ENSO amplitude is determined by non-linear dynamics, and that deterministic chaotic
dynamics cause its irregularity. In this case, ENSO is qualitatively a low-order chaotic sys-
tem. The second possibility is that at the root of ENSO lies a linearly stable Pacific climate
system, with atmospheric noise exciting finite-amplitude fluctuations inducing the irregular-
ity of ENSO. In this case, ENSO is qualitatively a noise-driven stable system. Philander and
Fedorov (2003) argue that the latter is most likely what occurs in nature. The term ‘noise’
refers to processes that have much smaller spatial and time scales than ENSO and evolve
independently. The complete system (deterministic + noise) has many degrees of freedom.

We have investigated whether ENSO in the CCSM is a low-order chaotic system or not
with the method of Tziperman et al. (1994), described in the Appendix. They showed, for ex-
ample, that the Zebiak-Cane model (Zebiak and Cane, 1987) with standard parameter settings
is a low-order chaotic system. The method estimates the dimension of the attractor from time
series of a characteristic variable. The dimension is obtained from the slope of the cumulative
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(a) (b)

Figure 8: Estimates for the dimension of the attractor of a run of the Zebiak-Cane model (a)
and the CCSM ensemble simulations (b). From left to right, curves are shown for embedding
dimensionsM of 2, 4, 8, 16, 32 and 64. The estimate equals the value of the slope of the
straight section of the curves in the limit of high embedding dimension and run length. Be-
cause the run length is limited (8742 years for both Zebiak-Cane and CCSM), no meaningful
estimates can be made beyond an embedding dimension of around 30.

distribution functionC2(r) versus the distance between pointsr in a log-log plot. When the
slopes for increasing embedding dimensionM converge to a finite value, the attractor dimen-
sion is finite and a low-order chaotic system is causing the behavior (see the Appendix for
details).

We compared the results for the period 1950-2080 of the CCSM ensemble, 8742 simulated
years in total, with a simulation of the Zebiak-Cane model of the same length. As character-
istic model variables we took values of the NINO3 index in the Zebiak-Cane model run and
of the NINO3.4 index in the CCSM ensemble members, averaged over 3 month intervals.
For the Zebiak-Cane model we see that the slopes in Fig. 8a slowly converge to an attractor
dimension of around 5. This is in agreement with Tziperman et al. (1994) who obtained an
estimate of 3.5 from embedding dimensions up to 14. For the CCSM simulations (Fig. 8b)
there is no sign that the slopes converge and we can only establish a lower bound of about 40
for the attractor dimension.

We conclude that the NINO3.4 behavior in the CCSM simulations is qualitatively similar
to that of a stable noise driven system, and does not show dynamics characteristic of a low-
dimensional chaotic system.

b. Sensitivities in ICMs

To find the reason for the stability of the Pacific climatology on the one hand and the relatively
small ENSO period on the other hand, sensitivity studies which have been done with ICMs are
useful. One of the ICMs that has been used to study the stability of the Pacific climate system
is the IPSM model of Van der Vaart et al. (2000). The IPSM is a pseudo-spectral model very
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similar to the Zebiak and Cane (1987) model in that it couples an ocean model consisting of a
shallow-water layer with an embedded mixed layer of fixed depth to a Gill (1980) atmosphere
model.

Both the mean climate and the stability properties of this state change when parameters
like the strength of the coupling feedbacks, sayµ, are varied. Such parameters are therefore
ideally suited for studying sensitivities of ENSO behavior to certain physical processes. For
smallµ, the steady climate states are stable but above critical values ofµ, spontaneous oscil-
latory behavior appears through the destabilization of Pacific climatology to the ENSO mode.
This transition can be shown to be a Hopf bifurcation and in Van der Vaart et al. (2000), the po-
sition of the Hopf bifurcation and the period of the ENSO mode at criticality was determined
over a broad range of parameter space.

One of the interesting results in Van der Vaart et al. (2000) is replotted in Fig. 9. Here, the
value ofµ at the Hopf bifurcation,µc, as well as the period of the ENSO mode at criticality,
Pc, are plotted versus the ratio of the oceanic and atmospheric Rossby deformation radii,α.
Cane et al. (1990) perform a similar analysis for a more idealized model. Asα increases,
the meridional extent of the atmospheric wind-stress response decreases and becomes more
localized near the equator. From Fig. 9a we see that with increasingα, the cold tongue/warm
pool mean state stabilizes as the Hopf bifurcation shifts to larger values ofµ. At the same
time the period at criticality decreases, because the forced Rossby waves participating in the
adjustment of the ocean do not include the high wavenumber slow modes further away from
the equator (Kirtman, 1997). Guilyardi et al. (2004) find that also in coupled GCMs the width
of the wind response determines the ENSO period. A higher resolution atmosphere GCM
increases the meridional extent of the wind response pattern and leads to a more realistic
ENSO simulation.

