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Is EL Niiio Changing? 
ALexey V. Fedorov and S. George Philander 

Recent advances in observational and theoretical studies of E l  Nifio have 
shed light on controversies concerning the possible effect of global warm- 
ing on this phenomenon over the past few decades and in  the future. E l  
Nifio is now understood t o  be one phase of a natural mode of oscillation- 
La Nifia is the complementary phase-that results from unstable interac- 
tions between the tropical Pacific Ocean and the atmosphere. Random 
disturbances maintain this neutrally stable mode, whose properties de- 
pend on the background (time-averaged) climate state. Apparent changes 
in  the properties of E l  Nifio could reflect the importance of random 
disturbances, but they could also be a consequence of decadal variations 
of the background state. The possibility that global warming is affecting 
those variations cannot be excluded. 

The two most intense El Niiio episodes in 
more than a century occurred during the past 
two decades, in 1982 and 1997. Whether 
these exceptional warnings of the eastern 
tropical Pacific Ocean and the associated 
changes in global weather patterns were man- 
ifestations of global warming and how the 
continual rise in the atmospheric concentra- 
tion of greenhouse gases will affect El Niiio 
in the future are issues currently being debat- 
ed. The disagreements mainly concern the 
causes of the irregularities in the continual 
climate fluctuation, the Southern Oscillation, 
between complementary El Niiio and La Niiia 
states. This natural mode of oscillation, at- 
tributable to ocean-atmosphere interactions in 
which the winds create sea surface tempera- 
ture gradients that in turn reinforce the winds, 
plus negative feedbacks involving the dy- 
namical response of the oceans to changes in 
the winds, is neutrally stable, so that random 
disturbances contribute to its irregularities. 
Other causes for variations in the properties 
of this mode (and more generally of a spec- 
trum of possible modes including those in- 
volved in the seasonal cycle) include changes 
in the background climate state, which is 
described by factors such as the intensity of 
the time-averaged trade winds, T, and the 
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spatially averaged depth of the thermocline, 
H. Changes in that state can explain why El 
Niiio has different properties in paleo-
records from different times and why it 
appears to be changing gradually in re-
sponse to the decadal fluctuation that mod- 
ulates the background state in records for 
the past century. That fluctuation, which 
brought relatively weak trade winds and 
unusually warm surface waters to the east- 
ern equatorial Pacific in the late 1970s, is 
of uncertain origin, but it could be under 
the influence of global warming. Different 
climate models differ in their assessment of 
how that warming will affect El Niiio be- 
cause they reproduce different background 
states for the future. 

Atmospheric Aspects 
The Southern Oscillation, the dominant sig- 
nal in Fig. lA, shows sea surface tempera- 
ture variations as measured on the equator 
to the west of the Galapagos Islands. (The 
seasonal cycle and higher frequency varia- 
tions are filtered out.) Figure 1, B and C, 
depicts conditions at the peaks of particu- 
larly intense El Niiio and La Niiia episodes. 
Such changes in sea surface temperature 
have a profound effect on climate through- 
out the tropics because, in low latitudes, the 
correlation between sea surface tempera- 
ture and rainfall patterns is almost perfect: 

Moist air rises spontaneously into cumulus 
towers over the warmest regions, which 
therefore have plentiful rainfall; aloft, the 
air that has been drained of its moisture 
diverges from these regions and subsides 
over the colder regions that get little pre- 
cipitation. Surface winds, the trades in the 
case of the Pacific, restore moisture to the 
air by means of evaporation while returning 
it to the warmest regions. These direct ther- 
mal circulations are controlled bv surface 
temperatures, so changes such as those in 
Fig. 1 substantially alter rainfall, winds, 
and other atmospheric variables. 

