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Suppression of El Nifio during the mid-Holocene by 
changes in the Earth's orbit 
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Abstract. A number of recent reports have interpreted paleoproxy data to describe the state of the tropical 
Pacific, especially changes in the behavior of the El Nifio-Southern Oscillation (ENSO), over the Holocene. These 
interpretations are often contradictory, especially for the eastern tropical Pacific and adjacent areas of South 
America. Here we suggest a picture of the mid-Holocene tropical Pacific region which reconciles the data. ENSO 
variability was present throughout the Holocene but underwent a steady increase from the mid-Holocene to the 
present. In the mid-Holocene, extreme warm E1 Nifio events were smaller in amplitude and occurred less frequently 
about a mean climate state with a cold eastern equatorial Pacific and largely arid coastal regions as in the present 
climate. This picture emerges from an experiment in which a simple numerical model of the coupled ocean- 
atmosphere system in the tropical Pacific was driven by orbital forcing. We suggest that the observed behavior 
of the tropical Pacific climate over the mid- to late Holocene is largely the response to orbitally driven changes in 
the seasonal cycle of solar radiation in the tropics, which dominates extratropical influences. 

1. Introduction 

The possibility of changes in the behavior of the 
E1 Nifio-Southern Oscillation (ENSO) with increased 
greenhouse gases in the atmosphere has been receiving 
increased attention. Clearly, changes in climate vari- 
ability would have a substantial impact on human so- 
cieties and ecosystems. Unfortunately, models disagree 
widely on what form those changes might take [Meehl 
and Washington, 1996; Trenberth and Hoar, 1996; Ra- 
jagopalan eta!., 1997; Knutson et al., 1997; Cane et a!., 
1997; Timmerman et a!., 1999; Collins, 2000]. One av- 
enue for checking these future scenarios is to understand 
past ENSO variability. 

Several recent studies have looked at changes in trop- 
ical Pacific climate during the Holocene period. Rodbell 
el al. [1999] presented a 15,000 year continuous record 
of deposition events from an alpine lake in Ecuador. 
Those authors report that interannual variability in the 
region was considerably weaker than in the modern cli- 
mate prior to 7000 calendar years before present. This 
is consistent with various other proxies from the tropical 
Pacific region, which show a general increase in interan- 
nual variability into the late Holocene [McGione et al., 
1992; Shulmeister and Lees, 1995]. 

Rodbell et al. [1999] argued that weaker ENSO vari- 
ability during the mid-Holocene was due to a change 
in the mean state of the tropical Pacific. Fossil coral 
records from the Great Barrier Reef [Gagan el ai., 1998] 
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and tropical ice cores from South America [Thompson 
et al., 1995; 1998] indicate that in the mid-Holocene, 
parts of tropics were warmer than at present. Geoar- 
chaeological data from sites in coastal Peru show the 
presence of certain tropical mollusk species between 8 
and 5 kyr B.P. [Sandweiss et al., 1996], which has been 
interpreted to indicate that the eastern equatorial Pacific 
was permanently warm at that time. Together with this 
data, Rodbell et al. [1999] cite results from a simplified 
model [Sun, 1999] to suggest that weaker ENSO vari- 
ability in the mid-Holocene was due to a warmer tropical 
climate with a reduced equatorial gradient, implying an 
eastern equatorial Pacific that was significantly warmer 
than present at that time. 

This view is called into question by data showing that 
coastal Peru and Chile were arid throughout the last 40 
kyr [Wells and No!let, 1997]. If the eastern equato- 
rial Pacific were permanently warm, one would expect 
the coastal regions of South America south of the equa- 
tor to have strong seasonal rains every year, as in the 
coastal regions of Colombia to the north at the present 
time [Peixoto and Oort, 1993]. The Ecuadorian lake 
record would show increased sedimentation with signif- 
icant clastic deposits. Instead, the bulk sedimentation 
rates are minimum in the mid-Holocene and increase 

