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Climate records from over much of the world show variability on both Mi-
lankovitch and millennial timescales. However, mechanisms in the climate
system that have a global scale are lacking. In this two-part paper, we turn
attention to a part of the system that is known from the modern climate
record to be capable of organizing global scale climate events: the tropics.
In the first part, we isolate this system using a coupled ocean-atmosphere
model of the tropical Pacific. The model results demonstrate a tropical mech-
anism which can amplify Milankovitch forcing and generate a mean climate
response. The model is also run for 150,000 years with no forcing. The
results raise the possibility that millennial timescale variability can be gen-
erated within the tropics through non-linear interactions. In that case, power
is to be expected over a range of frequencies, rather than in any particular
narrow band. The second part of our study, presented in the following paper,
will discuss the potential impact on the global climate of these mechanisms
of tropical climate variability.

1. INTRODUCTION upwelling, and a deepening of the thermocline in the
eastern equatorial Pacific, all of which further weaken
the SST gradient [Bjerknes, 1969; Cane, 1986]. In the
cold phase, the feedbacks push the system in the oppo-
site direction. An increased equatorial SST gradient is
enhanced by stronger trades, more equatorial upwelling,
and a steeper thermocline tilt. These interactions are
not restricted to the 2-7 year timescale. The modern
climate record indicates that ENSO may have variabil-
ity on decadal timescales [ Trenberth and Hurrell, 1994].
1Now at LODYC, Université de Paris 6, Paris, France. Whether this variability is internal to the tropics [i.e.,
Zebiak and Cane, 1991], or is the result of extra-tropical

forcing of ENSO [i.e., Kleeman et al.,, 1999], the same

positive feedbacks will operate on this longer timescale.

Mechanisms of Global Climate Change at Millennial Time Scales In addition to the potential for natural, perhaps inter-
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The El Nino/Southern Oscillation (ENSO) is perhaps
the most well-studied modern climate phenomenon. The
observational record indicates that ENSO tends to have
most power at 2-7 year periods. At the heart of ENSO
is a positive feedback between the ocean and atmo- -
sphere. A reduced equatorial sea surface temperature
(SST) gradient, as in the warm phase of ENSO, leads
to a slackening of the trade winds, reduced equatorial

363




364

role in the response of the climate to an external forc-
ing [Clement et al., [1996]; Dijkstra and Neelin, 1995;
Cane et al., 1997]. There is also the possibility that
the ENSO behavior will be altered by such a forcing.
Whether ENSO has changed in response to greenhouse
forcing is currently an issue of debate in the climate com-
munity [Trenberth and Hoar, 1996; Rajagopalan et al.,
1997; Latif et al., 1997, Goddard and Graham, 1997].
Modeling studies have shown that the temporal charac-
teristics of ENSO may be altered by greenhouse forcing
[Zebiak and Cane, 1991; Clement et al., 1996; Timmer-
mann et ol., 1998].

Separating natural and forced variability embedded
in the tropical Pacific in the modern climate record is
difficult because the same coupled physics can be instru-
mental in: the response to a forcing and in generating
natural low-frequency variability. The result is a spatial
pattern of tropical Pacific SST variability in the 20th
century that can look remarkably similar over a range
* of timescales [IPCC, 1995; Zhang et al., 1997; Latif et
al., 1997]. TIs this low-frequency variability of ENSO
or a change in the mean state? Is it forced or natural?
The simplest answer is that the tropical Pacific climatol-
ogy must be thought of as the result of similar physics,
whether forced or arising from internal instabilities, op-
erating on a variety of timescales that interact with each
other, and cannot be separated.

In this paper, we extend the study of ENSO-like vari-
ability to Milankovitch and millennial timescales. The
approach we take is to isolate the tropical Pacific using
a simple coupled ocean-atmosphere model. The focus of
this work is on determining to what extent the tropical
Pacific climate can change on its own with no influence
from higher latitudes. We will explore the mechanisms
of climate change on these timescales and make some
tentative statements about what kind of temporal vari-
ability to expect from this system alone.