Although only the dependence of the critical conditions on the meridional extent of the
wind stress is considered, the results in Fig. 9 strongly motivate us to look further into the
effects of the meridional pattern of zonal wind on the ENSO period and the stability of the
Pacific climate state. To investigate this in more detail, we make use of a linear shallow-water
ocean model, the Gmodel as presented in Burgers et al. (2002), coupled to a Gill atmosphere
model (Gill, 1980).

In the Gmodel, the reduced-gravity ocean model is forced by zonal and meridional wind
stress, and has thermocline depth, zonal and meridional current as output variables; SST is
computed only as a diagnostic variable. The Gmodel has been tuned to simulate the observed
NINO3 and NINO4 indices well when forced with FSU pseudo wind stress fields (Stricherz
et al., 1997). We have also fitted the parameters of the SST equation to the CCSM ocean
model; these parmeters give essentially the same results. The atmosphere model responds
only to the simulated SST field. The response to an SST spike (very narrow in the zonal
direction) on the equator is computed with the Gill model (Gill, 1980). The full wind response
is obtained by integrating along the equator and multiplying the local SST anomaly with this
wind response pattern. The meridional scale of the wind response to SST anomalies can be
adjusted with the parameterα, the ratio of the oceanic and atmospheric Rossby deformation
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P

Figure 9: (a) The value of the critical ocean-atmosphere coupling strengthµc at the Hopf-
bifurcation as a function ofα, the ratio between the oceanic and atmospheric Rossby radii. S
(U) indicates regions of linear (un)stable climatologies. (b) The periodP of the oscillation (in
years) at the Hopf-bifurcation as a function ofα.

radii.
To determine the relation between the ENSO period and the meridional extent of the zonal

wind response, three Gmodel runs were performed with different values ofα. For each run,
the coupling strengthµ was set just below the critical valueµc. A Hovmüller diagram of
SST is plotted for different values ofα in Fig. 10. It is clear that the ENSO period decreases
with increasingα (decreasing meridional extent): the period goes down from approximately 8
years to 21 months. The critical coupling strengthµc increases with increasingα, consistent
with the results in Fig. 9a.

c. The wind response in the CCSM

Given that the Pacific climate state in the CCSM appears very stable and the ENSO period
is shorter than that observed, the results in the previous section motivate us to investigate the
wind response to SST anomalies in the CCSM and to compare this response with observations
and with results from the Gmodel.

The response of zonal wind to SST anomalies has been found by a straightforward linear
regression (see for example the textbook of Von Storch and Zwiers (1999,2001),§8.3) on the
monthly data:τ ′x(x) =

∫
dx′ A(x,x′) T ′(x′). Hereτ ′x andT ′ are the surface fields of zonal

wind stress anomalies and SST anomalies in the equatorial Pacific region, and the function
A is the response model. Because the model is underdetermined even for the large ensemble
considered, the dimension has to be reduced. This was achieved by averagingT ′ over boxes
on the equator. The large amount of data from the CCSM simulations (∼ 105 months) allows
up to eight boxes along the equator, but for a comparison with observational data we use only
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Figure 10: Hovm̈uller diagrams of SST anomalies computed with the Gmodel-Gill model
for three different values ofα: 0.15 (a), 0.22 (b), 0.3 (c). A larger value ofα indicates a
more equatorially confined zonal wind response. The ocean-atmosphere coupling strength
was tuned to just below the critical valueµc.
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Figure 11: The zonal wind stress response of the CCSM to SST anomalies in boxes from 5◦S–
5◦N and 140◦E–173◦W, 173◦W–127◦W, 127◦W–80◦W respectively. There is no significant
difference between the periods 1950–1980 and 2050–2080.

three. The meridional borders of the boxes are at 5◦S and 5◦N, zonally the boxes are equally
divided between 140◦E and 80◦W.

We switch fromx andx′ to discrete indicesk and`, which gives

Ak` = 〈τ ′xT ′〉km〈T ′T ′〉−1
m` (1)

with Ak` = A(xk,x
′
`), k an index enumeratingτx gridpoints,` an index enumerating the

T boxes along the equator and〈. . .〉 indicating a time average. The zonal wind response
to SST anomalies in the three boxes is shown in Fig. 11. The difference between periods
1950–1980 and 2050–2080 is negligible. The same wind response patterns as determined
from the ERA-40 dataset are presented in Fig. 12. Compared to observations, the zonal and
meridional extent of the wind response in the CCSM is almost a factor two smaller. When
we use the meridional extent of the CCSM wind response pattern in the Gmodel (Fig. 13) we
find an ENSO period of approximately 2.5 years, comparable to the ENSO period found in
the CCSM.

