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Oceanic Mechanisms for Amplification
of the 23,000-Year Ice-Volume Cycle

William F. Ruddiman and Andrew Mclntyre

Milankovitch (/) hypothesized that ice
ages begin when summer insolation at
critical latitudes in the Northern Hemi-
sphere (~ 65°N) decreases to values low
enough to cause the snow line to descend
and intersect large regions of high ter-
rain. Under such conditions, large frac-

minimizing summer insolation; south of
65°N, the precessional position at aph-
elion is dominant.

Three decades of research on deep-
ocean sediments have established a re-
cord of ice-volume change that supports
the Milankovitch hypothesis. The ratio

Summary. Situated adjacent to the largest Northern Hemisphere ice sheets of the
ice ages, the mid-latitude North Atlantic Ocean has an important role in the earth’s
climate history. It provides a significant local source of moisture for the atmosphere
and adjacent continents, forms a corridor that guides moisture-bearing storms
northward from low latitudes, and at times makes direct contact along its shorelines
with continental ice masses. Evidence of major ice-ocean-air interactions involving
the North Atlantic during the last 250,000 years is summarized. Outflow of icebergs
and meltwater initially driven by summer insolation over the ice sheets affects mid-
latitude ocean temperatures, summer heat storage, winter sea-ice extent, and global
sea level. These oceanic responses in turn influence the winter moisture flux back to
the ice sheets, as well as ablation of land ice by calving. Spectral data indicate that the
oceanic moisture and sea-level feedbacks, in part controlled by glacial melt products,
amplify Milankovitch (insolation) forcing of the volumetrically dominant mid-latitude

ice sheets at the 23,000-year precessional cycle.

tions of snow and ice survive from the
preceding cold season. As the ice cover
grows, increased reflectivity aids the gla-
ciation process. :

The orbital configuration that Milan-
kovitch * considered critical for rapid
growth of the ice sheets in the Northern
Hemisphere is shown in Fig. 1A. Sum-
mer insolation in the Northern Hemi-
sphere is at a minimum because (i) sum-
mer occurs at the most distant pass (aph-
elion) in the earth’s slightly eccentric
orbit around the sun, and (ii) the tilt is
small, which decreases summer insola-
tion in high northern latitudes. North of
635°N, the tilt factor is more important in
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of two stable isotopes of oxygen (**0 and
%0) in - shells of benthic foraminifera
primarily reflects the growth and decay
of continental ice (2). Isotopic records
covering the past 250,000 years (Fig. 2)
are based on benthic foraminifera, which
minimize temperature variations and
render the best available records of ice
volume (3). .

Four major transitions toward heavier
isotopic values (larggr ice volume) are
evident in cores from both the Pacific
and Atlantic oceans (Fig. 2). The follow-
ing four transitions have the largest am-
plitude and speed of change: the bound-
ary between stages 5 and 4 dated at
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75,000 to 72,000 years before present
(B.P.); the boundary between substages
Se and 5d dated at 115,000 years B.P.;
the boundary between stages 7 and 6
dated at 190,000 to 185,000 years B.P.;
and the boundary between substages 7c¢
and 7b dated at 230,000 years B.P. (4).

Northern Hemisphere summer insola-
tion at the top of the atmosphere at the
latitudes of the major ice sheets (Fig. 2)
varies with dominant frequencies of
41,000 years north of about 65°N and
23,000 years south of 65°N. The four
largest ice-growth transitions correlate
with the strongest minima in summer
insolation at 65°N (I, 5). Those lesser
ice-growth phases not directly explained
by the summer insolation curve at 65°N
seem to be accounted for by radiation
minima farther south at latitudes 45°N to
60°N. This correlation, however, does
not prove the mechanism proposed by
Milankovitch.

Hays et al. (6, 7) demonstrated that
known frequencies in the earth’s orbital
variations are recorded in ice-volume
and oceanic responses at the earth’s sur-
face. Stressing only the statistical associ-
ation, they avoided the problem of se-
lecting specific mechanisms by which
orbitally controlled insolation changes
alter climate. Imbrie and Imbrie (§) dem-
onstrated that the summer insolation
curves at 65°N and 45°N can reproduce
isotopic ice-volume records, with allow-
ance for what Milankovitch called the
retardation effect (slow ice-sheet re-
sponse times for growth and decay).
They cautioned that even these statisti-
cal correlations do not define a physical
mechanism by which climatic changes
occur. ‘

Milankovitch (/) focused on insolation
and considered the energy flux caused
by atmospheric and oceanic circulations
as secondary perturbations. However,
this flux carries the energy and moisture
necessary for ice-sheet growth. Most of
the world’s heat is stored in the oceans,
and a significant portion of the transport
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across latitudinal belts is oceanic (9). We
describe evidence that changes in the
amount of moisture made available to
the ice sheets from the North Atlantic
Ocean form a second major mechanism
in the growth and decay of Northern
Hemisphere glaciers. We also cite evi-
dence that changes in sea level affect ice-
sheet size through the mechanism of
iceberg calving.

Ice Growth: Oceanic Evidence

Our research (10) has defined two con-
ditions that accompany rapid and large-
scale growth of Northern Hemisphere
ice sheets.

1) Ice-rafted deposition in the North
Atlantic subpolar gyre is low during the
early and middle stages of ice growth and
may decrease from higher values
reached during periods immediately pre-
ceding ice growth. Only when ice growth
slows or ceases does ice rafting reach
high values. The low rate of deposition
of ice-rafted detritus during glacial
growth is consistent with the Milanko-
vitch hypothesis. It implies that more
ice was retained on the continents dur-
ing glacial growth, and ice retention on
the continents as a means of promoting
a positive glacial mass balance is the
centerpiece of the Milankovitch hypoth-
esis.

2) Surface waters over large parts of
the subpolar and the northern subtropi-
cal Atlantic remained warm and saline
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for several thousand years into the major
ice-growth phases (/0, 1I). Between
50°N to 65°N, this warm-ocean lag is in
the range of 1000 to 5000 years, and the
region of persisting warmth appears to
vary for different ice-growth transitions.
Figure 3 shows the oceanic configuration
at the isotopic 5-4 ice-growth transition,
75,000 to 72,000 years B.P., with detect-
able oceanic warmth in all cores south of
Iceland (10). At the isotopic Se-5d ice-
growth transition, some 115,000 years
B.P., a corridor of greatest warmth ex-
tended northward along the eastern side
of the Atlanticinto the Norwegian Sea at
68°N (10, 12). ‘

The northwestern part of the subtropi-
cal gyre (Fig. 3) maintains or even in-
creases its warmth and salinity through-
out much of the interval of rapid ice
growth (10, 11). This oceanic warmth
lags behind ice growth by 5000 years or
more; it recurs on the four major ice-
growth phases studied.

