- What Drives Glacial Cycles?

Massive reorganizations of the ocean-atmosphere system,
the authors argue, are the key events that link cyclic changes
in the earth’s orbit to the advance and retreat of ice sheets

by Wallace S. Broecker and George H. Denton

lion years, something in the

earth’s climatic equation has
changed, allowing snow in the moun-
tains and the northern latitudes to re-
main where it had previously melted
away. The snow compacted into ice,
and the ice built up into glaciers and
ice sheets. Over tens of thousands of
years, the ice sheets reached thick-
nesses of several kilometers; they
planed, scoured and scarred the land-
scape as far south as central Europe
and the midwestern U.S. And then
each glacial cycle came to an abrupt
end. Within a few thousand years, the
ice sheets shrank back to their pres-
ent-day configurations.

Over the past 30 years, evidence has
mounted that these glacial cycles are
ultimately driven by astronomical fac-
tors: slow, cyclic changes in the eccen-
tricity of the earth’s orbit and in the
tilt and orientation of its spin axis. By
altering the intensity of the seasons,
the astronomical cycles somehow tip
the balance between glacial buildup
and glacial retreat. But what is the link
between astronomy and the ice ages?
How are the seasonality changes lever-
aged into global changes in climate?

Any answer must contend with the
vast array of evidence that has ac-
cumulated about the nature, timing
and extent of the climatic shifts that
accompanied ice buildup and retreat.
Many workers have proposed that the

I E ight times within the past mil-

ICE FIELD IN PATAGONIA ends in a deep
glacial lake. Such Southern Hemisphere
glaciers have grown and shrunk in con-
cert with the great northern ice sheets,
according to radiocarbon dating of veg-
etation (such as the trees in the fore-
ground) that was overwhelmed by ad-
vancing glaciers or that took root after
their retreat. The timing is a puzzle be-
cause the intensity of summer sunshine,
which is thought to influence ice growth,
changes on quite different schedules at
middle latitudes in the two hemispheres.

seasonality changes act directly on
the ice sheets of the Northern Hemi-
sphere. A reduction in summer sun-
shine allows ice to build up, and an
increase melts it away; the ice in turn
alters the earth’s climate. In contrast,
we think the ice sheets were a con-
sequence of broader climatic events.
By altering patterns of evaporation
and rainfall, the changes in seasonal
intensity appear to have caused the
ocean and atmosphere (a single, cou-
pled system) to flip from one mode
of operation to another, very different
mode. With each flip, ocean circula-
tion changed and heat was carried
around the globe differently, the prop-
erties of the atmosphere were altered,
climate changed—and the ice sheets
grew or shrank.

ur proposal is not a rejection

of the astronomical theory of

the ice ages but an extension
of it. The hypothesis was first pro-
posed in 1842, just a few years af-
ter the Swiss-American naturalist Lou-
is Agassiz argued that polished and
scarred rocks and heaps of detritus in
the Alps recorded some past age of
glaciers. In that year the French math-
ematician Joseph A. Adhémar suggest-
ed that astronomically driven changes
in the intensity of the seasons might
periodically trigger glaciation.

The Yugoslav astronomer Milutin Mi-
lankovitch refined and formalized the
hypothesis in the 1920’s and 1930’s.
The astronomical pacemaker he advo-
cated has three components, two that
change the intensity of the seasons
and a third that affects the interaction
between the two driving factors. The
first is the tilt of the earth’s spin axis.
Currently about 23.5 degrees from the
vertical, it fluctuates from 21.5 de-
grees to 24.5 degrees and back every
41,000 years. The greater the tilt is, the
more intense seasons in both hemi-
spheres become: summers get hotter
and winters colder.

The second, weaker factor control-

ling seasonality is the shape of the
earth’s orbit. Over a period of 100,000
years, the orbit stretches into a more
eccentric ellipse and then grows more
nearly circular again. As the orbital ec-
centricity increases, the difference in
the earth’s distance from the sun at
the orbit’s nearest and farthest points
grows, intensifying the seasons in one
hemisphere and moderating them in
the other. (At present the earth reach-
es its farthest point during the South-
ern Hemisphere winter; as a result,
southern winters are a little colder—
and summers a little warmer—than
their northern counterparts.)

