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Abstract 
 
The El Niño-Southern Oscillation (ENSO) phenomenon is a naturally occurring 
fluctuation centred in the tropical Pacific which has impacts on ecosystems, 
agriculture, freshwater supplies, hurricanes and other severe weather, and the lives of 
millions of people around the world. Here we review recent progress on 
understanding the impact of increasing greenhouse gases on ENSO and the tropical 
Pacific more generally. Under transient global warming, the mean climate of the 
Pacific is likely to undergo significant changes, with a weakening of the tropical 
easterly trade winds, a zonally-symmetric equatorially-enhanced warming of the 
surface ocean and a shoaling and intensification of the subsurface thermocline. Year-
to-year ENSO variability is controlled by a delicate balance of amplifying and 
damping feedbacks, and it is likely that one or more of the major physical processes 
that are responsible for determining the characteristics of ENSO will be modified by 
climate change. While the possibility of large changes in ENSO cannot be ruled out, 
research conducted to date does not yet enable us to say precisely what changes could 
occur. The next generation of climate models, coupled with improved observations, 
revised theory, and new assessment techniques which evaluate ENSO-processes, 
should enable climate science to provide more definitive statements in the future. 
 
Introduction 
 
Anthropogenic climate change is now well established as a global threat to society 
and the planet, and is the subject of intense international negotiations to limit its 
impact. One of the principal ways we are experiencing, and will continue to 
experience gradual anthropogenic climate change is through exacerbation of the 
impacts of the natural variability that occurs on top of that gradual change. One of the 
most important sources of natural climatic variability is the El Niño-Southern 
Oscillation (ENSO). On a timescale of 2-7 years, the eastern equatorial Pacific varies 
between anomalously cold (La Niña) and warm (El Niño) conditions. These swings in 
temperature are accompanied by changes to the structure of the sub-surface ocean, a 
strengthening and weakening of the equatorial easterly trade winds, shifts in the 
position of atmospheric convection and associated global teleconnections that drive 
changes in rainfall and weather patterns in many parts of the world. 
 
The null hypothesis of present-day weather and climate variability continuing “as 
normal” on top of a gradual global mean warming of the background climate is the 
simplest way of considering the future of phenomena like ENSO. However, it is not 
clear that the climate system will evolve in such a simple manner. There will be 
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changes in the mean state of both the atmosphere and ocean in the tropical Pacific that 
could alter the amplitude, frequency, seasonal timing, or spatial patterns of ENSO. In 
addition, the way ENSO is communicated to remote locations outside the tropical 
Pacific could change even if ENSO itself does not.  
 
In this paper we review the current state of knowledge of how the mean climate of the 
tropical Pacific and the ENSO cycle may be affected by global climate change. The 
scope of the review is restricted to changes in the physical climate system that have 
occurred in recent decades, and which could occur in the coming century under 
continuing increasing greenhouse gases (see also ref 1). We also focus, for reasons of 
space, on the phenomena itself, rather than on its global teleconnections and 
influence. 
 
The executive summary of Chapter 10 of the IPCC AR4 (ref 2) concludes that “Multi-
model averages show a weak shift towards average background conditions which may 
be described as ‘El Niño-like’, with sea surface temperatures in the central and east 
equatorial Pacific warming more than those in the west, weakened tropical 
circulations and an eastward shift in mean precipitation.” We discuss the use of the 
term El Niño-like later. Chapter 10 also concludes that “All models show continued 
El Niño-Southern Oscillation (ENSO) interannual variability in the future no matter 
what the change in average background conditions, but changes in ENSO interannual 
variability differ from model to model. Based on various assessments of the current 
multi-model data set, in which present-day El Niño events are now much better 
simulated than in the Third Assessment Report of the IPCC (ref 3), there is no 
consistent indication at this time of discernible changes in projected ENSO amplitude 
or frequency in the 21st century.” Have these conclusions changed in the light of 
recent work? 
 