Role of the North Atlantic Ocean in
Ice Growth

Lingering warmth and high salinity in
the high-latitude subpolar and northern
subtropical gyre are not encompassed by
the Milankovitch hypothesis. Incident
radiation in the summer half-year is at a
minimum, as is the integrated annual
radiation (5). In addition, the growing ice
sheets cool the high latitudes by increas-
ing Northern Hemisphere albedo, and
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Fig. 1. (A) Orbital configuration of the earth and sun during periods of rapid ice growth based on
Milankovitch (7). Critical summer season of minimal insolation and ice melting in the Northern
Hemisphere is related to low tilt and 21 June aphelion precession position (distant pass in the
slightly eccentric orbit). (B) Orbital configuration during ice disintegration, as suggested by
Emiliani and Geiss [in (22)] and Broecker (4/). Maximum tilt and perihelion (close-pass) 21 June
precessional position favor high summer insolation and rapid ice disintegration in the Northern

Hemisphere.

the atmosphere extracts energy and
moisture from the ocean for rapid glacier
growth.

This lingering oceanic warmth creates
an optimal configuration for rapid ice-
sheet growth by providing moisture from
both local and low-latitude sources (10).
Moisture will be extracted locally from
the subpolar and northern subtropical
Atlantic because of its high heat content.
In addition, the high salinity and high
winter insolation (Fig. 2) keep the ocean
relatively free of sea ice, creating a large
surface of open ocean from which to
extract moisture in winter.

On a more regional scale, this config-
uration (Fig. 3) provides an oceanic cor-
ridor for storms. The intense thermal
gradient between the ice-covered land
and the warm ocean promotes a storm
track which directs low-latitude storms
northward. At the stage 5-4 ice-growth
transition (Fig. 3), we infer that the
strong thermal gradient off Newfound-
land guided storms northward into the
Labrador Sea toward the heart of the
growing Laurentide Ice Sheet (13).

Whether of local or low-latitude ori-
gin, precipitation on high northern lati-
tude continents was more likely to fall as
snow than as rain because of reduced
summer insolation (/). Winter was the
main time for moisture to be extracted
from the ocean and precipitated on land,
and high winter insolation could enhance
this process (14).

Ice Decay: Oceanic Evidence

Examination of glacial terminations II
and I (the boundaries of isotopic stages
6-5 and 2-1) has yielded evidence that the
subpolar North Atlantic, at least as far
south as 50°N, was virtually barren of
coccoliths, planktic foraminifera, and di-
atoms for several thousand years (I5).
The concentrations of these microfossils
drop by more than one order of magni-
tude across the early parts of these de-
glacial transitions. With reasonable al-
lowance for sediment mixing, the de-
crease probably amounts to several or-
ders of magnitude and may indicate a
gyre whose surface waters were barren
of planktic life for several thousand
years.

The surface-water regime that best ex-
plains low productivity throughout the
year is one with a low-salinity meltwater
layer maintained by yearly additions of
large volumes of low-nutrient fresh wa-
ter from the melting of surrounding con-
tinental glaciers. The North Atlantic is
the major receptacle of Northern Hemi-
sphere glacial meltwater, and isotopic
data (Fig. 2) mark terminations II and I



as strong deglaciations. Meltwater dur-
ing high-insolation summers. must have
inhibited productivity by maintaining a
stably stratified low-salinity surface lay-
er (I6) with & strong basal pycnocline
that prevented nutrient-rich waters at
depth from mixing with the sunlit near-
surface wateis.

In addition, sand-sized ice-rafted de-
tritus reaches very high percentages in
the zones barren of microfossils, but
sedimentation rates remain nearly con-
stant (/5). This indicates that the deficit
of planktic shells from surface waters is
largely offset by increased delivery of
ice-rafted debris.

South of the microfossil-barren subpo-
lar ocean, the sea surface reached mini-
mum temperatures in northern subtropi-
cal latitudes at 35°N to 45°N (Fig. 4).
These minima correlate with the early to
middle stages of ice-sheet disintegration
on land (for example, 16,000 to 13,000
years B.P. in the last deglaciation) (15).

Role of the Ocean in Ice Decay

The earth’s orbital configuration dur-
ing strong deglaciations (terminations II
and Iy (Fig. 1B) and astronomical data
(Fig. 2) indicate a summer insolation
maximum of unusual strength over all
ice-covered latitudes of the Northern
Hemisphere. Broecker et al. (I17) de-
scribed the close correlation and implied
causal connection between the last two
abrupt deglaciations evident in isotopic
records and the strong summer insola-
tion maxima (/8). This relation suggests
rapid ice disintegration under the strong
summer sun, with large volumes of melt-
water and icebergs flowing to the ocean.

The intense summer insolation maxi-
ma at high northern latitudes during de-
glaciations are roughly balanced by com-
parably intense winter insolation minima
(Fig. 2). Because unusually low winter
insolation during terminations II and 1
coincides with a maximum influx of low-

Oxygen Isotope (~ice volume) signals
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salinity meltwater, we suggest that sea
ice covered a very large area of the
subpolar North Atlantic (southward to at
least 50°N) during deglacial winters (15,
19). The winter sea-ice cover plays a
supplementary role in explaining the low
productivity during terminations II and
1. Without a sea-ice cover, the cooling
during winter by cold dry masses of
polar air would cause deep convection,
bringing nutrient-rich waters to the sur-
face. Winter icebergs probably helped
minimize wind mixing and enhance sea-
ice formation by calming the sea surface.

Icebergs also influence the cooling of
the ocean surface by extracting energy
both for the latent heat of melting as well
as that required for warming. We have
evidence that iceberg calving was the
major mode of rapid Northern Hemi-
sphere deglaciation from 16,000 to
13,000 years B.P. (15). This calving pro-
cess is thought to be activated initially by
summer melting of the major mid-lati-
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Fig. 2. Comparison of isotopic (~ ice volume) curves and astronomical calculations of summer and winter insolation (I, 5). Ice-volume curves are
based on oxygen isotopic records measured on benthic foraminifera in cores from widely separated regions (3). Ice-growth phases correspond to
low summer insolation and high winter insolation; ice-decay phases correspond to high summer insolation and low winter insolation. Latitudinal
extents of ice sheets and ocean basins shown above summer and winter insolation plots, respectively.



tude ice sheets under rising summer in-
solation (20). Then, through a positive
feedback loop, rising sea level causes
increased iceberg calving which in turn
hastens sea-level rise (20).

