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Abstract. New surface water records from two high sedimentation rate sites, located in the western subtropical North Atlantic 
near the axis of the Gulf Stream, provide clear evidence of suborbital climate variations through marine isotope stage (MIS) 5 
persisting even into the w -arm peak of the interglaciation (substage 5e). We found that the amplitude of suborbital climate os- 
cillations did not vary significantly for the whole of MIS 5, implying that ice volume has little or no influence on the ampli- 
tude of suborbital climate variability in this region. Although some records suggest that longer suborbital variations (4-10 
kyr) during MIS 5 are linked to deepwater changes, none of the existing records is of sufficient resolution to assess if a link- 
age occurred for oscillations shorter than 4 kyr. However, when examined in conjunction with published data from the Nor- 
wegian Sea, new evidence from the subpolar North Atlantic suggests that coupled surface-deepwater oscillations occurred 
during the penultimate deglaciation. This supports the hypothesis that during glacial and deglacial times, ocean-ice interac- 
tions and deepwater variability amplify suborbital climate change at higher latitudes. We suggest that during the penultimate 
deglaciation the North Atlantic deepwater source varied between Nordic Sea and open North Atlantic locations, in parallel 
with surface temperature oscillations. 

1. Introduction 

Abundant evidence from marine and terrestrial paleoclimatic 
archives indicates that climate changes occur more frequently than 
can be explained by a linear response to cyclical changes in orbital 
geometry. Ice core and marine records reveal several timescales 

of higher-frequency climate variability. For example, during the 
last glacial cycle, variations in Greenland ice core/5•80, equivalent 
to 5ø-12øC variations in air temperature, occurred on 2-3 kyr 
timescales [Dansgaard et al., 1971; Oeschger et al., 1984], and 
North Atlantic sea surface temperature (SST) and ice rafting varied 
on 1-2 kyr timescales [Bond et al., 1997, 1999]. The repeat time of 
Heinrich events, episodes of massive ice discharge into the North 
Atlantic, was -5-10 kyr [Heinrich, 1988; Bond et al., 1993]. The 
amplitude of climate variations on each of these timescales appears 
to vary with time. For example, analysis of the Greenland ice core 
/5•80 record suggests that high-amplitude 1-2 kyr-long oscillations 
are prevalent during the marine isotope stage (MIS) 3 portion of the 
last glacial interval but appear dampened during the previous inter- 
glacial, MIS 5 [e.g., Schulz et al., 1999]. Until this work, only longer 
timescale variations (4-10 kyr) characterize MIS 5. Thus the length 
of the cycles may depend on the resolution of the record, the re- 
gion, and the climate variable. 

The origin of suborbital climate oscillations is not understood. 
Because of their prominence in glacial sequences, glacial processes, 
such as internal ice sheet dynamics and ice/ocean interactions, have 
emerged as likely candidates [MacAyeal, 1993a, 1993b]. While the 

Copyright 2001 by the American Geophysical Union. 

Paper number 2000PA000527. 
0883-8305/01/2000PA000527512.00 

presence of large ice sheets may be important in the development of 
high-amplitude variability on 5-10 kyr timescales [Wara et al., 2000], 
a growing body of evidence indicates that 1-3 kyr oscillations persist 
into the Holocene [e.g., Alley et al., 1997; Bianchi and McCave, 
1999; Bond et al., 1997; Campbell et al., 1998; Keigwin and Jones, 
1989; O'Brien et al., 1995; Sirocko et al., 1996]. These studies 
suggest that although the presence of large ice sheets may amplify 
1-3 kyr climate instability, it is not the cause of such instability. 
Deepwater variability and associated heat redistribution have 
emerged as leading mechanisms for 1-3 kyr climate variations, but 
the underlying forcing is not known [e.g., Broecker et al., 1990; 
Alley et al., 1999]. 