A third astronomical fluctuation
governs the interplay between the tilt
and eccentricity effects. It is the pre-
cession, or wobble, of the earth’s spin
axis, which traces out a complete cir-
cle on the background of stars about
every 23,000 vears. The precession
determines whether summer in a giv-
en hemisphere falls at a near or a far
point in the orbit—in other words,
whether tilt seasonality is enhanced
or weakened by distance seasonality.
When these two controllers of season-
ality reinforce each other in one hemi-
sphere, they oppose each other in the
opposite hemisphere.

WALILACE S. BROECKER and GEORGE
H. DENTON bring diverse interests to
their study of ice ages. Broecker got his
Ph.D. at Columbia University in 1958
and has pursued his career there. He
is now professor of geochemistry at the
Lamont-Doherty Geological Observatory
of Columbia University. In addition to
ancient climates, he follows research in-
terests in ocean chemistry, isotope dat-
ing and environmental science. Denton
is professor of geology at the University
of Maine. After earning a Ph.D. at Yale
University in 1965, he did postdoctoral
work at the University of Stockholm and
then moved to Maine. He has spent 36
seasons in the field studying the tim-
ing and extent of glacial advances, 22 of
them in Antarctica and elsewhere in the
Southern Hemisphere.

SCIENTIFIC AMERICAN January 1990 49



Milankovitch calculated that these
three factors work together to vary the
amount of sunshine reaching the high
northern latitudes in summer over a
range of some 20 percent—enough, he
argued, to allow the great ice sheefs
that advanced across the northern

continents to grow during intervals of

many years, however, the lack of an
independent record of ice-age timing
made the hypothesis untestable.

n the early 1950's Cesare Emiliani,
working in Harold C. Urey's labora-
tory at the University of Chicago,
produced the first complete record of

cool summers and mild winters. For  the waxings and wanings of past glaci-
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ASTRONOMICAL CYCLES (top) are the pacemaker of glaciation. The cycles—23,000 to
100,000 vears in length—affect the eccentricity of the earth’s orbit, the orientation
of its spin axis (which slowly traces out a cone in space) and the tilt of the axis (which
affects the width of the cone). The effect of the changes on the intensity of summer
sunshine at high northern latitudes is shown at the left. The curve at the right indi-
cates the volume of the earth’s ice sheets, determined from isotopic studies of sea-
floor sediments. Ice volume climbs gradually for about 100,000 years and then falls
abruptly in ice-age terminations that correspond to episodes of increasing summer
sunshine at northern latitudes. (Seasonality varies differently in the Southern Hemi-
sphere, which suggests that northern seasonality must be what drives ice ages.)
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ations. It came from a seemingly odd
place, the sea floor. Single-cell marine
organisms called foraminifera house
themselves in shells made of calcium
carbonate. When the foraminifera die,
sink to the bottom and contribute to
the sea-floor sediments, the carbonate
of their shells preserves certain char-
acteristics of the seawater they inhab-
ited. In particular, the ratio of a heavy
isotope of oxygen (oxygen 18) to or-
dinary oxygen (oxygen 16) in the car-
bonate preserves the ratio of the two
oxygens in the water molecules.

It is now understood that the ratio
of oxygen isotopes in seawater closely
tracks the proportion of the world's
water that is locked up in glaciers and
ice sheets. A kind of meteorological
distillation accounts for the link. Wa-
ter molecules containing the heavier
isotope tend to condense and fall as
precipitation a tiny bit more readily
than molecules containing the lighter
isotope. Hence, as water vapor evapo-
rated from warm oceans moves away
from the source, its oxygen 18 pref-
erentially returns to the oceans in
precipitation. What ultimately falls as
snow on ice sheets and mountain gla-
ciers is relatively depleted of oxygen
18. As the oxygen 18-poor ice builds
up, the oceans become relatively en-
riched in the isotope. The larger the
ice sheets grow, the higher the propor-
tion of oxygen 18 becomes in seawa-
ter—and hence in the sediments.