The major impact of this iceberg influx
is on the North Atlantic from 40°N to
55°N, where maximum abundances of
ice-rafted debris are deposited (21). We
estimated that the melting of icebergs in
this area could chill the upper 100 meters
of the ocean by several degrees during
early stages of rapid deglaciations (/5).
Thus, iceberg melting appears to be sig-
nificant in the mid-latitude oceanic tem-
perature minimum on deglaciations (22).
Oceanic cooling could also be enhanced
by cold dry winds blowing from the high-
albedo surface of the still-extensive Lau-
rentide Ice Sheet (23). The icebergs also
provide fresh water for the low-salinity
meltwater layer.

The observed relationships between

summer and winter insolation, ice vol-
ume, winter sea-ice formation, and
ocean temperature during periods of ice
decay (terminations IT and I) are summa-
rized in Fig. 4. Both the meltwater and
iceberg influxes influence the moisture
flux around the mid-latitude North At-
lantic.

Adam (I6) suggested that density
stratification caused by glacial meltwater
will confine the storage-of summer heat
to shallow, and therefore volumetrically
insignificant, layers of the mid-latitude
North Atlantic Ocean. Studies of recent
annual changes in the Labrador Sea sup-
port this concept (24). The iceberg-in-
duced chilling of ocean-surface waters
during deglaciation will diminish still fur-
ther the summer storage of heat in the
North Atlantic Ocean. These two factors
will suppress the transport of moisture in
winter from local oceanic sources to the
ice sheets (16).
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Fig. 3. Sequence of North Atlantic changes associated with major ice-growth phases. Map
shows location of cores (circles) indicating oceanic regions with lagging warmth and high
salinity and with ice-rafting minima during glacial buildup (10, 11). Arrows indicate northward
moisture transport in winter over a warm ocean free of sea ice.
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The existence of an extensive region
of winter sea ice across the subpolar
North Atlantic during deglaciation also
implies a reduced supply of moisture to
the Northern Hemisphere ice sheets.
This reduction applies both to moisture
extracted locally from mid-latitude wa-
ters as well as to that brought in by
storms from low latitudes.

Local moisture loss is implicit in a sea-
ice lid extending southward to at least
50°N, because air masses extract the
greatest amount of moisture from the
mid-latitude ocean in winter. Moisture-
bearing storms will continue to form
over the lower latitude ocean during ice-
decay intervals; however, the winter
sea-ice limit marks such a strong tem-
perature boundary that its effects on at-
mospheric circulation will oppose north-
ward movement of these storms. Be-
cause the cyclonic storm track tends to
follow the strongest albedo boundaries
and thermal gradients (25), the winter
storms should move eastward along the
strong thermal boundary at the edge of
the sea-ice limit shown in Fig. 4. On
balance, this will keep the storms away
from all the Northern Hemisphere ice
sheets during early and middle phases of
deglaciation, Those that do move north-
ward will be cut off from their source of
energy and will weaken.

We summarize in Fig. 5 the major
feedback mechanisms by which we be-
lieve the ocean enhances the rate of ice
disintegration during rapid deglaciations.
These loops link the interactions of inso-
lation, land ice, the ocean, and the atmo-
sphere at mid-latitudes of the Northern
Hemisphere.

Spectral Analysis of North Atlantic

Climatic Response

Eviderice from intervals of rapid ice
growth or decay omits large segments of
the climatic record. To extend our inves-
tigation of the North Atlantic record, we
analyzed one core in detail through the
last 250,000 years: core V30-97 (41°00'N,
32°55.5'W, 3371 meters), which under-
lies the northern part of the subtropical
gyre just beyond the southern limit
reached by polar water during maximum
glaciations (Fig. 4). ‘

Core V30-97 (Fig. 6) yielded a high-
resolution record of changes in oxygen
isotopes and in sea-surface temperatures
from examination of benthic and planktic
foraminifera, respectively (26). The iso-
topic record compares favorably with
records from the lower latitude Atlantic
and equatorial Pacific (Fig. 2). Because
benthic foraminifera needed for isotopic
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analysis are rare in the North Atlantic
during the last 15,000 years, we used a
wide-diameter box core (V30-101K,
44°06'N, 32°30'W, 3519 m), located 300
kilometers north of core V30-97, to ob-
tain a record across this interval. The
two curves were spliced together from
linear interpolations of carbon-14 dates;
the isotopic values and species analyzed
at the spliced levels match well (Fig. 6).
Estimates of sea-surface temperatures
and values of calcium carbonate are from
core V30-97.

Using the chronology of Kominz and ‘
Pisias (7) to align the isotopic stage : ey o track
boundaries, we ran a spectral analysis of et
both the isotopic and sea-surface tem-
perature data (27). The isotopic record
yielded a strong spectral peak around lce-decay sequence
100,000 years, with weaker peaks around

r Summer Winter Subpolar ocean Northwestern
41,000 and 23,000 years (Fig. 7); all are half-year 580 half-year (50°-65°N) subtropical gyre
orbital frequencies detected in deep_sea insolation ice volume insolation sea-~surface sea-surface
. at 60°N at 60°N temperature temperature
cores (6, 7). In this respect, our results ) ,
| b te th lier findi max ¢—————>» min min <——————smax
merely corroborate the earlier finding min 5 max min max min max

that ice volume in part fluctuates with
orbital periodicities of 100,000, 41,000,
and 23,000 years. P

. hase of

Spectral analysis of sea-surface tem- rapid

peratures shows a strong 100,000-year  ice decay |
peak which must be considered ill-con-
strained because the record incorporates
only two-and-one-half 100,000-year cy-
cles (Fig. 7). The 23,000-year peak is, Fig. 4. Sequence of North Atlantic changes associated with major ice-decay phases (termina-

however, highly significant, incorporat- tions). Map shows location of cores (circles) with biotic barren zones indicative of summer

. meltwater layer and winter sea ice during deglaciation (15). Arrow indicates winter storm track
ing more than ten 23,000-year cycles.  eastward along pack-ice limit.

The 23,000-year peak far exceeds the 95

percent confidence level (Fig. 7); spec-

tral power this intense has not been Increased
reported from deep-sea cores at any fre- summer

quency (28). The amount of total vari- insolation
ance under the 23,000-year peak is 45
percent.

