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ABSTRACT

Paleoclimatic data are increasingly showing that abrupt change is present in wide regions of the globe. Here
a mechanism for abrupt climate change with global implications is presented. Results from a tropical coupled
ocean—atmosphere model show that, under certain orbital configurations of the past, variability associated with
El Nifio—Southern Oscillation (ENSO) physics can abruptly lock to the seasonal cycle for several centuries,
producing a mean sea surface temperature (SST) change in the tropical Pecific that resembles a La Nifia. It is
suggested that this change in SST would have a global impact and that abrupt events such as the Younger Dryas
may be the outcome of orbitally driven changes in the tropical Pacific.

1. Introduction

Paleoclimatic records from high and low latitudes re-
veal that the climate has undergone abrupt changes in
the past that can occur within decades (see Clark et al.
1999). There is no obvious external forcing of the cli-
mate that is so rapid. Abrupt changes therefore must
arise from processes internal to the climate system or
be the result of a rapid response to a gradual external
forcing. ldentifying the mechanisms that allow changes
to be abrupt is essential for understanding the funda-
mental behavior of the climate and its sensitivity to
forcing.

The Younger Dryas (YD), arapid return to near-gla-
cial conditions lasting nearly a millennium during the
last deglaciation, is an example of abrupt climate
change. A common explanation for the YD is that melt-
water pulses from the retreating Laurentide ice sheet
flooded the North Atlantic with freshwater, which led
to an abrupt shutdown (or weakening) of deep water
formation, cooling the North Atlantic region, and ex-
plaining the return to near-glacial conditions in various
oceanic and terrestrial climate proxies there (see Alley
and Clark 1999). High-resolution records show that the
onset and termination of this event occurred within de-
cades (Alley et al. 1993).
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There are some fundamental problems with this view
of the YD event. 1) There is a meltwater pulse both
prior to the onset of the YD and after the end of it
(Fairbanks 1989). Further, some records indicate that
deep water formation in the North Atlantic began to
weaken several hundred years before the onset of the
YD, and that the ocean circulation did not recover until
after the termination of the event (Zhan et a. 1997
Moore et al. 2000). Also, modeling studies show that
deep water formation can take several hundred years to
respond to realistic meltwater inputs (Manabe and
Stouffer 2000). 2) Thereis evidence for a YD age event
from wide regions of the globe (e.g., Linsley and Thu-
nell 1990; Denton and Hendy 1994; Lowell et al. 1995;
Peteet 1995; Hughen et al. 1996; Thompson et al. 1995,
1998), yet models indicate that the impacts of changes
in the Atlantic thermohaline circulation are confined
mainly to the North Atlantic region with perhaps some
effect in the Southern Ocean (Manabe and Stouffer
2000; Mikolajewicz et al. 1997).

On the other hand, changesin the tropical climate are
known to have global impacts on interannual timescales
and are therefore alikely candidate for generating global
climate change on longer timescales. Here we investi-
gate the behavior of the tropical climate system using
an idealized model and suggest that coupled ocean—
atmosphere interactions are a potential source for abrupt
global change.

2. Modeling experiments

The model we use was devel oped by Zebiak and Cane
(1987). It involves only coupled ocean—atmosphere in-
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Fic. 1. (&) Monthly Nifio-3 index (°C) from the Zebiak—Cane coupled model with imposed orbital forcing for the period
between 13 and 11 kyr before present. (b) Annual mean SST change (°C) relative to the control run for 12 kyr when ENSO

is shut down.

teractions in the tropical Pacific and includes linear dy-
namics in the ocean and atmosphere, but with nonlinear
atmosphere and ocean thermodynamics. For the stan-
dard set of parameters, the behavior of ENSO in the
model is similar to the real world and can be described
as a quasiperiodic, irregular oscillation that is partially
phase locked to the seasonal cycle.