In light of recent evidence that Holocene and deglacial climate 
oscillations are a continuation of the regular sequence of millennial 
climate oscillations [Bond et al., 1997; Mayewski et al., 1997], the 
absence of evidence for 1-3 kyr oscillations during MIS 5 is puzzling. 
To evaluate further the occurrence and origin of suborbital climate 
variability within MIS 5, we generated detailed records of surface 
hydrography from the western subtropical North Atlantic. Suborbital 
variability during MIS 3 is well documented in this region [Keigwin 
and Boyle, 1999; Sachs and Lehman, 1999]. We compare the new 
high-resolution records to detailed records from high-latitude North 
Atlantic sites (Figure 1).• 

Our North Atlantic records also enable us to evaluate the occur- 

rence and nature of suborbital-scale climate variations during the 
penultimate deglaciation. There is continued support for a strong dif- 
ference between the last deglaciation ("Termination I" after Broecker 

•Supporting data for the figures are available electronically at World Data 
Center-A for Paleoclimatology, NOAA/NGDC, 325 Broadway, Boulder, 
CO 80303. (e-mail: paleo@mail.ngdc.noaa.gov; URL: http://www.ngdc.noaa. 
gov/paleo) 
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Figure 1. Location of the Summit (GISP 2 and GRIP) ice cores and of marine sites discussed: site 980 (55øN, 15øW, 2179 m), V29- 
191 (54øN, 17W, 2370 m), 8JPC (61øN, 25øW, 1917 m), site 1059 (32øN, 75øW, 2985 m), 37JPC (32øN, 75øW, 2972 m), NEAP18K 
(53øN, 30øW, 3175 m), and site 644 (67øN, 4øE, 1227 m). 

and Donk [ 1970]) and the penultimate deglaciation (Termination II). 
Earlier studies provided evidence for a reduction in North Atlantic 
Deep Water (NADW) production that persisted throughout the 
penultimate deglaciation [Adkins et al., 1997' Duplessy and Shack- 
leton, 1985' Oppo et al., 1997' $arnthein and Tiedemann, 1990] and 
that subpolar North Atlantic surface waters remained cold through- 
out the deglaciation [Ruddiman et al., 1980; Oppo et al., 1997]. More 
recent studies suggest that surface oscillations in the subpolar North 
Atlantic, south of the Nordic Seas, were less pronounced during 
Termination II than during Termination I, consisting of a "pause" 
rather than a climatic reversal [Lototskaya and Ganssen, 1999]. Im- 
portantly, however, these recent studies demonstrate that cyclic vari- 
ations in deepwater production occurred during Termination II 
[e.g., Rasmussen et al., 1999' Lototskaya and Ganssen, 1999], as 
was also the case during Termination I [Boyle and Keigwin, 1987; 
Lehman and Keigwin, 1992]. 

2. Materials and Methods 

During Ocean Drilling Program (ODP) Leg 172 in the subtropical 
western North Atlantic, site 1059 was cored on a small sediment 

drift near the ridge crest of the Blake Outer Ridge [Keigwin et al., 
1998]. We sampled hole 1059A (hereafter referred to as site 1059; 
31ø40.46'N, 75ø25.13'W, 2985 m) and nearby drift site KNR140- 
37JPC (hereafter referred to as 37JPC; 31ø41.41'N, 75ø25.81'W, 
2972 m). Although these sites are only -3 km apart, site 1059 has a 
much higher sedimentation rate (Figure 2). We compare the de- 
tailed records from this region located just southwest of the axis of 
the Gulf Stream to published records [McManus et al., 1994, 1999] 
from core V19-191 (54øN,17øW, 2370 m) and site 980 (55øN, 
15øW, 2179 m), both located to the west of the British Isles on the 

Feni Drift, and from core EW9302-8JPC (hereafter referred to as 
8JPC; 61 øN, 25øW, 1917 m) [Oppo et al., 1997], located southeast 
of Iceland on the Bjom Drift. We resampled 8JPC at 0.5 cm intervals 
across the penultimate deglaciation to increase the resolution of 
existing records during that time [Oppo et al., 1997]. Previously 
unpublished faunal data from site 980 are also presented. We also 
present deepwater records from site 1059 and core JPC 37 for MIS 5 
and from 1059, 8JPC, and 980 for Termination II. For complete- 
ness, we include published data [Chapman and Shackleton, 1999] 
from core NEAP18K (53øN, 30øW, 3725 m), located to the south- 
west of the other subpolar North Atlantic sites. 

