Meteorol Atmos Phys 84, 229-242 (2003)
DOI 10.1007/s00703-003-0001-7

Meteorology
and Atmospheric
Physics

Printed in Austria

! Department of Mathematical Sciences, Atmospheric Sciences Group, University of Wisconsin-Milwaukee, Milwaukee

2CIRES, University of Colorado, Boulder

3 Department of Geography, Florida State University, Tallahassee

On the relation between ENSO and global climate change

A. A. Tsonis', A. G. Hunt?, and J. B. Elsner’?

With 8 Figures

Revised November 14, 2002; accepted November 28, 2002
Published online: June 12, 2003 © Springer-Verlag 2003

Summary

Two lines of research into climate change and El Nino/
Southern Oscillation (ENSO) converge on the conclusion
that changes in ENSO statistics occur as a response to global
climate (temperature) fluctuations. One approach focuses on
the statistics of temperature fluctuations interpreted within
the framework of random walks. The second is based on the
discovery of correlation between the recurrence frequency
of El Nino and temperature change, while developing phys-
ical arguments to explain several phenomena associated
with changes in El Nino frequency. Consideration of both
perspectives leads to greater confidence in, and guidance
for, the physical interpretation of the relationship between
ENSO and global climate change. Topics considered include
global dynamics of ENSO, ENSO triggers, and climate
prediction and predictability.

1. Introduction

The dynamics of El Nino are understood in terms
of a combination of concepts from stochastic and
deterministic theoretical approaches. The Wyrtki
(1975) approach is predominantly stochastic in
character, and describes the trigger of El Nino
in terms of stronger than usual trade winds (and
larger than usual sea surface elevation gradients)
followed by anomalous relaxation of trade winds.
The most important concept from the recent
deterministic models of El Nino appears to be
the “memory paradigm,” whereby the western

equatorial and off-equatorial Pacific Ocean upper
layer carries a memory of up to 2 years of trade
wind stresses, equatorial upwelling, solar heat-
ing, and convective and radiative cooling (Neelin
et al, 1998). Taken together, these two ideas form
the basis for interpretation of the effects of cli-
mate change on El Nino.

Under normal conditions, the Walker cir-
culation drives easterly trade winds. The north-
easterly (southeasterly) winds in the northern
(southern) hemisphere move surface water west-
ward across the equatorial Pacific. The Coriolis
effect causes surface water divergence along the
equator with the result that, on both sides of the
equator, water is driven up onto the subtropical
gyres. In response to the surface divergence,
equatorial upwelling replaces warmer surface
water with cooler water from below the thermo-
cline. The effects of this equatorial upwelling are
enhanced by the geographical connection with
coastal upwelling off the coast of South America.
The long residence time in the tropics of water
driven up on to the subtropical gyres and trans-
ported to the western equatorial Pacific allows
these surface waters to heat up relative to the
central and eastern equatorial Pacific (where the
upwelling is taking place) resulting in an equa-
torial “cold tongue” with warmer water to the
west, north and south, in a shape resembling a
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horseshoe. The areas with warmer water (also
higher by tens of centimeters) are supported by
an unusually deep thermocline (Philander, 1990),
and held in place by the competition between
pressure and wind stress. The eastern equatorial
Pacific sea surface is close to equilibrium with
the wind stress (Schneider et al, 1995). Because
of that, strong easterlies produce significant
upwelling and cold surface temperatures (at
times less than 20 °C) while weak easterlies or
westerlies suppress upwelling allowing the de-
velopment of warm surface temperatures (as
warm as 28 °C) along the equator.

The western equatorial (and off-equatorial)
Pacific sea surface is not in equilibrium with
wind stress (Neelin et al, 1998). As a result,
changes in winds produce changes to the depth
of the thermocline, but the surface is nearly
always at 28-30°C. The warmer water in the
western Pacific is associated with strong convec-
tion (which takes place over water warmer than
28 °C). The convection is a positive feedback that
leads to enhanced trade winds, and (on average) a
return of air aloft to the eastern Pacific. This cir-
culation is named after Walker, who first noticed
large-scale shifts in it (Walker, 1923; 1924). The
general sea surface topography has, in the mean
state, a ““groove’” along the equator deepening to
the east, with small hills north and south, and is
highest toward the west. This configuration is un-
stable to prolonged westerly wind anomalies.
The region is unique in that convergent (wester-
ly) surface winds produce convergent (easterly)
surface ocean currents as noted in Philander
(1990). When westerly wind anomalies occur,
warm water flows off both subtropical gyres
(Tziperman et al, 1998) and from the west into
the central equatorial Pacific. A Kelvin wave
may be triggered, with its associated increase
in depth to the thermocline. A feedback induced
by eastward displacement of warm surface water
and associated convection can enhance westerly
wind anomalies.

