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The oscillations between glacial and interglacial climate conditions over the past three million years have been
characterized by a transfer of immense amounts of water between two of its largest reservoirs on Earth — the
ice sheets and the oceans. Since the latest of these oscillations, the Last Glacial Maximum (between about
30,000 and 19,000 years ago), ~50 million cubic kilometres of ice has melted from the land-based ice sheets,
raising global sea level by ~130 metres. Such rapid changes in sea level are part of a complex pattern of
interactions between the atmosphere, oceans, ice sheets and solid earth, all of which have different response
timescales. The trigger for the sea-level fluctuations most probably lies with changes in insolation, caused by

astronomical forcing, but internal feedback cycles complicate the simple model of causes and effects.

he onset of Pleistocene glaciations occurred

about three million years ago with formation of

permanent ice sheets at high northern latitudes.

As the ice sheets waxed and waned, the

concomitant fall and rise of sea level left direct
evidence for the intensity and timing of glacial cycles. The
major sea-level cycles occur at intervals of ~100,000 years
(100 kyr) over the past ~800 kyr, with maximum
amplitudes of 120-140 m, involving changes in ice volume
of 50-60 million km?®. Superimposed on these are lesser
cycles of a few tens of thousands of years and shorter
duration.

Direct, accurate and high-resolution observations of
past sea levels exist only for the last glacial cycle, from about
130 kyr ago to the present. Knowledge of ice volume for the
earlier periods rests increasingly on proxy indicators con-
tained within oozes of calcareous skeletons of marine
foraminifera shells. These record the isotopic and chemical
signatures of the water in which they lived, and the ratio of
two oxygen isotopes **0/*°0 is particularly important. It is
the lighter isotope that is preferentially evaporated, whereas
during precipitation the heavier isotope condenses preferen-
tially. Thus, as water vapour is transported poleward this

Figure 1 5'°0 records for the past 5 Myr
from two sediment cores. a, Site 999 in
the Caribbean Sea®; b, Site ODP-607
from the equatorial Atlantic®. For the early
part of the record (before ~3.2 Myr ago)
the average 5'°0 is low and the
oscillations are of relatively small
amplitude. This is indicative of globally
warm conditions without major ice sheets

ratio shifts to lesser values and is reflected in the isotopic sig-
nature of high-latitude snow. At times of major glaciations,
the oceans become depleted in the lighter oxygen isotope.

The isotope ratio 30 ={(**0/*0)gmpie/ (*0/*°0)tandara
— 1}, expressed as parts per thousand, is therefore believed
tobeanindicator of global ice volume — low values indicate
small ice volumes and hence globally warm conditions, and
high values imply large ice sheets and low temperatures*2 In
foraminifera, this ratio is also a function of local seawater
temperature and independent observations become impor-
tant for establishing not only the links between the sea-level
fluctuations and climate, but also for calibrating the proxy
indicators. Accumulating evidence reveals a complex
pattern of change throughout Pleistocene time, particularly
for the last glacial cycle, with a variable role for astronomical
forcing and an interaction between oceans, atmosphere, ice
and solid earth that is rich in its implications for climate
change.

Onset of glacial cycles in sea level

Records of foraminifera have been preserved in open-ocean
marine sediments from two localities over the past
5 million years (Myr)** (Fig. 1). The record before ~3 Myr is
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characterized by low 80 and the early period is one of relatively
high global temperatures with little ice locked up in polar caps. After
~3 Myr the oscillations become larger and indicate onset of glacia-
tion in the Northern Hemisphere, with successive glaciations
becoming progressively more intense. This onset coincides with a
marked increase in lithic material in high-latitude North Atlantic
sedimentcores*® carried by the first calving of Northern Hemisphere
ice into the Atlantic. At ~0.8 Myr ago the pattern of 3'°0 oscillations
shifts from the principal periodicity of 40 kyr to 100 kyr (ref. 6). The
100-kyr pattern becomes established in the sea-level record during
thisinterval™,