During La NEa, the trade winds are intense, 
and heavy rains fall mainly over the far western 
tropical Pacific; during El Niiio, the winds relax 
and the heavy rains move eastward, so that the 
coastal zones of Ecuador and Peru have severe 
floods, whereas New Guinea and Indonesia 
experience relatively dry conditions. The ex- 
panse of warm waters in the Pacific during El 
NEo is so vast and causes such a huge increase 
in evaporation from the ocean (and hence in the 
release of latent heat in the atmosphere when 
the water vapor condenses to form clouds) that 
weather patterns are affected globally. Numer- 
ical models of the atmosphere that are used to 
predict the weather (those with forecast skills 
that are limited to a few days at most) are 
capable of reproducing realistically and deter- 
ministically the atmospheric aspects of the 
Southern Oscillation over extended periods of 
several decades, provided that the observed sea 
surface temperature variations of the tropical 
Pacific are specified as boundary conditions. 
(Calculations in which the boundary conditions 
correspond to the climatological seasonal cy- 
cle fail to simulate the Southern Oscillation.) 
This means that it is possible to predict cer- 
tain time-averaged atmospheric conditions 
indefinitely into the future, provided that we 
know how sea surface temperatures will vary 
(1, 2). From an atmospheric perspective, the 
problem appears to be oceanographic. 
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Oceanic Aspects for the prediction of climate variability on near the date line-winds that are common in 

the western equatorial Pacific-will generate 
currents that transport some of the warm water 
eastward, thus decreasing the zonal tempera- 
ture gradient. The resultant weakening of the 
trade winds will cause more warm water to 
flow eastward, causing even weaker winds. 
That is how El Niiio can develop from a 
modest initial disturbance. Such positive 
feedbacks between the ocean and atmosphere 
occurred in the equatorial Pacific in early 
1997 when the eastward progression of warm 
waters was accompanied by the simultaneous 
weakening of the easterly trades (8). (The 
oceanic aspects of these developments de- 
pend on the wind forcing and differ from 
Kelvin waves that are unforced modes of 
oscillation of the ocean.) 

Heat fluxes across the ocean surface deter- 
mine sea surface temperatures over much of 

seasonal and interannual time scales, includ- 
ing the prediction of El Niiio. 

the globe. The tropics, however, are different 
because there the dynamical response of the Interactions Between the Ocean and 

Atmosphere 
The explanation for El Niiio and La Niiia in- 
volves a circular argument: Changes in sea 
surface temperature are both the cause and con- 
sequence of wind fluctuations. It follows that 
interactions between the ocean and atmosphere 
can amount to positive feedbacks. Consider, for 

oceans to the winds is of primary importance. 
This is because the warm surface waters of 
the tropics constitute only a very shallow 
layer floating on the cold water below. The 
winds, by causing variations in the depth of 
the thermocline, can expose cold water to the 
surface. For example, intense westward trade 
winds along the equator during La Niiia drive 
the warm waters westward while bringing 
cold water to the surface in the east, thus 
contributing to the temperature pattern shown 
in Fig. 1C. The pattern in Fig. 1B appears 
when a relaxation of those winds during El 
Niiio allows the warm water to flow back 
eastward. The winds-intense during La 
Niiia, relaxed during El Niiio-cause a con- 
tinual horizontal redistribution of the warm 

example, conditions during La Niiia, when in- 
tense trade winds keep the warm surface waters 
along the equator in the far west, thus maintain- 
ing a zonal temperature gradient that contrib- 
utes to the intense winds. A modest disturbance 
in the form of a brief burst of westerly winds 

A "Lowqmu" SST of the E#torn P M c  
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surface waters, which results in the tempera- 
ture fluctuations seen in Fig. 1. This redistri- 
bution is effected by changes in the complex 
system of tropical currents and undercur- 
rents-some are westward and some are east- 
ward-and involves waves of various types 
that propagate back and forth across the 
ocean basin. The responses of the Indian 
Ocean to the abrupt changes in monsoonal 
winds, the Atlantic to the gradual seasonal 
fluctuations of the trades, and the Pacific to 
the wind variations associated with El Niiio 
and La Niiia provide a wealth of information 

6 March 1983 

about the oceanic response to different wind- 
stress patterns. The instruments developed 
for measurements of the surface and subsur- 
face temperature and current fluctuations as- 
sociated with the various phenomena made it 
possible by the early 1990s to continually 
monitor the tropical Pacific Ocean with an 
array of instruments (shown in Fig. 2) (3-5). 
The measurements are relayed by satellite to 
certain locations in the United States. The 
information was of crucial importance for the 
prediction of the El Niiio of 1997. 