The precise generation of El Nino is still un-
certain, with considerable discussion regarding
the relative roles of the interrelated factors (wind,
SSTs, upwelling) and the mechanisms for propa-
gating and sustaining the warm anomaly. Clearly,
some variability in the generation of El Nino ex-
ists as well. But, in general, it is widely accepted
that the trigger of El Nino is a combination of

anomalous westerly wind bursts (Wyrtki, 1975;
McPhaden, 1999; Yu and Rienecker, 1998),
equatorial Pacific SST gradient, and sufficient
heat energy, which through positive feedback of
convection can be spread around the surface of
the entire equatorial Pacific (Neelin et al, 1998).
These changes are linked to the atmospheric cir-
culation locally and through much of the rest of
the world through teleconnections. Because the
anomalous ocean warming and the sea surface
pressure reversals occur simultaneously, the
whole phenomenon is called El Nino/Southern
Oscillation (ENSO). When El Nino dies out,
the tendency is for trade winds to return to nor-
mal or even exceed normal. If, however, they
become too strong, then the cold-water pool
normally found in the eastern Pacific stretches
farther westward than normal and the warm
water is confined to the western tropical Pacific.
This opposite to El Nino is called La Nina.

ENSO is generally considered to have its larg-
est influence on weather patterns and climate
fluctuations over inter-annual time scales. Winter
weather patterns over specific areas of the globe
are now routinely predicted with some confi-
dence on the basis of tropical sea surface temper-
ature (SST) anomalies associated with El Nino,
as well as SST’s in temperate oceans. El Nino,
and its opposite, La Nina, tend to last between 1
and 2 years. In fact, however, the 1940-1942, the
1976—-1978, and the 1990-1993 El Nino events,
each persisted through at least two winters, and
the recent La Nina lasted two winters, persisting
weakly into a third. The existence of multi-
winter events probably plays a role in the success
of persistence as a forecast tool, i.e. reference to
the preceding winter, for predicting the weather
during the next winter. The typical period of time
between El Nino events is approximately 4 years.
The typical time between La Nina events is prob-
ably the same, or nearly so, but the statistical
record of La Nina is more limited, introducing
a greater uncertainty.

The influence of climate change on El Nino is
less well understood and subject to some contro-
versy (Solow, 1995; Trenberth and Hoar, 1997;
Rajagopalan et al, 1997; Tsonis et al, 1998; Hunt,
1999a, b). The controversy concerns the roles
of stochastic forcing and nonlinearity in the
dynamics and on the statistics of El Nino (Wang
and Wang, 1996; Kestin et al, 1998; Blanke
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et al, 1997; Tziperman et al, 1997; Hunt, 1999a,
b; Hunt, 2000). Nevertheless, evidence presented
here is convincing in depth and scope, that global
surface temperatures strongly influence El Nino.
In particular, periods of rising temperature en-
courage El Nino events, while periods of de-
creasing temperature encourage La Nina events.
While both appear to occur approximately 1 year
in 4 when global temperatures remain constant,
during periods of rising temperature, El Nino
events occur as often as 1 year in 2.5, whereas
La Nina events occur as seldom as 1 year in 7. In
contrast, during periods of decreasing tempera-
ture, El Nino events occur as seldom as 1 year
in 7, whereas La Nina events occur as often as 1
year in 3. Since global temperatures tend to fall
after an El Nino, but rise after a La Nina, the
cycle of El Nino-La Nina can, from the perspec-
tive of climate change, be regarded as a negative
feedback mechanism. This view is put on firm
statistical grounds by an analysis of the global
temperature record in terms of a correlated ran-
dom walk (Tsonis et al, 1998). Moreover, the
conceptual framework of Hunt (1999b) provides
a physical explanation to the statistical analysis.
Note that here the term global change is used in
general. Whether the observed global change
over the past century is due to greenhouse warm-
ing or natural variability is not of concern to the
theory.

2. Correlating ENSO with global
temperature records

For investigating statistics of El Nino one can
choose between using the last 100 years or so
of nearly unambiguous records or consider a
much larger time scale with attendant uncertain-
ties. The former choice is not practical here be-
cause only two periods of distinct temperature
change exist, which is insufficient for the analy-
sis. The latter choice carries with it the disad-
vantage that both the temperature record and
the record of occurrence of El Nino can be criti-
cized as inaccurate, incomplete, or of uncertain
resolution. Nevertheless, the consistency of the
picture that emerges makes the individual data
sources appear more reliable. While the climatic
signal of La Nina events is difficult to detect at
times in the past, the teleconnections of El Nino
are more easily detectable, and several studies

have been performed to reconstruct the past
occurrence of El Nino. These studies are based
variously on coral mortality (Evans et al, 1999;
Hughen et al, 1999), flooding in normally arid
regions (Rodbell et al, 1999), and the regular
Nile River flooding (Anderson, 1992; Quinn,
1992). El Nino, by shifting the position of the
Walker circulation, tends to produce increased pre-
cipitation in northeastern Africa, causing ampli-
fication of the regular Nile River flooding. Here
we use data from Quinn (1992) for analysis of
the El Nino signal (which uses records from Peru
supplemented by records of Nile River flooding).