Growth of large ice sheets requires warm temperatures during
winters to enhance moisture transport to high latitudes, and cool
temperatures during summers to prevent melting of snow. Surface
water transports heat efficiently and a northward penetration of
warm surface currents can encourage ice-sheet development, while
suppression of these currents discourages ice growth. Thus changes
in climate, ocean circulation and ice-sheet growth and decay are
closely linked™™. A number of factors can modify this circulation.
Changes in tectonic configuration of the continents can drive warm
surface currents towards or away from high latitudes. The closure of
the Isthmus of Panama may have been important in this context,
because as the waterway between the two Americas narrowed, warm
surface Atlantic currents were probably deflected northwards. The
timing of the final stages of closure between about 3.6 and 2.7 Myr
ago™*™ is sufficiently close to the onset of Northern Hemispheric
glaciation to make an attractive hypothesis: that the tectonically
driven change in the Atlantic circulation leads to increased moisture
transport to high latitudes and to the development of the northern
ice sheets. Once established, the ice sheets can increase the supply of
cold water to the oceans, which feeds back into the surface currents.
Superimposed upon this tectonic—ocean—ice interaction will be any
external forcing of the climate.

Under the influence of gravitational interactions between the
Earth, Sun and Moon, the insolation at the upper atmosphere varies
cyclically®® and the same periodicities are observed in the 30
records’’. Known as the Milankovitch forcing, this indicates that
astronomical forces exert a strong ordering influence on
climate®*®°  although some significant differences do exist. For
example, the climate periodicity of 100 kyr is only weakly present in
orbital frequencies, and a strong 413-kyr cycle seen in insolation
predictionsis not reflected in climate variability™. Onatimescale of a
few million years the orbital and rotational motions in the Solar
System are stable?, and if astronomical forcing is the only agent for
change then the same climate behaviour is expected throughout, in
contrast to the fundamental changes seen at ~3 and ~0.8 Myr ago.
Thus, processes and feedbacks other than astronomical motions are
likely to be important in influencing climate variability™**%. Sug-
gestions for feedback modes are many, but satisfactory solutions are
few. Where there is agreement is that changes in ocean circulation,
whose response to external forcing contains both short (~1 kyr) and
longer (3-5 kyr) time constants, can modify climate response to
external forcing and feedback mechanisms®?,

Numerous explanations have been advanced for the dominant
100-kyr cycle in the climate record. Most involve the long response
times associated with massive ice sheets?*?, others involve forcing by
orbital inclination®. However, atmospheric variables extracted from
the Vostok ice core and from marine cores follow a 100-kyr cycle in
phase with astronomical forcing, indicating that this cycle is not
related to ice-sheet dynamics?. Instead, it seems to be a response
(with appropriate time lag) to forcing by air temperature. This leaves
unanswered the cause of the temperature forcing and why it started
only ~0.8 Myr ago. But, it means that the relationship between 3'°0
and sea-level fluctuations is more complex than sometimes
assumed, reinforcing the need to establish an independent sea-level
record free of proxy indicators. Availability of increasingly accurate
observations of past sea-level positions should lead to answers to
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some of the questions raised by the proxy records and hence to an
improved understanding of the processes that have driven climate
change in the past.

Earlier glacial cycles and sea level

Observational records of sea level consist of positions and ages of
remnants of former shorelines. Coral reefs®'*?® and speleothems
(reprecipitated carbonates)® provide a chronology of mainly inter-
glacial periods and these confirm the recurrence of the ~100-kyr
cycle. The amplitudes of sea-level change during the early
interglacials are poorly known because many of the locations where
records are preserved are also subject to tectonic uplift. Thus it
remains impossible to say with certainty whether there was more or
less ice globally than today during any of the past interglacials and
whether the behaviour of the Greenland and West Antarctic ice sheets
differsfrominterglacial to interglacial. The observed timing of earlier
interglacials, at ~630 kyr ago’®, ~330 kyr ago'®**and ~200 kyr ago®, is
consistent with the hypothesis of astronomically forcing. But, other
than for the last interglacial, it has not yet been possible to define with
precision the timing of the onset and termination of these periods or
to establish in detail the phase relationship(s) between Milankovitch
forcing, sea level and oxygen isotope signals for the same interval.
Current evidence suggests that the last two interglacials were of
approximately equal length (~12 kyr)®*.,

Sedimentological evidence has provided some estimate of sea
levels during the major glacials preceding the interglacials™, and
global ice volumes during successive glacial maximaseem to have been
of similar magnitude to that of the Last Glacial Maximum (LGM; see
below). One possible exception is at ~ 450 kyr ago, when ice volumes
may have been some 15% greater than during the last glaciation®, and
greater thanatany other time in the past 3 Myr. Determining where this
ice was will remain uncertain until a coherent chronology for the
terrestrial record of the early glaciationsis established.