As a result of intensive research in recent decades, we have developed a good 
understanding of the basic physics of ENSO. The numerous properties of the climate 
system which are important in determining the characteristics of ENSO include: the 
slope, depth and intensity of the tropical Pacific thermocline; the zonal advection of 
heat in the upper equatorial ocean; the upwelling of cold, deep ocean waters in the 
east; the off-equatorial thermal structure of the ocean and the related meridional 
horizontal transport of heat; small-scale features such as tropical instability waves; the 
response of the atmospheric circulation to the distribution of sea surface temperatures 
(SSTs), in particular the surface wind stress response; the feedback on SST anomalies 
from latent and radiative heat fluxes; the statistical properties of precipitation, 
convective and stratiform clouds, and intraseasonal atmospheric variability; and the 
climatological seasonal cycle of both the atmosphere and the ocean. 
 
While a hierarchy of mathematical models have been used to further elucidate the 
dynamics, energetics, linear stability and non-linearity of ENSO4,5, complex Coupled 
Global Circulation Models (CGCMs) have become powerful tools for examining 
ENSO dynamics and the interactions between global warming and ENSO6. ENSO is 
now an emergent property of many CGCMs, generated spontaneously as a result of 
the complex and delicate interplay of thermal and dynamical components in the 
coupled atmosphere-ocean system. However, it still remains a major challenge to 
simulate ENSO with fidelity using CGCMs, because of (i) limitations in computer 
resources, which typically restricts climate model resolutions to fewer grid cells than 
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are needed to adequately resolve relevant small scale physical processes; (ii) our 
ability to parameterrize or include some relevant physical and biological processes 
that are not explicitly resolved by climate models; (iii) the availability of relevant high 
quality observational data; and (iv) our theoretical understanding of ENSO which is 
constantly challenged7.  
 
The coordination of CGCM experiments and output8 has led to an unprecedented 
level of assessment of the systematic biases in mean tropical Pacific conditions and of 
the characteristics, physical processes and feedbacks underlying ENSO evolution in 
CGCMs9,10,11,12,13,14. CGCMs continue to improve in terms of their ability to simulate 
mean climate and ENSO variability11,15. In addition, the basis for the evaluation of 
GCMs continues to improve due to continued coordination of experiments and 
databases of CGCM output and the standardization of metrics and diagnostics6. New 
techniques are emerging for evaluation of ENSO in CGCMs and the real world, in 
which physical processes and feedbacks underlying ENSO are diagnosed 
separately10,16,17, or are diagnosed by fitting reduced-complexity models of ENSO to 
the CGCM output4,18,19,20. Despite their relative complexity, these tools have proven 
to be useful in diagnosing model fidelity and are likely to play a crucial role in 
forming more robust conclusions about future climate change.  
 
Changes in Mean Climate 
 
In order to assess and understand changes in the mean state of the tropical Pacific, we 
need to clarify what we mean by the mean-state, what we mean by variability, and 
what we mean by changes to both. There is a tendency in the literature to separate out 
the time-averaged seasonally-varying climate from the anomalies associated with 
ENSO10; considering those aspects separately as well as considering how aspects of 
the mean might affect the variability and how aspects of the variability might rectify 
the mean21,22. This type of separation provides a useful way of making progress23. 
 