2. MODELLING EXPERIMENTS

We perform experiments with the Zebiak-Cane ENSO
model [Zebiak and Cane, 1987]. Thisis a coupled model
of the tropical Pacific which computes anomalies in the
circulation and SST about a mean climatology that is
specified from observations. The model domainis 124°E
to 80°W and 29°N to 29°S. The dynamics in the atmo-
sphere and ocean are described by linear shallow water
equations on an equatorial beta-plane. In the ocean, an
additional shallow frictional layer of constant depth (50
m) is included to account for the intensification of wind
driven currents near the surface. An atmospheric heat-
ing anomaly is computed from the SST anomaly, and the
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specified background wind divergence field. Wind field
anomalies are computed from this heating, and are used
to drive the ocean model. The anomalous ocean circu-
lation and thermocline depth are used to compute a new
SST anomaly. The subsurface temperature anomaly is
a non-linear function of the thermocline depth anomaly.
This coupled model produces self-sustained interannual
oscillations and contains the main physics thought to be
relevant for ENSO.

The model is run for the past 150,000 years and forced
with variations in solar radiation due to changes in ec-
centricity, obliquity, and precession of the equinoxes
[Berger, 1978]. The Milankovitch solar forcing is im-
plemented as an anomalous heat flux into the ocean
surface. The solar radiation anomaly relative to today
is computed as a’function of time in the past (Kyr),
season (7), and latitude (¢), and converted to a surface
heat flux by: '

F!(Kyr,7,0) = Qs(Ty +0.00196,) — Fo(0,7,0) (1)

where T, = 0.7 which is the transmissivity of the atmo-
sphere meant to represent the bulk effect of absorbtion
and reflection of solar radiation by all atmosphere con-
stituents, @, is the derived solar radiation at the top
of the atmosphere, 8, is the solar zenith angle [Berger,
1978], and Fy(0, 7, 0) is the modern distribution of sur-
face solar radiation similarly computed. In addition, a
150,000 year control run is performed where there is no
external forcing.

2.1. Milankovitch Forcing

Figure 1a shows 500 year averages of the NINO3 in-
dex (the SST anomaly averaged over 150°, 90°W and
5°S, 5°N) for the model experiment with Milankovitch
forcing. NINO3 is generally taken to be an index of
ENSO. The mean NINO3 value for the control run is
about 0.4K [Zebiak and Cane, 1987], and is subtracted
from the NINO3 index of the forced run. This 500 year
average index has a large precessional peak (about 21
kyr) as well as significant power at about 11 kyr. The
11 kyr cycle will be discussed elsewhere. The obliquity
cycle (41 kyr) is not present. Warm periods generally
occur when perihelion (anomalous heating) occurs be-
tween December and June, and cold periods occur when
perihelion occurs between July and November. The spa-
tial pattern that arises on the precessional timescale is
shown in Figure 2. This is the first empirical orthogonal
function (EOF) which describes 75% of the variance of
the lowpass filtered (> 20 kyr periods) SST field. The
pattern looks much like ENSO with the largest signal
occuring in the eastern equatorial Pacific.
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Figure 1. (a) 500 year average NINO3 (degrees Celsius) index from Zebiak-Cane model forced with
Milankovitch solar forcing, (b) number of warm events defined as in text for 500 year non-overlapping
periods, (c) number of cold events (d) mean amplitude of warm (solid) and cold (dashed) events. The
bold line shows the mean values for each of these statistics for the control run with 95% confidence limits

plotted (dotted).

What causes this annual mean response to a forcing defined here to occur when the annual mean value of

that has approximately zero annual mean? Figures 1b
and lc show the number of warm and cold events in
non-overlapping 500 year windows. A warm event is

NINOS3 exceeds 1 K, and a cold event when the index
is less than -1 K. The mean amplitude of events is also
shown (Figure 1d). Generally, warm periods occur when
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Figure 2. The first EOF (75% of the variance) of SST data
with a lowpass filter applied (> 20 kyr) for the Milankovitch
forcing run.

there are more frequent and larger warm events while
cold periods occur when the cold event frequency and
amplitude are larger.

A look at the time series shows more clearly how the
character of the events changes. Figure 3 shows 100
year segments from the control run NINO3 time series,
from typical warm periods (i.e. 135 kyr), and typical
cold periods (i.e. 75 kyr). In the control run, the peak
frequency occurs at about 4 years. During the warm
periods, events are larger and more regular, and the
peak frequency shifts to approximately 3 years. During
the cold periods, cold events tend to be more frequent
but there is a less well defined peak frequency, and the
interannual variability is effectively spread out over a
range of frequencies.