The last glacial cycle

In areas of tectonic uplift, sea-level markers have occasionally been
elevated beyond the reach of the destructive forces of succeeding
cycles. However, because the quality of the exposed record often dete-
riorates asaresult of weathering, aquasi-continuous sea-level record
is still only available for the last glacial cycle, from about 130 kyr ago
to the present. This reveals a much finer structure than do the older
fragments, one that is diagnostic of higher-frequency interactions
between climate, ocean and ice.

Coral reefsform particularly good records. Coral growth prolifer-
ates when the rate of sea-level rise equals or exceeds the rate of land
uplift, but when sea-level rise cannot keep up only patchy and thin
reef veneers develop. Important examples are from Barbados®,
Sumba’® and Papua New Guinea®**. Uplift at Huon Peninsula,
Papua New Guinea, is as high as 4 mm yr™, resulting in a more
detailed record than is available from other localities. Huon terraces
of last interglacial age are now at elevations up to 400 m, whereas in
tectonically stable areas such reefs occur near modern sea level®.
Comparison between the two sites yields estimates for the rate of
tectonic uplift, while evidence from the latter sites is used to establish
the timing of the interval when ice volume was last near its present
volume®?®. Information from river delta sequences at Huon
constrains the sea-level position of intervening lowstands™.
Uranium-series dating of the corals®* completes the process,
leading to a relation between age, sea level and height® (Fig. 2).
Although the Huon data have already received considerable atten-
tion, new high-resolution results are providing fresh insights into the
behaviour of ice sheets, thermohaline circulation and sea level***,

The last glacial cycle is divided into marine oxygen isotope stages
(MIS) 1-5 based on distinct patterns of fluctuation in §*0 in marine
sediments®. MIS-5 includes the last interglacial (substage M1S-5¢)
and aseries of oscillations between increasingly cold stadials and rel-
atively warm interstadials (substages 5d-5a; Fig. 2). MIS-4 and -3
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Figure 2 Relative sea level and insolation for the last glacial cycle. a, The relative
sea-level curve for the last glacial cycle for Huon Peninsula*® supplemented with
observations from Bonaparte Gulf, Australia™. Error bars define the upper and lower
limits. The timescale is based on uranium-series ages of corals older than about

30 kyr (refs 36—38) and on calibrated radiocarbon ages of the younger corals and
sediments (all U-Th ages here and in Fig. 3 have been subjected to strict evaluation
criteria®). The main oxygen isotope stages MIS-5 to MIS-1, including the substages
of MIS-5, are identified. The results represent conservative estimates, with each
oscillation identified being supported by several precisely dated points from one or
more reef section, by the stratigraphic relationship of the sampled corals to the reef
crest position, and by models of reef growth in an environment of changing sea
levels®. The local minima in sea level during MIS-5 are based on the positions of
stream deltas relative to the reefs defining local highstands™. These lowstands have
not been dated, but their positions are consistent with modelling results of reef
growth*2, Although it is not normally permissible to combine sea-level data from
different localities without first correcting for differential isostatic effects, in this
particular case the Huon and Bonaparte locations are at continental margins far
from former ice loads and the differences in isostatic corrections are less than the
uncertainties in the data”. Thus the Bonaparte data are assumed to be valid for
Huon within the error bars indicated. b, Insolation curve for July at 65° N.

correspond to the period leading into the maximum glaciation and
represents a time of stadials, of increasing intensity, punctuated by
brief interstadials. MIS-2 includes the LGM followed by a period of
rapid ice decay. The past ~12,000 years defines MIS-1 or the
Holocene, whenice volumes and climate were largely similar to those
of today.