The availability of detailed measurements 
of the different oceanic phenomena in the 
tropics led to the development of a hierarchy 
of models (6). Some are highly idealized and 
serve to study isolated aspects of complex 
reality, for example, the spectrum of waves 
that travel along the equator. The most so- 
phisticated models-the oceanic counterparts 
of the atmospheric models used for weather 
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forecasts-are capable of realistic simula- 
tions of the tropical Pacific over many dec- 
ades, provided that the surface winds are 
s~ecified. These models are now used to in- Fig. 1. (A) The interannual oscillations in sea surface temperature (SST) at the equator in the 

eastern Pacific (averaged over the area SOS to  SON, 80° to  120°W) shown on the background of the 
decadal fluctuation (obtained by means of a low-pass filter) after removal of the annual cycle and 
higher frequency variability. The horizontal dot-dashed line is the time average for the record. Sea 
surface temperatures (OC) at the peaks of (B) E l  NiAo in March 1983 and (C) La NiAa in September 
1955. Some of the differences between (B) and (C) (high temperatures that extend far north in 
September and far south in March) are attributable to  the seasonal cycle. 

terpolate the measurements from the array of 
instruments shown in Fig. 2, thus providing 
very detailed descriptions of conditions in the 
Pacific (7). That information is needed to 
initialize coupled ocean-atmosphere models 
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Westerly wind bursts may have been a 

factor in the development of El Niiio in 1997, 
but there have been occasions when the bursts 
failed to produce El Niiio or when the bursts 
were absent and El Niiio nonetheless ap- 
peared. Furthermore, these irregular, sporadic 
wind fluctuations can account for neither the 
dominant period nor the spatial structure of 
the continual oscillation shown in Fig. 1. That 
oscillation is a natural mode of the coupled 
ocean-atmosphere system, and determination 
of its properties requires stability analyses of 
the interactions between the two media. A 
powerful tool for such studies is a model (9) 
that deals only with departures (in the winds, 
temperatures, and so on) from a specified 
background state described by parameters 
such as Hand T (which were defined earlier). 
A convenient classification of the various 
modes of oscillation is in terms of the pro- 
cesses that determine sea surface tempera- 
tures, the only oceanic parameter to affect the 
atmosphere on the time scales of interest here 
[see (10) and (11) for an alternative classifi- 
cation in terms of nondimensional parameters 
and for a comprehensive summary of re- 
search on this topic]. The following is a brief 
discussion of two important idealized modes 
with features evident in the observations. 

A thermocline at such a great depth that 
winds are unable to bring cold, deep water to 
the surface precludes interactions between 
the ocean and atmosphere unless the thermo- 
cline shoals, or the time-averaged westward 
winds intensify, thus elevating the thermo- 
cline in the east while deepening it in the west 
by driving surface waters westward. The sec- 

ond of these two possibilities favors a type of 
mode shown schematically in Fig. 3A. Sea 
surface temperature variations occur mainly 
in the east, in response to vertical movements 
of the thermocline induced by wind fluctua- 
tions in the west. (The thermocline is so deep 
in the west that its vertical movements leave 
local sea surface temperatures unaffected.) At 
the long periods of these modes-3 years and 
more-the winds excite a continuum of 
waves (rather than a few isolated ones) that 
brings a narrow equatorial zone into equilib- 
rium with the winds while, off the equator, 
the ocean lags behind the winds. This delayed 
response of the ocean ensures a continual 
oscillation. The off-equatorial elevations of 
the thermocline in the west (Fig. 3A) (their 
presence is attributable to the winds that 
transfer warm water from those regions to the 
east during El Niiio) disperse into waves that 
ultimately reach the east, where they ele- 
vate the thermocline and initiate a change 
from El Niiio to La Niiia. The time depen- 
dence of this mode, which can be associat- 
ed with eastward phase propagation, is cap- 
tured by the equation 