toward the present. Results from coupled general circu- 
lation models do not agree with the Rodbell et al. [1999] 
view. A coupled general circulation model (CGCM) 
simulation of the climate at 6 kyr shows an enhanced 
equatorial gradient with a significantly cooler eastern 
equatorial Pacific [Bush, 1999]. Furthermore, the most 
recent CGCM studies of ENSO behavior under increas- 

ing CO2 [Timmerman et a!., 1999; Collins, 2000] do 
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not support the contention that a warmer tropical Pa- 
cific climate would be steady or have a weak ENSO. 
While the causes for tropical Pacific warming would 
certainly be different for doubled CO• than for the mid- 
Holocene when atmospheric CO• concentrations were 
lower [Crowlcy and North, 1991], these CGCM exper- 
iments suggest that the relation between ENSO and 
mean state changes based on simple models [e.g. Sun, 
1999] may not hold in the presence of more complete 
physics. 

Here we offer a different picture of the tropical Pa- 
cific over the mid- to late Holocene. We suggest that 
the changes in ENSO are a response to orbitally driven 
changes in the seasonal cycle of solar radiation received 
at the surface of the tropical Pacific ocean. Modern 
ENSO events show a marked tendency to peak toward 
the end of the calendar year [Rasmusson and Carpenter, 
1982], when the sea surface temperatures (SST) in the 
eastern equatorial Pacific are seasonally warming. Nu- 
merous studies with a hierarchy of models have shown 
that it is interactions between the seasonal cycle and in- 
terannual variability that give rise to ENSO [Mh'nnich et 
al, 1991; Chang et al., 1994; Jin et al., 1994; Tziperman 
et al., 1994; 1997]. Since the precession of the equinoxes 
alters the seasonal cycle of solar radiation in the tropics 
(Figure la), this is expected to influence ENSO behav- 
ior. Figure i 

2. Modeling Experiments 

We imposed the orbitally induced changes in solar 
forcing as an anomalous heat flux (see Figure l a) on 
the Zebiak-Cane coupled ocean-atmosphere model [Ze- 
biak and Cane, 1987]. The top of the atmosphere values, 
derived as by Berger [1978], are reduced by a zonally 
uniform factor of 0.7 to account for the bulk effect of 

absorption and reflection of solar radiation by all atmo- 
sphere constituents. The changes in equatorial radiation 
over the Holocene are about half the magnitude as those 
of 65øN for July. 

The Zebiak-Cane model has been used for more than 

a decade to understand and predict ENSO [Cane, 1986]. 
It is an anomaly model, with some aspects of the oceanic 
and atmospheric physics linearized about the monthly 
climatology of the present. The main dynamics in the 
atmosphere 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 intensifica- 
tion of wind-driven currents near the surface. The time 

step of the ocean model is 10 days. At each time step the 
ocean and atmosphere are coupled through a parame- 
terization of the atmospheric heating. The atmospheric 
heating anomaly is computed from the SST anomaly, 
the specified background surface wind divergence field, 
and the modeled divergence anomaly. 

The model's active domain includes only the tropi- 
cal Pacific (124øE to 80øW and 29øN to 29øS). Obvi- 
ously, the omission of higher-latitude processes impairs 
its ability to fully simulate paleoclimatic variations. The 
simplicity of the model, however, simplifies interpreta- 
tion: Its behavior is immediately attributable to ocean- 
atmosphere interactions in the tropical Pacific alone. 
Here we focus on the last 12,000 years of a 150,000 year 
experiment [Clement et al., 1999] which can be com- 
pared with the continuous record provided by Rodbell 
et al. [1999]. 

An additional experiment is performed in which the 
top of the atmosphere solar radiation is converted into a 
surface forcing in a way that accounts for observed cloud 
cover, which is greater in the western Pacific than in the 
east. This spatially dependent factor is calculated as the 
ratio of the annual mean surface solar insolation to the 

top of the atmosphere values in the National Centers for 
Environmental Prediction (NCEP) reanalysis product 
[Kalnay et al., 1996]. The results of this experiment 
are qualitatively the same as those with the spatially 
uniform solar forcing and will not be discussed. 