For long-term temperature records borehole
data are most reliable, and are less influenced
by subjective interpretation (Pollack and Huang,
1998). Contamination from changes in surfaces
or to groundwater, however, is a potential prob-
lem. Paleo-temperatures are extracted from bore-
hole data through near-surface alterations in the
geothermal gradient (Pollack and Huang, 1998).
The earth’s temperature normally increases line-
arly with depth. Changes in surface temperatures
propagate slowly downward. A steadily rising at-
mospheric temperature can induce a sign change
in the geothermal gradient near the surface, but
will, in any case, produce a curvature between an
altered value at the surface and unaffected values
at depth (many tens of meters in the case of cli-
mate change starting as early as 500 years ago).
For the temperature data from the 16th through
the 19th centuries we refer to (Pollack and
Huang, 1998). These data lack the resolution of
the recent temperature data, and are supplement-
ed by the IPCC global temperature data (Folland
et al, 1990) from the end of the 19th century to
the present. Figure 1 shows the borehole data
from (Pollack and Huang, 1998) (thick solid line
with shaded uncertainty limits), with the temper-
ature data for the 20th century superimposed. On
the same graph the accumulated El Nino events
from Quinn (1992) are also plotted. Each upward
step is one El Nino event. The thin straight line is
the long-term average.

Comparing the cumulative frequency of
El Nino occurrence with a reconstruction of
global temperatures is equivalent to comparing
the occurrence of El Nino with the rate of change
of atmospheric temperatures. In order to investi-
gate such a relation we start by observing that
breaks in temperature slope (d7/dt) appear at
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Fig. 1. Direct comparison of cumulative frequency of El
Nino occurrence (Quinn, 1992) with global temperature
proxy (Evans et al, 1999). Every upward step on the stair-
case is an El Nino. The yearly averages for global temper-
ature anomaly in the 20th century (Folland et al, 1990) are
also shown. Whenever the rate of temperature increase
accelerates, at approximately the turns of the centuries, so
does the rate of El Nino accumulation
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Fig. 2. Relationship between occurrence frequencies
(yr—") of El Nino and La Nifia and global temperature
change rate, dT/dr (°C/yr). Five individual points taken
from Pollack and Huang (1998) compilation of borehole
data, and Quinn’s reconstruction of El Nino occurrence for
the 16th through 20th centuries. The remainder points are
from the higher resolution SOI and IPCC data in the 20th
century, and correspond to periods of rising, falling, and
steady T (see text for details)

approximately the turn of each century. There-
fore, 100-year intervals are chosen and the El
Nino frequency per year is estimated (Fig. 2),
along with the corresponding dT/dt. This results
in five points. Due to the better accuracy and
resolution of the Southern Oscillation Index
(SOI) data and of the global temperature data

(IPCC) in the 20th century, we then consider
the following additional intervals that mark
significantly different d7/dt regimes. The first
(1900-1925) is associated with rising 7, the sec-
ond (1926—1975) is characterized by an overall
zero trend, and the third (1976-1998) is associ-
ated with rising 7. An additional interval (1941-
1965), which is characterized by a negative
trend, is also considered. The choice of these
intervals reflects our desire to consider periods
where all trend types (positive, zero, and nega-
tive) are represented. In Fig. 2, the frequency of
occurrence of El Nino in each century is plotted
against dT/dt for that century. In the same figure
statistics for La Nina events derived from the SOI
index during the 20th century and for the above-
mentioned intervals are included. It is important
to stress here that the frequency of El Nino and
La Nina is sensitive to the definition of these
events. Nevertheless, despite this and other
uncertainties inherent in the data considered in
the construction of this plot, a rather solid picture
emerges. The data appear consistent with a near-
ly linear relationship between the occurrence of
El Nino and La Nina and the global dT/dr. Inter-
estingly, this linearity is characterized by a pos-
itive trend for El Nino and a negative trend for La
Nina. Such results are not derived when the fre-
quencies of El Nino and La Nina occurrences are
plotted against the mean 7 in the corresponding
intervals. In this case (see Fig. 3) the linear rela-
tionships observed in Fig. 2 are not evident. In
fact no clear relationship is apparent. Note that
because the temperature data in the 16th, 17th,
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Fig. 3. Same as Fig. 2, but now the occurrence frequencies
are plotted against the mean temperature in the correspond-
ing interval
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18th, and 19th centuries follow a nearly exponen-
tial function, the corresponding points are similar
in both graphs. Nevertheless, no solid picture
emerges in this case when the rest of the data
are included.

The results in Figs. 2 and 3 would then suggest
that the frequency of occurrence of El Nino
and La Nina depends on changes of T, but it is
a very weak function of T (i.e., if T were static,
the magnitude of 7 would not significantly affect
El Nino/La Nina frequencies). Such a conclusion
is in accord with studies of El Nino variability on
longer time scales. Rodbell et al (1999), found
that the frequency of El Nino events (measured at
average values of temperature) increased only
from 0.07 to 0.17 with increases in global T of
6 °C. By extrapolation one would conclude that a
20th century increase of global 7'of 0.6 °C, would
result in an increase in the frequency of El Nino
of only 0.16 to 0.17, which would be difficult to
measure. Further, a similarity in the frequency of
El Nino events during the previous interglacial
period to that presently observed has recently
been claimed (Hughen et al, 1999), despite the
fact that global temperatures were notably warm-
er. Global climate model simulations also appear
to support the above conclusion. Recent studies
have indicated that a much higher global temper-
ature is required to significantly change the fre-
quency of El Nino (Timmermann et al, 1999a, b;
Collins, 2000). Thus results from observations
and models indicate that El Nino frequency is,
at best, a weak function of temperature. In agree-
ment with our results GCM simulations re-
produce this observed relationship between
increases in global temperature and increased
El Nino frequency. As an example, Fig. 4 shows
a time series of the Nino 344 index (SST
averaged SN-5S, 140E-140W) from a 130 year
run of NCAR’s CSM1 model in which the CO,-
concentration is increased 1%/year from its
pre-industrial level (case b006, data accessible
at  www.cgd.ucar.edu/csm/experiments,/b006).
In a steady-state experiment (case b003, data
available as above), statistics accumulated over
a 300 year model run show that El Nino and
La Nina events occur at roughly the same fre-
quency, roughly 17/century, where an event is
defined as greater than a one standard deviation
departure from the mean, and persistence of
at least 6 months. However, in the increasing
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Fig. 4. Time series of the Nino 3 44 index (SST averaged
5N-5S, 140E-140W) from a 130 year run of NCAR’s
CSM1 model in which the CO,-concentration is increased
1%/year from its pre-industrial level. In this increasing
CO,-experiment, the El Nifio frequency is 22/century,
while the La Nina frequency drops to 12/century (see text
for details)

