melt the Laurentide Ice Sheet, while
keeping it in the far western Pacific will
favor ice sheet growth.

Satellite-based cloud climatologies
show a tendency toward less low cloud
during warm events, when the tropical
area covered by cold waters is at a mini-
mum. Low cloud has a net cooling effect
because it reflects solar radiation but has
little net effect on outgoing longwave ra-
diation. There is also some evidence for
an increase in atmospheric water vapor
during warm events (16). These changes
are small amplitude, but they all line up in
the right sense for El Nifio-like states to
favor interglacial conditions and La
Nifia-like states to favor glacial condi-
tions. Only atmospheric CO,, which de-
creases during El Nifio events in the mod-
ern record, is out of line.

The scenario sketched out here does
not address the crucial issue of how the
rest of the world will feed back on the
tropical Pacific (/7). It is very far from a
comprehensive attempt to fit the existing
paleoclimate record to a tropical Pacific
perspective. There is clearly much model-
ing work and observational analysis to be
done with the data in hand. Most paleocli-
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mate data come from higher latitudes,
however, and the records of the tropics in
general and the Pacific in particular badly
need to be enhanced.

It is premature to grant the tropical Pa-
cific the lead role in explaining the ex-
panded repertory of paleoclimate cycles.
The weaknesses in the hypothesis are too
serious, although arguably no worse than
other contenders. However, now that it has
been clearly established that these cycles
are global, our understanding of modern
climate suggests that the tropical Pacific
must at the least be a featured player. Even
at this early stage, the perspective present-
ed here points in a new direction for paleo-
modeling and observational studies, one
signposted by ideas of modern climate
variability (18).
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The Seesaw Effect

Thomas F. Stocker

high latitudes in the Northern Hemi-

sphere have captured the attention of
climate scientists and the public since
their discovery in terrestrial and marine
records (/). When evidence from Green-
land ice cores (2) and ocean models (3)
converged in the mid-1980s, it became
clear that these events can happen within a
few years to decades, with effects that are
at least hemispheric in extent (4). Recent
modeling studies have further indicated
that the dynamic behavior of the distant
past may repeat itself in the future (), and
it is, therefore, of paramount importance
to find out what determines rapid and mil-
lennial-scale climatic change.

There were 24 abrupt climate shifts
(called Dansgaard/Oeschger events) during
the last glacial period (6). The 16 events
between 25,000 and 60,000 years ago oc-
curred on average every 2000 years. The
recurrence time scales for these events are
highly variable. On the other hand, one

a brupt shifts in climatic conditions at
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notices a striking similarity in the Green-
land ice record between individual events:
The warming is abrupt and completed
within a few years to decades, whereas the
cooling is slower and takes at least a few
centuries (7). Any theory of millennial-
scale events must quantitatively explain
this apparent asymmetry.

Paleoclimatic records are based on the
analysis of ice cores from northern and
southern polar ice sheets, marine and la-
custrian sediments, pollen profiles, and
tree rings. Indicators complementary to
the paleorecords allow us to identify the
underlying mechanisms. Such indicators
include (i) geographical patterns of events
and their phase relationship; (ii) biogeo-
chemical signals, such as changes in at-
mospheric greenhouse gases CO, and CH,
and signals in their isotopic composition,
particularly 13C and 'C; (iii) concomitant
changes in the ocean and the distribution
of tracers; and (iv) amplitudes, rates, and
patterns of millennial-scale change as
simulated by coupled physical-biogeo-
chemical models. One of the pressing
questions is where the centers of activity
responsible for these abrupt and millenni-
al-scale climate changes are located. The

region of the high northern latitudes, espe-
cially the North Atlantic, has been the
classic focus of this research. However, it
may be argued that the first institutions of
paleoclimatic research have been located
around the North Atlantic, and a certain
bias cannot be excluded. More recently,
the focus has moved away from the North
Atlantic to consider the influence of other
regions on global climatic change.

A simple mechanical analog suggests
some possibilities of how the climate sys-
tem operates during such climatic swings.
The system could react like a seesaw (8)
to perturbations occurring in the north. In
consequence, signals in the Southern
Hemisphere would be of opposite sign
(see panel A of figure). Alternatively, as
Cane describes in his accompanying Per-
spective on page 59, the forcing could be
located in the equatorial region rather than
at high latitudes (9). In our mechanical
analogy, this would correspond to a shift
of the support point of the seesaw (panel
B of figure). By comparing paleoclimatic
records from only the high latitudes, we
would be unable to distinguish these two
cases from each other. A third possibility
exists in which the equatorial regions
drive changes in both hemispheres syn-
chronously (panel C of figure).

The distinction of in-phase versus an-
tiphase in the context of millennial cli-
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mate change is a challenging task and re-
quires that the common time scale of pale-
oclimatic records be known with a resolu-
tion better than 500 years or less, irrespec-
tive of whether the time scale is absolute
or relative. Nevertheless, present paleocli-
matic evidence makes the third scenario
(panel C of figure) unlikely. First, it is
hard to come up with a mechanism that
would induce globally synchronous
changes on such short time scales. Second,
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bility of this circulation is limited (5) and
that changes in the surface salinity can
trigger major reorganizations of this circu-
lation. More importantly, simulations
demonstrate that the amplitudes and rapid-
ity of events compare well with the paleo-
climatic record (/5).

