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ENSO Response to Greenhouse Warming 
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llDeutsches Klimarechenzentrum, Bundesstr. 55, D-20146 Hamburg, Germany 

The response of the tropical Pacu'ic climate system and its interannual variability to enhanced 
greenhouse warming was investigated by means of integrations with a global climate model. 
The climate model is the first one applied to transient greenhouse warming simulations which 
simulates the El Nico/Southern Oscillation (ENSO) phenomenon, the leading mode of interan- 
nual variability, realistically. The long-term changes in the mean state of the tropical Pacific 
climate system are similar to those observed during present-day El Nikos. Furthermore, the 
changes in the mean state lead to changes in the statistics of the interannual variability. An 
ENSO mode exists under enhanced greenhouse conditions also, but it becomes more energetic 
relative to present, so that variations from year to year become more extreme. In particular, the 
cold phases of the ENSO cycle amplify considerably, while the statistics of the warm phases do 
not change signu'icantly. It is shown that changes in the ocean dynamics associated with a 
sharper thermo cline lead to the enhanced interannual variability. Our results have strong im- 
plications not only for the global climate system but also for the ecology of the tropical Pacu'ic 
and the societies and economies of many countries. 

submitted to Nature 
6/3/98 

ISSN 0937-1060 

1 



The E1 Nico/Southern Oscillation (ENSO) phenomenon is the strongest natural interannual cli- 
mate fluctuation [1]. Although ENSO originates in the tropical Pacific and has large impacts on 
its ecology, it encompasses the entire global climate system and affects the societies and econ- 
omies of many countries [2]. ENSO can be understood as an irregular low-frequency oscillation 
between a warm (El Nico) and a cold state (La NiNa). The strong El Nikos of 1982/1983 and 
1997/1998 and the more frequent occurrences of El Nikos during the last few decades raise the 
question whether greenhouse warming will affect ENSO (e. g. [3]). So far, global climate mod- 
els that were applied to transient greenhouse warming simulations could not address this ques- 
tion adequately, since they could not simulate ENSO realistically due to their coarse equatorial 
resolution[4-6] . 

Our study is the first in which a global climate model which simulates ENSO realistically has 
been applied to a transient greenhouse warming simulation . The model simulates an irregular 
ENSO cycle very similar to the observed one (Fig. 1), and the dynamics of the simulated ENSO 
cycle are consistent with those derived from observations [7-8]- Furthermore, our model suc- 
cesfully predicted the onset of the El Nico 1997!1998 several months in advance (Fig. 2) [9]. 
To our knowledge, this is the first global climate model which has been applied to both ENSO 
predictions and transient greenhouse warming simulations. The climate model is a global cou- 
pled ocean-atmosphere-sea ice model that is described in detail in [7-8]. Two experiments were 
performed with the model. The first experiment is a 240-year long control integration with fixed 
present-day concentrations of greenhouse gases. The second experiment is a transient green- 
house warming simulation in which the model was forced by increasing levels of greenhouse 
gases according to IPPC scenario IS92a [10]. The transient integration starts in 1860 and ends 
in 2100. 

The changes in the mean state at the surface of the tropical Pacific as derived from the transient 
greenhouse warming simulation are reminiscent of the anomalous climate state observed during 
present-day El Nico conditions (Fig. 3a). In order to describe the changes in the mean state, we 
computed linear trends of selected variables from the complete transient integration. The SST 
trend pattern is characterized by a warming of the equatorial east Pacific, which is accompanied 
by westerly near-surface wind anomalies in the equatorial region to the west of the maximum 
warming (Fig. 3a). Strong equatorward flow is found off the equator. The associated trend in 
rainfall is rather similar to the rainfall pattern simulated during present-day El Nikos (not 
shown). The changes in eastern equatorial SST until the end of the next century are found to be 
as strong as during moderate present-day El Nico events. Since the changes in SST, wind and 
rainfall are very similar to those oberved during present-day El Nikos, it is likely that similar 
processes to those involved in generating the interannual variability are responsible for the 
changes in the mean state, as proposed by [11-l2]. 

There has been some discussion about the relative roles of different feedbacks involved in the 
response of the tropical Pacific to greenhouse warming. On the one hand, it has been argued that 
the regional differences in the cloud-albedo feedback will lead to a differential surface wanning 
that is centered in the equatorial east Pacific [13]. The argument is that the equatorial west Pa- 
cific is so warm that an even modest additional warming would lead to a cloud shielding effect 
(through high cirrus clouds), reducing the incoming solar radiation at the surface and inhibiting 
further warming [14]. This 'thermostat' would be less efficient in the eastern equatorial Pacific, 
so that the eastern Pacific would warm more relative to the western Pacific. This would lead to 
a slackening of the winds along the equator and to overall conditions very similar to those ob- 
served during El Nikos. Apparently, this scenario applies in our greenhouse warming simula- 
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son. 