Into and out of the last interglacial period

The end of the last interglacial (MIS-5¢) marks a return to glacial
conditions at high northern latitudes and, along with substages 5d to
5a, forms a possible analogue for the termination of the Holocene.
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Shorelines and coral reefs formed during MIS-5e are a few metres
higher than modern sea level and the highest levels may have occurred
midway through the period®. These higher values cannot be related
directly to differences in ice volume between this period and the
Holocene because of the isostatic adjustment of the Earth in response
to ice-water loads before and after reef formation**. What can be
concluded is that it is unlikely that there were major differences in ice
volume (<2-4 minequivalent sealevel) between the two interglacials.

Sealevelsduringthe lastinterglacial reached present values for the
first time around 130 kyr ago®*. However, if the analogy with the
Holocene is valid, interglacial temperatures in mid-latitudes will
have been attained as much as 6,000 years before the sea approached
its modern level, and this is indeed supported by terrestrial $'°0
records” and other marine deposits*. The period leading out of the
penultimate glacial maximum and into the last interglacial remains
poorly constrained. Sea levels during this maximum were about the
same as during the LGM®*, but the timing is not established
guantitatively. The subsequent sea-level rise seems to have been
rapid, possibly with a swift, large-amplitude oscillation before
modern levels were reached®,

AtHuon and Barbados, well-developed monolithic reef structures
formed during the major interstadials MIS-5a and MIS-5¢%* when
global sea levels were 20-30 m lower than today. Relative highstands
corresponding to MIS-5a have also been recorded in Florida** and
Bermuda®, but their elevations are affected by isostatic adjustment to
past ice loads more than at Barbados and Huon. After differential
isostatic corrections are applied, the results are consistent within the
uncertainties of the observations and the model corrections®. During
the stadials MIS-5b and MIS-5d, sea levels have been as much as
40-60 m below present levels®. For comparison, the Scandinavian
and Laurentian ice sheets at maximum limits contained enough ice to
lower sea level by ~12-15 m and ~60-80 m, respectively>:. Thus,
substantial ice sheets existed during the MIS-5 stadials.

Few pre-LGM ice margins and shorelines have been preserved
that provide even approximate constraints on thickness or location
of earlier glaciations and, where they have been identified, there is
debate about their age. In Scandinavia, MIS-5d is recognized asa cool
period during which ice was restricted to the high ground of Norway
and Sweden®>®, contributing only afew metres to the change in glob-
al sea level. The glaciation during stage MIS-5b was more extensive,
but still only a small fraction of its subsequent maximum volume.
Only by MIS-4 did a large ice sheet form over Scandinavia. In
between these stadials, the ice retreated to the mountains or disap-
peared entirely™. Instead, the major Eurasian glaciation began over
Arctic Russia with a large ice sheet over the Kara Sea and western
Siberia®. Field estimates of ice margins during stages 5b and 4,
including observations of ice overriding the higher mountains of the
region®, indicate a glaciation comparable in size to the LGM Scandi-
navian ice. When ice grew over Scandinavia during MIS-4, to the east
it started to retreat and by the coldest time (MIS-2) the Kara Sea
shelves and Arctic Russiawere largely free of glacier ice®. Likewise, in
North Americathe early M1S-5glaciations initiated in Arctic Canada
and successive glaciationsadvanced progressively southwardsduring
MIS-5d to -4 while decaying in the north™.