Analyzing cores drilled from sea-
floor sediments, Emiliani found that
the isotopic ratio rose and fell in
rough accord with the cycles Milan-
kovitch had predicted. Since that pi-
oneering observation, oxygen-isotope
measurements have been made on
hundreds of cores. A chronology for
the combined record enabled James D.
Hays of Columbia University, John Im-
brie of Brown University and Nicholas
Shackleton of the University of Cam-
bridge to show in 1976 that the record
contains the very same periodicities
as the orbital processes.

Over the past 800,000 years, the
global ice volume has peaked every
100,000 years, matching the period
of the eccentricity variation. In addi-
tion, "wrinkles” superposed on each
cycle—small decreases or surges in
ice volume-—have come at intervals of
roughly 23,000 and 41,000 vears, in
keeping with the precession and tilt
frequencies. Imbrie, working with a
group called speCcMAP, later strength-
ened the case for the astronomical
theory even more when he showed
that the amplitude of the shorter-pe-
riod signals has varied exactly as one
would expect if the signals were be-
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ICE SHEETS AND MOUNTAIN GLACIERS expanded in both hemi-  because the sea level was lower.) The graph traces the aver-
spheres during the last ice age. The map (an unusual equal-  age elevation of mountain snow lines on the American cordil-
area projection) shows the extent of land ice (red) and sea ice  lera, plotted along the north-south transect indicated on the
{yellow) on all the continents at peak glaciation some 19,500 map. Ice-age snow lines (blue line) were about 1,000 meters
vears ago. (Land ice extended beyond some present coastlines  lower than snow lines are today (red), regardless of latitude.

SCIENTIFIC AMERICAN January 1990 51



THOUSANDS OF YEARS AGO
[ _—
< v

gl
? 2,000

500

1 i
1,000 500 0
250 U
ICE SHEET, GREAT LAKES
ICE SHEET. WASHINGTON STATE

1
1,500

TIMING of glacial retreat was identical in the Northern Hemi-
sphere (left) and in the Southern Hemisphere (center). The
graphs give the extent of mountain glaciers and ice sheets
from their source regions (in kilometers) and show that in ev-

ing modulated by distance scasonality.

To be sure, there were loose ends.
The 100,000-year variation has a much
weaker effect on seasonal sunshine
than the shorter cycles do, and yet it
apparently sets the fundamental fre-
quency of glaciation. The shorter cy-
cles emerge only in the wrinkles in the
isotopic record. What is more, the cal-
culated seasonality cycles rise and fall
smoothly, but the ice curve is saw-
toothed: the ice grows episodically for
nearly 100,000 years and then crash-
es in a few thousand, in a period of
strengthening northern summers.

Workers have sought answers to
both puzzles in the physics of the ice
sheets and the underlyving rock, which
sinks under the weight of the ice. For
example, William R. Peltier and Wil-
liam T. Hyde of the University of To-
ronto have built a theoretical model
that incorporates assumptions about
how the bedrock sinks and that close-
ly reproduces both the dominance of
the 100,000-year cycle and the rapid
retreat of the ice. In the model, it takes
nearly 100,000 years for an ice sheet
to reach a critical size, at which point
the ductile rock below the earth’s crust
begins to flow rapidly and allows the
burdened crust to sink. The surface
of the ice sheet drops; warmed by
the lower elevation, the ice can melt
rapidly when the shorter-period cy-
cles bring the next episode of strong
northern summers.

eltier and Hyde's model, like
many other models, assumes

that Northern Hemisphere sea-
sonality changes drive glacial advance
and retreat directly, with bedrock re-
sponse shaping each cycle and setting
its length. Yet the assumption suffers
a crucial problem: glaciers grew and
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retreated in the Southern Hemisphere
as well. Studies by geologists, includ-
ing the late John H. Mercer of Ohio
State University and Stephen C. Porter
of the University of Washington, show
that during the last ice age, climate
changed at the same times and by
comparable amounts in the middle lat-
itudes of the Southern Hemisphere—
even though seasonality there varies
on a quite different schedule.

They and others have found, for
example, that during the last ice age
the earth's mountain glaciers also ex-
panded. The evidence—trom the heaps
of debris plowed up by the glaciers,
known as moraines—is as clear in the
tropics (New Guinea, Hawaii, Colom-
bia and East Africa) and the southern
temperate latitudes (Chile, Tasmania
and New Zealand) as it is in north-
ern temperate latitudes (the Cascades,
the Alps and the Himalayas). On all
the mountains studied so far, regard-
less of geographic setting or precipi-
tation rate, the snow line descended
by about one kilometer, correspond-
ing to a drop in temperature of about
five degrees Celsius.