The first two terms represent the positive 
feedbacks between the wind and the ocean 
that amplify temperature disturbances, T, 
with time, t. The third term represents the 
delayed response of the ocean. Its presence 
gives rise to oscillations for a certain range of 
values for the constants a, b, and d (12, 13). 
The crucial role of the delayed response of 
the ocean (future developments can be antic- 

ipated by observing the ocean, especially 
movements of the thermocline) is the reason 
for the importance of the array in Fig. 2. The 
time scale of the Southern Oscillation is de- 
termined primarily by oceanic processes. 

The mode in Fig. 3B, unlike that of Fig. 
3A, involves no vertical movements of the 
thermocline but depends on the entrainment 
of cold water across a shallow thermocline. 
The winds that converge onto a warm distur- 
bance can cause cooling on its eastern side 
(by means of westward advection and up- 
welling of cold water) and warming on the 
western side. The resultant mode. which 
drifts westward, is associated with relatively 
short periods of a year or two and, along with 
a mode that is antisymmetrical about the 
equator (14), influences the response of the 
equatorial ocean to seasonal forcing (5, 15). 

The coupled ocean-atmosphere modes 
that are possible in reality are hybrids of those 
in Fig. 3 and involve sea surface temperature 
variations induced by vertical movements of 
the thermocline and by the entrainment of 
water across the thermocline. Horizontal ad- 
vection can also substantially influence sea 
surface temperatures (16), broadening the 
spectrum of modes even further. Figure 4 
shows how the properties of the most unsta- 
ble mode depend on the background state, 

Fig. 2. The array of instruments that monitor oceanic conditions. The blue lines indicate the tracks 
of commercial ships that deploy instruments that measure temperature to a depth of a few 
hundred meters. The arrows show drifting buoys that measure the temperature and the wind, 
whose movements, tracked by satellites, yield information about surface currents. The yellow dots 
represent tide gages that measure sea level depending on the temperature of the water column. 
The red diamonds and squares (buoys moored to the ocean floor) show locations where temper- 
ature and currents, respectively, are measured over the upper few hundred meters of the ocean. 
(The data are available at www.pmel.noaa.gov/toga-tao/realtime.html.) 
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Fig. 3. A schematic diagram of the spatial 
structure of two idealized modes. Arrows indi- 
cate winds, shaded areas show changes in ther- 
mocline depth, and "temp" refers to surface 
temperature. These conditions, during El  Niiio, 
correspond to departures from a background 
state. Mode (A), known as the delayed oscilla- 
tor, is prominent when the background state 
has a deep thermocline and intense westward 
winds. Mode (B), which is prominent when the 
background state has a shallow thermocline, 
has a relatively short period of a year or two 
and has westward phase propagation. The 
structure of the Southern Oscillation in reality 
is a hybrid of these two. 
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described by the values of the parameters H 
and T '(17). (The equatorial temperature gra-
dient of the background state is shown in Fig. 
4C as the value of the surface temperatures in 
the east; the value in the west is assumed to 
remain constant.) These results confirm the 
previous statements concerning the stabiliz-
ing effects of increasing H or weakening T. 

Changes in the values of those parameters 
alter the structureof the modes. Each point on 
Fig. 4 is associated with a distinct spatial 
structure that is a hybrid of the idealized 
types in Fig. 3. Near point E, where periods 
are short and where entrainment across the 
thermocline has a strong influence on surface 
temperatures, the structure tends toward that 
in Fig. 3B. Near point D, where the period is 
long, vertical movements of the thermocline 
are mainly responsible for surface tempera-
ture changes, and the structure resembles that 
in Fig. 3A. 