On the other hand, it has been argued that the strong equatorial upwelling in the eastern equa- 
torial Pacific will weaken the warming in this region, so that the western equatorial Pacific will 
become warm relative to the eastern equatorial Pacific [15]. This would lead to stronger winds 
along the equator, to enhanced equatorial upwelling in the eastern Pacific and a net cooling of 
the eastern and central equatorial Pacific. This 'dynamical thermostat' will lead to overall con- 
ditions which will resemble those observed during La NiNa episodes, eventually retarding glo- 
bal warming. Since our climate model includes both types of feedbacks, we conclude that the 
cloud-albedo feedback is the more important one. As discussed by [15], global climate models 
applied so far to greenhouse warming simulations could not address this problem adequately, 
since they did not resolve the equatorial upwelling. Our climate model employs a north-south 
resolution of 0.50 in its ocean component, which is sufficient to resolve the equatorial up- 
welling. Furthermore, as shown above, our model simulates ENSO realistically and predicted 
the onset of the 1997/1998 El Nico correctly. 

We tum now to the impact of greenhouse warming on the interannual variability in the tropical 
Pacific. As can be seen from the time evolution of the eastern equatorial SST in the transient 
greenhouse warming simulation, there is considerable interannual variability superimposed on 
the warming trend. Our model simulates an irregular ENSO cycle under enhanced greenhouse 
conditions, with a main period close to that derived from the control integration. The ENSO cy- 
cle, however, evolves under different mean conditions (e. g. a warmer climate and a reduced 
SST gradient along the equator) relative to present, and we therefore may expect that the statis- 
tics of the ENSO cycle to change under enhanced greenhouse conditions. A visual inspection 
of the SST time series (Fig. 4) reveals that the level of the interannual variability increases 
strongly towards the end of the greenhouse warming simulation. This is also seen in the time 
series of the interannual SST standard deviations, which shows a statistically significant in- 
crease towards the end of the transient greenhouse warming integration (Fig. Sa). Interestingly, 
the observations also show an intensification of the interannual variability during the last sev- 
eral decades (Fig. 5a). However, as the internally generated fluctuations in the strength of the 
interannual variability are relatively large, it will be difficult to attribute this to anthropogenic 
greenhouse warming in the presence of the strong background noise. We note one further inter- 
esting feature. The changes in the strength of the interannual variability do not evolve smoothly 
with time. Instead, the climate model simulates sudden transitions from one regime to the other. 
Such 'regime shifts' were simulated in the years 1980 and 2060. The observations show an in- 
dication for such a 'regime shift' in 1970 (Fig. Sa). 

In order to investigate the changes in the ENSO statistics further, we computed the frequency 
distributions of monthly SST anomalies [16]. The distribution obtained from the first half of the 
transient integration is narrower than that obtained from the second half. Thus, the year-to-year 
variability becomes more extreme under enhanced greenhouse conditions. Furthermore, while 
the distributions of the SST anomalies in the control integration (not shown) and during die first 
half of the transient integration are almost symmetric (Fig. 4c), the distribution for the second 
half of the transient integration exhibits a remarkable skewness: Strong cold extremes become 
more frequent, while the statistics of the strong warm extremes do not change (Fig. 4d) . 

What causes the changes in the statistics of the interannual variability? On the one hand, the 
changes in the mean state near the surface (Fig. 3a) could favour a reduction in the ENSO-type 
variability, since the zonal asymmetries across the equatorial Pacific are reduced [17]. On the 
other hand, air-sea interactions may become more energetic in a W£i1IID€I` climate, which may 
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enhance the level of the interannual variability. Finally, the changes in the vertical density struc- 
ture of the ocean may alter the level of the interannual variability. The equatorial thermocline 
becomes stronger in response to greenhouse warming (Fig. 3b). Temperatures near the surface 
warm, while they cool at deeper ocean levels. In order to gain further insight into the dynamics 
of the changes in the ENSO statistics, we computed atmospheric and oceanic sensitivities as 
functions of time. The most important atmospheric forcing for equatorial oceans is the zonal 
wind stress component. We computed first the sensitivity of central equatorial zonal wind stress 
anomalies to the SST anomalies in the eastern equatorial Pacific averaged over the NiNo-3 re- 
gion (l50°W-90°W, 50N-50S). No significant change was found (Fig. Sb). We computed next 
the sensitivity of NiNo-3 SST anomalies to changes in the central equatorial zonal wind stress. 
This exhibited a significant increase towards the end of the transient greenhouse waiming sim- 
ulation, indicating that the changes in the ocean dynamics arising from the strengthening ther- 
mocline are responsible for the enhanced interannual variability. This result is consistent with 
findings obtained from simpler coupled models [18-20] . 