. Decreased

Core V30-97 is from the northern sub- {— continental —+

tropical gyre, the area indicating lin- ice volume
gering warmth during ice growth and Increased flow 3 Increased flow
s . . . . of icebergs of meltwater
lingering cold during ice decay. This to ocean : to ocean
spectral evidence shows that sea-sur- : P
face temperatures in the northern sub- l I:ti;iisg: i
tropical gyre not only lag the ice-sheet H land ice {

: Increased : L : Increased Decreased
response but a'lso ﬂuctuatg to a specific melting of } winter winter
beat——the orbital precession cycle of icebergs in ocean : i) seaice insolation
23,000 years. i, Increased ..i |

Figure 8 shows the phase relationships " sea level ‘
of three parameters: (i) the precessional
. . Decreased ocean Decreased seasonal
index cycle referenced by convention to surface heat storage in
be in phase with summer insolation val- - temperatures surface ocean
ues at 21 June in the Northern Hemi- “
sphere; (ii) the filtered 23,000-year com- !

Decreased winter

ponent of the summer sea-surface. tem- Decreased moisture Le molsture extraction 2
perature curve in core V30-97 (Fig. 6); extraction by atmosphere by atmosphere

and (iii) the filtered 23,000-year compo- Fig. 5. Oceanic feedback loops that hasten ice disintegration are driven initially by high summer
nent of the ice volume (8130) curve in  insolation. Sea-level mechanism (dotted lines) is discussed in (20); heat-storage loop (dashed
core V30-97 (29). linﬁs) was pr}c:pos;d by Adam (If6).hMelthg of icebergs (loopforalt:aft 1ii(%e) also ]greates meltwater},1
. enhancing the effectiveness of the other two moisture feedback loops. During ice-growt
W'e derlyed mean values for the phase phases, these feedback loops permit moisture to reach the ice sheets and diminish or stop the
relationships (29) across the available  sealevel attack. These processes amplify Milankovitch (summer insolation) forcing at the
record (~ 185,000 years after truncation  23,000-year precessional cycle.
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at each end): (i) Northern Hemisphere
summer (21 June) insolation at the pre-
cessional frequency leads the 23,000-
year component of ice volume by
3000 = 1500 years; (ii) the 23,000-year
component of ice volume leads the
23,000-year component of sea-surface
temperature by 6000 + 1500 years; and
(iii) summer (21 June) insolation leads
the 23,000-year component of sea-sur-
face temperature by 9000 = 1500 years.

These phase relationships confirm the
relationships of insolation, ice volume,

and sea-surface temperature depicted in
Figs. 3 and 4 but attach these relation-
ships to the 23,000-year precessional cy-
cle. The lag of sea-surface temperature
behind ice volume (6000 years) is about
one-quarter of a 23,000-year wavelength;
thus, the phases of ice-sheet growth
(8'80 decrease) are marked by low sea-
surface temperatures (Fig. 8). The 9000-
year lag of sea-surface temperature be-
hind summer insolation represents al-
most a half-cycle phase lag for the
23,000-year period. The record of sea-
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Fig. 6. Downcore record of %0, the per mil enrichment of '®0, (~ ice volume), estimated
summer and winter sea-surface temperature, and CaCO; in northern subtropical gyre core V30-
97 (26). Isotopic values are based on Uvigerina peregrina (circles) and three species referenced
to PDB and corrected to Uvigerina: squares are Cibicides wuellerstorfi (+0.64), diamonds are
Pyrgo spp. (—0.51), and triangles are Melonis spp. (+0.40). Values from core V30-101 K (open
symbols) were spliced with values from core V30-97 (filled symbols) by '“C control. Tempera-
ture estimates are based on transfer function derived by Ruddiman and Glover [in (23)]. The
CaCO; analyses are precise to =0.5 percent. Isotopic stages 1 to 8 are indicated in the column

on the left.
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surface temperature at this frequency is
almost in phase with winter solstice inso-
lation (21 December), as shown in Fig. 4;
it falls directly in phase with November
insolation.

Ice Melt in the North Atlantic

The dominant 23,000-year frequency
in the record of sea-surface temperatures
(Figs. 6 to 8) must be caused by orbital
changes in insolation. To invoke insola-
tion as a cause of these temperature
changes, it is necessary to assume that
the orbitally controlled radiation changes
received by the ocean in one hemisphere
or season is somehow able to overwhelm
the influence of the opposing radiation
differential in the opposite hemisphere or
season. To overcome the tendency to-
ward seasonal and hemispheric counter-
balancing, specific mechanisms that am-
plify or redistribute the observed insola-
tion variations are required.

There are two complementary ways to
address this problem. One would be to
identify a low-latitude mechanism that
periodically forces the northward deliv-
ery of oceanic energy or heat; the other
would be to identify a high-latitude
mechanism that periodically obstructs
the amount of oceanic energy or heat
that moves into higher northern lati-
tudes. At this point, we lack the requisite
low-latitude oceanic evidence to evalu-
ate the first possibility and will only
explore the second.

The strength of the 23,000-year spec-
tral peak and lack of a 41,000-year peak
in core V30-97 eliminates any mecha-
nism that depends on initial orbital forc-
ing acting poleward of roughly 65°S or
65°N because of the dominance of the
41,000-year obliquity (tilt) cycle at these
high polar latitudes. It favors forcing tied
to the precession cycle and initially af-
fecting the earth somewhere between 0°
and 65°N or 0° and 65°S, the latitude
ranges in which precession dominates
over obliquity.

Our investigation of the North Atlantic
during ice growth and decay (Figs. 3 and
4) has defined several Northern Hemi-
sphere mechanisms that amplify insola-
tion changes (Fig. 5). We now suggest
that these mechanisms are feasible in
spectral terms at the 23,000-year preces-
sion cycle.

The Laurentide Ice Sheet, the largest
and most southerly of the Northern
Hemisphere ice-age ice sheets (Fig. 2), at
maximum size spans latitudes 40°N to
70°N. Although the ice-growth centers
are not known, the ice-retreat margins of
the last deglaciation indicate a Labrador-
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Ungava remnant centered at 55°N and a
Keewatin remnant at 65°N (30).

At all latitudes north to just beyond
65°, summer insolation at the top of the
atmosphere is dominated by the 23,000-
year precessional cycle (Fig. 2). Spectral
analysis of 60°N summer insolation
shows more 23,000-year than 41,000-
year (tilt) power during the last 250,000
years (6). If we accept Milankovitch’s
hypothesis that summer insolation con-
trols ice volume, this means that most of
the Laurentide Ice Sheet is subject to a
predominantly 23,000-year cycle of
growth and decay. The southeastern ex-
treme of this ice sheet, the eastern Lau-
rentide region, is subject to the strongest
and spectrally most pure 23,000-year in-
solation cycle of any ice sheet and is also
the most proximal body of land ice drain-
ing into the ocean flow leading to core
V30-97. Thus, the growth and decay
cycle of the Laurentide ice mass is impli-
cated in the tempo of sea-surface tem-
perature response at core V30-97 (31).