The best check for results such as those 
shown in Fig. 4 are measurements that de-
scribe the properties of the Southern Oscilla-
tion under a variety of background climatic 
conditions. Paleorecords fiom sources such 
as lake deposits and corals are beginning to 
provide partial information of the required 
type, but accurate data that describe El Niiio 
and the background climate during a certain 
period in the past are lacking. However, the 
results in Fig. 4 can assist with the interpre-
tation of paleorecords. For example, deposits 
in a lake in southwestern Ecuador indicate 
that, whereas El Niiio today occurs every 3 to 
5 years, the interval between successive 
events was far longer, on the order of a 

decade, some 7000 years ago (18). In Fig. 4, 
such a change requires a move in the direc-
tion of point %a background state with 
intense winds, a deep thermocline, and low 
sea surface temperatures in the east. This 
result could help resolve the debate about the 
climate of the eastern equatorial Pacific dur-
ing the early Holocene. 

Present-day estimates of the values of H, 
T, and other parameters indicate that current 
conditions in the tropical Pacific Ocean cor-
respond to the general area of points A and B 
in Fig. 4, where interactions between the 
ocean and atmosphere are close to neutral 
stability. Random disturbances are therefore 
responsible for sustaining the Southern Os-
cillation and for contributing to its irregular-
ity. Exactly how close the ocean-atmosphere 
interactions are to neutral stability is a matter 
of debate. Some investigators argue that the 
interactions are sufficiently unstable for the 
irregularities to be the result mainly of non-
linearities (19). Other investigators (20, 21) 
assume that the interactions are strongly 
damped and explore the nonnormal modes of 
the coupled ocean-atmosphere system; given 
an initial random disturbance with the appro-
priate spatial structure, those modes amplify 
more rapidly than the normal modes. Those 
who claim that westerly wind bursts are es-
sential "triggers" of El Niiio implicitly as-
sume that the system is damped and that 
random triggers at different times result in the 
impression of a continual oscillation. In real-
ity, the background state is probably chang-
ing gradually and continually, causing the 
interactions to be strongly damped on some 

occasions, unstable on other occasions, and 
neutral for much of the time. This possibility 
of a changing background state (22) has re-
cently generated much debate in connection 
with the possible effect, on El Niiio, of future 
global warming. 

The Modulation of the Southern 
Oscillation 
In Fig. lA, the properties of the Southern Os-
cillation appear to have changed during the 
1980s and 1990s: La Niiia episodes were very 
weak or practically absent during those de-
cades, whereas El Niiio attained unprecedented 
amplitudes in 1982and 1997and was unusually 
prolonged in 1992 (if the horizontal dot-dashed 
line is used as the reference). To some investi-
gators (23), this change is attributable to global 
warming. Others (24-26) interpret the record 
without invoking any changes in the properties 
of El Niiio. They interpret the fluctuations in 
Fig. 1A as the random fluctuations of a station-
ary time series, so that the Southern Oscillation 
is an unchanging, weakly damped ocean-atmo-
sphere mode made irregular by random atrno-
spheric disturbances, which also contribute to 
the decadal fluctuation (27) (the smooth bold 
line in Fig. 1A).This argument, which is strictly 
about statistical matters, does not preclude the 
possibility that the properties of the mode are 
changing gradually, but finds that the available 
time series are too short to confirm such a 
conclusion. An alternative approach, based on 
the results in Fig. 4, explores how the decadal 
fluctuation, which is assumed to be distinct 
fiom the interannual variability, can modulate 
that variability by gradually changing the val-

F@r(A)Thepad(in 
years) and (B growth 
rates (in llyears) of the 
most unstable oscilla-
tions as a function of 
thermocline depth (in 
meters) alongthe hor- 3 
izontal axis and the 
intensity of easterly j 1 
equatorial winds $n 
units of 0.5 cm21s ). 
Dashed lines indicate 
zero growth rate or 0.8 
neutralstabilii modes oowith a coherent struc- 110 120 130 140 100 110 120 130 140 