Some aspects of global climate change are robust across different CGCMs and are 
amenable to simple theoretical considerations. At the very basic level, all models 
show global surface air temperature and SST warming in response to increasing 
greenhouse gas concentrations. Ref 24 explores a number of robust responses in terms 
of the global hydrological cycle. As the global mean temperature rises, the global 
mean saturated water vapour pressure should also rise at a rate of approximately 7% 
per degree K of warming; the Clausius–Clapeyron relation being close to linear over a 
few degrees of temperature change. If the relative humidity remains constant, then the 
global mean vapour pressure should also rise at approximately 7% per degree K and 
this is observed in different CGCMs (figure 1a). In ref 24, the authors note that the 
global mean precipitation rate in CGCMs rises at a much smaller rate of only 1.2% 
per degree K of warming in the experiments analysed here - figure 1b. If we assume 
that the global mean precipitation rate is proportional to the water vapour mixing ratio 
multiplied by mass-mixing rate (the rate of exchange of moist boundary layer air with 
the dryer air above), then the slower rate of global precipitation change in comparison 
to the faster rate of humidity change implies that there must be a reduction in this 
mass mixing rate. In association with this reduction in mass flux, there should be a 
reduction in vertical motion in the main convective regions of the tropics and this 
should lead to a general reduction in the strength of the atmospheric vertical 
overturning circulation.  
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The simplest way of describing the vertical overturning of the tropical atmosphere is 
in terms of the zonally symmetric Hadley Circulation and the zonally-asymmetric 
Pacific Walker circulation (shown schematically in figure 2). Because of the reduction 
in the vertical circulation expected as global temperatures rise, we also expect a 
reduction in the surface trade winds associated with a weaker Walker circulation 
(figure 1d). Refs 25, 26, 27, 28, 29 and 30 find a consistent picture of weakening 
trades in both observations and models as measured by the reduction in the east-west 
mean sea level pressure gradient across the tropical Pacific (figure 1c). In CGCMs, 
the weakening of the equatorial trade winds drives a reduction of equatorial oceanic 
circulation, including equatorial Pacific upwelling25,26,31. 
 
On interannual time scales, a reduction in trade winds would lead to a flattening of the 
thermocline, a reduction in the upwelling of cold waters in the east, a relative 
warming of the east Pacific SSTs in comparison to the west and a further weakening 
of the trades. This is the classical feedback described by Bjerknes. While the 
thermocline does, in general, tend to flatten under climate change in CGCMs, the 
equatorial thermocline also shoals in all projections26,32 and in observational 
reconstructions of the past 50 years25,33. This is caused by a dynamical adjustment to 
the reduced equatorial winds26 and because surface waters tend to warm at a faster 
rate than the deep ocean26,31,34. Climate projections over the next centuries suggest 
that other processes may influence the distribution of SST anomalies. Despite the 
relatively robust observation of reducing mean sea level pressure gradient across the 
equatorial Pacific, trends in the observed east-west SST gradient are ambiguous26,30. 
Detecting long-term trends in the presence of large interannual ENSO variability from 
datasets which, in earlier decades of the 20th century, are reconstructed from relatively 
sparse observations taken using different measurement techniques is a challenge. The 
existence of uncertainty in whether the east Pacific is warming faster than the west, or 
vice-versa, is an indication that the leading-order response of SSTs is not as would be 
expected from an extension of the Bjerknes feedback to longer time scales. 
 
The term “El Nino-like” climate change2,35 becomes less useful then when describing 
mean topical Pacific climate change in observations and models if a reduction in the 
strength of the equatorial Pacific trade winds is not accompanied with reduction in 
east-west gradient of SST of the magnitude expected from the normal relationship 
seen on interannual time scales. The multi-model ensemble mean signal of SST 
change averaged over the different CMIP3 models forced by increasing greenhouse 
gas concentrations over the next 100 years is for a more zonally-symmetric enhanced 
warming on the equator in comparison with the off-equatorial regions (figure 
2c)31,36,37. Ref 31 shows that the weaker Walker circulation leads to a reduction in the 
horizontal ocean heat flux divergence throughout the equatorial Pacific in CGCMs i.e. 
less heat transport away from the equator. In the west, cloud cover feedbacks and 
evaporation balance the additional dynamical heating as well as the greenhouse-gas 
related radiative heating. In the east increased cooling by ocean vertical heat transport 
balances the additional warming over the cold tongue. The increased cooling tendency 
by vertical ocean heat transport arises from increased near-surface thermal 
stratification, despite a reduction in vertical velocity associated with the weakened 
trades .The term ‘El Niño-like’ also creates confusion in the wider community in 
many parts of the world where rainfall changes expected from global warming have 
the opposite sign to those normally associated with El Niño. 
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The above description of mean changes represents a consistent story of how the mean 
climate of the tropical Pacific might change under enhanced levels of greenhouse 
gases. It shows how progress in climate change research can be made even when 
presented with such a complex system with many interacting physical processes. 
Nevertheless, there are complications to that story. CGCMs have common spatial 
biases such as extensive cold tongues and “double ITCZs”39. In some climate models 
the existing biases in the eastern equatorial Pacific cold tongue region are comparable 
in magnitude with the projected anthropogenic climate change signal in these areas. In 
addition there are aspects of the present day global circulation which are either not 
simulated well by CGCMs or are not even represented at all. Organised intraseasonal 
variability in the form of the Madden Julian Oscillation (MJO40,41) is present in some 
CGCMs, albeit with characteristics which are not identical to that seen in the 
observations, but absent in others. The current rate of increase of spatial resolution of 
the majority of CGCMs means that the spontaneous simulation of tropical cyclones 
and typhoons is still some way off. Might these phenomena affect the details of mean 
changes in climate? Currently we do not know, nevertheless it is not necessarily 
essential to be able to simulate all these aspects of climate with absolute fidelity 
before we can extract useful information from CGCMs about the details of climate 
change.  
 