3. Results 

Rodbell e! al. [1999] show that moderate to severe E1 
Nifio events of the past century roughly coincide with 
the appearance of clastic laminae in the lake record. The 
clastic laminae are more frequent after 7 ka, though 
the increase appears to be continuous over the 15 kyr. 
To compare the model results with this record, we 
compute the frequency and amplitude of warm ENSO 
events within 500 year overlapping windows (Figure 2). 
Figure 2 A large event is defined to occur when the 
mean December-February NINO3 index (the average 
SST anomaly over the region 150øW to 90øW and 5øS 
to 5øN) exceeds 3øC. This index corresponds to the mid- 
dle of the rainy season in coastal South America during 
which SST anomalies associated with ENSO are largest 
and are responsible for the equatorward migration of 
the Intertropical Convergence Zone (ITCZ) and large 
precipitation anomalies in the region. The model re- 
suits show a distinct increase in both the frequency and 
amplitude of warm ENSO events over the mid- to late 
Holocene. The trends in event frequency and amplitude 
are computed for the period from 10 kyr to the present 
and compared with the trends over 10 kyr periods from 
a 60 kyr year run with orbital parameters fixed at mod- 
ern values. The trend in the orbitally forced run in event 
frequency per 500 years, calculated using a linear least 
squares fit, is 41/10,000 years and in mean event 
plitude is 0.35/10,000 years (see Figure 2). The control 
run is split into 50 overlapping 10,000 year windows for 
which a mean trend and standard deviation are com- 

puted. The orbit•lly driven trend in event frequency 
(amplitude) is 5.6 (17.5)standard deviations away from 
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Figure 1. (a) Contour plot of the anomalous surface solar radiation on the equator (W m -2) that is used 
to force the Zebiak-Cane coupled ocean-atmosphere model. The surface solar radiation is computed from 
the top of atmosphere values [Berger, 1978] assuming a fixed atmospheric transmissivity with a value of 
0.7 meant to represent the bulk effect of absorption and reflection of solar radiation by all atmosphere 
constituents, and the solar zenith angle is also calculated as by Clement et al. [1999]. Values are plotted 
as a function of kiloyears before present (X axis) and month of the year (Y axis). The contour interval 

is 5 W m-2•h(abt) Seasonal cycle of SST on the equator for the present climate as a function of month (Y axis). Note this consists of both the background mean SST as well as the mean anomaly SST which 
is non zero due to the skewhess of warm events (Zebiak and Cane, 1987). (c) Same as Figure lb but 
with the anomalous seasonal cycle for the mid-Holocene (8-6 kyr) added to the present-day background 
seasonal cycle. (d) Annual mean SST along the equator for the present day (solid) and the mid-Holocene 
(dashed). 

the mean of the unforced case, making these trends sta- 
tistically different at greater than the 99% confidence 
level. Thus the orbital forcing changes ENSO in such 
a way that both the change in the frequency and mag- 
nitude of warm events over the Holocene are distinct 

from the unforced variability of the system. Both of 
these changes in the character of warm events would' 
reduce the occurrence of large precipitation anomalies 
over coastal Ecuador in the mid-Holocene relative to 
the modern and are therefore consistent with the sedi- 

mentation record of the Ecuadorian lake. 

Since the model is forced only by orbital changes, 
with no change in mean state, the explanation for the 

change in the behavior of the model ENSO lies in the 
change in the seasonal cycle. Presently, the Earth passes 
through the point of its orbit closest to the Sun (perihe- 
lion) at the beginning of the calendar year. During the 
mid-Holocene, when the ENSO variability was weaker, 
perihelion occurred in the middle of the calendar year 
(Figure la). Consequently, the equatorial oceans re- 
ceived less heat during boreal winter (Figures lb and 
lc), which contributes to the smaller event amplitudes 
during that season (Figure 2b). 