We have noted the impact that melt-
water and icebergs can have on the
oceans during glacial terminations. The
high insolation apparently produces a
maximum influx of meltwater and ice-
bergs over much of the mid-latitude At-
lantic (35°N to 65°N). We suggest that a
smaller but still significant version of the
same effect will occur on every 23,000-
year cycle of rising and maximum sum-
mer insolation.

The greatest impact of these summer
insolation maxima will fall on the lowest
latitude ice sheet, the eastern Laurentide
(or Labrador-Ungava) sector. Disinte-
gration of this ice mass should feed ice-
bergs and meltwater to the North Atlan-
tic along a roughly zonal (west-to-east)
path at S0°N. Although the modern Lab-
rador Current generally stays close to
the coast of North America, the large
volumes of meltwater involved during
deglacial cycles would presumably have
spread much farther east (Fig. 9). Ice-
rafted debris gives evidence of signifi-
cant eastward penetration of icebergs
during much of the last 120,000 years
(21). Using the argument applied to the
terminations, we note that the 23,000-
year maxima of summer insolation are
matched by nearly comparable winter
insolation minima (Fig. 2). Thus, the
tendency to form winter sea ice in the
western mid-latitude North Atlantic will
also be dominated by a 23,000-year cy-
cle.

The hypothesis of meltwater and ice-
berg control of estimated sea-surface
temperatures in this part of the subpolar
North Atlantic (32) can explain the one-
quarter wavelength (6000-year) lag of the
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temperatures behind ice volume at the
23,000-year precessional frequency. The
one-quarter wavelength phase lag speci-
fies that sea-surface temperature varies
in phase with the first derivative of ice
volume, which is the meltwater and ice-
berg flux.

Donn and Ewing (33) interpreted the
apparent lag in the oceanic transition out
of the last glaciation as evidence that
insolation is not the key to climatic
change. This conclusion was based on

the argument that the more responsive
oceanic surface waters would not lag
behind the less responsive ice sheets if
insolation were the critical forcing func-
tion. Our evidence shows that insolation
can explain the delayed oceanic re-
sponse of the mid-latitude North Atlantic
if the influences of the meltwater and
iceberg flux are taken into account (34).

We suggest that the deglacial outflow
formed a plume of low-salinity, iceberg-
laden water emanating from the main
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source area (Fig. 9). At times of minimal
outflow (for example, during today’s ice
volume minima and during ice growth),
the lack of summer icebergs and meltwa-
ter and winter sea-ice plumes enables the
warm, saline Atlantic water to dominate
the surface flow even in the Labrador
and Norwegian seas. But with increasing
melt-product outflow, the plume of ice-
bergs and low-salinity water would
spread farther to the south and east from
the dominant Laurentide source (Fig. 9).
This outflow might be joined by 23,000-
year outflow from the southern Fenno-
scandian Ice Sheet after large glaciations
@3n.

The culmination of the meltwater and
iceberg outflow comes at the high-ampli-
tude precessional peaks centered on gla-
cial terminations (Fig. 4). At this point,
both the Laurentide and other outflows
reach such intensities that they coalesce
and send icebergs and meltwater south
and east across the entire subpolar gyre
to the Bay of Biscay (Figs. 4 and 9).

The potential southward and eastward
extent of winter sea ice also fluctuates in
large part with a 23,000-year cycle and
follows more or less the meltwater-ice-
berg pattern shown in Fig. 9. Under the

extremely low winter insolation charac-
teristic of terminations, we infer that
even the southeastern corner of the sub-
polar North Atlantic in the Bay of Biscay
would freeze in winter.

Moisture Feedback to Land Ice

The North Atlantic from 40°N to 65°N
represents only about 2 to 3 percent of
the earth’s surface, but most of the large
Northern Hemisphere ice sheets are ar-
rayed around its perimeter (Fig. 9). The
subpolar to subtropical North Atlantic is
thus the nearest major moisture source
for glacier growth. The moisture flux
available to the ice sheets is largely de-
pendent on this ocean, particularly in the
winter half-year of strongest moisture
extraction.

The feedback loops presented in Fig. 5
suggest that the amount of warm ice-free
water in contact with the atmosphere in
the mid-latitude and high-latitude North
Atlantic during winter is inversely relat-
ed to the arriving summer melt-product
flow. Similarly, the likelihood of low-
latitude storms moving northward over
the North Atlantic is inversely related to
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Fig. 8. (Left) Downcore 8'¥0 record in core V30-97 with time. (Right) Downcore sea-surface
temperature (SST) records in V30-97. (Center) Comparison of filtered 23,000-year components
of "0 and SST against the precessional index Ae sin w (29). Negative peaks in precession
index correspond to 21 June summer insolation maxima in the Northern Hemisphere. Summer
insolation leads 3'®0 (ice volume) by 3000 = 1500 years and SST by 9000 + 1500 years at the
23,000-year periodicity; '®0 leads SST by 6000 = 1500 years, or one-quarter wavelength.
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the deglacial outflow. This suggests that
summer melt-product flux from the ice
sheets in large part determines the winter
oceanic moisture feedback to the ice
sheets. Ice sheets thus starve themselves
for winter moisture from the oceans
when summer insolation is causing them
to disintegrate most rapidly; conversely,
a nearby ice-free source of abundant
winter moisture is maintained in the
ocean adjacent to the ice sheets when
summer insolation is allowing glacial ice
to accumulate most rapidly on the conti-
nents.

The moisture feedback loops (Fig. 5)
apply to the region near core V30-97
specifically at the 23,000-year preces-
sional frequency. At this frequency, this
part of the North Atlantic acts as a
perfectly phased moisture amplifier of
Milankovitch’s summer insolation mech-
anism, nourishing ice-sheet accumula-
tion phases and starving ice-disintegra-
tion phases.

Although numerous glaciation hypoth-
eses (35) involving oceanic moisture
have touched on some of the elements in
the moisture feedback loops (Fig. 5), two
critical elements have been ignored: win-
ter insolation and winter sea ice. Also,
the moisture feedback loops have not
been tied specifically to the 23,000-year
precessional cycle.

It is not clear how much of the high-
latitude North Atlantic participates in
these moisture feedback loops at the
23,000-year periodicity. Presumably, the
effect is strongest in plumes marking the
axis of the Laurentide iceberg and melt-
water outflow and dies away progres-
sively to the south, east, and north (Fig.
9).
These schematic iceberg-meltwater
plumes (Fig. 9) also provide an approxi-
mation of the oceanic regions that trans-
port less moisture to the ice sheets dur-
ing different parts of the 23,000-year cy-
cle. For minimal winter sea-ice extent
during ice growth, storm tracks (Fig. 9,
arrow 1) can curve to the northwest into
the Labrador Sea and nourish the Lau-
rentide Ice Sheet (Fig. 3), as well as all
other circum-Atlantic ice masses.