Where organic material was trapped
in the moraines, radiocarbon dating
shows that the glaciers advanced and
retreated on the same schedule. They
fluctuated near their maximum ex-
tent between about 19,500 and 14,-
000 years ago, about the same time as
the glaciation of northern continents
peaked. Then, just as the northern ice
sheets began to shrink, the mountain
glaciers underwent a dramatic retreat
that sharply reduced their size by
about 12,500 years ago.

How could changes in summer sun-
shine at the latitude of Iceland have
caused glaciers to grow and retreat
in New Zealand and the southern An-
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ery case dramatic retreat began 14,000 years ago. Changes in
seasonal intensity could not have driven the retreat directly, be-
cause even though northern summers were getting stronger,
summers in the Southern Hemisphere were weakening (right).

des? If orbital cycles do indeed drive
glacial cycles by acting directly on
northern ice sheets, the response to
seasonality changes in the high north-
ern latitudes must be strong enough
to override the effects of the very dif-
ferent changes in the Southern Hemi-
sphere. One possibility is that the
northern ice sheets themselves trans-
late Northern Hemisphere seasonality
into climatic change around the world.

Two links between the northern ice
sheets and ice growth worldwide have
been proposed, but neither one bears
up well under scrutiny. One invokes
sea level, which would have dropped
as the growth of the northern ice
locked up much of the world's water,
Since glaciers can grow only on land,
the drop in sea level might have al-
lowed southern glaciers to expand
onto the exposed continental shelves
even without a global change in tem-
perature. Later, when the northern
ice sheets melted, the rise in sea lev-
el might have broken up the margins
of the Southern Hemisphere glaciers,
forcing them to retreat. The explana-
tion is plausible only for Antarctica,
however, because most mountain gla-
ciers do not approach the sea.

The second proposal relies on the
high albedo, or reflectivity, of the
vast northern ice sheets. By reduc-
ing the absorption of sunlight by the
planet as a whole, the ice might have
led to global cooling and allowed gla-
ciers to grow at southern latitudes.
Yet computer climate models show
that the albedo effects of Northern
Hemisphere ice sheets should be con-
fined to northern latitudes. Also, if
ice albedo does drive global climat-
ic change, one would expect to find
a pronounced north-to-south gradi-
ent in the mountain-glacier record,



with mountains adjacent to the north-
ern ice sheets recording the greatest
snow-line lowering and the Andes, say,
showing very little change. No such
gradient is seen.

Any causal link between the ice
sheets and global climatic change
also must contend with the timing
of the mountain-glacier retreat. Both
the northern ice sheets and the moun-
tain glaciers began their retreat from
the last glacial maximum at the same
time, about 14,000 years ago. The
continental glaciers took about 7,000
years to melt away, whereas the moun-
tain glaciers shrank much more quick-
ly. The disparity suggests that the
northern ice sheets cannot be calling
the tune for climate over the rest of
the earth.

f the ice sheets themselves can-

not link the astronomical cycles to

the climatic shifts, what can? Clues
come from core samples drilled from
depths of as much as two kilometers
in the ice that still blankets Greenland
and Antarctica. The first thing the ice
cores offer is confirmation of the glob-
al and synchronous character of ice-
age climatic changes.

The oxygen 18 content of glacial ice
is depleted in general, but the exact
content records the local temperature
at the time the ice was laid down. ( The
colder a parcel of air becomes, the
more of its water vapor is likely to
have fallen already in precipitation,
reducing the oxygen 18 content of
the remaining vapor.) Isotopic studies
of the Greenland and Antarctic cores
show that during the last glaciation
both poles cooled—to as much as
10 degrees C below today’'s tempera-
tures—and warmed in step.

The ice also revealed something
much more intriguing. Groups led
by Hans Oeschger of the University
of Bern and Claude Lorius of the Lab-
oratory of Glaciology and Geophys-
its of the Environment, near Greno-
ble, measured the carbon dioxide con-
tent of the tiny bubbles of ancient air
trapped in the ice. They found that
during the last glaciation the carbon
dioxide concentration of the atmos-
phere was about two thirds of its
interglacial level. The carbon dioxide
curve pointed to a missing ingredient
in the climatic recipe: the ocean.