CO,-experiment, the El Nino frequency is
20/century, while the La Nina frequency drops
to 11/century. This suggests that the influence of
global temperature change can be captured by
modern coupled GCMs, and that properly de-
signed experiments should allow for an in-depth
understanding of why the shift in frequency in
El Nino (La Nina) events occurs when global
temperatures increase (decrease).

Returning to Fig. 2, it may be suggested that
the observed linearity does not extend to values
of dT/dt greater than 1°C/100yr, where El Nino
occurrence may saturate at about 0.4/year. The
indication of saturation in El Nino occurrence
frequency (0.4/yr) below the statistical limit
(1/yr) hints that a physical limit is reached. This
is supported by the fact that El Nino typically
lasts about 18 months and the fact that at least
a year is required to generate the heat storage
after depletion by the previous event (Neelin
et al, 1998). Observations show that no frequency
greater than 0.4 has been recorded in proxy
El Nino records spanning thousands of years
(Rodbell et al, 1999; Hughen et al, 1999). Since
no obvious physical limit exists on the rates of
change in T (perhaps as high as 10°C/100yr at
the close of the ice age) the appearance of
saturation in El Nino suggests that global T
is the independent variable in this relationship.
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A stronger argument against the interpretation
that El Nino is the independent variable is the
short time required for the atmosphere to shed
excess heat. As a general rule of thumb, atmo-
spheric circulation and mean temperature can
adjust to a new heat source within 14 days. This
means that the effect of a heat source, which has
been removed, does not persist for years. But,
while the frequency of occurrence of El Nino
events from the mid 1980’s to late 1990’s is not
materially higher than that observed during the
mid 1970’s to mid 1980’s, global T is. For the
alternative hypothesis, that a large number of El
Nino events have caused the rise in temperature,
to be valid the heat from the El Nino events dur-
ing the 1970’s would have had to persist through
the 1990’s.

According to the evidence summarized in
Fig. 2, when dT/dt = 0, the frequencies of El Nino
and La Nina are both about 0.25/yr. The graphi-
cal symmetry suggests that, in the absence of
climate change, the nonlinear feedback due to
the coupling between the equatorial Pacific and
tropical atmosphere is approximately equal for
easterly wind anomalies, which can lead to La
Nina, and for westerly wind anomalies, which
can lead to El Nino (Neelin et al, 1998). With
climate change however, the picture can be quite
different. The third, and strongest, argument
comes from a statistical investigation of the
global temperature record itself.

3. Random walk analysis of global
temperatures

According to random walk analysis, a time series
x(t) is mapped onto a walk by calculating the net
displacement, y(#), defined by the running sum

A suitable statistical quantity used to character-
ize the walk is the root mean square fluctuation
about the average displacement,

F(r) = [([Ay(0)) = Ay,

where Ay(f) = y(to+ t) — y(¢p), and the averaging
symbols ({ }) indicate an average over all posi-
tions, 7o, in the walk. When F(f) o 77 it is possible
to distinguish three types of behavior: (1) uncor-
related time series with H=0.5, as expected

from the central limit theorem, (2) time series
exhibiting positive long-range correlations with
H>0.5, and (3) time series exhibiting negative
long range correlations with H <0.5. Markov
processes with local correlations extending up
to some scale also give H=0.5 for sufficiently
large t. It is well-known (Feder, 1988) that the
correlation function C(r) of future increments,
y(t) with past increments, y(—1f) is given by
C(t)=2(2"" " —1).ForH=0.5 we have C(t) =0
as expected, but for H+# 0.5 we have C(7) # 0 in-
dependent of 7. This indicates infinitely long cor-
relations and leads to a scale-invariance (scaling)
associated with positive long-range correlations
for H> 0.5 (i.e., an increasing trend in the past
implies an increasing trend in the future) and
with negative long-range correlations for H < 0.5
(i.e., an increasing trend in the past implies a
decreasing trend in the future). Note however
that positive long-range correlations do not imply
persistence as usually used in climatology, which
is defined as the continuance of a specific pattern
over time. Scale invariance is a law that incorpo-
rates variability and transitions at all scales in the
range over which it holds and is often a result of
nonlinear dynamics. Of course, H is related to the
spectra of the original time series x(7) via a rela-
tionship of the form P(f) o< f 20+ where P())
is the power spectrum of frequency, f. Thus both
P(f) and F(¢) contain, in principle, the same in-
formation about the exponent H. However, F() is
superior for estimating H, because the definition
of F(¢) involves averages over all positions, #y, of
the walk. F(¢) is a smoother function than P(f).
P(f) fluctuates significantly, and as a result scal-
ing regions are often masked. Because of that the
estimation of slopes in logP(f) plots is not
straightforward (Viswanathan et al, 1996). Note
that long-term trends in x(¢) should be removed
as they may correspond to processes at time
scales longer than the length of the data. In these
cases, the inclusion of a long-term trend will
make the results trivial. Moreover, the effect of
climate on ENSO at such long time scales was
ascertained in the previous section (without sub-
tracting out long-term trends), and the same gen-
eral results were obtained as will be obtained
next, that increases (reductions) in 7' induce more
frequent El Nino (La Nina) occurrence. Thus the
data of the previous section is complementary to
the random walk analysis, in that the correlation
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between dT/dt and El Nino frequency is demon-
strated over different time scales and by different
methods.