For modest levels of melt-product
flow to the ocean, the winter sea-ice
extent and ineffective summer heat stor-
age will cut off a significant part of the
moisture transport from the Atlantic to
the Laurentide Ice Sheet (Fig. 9, arrow
2). This configuration may, however,
permit a continued or even increased
meridional moisture flow northward
(Fig. 9, arrow 2) through the ice-free
east-central Atlantic to the Greenland,
Scandinavian, and high-Arctic ice mass-
es. Thus, a deglaciation of only moderate
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intensity might still permit a significant
transport of moisture to high latitudes.
For the strongest intensities of melt-
product flow, the winter sea-ice limit
reaches to 50°N across the entire subpo-
lar Atlantic (Figs. 4 and 9). This effec-
tively denies significant North Atlantic
moisture to all ice sheets, including even
the relatively accessible Scandinavian
ice mass. Winter storms (Fig. 9, arrow 3)
are deflected east-southeastward toward
southern Europe and the Mediterranean.

Other Oceanic Feedback Processes

In addition to the three moisture feed-
back loops, we have also mentioned the
positive feedback from rising sea level
and accelerated iceberg calving (20).
This feedback mechanism (Fig. 5) ampli-
fies whatever other factors are causing
ice-sheet disintegration. If precessional
insolation changes cause periodic
(23,000-year) melting on the southern
margins of mid-latitude ice sheets, the
resulting changes in sea level will acti-
vate the ice-calving feedback loop at a
23,000-year cycle (20). This process
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forms a fourth major feedback mecha-
nism for accelerating ice disintegration at
the 23,000-year Milankovitch forcing pe-
riod.

Finally, the feedback links in Fig. 5 are
interconnected. Faster calving of ice-
bergs not only results in ocean chilling
and sea-level rise, but also enhances the
meltwater layer. Decreased moisture re-
sults in a faster net rise of sea level,
which accelerates the mechanical attack.
Thus changes in one process are trans-
mitted to the others.

Discussion

The data suggest a major problem with
the proposal that ice-sheet melt products
in part control the response of the mid-
latitude North Atlantic. There is relative-
ly weak 23,000-year power in published
isotopic spectra (6, 7); in contrast there
is a very strong 23,000-year peak in
North Atlantic sea-surface temperature
spectra (Fig. 7). The isotopic record im-
plies minimal 23,000-year variations in
global ice volume. We interpret the sea-
surface temperature record as resulting

in part from large 23,000-year variations
in the volume of the dominant Lauren-
tide Ice Sheet. How could the inferred
changes in the Laurentide Ice Sheet fail
to be more prominent in the global ice-
volume signal?

On the basis of spectral evidence, part
of the answer appears to be found in a
second comparable mystery: the unex-
plained dominance of 100,000-year pow-
er in the isotopic spectra. Hays et al. (6)
noted that orbital eccentricity modulates
the amplitude of the precessional cycle
at a 100,000-year period, among others,
but that this power cannot appear as a
linear physical response to variations in
tilt or precession. They suggest that the
100,000-year power can only appear as
some kind of nonlinear response of the
earth’s climate to orbital forcing.

Imbrie and Imbrie (8) explored the
nonlinear response arising from a faster
time constant for ice decay than for ice
growth. They based this approach in part
on the fact that the 100,000-year ice-
volume (8‘80) cycles are not irregular
sine waves like the eccentricity curves
but tend toward a sawtooth shape (36).
Much of the 100,000-year power is thus a

\
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Fig. 9. Schematic representation of summer iceberg and meltwater plumes formed at different times during 23,000-year cycles of fluctuating
outflow from the Laurentide Ice Sheet. Latitude 65°N separates the area dominated by the 41,000-year (tilt) frequency of summer insolation
change from the region dominated by 23,000-year (precession) frequency. Stipple marks outliné the region of maximum deposition of ice-rafted
debris (21), with iceberg-meltwater plumes drawn in this general area. Largest plume extents correspond to maximum iceberg-meltwater influx.
Winter sea-ice limits roughly match the meltwater plume limits, Arrows show inferred winter storm tracks and moisture transport along winter
sea-ice limit during melt-product outflow at minimal (arrow 1), modérate (arrow 2), and maximum (arrow 3) levels.
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consequence of the rapid (10,000-year)
terminations that abruptly end longer
cycles of erratic glacial buildup. Imbrie
and Imbrie concluded that the nonlinear-
ities involved in rapid ice decay can
create 100,000-year power, in effect by
transferring power from the 23,000-year
precessional cycle. This argument sug-
gests a solution to our problem.

~The 100,000-year power in ice-volume
curves is associated with the rapid gla-
cial terminations. Because terminations
begin when ice sheets are at their most
southerly extent, we follow Broecker
and van Donk (36) by inferring that the
low-latitude precessional insolation max-
ima over the volumetrically dominant
Laurentide Ice Sheet (Figs. 2 and 9) must
provide the strongest initial physical im-
petus toward deglaciation. In contrast,
the higher latitude ice sheets are smaller
and the 41,000-year obliquity insolation
maxima are considerably weaker (in ab-
solute value). In effect, we suggest that
the terminations can be regarded mainly
as 23,000-year deglacial transitions am-
plified into unusually large step-function
offsets. ,

The question of why deglaciation is
more rapid than ice growth is complex,
but we suggest that the oceanic feedback
loops (Fig. 5) may provide part of the
answer. These four feedback processes
have a common attribute that is impor-
tant to the timing of major deglaciation:
the larger the ateal extent and volume of
Northern Hemisphere ice are at the time
of ice disintegration, the stronger the
feedback loops operate to amplify the
rates of disintegration, Thus, strong pre-
cessional insolation maxima occurring
during times of low-to-moderate ice vol-
ume (for example, ~ 200,000 years B.P.)
(Fig. 2) do not produce deglaciations as
rapid as terminations; modest preces-
sional insolation maxima following the
buildup of a large volume of ice can
produce terminations such as termina-
tion III at 250,000 to 245,000 years B.P.
(Fig. 2).

Thus, terminations should occur on
the first precessional maximum after
very large volume glacial buildup. Be-
tween terminations, the isotopic record
shows a general drift toward increased
ice volume, punctuated by numerous os-
cillations at the precessional and obliqui-
ty frequencies. This general ice-volume
increase is presumably attributable to
average summer insolation values that
are considerably lower than those during
terminations (5). The individual oscilla-
tions are attributable to specific summer
insolation minima and maxima at the
higher orbital frequencies (8).