The change in ENSO behavior involves the response 
of the coupled dynamics to the solar forcing. By itself 
the thermodynamic response to the orbital forcing at 



734 CLEMENT ET AL.' EL NI•10 IN THE MID-HOLOCENE 

the surface of the ocean produces a zonally uniform sea- 
sonal SST anomaly. The response of the atmosphere to 
SST anomalies is larger in the western part of the basin, 
where the year-round presence of warm SST and atmo- 
spheric convection converts the SST anomaly into a deep 
atmospheric heating anomaly, than in the east, where 
cooler SST and mean descending motion suppress con- 
vection throughout much of the year. The zonally sym- 
metric heating associated with the solar forcing therefore 
generates a larger atmospheric heating response in the 
west than in the east, which drives an easterly wind 
anomaly. 

While the asymmetry in the atmospheric response to 
a zonally uniform forcing prevails throughout the year, 
the resulting wind anomalies have a different effect on 
ENSO behavior depending on the season. Warm ENSO 
events tend to develop rapidly in the summer and fall 
[Rasmusson and Carpenter, 1982] when the system is 
most unstable to ENSO-like perturbations [Zebiak and 
Cane, 1987; Blumenthal, 1991; Xue et al., 1997]. In 
the mid-Holocene the heating of the coupled system in 
the boreal summer introduces an easterly wind anomaly. 
This wind field anomaly sets off a chain of positive feed- 
backs between the atmosphere and ocean which, within 
several months, tend to cool the eastern equatorial Pa- 
cific via the same coupled interactions that give rise to 
ENSO [Bjerknes, 1969]. This is demonstrated in Figure 
3, which shows the evolution of a typical warm event in 

the model with modern solar forcing compared with a 
run using the same initial conditions but with the June- 
August mid-Holocene forcing (and zero forcing the rest 
of the year). Figure 3 These experiments isolate the ef- 
fect of the boreal summer forcing on ENSO. In both runs 
a warm event develops in the late spring. The heating 
during boreal summer initially produces an additional 
warming relative to the unforced case (Figure 3a). How- 
ever, this warming introduces an easterly wind anomaly 
in the central Pacific (Figure 3b) owing to the zonally 
asymmetric response to the heating of the atmosphere. 
This wind anomaly generates a cooling tendency in the 
eastern equatorial Pacific by September. Because this 
is the season when events tend to develop rapidly, the 
growth of E1 Nifio events is inhibited. The result is that 
fewer large warm events occur in the presence of this 
boreal summer forcing. 

We note that in this model, the cold ENSO events 
(La Nifias) are not as tightly phase locked to the sea- 
sonal cycle as the warm events. Furthermore, strong 
cold events tend to follow strong warm events [Zebiak 
and Cane, 1987]. Thus the response of the model ENSO 
to the seasonal forcing is dominated by the effect on the 
warm events. Since the occurrence of large warm events 
is reduced in the mid-Holocene, the occurrence of cold 
events is also reduced. As the solar forcing approaches 
modern values, the numbers of warm events and cold 
events both increase. 
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Figure 2. (a) The number of occurrences of events in 500 year overlapping windows (overlapping every 
10 years) as a function of kiloyears B.P. An eve nt is defined to occur when the mean December-February 
NINO3 SST anomaly exceeds 3 K. (b) The mean amplitude in the same overlapping 500 year windows 
of the events exceeding 3 K (in øC). 
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4. Discussion 

The model results presented here demonstrate how 
orbitally driven changes in the seasonal cycle alter ENSO 
behavior over the Holocene in a way that is consis- 
tent with the Ecuadorian lake record tRodbell et al., 
1999] and the evidence that the coastal regions of Peru 
and Chile have been arid for the last 40kyr [Wells and 
Noller, 1997]. We suggest that the orbital configura- 
tion in the mid-Holocene, a time of greater heating in 
the boreal summer and less heating in boreal winter, al- 
tered the seasonal cycle of the coupled system such that 
the development of warm events was suppressed. The 
system continued to oscillate throughout the Holocene, 
though large warm events occurred less frequently and 
were smaller in magnitude in the mid-Holocene. This 
implies fewer large fluvial events in Ecuador, accounting 
for the decreased clastic laminae at that time observed 

by Rodbell et al. [1999]. In the mid-Holocene, parts 
of the tropics may have been warmer, as suggested by 
Gagan et al. [1998] and Thompson et al. [1995; 1998], 
but the eastern equatorial Pacific was cold, as in the 
present climate (Figure l d), which is consistent with 
persistent dry conditions on the coast, as by Wells and 
No!let [1997]. 