Only a major shift in the ocean's
operation could account for such a
dramatic change in atmospheric com-
position. After all, the oceans hold
60 times as much carbon dioxide as
the atmosphere; because the gas read-
ily diffuses between the ocean surface
and the atmosphere, its concentration

in surface waters regulates the atmos-
pheric concentration.

Living things in turn control the sur-
face-water concentration, by acting as
a biological pump that transfers car-
bon dioxide from the surface to the
ocean depths. In the course of photo-
synthesis, the tiny green plants of the
ocean's sunlit upper layers capture
dissolved carbon dioxide to form or-
ganic tissue. Some of the plant matter,
as well as animal tissue nourished
by the plants, eventually sinks into
the deep sea, where bacteria oxidize
it back to carbon dioxide. Thus, the
gas is continuously pumped into the
abyss, together with nutrients such as
phosphate and nitrate,

The efficiency of this pump depends
not only on the surface communi-
ty’s population and species but also
on vertical mixing patterns. The exact
link between pumping efficiency and
ocean circulation is controversial, but
one can imagine, for example, that if
the mixing of deep waters with the
surface is slowed, surface plant life
will have more time to deplete the
shallow water of carbon dioxide be-
fore more of the gas is stirred up from
the depths. During glacial time, some
combination of altered mixing and
changes in ecology must have made
the biological pump more efficient.

he first indications that the ice-
age ocean did operate different-
ly came from fossil evidence:
changes in the populations of micro-

organisms that inhabit water masses
of specific temperature and salinity,
studied by William F. Ruddiman and
Andrew McIntyre of Columbia Univer-
sity and by Detmar F. Schnitker of the
University of Maine. More recently a
geochemical technique pioneered by
Edward A. Boyle of the Massachusetts
Institute of Technology provided dra-
matic and direct confirmation that the
ocean circulated differently during the
last glaciation.

Boyle discovered that, for unknown
reasons, the distribution of cadmium
in today's oceans closely matches that
of phosphate and nitrate nutrients. Be-
cause the cadmium ion has the same
charge and size as calcium, Boyle
guessed that cadmium might substi-
tute for calcium in the calcium car-
bonate of foraminiferal shells. If it
does, measurements of cadmium in
shells from sediment cores might re-
veal the distribution of nitrate and
phosphate in the glacial ocean.

Bovle's intuition proved correct
when he found that foraminifera
in the present-day ocean do incorpo-
rate cadmium in a constant propor-
tion to its abundance in seawater. He
then measured cadmium in sediment
cores. The result was exciting: a key
signature of the Atlantic's present-day
circulation was missing during glacial
time, until about 14,000 years ago.

Currently the Atlantic’s deep water
contains only about half as much phos-
phate and nitrate as the deep waters
of the Pacific and Indian oceans. The

DEEP SALTY CURRENT threads the world’s oceans, compensating for the transport of
water vapor by the atmosphere. (Light blue arrows indicate shallow return flow.) The
current originates in the North Atlantic, where northward-flowing warm water that is
unusually saline (and therefore dense) because of excess evaporation is chilled,
which increases its density further. It sinks into the abyss and flows southward, out
of the Atlantic. Most of the salty water that is supplied by this Atlantic “conveyor”
mixes upward in the Pacific, making up for excess precipitation there. The Atlan-
tic conveyor—and probably the entire system—was disrupted during glacial time.
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low nutrient content reflects the wa-
ter's recent sojourn near the surface
{where biological activity depletes
the nutrients). Every winter at about
the latitude of Iceland, water of rel-
atively high salinity, flowing north-
rmediate depths (perhaps
rises as winds sweep
the surface waters aside. Exposed to
the chill air, the water releases heat,
cooling from 10 degrees C to two
degrees. The water’s high salinity to-
gether with the drop in temperature
makes it unusually dense, and it sinks
again, this time all the way to the
ocean bottom.