While the time evolution of the events change, the
spatial structure remains essentially the same. The
first EOF of the annual mean SST, thermocline, and
wind field during the warm and cold periods are essen-
tially the same as those for the control run (Figure 4).
These patterns are described by Zebiak and Cane [1991]
as the mature ENSO signal. Thus, the orbitally in-
duced changes in the interannual variability result from
a change in the time evolution of the events, while the
basic coupled dynamics are unaltered. The persistence
of the fundamental dynamics explains why the spatial
pattern of SST change on a 21 kyr timescale looks sim-
ilar to ENSO (Figure 2).

The reason for the change in the ENSO variability is
discussed in Clement et al. [1999] in detail. In brief,
it is the result of a seasonal cycle in the response of
the system to the forcing. Consider a uniform heating
of the tropical Pacific, which approximates the preces-
sional forcing. When a uniform heating is applied, it
will initially generate a warm SST anomaly which will
affect the atmosphere differently in different seasons.
For example, in spring, the I'TCZ is near the equator
and the wind field is convergent all across the equator.
Thus, the uniform SST anomaly will generate a more
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or less zonally symmetric response in atmospheric heat-
ing. However, in late summer/early fall, the eastern
Pacific ITCZ moves north, and the wind field becomes
divergent in the east, while still convergent in the west.
Thus, the warming of the tropical ocean yields a larger
heating of the atmosphere in the western Pacific where
the mean (background) wind field is already convergent,
than in the eastern Pacific, where the strong mean di-
vergence suppresses the development of deep convection.
The zonal asymmetry in atmospheric heating anomaly
drives easterly wind anomalies at the equator. The cou-
pled system amplifies this perturbation on an interan-
nual timescale via the same unstable interactions that
give rise to ENSO, and the result is a cooler east Pa-
cific, or more La Nifia-like conditions. A uniform cool-
ing yields the opposite response: little response to the
forcing in spring, while in the late summer/early fall the
result is westerlies on the equator which can develop into
a more El Nifio-like response. Thus, the mean change
in ENSO is dictated primarily by the forcing in the late
summer with warming in the summer giving a La Nifia-
like response and cooling in the summer giving an El
Nifio-like response.

2.2. Low Frequency Variability in the Control run

The 150,000 year control run is analyzed to assess
the low frequency variability of this system with no
external forcing. Figure 5 shows the spectrum of the
annual mean NINOS3 index computed using a multi-
taper method with non-overlapping windows of length
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Figure 3. NINO3 time series segments from (a) control run
(b) warm period of the forced model run and (c) cold period
from the forced model run.
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Figure 4. Leading EOF of (a) SST (85% of the variance)
(b) thermocline (55% of the variance) and (c) wind field
vectors (80% of the variance) for annual mean values from
the control run.

214 years [Mann and Lees, 1996 and references therein).
This system has a known peak at 4 years [Zebiak and
Cane, 1987]. The power drops off significantly towards
longer periods reaching a minimum around 40 years. In
the range of 40 to 400 year periods, the power ramps
up, and then levels off at periods longer than 400 years.
These properties of the spectrum are independent of
the spectral estimation technique. The power around
4 years is ENSO, and there is a vast literature on the
theory for this phenomenon [Neelin, 1998]. At lower fre-
quencies, however, there is no theory. How do we assess
the significance of the power at these frequencies?

The general approach in interpreting the spectra of
climate records is to look for frequency bands in which
the power rises above the level of a random process.
Typically, the process used to define this level is an
autoregressive model of order 1 (AR(1)) [Crowley and
North, 1991]. This AR (1) model represents a linear
system in which high-frequency variability is smoothed,
and power at low-frequencies is emphasized. Hasselman
[1976] described this process as integration of “weather”
by the climate system. If peaks in a spectrum are
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above the level of the AR(1) process, they are taken
to be significant at some confidence level, and can,
in principle, be attributed to some deterministic pro-
cess. An AR(1) process, however, is not the appro-
priate one against which to compare the variability in
the Zebiak-Cane model. This model has a peak at a pe-
riod of 4 years where most of the variance concentrated,
while the AR(1) process will not allow any narrow band
peaks. The next order model that is appropriate is an
AR(2) process, which describes a linear, damped os-
cillator that is driven by white noise. Coeflicients of
the AR(2) are found which provide the best fit with the
NINO3 index, and a 150,000 year time series is gener-
ated with white noise forcing. Comparing the spectra
of the Zebiak-Cane model and the AR(2) process then
is a test of whether the power at millennial timescales
in the Zebiak-Cane model is significantly different than
what would arise from random fluctuations of a linear
process. )