ture are absent from Mean thermoclinedepth (m) 
the stable white area. 
(C) The minimum sea surface temperature (in OC)  of the basic state in the eastern 
Pacific Ocean. See the text for the relevance of points A, 8, D, and E. 
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ues of the parameters Hand T. In this approach, 
the reference line for interpreting the interan- 
nual oscillation is no longer the time-averaged 
temperature of the past century (the horizontal 
dot-dashed line in Fig. 1A) but is the slowly 
undulating decadal fluctuation. With this 
choice, La Niiia is present throughout the 
record, and the warm conditions that start in 
1992, rather than an exceptionally prolonged El 
Niiio, amount to the persistence of background 
conditions. Those conditions are in part respon- 
sible for the exceptionally hlgh surface temper- 
atures of El Niiio in 1982 and 1997. The debate 
about changes in El Nifio therefore becomes a 
debate about the reality of the decadal fluctua- 
tion. Its cause, a matter currently under inves- 
tigation, probably involves the processes that 
maintain the thermocline, for example, ex-
changes between the tropical and extratropical 
oceans (28, 29). The effect of the fluctuation on 
El Niiio can be inferred fiom Fig. 4. 

A weakening of the easterly winds and a 
deepening of the thermocline accompanied 
the relatively warm conditions in the eastern 
tropical Pacific during the 1980s and 1990s 
(30), causing the values of H and T to change 
from the area of point B in Fig. 4 during the 
1960s and 1970s to the vicinity of point A in 
the 1980s and 1990s. Such a move should 
have increased the period of the oscillation 
(from -3 years to 5 years) and should have 
altered the structure of the mode, moving it 
closer toward that in Fig. 3A. Spectral anal- 
ysis suggests that such an increase in period 
occurred, although the statistical significance 
is low because of the brevity of the time 
series. Furthermore, descriptions of El Niiio 
based on data from the 1960s and 1970s (31) 
emphasize westward phase propagation, a 
property of the mode in Fig. 3B; subsequent-
ly, eastward phase propagation, a feature of 
the mode in Fig. 3A, has been more common, 
starting with El Nifio of 1982, which was 
surprising because its development started in 
the west rather than in the east. 

A regular Southern Oscillation whose prop- 
erties are modulated by a gradually changing 
background state is an idealization that filters 
out several important observed features. In 
reality, the presence of random disturbances 
that can accelerate (or retard) developments 
makes the Southern Oscillation irregular and 
alters its structure temporarily by promoting 
processes not favored by the background 
state. (For example, wind bursts can cause 
advection, say, to have a strong influence on 
sea surface temperature.) Another complica- 
tion is the nonsinusoidal nature of the South- 
ern Oscillation. In reality, La Niiia is not 
simply the negative of El Niiio. The intense 
El Niiio events of 1982 and 1997 were brief 
and lasted on the order of a year, after which 
cold La Niiia conditions persisted for several 
years. In both cases, El Niiio started as an 
eastward surge of warm waters, associated 

with a deepening of the thermocline driven 
by westerly winds that progressed eastward. 
The return of cold surface waters to the east- 
em Pacific started with an eastward traveling 
elevation of the thermocline along the equa- 
tor, but then involved additional processes 
different from those that brought warm water 
to the east. These asymmetrical aspects of the 
Southern Oscillation are as yet neither ex-
plained nor simulated by any coupled ocean- 
atmosphere model. 