The formation of the North Atlantic
deep water, as it is called, gives off a
staggering amount of heat. Equal to
about 30 percent of the yearly direct
input of solar energy to the surface
of the northern Atlantic, this bonus
of heat accounts for the surpmmgh
mild winters of Western Europe.
arming is nft(‘n mistakenl

‘he magnitude of the verti-
cal circu atlon is also immense, aver-
aging 20 times the combined flow of
all the world’s rivers. Indeed, much of

the deep water in the world's oceans
ultimately originates here. From its
source the water floods the deep At-
lantic, curves around the southern tip
of Africa and joins the deep current
that circles Antarctica and distributes
deep water to the other oceans.

As the deep water ages and travels
away from the site of its formation,
it collects sinking phosphate and ni-
trate, which results in a gradient of
increasing nutrient levels. By measur-
ing the cadmium content of foraminif-
era that lived near the bottom, Boyle
found that during glacial time the nu-
trients were more uniformly distribut-
ed through the depths of the world's
oceans. In addition, the concentration
in the glacial Atlantic peaked in the
deepest parts rather than at interme-
diate depths, as it does today.

These results bore out the implica-
tion of the earlier microfossil studies.
The Atlantic “conveyor,” which releas-
es vast quantities of heat to the North
Atlantic and sends immense volumes
of water into the abyss, was shut down
until the last ice age ended 14,000
years ago. In the absence of this key
component, worldwide ocean circula-

SEDIMENT CORE (left) from the North Atlantic testifies to an abrupt change in cir-
culation at the end of the penultimate glaciation about 128,000 years ago. The tran-
sition (identified by Gerard C. Bond of Columbia University) spans a few millime-
ters and represents about 50 years. A scanning electron micrograph of coarse ma-
terial from the dark sediments (bottom) reveals abundant rock fragments, rich in
silicon (blue in an X-ray map), presumably dropped by melting icebergs, The light-
colored sediments (top) include almost no rock and are made up mainly of shells,
rich in calcium (red ), from marine organisms that inhabit warm waters. (Shells in the
dark sediments came from cold-water species.) The sudden revival of the Atlantic
conveyor must have warmed the surface, eliminating icebergs and altering ecology.
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tion must have looked very different.

The sea and land evidence togeth-
er points to a simultaneous change
in the operation of the ocean and
the atmosphere 14,000 vears ago. The
pattern of ocean circulation shifted
dramatically; glaciers in both hemi-
spheres began retreating, signaling
global warming; and the carbon diox-
ide content of the atmosphere start-
ed to rise to interglacial levels. We
think these events indicate a major re-
organization of the joint ocean-atmos-
phere system—a jump from a glacial
mode of operation to an interglacial
mode. Indeed, we believe that abrupt
jumps among several ocean-atmos-
phere modes may underlie glacial cy-
cles in general.

e propose that changes in

seasonality are the ultimate

causes of these mode shifts.
Although we can suggest no simple
mechanisms linking seasonality, the
ocean-atmosphere system and global
climate, we can offer some insights.

The atmosphere, which would cer-
tainly feel the effects of seasonal-
ity changes, strongly influences the
circulation of the ocean. The link in-
volves the distribution of salt. Prevail-
ing winds transfer water evaporated
from one part of the ocean to another
region, where it falls as precipitation.
The transport of vapor leaves a heri-
tage of salt in the first region and
dilutes the salinity of the second.

Now, the tendency of surface waters
to sink into the depths and initiate
a vertical conveyor belt like that of
the North Atlantic depends on their
density. Density reflects both temper-
ature and salinity, but salinity is the
decisive factor. (Surface water cools
almost to the freezing point through-
out the high latitudes in winter, but
only where it is unusually saline does
it sink into the abyss.) The system has
a built-in nonlinearity: a gradual shift
in atmospheric circulation, by chang-
ing salinity in regions such as the
North Atlantic, could dramatically al-
ter the global circulation pattern. In-
deed, the Atlantic conveyor appears
to be the most vulnerable part of the
system, which may explain why it is
Northern Hemisphere seasonality that
drives global climatic changes.