The response of ENSO to external forcing 
 
One way of examining the sensitivity of ENSO to climate change is to study the past 
history of ENSO using proxy-based climate reconstructions42,43,44. CGCM studies of 
the mid-Holocene (6,000 years ago) and the Last Glacial Maximum (21,000 years 
ago) provide insight into ENSO dynamics45,46,47,48 as do studies which examine the 
last millennium49,50. However there is no direct paleo-analogue of the rapid 
greenhouse-gas induced climate change we are experiencing now.  
 
First, a word of caution. Detecting externally forced changes in the characteristics of 
ENSO, using either observational data or climate change simulations conducted with 
CGCMs, is confounded by large natural variations in ENSO behavior, which can 
occur on multi-decadal and centennial time scales even in the absence of external 
forcing52,53,54. While this problem can be partially overcome in CGCMs by 
performing multiple runs with the same model and measuring forced changes against 
natural variability from long unforced control experiments, this is obviously not 
possible in the real world where naturally occurring variability might also be masking 
changes driven by global warming. 
 
ENSO processes and feedbacks may be impacted by greenhouse-gas induced changes 
in mean climate or by direct changes to some of those physical feedbacks and this 
may, in turn, lead to changes in the characteristic amplitude or frequency of ENSO 
events. As illustrated by figure 3, some CGCMs show an increase in the amplitude of 
ENSO variability in the future, some show a decrease, some show no statistically 
significant changes. The figure is based on just one of many studies that have come to 
the same conclusions9,10,55,56,57,58,59,60. Based on the assessment of the current 
generation of CGCMs, it is safe to agree with the IPCC statement reproduced above 
that there is no consistent picture of changes in ENSO amplitude or frequency in the 
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future. However, by assessing individual feedback processes19 separately in CGCMs 
it is possible to shed some light on how ENSO might be impacted by climate change. 
  
Mean upwelling and advection: Both the mean upwelling of cold water in the 
eastern equatorial Pacific and the mean subsurface advection act as a negative 
feedback in the ENSO cycle, damping positive SST anomalies in the east and re-
establishing the climatological temperature gradients in the horizontal and the 
vertical. Mean upwelling and mean advection in CGCMs is reduced under climate 
change due to the general weakening of the equatorial trade winds26. This would lead 
to a tendency for enhanced ENSO activity. 
 
Thermocline feedback: Changes to the eastern equatorial Pacific thermocline depth 
can impact the character of El Niño: a flattening of the equatorial thermocline on 
interannual time scales leads to a positive SST anomaly in the east Pacific. As the 
climatological thermocline shoals in CGCMs under greenhouse warming, the SST 
response to an anomaly in thermocline depth should increase18. In CGCM projections, 
changes in mean depth of the thermocline in the East Pacific are damped by 
compensation between a shoaling of the equatorial thermocline and a reduction of the 
equatorial thermocline slope25,26, the former driving a deepening the latter a shoaling. 
Changes in thermocline feedbacks would 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 time scales leads to positive SST anomalies as less cold water is 
pumped upward from below the surface of the ocean. This effect could increase under 
climate change because of the reduced mixed layer depth which arises as a result of 
the reduced mean trade wind strength, and reduced thermal stratification18,34. Wind 
stress anomalies could become more effective at exciting SST anomalies; in addition, 
the wind stress response to SST anomalies can become stronger in regions where SST 
increases are largest18 i.e. on the equator. Both effects would tend to amplify ENSO. 
 