Here, we investigate how changes in the seasonal
cycle related to the earth’s orbital parameters (Berger
1978) impact ENSO. The model isforced with orbitally
induced changes in the seasonal cycle of solar forcing
over the last 500 kyr (see Fig. 2a), which are imposed
as an anomalous heat flux into the ocean. Under par-
ticular orbital configurations, ENSO variability ““flick-
ers’ on and off, abruptly locking to the seasonal cycle
for several centuries. Figure la shows an example of
one such period that occurs at approximately 12 kyr, a
time that coincides with the YD. There is a mean SST
change associated with this shutdown in ENSO (Fig.
1b), which has an increased zonal gradient, similar to
that of a La Nifia event. The abrupt events are paced
by the solar forcing and recur approximately every 11
kyr (Figs. 2a,b). During the periods 450—400 and 50—
0 kyr, the ENSO shutdowns last for several centuries.

At these times the orbital configuration is similar be-
cause of the 400-kyr cycle in eccentricity.

To aid in understanding the link between the orbital
forcing and the abrupt behavior of ENSO, we decom-
pose the solar forcing into empirical orthogonal func-
tions (EOFs). The first two EOFs (Figs. 3ab) explain
50% and 48% of the total variance, and the principal
components (PCs) are shown in Fig. 3c with times of
ENSO shutdowns longer than 20 yr indicated by bars.
These two EOFs describe the precession through the
year of the perihelion, the point in the orbit where the
earth is closest to the Sun, which varies on a 22-kyr
timescale. When PCL1 is positive maximum, perihelion
occurs in boreal summer; when PC2 is positive maxi-
mum, perihelion occurs in boreal spring. We note that
positive values for PC2 constitute an effective strength-
ening of the seasonal cycle in the equatorial Pacific,
where maximum SSTs occur in April and minimum in
Octaober.

We examine the behavior of ENSO as a function of
these two parameters (PC1 and PC2), which fully de-
scribe the solar forcing. Viewed this way, the character
of ENSO shows two fairly distinct regimes of behavior
(Fig. 4). When the seasonal cycle strength is increased
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Fic. 2. (a) Solar forcing on the equator imposed as an anomalous heat flux into the ocean in the Zebiak—Cane coupled model for the last
500 kyr as a function of kyr BP (x axis) and month of the year (y axis). The contour interval is 20 W m~2. Solid lines indicate heat flux
into the ocean, and dashed lines indicate heat flux out of the ocean. (b) Maximum length of shutdowns of ENSO (years) in 1000-yr overlapping
windows for the standard value of the C,. A shutdown is defined to occur when the annual mean Nifio-3 does not exceed 0.5°C for longer
than 5 yr. (c) Same as (b), but for the run with C, reduced to 90% of its standard value.

relative to the modern (PC2 > 0), the oscillation is
strong, highly regular, and has a dominant period of 3
yr. Similar results have been shown in previous studies
(Chang et al. 1994; Jin et al. 1996). When the seasonal
cycle is damped (PC2 < 0), the oscillation is strong,
with a main dominant period of the familiar 4 yr, but
isfairly irregular with power spread over a wider range
of periods. [When the seasonal cycle is greatly damped
(PC2 < —0.1), there is a shift to the 3-yr period, but
the system spends little time in this orbital configura-
tion.]

The ENSO shutdowns (shown as black circlesin Fig.
4) occur during the transition between the two regimes
of 1) a highly regular oscillation at a 3-yr period (PC2
> 0) and 2) amoreirregular oscillation with a dominant
period of 4 yr (PC2 < 0). For thisorbital configuration,

there is aminimum in total variance and the oscillation
is moderately regular. At this point, the system has no
clearly defined mode of behavior and episodically locks
to the period of the forcing (1 yr). Thistransition period
occurs when perihelion is in either winter or summer
seasons, thus giving a return period for the ENSO shut-
downs of 11 kyr, or half a precessiona cycle.