A climatic event called the Younger
Dryas, which took place several thou-
sand years after the glaciers started to
retreat, provides a smoking gun for
this part of our case. It vividly illus-
trates the link between the transport
of fresh water—in this case liquid wa-
ter and not vapor—and ocean circula-
tion. About 11,000 years ago the re-



&

%
s

A

0
IF

DIVERSION OF MELTWATER during the retreat of the North
American ice sheet some 11,000 years ago may explain the
1,000-year cold spell known as the Younger Dryas. Lake Ag-
assiz, fed by meltwater, had been draining down the Mis-
sissippi River to the Gulf of Mexico. When the retreat of the
ice opened a channel to the east, however, the water flooded

across the region of the Great Lakes to the St. Lawrence Riv-
er (arrow). The influx of fresh water to the North Atlantic di-
luted the salinity of surface water, reducing its density and
preventing it from sinking. The Atlantic conveyor was shut
down: warm water could no longer flow northward, and a broad
region around the North Atlantic was chilled (hatched areaq).

treat of the glaciers was well under
way, and temperatures had risen to
their interglacial levels. Suddenly, in
as little as 100 years, northern Europe
and northeastern North America re-
verted to glacial conditions. Pollen rec-
ords show that the forests that had
colonized postglacial Furope gave way
to arctic grasses and shrubs (including
the Dryas flower, for which the period
Is named), and the Greenland ice core
records a local cooling of six degrees
C. About 1,000 years later, this cold
spell ended abruptly—in as little as
20 years, recent work by Willi Dans-
gaard of the University of Copenha-
gen suggests.

Boyle's cadmium measurements, to-
gether with the record of surface-wa-
ter foraminifera in the North Atlantic,
tell what happened. Both indicators
return to their glacial state at the on-
set of the Younger Dryas. The convey-
or belt had shut down once again.
Deep-water formation had stopped,
and so the warm intermediate-depth
water that supplies Europe's bonus of
heat could no longer flow northward,
The chill over the region was dispelled
only when the conveyor began run-
ning again 1,000 years later.

Amassive influx of fresh water from
the melting North American ice sheet
seems to have killed the conveyor
and precipitated the Younger Dryas.
The ice sheet started shrinking 14,000
years ago; for the 7,000 years it took to
melt away, it must have released fresh
water at about the same rate as to-
day’s Amazon River. At first nearly all
the meltwater from the southern edge
of the massive ice sheet flowed down
the Mississippi River to the Gulf of
Mexico. About 11,000 vears ago, how-
ever, a major diversion sent meltwater
in torrents down the St. Lawrence Riv-
er to the Atlantic.

A vast clearinghouse for meltwater,
known as Lake Agassiz, had formed
in the bedrock depression at the edge
of the retreating ice sheet in what is
now southern Manitoba. Until 11,000
vears ago the lake, larger than any
of the existing Great Lakes, had over-
flowed a bedrock lip to the south and
drained down the Mississippi. Then
the retreat of the ice opened a channel
to the ecast. The water level in Lake Ag-
assiz dropped by 40 meters as water
flowed across the region of the Great
Lakes and down the St. Lawrence.

Foraminifera from surface waters of

the Gulf of Mexico record this diver-
sion. Their oxygen 18 content had
been anomalously low, reflecting the
oxygen 16-rich meltwater discharging
from the Mississippi. About 11,000
years ago the isotopic ratio increased
abruptly as the Lake Agassiz diversion
shut off the meltwater flow to the Gulf.

The meltwater, meanwhile, poured
into the North Atlantic close to the site
of deep-water formation. There it re-
duced the salinity of surface waters
(and hence their density) by so much
that, in spite of severe winter cooling,
they could not sink into the abyss. The
conveyor belt stayed off until 1,000
years later, when a lobe of ice ad-
vanced across the western end of the
Lake Superior basin and once again
blocked the exit to the east. Lake Agas-
siz rose again by 40 meters, diverting
the meltwater back down the Missis-
sippi. The conveyor belt was reactivat-
ed, and Europe warmed up again.

he Younger Dryas links freshwa-

I ter flow, ocean circulation and
climate—but only regional cli-
mate. Only around the North Atlan-
tic did the episode bring a sharp cool-
ing; elsewhere its effects were slight
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END OF THE LAST ICE AGE brought global changes, summarized here, that began
at the same time about 14,000 yvears ago even though they proceeded at different
rates. The circulation of the North Atlantic shifted abruptly from glacial to intergla-
cial conditions (with a brief relapse during the Younger Dryas cold snap) as deep-
water production resumed. At the same time, the amount of dust in the atmosphere
dropped and the concentration of carbon dioxide started to increase. The shifts
may have been part of a larger reorganization of the ocean and atmosphere that
warmed the planet and caused mountain glaciers and ice sheets to start retreating.

or absent. Unlike the glaciations, the
Younger Dryas affected only the trans-
port of heat (from low latitudes to the
North Atlantic) and not the global cli-
mate. How could a change in ocean-
atmosphere operation during the ice
ages have cooled the world as a whole?