In addition to providing spatial coverage, these sites intersect the 
two main water masses that replaced NADW during glacial times 
[e.g., Bertram et al., 1995; Boyle and Keigwin, 1987; Oppo and 
Lehman, 1993]. During glacial times, core 8JPC was located within 
nutrient-depleted (high •513C) Glacial North Atlantic Intermediate 
Water (GNAIW) or within the sharp gradient that separated GNAIW 
from the deeper, more nutrient-rich (lower •513C) water mass that 
contained a significant proportion of Southern Ocean Water (SOW). 
At 2179 m, ODP site 980 lay within the lower portion of the mixing 
gradient between water masses, and site 1059, core 37JPC (-2980 m) 
and NEAP18K (3275 m) lay within the deeper, more nutrient-rich 
water mass. 

At all locations, •5180 records of the benthic foraminifera Cibici- 

doides wuellerstorfi (> 150 gm; one to two specimens) provide age 
control. The •5•3C records of C. wuellerstorfi are used to estimate 
changes in deepwater nutrient content. The records of the percentage 
of the polar planktic foraminifera Neogloboquadrina pachyderma 
(left coiling, or sinistral (s.)) in the planktic assemblage and of the 
[180 of Neogloboquadrina pachyderma (fight coiling, or dextral (d.)) 
(150-250 gm; 8-10 specimens) provide complimentary estimates 
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Figure 2. (a) Site 1059 and (b) KNR 140-37JPC planktic (Globigerinoides ruber) and benthic (Cibicidoides wuellerstorfi) õ•80 
records, given as thin and thick lines, respectively. (c) G. ruber õ•80 and benthic (C. wuellerstorfi) õ•3C records from site 1059 (dot- 
ted line) and core 37JPC (solid line) on common timescales. 

of changing sea surface conditions at the two subpolar sites. Whereas 
variations in percent N. pachyderma (s.) are dominated by temper- 
ature changes, they can only capture SST temperature changes over 
a relatively limited range [Bd and Tolderlund, 1971; Kellogg, 1980]. 
In contrast, the •5•80 of N. pachyderma (d.) is a better recorder of 
the full glacial-interglacial range of SST change in the subpolar 
North Atlantic but is also affected by variations in the •5•80 of surface 
waters [McManus et al., 1999; Oppo et al., 1997, 1998]. At Feni 
Drift the •5•80 of N. pachyderma (d.) closely followed millennial 
variations in the relative abundance of the temperature-sensitive 
foraminifera N. pachyderma (s.) during the MIS 11/10 transition, 
underscoring the utility of the •5•80 proxy in this region [Oppo et al., 
1998]. The number of lithic grains (>150 pm) in each sample from 

the subpolar North Atlantic sites provides a measure of ice-rafted 
detritus (IRD). The results are expressed as the number of IRD grains 
per gram of dry sediment (number per gram) and as IRD grains rel- 
ative to total entities (>150 }am) in the sample (percent IRD). At 
the subtropical sites we used the •5•80 of Globigerinoides tuber 
(212-250 }am, 8-10 specimens at site 1059 and 150-250 }am, -20 
specimens at 37JPC) to estimate sea surface changes. Studies of 
nearby cores from the Bermuda Rise suggest that G. ruber •5•80 
oscillations in this region during MIS 3 are largely due to SST vari- 
ations and that they can be correlated to air temperature variations 
in the Greenland ice cores [Keigwin and Boyle, 1999; Sachs and 
Lehman, 1999]. Except for the records from NEAP18K, isotopic 
measurements were made at the Woods Hole Oceanographic Insti- 
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Figure 3. Records from site 980 versus depth. (a) Records of the percent ice-rafted detritus (IRD) and percent Neogloboquadrina 
pachyderma (sinistral) for Termination II and peak of substage 5e. (b) Benthic •5•3C record for Termination II and peak of substage 
5e. (c) Benthic and planktic •5•80 records for Termination II and the peak of substage 5e. (d) Benthic •5•80. MIS 5 substages are la- 
beled. Depth assigned to the beginning of the peak of substage 5e (event 5.53) is marked by vertical dotted line. 

tution using standard techniques [Keigwin and Boyle, 1999; Oster- 
mann and Curry, 2000]. Procedures for the NEAP18K record are 
outlined by Chapman and Shackleton [ 1999, and references therein]. 

