El Niño-Southern Oscillation (ENSO)

Tropical Pacific Ocean 

The tropical Pacific Ocean is 15,000 km (9300 mi) wide. Over the very warm sea surface temperature area at its western end, there is heavy rainfall, low atmospheric surface pressure, and large-scale atmospheric ascent. At the eastern end the water is usually cool, and there is little rainfall, atmospheric surface pressure is high, and the air is descending (illus. 1a). This east-west asymmetry of sea surface temperature in the Pacific is quite remarkable, for the Earth rotating about its axis sees the Sun with no east-west asymmetry. 

The proximate cause of this east-west difference in the sea surface temperature is the direction of the surface wind, which in the tropics normally blows from east to west. If there were no wind, the sea surface temperature would be uniformly warm in the east-west direction, and it would rapidly drop at deeper levels in the ocean. The region of rapid temperature change with depth is called the thermocline (illus. 1a) and, in the absence of winds, would remain flat from east to west. 
Fig. 1  Conditions of the tropical atmosphere-ocean system over the equatorial Pacific. (a) Normal; the thermocline is highly tilted and approaches the surface in the east Pacific, the eastern sea surface temperature is cool, the western sea surface temperature is warm, and rainfall remains in the far west. (b) El Niño (warm phase of ENSO); the thermocline flattens, the east and central Pacific warms, and the rainfall moves into the central Pacific. 


The thermocline can be thought of as marking the depth of the cold water. When the thermocline is close to the surface, cold water is near the surface; and when the thermocline is deep, cold water is far from the surface. The normal westward wind tilts the thermocline, and deepens it in the west and shallows it in the east (illus. 1a). The westward wind tends to bring cold water to the surface in the east (where the cold water is near the surface), but it tends to bring warm water to the surface in the west (where the cold water is far from the surface). The west-to-east decrease of sea surface temperature is therefore due to the cold water upwelled in the east by the westward winds. In the absence of westward winds, the temperature of the tropical Pacific would be uniform from east to west and would have about the same temperature that the western Pacific has now. 

Superimposed on this east-to-west temperature difference is an annual cycle that has east Pacific sea surface temperatures coolest in August and warmest in April, in contrast to midlatitudes, which have January and July as the extreme months. In general, the warm pool in the west moves northwest during northern summer and southeast during northern winter. Throughout this complicated annual cycle, the basic pattern is maintained, with warm water in the west and its concomitant heavy rainfall, low pressure, and upward atmospheric motion. See also: Pacific Ocean 

Temperature, Pressure and Precipitation cycles 

Every 4-7 years, the temperature pattern of the tropical Pacific changes more or less dramatically. It is as if all the processes that normally maintain the climatic conditions in the tropical Pacific no longer occur and the tropical Pacific reverts to what would be expected in the absence of winds: a uniformly warm tropical Pacific. This sporadic failure of the normal climate and its transition to a warmer Pacific has acquired the name El Niño (illus. 1b). Occasionally, the opposite also occurs: the eastern Pacific becomes cooler than normal, rainfall decreases still more, atmospheric surface pressure increases, and the westward winds become stronger. This irregular cyclic swing of warm and cold phases in the tropical Pacific is referred to as ENSO (El Niño Southern Oscillation). The Southern Oscillation is the oscillation of the difference of surface pressure between the east and the west as the sea surface temperature changes. When the eastern tropical Pacific is warm (El Niño or warm phase conditions), the pressure in the east decreases and the pressure in the west increases so the anomalous pressure difference (the Southern Oscillation Index) is negative. Precipitation actively participates in the cycle since regions of persistent precipitation lie over the warmest waters. 
Observing ENSO

Prior to 1979, observations of equatorial Pacific climate were limited to surface measurements from island and merchant ships and, beginning in 1979, from satellite estimates of surface and atmospheric- column quantities. Aside from a small number of research cruises, the interior of the ocean remained a mystery. As a result of the international Tropical Ocean Global Atmosphere (TOGA) program which extended from 1985-1995, an observing system specifically designed to reveal and monitor those features then believed most relevant to ENSO was deployed (illus 2) and maintained to this day.
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Fig. 2. The ENSO Observing System. Diamonds are the moored buoys, arrows are drifting buoys, points are tide gauges, and lines are ships. 
The centerpiece of the system is a set of seventy buoys moored to the bottom of the ocean by an anchor (usually discarded railroad wheels) and connected to a surface torus by 4 to 5 kilometers of line. See also: Instrumented buoys. The torus contains a suite of instruments that measure near surface quantities (winds, humidity, and sea surface temperature) and hung on the line beneath the surface, extending downward to about 500 meters, is a set of instruments that measure temperature and pressure (with some measuring ocean currents) and relay the information to computers on the torus. Once a day all information about that days’ average is relayed to satellites and then becomes freely available both by the Global Telecommunication System whose users are the weather services of the world, and by internet to other users and to the general public. The addition of observations by ships, surface buoys drifting with the currents, and tide gauges at islands completes the system. The ENSO observing system has been in full operation since 1995 and provides an unprecedented view of the evolution of ENSO. In particular, it was available to observe what is arguably the largest warm phase of ENSO in the last 150 years, the event of 1997/8.
The Historyof ENSO 