We conclude that much of the 100,000-
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year power anomalously present in 3'%0
records of ice volume may represent
displaced 23,000-year power generated
in large part by precessional forcing of
the Laurentide Ice Sheet. This in part
resolves the discrepancy between our
proposal and the lack of 23,000-year
power in isotopic (~ ice-volume) spec-
tra. } »

We also note substantial 23,000-year
variations in the North Atlantic sea-sur-
face temperature response during por-
tions of the record for which there are
small or negligible variations in the isoto-
pic record (for example, 60,000 to 30,000
years B.P.) (Fig. 8). This can bé recon-
ciled with our interpretation of the rec-
ord only if (i) global (and Laurentide) ice
volume actually varied at these times
with more 23,000-year power than is
evident in these parts of the isotopic
record, or (ii) the Laurentide Ice Sheet
responded to the 23,000-year forcing pe-
riod at middle latitudes, while other high-
er latitude ice masses did not respond or
responded in opposition.

The first situation could arise 1f the
portion of the 880 record that reflects
factors other than global ice volume (2)
varies in partial opposition to the 23,000-
year Laurentide ice-volume component:
It could also happen if the ice formed at
middle latitudes were less enriched in
160 than that at high latitudes and conse-
quently left a weaker imprint on the
isotopic record (37). The second expla-
nation could apply if the Laurentide ice
responded with modest intensity to the
smaller 23,000-year forcing period, but
with the melt-product outfiow coricen-
trated only in the western North Atlantic
(somewhere between plumes 1 and 2 in
Fig. 9). In this outflow configuration, it
would be possible to maintain a signifi-
cant moisture flux northward to high
latitudes in winter (Fig. 9, arrow 2), thus
tending to counteract the Laurentide sig-
nal in the global ice-volume response.

In any case, geological evidence on
land (38) shows substantial changes in
the southern limit of the Laurentide Ice
Sheet during the interval marked by min-
imal oxygen isotopic changes (60,000 to
30,000 years B.P.) (Figs. 2 and 6). These
areal fluctuations imply significant oscil-
lations in Laurentide ice volume and
hence in outflow of icebergs and meltwa-
ter to the North Atlantic.

Finally, changes in oceanic delivery of
heat northward from low latitudes may
also contribute to the response of the
high-latitude North Atlantic Ocean at the
precessional frequency. This factor is
implicated in the correlation between the
emergence of the Panamanian Isthmus
and the ‘inception of Northern Hemi-

sphere glaciation, both at 3.1 x 10°
years B.P. (39). The correlation in time
implies a causal link in which diversion
of equatorial flow intensified the western
boundary current flow in the Gulf
Stream and thus delivered the warm,
saline Atlantic water to middle and high
latitudes that was needed in conjunction
with changes in orbital insolation to fuel
ice-sheet growth (40).

Heat transport from low latitudes is
also indicated by the phasing of the
23,000-year sea-surface temperature rec-
ord in core V30-97 (Figs. 6 and 7) with
summer (November) insolation in the
Southern Hemisphere. This stiggests pe-
riodic variations in cross-equatorial heat
flow in the Atlantic Ocean.

Because the ocean generally moder-
ates atmospheric fluctuations along the
coasts of continents today, many clima-
tologists assign this role to the ocean
during long-term climatic fluctuations on
the scale of glacial cycles (10* to
10° years). This view ignores an oceanic
role that appears to be an essential fea-
ture of ice-age cycles. On the longer time
scale, the North Atlantic Ocean may am-
plify, rather than moderate, icé-volume
changes driven by insolation. The
change from a primarily negative feed-
back role in the short term to a positive
feedback role in the long term is in part
due to the action of oceanic feedback
processes (Fig. 5).

Refereitces and Notes

1. M. M Milankovitch, R, Serb, Acad. Spec. Publ.
133 (1941) (translated by the Israel Program for
Scientific Translations, Jerusalem, 1969).

2. N. J. Shackleton and N. D. Opdyke, Quat. Res.
(N.Y.) 3,39 (1973). Fractlonatlon during ocean-
atmosphere transfer preferennallg removes ‘0
and stores it in the ice caps. The O-enrichment
of ocean waters is recorded in the shells of
(benthic) foraminifera living on the sea floor,
where témperature changes do not overwhelm
the ice-volume control of the oxygen isotopic
ratio. Since the mixing time of the oceans is less
than 1000 years, time series of this ratio found in
sedimentary sequences are synchronous records
of ice-volume change that are used for strati-
graphic control across the world ocean.

3. N.J. Shackleton, Philos. Trans. R. Soc. London
Ser. B 280, 169 (1977); S. S. Streeter and N. J.
Shackleton, Science 203, 168 (1979); C. D. Nin-
kovich and N. J. Shackleton, Earth Planet. Sci.
Lett. 27, 20 (1975).

4. The stage 5+4 and 7-6 boundaries were recog-
nized as major transitions when Emiliani first
used them to define the isotopic stages, although
the earliertime scales were in error [C. Emiliani,
J. Geol: 63; 538 (1955)]. Definition of the two
major bit: relatlvely brlef glaciation pulses (5d
and 7b) egnbedded in ‘“‘interglacial” isotopic
stages 5 dnd 7 was delayed until Shackleton
began examining benthic foraminifera on a inass
spectrometer (Micromass) (2, 3). Our research
[Geol. Soc. Am. Abstr. Program 11, 475 (1979)]
has confirmed that substage 7b was a major
glaciation pulse of only 20,000 years duration.
These ice-growth transitions have been assigned
ages in a number of paleoclimatic studies (2, 3,
6,7)

. A. L. Berger, Quat. Res. (N.Y.) 9, 139 (1978).

. J.D. Hays, J. Imbrie, N..J. Shackleton, Science
194, 1121 (1976).

M. A. Kominz and N, G, Pisias, ibid. 204, 171
(1979).

. J. Imbrie and J. Z. Imbrie, ibid. 207, 943 (1980).
. T. H. Vonder Haar and A. H. Oort, J. Phys.
Oceanogr. 3, 169 (1973).

SCIENCE, VOL. 212

\D oo - [« 9% )



—

15.

16.
17.

20.

21.
22

23.

0.

W. F. Ruddiman and A. Mclntyre, Science 204,
173 (1979); , V. Niebler-Hunt, J. T. Dur-
azzi, Quat. Res. (N Y.) 13,33 (1980)

. Transfer function estimates suggest high salini-

ties durmg the ice-growth intervals, but it is not
clear that’salinity can be accurately estimated
independently . of temperature. Isotopic data
provide independent evidence of high salinities
(J. T. Durazzi, W. F. Ruddiman, A, Mclntyre,
J. Geophys. Res., in press),

. T. Kellogg and N J. Shackleton, personal com-
13.

munication.