In the CCSM, the wind response to SST anomalies on the edge of the warm pool is not
stronger than the response in the middle of the cold tongue; this is contrary to observations
and other models. Also, the westerly wind response to an SST anomaly extends too far east
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Figure 12: The zonal wind stress response of the ERA-40 reanalysis (observations) to SST
anomalies in boxes from 5◦S–5◦N and 140◦E–173◦W, 173◦W–127◦W, 127◦W–80◦W respec-
tively.
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Figure 13: The zonal wind stress response of the linear Gmodel to SST anomalies in boxes
from 5◦S–5◦N and 140◦E–173◦W, 173◦W–127◦W, 127◦W–80◦W respectively. The merid-
ional scale of the wind response was adjusted to match the response of the CCSM in figure
11.
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across the SST anomaly. In observations and other models, the zero contour of the zonal
wind response is approximately centered above the SST anomaly. The latter two features are
linked. Normally, atmospheric heating occurs somewhat west of the SST anomaly due to the
climatological zonal SST gradient and the zonal wind response extends east of the heating
region (Clarke, 1994). These offsets compensate each other. In the CCSM the dependence
on background SST is missing. Therefore atmospheric heating occurs centered above the
SST anomaly and the wind response is shifted eastwards compared to observations. The
insensitivity of the wind response in the CCSM to background SST is consistent with the fact
that there is no change in the wind response due to global warming.

5. Summary and Discussion

Results from a 62 ensemble member simulation with the NCAR-CCSM version 1.4 were used
to investigate the changes in ENSO behavior due to the increase of atmospheric greenhouse
gases. Under a global climate change of 1.2 K from 2000–2080, the model ENSO variability
does not change significantly in each of the ensemble members. The mean equatorial zonal
temperature gradient increases slightly but the ENSO period, amplitude and pattern are basi-
cally unchanged. The same lack of change was found in this model by Peltier and Solheim
(2004) for the much cooler conditions at the Last Glacial Maximum.

One could argue that the warming signal is not strong enough and that larger anomalies
are needed to obtain a significant change. Indeed, simulations under6×CO2 conditions have
shown a significant change in the ENSO response (Otto-Bliesner and Brady, 2001). On the
other hand, in ICMs which represent both the time-mean state and the ENSO delayed oscil-
lator mode quite well, both period and amplitude do change when the radiative equilibrium
temperature is increased by only 1 K. One possibility is that these ICMs miss some important
physics which influences their response to global warming. Another option is that the coupled
feedbacks involved in ENSO are not represented well in the CCSM. We have investigated
possible flaws of the CCSM and their effects on the response to global warming.

The insensitivity of ENSO in the CCSM to changes in background temperature suggests
that the Pacific climate system is stable. This has been confirmed with an analysis of the
attractor dimension of the model which indicates that the model behavior is qualitatively sim-
ilar to that of a stable system driven by stochastic noise. We have shown that the zonal wind
response to SST anomalies in the equatorial Pacific is insensitive to changes in background
SST due to the zonal SST gradient, which suggests that the wind response is also insensitive
to global warming. The zonal wind response is weaker than in observations and the pattern
is too narrow around the equator. These results are robust, due to the large amount of data
available from the ensemble for statistical analysis.

Using the linear Gmodel, it was shown that the short ENSO period of the CCSM is related
to its narrow zonal wind response pattern around the equator. If the wind response becomes
wider, as in the observations, the ENSO period will increase. Also, the narrow wind response
pattern results in a more stable system compared to a wider wind response pattern, consistent
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with the results from Van der Vaart et al. (2000) shown in Fig. 9. A more stable ENSO system
is less sensitive to changes in the background state than a system closer to instability.

In conclusion, while the ensemble results may lead one to believe that no significant
changes in ENSO are to be expected in the near future, our analysis shows that the insensitivity
of ENSO in the CCSM to global warming may be largely due to model errors. This indicates
that it is necessary to analyze GCMs with respect to these deficiencies and improve them.
Only then can the models be used with some confidence to answer the questions whether and
how ENSO will change due to global warming.
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Appendix: Determination of the dimension of an attractor

The pseudo-state space of dimensionM of a generic trajectory of a dynamical system variable
x(t) is the space of vectors

y(t) = {x(t), x(t−∆), x(t− 2∆), ..., x(t− (M − 1)∆)} ,

where∆ is the so-called delay andM is the embedding dimension. The behavior of the
vectorsy(t) is related to the dynamics of the underlying dynamical system, as discussed e.g.
in the textbook of Nayfeh and Balachandran (1995).