The simple models also predict a skewness in the frequency distribution of the thermocline 
depth anomalies in the eastern equatorial Pacific (a quantity closely related to easter equatorial 
SST anomalies) for a sharpening thermocline, in the sense that strong cold events become more 
frequent [20]. This is consistent with our greenhouse warming simulation (Fig. 4). Thus, we 
conclude that the most important change in the mean state of the tropical Pacific ocean-atmos- 
phere system affecting the ENSO statistics appears to be the strengthening of the equatorial 
thermocline. 

In summary, the tropical Pacific climate system is predicted to undergo strong changes, if emis- 
sions of greenhouse gases continue to increase. The climatic effects will be three-fold. First, the 
mean climate in the tropical Pacific region will change towards a state corresponding to present- 
day El Nico conditions. It is therefore likely that impacts typical for El Nico will become also 
more frequent. Secondly, a stronger interannual variability will be superimposed on the changes 
in the mean state, so that year-to-year variations may become more extreme under enhanced 
greenhouse conditions. Thirdly, the interannual variability will be more strongly skewed, strong 
cold events (relative to the warmer mean state) becoming more frequent. These climatic chang- 
es can be expected to have strong impacts on the ecology of the tropical Pacific and the societies 
and economies of many countries. 
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Figure Captions 

Fig. 1: Comparison of the interannual variability of SST as observed and simulated by the global 
climate model. a) Standard deviations of observed monthly SST anomalies for the period 1949- 
1994. b) Standard deviations of simulated monthly SST anomalies as derived from the 240-year 
long control integration with the global climate model. Linear trends were removed prior to both 
analyses. The units are 0C. 
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Fig. 2: Observed (a) and by the global climate model predicted (b) tropical Pacific SST anom- 
alies for July 1997 (OC). The climate model was initialized by assimilating observed SST anom- 
alies until December 1996. Thus, the model prediction represents a forecast 7 months in 
advance. 

Fig. 3: a) Linear trends in SST (0C/100 years) and near-surface winds [(m/s)/100 years] as de- 
rived from the full (240-years long) transient greenhouse warming simulation. Note the relative- 
ly strong warming trend in the easter equatorial Pacific, which is accompanied by westerly 
wind anomalies. These trends resemble the anomalous conditions observed during present-day 
El Ninos. b) Linear trends in the temperatures of the upper 210 meters of the ocean at the equator 
(0C/100 years) as derived from the full (240-years long) transient greenhouse warming simula- 
tion. Note the wanning trend near the surface and the cooling trend at deeper levels leading to 
a stronger thermocline. 

Fig. 4: Time series of eastern equatorial SST anomalies (relative to the control run) averaged 
over the Nino-3 region (l50°W-90°W, 50N-50S) (OC) during the first half (panel a) and second 
half (panel b) of the transient greenhouse warming simulation. Frequency distribution of NiNo- 
3 SST anomalies during the first half (panel c) and second half (panel d) of the transient green- 
house warming simulation. The frequency distributions were calculated after subtracting the 
linear trends. Note the change in the frequency distributions from the first to the second half of 
the transient integration. While the distribution is almost symmetric during the first half (and 
during the control integration, not shown), the distribution is biased towards the 'cold side' dur- 
ing the second half of the transient integration: strong cold events become more frequent. 

Fig. 5: a) Standard deviations of NiNo-3 SST anomalies (OC) as function of time during the tran- 
sient greenhouse warming simulation (black curve). Also shown is the time evolution of the 
standard deviation of the observed NiNo-3 SST anomalies (red curve). A low-pass filter in the 
form of a sliding window of 10 years width was used to compute the standard deviations. Both 
the simulated and observed SST anomalies exhibit trends towards stronger interannual variabil- 
ity. The standard deviations in the transient warming simulation leave the Zo confidence level 
(dashed black lines, derived from the control integration with present-day concentrations of 
greenhouse gases) towards the end of the transient integration. 

b) Sensitivity of central equatorial zonal wind stress anomalies (averaged over the region 
100°W-160°W, 1.40N-1.40S) to changes in Niiio-3 SST anomalies as function of time during 
the transient greenhouse warming simulation (black curve). The atmospheric sensitivity is de- 
fined as the covariance of the zonal wind stress and Nino-3 SST anomalies divided by the var- 
iance of the NiNo-3 SST anomalies (Pa/0C). Also shown is the sensitivity of easter equatorial 
SST anomalies averaged over the NiNo-3 region to the central equatorial zonal wind stress 
anomalies averaged over the region indicated above (red curve). The oceanic sensitivity is de- 
fined as the covariance of the zonal wind stress and Nino-3 SST anomalies divided by the var- 
iance of the zonal wind stress anomalies (°C/Pa). A sliding window of 10 years width was used 
to compute the sensitivities. The 20 limits derived from the control run are shown by the dashed 
black and red lines, respectively. 
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Fig. 5 a) 
NINO3 SSTA Standard Deviation 
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