The mechanisms by which the Eurasian and North American ice
sheets developed following MIS-5e remain uncertain and specula-
tive. However, the early growth of ice sheetsat high latitudesindicates
an enhanced moisture supply to the Arctic regions compared to the
present, possibly because during warmer parts of the last interglacial,
permanent Arctic sea-ice cover was less extensive than during subse-
quent periods. This introduces moisture into the polar areas and
enables snow to accumulate without requiring asignificant lowering
of temperature. Asfalling global temperaturesinitiate ice build-up in
Scandinavia, the sea ice returns and a precipitation shadow develops
that starves the eastern region of further snow. A similar scenario
could be envisaged for North America. Open sea conditions at high
latitudes during the late stages of the last interglacial allow ice to
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Figure 3 Comparison of MIS-3 sea-level oscillations and Atlantic a Time (x1,000 yr ago)
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develop initially over Arctic Canada. The subsequent cooling, and
the southern march of the North American ice sheet, leads to a
precipitation shadow causing the northern ice to decay at the same
timeasthe maximum southern limitisreached. Thusitistemptingto
suggest that onset of a glacial cycle after a prolonged interglacial
requires the break up of Arctic sea ice and enhanced exposure of
Arcticair torelatively warm surface water. The accumulation of snow
and ice increases albedo at high latitudes, which then feeds back into
the global climate system. A test of this hypothesis would be to
demonstrate that temperature during the M1S-5 fluctuations lags the
fall in sea-level.

Leading into the maximum glaciation
Sea level after MIS-5 did not fall uniformly towards its LGM level, but
oscillated rapidly with amplitudes of 10-15 m about every 4,000 years
(the approximate duration of a half cycle*®*; Fig. 2). There is a clear
visual distinction between the MIS-3 and MIS-5 reefs at Huon, the
former being less developed, more numerous and possessing more
complex sub-structures, a distinction that is mirrored in the 80
records. The implication is that fluctuations in climate and its ice-
volume response were more rapid during M1S-3 than during MI1S-5.
Five highstands have been identified within the MIS-3 interval,
centred on 32, 36, 44, 49-52 and 60 kyr ago (Fig. 3). Periods of high
abundance of the planktonic foraminiferan Neogloboquadrina
pachydermasinistral (left-coiling) in the North Atlantic core V23-81
closely match the 3*®0 variations and correspond to cold water tem-
peratures®’. These periods also coincide with episodes of ice-rafted
debris (IRD) deposits in both the North®®*® and South Atlantic (for
example, peaks SAO to SAG)*° (Fig. 3). Variations in IRD abundances
in the two hemispheres are in agreement except for the additional
peak at about 37 kyr ago in the South Atlantic record. There is,
however, a sharp enhancement in N. pachyderma abundance in core
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V/23-81, indicating that this southern IRD event occurs within a cold
interval in the Northern Hemisphere. Periods of cooler upper-ocean
temperature and increased IRD define Heinrich events (H1 to
H6)**%* of which the last four occurred during MIS-3 (ref. 62; and see
review in thisissue by Rahmstorf, pages 207-214).

Heinricheventsareattributed to instabilitiesin the ice sheets once
they have grown to continental dimensions, resulting in iceberg
discharge. The increased supply of fresh cold water, from melting
icebergs at high-latitudes in the North Atlantic, is believed sufficient
to dilute the warm, saline surface waters and prevent them from
sinking®®®*. The consequential slow-down or interruption in the
thermohaline circulation causes a cold snap, reduction in freshwater
supply to the ocean and the eventual re-establishment of North
Atlantic Deep Water formation®. The cycle is completed over the
nextseveral thousand yearswhen renewed moisture supply and snow
precipitation leads to re-growth of the ice sheets.

The chronology of the sedimentary records after ~50 kyr ago is
usually related to the radiocarbon timescale, whereas corals are usu-
ally dated using uranium-series methods. Radiocarbon ages become
increasingly uncertain with age, not only because of their decreasing
levels of *C, butalso because C production in the atmosphere varies
with time. In particular, anomalous rates of **C production and large
excursions from a uniform timescale occur during Heinrich
events*®¥ Uranium-series ages, although more accurate than
radiocarbon ages for this time interval, may also not be asaccurate as
formal precision estimates suggest because of the possibility of coral
diagenesis®™,

Although accurate phase relations between sediment records and
sea-level oscillations cannot yet be established, the following three
conclusions can at least be drawn from a comparison of the sediment
and coral results*. First, periods of enhanced reef development
recorded by the Huon terraces correlate with cold intervals; second,
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reef growth occurs in response to rising sea level caused by ice-sheet
collapse during cold periods; and third, ice discharge at times of
Heinrich events raises global sea level by 10-15 m. If these conclu-
sions are accepted then the best definition of the timing of Heinrich
events is established not by the uncertain *C chronology, but by the
Huon uranium-series reef ages.