Surface zonal advective feedback: This is a positive feedback in the ENSO cycle. 
The anomalous zonal advection of the mean SST gradient amplifies El Nino events 
during their growth phase. As there is little change in the mean zonal SST gradient in 
CGCMs (figure 2c), it is unlikely that this feedback would change significantly under 
climate change. However, it might be important if the relative frequency of 
occurrence of different types of ENSO modes changes32, favouring a more central 
Pacific or “Modoki” mode. 
 
Atmospheric damping: The atmospheric damping of SST anomalies is generally 
partitioned into components associated with sensible and latent heat fluxes and 
surface short wave (SW) and long wave (LW) fluxes. In general we expect that SST 
anomaly damping through surface fluxes will increase because of increased 
climatological SSTs16,18. This would therefore tend to act to reduce ENSO variability. 
Surface flux damping might also change because of mean cloud changes brought 
about by weakening of Walker circulation and/or changes in cloud properties. Cloud 
feedbacks and their link to the two large scale circulation regimes that operate in the 
East Pacific (subsidence and convective61) remain a large uncertainty in CGCMs16,62, 
likely driving a large fraction of ENSO errors in control climate in present-day 
CGCMs16. 
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Atmospheric variability: Westerly wind variability in the west Pacific, often 
associated with coherent intraseasonal variability and the MJO, has been shown to be 
important in triggering and amplifying El Niño events63,64,65,66. Thermocline 
anomalies excited in the west can propagate to the east where they are amplified. 
Climate change simulations in several CGCMs project a future enhancement of the 
intraseasonal variability in the equatorial Pacific in response to greenhouse gas 
increase and thus an important factor for potential intensification of the El Niño 
activity37. However, it should be noted that the simulation of MJO and related activity 
is perhaps one of the major weaknesses of current CGCMs but is an area in which 
there is considerable potential for improvement. 
 
Other processes and feedbacks: Other processes have been shown to play a role in 
determining the precise characteristics of ENSO events. A sharp salinity front is 
observed at the eastern edge of the warm pool and this could be important in ocean-
atmosphere interactions68. The front has the potential to intensify as precipitation goes 
up in a warmer world. A non-local response of freshwater flux to SST anomaly 
associated with ENSO could in turn intensify ENSO by influencing the mixed layer 
depth and upper ocean stability69. Tropical Instability Waves (TIWs70,71) transport 
heat meridionally and are impacted by ENSO34, although the ability of CGCMs to 
simulate such waves can be limited by resolution and by physical parameterizations. 
There are indications that TIWs impact the atmosphere above them71,72, and it is 
possible that high atmospheric resolution is required to adequately simulate the full 
impact of TIWs. 
 
In conclusion then we expect that climate change is likely to have a significant impact 
on the processes and feedbacks which determine ENSO characteristics. A weakening 
of the mean upwelling and zonal advection and an enhancement of the SST response 
to thermocline anomalies and the SST response to wind stress anomalies are all 
expected to increase the tendency for larger ENSO events. Negatively atmospheric 
damping feedbacks are also expected to be enhanced and thus have a tendency to 
reduce ENSO variability. For other feedbacks, either there is expected to be little 
overall change or we do not currently have the evidence to suggest that they will 
change significantly. 
 
The future of ENSO thus depends on changes in the delicate balance between those 
positive and negative feedbacks that are set to be modified by climate change18. In 
some models, the enhancing feedbacks win out, in other models the damping 
feedbacks win out. What is perhaps unlikely in the real world is that there will be an 
exact cancellation of these feedback changes. 
 