The actual definition of scaling demands that
scaling extends to infinity (space or time). While
this is possible in a mathematical sense, it is im-
practical in physical experiments or systems of
any kind. Physical systems, like the climate, have
finite size, and are characterized by processes
that operate at different space/time scales
(Tsonis, 1998). If these processes are scale invari-
ant, the associated scaling must be limited. In
such a framework, certain processes may pro-
mote a trend. This tendency can take the system
away from its equilibrium state. Thus, it is rea-
sonable to assume that if the system remains near
equilibrium, processes must be operating at other
time scales in order to avoid a runaway effect.
Under this scenario we should be able to discover
characteristic space or time scales associated
with these mechanisms. Such characteristic scales
provide useful insights about the system, which
may enhance its predictability. The mapping of a
time series to a random walk and the subsequent
analysis provide an elegant way to search for
characteristic time scales in data, as demonstrat-
ed next for global temperatures.

Figure 5a shows the actual monthly tempera-
ture anomaly record (also from Folland et al,
1990), and 5b the detrended anomaly record,
x(). The trend is removed using singular spec-
trum analysis (SSA) (Elsner and Tsonis, 1996;
Tsonis et al, 1998). Figure 5c shows the net dis-
placement, y(7), as a function of time. Figure 6
(circles) is a log-log plot of F(¢) vs. t for
0<logr<2.4 (1 month<¢<20 years). As t
approaches the sample size, the estimation of
F(t) involves fewer and fewer points. Thus,
extending this type of analysis to longer time
scales is not recommended (for more details
see Tsonis et al, 1998).

The logF(¢) function appears to exhibit two
distinct linear regions separated by a small tran-
sition region: one in the interval 0 <logt <1.25
(1 <t< 18 months) and another in the interval
1.35<logr<1.95 (22 months <t <7.4 years).
The linear fits over these two regions result in
slopes H;=0.65 and H,=0.4. The correlation
coefficient of the linear regression is in both
cases greater than 0.99. The null hypothesis
Hy:H, =0.5 against the alternatives H,:H; > 0.5
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Fig. 5a. The IPCC monthly global temperature anomaly
record (Folland et al, 1990); b The detrended monthly glob-
al temperature anomaly record, x(7); ¢ The net displace-
ment, y(¢) of the random walk based on the data in 4b

and the null hypothesis Hy:H, =0.5 against the
alternative, H,:H, < 0.5 are both rejected at a sig-
nificance level of 0.01. In order to show that the
above result is not an artifact of the sample size,
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Fig. 6. The log—log plot of F(f) vs. t. The circles corre-
spond to the temperature data and the squares to a surrogate
Markov process of the same length and lag one autocorre-
lation. The temperature data exhibit double scaling, where-
as the stochastic data exhibit one scaling region as expected
from theory

we produce a Markov process with the same
length and lag one autocorrelation as the temper-
ature data and repeat the analysis. Now (squares
in Fig. 6) the double scaling disappears, and we
recover the expected slope of 0.5. The two linear
regions in the log(F) function for the temperature
data intersect at about logr= 1.3 which corre-
sponds to 7=~ 20 months. Thus this analysis indi-
cates that the data in Fig. 6 are consistent with a
power law with H; =0.65 for ¢ < 20 months and
with a power law with H,=0.4 for r>20
months. Alternatively stated, processes of time
scales less than 20 months sustain a tendency
toward an initial trend (whether positive or nega-
tive) and processes of time scales greater than
20 months tend to reverse the past trend. This
change in scaling defines an important character-
istic time scale in global climate.

The spectra of global temperature data (Fig. 7)
contain significant power at frequencies corre-
sponding to the ENSO cycle (time scales 3—7
years). This result is usually (and correctly) inter-
preted to imply that ENSO affects global tem-
peratures. While 3-7 years covers most of the
scaling range corresponding to negative correla-
tions, the interpretation of the result is complex.
As a response to, e.g., arise in 7, El Nino is made
more likely. El Nino causes a further increase in
T for the next 16 months or so, or as long as the
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Fig. 7. The power spectrum of the IPCC temperature rec-
ord. The peaks and the corresponding periodicities are in
very good agreement with other approaches such as the
multi-taper approach (see Ghil and Vautard, 1991)

western Pacific energy source has not been
exhausted. Subsequently global temperatures
cool off. Repetition of an El Nino at, say, 4 years,
contributes to an oscillatory wave form of the
global T record with a period of 4 years, contri-
buting strongly to P(f) at 1/4/yr. Beyond this,
however, increases in T which persist for longer
times trigger more frequent El Ninos throughout
the period.