The Background State 
Global warming is bound to affect El N 5 o  by 
altering the background climate. An investiga- 
tion of this matter requires consideration of the 
climate of today, especially the intriguing 
asymmetries of the tropical Pacific evident in 
Fig. 1C: Water is colder in the east than in the 
west along the equator, and in the east, water is 
warmest to the north of the equator even though 
the distribution of sunlight is symmetrical about 
the equator and is independent of longitude. 
Time-averaged cloudiness, rainfall, and other 
variables all have these asymmetries, which 
depend on continental geometries and on a 
variety of feedbacks, some similar to those 
involved in El Niiio. The east-west asymmetry 
is attributable to westward winds that depend 
on global factors and, in addition, on zonal 
temperature gradients that in turndepend on the 
winds. The north-south asymmetry is confined 
to the east because the shallow thermocline 
there permits northward cross-equatorial winds 
to create a north-south temperature gradient that 
in turnmaintains the winds. An additional feed- 
back involves low-level stratus clouds that form 
over the cold waters south of the equator, thus 
reinforcing the low surface temperatures. The 
various processes that maintain the background 
have been studied by using highly idealized 
models that focus on a few feedbacks in isola- 
tion (32) and coupled general circulation mod- 
els of the ocean and atmosphere (33). The 
development of the latter models, which should 
be capable of realistically reproducing the back- 
ground state plus superimposed fluctuations, is 
a major challenge because the various feed- 
backs amplify not only random disturbances 
(that may in fact occur) but also errors in the 
models. In a strictly atmospheric model, speci- 
fied sea surface temperatures provide a strong 
constraint. However, if that model is only a 
component of a coupled ocean-atmosphere 
model, then that constraint is absent and, be- 
cause of the feedbacks, the results are very 
sensitive to the treatment of complex phenom- 
ena and processes such as convection, clouds, 
radiation, and turbulent mixing. Inadequate 
treatment of those processes causes some mod- 
els to have weak winds and an absence of cold 
equatorial waters, whereas in other models the 
winds are too intense and the waters are too 
cold. Some models have cold water along the 
equator but have unrealistic bands of warm 

water to the north and south. If a model has an 
unrealistic background state, then its natural 
modes of oscillation are also unrealistic. The 
properties of the simulated oscillations (and the 
results in Fig. 4) can help identify the reasons 
for the behavior of a model. For example, in 
some models, the parameterization of convec- 
tion causes sea surface temperature changes to 
induce changes in the winds very close to those 
temperature changes. Such models are biased 
toward modes of the type in Fig. 3B with 
relatively short periods. Models in which wind 
changes are far to the west of the temperature 
changes are biased toward modes with a long 
period, similar to those in Fig. 3A. 

The development of coupled ocean-atmo- 
sphere models is progressing rapidly, and sev- 
eral of those models reproduce interannual fluc- 
tuations whose gross features resemble the ob- 
served Southern Oscillation (34, 35). The sim- 
ulations nonetheless fail to be in the realistic 
neighborhood of points A and B in Fig. 4. For 
example, in a recent model with an oceanic 
component that has high spatial resolution, 
the Southern Oscillation has a period of 2 
years (36). The simulated mode is in the 
vicinity of point E in Fig. 4, probably be- 
cause of a thermocline that is too shallow. 
If simulations of the current background 
state are poor, then projections of how 
global warming will alter that background 
state, and hence influence El Niiio, have 
enormous uncertainties. Several such pro- 
jections have been made and yield results 
that differ from one another (36-38). At 
this time, it is impossible to decide which, 
if any, are correct. 
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Mantle Convection and Plate Tectonics: Toward 

an Integrated Physical and Chemical Theory 


Paul J. Tackley 

Plate tectonics and convection of the solid, rocky mantle are responsible 
for transporting heat out of Earth. However, the physics of plate tectonics 
is poorly understood; other planets do not exhibit it. Recent seismic 
evidence for convection and mixing throughout the mantle seems at odds 
with the chemical composition of erupted magmas requiring the presence 
of several chemically distinct reservoirs within the mantle. There has been 
rapid progress on these two problems, with the emergence of the first 
self-consistent models of plate tectonics and mantle convection, along 
with new geochemical models that may be consistent with seismic and 
dynamical constraints on mantle structure. 