3. Results and Discussion 

Benthic and planktic 8•80 stratigraphy for the subtropical sites 
and the detailed data for Termination II from subpolar North Atlantic 
site 980 and core 8JPC are shown versus depth in Figures 2-4 re- 
spectively. MIS 5 and its substages [Shackleton, 1969] are easily 
identified in the benthic •5•80 records. We placed the records on a 
common timescale by correlating each benthic •5•80 record to the 
orbitally-tuned chronology of Martinson et al. [ 1987], (Plate 1). This 
involved minor modification to the published NEAP18K time scale 
on the substage 5e/5d transition [Chapman and Shackleton, 1999]. 

At site 980 and core 8JPC the presence of IRD at levels that also 
contain the first low45180 values above MIS 6 indicates that these 

levels are deglacial in age (Figures 3 and 4). Without records of IRD 
these levels could be mistaken for the beginning of the substage 5e 
interval of minimum ice volume. We suggest 8180 values are low at 
this time because of the subduction of low45180 deglacial meltwater 
[Lehman et al., 1993; Raytoo et al., 1998]. We thus used the benthic 
8180 and IRD records to refine the 81sO-based chronology in the 
following manner. For core 8JPC we assign the first low IRD (6%), 
low benthic 8180 level at 1154.25 cm to the beginning of peak inter- 
glacial substage 5e (event 5.53 [Martinson et al., 1987]). Similarly, 
for site 980 we assign the first low IRD (6%), low benthic 8180 level 
at 17.29 m to event 5.53. We further assumed that within substages 
5a-5d the percent N. pachyderrna (s.) at site 980 could not exceed 
the percent N. pachyderma (s.) at the colder, more northerly site of 
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Figure 4. Records from core 8JPC versus depth. (a) Records of the percent IRD and percent N. pachyderma (s.) for Termination II 
and peak of substage 5e. (b) Benthic •513C (solid line) and number of lithics per gram (dotted line) for Termination II and peak of sub- 
stage 5e. (c) Benthic and planktic •5180 records for Termination II and the peak of substage 5e. (d) Benthic •5180 record (crosses) and 
percent N. pachyderma (s.) (solid diamonds) for MIS 5. MIS 5 substages are labeled. Depth assigned to the beginning of the peak of 
substage 5e (event 5.53) is marked by vertical dotted line. Deglacial high4513C events are shaded to aid visual comparison among the 
records. 

core 8JPC (Plate 1). This SST gradient is expected from the mod- 
em hydrography, and even more so for colder times when the gra- 
dient between these regions was greater [e.g., Climate: Long-Range 
Investigation, Mapping, and Prediction ( CLIMAP) , 1976, 1981]. This 
procedure involved only minor modification of the preliminary •5•80/ 
IRD-based chronology of core 8JPC (not shown). 

The G. tuber •5•0 records from the two subtropical sites are sim- 
ilar, showing well-developed 4-10 kyr cycles that must represent a 
regional signal (Figure 2). However, because of the greater accumu- 
lation rates at site 1059 (20 cm/kyr) than at core 37JPC (8 cm/kyr) 
the shorter oscillations (<3kyr) are resolved better at site 1059. Thus, 
in the following discussions of variability in this region we focus 

on results from site 1059 and compare the records from this site to 
records from the subpolar North Atlantic (Plate 1). During the MIS 5 
interval, sedimentation rates average -10, 7, and 11 cm/kyr at the 
sites of 8JPC, V29-191, and 980, respectively. 

3.1. MIS 5 

Many studies have explored climate variations during MIS 5. The 
stability of the peak of MIS 5, substage 5e, has been the subject of 
some controversy. Marine and terrestrial records from the North 
Atlantic and surrounding regions have been interpreted to indicate 
that the climate of substage 5e was stable [e.g., Bauch et al., 1996; 
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Plate 1. Records from core 8JPC (pu•le), 980 (red), 1059 (blue), •d NEAP18K (green) versus age. From top to bouom; the 
record from GISP 2 [Grootes et al., 1993' Grootes and Stuiver, 1997; Meese et al., 1994, Stuiver et al., 1995' Stuiver and Grootes, 
2•0] with cold stadials •e labeled, planktic 8•80 record from site 1059, planktic 8•80 records from site 980, core 8JPC and 
NEAP18K [Chapman and SMckleton, 1999], N. pachyderma (s.) percentage records from site 980 (red), 8JPC (purple) •d core 
V29-191 (black [McManus et al., 1994]), and benthic 8•80 records with the benthic 8•80 stack (black) from Martinson et al. [1987]. 
Interglacial substages ge shaded. Records of the percentage of N. pachyderma (s.) •d of 8•80 of planktonic for•inNra •e scaled 
to equivalent temperature change •suming the full r•ge of N. pachyderma (s.) co•esponds to 8øC [Kohfeld et al., 1996] •d an in- 
cre•e in 8•80 of 0.23%0 for a 1 øC cooling. 