An important point in understanding a random
walk analysis of the global temperatures involves
some basic aspects of El Nino physics. The
western equatorial and off-equatorial Pacific, in
contrast to the east, act as a large thermal reser-
voir (Neelin et al, 1998); in this region of the
Pacific SST’s are not in equilibrium with the wind
stress, as they are in the eastern equatorial Pacific
(Schneider et al, 1995). An El Nino event de-
pletes this storage of heat, largely by spreading
the heat over a much broader region of the sea
surface, while simultaneously reducing the typi-
cal vertical thickness of the warm upper layer. As
El Nino matures, the depth to the thermocline
diminishes while latent heat is transferred to
the atmosphere. After typically about 16 months,
when the heat energy is depleted, the El Nino
begins to collapse. Thus, any event, which trig-
gers an El Nino tends to raise atmospheric tem-
peratures for up to 16—18 months. Subsequently,
however, the heat storage in the western Pacific is
reduced, and it takes generally on the order of
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two years to replenish, meaning that atmospheric
temperatures are then typically reduced. In this
light, the above result that atmospheric tempera-
ture fluctuations tend to be accentuated over time
scales of up to 18 months, while they tend to be
self-correcting on time scales of 2—7 years, has
only one possible interpretation. For short peri-
ods of time, increases in atmospheric tempera-
tures trigger El Ninos. The development of an
El Nino further increases atmospheric tem-
peratures. After El Nino has run its course, the
reduction in stored heat in the equatorial and off-
equatorial Pacific leads to a reduction in atmo-
spheric temperatures, and the heat reservoir in the
tropical oceans is utilized by the ocean-atmo-
sphere system for self-correction. An analogous
argument holds for La Nina.

The mathematical interpretation of the random-
walk results indicates a role for the ENSO
cycle in balancing global temperature. Finally
note that according to the formulation of the
random walk analysis the above result does not
depend on the actual temperature but on the tem-
perature changes. This is consistent with our re-
sults and arguments presented in Sect. 2. Support
for these suggestions is provided in Fig. 8, which
shows the Southern Oscillation Index for the last
100 + years, and a three-year running average of
global temperatures. A quick look demonstrates
that in the past century three distinct periods of
El Nino activity exist (see also Trenberth and
Hoar, 1997). The first 25 years have d7/dt >0,
elevated El Nino occurrence, and suppressed La
Nina activity. The next 50 years have dT/dt~0,
and more or less equal La Nina and El Nino
activity. The final years mark a return to the con-
ditions of the early 20th century with very high
El Nino activity. Correlations between El Nino
and dT/dt are also visible on shorter time scales.
The random walk analysis, suggests that the role
of ENSO is to moderate changes in global tem-
perature, 7. Thus, when T rises, the likelihood of
triggering an El Nino is increased and the rise
in T is either reversed or reduced. Precisely the
opposite holds for La Nina. The tendency for
ENSO to moderate climate change can be seen
in 43 of the 65 events in the last 120 years.
If yearly temperature values are substituted for
the three-year average, 58 of the 63 events are
consistent with the role of ENSO as a short-term
moderator of climate change.
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Fig. 8. Comparison of yearly SOI values with global tem-
perature (Folland et al, 1990). The SOI is given by the
vertical triangles. Note that in the SOI data (taken from
NOAA’s web pages) the signs have been reversed so that
positive values indicate El Nino events and negative values
La Nina events. The curve is a three-year running average
of global temperatures. Upward pointing arrows signify La
Nina, downward arrows, El Nino. Blue implies that the
curvature of the global temperature at that event is appro-
priate considering the role of El Nino to try to reverse in-
creases in 7, La Nina to reverse reductions in 7. Green
implies the same, but for cases where it is only visible when
the yearly T is plotted, rather than the multi-year average
shown here. Red implies that the events do not have the
expected moderation of global 7 fluctuations. The tendency
for ENSO to moderate climate change can be seen in 43 of
the 65 events in the last 120 years. If yearly temperature
values are substituted for the three-year average, 58 of the
63 events are consistent with the role of ENSO as a short-
term moderator of climate change. The two bold magenta
vertical lines separate regimes of different d7/dr with
significant changes in El Nino and La Nina occurrence
frequencies

Our hypothesis is also consistent with recent
studies that have suggested El Nino as a mech-
anism for the tropics to shed excess heat (Sun
and Trenberth, 1998; UCAR Quarterly, 1997).
According to this study, the continuous pouring
of heat into the tropics cannot be sufficiently re-
moved by weather systems and ocean currents.
By considering global oceanic and atmospheric
heat budgets during the 1986—1987 El Nino, they
suggested that El Nino acts as a release valve for
the tropical heat. This has also been confirmed
from studies of other events (Sun, 2000; Sun,
2001, personal communication). In addition to
these results, we cite the work of (1) Tsonis
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and Elsner (1997) where, using methods from
the theory of nonlinear dynamical systems, it
was shown that global temperature trends and
ENSO predictability are coherent over the
Nyquist frequency band from 0.0 to 0.24 cycles/
year. These results established a connection
between global temperature and ENSO with in-
creasing temperatures resulting in lower ENSO
predictability. (2) Timmermann et al (1999b)
where it is shown that the frequency of El Nino
in a coupled ocean-atmosphere model was in-
creased in a simulated global warming scenario.
(3) Trenberth et al (2002) showed that the
contribution of El Nino to the magnitude of
the recent global warming is only 0.06°C,
which is less than 10% of the overall warming.
This does not support the school of thought
that it is El Nino that affects global temperature
trends.