Thé spectrum of the NINO3 index and that of the
AR(2) process with 95% confidence limits are shown
in Figure 6. At periods longer than about 100 years,
the Zebiak-Cane model has power that is distinguishable
from random noise in the linear model at the 95% confi-
dence level. We'suggest that power at these frequencies
is due to non-linearity in the Zebiak-Cane model.

Lorenz [1991] pointed out that power in non-linear
systems can occur at unexpected low-frequencies. He
writes that “..in chaotic dynamical systems in general,
very-long-period fluctuations, much longer than any ob-
vious time constants appearing in the governing laws,

107
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Figure 5. Multi-taper spectrum of NINO3 index from un-
forced Zebiak Cane model.
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Figure 6. Multi-taper spectrum of NINO3 index from un-
forced Zebiak Cane model with 95% confidence limits (dot-
ted lines around bold solid line) and multi-taper spectrum of
a linear damped oscillator driven by white noise with 95%
confidence limits (dotted lines around light solid line), and
theoretical spectrum for an AR(2)- solid line.

are capable of developing without the help of any vari-
able external influences.” The spectrum of NINO3 can
be interpreted in this context. The Zebiak-Cane model
is chaotic in some regions of parameter space [Zebiak
and Cane, 1987; Tziperman et al, 1994; 1997]. The
dynamics in both the atmosphere and ocean are linear
and damped on a timescale of days to years [Zebiak
and Cane, 1987]. The non-linearity arises in the cou-
pling between the atmosphere and ocean, and thus it is
the coupling that can potentially generate power at low
frequencies through a non-linear cascade. It should be
noted that there is no reason to expect spectral peaks
from this process, yet the estimate of the spectrum of
both the NINO3 index and the linear model show peaks
(Figure 6). For the linear model, we know that any peak
away from 4 years is purely random chance. A different
realization of this processes would generate peaks at dif-
ferent frequencies. As for the spectrum.on NINO3, if we
accept that the power at low frequencies is due to this
non-linear cascade, we would also conclude that, while
there is significant power at low frequencies, it is over a
broad band and thus the peaks there are also random.
Can we learn anything from the spatial pattern of
the variability at these low frequencies? We apply a
lowpass filter (> 1000 years) to the monthly fields in
SST, thermocline depth and zonal and meridional wind
fields, and compute the EOFs of each field. The lead-
ing EOFs (Figure 7) explain approximately 90% of the
variance in each field, and the principal components are
almost exactly in phase. A decreased equatorial SST
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gradient is accompanied by a less sloped thermocline
and westerly wind anomalies on the equator. We ex-
pect these patterns to be dynamically consistent on this
longer timescale because the adjustment time is on the
order of months. This pattern is somewhat different
from the leading ENSO EOFs of these three fields (Fig-
ure 4). In particular, there is a signal in the west Pacific
that is not present on an interannual timescale, and the
thermocline signal in the east Pacific is much smaller on
the long timescale than the interannual timescale.

This spatial pattern is not particular to this frequency
band. In fact, if we perform the same analysis on any
frequency band lower than 1/50 years™!, the leading
EOF is the same for each of the fields. This result
is consistent with the interpretation that the power at
these frequencies is due to chaos. Chaotic interactions
can produce self-similar behavior which gives identical
patterns at different scales [ Turcotte, 1993]. The slope of
the logarithm of the power over the logarithm of the fre-
quency is often taken as a diagnostic for the behavior of
the system. It is not clear where in the spectrum to cal-
culate the slope (there is no obvious cut-off frequency
here), but the limits are -0.8 for the reddest part of
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Figure 7. Leading EOF of (a) SST (K) (b) thermocline (m)
and (c) wind field vectors for low pass (> 1000 yrs) unforced
run.




the spectrum (1/40 - 1/400 years™!), and -0.5 over the
entire low frequency part of the spectrum (frequencies
lower than 1/40 years™1).

