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Orbital variations are now clearly es- 
tablished as a significant primary cause 
of ice-age climatic cycles (1). The inter- 
mediate stages between cause and effect 
remain conjectural. How are orbital vari- 
ations actually translated into regional 
climatic changes on the earth's surface? 
What is the mechanism of glacial growth 
and decay, and, more specifically, what 
is the mechanism by which water is ex- 
tracted from the oceans and transported 
to growing ice sheets? This report ad- 
dresses the latter question by focusing 
on the subpolar North Atlantic, the 
ocean closest to the Northern Hemi- 
sphere ice sheets. 

Isotopic data from deep-sea cores with 
high accumulation rates (2) delineate two 
very large and rapid phases of ice growth 
during the last climatic cycle. One, the 
boundary between isotopic substages 5e 
and 5d at about 115,000 years before 
present (B.P.), marks the last glacial in- 
ception (increase of global ice above 
modern values). The second, the bound- 
ary between stages 5 and 4 at roughly 
75,000 years B.P., can be regarded as the 
time of temperate-latitude transition into 
glacial conditions (3). During each of 
these intervals, roughly half the intergla- 
cial-to-glacial net ice mass accumulated 
within approximately 10,000 years (4). 

Both ice-growth phases are closely re- 
lated in time to Northern Hemisphere 
summer insolation minima (1, 5), sub- 
stantiating Milankovitch's theory (6) that 
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cool summers are critical in preserving 
large portions of the annual snowfall 
through the ablation season. As noted by 
numerous researchers, the growing gla- 
ciers provide positive feedback to en- 
hance the high-latitude cooling by in- 
creasing the albedo over land. But the 
growth of these extensive bodies of ice 
also implies an expansion of the polar 
anticyclone normally positioned over ice 
cover in high latitudes of the Northern 
Hemisphere. This expansion of dry cold 
air would reinforce the normal high-Arc- 
tic aridity and slow or stop the rapid 
growth of ice sheets unless opposed by 
other parts of the climatic system (7). 
Specifically, the intervals of rapid ice 
growth that occurred twice during the 
last climatic cycle demand a significant 
moisture source for intervals of 10,000 
years. 

Ewing and Donn (8) hypothesized an 
ice-free Arctic Ocean to maintain the 
moisture supply to expanding ice sheets, 
but subsequent examination of Arctic 
sediments indicated no break in Arctic 
ice cover during the late Quaternary (9). 
Other paleoclimatologists have looked 
toward warm oceans at much lower lati- 
tudes (the Gulf of Mexico and western 
subtropical North Atlantic) as primary 
moisture sources (10). Recently, several 
papers have stressed the importance of 
the subpolar North Atlantic as the most 
proximal moisture source to the Lauren- 
tide Ice Sheet (7, 11, 12). 
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Our evidence (Fig. 1) shows that the 
subpolar North Atlantic (40?N to 60?N) 
maintained relatively warm "intergla- 
cial" sea-surface temperatures through 
much of the two major intervals of ice 
growth (4). This conclusion is based on 
oxygen isotopic evidence of ice growth 
from benthic Foraminifera and on trans- 
fer function estimates of sea-surface con- 
ditions derived from planktonic fora- 
miniferal assemblages. The co-occur- 
rence of these two separate signals 
within the same levels of deep-sea cores 
permits a precise comparison of their rel- 
ative timing during intervals well beyond 
radiometric dating. To date, we have 
paired isotopic and faunal data across 
the stage 5-4 boundary from ten subpolar 
North Atlantic cores and across the sub- 
stage 5e-5d boundary from five cores (4); 
two examples from each level are shown 
in Fig. 1. 

During the substage 5e-5d transition, 
the sea surface in the subpolar Atlantic 
maintained temperatures as high as 
today's or 1? to 2?C warmer until about 
halfway into the ice-growth interval. The 
ocean surface finally cooled late in iso- 
topic substage 5d, several thousand 
years after the midpoint of the ice- 
growth phase. This lag in ocean-surface 
cooling of about 3000 to 4000 years be- 
hind ice growth has been found so far in 
cores from 41?N to 54?N and from 15?W 
to 40?W. 

During the stage 5-4 transition, the 
sea-surface temperatures again remained 
high during most of the period of rapid 
glacier ice accumulation (Fig. 1). Several 
cores even show increasing tempera- 
tures until the midpoint of ice growth. At 
this isotopic transition, the ocean cooling 
lags an estimated 4000 to 5000 years be- 
hind ice growth. This pattern has been 
observed in cores from 41?N to 59?N and 
from 15?W to 50?W (4). 

As shown in Fig. 2, the subpolar North 
Atlantic at the midpoint of ice growth 
during the stage 5-4 transition was nearly 
as warm as today. Estimated sea-surface 
temperatures were generally within 1? to 
2?C of modern values. We have detected 
marked oceanic warmth (19?C in sum- 
mer) within 600 km of the present-day 
Newfoundland coast during the stage 5-4 
transition (4). 