Instrumental records of surface atmospheric pressure and sea surface temperatures document ENSO variability back to the 1870s and, with less confidence, to the 1850s. The monthly-average central and eastern equatorial Pacific sea surface temperature exhibits persistent, large magnitude (>1ºC) deviations from the annual cycle (illus. 3) that are the temporal signature of ENSO.  The 1982-83 and 1997-98 warm phases of ENSOs were characterized by temperature deviations in excess of 2ºC. It can be also seen that the frequency of the warm and cold episodes varies throughout the record and in particular, from decade to decade. The years since the 1997-98 warm episode have been, on average, colder than the long term mean.
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Fig. 3. Time series of an index of ENSO consisting of the monthly average temperature anomaly in the equatorial Pacific from 6ºS to 6ºN, 90ºW to 180ºW. The global-mean sea surface temperature deviation has been subtracted for each month to remove the effect of the gradual warming of the earth's temperatures, which is  approximately 0.8 C over the record. There are no observations for many

of the months in the earlier periods, especially the 1860s, which accounts for their more ragged appearance.
ENSO-related precipitation and temperature variations also produce changes, and hence proxy records of ENSO variability, in many geophysical and biological systems.  Occasional measurements of South American glacier masses corroborate some of the major ENSO episodes of the last 100 years.  For the period back to 1500, records of sailing transit times, newspaper and literary accounts of rainfall and flooding, descriptions of mortality of marine organisms and birds, and other sources have been used to chronicle large magnitude ENSO warm episodes.  Centennial to millennial ENSO variability can be inferred from lake deposit and tree growth bands, and coral, shellfish, and glacier isotope concentrations.

The latter proxy records have been used to document ENSO back to 130,000 years ago (hereafter 130 ka), and include epochs in which the solar forcing was different from today.  ENSO variability appears to have been diminished during 6 ka, a period when precession of the earth's orbit enhanced the boreal summer equatorial solar forcing and diminished the boreal winter solar forcing.  ENSO episodes tend to develop during the summer and the enhanced forcing is thought to have inhibited ENSO occurrences by differentially warming the western equatorial Pacific, which leads to increased precipitation and westward surface winds, stronger upwelling, and colder sea surface temperatures.  The global glacier extent in 6 ka was not too different than today, at least in comparison with the epochs centered on 20 ka ("last glacial maxima") and 140 ka, during which the ice volumes were 5 times the current values. The coral record suggests that ENSO variability was diminished relative to today during these icy epochs.  Changes in the eccentricity of the Earth's orbit significantly changed the solar forcing during these periods, and the mechanisms by which these slow insolation changes influence ENSO are a subject of current research.
Teleconnections to the Rest of the World 
The core of the ENSO is in the tropical Pacific, but the phenomenon influences the climate throughout the tropics and the extratropical latitudes of the winter hemisphere.  Such planetary-scale atmospheric patterns are referred to as "teleconnections" and, in the case of ENSO, they are due to changes in the distribution of tropical Pacific precipitation . 
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Fig. 4: Teleconnection pattern of warm phases of ENSO to the globe. 

Typical teleconnections during the boreal winter of a warm ENSO cycle are shown in illus 4.  Within the tropics, warm ENSO is associated with enhanced precipitation in the central and eastern equatorial Pacific, torrential precipitation in the northern coastal desert of Peru, and diminished precipitation (and sometimes droughts) over Indonesia, northern Australia, northeast Brazil, and southern Africa. The expansion of the region of persistent precipitation into the tropical Pacific also leads to warming of the entire tropical troposphere by about 1ºC. Precipitation deviations of opposite sign are observed during cold ENSO cycles, with the exception of the Peru coast, where it only rains during warm ENSO.  Enhanced subsidence during warm ENSO acts to warm the tropical Indian Ocean (illus. 5) and to inhibit the normal February through May rains in northeast Brazil and precipitation that maintains the equatorial Andean glaciers.  Warm ENSO is associated with increased numbers of hurricanes in the eastern Pacific and decreased numbers for the Caribbean / Atlantic, and visa-versa during cold ENSO cycles. 