The maximum length of the shutdowns of ENSO oc-
cur when eccentricity is weak (Figs. 2a,b). That is, the
system spends moretimein this*‘transition” zonewhen
the potential for locking to the seasonal cycle is high.
It is also notable that the shutdowns do not occur for
each of these optimal orbital configurations (Figs. 2a,b).
We compile the results for 14 runs over the period 13—
11 kyr to evaluate the statistics of shutdowns at this
time. In a control run of 60 000 yr with orbital param-
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Fic. 3. () First EOF (50% of variance) of the solar forcing as a function of month (x axis) and latitude (y
axis). (b) Second EOF (48% of the variance). (c) Principal component of EOF1 (bold solid line) and EOF2
(light solid line). Overlaid on this (black vertical bars) are the times of shutdown of ENSO (for the standard

value of C—see Fig. 2b) that last longer than 25 yr.

eters set at modern values, the maximum length of
ENSO shutdowns in 2000-yr periods never exceeds 30
yr. In the multiple runs for the 13-11-kyr forcing, 9 out
of the 14 2000-yr runs have shutdowns lasting longer
than 30 yr, and the lengths of these are nominally 30,
33, 43, 56, 123, 125, 140, 213, and 309 yr. The forcing
therefore hasthe effect of making the system morelikely
to undergo these shutdownsin ENSO every 11 kyr when
the system is moderately irregular and has a minimum
total variance. However, a long shutdown is not guar-
anteed to happen and has no preferred timescale.

In order to test the robustness of this mechanism for
abrupt change, we perform further experimentsin which
the drag coefficient C, of the model is altered. This
parameter is used in the standard bulk formula to cal-
culate the surface wind stress anomalies, and controls
the effective dynamical coupling between the ocean and
atmosphere. Tziperman et al. (1994) have studied the
behavior of the ENSO system (under the modern orbital
configration) in response to changes in this parameter.
For C, = 90%-100%, the model is in a chaotic regime;
with C, = 80%, the system is mode locked; for lower
values, there is no coupled instability and therefore no
oscillation. We explore the additional case for C, =
110%, the modern ENSO behavior is much stronger (the
power is amost doubled) and slightly less irregular as
in the standard case.

Under the orbital forcing, when C, isreduced to 90%,
the regimes of ENSO behavior shown in Fig. 4 are
qualitatively similar; however, the power in the inter-
annual band is about half that for the standard value

because of the weaker coupling between the ocean and
atmosphere. During the transition period between the
two regimes the orbital forcing has more effect, and the
shutdowns are more dramatic, lasting for entire millen-
nia at times (Fig. 2c). For C, values smaller than 90%,
the interannual variability is entirely damped out and
the system follows the forcing smoothly over time.
When C, isincreased to 110% of the control value, Fig.
4 is again qualitatively similar to that of the standard
value of C,. However, since the effective coupling is
increased, the oscillation is considerably stronger, and
the solar forcing has less effect on the system. The sys-
tem goes through periods of minimum variance for the
same orbital configurations as the control run but does
not lock to a seasonal cycle.

The values of C, for which the ENSO shutdowns
occur (90%—110%) place the model in a nonlinear dy-
namical regime. There is currently considerable debate
about the degree to which the real-world ENSO system
can be described as a nonlinear process versus a linear
stochastic process (Neelin et al. 1998). We perform ad-
ditional experiments in which C, is reduced to 80% of
the control value and add temperature perturbations that
are random in space and time with a standard deviation
of 0.2°C (as in Thompson and Battisti 2001). In this
configuration, the model behaves more like a linear,
stochastically driven system, though it is not perfectly
linear. Locking to the seasonal cycle in this case does
not occur because of the noise in the system. However,
the ENSO system goesthrough generally similar periods
of abruptly reduced variance asin the run with the stan-
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FiG. 4. (a) Contour plot of the total variance (°C?) of the monthly
Nifio-3 index as a function of PC2 (x axis) and PC1 (y axis), (b)
dominant period (yr), and (c) percent of interannual variance (annual
variance removed) in the dominant period, or “‘regularity” of the
oscillation. For this latter statistic, we pick the dominant frequency
and then sum the power at that period and the two adjacent periods.
The values of PC1 and PC2 for which ENSO shutdowns are longer
for than 25 yr are indicated by black circles. The size of the circle
is proportional to the length of the shutdown.
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dard value of C,, though the drop in variance is less
dramatic in the case with noise (Fig. 5).