Summary and Future Research 
 
There is no doubt that the mean climate of the tropical Pacific will change in the 
coming century if greenhouse gases continue to rise unchecked. The trade winds will 
weaken, the pattern of SSTs change is likely to have a zonally-symmetric character 
with maximum warming on the equator and the thermocline is likely to shoal and 
flatten. The physical feedbacks that control the characteristics of ENSO are likely to 
be affected by these changes but with a delicate balance between amplifying and 
damping processes meaning that it is not clear at this stage whether ENSO variability 
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will go up or down or be unchanged if there is a fortuitous counterbalancing of 
changes in the underlying processes.  
 
With a sustained community effort, CGCMs, observational records, and theoretical 
understanding should continue to improve in coming years. Perhaps the ultimate 
challenge is to produce a reliable projection model for ENSO which is completely 
consistent with our understanding and statistically consistent with what we observe in 
the real world. Models of such quality may be some years off and hence there is a 
need to be able to combine all the sources of information that we have (models, 
analysis techniques, observations and theory) to make some rational and robust 
statements about the impact of climate change on ENSO for international 
assessments. The existence of efforts to coordinate model experiments, output and 
metrics will contribute greatly to this endeavour. 
 
Much of the research on how the tropical Pacific will change as a consequence of 
global warming has focussed on long term changes at relatively high levels of 
radiative forcing. There is a natural tendency for researchers to do this in order to 
maximise signal-to-noise. Also the policy-drive for information about climate change 
has come from the point of view of mitigation. Could ENSO change irreversibly if we 
do not limit our emissions of greenhouse gases? 
 
Now the policy-drive is much more subtle. The scientific case for limiting emissions 
is strong, although, of course, there is considerable political progress still to be made. 
Perhaps of more relevance is the adaptation-driven question of what might ENSO be 
like in the next 10, 20 or 30 years? Might we see two decades with relatively few 
ENSO events? Is it possible that there could be a highly active phase of ENSO 
coming? Such questions involve not only the potential impact of increasing 
greenhouse gases on ENSO, but also the natural interannual-decadal variability of the 
phenomena and potentially even the impact of (unpredictable) natural forcing agents 
like solar variability and volcanic eruptions.  
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Figures 

 
 
Figure 1: Changes in global and tropical Pacific mean climate from complex climate 
models as a function of the global mean temperature change. Red diamonds are values 
derived from the CMIP3 multi-model data base8, black asterisks are values derived 
from perturbed physics ensembles with the HadCM3 model73. (a) Percentage changes 
in global mean column integrated water vapour vs. global mean warming. (b) 
Percentage global precipitation change vs. global mean temperature change. (c) 
Change in the mean-sea-level-pressure gradient in hPa across the tropical Pacific 
basin25 vs. global mean temperature change. (d) Changes in the mean wind stress 
averaged in the NINO4 region in the central Pacific vs. global mean temperature 
change. 
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Figure 2: Schematic figures indicating (a) mean climate conditions in the tropical 
Pacific; SSTs, surface wind stress and associated Walker circulation, the mean 
position of convection and the mean upwelling and position of the thermocline. (b) 
Typical conditions during a El Nino event, SSTs are anomalously warm in the east, 
convection moves into the central pacific, the trade winds weaken in the east and the 
Walker circulation is disrupted, the thermocline flattens and the upwelling is reduced. 
(c) likely mean conditions under climate change derived from observations, 
understanding and CGCMs. The trade winds weaken, the thermocline flattens and 
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shoals, the upwelling is reduced although the mean vertical temperature gradient is 
increase and SSTs (shown as anomalies with respect to the mean tropical-wide 
warming) warm more on the equator than off. 

 
Figure 3. Changes in the amplitude of ENSO variability from the CMIP3 models8. 
The measure is derived from the interannual standard deviation 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 negatives changes a 
weakening. Statistical significance is assessed by the size of the blue bars and the bars 
indicated in the bold colours are from those CMIP3 CGCMs which are adjudged to 
have the best simulation of present-day ENSO characteristics and feedbacks. 
 
 
 