ENSO influences the higher latitudes primarily through changes in the preferred paths of storms, called "storm tracks", in the winter hemisphere.  Winter storms ("weather") and their preferred locations are associated with the mean position of the jet streams, and these storms move heat north and south and produce precipitation in the middle latitudes. The rearrangement of storm tracks by ENSO produces deviations in the seasonal mean climate and in the distribution of extreme daily weather events over North America (illus 4), with diminished storminess over Alaska and Canada, and enhanced precipitation over the southern United Sates.  Similar relationships exist in the Southern Hemisphere during austral winter with, for example,  a southward shift of precipitation from the Andes' Altiplano at 15º S  to the Chilean coast during ENSO warm episodes.
The year-to-year, decadal, and secular variability of the tropical Pacific climate all influence the teleconnections and climate impacts on the Northern Hemisphere.  Tropical Pacific climate variability on both the year-to-year and longer timescales influence surface temperature and precipitation over the contiguous U.S. in the regions shown in illus. 4.  The  extratropical temperature and precipitation deviations are different for warm and cold ENSO phases and reflect a non-linear relationship between the storm tracks and  the planetary-scale atmospheric circulation in the extratropics.  Finally, although the teleconnections from the Pacific are primarily into the winter hemisphere there is observational and modeling evidence that cool surface temperature deviations in the tropical Pacific can contribute to persistent summertime droughts in the central U.S.

Decadal ENSO
Tropical Pacific climate variability is dominated by the year-to-year swings of the ENSO cycle that are shown in illus 3.  There are also small amplitude changes in sea surface temperatures over broad regions of the Pacific, including the tropics, on timescales longer than the year-to-year variability.  Illus 4A presents a pair of timeseries that documents tropical Pacific temperature variability on these two time scales. 
Year-to-year ENSO temperature deviations (illus 4A upper) are  characterized by deviations in excess of 0.5ºC centered on the equator in the central and eastern Pacific, with the location and narrow latitudinal scale consistent with equatorial upwelling playing a dominant role in producing these temperature changes.  Deviations of comparable magnitude and like sign are also found along the coasts of Ecuador and Peru, and also are due to changes in upwelling.  Smaller magnitude (<0.15ºC) warm deviations occur in the tropical Indian Ocean and cold temperature deviations (<-0.15ºC) are found in the western equatorial Pacific, North Pacific (30ºS-50ºN), and South Pacific (20ºS-50ºS).  Longer, "decadal" timescale surface temperature deviations (illus 4B lower) are superficially similar to those for the year-to-year variability, but the extratropical and tropical Pacific deviations are comparable in magnitude (>0.2ºC) on longer timescales, and the central and eastern equatorial temperature deviations extend over a broader latitudinal scale than for the year-to-year variability.  For comparison, the secular warming of the oceans, which has been removed from these analyses, is  approximately 0.8ºC over this period of record.  The decadal variability is associated with cooler eastern Pacific conditions in the mid-1940s through late 1970s and warmer conditions in the 1980s and 1990s (illus 4A, lower). This decadal oscillation is related to the “Pacific Decadal Oscillation” which has effects similar to those of ENSO on the United States. 

The existence of decadal (and longer time scale, say global warming) modulations of ENSO call into question the definition of ENSO anomalies with respect to a single unchanging background climate 
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Fig. 5. Time series of tropical Pacific ENSO and “ENSO-like” variations (A) and the characteristic global patterns that go with these series (B).
Theories of ENSO
It is impossible to understand ENSO by considering the atmosphere or the ocean alone. The normal tropical Pacific sea surface temperature (warm in the west, cold in the east) can be understood in terms of the wind blowing westward over the surface of the ocean. Similarly, the normal atmosphere over the tropical Pacific (heavy rainfall in the west, westward winds, low pressure, and ascending air) can be understood in terms of the ocean's sea surface temperature. But to predict the future evolution of ENSO, the winds would have to be known in order to predict the sea surface temperature, and the sea surface temperature would have to be known in order to predict the winds. 

The only way to simulate the consistent evolution of the atmosphere and ocean is to make coupled numerical models of them. A coupled model is one in which the atmospheric component sees and drives the oceanic component at the same time as the oceanic component sees and drives the atmospheric component. The way to predict the future evolution of ENSO is to start with the atmosphere-ocean system in its current state and allow the coupled system to evolve in a mutually consistent manner.
The first such coupled model was constructed in the mid-1980s by Zebiak and Cane. It was a simplified model in that only the upper layers of the ocean were modeled and, more importantly, the annual cycle of sea surface temperature and surface winds was specified—in this sense the model was an anomaly model, calculating anomalies with respect to the specified annual cycle. Its importance lay in the fact that it was able to simulate ENSO realistic in most ways thought to be relevant. This advance led to a relatively simple explanation of ENSO and made possible the first successful long-term prediction of sea surface temperature in the eastern Pacific by means of a numerical model of the coupled atmosphere-ocean system.