There are two lines of evidence that 
much of the large ice volume indicated 
by the stage 5-4 isotopic data accumu- 
lated at the same longitudes as (and per- 
haps even directly alongside) this warm 
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much of the large ice volume indicated 
by the stage 5-4 isotopic data accumu- 
lated at the same longitudes as (and per- 
haps even directly alongside) this warm 
subpolar ocean: (i) ice-rafted detritus en- 
tered the subpolar Atlantic Ocean in 
great abundance late in this ice-growth 
transition (3), and (ii) end moraines from 
ice-growth phases on Baffin Island 
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Warmth of the Subpolar North Atlantic Ocean During 
Northern Hemisphere Ice-Sheet Growth 

Abstract. Two 10,000-year periods of Northern Hemisphere continental ice-sheet 
growth stand out prominently within the last full interglacial-to-glacial cycle. During 
the first half of each rapid ice-growth phase, the subpolar North Atlantic from 40?N 
to 60?N maintained warm sea-surface temperatures comparable to those of today's 
ocean. The juxtaposition at latitudes 50?N to 60?N of an "interglacial" ocean along- 
side a "glacial" land mass, particularly along eastern North America, is regarded as 
an optimal configuration for delivering moisture to the growing ice sheets. 
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roughly dated by uranium series and 
amino acid stratigraphy interfinger with 
very warm shallow marine facies (13). 
Furthermore, there is a strong circum- 
stantial argument: where else could one 
put a volume of ice that by stage 4 
reached 75 to 90 percent of the stage 2 
full-glacial maximum? It seems neces- 
sary to assume that large portions of the 
late-Wisconsin areal extent of Lauren- 
tide ice had already been achieved dur- 
ing the stage 5-4 transition. We conclude 
that snow and ice fields reached to at 
least 50?N over eastern Canada at the 
stage 5-4 transition. 

With land ice reaching southward to 
50?N and a warm ocean flowing north- 
ward to 60?N, a narrow and unusually 
strong albedo gradient must have existed 
along the Canadian maritime provinces 
during the stage 5-4 transition (Fig. 2). 
Summer stands out as the season of real- 
ly extreme thermal contrast, with, in ef- 
fect, the ocean in an "interglacial sum- 
mer" and the land surface in a "glacial 
winter." Our data (Fig. 2) do not rule out 
the possibility of 19?C sea-surface tem- 
peratures directly alongside an ice-cov- 
ered coast. A large fraction of the total 
pole-to-equator thermal difference was 
thus encompassed within this narrow 
band. 

This intense thermal gradient during 
the stage 5-4 isotopic transition has sev- 
eral important paleoclimatic implica- 
tions. It forms part of an optimal configu- 
ration for delivering moisture to the Lau- 
rentide Ice Sheet. Thermal gradients at 
the earth's surface are regions of natural 
cyclogenesis, either causing the in- 
tensification of already existing low- 
pressure centers passing through from 
the south and west (Fig. 2) or creating 
new storms in situ by drawing on local 
oceanic latent heat (14). Thus, this con- 
figuration would establish a storm track 
northward and northwestward into an 
ice-free Labrador Sea (15) and toward 
the accumulation centers of the Lauren- 
tide ice mass. Other storms fed by still 
considerable oceanic warmth reaching to 
at least 59?N in the central and eastern 
North Atlantic may have enhanced gla- 
ciation over Scandinavia in a similar 
way. The even warmer subpolar ocean at 
the 5e-5d transition may have aided 
moisture delivery to ice centers at still 
higher Arctic latitudes. 

The thermal gradient off Newfound- 
land also has elements of positive inter- 
nal feedback. Modern climatological 
studies show that strong thermal gradi- 
ents over eastern North America and the 
western North Atlantic lead to increased 
poleward flow of surface westerlies and, 
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consequently, enhanced northward ad- 
vection of North Atlantic drift flow into 
the subpolar Atlantic (14, 16). Thus, 
once falling summer insolation levels al- 
low snow and ice to survive over lower 
latitudes of eastern Canada, the thermal- 
albedo contrast along Labrador and 
Newfoundland will help to maintain a 
warm subpolar ocean until other factors 
eventually intervene. 

Our evidence constitutes a test of the 
mechanistic aspects of several previous 
theories of glaciation. We strongly sup- 
port the general picture developed by 
Barry and co-workers (7), who stress the 
need for a warm open North Atlantic 
Ocean as a moisture source. We also 
support Lamb (10), who argues the need 
for a strongly blocked (meridional) atmo- 
spheric circulation to transport moisture 
from low latitudes. We broadly support 
Adam (11), who looked to the thermal 
(energy) gradient along eastern North 
America to fuel the process of glaciation 
(12). 

We disagree with the shared assump- 
tion of Weyl (17) and Johnson and 
McClure (12) that an initial pack-ice ad- 
vance across the Norwegian Sea and into 
the North Atlantic (due to lowered salini- 
ty) was the means of initiating glaciation. 
Instead, the major cold water (and po- 
tential pack-ice) advance into the North- 
east Atlantic-marked by strong de- 
creases of summer sea-surface temper- 
ature in Fig. 1-clearly follows the first 
half of ice growth shown at both the 5e- 
5d and 5-4 isotopic transitions (Fig. 1). 
Also, subpolar Atlantic salinities south 
of Iceland remained far too high during 
early ice accumulation at the stage 5-4 
boundary to permit pack-ice formation 
(4). 

Our evidence also directly contradicts 
Newell (18), who theorizes that cooler 
waters upwelling at the equator and ad- 
vecting northward would cause an initial 
sea-ice growth, resulting in increased 
high-latitude albedos and eventually gla- 
ciation. Our findings also seem to dis- 
agree with Flohn (19), whose detailed 
theory included as an early feature a ma- 
jor cooling of the Florida Current as it 
emerged into the Atlantic. 

In summary, we speculate that, along 
with low summer insolation, a warm sub- 
polar North Atlantic Ocean may be a 
necessary condition for rapid and exten- 
sive Northern Hemisphere ice growth. 
We support the contention that a vigor- 
ous meridional atmospheric circulation 
directed northward along an anomalous- 
ly strong surface thermal gradient off the 
East Coast of North America is the cir- 
culation regime most compatible with 

the process of rapid glaciation over 
North America. Today, the subpolar At- 
lantic is in a warm interglacial mode 
ready for the next phase of rapid North- 
ern Hemisphere ice growth when in- 
solation passes below some critical 
threshold. 
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