4. How do all these relate to key aspects
of recent ENSO theories?

We will now discuss how our theory fits with
the underlying physical mechanisms of El Nino
triggering and development, predictability, and
variability.

4.1 Triggering

As noted in the introduction, it is widely accept-
ed that the trigger of El Nino is a combination
of anomalous westerly wind bursts (Wyrtki,
1975; McPhaden, 1999; Yu and Rienecker,
1998), equatorial Pacific SST gradient, and a suf-
ficient heat energy, which through the positive
feedback of convection spreads around the sur-
face of the entire equatorial Pacific (Neelin et al,
1998). Is this consistent with our hypothesis? We
argue that it is because of the following: (1) An
increase in global temperatures leads to rapid
(and greater) heat storage in the tropical Pacific.
This is supported by recent analyses which show
that during the 20th century (a time of general
global warming) the western equatorial Pacific
warmed by 0.2°C, while the eastern Pacific
warmed by a smaller amount (Latif et al, 1997;
Cane et al, 1997). Thus both the mean SST and
the east—west gradient have increased. (2) In-
creased heat storage leads to stronger trade
winds. This is also supported by data analyses

(Latif et al, 1997; Shriver and O’Brien, 1995),
which indicate that simultaneous with global
temperature increases are increases in trade wind
strength. (3) The accompanying increase in trade
wind strength induces an increase in trade wind
fluctuations. This follows from scaling argu-
ments for turbulent flow in boundary layers,
(Kolmogorov, 1941) and it is consistent with
thermodynamic arguments: more energy into a
system implies greater fluctuations (in fact for
this to be not true the system must have negative
temperatures). As such, the proposed hierarchy
of influences in our hypothesis is consistent with
the underlying physical mechanisms of El Nino
development as inferred from the historical data.
Note that from the arguments of Hunt (1999a), it
appears that increased trade wind fluctuation
would trigger both more El Nino and more La
Nina events in contrast to what is observed (more
El Nino events and fewer La Nina events). His
argument, based on dynamics without consider-
ation of the thermodynamics of global tem-
perature fluctuations, misses the tendency for
increasing global temperatures to suppress La
Nina initiation. A qualitative argument to explain
the suppression of La Nina events during rising
temperatures can be constructed in line with the
previous paragraph. With rapid storage of energy,
the thermal and physical inertia of the regions of
heat storage in the western Pacific should in-
crease more rapidly, with the tendency for en-
hanced sea surface elevation gradients. Large
sea surface elevation gradients suppress the trig-
ger of La Nina, even when typical trade winds
are strong and fluctuations are large. Finally, the
fact that La Nina often follows El Nino is con-
sistent with the evidence that El Nino depletes
the oceanic heat storage and often triggers a
subsequent drop in global atmospheric tem-
peratures. By symmetry, El Nino often follows
La Nina.

4.2 Predictability

An aggregate of forcing of El Nino through trade
wind stress, spatial SST patterns and equatorial
upwelling is responsible for the typical boreal
spring onset of ElI Nino as suggested by
Tziperman et al (1998). Looking at just one of
the components of this aggregate, namely trade
wind stress, we see that the Northern Hemisphere
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trades are strongest in the boreal winter, when the
Southern Hemisphere trades are weakest. Thus
the power spectrum of zonally averaged trade
wind forcing must have a contribution at a period
of twelve months, and both the spring and fall are
times of weaker trades. Due to asymmetries in
the Pacific Ocean basin, the Northern Hemi-
sphere spring is the time of greatest reduction
in trade wind forcing, as well as of greatest re-
duction in cold water advection into the central
Pacific, but since averaging effectively involves
both Hemispheres, Fourier components at one
year must be fairly small. This has been con-
firmed by Lagos et al (1987) who showed that
the amplitude of the annual cycle harmonic of
zonal wind in the central and western equatorial
Pacific is indeed very small. Thus it is possible
that rapid changes in global 7, since they occur in
both Hemispheres by definition, can produce
changes in trade wind forcing at periods of six
months or a year which are on the same order of
magnitude as those which are most effective in
triggering El Nino. Analogous arguments can be
constructed for the influences of upwelling and
SST’s.