The mechanism of ENSO that proved to be operative in the simplified Zebiak-Cane model relied on an instability of the coupled system: when water in the eastern Pacific was warm, eastward winds were forced at the western edge of the warm water. These eastward winds further warm the water by a number of different mechanisms: by advecting warm water from the warmer West Pacific; by deepening the thermocline and therefore quelling the upwelled cold water; and by weakening the westward winds and therefore weakening the upwelling itself. As the instability sets on and the warm water grows, planetary waves are excited that contain the seeds of the reversal of the instability. They propagate westward, get reflected at the western edge of the Pacific, and return to counter the growing warming in the eastern Pacific. The combined sequence of events has come to be called the delayed oscillator mechanism. The period and amplitude of the ENSO cycle depends on the strength of the coupling, the size of the Pacific and the delay of the Rossby waves. This mechanisms is not complete however. It explains the regular ENSO cycle but not its irregularity as evidenced in (illus 3). This irregularity has variously been explained by the addition of random noise to the cycle, the nonlinear interaction of the ENSO cycle with the annual cycle, the nonlinear interaction of the ENSO cycle with other growing instabilities, and by many other possibilities.

A completely different class of theories is that the interaction between the atmosphere and the ocean is not unstable. How can a stable system exhibit ENSO?  Although the theory is mathematically recondite, there is a class of dynamics (“non-normal” is the term) which can exhibit a growth of disturbances followed by decay. Since all ENSO phases first grow and then decay, this has to be allowed as an explanation of ENSO. A stable coupled atmosphere-ocean system perturbed by random noise has been shown to have properties and predictive power currently indistinguishable from those of unstable theories. 
Modeling ENSO
Since ENSO is a coupled atmosphere-ocean phenomenon, the system must be composed of a numerical model of the atmosphere suitably coupled to a numerical model of the ocean. If we want also to model the effects of ENSO on the rest of the world, the models must be global and therefore must include land, ice and snow, etc. The model would be run for a very long time and the statistics of the annual cycle and ENSO would be recorded and compared to historical data such as in illus 3. This has been done to very good effect for simplified models where the annual cycle is specified and only anomalies from the annual cycle are calculated. But for the type of full coupled numerical models where the only input is from the sun and all else is calculated, the simulation of ENSO has not been so good. The problem is that, due to systematic biases, the simulation of the annual cycle in the tropical Pacific is generally poorly done and some of the higher frequency phenomena (the so called intra-seasonal oscillations for example) are also poorly done. These issues are generally agreed to be the dominant problem with the simulation of ENSO. This makes it difficult to examine the changes of ENSO with global warming but it does not preclude effective predictions since the predictions are initialized by observations (see next section). While the systematic biases in the model may tend to pull the prediction back to unrealistic states over time, there will generally be a time in which the predictions are pretty good (see next section). It would still be of great value for both short term predictions (a season or so in advance) and global warming simulations to improve the models in the manner indicated. 
Predicting ENSO 

If this were an ideal world, i.e. if there were no practical constraints, the process of predicting the phases of ENSO and its climatic effects a season or so in advance would proceed according to the following steps:

1. The global states of the atmosphere and ocean would be measured at the initial time. Because there are far fewer measurements in the ocean than the atmosphere, the ocean’s state would be determined once a month or so.
2. The coupled atmosphere-ocean model would be initialized by the measurements in step 1.

3. The coupled model would be run for several simulated months to provide the forecast. The models would have high resolution in both the atmosphere and the ocean (on order of 10 km or better in both the atmosphere and ocean). The multi-month forecast would be accomplished rapidly so that purposeful actions could be taken on the basis of the forecast in a timely manner.