The dimensiond of the attractor in pseudo-state phase can be estimated from a long se-
quence

y(t0), y(t0 + ∆), y(t0 + 2∆), ..., (t0 + N∆) (N >> M) ,

as follows. First one calculates the cumulative distribution functionC2(r) of distancesr
between points in the sequence.C2(r) is obtained from calculating the distancesr(y(t0 +
i∆), y(t0 +j∆)) for all possible pairs(i, j), and sorting the pairs according to these distances.
Instead of a single long sequence, one can also use multiple sequences. This has been done
for the ensemble of CCSM simulations. Next one estimatesd from the relation

C2(r) ∼ rd

that holds for distancesr that are sufficiently small that only local properties of the attractor
play a role. E.g. if the dimension of the attractor is 2, then around a point on the attractor, on
the average 4 times as many attractor points lie within a distance2r as within a distancer. For
finite sequences, the above relationship will break down for very small distances where the
sampling of the attractor is not adequate. By plottingC2(r) versusr in a double logarithmic
plot, d can be estimated conveniently from the slope of the straight section of the curve. The
dimensiond will generally depend on the embedding dimensionM . The amount of datax(t)
limits the maximum value ofM for which one can make estimates ofd. If the dimension of
the attractor of the underlying dynamical system isds, one hasd = ds for M above some
threshold. A sufficient condition ford = ds is thatM ≥ 2ds + 1.

The determination ofC(r) is sensitive to contamination of the data by noise, especially
at smaller distances (Fraedrich and Wang, 1993). We checked this by adding noise with an
amplitude of 0.5 K to the 3-month averages of the ZC-model ouput. Although this causes
major changes forlog(C(r)) in the range−15 to −10, the picture remains essentially the
same for the rangelog(C(r)) ≥ −7 that is shown in Fig. 8.
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Philander, S. G., 1990:El Niño, La Nĩna and the Southern Oscillation. Academic Press, San
Diego, 293 pp.

Rodbell, D., G. Seltzer, D. M. Anderson, M. B. Abbott, D. B. Enfield, and J. H. Newman,
1999: A 15,000 year record of ENSO-driven alluviation in Southwestern Ecuador.Science,
283, 516–520.

Stricherz, J., D. Legler, and J. O’Brien, 1997:TOGA Pseudo-stress Atlas 1985–1994, Vol. II:
Pacific Ocean. Florida State University, Tallahassee, FL, USA, 158 pp.

Timmermann, A., F.-F. Jin, and M. Collins, 2004: Intensification of the annual cy-
cle in the tropical Pacific due to greenhouse warming.Geophys. Res. Letters, 31,
doi:10.1029/2004GL019442.

Timmermann, A., J. Oberhuber, A. Bacher, M. Esch, M. Latif, and E. Roeckner, 1999: In-
creased El Nino frequency in a climate model forced by future greenhouse warming.Na-
ture, 398, 694–697.

Trenberth, K. E., , and T. J. Hoar, 1997: The 1990-1995 El Niño-Southern Oscillation event:
Longest on record.Geophys. Res. Letters, 23, 57–60.

Tudhope, A. W., C. P. Chilcott, M. T. McCulloch, E. R. Cook, J. Chappell, R. M. Ellam,
D. W. Lea, J. M. Lough, and G. Shimmield, 2001: Variability in ENSO through a glacial-
interglacial cycle.Science, 291, 1511–1517.

Tziperman, E., L. Stone, M. A. Cane, and H. Jarosh, 1994: El Niño chaos: overlapping of
resonances between the seasonal cycle and the Pacific ocean-atmosphere oscillator.Science,
264, 72–74.

Uppala, S. M. and coauthors, 2005: The ERA-40 re-analysis.Quart. J. Roy. Meteor. Soc.,
submitted.

25



Van der Vaart, P. C. F., H. A. Dijkstra, and F.-F. Jin, 2000: The Pacific Cold Tongue and the
ENSO mode: Unified theory within the Zebiak-Cane model.J. Atmos. Sci., 57, 967–988.

Von Storch, H. and F. W. Zwiers, 1999,2001:Statistical Analysis in Climate Research. Cam-
bridge University Press, The Edinburgh Building, Cambridge CB2 2RU, UK, 484 pp., ISBN
0 521 45071 3 / 0 521 01230 9.

Woodroffe, C. D., M. Beech, and M. K. Gagan, 2003: Mid-late Holocene El Nino
variability in the equatorial Pacific from coral microatolls.Geophys. Res. Letters, 30,
doi:10.1029/2002GL015868.

Zebiak, S. E. and M. A. Cane, 1987: A model El Niño-Southern Oscillation.Monthly Weather
Review, 115, 2262–2278.

26