The amplitude of sea-level rise represents 15-25% of Laurentide
ice volume or the total volume of Scandinavian LGM ice. Thus the
Heinrich events are associated with significant and rapid changes in
the ice sheets. Different locations have been identified for the source
regions of IRD. Some of the thickest and most rapidly deposited
layers are close to the Hudson Strait, and the Laurentide ice sheet isa
chief source®. But deposits of similar timing originate from the
European ice sheet® and the correspondence between South and
North Atlantic deposits suggests that coeval fluctuations in ice
volume occur in Antarctica™. Thus there must be strong and swift
interactions between the major ice sheets in both hemispheres, in
which the collapse of one ice sheet raises sea level sufficiently to desta-
bilize those margins of the others where ice advanced onto the
shelves™. According to this scenario, rapid sea-level rises need not be
soughtin the collapse of only asingle ice sheet.

The Last Glacial Maximum

The lowest sea levels at any time during the last glacial cycle occurred
from ~30 kyr ago to ~19 kyr ago; this period constitutes the LGM
when land-based ice volumes were ~55 x 10° km? greater than pre-
sent”™". Onset of the LGM was rapid, with sea level falling ~30-40 m
within 1,000-2,000 years™. The growth in ice is consistent with
evidence from Scandinavia that extensive ice-free conditions ended
before ~30 kyr ago™ with rapid expansion of ice from Norway and
Sweden over the North Sea”” and Finland™. Similar ice-sheet expan-
sion is required in North America or Antarctica to explain the
observed magnitude of sea-level change. The rapidity of sea-level
lowering events, including those recorded during MIS-3 Heinrich
cycles, indicate that ice sheets can expand quickly under favourable
conditions of moisture supply.

Observations of local sea level at and within the former ice mar-
gins provide constraints on the contributions of individual ice sheets
to the total ice volume™®. During glacial loading, the crust beneath
the ice isdepressed and rebounds slowly when ice isremoved, atarate
determined by the earth’s rheology and by the ice-load history. By
exploiting the spatial and temporal variability of the sea-level
response, some separation of earth and ice parameters can be
achieved. Near the former centre of glaciation, the contribution of
the crustal rebound dominates sea-level change and resultsinachar-
acteristic exponentially decreasing function. For sites near but within
the maximum ice margin, the rebound and global-rise signals are of
comparable magnitude but opposite in sign, producing the typical
ice-margin signal from Vesteralen, Norway (Fig. 4a). Here organic
sedimentsindicate that the offshore islands were partly ice free asearly
as 21.5 kyr ago when local sea level stood 35 m higher than today®. If
the LGM ice never extended beyond this location, the predicted levels
are considerably lower than observed because the rebound is insuffi-
cientto overcomethe rise from the added global meltwater. Only ifthe
ice stood at the shelfedge, ~50 km offshore and ~1,000-1,500 m thick,
do predicted levels begin to match the observed values®.

A similar conclusion is drawn from age—height observations of
shorelines on Baffin Island, Canada. In some reconstructions of the
North American ice sheet, the maximum ice margin does not reach
the coast during the LGM; rather the ice limit remains near the heads
of the fiords®. Sea-level curves are similar to those observed along the
Norway coast (Fig. 4b), butifice reached only the upper fiord regions
the predicted values are mostly below sea level. Only if ice extended
onto the shelf do predictions agree with observed evidence. A recent
re-evaluation of geomorphological evidence, supplemented with
cosmogenic age data, concludes that the ice did indeed extend
offshore in the south, but not in the north®. Sea-level analyses for
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Figure 4 Sea-level
fluctuations near former ice
margins. a, Data from Andgya,
Vesteralen, northern Norway.
The observed evidence® is
shown by the circles with error
bars. Predicted values® are
shown for two ice models:

(i) where the maximum ice
margin is located at the
continental edge at the time of -60
the LGM and before the site 20 15 10 5 0
became ice free; and (ii) where
the maximum ice margin
extended only to the present
coast. b, Data from Baffin
Island, Canada. The observed
sea levels’ are shown by the
open circles. The model
predictions are for: (i) an ice
model in which the ice did not
expand beyond the upper
fiords of eastern Baffin
Island®; and (ii) a model in
which the ice margin has been
shifted 80 km eastwards and
onto the shelf, retaining the same height profile as in (i). Only in the latter case is there
good agreement between observations and predictions. The expansion of the ice onto
the shelf is consistent with the re-interpretation of morphological evidence® from
southern and central Baffin Island. It is not consistent, however, with evidence from
northern Baffin Island where the few available sea-level indicators also imply thick
LGM ice cover onto the adjacent shelf, but the morphological re-interpretation is that
the ice cover was more restricted®. We suspect that further re-interpretation of the
field data will be necessary before this discrepancy is resolved.
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Svalbard®, Greenland® and East Antarctica® lead to similar conclu-
sionsthat, at the height of glaciation, the ice sheets extended offshore,
in most cases as far as the shelf margin where they were susceptible to
rapid reductionsinvolume.

The thickness of the ice can be constrained by the amplitudes of
local sealevel. The rebound predicted for the steeply domed CLIMAP
ice model® is greater than observed for a wide range of plausible
mantle rheologies, indicating that the ice thickness is overestimat-
ed™®, But if the volumes of the individual ice sheets are scaled down
uniformly such that predicted and observed rebound agrees, then the
total ice volumes become inadequate to explain the observed LGM
sea levels. However, the mostly late- and post-glacial rebound datado
not adequately constrain ice volumes at the LGM and the observa-
tionsarealso consistentwith rebound modelsinwhich ice sheets that
were initially steeply domed experienced early rapid reduction®. The
observed rapid sea-level rise of about 10—15 m after 19 kyr ago” coin-
cides with a substantial IRD influx, mainly of Scandinavian
origin, into the Irminger Basin®, which suggests that a major change
occurred in the Scandinavian ice sheet at this time. Alternatively (or
additionally), this sea-level rise could have an Antarctic origin, as the
%0 signal from the Southern Ocean®™ and the Antarctic Vostok ice
core” indicates that warming in the Southern Hemisphere started
abruptly at about 20 kyr ago and that a partial dispersal of the
grounded shelf ice followed soon after.

The late- and post-glacial period

The post-LGM record from localities far from the ice sheets indicates
that sea-level rise was not temporally uniform (Fig. 5). On some
shallow continental shelves, such as within the Persian Gulf, now-sub-
merged shorelines developed that are indicative of constant sea level,
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Figure 5 Changes in global ice volume from the time of the LGM to the present.

The figure shows ice-volume equivalent sea level for the past 20 kyr based on
isostatically adjusted sea-level data from different localities™**-%, Because of spatial
variability of the sea-level response to the glacial and water loading, sea-level
observations from different localities should not be combined into a single sea-level
curve unless the isostatic effects can be shown to be similar. The ice-volume
equivalent sea-level function used here corresponds to the observed sea levels
corrected for these effects™. It relates to the change in total ice volume, with respect
to the present, of continent-based ice and any ice grounded on the shelves. With one
exception, the results indicate an ice volume at the LGM that was ~55 X 10° km?
greater than at present™®, The error bars, not shown, are typically 0.1-0.15 kyr in
calendar years and 5 m or less in position. MWP-1A refers to the timing of the
meltwater pulse at ~14 kyr ago. At the Younger Dryas (YD) at ~12 kyr ago, sea-level
rise may have momentarily halted.

particularly about the time of the Younger Dryas™. This is also seen in
Fig. 5 as a short-duration period at ~12 kyr ago when ice volumes
remained constant. A period of sustained global melting occurred from
~19-7 kyr ago, but periods of more rapid rise can also be identified
within this interval®. A gap in the Barbados record occurs at ~14 kyr
ago, atatime when sealevel rose at a rate of about 40 mmyr (ref. 94).