3. Discussion and conclusions

Theresults presented here provide aquantitative dem-
onstration of how orbital forcing, which varies smoothly
over time, can provoke an abrupt climate response. Two
regimes of ENSO behavior are identified for different
orbital configurations in which the total power, period,
and regularity of the oscillation are distinct. When the
ENSO oscillation is in transition between the two re-
gimes, and is weak and moderately regular, the system
can lock to the period of the forcing (1 yr). This gives
rise to the abrupt behavior shown in Fig. 1. This be-
havior recurs on an approximately 11-kyr timescale,
when perihelion occurs either during boreal winter or
summer.

The character of the abrupt change depends on the
value of C,, aswell asthe presence of noise. The abrupt-
ness of the response to the solar forcing ismore dramatic
in the nonlinear cases, though is still notable in the case
with noise. At this stage, it is difficult to discern from
the short observational how nonlinear the real world
ENSO is. Nevertheless, in all cases shown here, the
system goes through abrupt reductions in variance that
occur on a shorter timescale than that of the forcing.
This suggests that the tropical Pacific coupled ocean—
atmosphere system contains the physics that are capable
of generating an abrupt response to a smoothly varying
forcing.

The paleoclimate record shows that the pacing of
abrupt climate change could be linked to the solar forc-
ing. Heinrich (1988) found that episodes of major ice
rafting in the North Atlantic recur on an 11-kyr time-
scale over the last glacial at times of boreal winter and
summer insolation maxima, asin the results shown here.
Bond et al. (1999) show that the timing between the ice
rafting events decreases as the earth moves into full
glacial conditions, but that earlier in the glacial, these
detrital events occur on aroughly 11-kyr timescale (G.
Bond 2000, personal communication). Our results raise
the possibility that the YD isthe return to these orbitally
paced events once the influence of the ice sheets is
diminished.

Using an AGCM, Yin and Battisti (2001) show that
an increase in the equatorial Pacific SST gradient, such
as occurs in our model at the time of the YD, can have
alargeinfluence over North America, and cause melting
at the southern margin of the Laurentide ice sheet.
Schmittner et a. (2000) used modern observations and
models to show that during La Nifia events reduced
freshwater export from the tropical Atlantic could slow
the Atlantic thermohaline circulation. These studies sug-
gest ways in which the climate in the North Atlantic
region can change in response to a La Niflalike SST
change at the time of the YD. The YD climate event
appears differently around the globe (e.g., Peteet 1995).
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Fic. 5. Variance (°C?) of the Nifio-3 index in 1000-yr windows for the case of C, at the standard value (dotted), and for the case with
(C4 = 80% with white) noise forcing (heavy solid).

We suggest that a persistent La Nifia-like SST change
would have some pattern associated with it that could
be compared with the paleoclimate indicators for that
time.

The model used in this study is highly idealized [see
Clement et al. (1999) for further discussion]. More com-
plete models are needed to test the influence of addi-
tional processes on the mechanism proposed here. We
note that the modern ENSO (zero forcing) is close to
the transition period during which abrupt ENSO shut-
downs can occur, suggesting that currently ENSO may
be fairly sensitive to external forcing. Further investi-
gation into the link between abrupt climate changes and
orbital forcing of the past, both from a modeling and
observational perspective, is clearly important for un-
derstanding the nature of abrupt climate change, and
also for evaluating the possible future behavior of
ENSO.
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