4. After several actual months pass, the forecast is evaluated by repeating steps 1 and 2 again at the new time and comparing the measured state of the atmosphere-ocean system with the forecast state.
5. The process repeats each month or so infinitely into the future. 
Because the state of the atmosphere changes rapidly while the ocean changes slowly, it is not clear which state of the atmosphere to use with the slowly changing ocean. In practice, step 3 is therefore replaced by:

3’. Run the multi-month forecast each day (or twice a day) for each day’s atmospheric analysis to give an ensemble of forecasts of 30 (or 60) members. To the extent that the forecasts for each member of the ensemble agrees with other members, the forecast is believable. To the extent that they diverge, the forecast is uncertain and the divergence of the forecasts gives a measure of that uncertainty (see illus 6) 
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Fig. 6: Forecasts of averaged temperatures in the eastern Pacific (Niño 3 is the area from 90ºW to 150ºW, 5ºS to 5ºN) from early May, 2006. Both models (National Center for Environmental Prediction left, European Center for Medium Range Weather Forecasts right) are forecasting near neutral conditions.

The physical basis of the ideal forecast given above is the fact that, to a greater or lesser extent, the sea surface temperature determines the statistical state of the atmosphere. The slow variation of the ocean interacting with the atmosphere gives the so called “memory” of the climate system. It is the upper ocean that can interact with the surface on time scales of a few months so it is only the upper ocean that must be measured for short term prediction.
In practice, at the present time, many compromises must be made to the steps 1 to 4 above. First, while the observing system has a relatively dense network of moored buoys in the equatorial Pacific which is able to adequately measure the state of the upper ocean (illus 2), the upper ocean outside the equatorial Pacific is not sufficiently measured.
Second, the resolution of the atmosphere and the ocean in the coupled models are limited by the inadequacies of current computers and the models are run with far less resolution than desired (200 km rather than 10 km). Because of this limitation, a coupled model is sometimes used to predict the sea surface temperature (SST) in the tropical Pacific only and then an atmospheric model with higher resolution than could have been used for coupled prediction is used to transfer the information about tropical SST to the rest of the world: the predicted SST is used as the lower boundary condition for a high resolution model and an ensemble of atmospheric states consistent with that SST are generated to provide a global prediction.
Third, the measurement of the atmosphere by the current observing system cannot see the higher frequency motions in the tropical Pacific that can effect ENSO. In particular the so called Madden-Julian Oscillation (MJO) which propagates eastward from the tropical Indian Ocean into the tropical Pacific has an effective period of 30-60 days. The MJO, which is not predicted, can affect the amplitude of the ENSO SST anomalies so that while the major warm and cold phases of ENSO are well predicted to occur, there is far less certainty about the resulting amplitudes. 
Fourth, while the effects of tropical Pacific SST robustly determines the state of the atmosphere local to the tropical Pacific, the skill of prediction in higher latitudes or further way in the tropics (say Africa) is degraded.

Fifth, ENSO is modulated by decadal variations (illus 5) which are poorly understood and whose phases become clear only in retrospect. Until the decadal state of ENSO can be measured, it is not clear where in the decadal cycle the seasonal-to-interannual ENSO cycle may be and errors of the order of the amplitude of the decadal cycle may occur.

Sixth, different coupled models have different error characteristics. Unintuitive though it may seem, the averaged output of a wide variety of models gives a uniformly better forecast than any individual model. A number of institutions use multi-model ensembles (i.e. ensembles of ensembles)  as a routine forecasting tool.

The net result of these inadequacies of measurements, understanding, and models means that the current skill of prediction is limited. The skill is high enough to be generally useful in the islands of the tropical Pacific basin and in the countries that border the tropical Pacific. The skill is less useful in the US and Europe but is highest, and can be useful to the sophisticated user in these areas, when strong phases of ENSO occur.

The Future of ENSO

As we have seen, ENSO affects the world in terms of tropical and remote changes of temperature and precipitation. As the world warms because of the addition to the atmosphere of greenhouse gases and aerosols (ref to other article on greenhouse warming in encyclopedia here?) , the question naturally arises about the future behavior of ENSO. Indeed, the future projections of the effects of global warming can not be considered complete without some indication about the future changes of interannual and decadal variability of climate induced by global warming. But the ability of coupled atmosphere ocean models to both respond to greenhouse constituents and create the correct conditions for ENSO to change correctly is currently poor. The current crop of atmosphere-ocean models give behaviors for ENSO that do not limit the possible outcomes with the progression of global warming: some models predict ENSO will increase in amplitude and become more regular, some that ENSO will fade away completely leaving only permanent warm water in the tropical Pacific (this is sometimes called a “super El Niño”) and some that it will not change at all. We can be cheered by the fact that the answer has to be one of these and discouraged by the lack of agreement about which one it will actually prove to be. 
Todd Mitchell and Edward S. Sarachik 
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 HYPERLINK "http://www.pmel.noaa.gov/toga-tao/el-nino-story.html" \t "new" Description of El Niño 
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 HYPERLINK "http://www.elnino.noaa.gov/impacts.html" \t "new" Impacts of El Niño 