The Greenland and Antarctic ice
cores suggest part of an answer. The
lower level of atmospheric carbon di-
oxide they record for the last glaci-
ation would certainly have contrib-
uted to the cooling: carbon dioxide
is a greenhouse gas that warms the
earth’s surface by trapping solar ener-
gy. Computer climate simulations sug-
gest, however, that the global cooling
caused by the observed drop in carbon
dioxide would be at most two degrees
C—less than half of what is recorded
in the mountain glaciers.

Two other changes recorded in the
ice cores must also have contributed.
Ice-age air contains only half the post-
glacial level of methane. Methane, too,
is a greenhouse gas, although the ice-
age cooling attributable to reduced
methane amounts to just a few tenths
of a degree. In addition, dust is about
30 times as abundant in glacial-age
ice as in more recent layers, confirm-
ing evidence from other sites that the

ice-age atmosphere was exceedingly
dustv. Dust, too, could have contribut-
ed to the cooling, by reflecting sun-
light. Unfortunately, its effect is hard
to quantify.

The dustiness and low methane
content of the ice-age air do suggest
that the glacial mode of ocean-atmos-
phere operation had imposed a dry cli-
mate. Dust, after all, blows from areas
where vegetation is sparse, whereas
methane is produced in swamps. Dry
conditions (which are also recorded
in ice-age landforms, such as sand
dunes, and in pollen deposits) would
have had their own effect on global
temperatures, Temperature falls more
rapidly with increasing altitude in a
drier atmosphere; hence, the drving
could have contributed to the depres-
sion of mountain snow lines.

ven added together, the impacts
of carbon dioxide, methane, dust

and drying may come up short in
accounting for the temperature differ-
ence between the glacial and the inter-
glacial planet. What else could have
contributed? One possibility is that
the ocean-atmosphere reorganization
changed the characteristics of clouds
and made them more reflective.
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Clearly, our account of how changes
in ocean-atmosphere operation could
have cooled the planet is incomplete.
Moreover, since we appeal to Northern
Hemisphere seasonality to pace these
mode shifts, we encounter the same
problem faced by other theorists: Why
is the 100,000-year astronomical cy-
cle dominant when it is the weakest of
the three? Perhaps ice-sheet growth
has a feedback effect on atmospher-
ic circulation. The ocean-atmosphere
system might become most suscepti-
ble to a mode shift once the ice sheets
reached a critical size—which might
take 100,000 years.

Still, much recent evidence favors
our basic proposal: transitions be-
tween glacial and interglacial condi-
tions represent jumps between two
stable but very different modes of
ocean-atmosphere operation. If the
earth’s climate system does jump be-
tween quantized states, like the elec-
trons around an atom, all climate in-
dicators should register a transition
simultaneously. In this regard, the
evidence from the end of the last ice
age is most impressive. The warming
of North Atlantic surface waters, the
onset of melting in the northern ice
sheets and the mountain glaciers of
the Andes, the reappearance of trees
in Europe and changes in plankton
ecology near Antarctica and in the
South China Sea—all took place be-
tween 14,000 and 13,000 vears ago.

If the global climate system does
prove to have quantized states, clima-
tologists will have gained new insight
into the way astronomical forcing,
acting mainly in high northern lati-
tudes, could transform climate world-
wide. They will also have new cause for
concern over the earth’'s climatic fu-
ture. Just as 14,000 years ago the earth
was feeling the gradual forcing effect
of stronger northern summers, 80 now
it is subject to gradual forcing as hu-
man activity releases carbon dioxide
and other greenhouse gases into the
atmosphere. Will the climate system
again respond abruptly, by flipping to
an entirely new mode?
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