This configuration and line of reasoning agrees
with models and arguments proposed by H. H
Lamb and A. Woodroffe [Quat. Res. (N.Y.} 1
29 (1970)] and by R. G, Barry, J. T. Andrews
and M. /A. Mahaffy [Science 190, 979 (1975)]; i
dlsagrees at least in part with models and argu-
ments of P. K. Weyl [Meteorol. Monogr. 8, 37
(1968)], R. E. Newell [Quat. Res. (N.Y.) 4, 117
(1974)], and H. M. Sachs [J. Geophys. Res. 81,
3141 (1976)]. The latter favor a cooler, more ice-
covered ocean at high latitudes durmg glacnal
growth.

. Mild winters may favor more frequent mcur-

sions of moist .air into otherwise arid polar
regions [L. D. Williams, in Proceedings of the
WMO/IAMAP Symposzum on Long-Term Fluc-
tuations (WMO 421, World Meteorological Or-
ganization, Geneva, 1975), p 287]

W. F. Ruddiman, B. Molﬁno, Esmay, E.
Pokras, Clim. Change 3, 65 (1980); A. Mclntyre,
W. F. Ruddiman, R. Jantzen, Deep-Sea Res. 19,
61 (1972); W. F. Ruddiman and A. Mclntyre,
Quat. Res. (N.Y.}, in press.

D. P. Adam, Quat. Res. (N.Y.) 8, 161 (1973).
W. S. Broecker, D. L. Thurber, J. Goddard, T.
L. Ku, R. K. Matthews, K. J. Mesolella, Sci-
ence 159, 297 (1968).

. C. Emlllam [in ()] suggested the same relation-

ship from isotopic variations, although he based
it on an incorrect time scale. Milankovitch h
also made passing reference to high insolation as
a means to melt ice; his concern was mainly with
the obverse relationship.

. In very cold northern waters it is salinity, not

temperature, that determines where sea ice will
form'{Weyl in (13)]. Sea ice forms today as far
south as 50°N latitude in low-salinity regions
such as the Labrador, Othotsk, and Bering seas.
The link between sea level and the grounding
line of Antarctic ice shelves was described by J.
T. Hollin [J. Glaciol. 4, 173 (1962)]. The concept
of risirig sea level as a deglacial mechanism was
proposed by T. Hughes, G. H. Denton, and M.
G. Grosswald [Nature (London) 266, 596
(1976)]. A full theoretical treatment of the last
deglaciation can be found in The Last Great Ice
Sheets, G. H. Denton and T. Hughes, Eds.
(Wiley, New York, 1981).

W. F. Ruddiman, Geol. Soc. Am. Bull. 88, 1813
(1977).

Previous studies also suggested that deglacial
melt products could chill the adjacent ocean
[W. L. Stokes, Science 122, 815 (1955); C
Emiliani and J Geiss, Geol. Rundsch. 46, 576
a19sni. -

W. F. Ruddiman and L. K. Glover, Quat. Res.
(N.Y.) §, 361 (1975); R. G. Johnson and B. T.
McClure, ibid. 6, 325 (1976).

. J. R. N. Lazier, Atmos. Ocean 18, 227 (1980).

8 MAY 1981

27.
28.

29,

30.

31

32.

33.
34.

. H, H. Lamb, Q. J. R. Meteorol. Soc. 81, 172
26.

(1955).

Isotopic values are based on Uvigerina pere-
grina and three species referenced to the PDB
(Pee Dee belemnite) standard and corrected to
Uvigerina (see Fig. 6).

The spectral techniques used are identical to
those described in Hays et al. (6).

Almost identical sea-surface temperature spec-
tra for this core are produced by use of the late
Quaternary chronologies described by Shackle-
ton and Opdyke (2), Hays et al. (6), and J. J.
Morley and J. D, Hays (Farth Planet. Sci. Lett.
in press). The chronologies are similar back to
250,000 years B.P., with the isotopic stage
boundaries agreeing to within a few thousand
years,

A phase-free bandpass digital filter (Tukey filter)
centered at a frequency of .043 cycle per 1000
years and with a resolution (r) of 20 was used.
The bandwidth of this 23,000-year filter is fixed
by the value of r. the larger the r, the narrower
the bandwidth. Since the number of weights
defining the filter is given by 2 + 1 and a filter is
simply a moving average applied in the time
domain, r data points are lost at either end of the
filtered signal. Calculations were based on a
BMDOIT program [BMD Biomedical Computer
Programs, W. J. Dixon, Ed. (Los Angeles
School of Medicine, University of California,
Los Angeles, 1965), p. 620]. All phase relation-
ships were calculated by cross-correlation anal-
ysis of the precession and two filtered signals.
R. A. Bryson, W. M. Wendland, J. D. Ives, J. T.
Andrews, Arct. Alp. Res. 1, 1 (1969); V. K,
Prest, Geol. Surv. Can. Map 1257A (1969),
The Scandinavian Ice Sheet is also located in a
region of considerable 23,000-year insolation
change (Fig. 8), but its melt products are proba-
bly too small in volume to influence the ocean
significantly at the site of core V30-97. It is more
likely to influence the Norwegian Sea and north-
east Atlantic.

It is also possible that the meltwater influxes
during deglaciation episodes created a condition
outside the range of those conditions against
which the modern planktic assemblages are cali-
brated. [See, for example, W. H. Hutson, Quat.
Res. (N.Y.) 8,355 (1977).] Thus the estimates of
sea-surface temperatures in Fig. 5 could be in
part an artifact of the meltwater flow. For exam-
ple, in a regime marked by summer meltwater
influx, the cooler spring and autumn fauna could
dominate the annual rain of foraminifera to the
sea floor. The southward spreading of meltwater
at maximum rates during the high-insolation
season will tend to suppress productivity most
in the warm seasons. Even if the sea-surface
temperature estimates in V30-97 are not accu-
rate, the strong 23,000-year signal would still
represent a systematic surface-water response
to precessional forcing.

W. L. Donn and M. Ewing, Science 152, 1706
(1966).

Previous studies have suggested that the ocean
might lag the ice sheets because of melt-product
flow. Stokes [in (22)] suggested a thermal lag for
the ocean due to cold glacial runoff but did not
link these changes to orbital insolation. Emiliani
and Geiss {in (22)] noted the oceanic lag behind
ice disintegration during the last deglaciation

35.

36. W
37.
38.
39.

40.

41.
42.

and attributed it to the melt-product influx.
Johnson and McClure [in (23)] suggested that
the great expanse of the Laurentide Ice Sheet
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