3. DISCUSSION

The model experiments demonstrate a mechanism by
which the tropical climate can amplify Milankovitch
forcing on its own. The mechanism is ENSO. The ef-
fect of changes in the Earth’s orbital parameters in the
tropics is to alter the seasonal cycle of solar radiation.
ENSO 1is thought to be the result of interactions be-
tween the seasonal and interannual timescales [Zebiak
and Cane, 1987; Munnich et al., 1991; Tziperman et
al., 1994; 1997; Jin et al., 1994; Chang et al., 1995],
and is known to be phase locked to the seasonal cycle
[Rasmusson and Carpenter, 1982]. Thus, as the sea-
sonal cycle in solar radiation changes, ENSO musi be
affected. The details of the response may be particular
to the model, but the mechanism is not.

The results can be considered a demonstration of the
idea put forth by Palmer [1993] that climate change in a
system with strong attractors will manifest as a change
in the probability that the system will reside in a par-
ticular regime without changing the character of the at-
tractors. The primary mode of variability in the tropi-
cal climate is ENSO. The spatial structure of this mode
of variability is unaltered by the solar forcing. Rather,
the Milankovitch forcing changes the temporal evolution
which results in a mean tropical climate change due to
a change in the statistics of events. Again, while we
can not be sure of the details, the model results pre-
sented here outline a mechanism of low frequency cli-
mate change that fits into Palmer’s framework.

The model results for the unforced case raise some
general issues about the interpretation of millennial
scale variability in the climate record. If the real ENSO
system is truly chaotic, we can expect theré to be power
in the climate system at low frequencies from purely

tropical processes. Furthermore, this only involves near

surface coupled interactions, and the deep ocean is not
necessary for generating power at these timescales. The
actual numerical results raise some particular issues.
The estimate of the spectrum for both the Zebiak-Cane
model and for the linear damped oscillator show peaks
at low frequencies. These peaks are interpreted here
to be purely random. On the basis of theory [Turcotte,
1993], we expect chaotic interactions to generate power
in a broad band rather than at particular frequencies.
We suggest that this is a more appropriate null hypoth-
esis for testing peaks in the spectra of climate records.

CLEMENT AND CANE 369

There may well be processes internal to the climate sys-
tem that have spectral peaks at millennial timescales,
but these peaks should be significant above the level of
power that we expect from chaos in the climate system.

The model used in this study is highly idealized, and
thus the results are subject to certain caveats. There
are many processes that are not included in the model
which may influence the way the coupled physics op-
erate on Milankovitch and millenial timescales. It has
been suggested that changes in the mean tropical SST
and zonal SST gradient influence ENSO behavior [Sun
and Liu, 1996, Sun, 1999], but many of the processes
thought to be important in determining tropical SST
are not included in this model. These include atmo-
spheric convective boundary layer processes [Sarachik,
1978; Beits and Ridgway, 1989], atmospheric circula-
tion [Wallace, 1992; Fu et al., 1990; Hartmann and
Michelsen, 1993; Pierrehumbert, 1995], ocean circula-
tion [Clement and Seager, 1999], stratus clouds [Miller,
1997], and tropospheric water vapor content [Larson
and Hartmann, 1999, Seager et al., 1999]. On glacial-
interglacial timescales, atmospheric CO2 and high lati-
tude climate conditions [Broccoli and Manabe, 1987; He-
witt and Miichell, 1998] will likely affect tropical SST
through both the ocean [Bush and Philander, 1998], and
through the atmopshere [Broccoli, 1999]. Furthermore,
changes in the strength of the Asian monsoons, either
forced on a Milankovitch timescale, or unforced on a
millennial timescale, are likely to have some impact on
the ENSO system [i.e., Shukla and Paolina 1983].

The approach we have taken in this modelling study
was to investigate the forced and unforced variability of
this simplified coupled ocean-atmosphere system. More
complete models are needed to further test the ideas pre-
sented here. The specific model results may be modi-
fied in the presence of more complete physics describing
evolving climate conditions on these timescales. Never-
theless, the physical links underlying the model behav-
ior on Milankovitch and millennial timescales are well
known and unlikely to fail.
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