286 OPPO ET AL.:PERSISTENT RAPID CLIMATE CHANGE 130-70 KA 

McManus et al., 1994; Oppo et al., 1997; Woillard, 1978] or unsta- 
ble [Dansgaard et al., 1993; Tzedakis, 1993; Thouveny et al., 1994; 
Field et al., 1994, Cortijo et al., 1994; Fronval and Jansen, 1996, 
1997; Maslin et al., 1996; Seidenkrantz and Knudsen, 1997; Sei- 
denkrantz et al., 1995; Sejrup et al., 1995]. There is, however, wide- 
spread agreement that abrupt events spaced -4-10 kyr apart (labeled 
C19 through C25 on Plate 1) and recorded in marine [e.g., Keigwin 
et al., 1994; McManus et al., 1994; Fronval and Jansen, 1997; Oppo 
et al., 1997] and terrestrial [Woillard, 1978; Thouveny et al., 1994; 
An and Porter, 1997] sequences and in ice cores [Grootes et al., 
1993] throughout the remainder of MIS 5 (substages 5a-5d) are ap- 
proximately contemporaneous. 

The new planktic 5•sO records from site 1059 and JPC37 on the 
Blake Outer Ridge (Figure 2 and Plate 1) increase the spatial extent 
of apparently synchronous 4-10 kyr scale climate oscillations dur- 
ing MIS 5 to include the western subtropical Atlantic. In addition, 
the site 1059 record suggests variability on this timescale also within 
the peak of substage 5e. We label the youngest of these events C26 
[after Chapman and Shackleton, 1999], and suggest that other re- 
lated events preceded it (C27-C29) (Figure 2 and Plate 1). Some- 
what muted expressions of these events may also exist in the sub- 
polar North Atlantic planktic •j180 records (Plate 1). Furthermore, 
shorter cycles (1-4 kyr) appear to characterize all of MIS 5 in the 
subtropical planktic 5•80 record. 

To examine the nature of suborbital variability within MIS 5 more 
closely, we estimated the power spectrum of the site 1059 G. ruber 
•5•80 record using multitaper methods [Thomson, 1990] ?igure 5). 
Spectral peaks occur in a broad band between 4.8 and 12 kyr (max- 
imum power at 6 and 10 kyr), near 4.4 and 3.25 kyr, and at several 
frequencies corresponding to periods <2.7 kyr (e.g., 2.4, 2.0, and 
others). These results compare favorably to the results of Chapman 
and Shackleton [1999] for NEAP18K, although these authors did 
not discuss variations shorter than 3 kyr. They are also equivalent to 
the cycles found in this region during MIS 3 [Keigwin and Jones, 
1994]. 
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Figure 5. Power spectrum of the site 1059 G. ruber •5180 record for the 
original timescale (solid line) and revised timescale (dashed line). Vertical 
dashed lines denote the cutoff periods used for the filtered records in Figure 
6. Power spectrum was estimated using multitaper methods [Thomson, 
1990]. 

60 

-1.5 

a) -1 - 

• -o.5 - 
¸ 
oo 0- 

O.5- 

1- 

1.5- 

1.5-- 

-1.5• e) -1 
•, -0.5 - 

Yo 0.5 

1- 

1.5 

60 

AGE (ka) 
70 80 90 100 110 120 130 

<12kyr 
! ^ 

\ 

• •-1.5 
r, 

<2.• k• 

oa 
0.5 

2 7-4 8 kvr 
' ', .- •i• , • •,•'$ g'{{• aL'•Y''¾/'"'•'E '. 

q •-1• Ky• ,. • • ,• .... .• .'. •: '•' ' . ß 

>12 kyr 

70 80 90 100 110 120 130 

AGE (ka) 

1.5 

-1.5 

d) 
-0.5 q, 

0 ¸ 

0.5 • 

1.5 
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line). 