The presence of certain mollusk fauna that are typical 
of warm waters between 8 and 6 ka in coastal regions 
of Peru and Chile observed by Sandweiss et al. [1996] 

remains to be explained. The purely thermodynamic 
response of the tropical ocean to the mid-Holocene so- 
lar forcing damps the present-day seasonal cycle in the 
eastern equatorial Pacific. Cooling induced by the solar 
forcing occurs in the boreal winter and spring when SST 
are seasonally warm in the modern ocean, while heat- 
ing occurs when SST are seasonally cool in the boreal 
summer and early fall. This has the effect of increas- 
ing the cold season SST by about half a degree (Figures 
lb and lc). Furthermore, in the model run, there are 
fewer extreme cold events associated with the change 
in ENSO behavior in the mid-Holocene, which is con- 
sistent with an increase in climate variability into •he 
late Holocene that has been noted in other proxies from 
the tropical Pacific [McG!one et al., 1992; Shulmeister 
and Lees, 1995]. These results indicate that cold climate 
conditions, both seasonally and interannually, were less 
likely to occur in the mid-Holocene. Perhaps this re- 
duction in extreme cold temperatures accounts for the 
survival of tropical mollusks as found by Sandweiss et al. 
[1996]. It has been argued that these thermally anoma- 
lous molluscan assemblages are due to changes in coastal 
geornorphology and sea level rise rather than large scale 
climate change [De Vries et al., 1997]. This raises the 
possibility that coastal temperatures may change inde- 
pendently from the large scale tropical Pacific climate. 
Montoya et al. [2000] have argued, on the basis of ex- 
periments with a CGCM for the period 125 ka, that a 
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"mini-monsoonal" circulation over South America can 

be induced by changes in the orbital forcing resulting 
in coastal warming. Liu et al. [1999] have also found 
that warming in the mid-Holocene could be confined to 
the coastal region, while the central/eastern equatorial 
Pacific cools. Models that better represent the physics 
of coastal processes and which include a seasonal cycle 
are needed to address the issue of changes in mollusk 
populations properly. 

The model used in this study is highly idealized, omit- 
ting many of the processes that could influence ENSO 
behavior. Some of these include the mean SST and 

zonal gradients within the equatorial Pacific [Battisti 
and Hirst, 1989; Sun and Liu, 1996; Sun, 1999], condi- 
tions in the North Pacific Ocean [Mantua et al., 1997; 
Kleeman et al., 1999], and the Asian monsoon [Shukla 
and Paolina 1983]. Recent studies with more complete 
models (CGCM) have been performed to investigate the 
change in the tropical Pacific under 6 ka orbital config- 
uration. These experiments [Bush et al., 1999; Otto- 
Bilesnet, 1999, Liu et al., 1999] are too short to resolve 
these subtle changes in ENSO behavior [see Cane et al., 
1995]. L iu et al. [2000] have done further experiments 
at 11 ka and find some indication that orbitally driven 
changes in the Asian monsoon may reduce ENSO vari- 
ability in the early to mid-Holocene. The issue of how 

ENSO behaves in CGCMs in response to changes in 
orbital forcing awaits longer experiments. 

There are possibly other things at play besides the so- 
lar forcing in the changes of the ENSO system over the 
Holocene. Many aspects of the climate were changing 
over this period, including global sea level, temperature, 
monsoon strength, and high-latitude ice cover [Crowley 
and North, 1991]. However, the model results presented 
here show that the altered seasonal cycle due to the or- 
bital forcing alone is capable of leading to a steady in- 
crease in ENSO variability from the mid-Holocene to 
the present. This idea must be further explored with 
records of past climate variability from the tropical Pa- 
cific. Fossil corals, in particular, are potential means for 
unraveling the changes in the behavior of ENSO over the 
Holocene. 
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