Subsolidus (1) convection of the rocky, 
2900-km-thick mantle of Earth (2) is the 
driving mechanism for plate tectonics and 
associated geological activity on the sur-
face of our planet, including continental 
drift, earthquakes, volcanoes, and mountain 
building (3). Mantle convection and plate 
tectonics are one system, because oceanic 
plates are the cold upper thermal boundary 
layer of the convection. The slow motion of 
plates and the mantle is powered by radio- 
genic heating and by the slow cooling of 
our planet over its 4.5-billion-year history 
(4). Mantle convection and plate tectonics 
provide the central framework linking the 
subdisciplines of solid Earth science, in- 
cluding geochemistry, seismology, mineral 
physics, geodesy, tectonics, and geology. A 
successful model must thus satisfy con-
straints from all of these fields. For exam- 
ple, seismic waves provide a direct probe of 
structures inside Earth, chemical analyses 
of erupted lavas and other volcanic prod- 
ucts give information about different com- 
positions that exist in the mantle, and lab- 
oratory experiments determine the proper- 
ties and deformation mechanisms of rocks 
at the high pressures ( 5  136 GPa) and tem- 
peratures (54000 K) of Earth's mantle. 

Despite three decades of research, some 
first-order questions regarding the plate- 
mantle system remain largely unresolved. 
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The first of these is why Earth developed 
plate tectonics at all, given that other ter- 
restrial planets such as Mars and Venus do 
not currently exhibit this behavior (3). The 
problem is complex because rocks exhibit 
many different deformation mechanisms, 
ranging from brittle failure to viscous 
creep, depending on the pressure, tempera- 
ture, differential stress, and past history of 
deformation (5, 6), and many of these 
mechanisms are not well quantified. The 
second major question is how the differing 
chemical compositions of erupted magmas, 
which require several chemically distinct 
reservoirs within the mantle ( 7 ) ,  can be 
reconciled with other observational and dy- 
namical constraints favoring whole-mantle 
convection (a),which should mix chemical 
heterogeneities. 

There has been substantial recent pro- 
gress toward resolving these two issues, 
such that a self-consistent physical and 
chemical model capable of integrating plate 
tectonics, geochemical observations, and 
other constraints may be possible within 
the next decade. This review focuses on 
these two issues. However, there has also 
been important progress in other areas, no- 
tably (i) understanding how the present 
state of the mantle, as imaged by seismic 
tomography, is related to the recent (- 140 
million year) history of plate motions and 
recent geological events (9-11); (ii) basic 
mantle dynamics, particularly the influence 
of non-Newtonian rheology (12-14); and 

(iii) plume dynamics, including formation 
from a hot thermal boundary layer (15) and 
interaction with plates (16, 17). 

The Plate Problem 
Plate tectonics does not arise from convection 
by viscous creep with temperature-dependent 
viscosity. Instead, a rigid lid is formed with 
convection taking place beneath it. The other 
terrestrial planets display a rigid lid, although 
plate tectonics may have existed in the past on 
Mars (18) or Venus (19), with Venus perhaps 
fluctuating between plate tectonics and a rigid 
lid (20). A rigid lid forms because the temper- 
ature drops from 1600 K (mantle) to 300 K 
(surface) over the upper thermal boundary lay- 
er, and the thermally activated processes re- 
sponsible for mantle deformation (2) become 
many orders of magnitude slower as tempera- 
ture decreases (14). Our understanding of rigid 
lid convection has been greatly refined by sev- 
eral recent studies (13, 21, 22). 

Earth does not have a rigid lid. Instead, 
convection reaches the surface, and oceanic 
plates are the upper thermal boundary layer 
participating in the convective motion (23). Ad- 
ditional deformation mechanism(s) are respon- 
sible for breaking the stiff outer lid into strong 
plates separated by weak boundaries (24, 25). 
Field observations and laboratory experiments 
give guidance as to these mechanisms (5, 6). 
Faults form by brittle failure near the surface, 
but increasing pressure (hence friction) with 
depth limits faults to the upper -15 km of the 
plates, which are some tens of kilometers thick. 
Below -15 km, deformation is probably ac- 
commodated by distributed microcracks (5). 
Laboratory experiments indicate that the yield 
strength of rocks is hundreds of megapascals 
and is weakly dependent on pressure (26). Plas- 
tic flow, by lattice processes such as dislocation 
glide, occurs at higher pressures and stresses 
(6). Thermally activated viscous creep (2, 14) 
takes over at higher mantle temperatures and 
greater depths. 

In addition to the above mechanisms, 
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