The record is not well defined for this latter period, possibly
because of a sampling artefact or because the coral growth could not
keep pace with the rapid sea-level rise, but a similar hiatus has been
identified in the coral record from Tahiti®®. Furthermore, data from
the Sahul Shelf®, which are free from ‘keep-up’ considerations,
supportarapid rise of about ~15 m between 16-14 kyr ago, although
data of greater temporal resolution are again desirable. This melt-
water pulse, MWP-1A%, reflects a rapid decay of ice sheets, but no
consensus on the source has been reached, with contributions from
North America, Scandinavia and the Barents Sea, and Antarctica
having been proposed® %, Estimates vary for the timing of H1 — the
major post-LGM episode of IRD deposition in the North Atlantic—
but most terminate this event before or at the time of MWP-1A%
and the relationship between the two events remains unclear.
MWP-1A is followed by the Younger Dryas stadial during which the
thermohaline circulation did slow down and large-scale cooling
occurred, but not to the same extent as occurred during the MIS-3
events. Itis possible that the astronomical forcing of climate was now
sufficiently influential to disrupt the earlier high-frequency cyclic
behaviour and, as for the early part of the glacial cycle, was able to
exertitsdominating influence on climate.

More questions than answers
During the Pleistocene epoch of Earth history, glaciations have dom-
inated and interglacials occurred for less than 10% of the time. The
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current interglacial interval has persisted for about as long as the
duration of earlier interglacials and a return to stadial conditions
should not be unanticipated if the past isany guide to the future; sea-
level and climate fluctuations during the last interglacial may well
provide an interesting analogue for an eventual termination of the
presentinterglacial.

The causes of the climate fluctuations that repeatedly builtupand
destroyed ice sheets remain unclear. Sea-level fluctuations during
the last glacial cycle have responded to the dominant oscillations in
insolation, with periodicities of ~40 kyr and ~20 kyr (Fig. 2). But the
relative amplitudes and phase relationships show no consistent
match. The onset of the maximum in sea level preceded the peak in
Northern Hemisphere summer insolation in the last inter-
glacial®***“8 whereas for the present interglacial the insolation
peak preceded the sea-level maximum. The insolation minima at
~140and ~20 kyr ago correspond to the two associated glacial maxi-
ma, but at ~115 kyr ago, for example, insolation was even lower,
withouta correspondingly lower value in sea level.

The timing of the penultimate glacial maximum has not yet been
adequately constrained by quantitative chronological data, but the
riseinsealevel seemstostartatabout the time of the solar minimum.
Likewise, the end of the LGM coincides with an insolation mini-
mum. The stadials MIS-5d and -5b, and possibly MIS-4, also occur at
the time of minimain insolation. This is perhaps the most consistent
correlation between the two functions throughout this cycle.

The lack of an overall correlation may be related to the influence
onclimate of other parameters, in addition to the summer insolation
at 65° N. For example, a higher-latitude insolation index may be
more appropriate or, more significantly, Southern Hemisphere
insolation may also be important, and Antarctic ice may respond
independent of Northern Hemisphere changes or with a time lag®.
Various attempts at defining an insolation index that leads to a more
clear-cut correlation have so far proved unsuccessful®*®.

Thestructure of the sea-level curve shows greater high-frequency
fluctuations than does the insolation index. This sea-level evidence,
along with other proxy indicators of climate, points to amultitude of
interrelated forces and feedbacks that are more important at some
periods than others (see also the commentary in this issue by Kump,
pages 188-190). Itseemsthat during the early part of the glacial cycle,
insolation controls the glacial oscillations and sea level but, starting
at about MIS-4, feedback mechanisms become increasingly
important. By the time ice sheets have become long-term features of
the Northern Hemisphere landscape, reaching the continental
shelves and becoming unstable, the subtle interplay between
Milankovitch cycles, ice-sheet dynamics and shifts in ocean
circulation seems to drive the climate system. At ~20 kyr ago, and
possibly during the penultimate glacial maximum, the oscillations
in insolation once again take over and break the higher-frequency
feedback cycle. Insolation now dominates, notwithstanding brief
oscillations back into ice-age conditions caused by the feedback
processes, as evidenced by a rapid sea-level oscillation during the
transition from MIS-6 to MIS-5* and the short-lived, stationary sea
level during the Younger Dryas cold period®. o
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