Consider a scenario with a moderate increase
in global 7, but which produces smaller changes
in trade wind forcing than the seasonal cycle.
Then the occurrence of El Nino should be en-
hanced, but the seasonality of the onset left un-
affected. If, on the other hand, the increase of
global T is very rapid, it should be possible to
produce six-month variations in trade wind
strength, which are larger than the harmonics
arising from the seasonal variability. In such a
case, the seasonality (referred to as seasonal
locking) of the initiation of El Nino could be
destroyed. Balmaseda et al (1995) conclude, in
fact, that in the period 1976—1989 the seasonal
locking of El Nino was missing, in contrast to
both the decade before 1976 and the period since
1990 (see also Mitchell and Wallace, 1996).
Comparison with global temperature data shows
that this period had perhaps the most rapid rise
of temperature on the record, while the rise in T
since the late 1980’s has moderated. Interesting-
ly enough, such a reduction in the role of the
spring barrier to prediction actually enhanced
the predictability of El Nino, since the spring
barrier is the most difficult to overcome. Thus
the TOGA decade may have been unusually im-

pacted by the exceptionally rapid rise of global
temperatures occurring during that period, and
the modeling community may have been some-
what misled. The return to increased role of
seasonal locking in the 1990’s has contributed
to degradation in predictive skill in most of the
models (Latif et al, 1998; Chen et al, 1995;
1998).

4.3 Variability

Here we wish to discuss an issue that we think is
of importance in the growing debate of El Nino/
La Nina variability. In the ENSO community
there seems to exist two distinct opinions. On
one side there are those who believe that ENSO
has its own internal complex nonlinear dynamics
and that external influences are not crucial (in
addition to earlier cited references, Gu and
Philander (1997), Jin et al (1994), Tziperman
et al, 1994; 1997; Neelin and Latif, 1998, should
be mentioned). On the other side there are those
who argue for a stochastic scenario where exter-
nal forcing, such as trade wind fluctuations, are
more important (Penland and Matrosova, 1994,
for example). In this ““internal /nonlinear vs. ex-
ternal influence/stochastic” controversy (and we
do not mean to imply there is no middle ground),
our results would seem to favor the latter. Yet, a
closer examination of the present results suggests
that the two opinions converge. Our approach
certainly implies the relevance of T as a forcing
function, but it does not require that 7 be
regarded as a stochastic input to an, otherwise,
independent ENSO system (although it may be
convenient to regard it as so).

In the earth’s climate system, which is spatial-
ly extended, it is reasonable to expect that sub-
systems exist at various space/time scales. Each
of these subsystems describes a phenomenon at
those space/time scales and exhibits its own dy-
namics. These subsystems are interconnected and
thus exchange information (Tsonis and Elsner,
1989; Lorenz, 1991; Tsonis, 1996; Tsonis and
Elsner, 1998). As an example we offer the inter-
action between convection and mid-latitude cy-
clones. The equations that describe the formation
of a cumulonimbus cloud form a subsystem oper-
ating at certain space/time scales. The equations
that describe the formation of mid-latitude cy-
clones also form a subsystem operating at longer
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space/time scales. In physical terms, the synop-
tic arrangement determines the potential temper-
ature field and the moisture convergence, which
in turn affect cumulonimbus formation. The po-
tential temperature field and moisture conver-
gence are part of the information provided by
the larger subsystem to the smaller subsystem.
Similarly, the latent heat release in cumulonim-
bus development, which can affect cyclogenesis,
is information provided by the smaller subsystem
to the larger subsystem. The amount of informa-
tion exchanged by a subsystem and the rest of the
system is determined by the degree of connectiv-
ity. The degree of connectivity determines the
degree of ‘“‘communication” of a given system
to the rest of the systems. If the degree of con-
nectivity is small one can assume that the sub-
system is independent and simply obeys its
own dynamics. On the other hand if the amount
of information provided to the subsystem
from the system is significant, then the external
influences affect the dynamics of the subsystem,
and the system can appear stochastic. In fact,
Tsonis and Elsner (1997) have presented evi-
dence on how the predictability of the ENSO
subsystem may be affected by the global tem-
perature signal.

In the above mathematical framework the two
views about ENSO converge. When the global
temperature is constant, or nearly so, El Nino
behaves as an independent system but when
global temperature changes rapidly, it reacts ac-
cordingly. This is suggested by the data. In the
case of relatively static temperatures, El Nino
appears to be well-described by a deterministic,
nearly linear model; the regularity of occurrence
between 1941 and 1970 could have allowed
predictability almost without understanding of
the dynamics, e.g., 1940-42, 1946, 1952, 1958,
1965, 1969. Subsequently the situation changed
as El Nino appears to behave more ‘“‘randomly”.
Therefore, the complexity of El Nino, both in
terms of its yearly variability and its seasonality,
is enhanced by periods of rapid temperature rise,
consistent with the proposed influence of rising T
on the frequency of El Nino occurrence. From
the above view, it could thus be suggested that
the physical reasoning behind the dependence of
this frequency on dT/dt rather than 7, is the tran-
sient response of the ENSO system to external
fluctuations of T.

5. Conclusions

We have presented mathematical and physical
evidence that support the hypothesis that the oc-
currence and variability of El Nino are sensitive
to changes in global temperatures, but not to the
actual value of the global temperature. More spe-
cifically, our theory suggests that El Nino is ac-
tivated to reverse positive global temperature
trends, and La Nina to reverse negative trends.
This makes global temperature change (which
can be a result of natural variability and/or of
increased greenhouse gases) an important input
into the variability of El Nino. Thus, predictions
of global temperature trends are of paramount
importance to the forecasts of weather patterns
during the 21st century.
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