Some models show thermohaline circu-
lation oscillations on time scales of several
thousand years, but they occur mainly in
highly idealized models, in diffusion-domi-

e
A p ) c

The ups and downs of climate. Simple mechanical analogs of three different types of behavior of
the climate system as a response to perturbations (blue arrows). (A) Perturbations in the northern
high latitudes (such as meltwater from the continental ice sheets) trigger transitions between dif-
ferent states of the thermohaline circulation in the North Atlantic. Through the effect of the
meridional heat flux in the Atlantic, the amplitudes of climate signals are large in the region
around the North Atlantic and are weak and of opposite sign (the other end of the seesaw) in the
south. This is the typical interhemispheric seesaw forced in the northern North Atlantic region. (B)
Perturbations in the tropical region (such as the hydrological cycle feeding into the Hadley cell)
cause transitions between different states of the thermohaline circulation in the North Atlantic
with effects identical to {A). This is analogous to a seesaw, whose motion is forced by changes of
the position of the fulcrum. (C) Perturbations in the tropical region lead to parallel changes in
Northern and Southern Hemispheres. Here, the seesaw is locked and changes are synchronous and
in phase everywhere, as if the height of the fulcrum point were changing.

recent synchronizations of temperature
records, derived from ice cores from
Greenland and Antarctica, clearly exclude
in-phase changes for the most prominent
of the Dansgaard/Oeschger events (10).
This is also supported by a recent analysis
of a pollen record from New Zealand (/).
Surprisingly, as Steig et al. report on page
92 of this issue, the Taylor Dome ice core
from the outer area of Antarctica (12)
shows an abrupt warming during the
deglaciation that may be synchronous with
the well-documented abrupt warming
14,500 years ago in the Northern Hemi-
sphere. High-resolution analyses of 8A,
8120, and CH, during the glacial part of
the Taylor Dome ice core and comparison
with results from other Antarctic ice cores
(10) are required to obtain a clearer picture
of possible regional expressions of abrupt
climate change in Antarctica.

Numerous modeling studies (/3) have
shown that changes in the meridional heat
transport in the Atlantic Ocean, caused by
sudden changes of the Atlantic’s thermo-
haline circulation, are resulting in an-
tiphase behavior of north and south. A
sudden increase of the northward merid-
ional heat flux draws more heat from the
south and leads to a warming in the north
that is synchronous with a cooling in the
south (/4). It has been shown that the sta-

nated regimes and under particular surface
boundary conditions. Their amplitudes are
much larger than any paleoclimatic evi-
dence indicates so far (/6). This suggests
that a natural, self-sustained oscillation of
the ocean-atmosphere system is unlikely on
the millennial time scale and calls for trig-
gers in the climate system instead. One
such trigger would be discharges of melt-
water from the Northern Hemisphere ice
sheets during the last glacial.

For each of the Dansgaard/Oeschger
events, layers of ice-rafted debris can be
found in marine sediment cores of the
northern North Atlantic. Geochemical anal-
yses suggest that they derive from various
sources around the North Atlantic (/7).
However, some of these events stand out, in
that they are followed by a longer intersta-
dial (warm) phase. They are also associated
with a distinct climatic signal in the Antarc-
tic ice cores (/0), indicating an antiphase
relationship between north and south. This
supports the hypothesis that these changes
are associated with shut-downs of the At-
lantic thermohaline circulation.

However, major questions remain to be
solved, which will lead to revisions of the
relatively simple picture of a global seesaw.
The chicken-and-egg problem is still unre-
solved: Are ice sheet margins inherently un-
stable, and do episodic meltwater discharges

trigger reorganizations in the deep circula-
tion? Or are changes in the ocean circulation
modifying the supply of heat and moisture
to the ice sheets such that increased melting
is initiated? Although climate models couple
ocean, atmosphere, and sea ice, fluxes be-
tween these components, as well as crucial
processes such as deep water formation, are
still represented rather crudely in these mod-
els. Another limitation confronting modelers
is that the location, timing, and amplitude of
meltwater events are still poorly known, de-
spite their importance for the response of
the ocean circulation and, hence, the climate
recorded in the high latitudes.

Finally, the role of the low latitudes and
tropics is still unclear (9). Their impor-
tance is highlighted by the fact that the at-
mospheric concentration of CH4 exhibits
changes with each of the Dansgaard/
Oeschger events (/8). Methane is primari-
ly influenced by low-latitude wetlands dur-
ing the glacial, indicating that the hydro-
logical cycle is key to a better understand-
ing of the climate system. A combination
of the wealth of knowledge on the tropics
and the high latitudes, together with more
high-resolution paleoclimatic archives,
will be required in the next years to make
more progress toward a unified view of the
climate system.
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