To examine whether temporal changes occurred in the amplitude 
of suborbital oscillations during MIS 5, we high-pass filtered the 
G. ruber 15•80 record (periods shorter than 12 kyr). The results show 
that the amplitude of suborbital variations (-0.5-0.7%0) is approxi- 
mately constant for the whole of MIS 5, including substage 5e 
(Figure 6a). To assess if there were significant variations in the fre- 
quency of suborbital variability within MIS 5, we also used three 
narrower-band filters (Figures 6b-6d). Because our age control is 
limited by the orbital chronology, the accuracy of the suborbital 
periods provided by the spectrum may be poor. Thus we applied rel- 
atively broad band filters to the record and acknowledge that some 
power present in one band may actually belong in another. Our re- 
sults suggest that •5•80 variations in the three bands (-4.8-12, 
2.7-4.8, and <2.7 kyr) persist throughout MIS 5. It is apparent that 
variations in each of these bands contribute to the high amplitude of 
the suborbital oscillations (Figures 6b-6d). As expected, the residual 
variability (> 12 kyr) closely follows the global 15•80 stack [Martin- 
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son et al., 1987] (Figure 6e), which has a large ice volume compo- 
nent [Shackleton, 1969]. 

The age of Termination II is currently under vigorous debate [e.g., 
Karner and Muller, 2000]. Placing the midpoint of the deglaciation 
at 135 ka [e.g., Henderson and Slowey, 1999] lengthens substage 5e 
but does not affect our results significantly (Figures 5 and 6). The 
broad band of power between 5 and 12 kyr (maximum power at-6 
and 10 kyr) is further broadened to include periods up to -14 kyr 
(maximum power at -8 and 12 kyr). The shape of the spectrum at 
higher frequencies is almost unchanged. In terms of the filtered 
records, the changes are minor, although with an older Termination 
II, there are fewer well-developed cycles in the higher-frequency 
band (periods <2.7 kyr) within the peak of substage 5e. 

If the -0.5-0.7%0 •5•80 suborbital oscillations are entirely driven 
by SST changes, they correspond to oscillations of-2ø-3øC. This is 
comparable to amplitude of MIS 3 oscillations at sites located -2ø-3 ø 
south of site 1059 and smaller than those estimated at the Bermuda 

Rise (3ø-5øC) [Sachs and Lehman, 1999]. Given that planktic fi•80 
variations in the region during MIS 3 were the results of SST changes 
[Keigwin and Boyle, 1999; Sachs and Lehman, 1999], this is the 
simplest explanation for the planktic fi•80 oscillations at these sub- 
tropical sites during MIS 5. 

Although SST variability is our preferred interpretation of the 
planktic fi•80 oscillations, it remains to be proven for MIS 5, and 
other possibilites exist. For example, a recent study suggests that or- 
bitally driven changes in the meridional gradient of mean annual in- 
solation control SST and sea surface salinity (SSS) trends during 
substage 5e at subtropical and subpolar latitudes [Cortijo et al., 
1999]. In their study, Cortijo et al. [ 1999] implicitly attributed the 
apparent suborbital variability in planktic fi•80 within substage 5e 
in the subpolar North Atlantic to the opposing influence of orbitally 
forced linear trends in SST and SSS. While this may indeed be the 
case, our results from the subtropics suggest that the suborbital 
variations within substage 5e are related to a persistent series of os- 
cillations. Thus we suggest that it is unlikely that a linear combina- 
tion of orbital-scale SSS and SST changes can explain the clear 
evidence of suborbital-scale variability within substage 5e. 

Our results suggest that suborbital variations in the western sub- 
tropical North Atlantic during MIS 5 were similar in magnitude and 
timing to those which occurred in this region during MIS 3 [e.g., 
Keigwin and Boyle, 1999; S. Hagen and L.D. Keigwin, Sea surface 
temperature variability and deep water reorganizations in the sub- 
tropical North Atlantic during isotope Stage 2-4, submitted to Ma- 
rine Geology, 2000]. To our knowledge, persistent, high-amplitude 
suborbital climate cycles of 3 kyr duration or less have not been ob- 
served in other records of MIS 5. However, one clue that this vari- 

ability is not only real but also not restricted to this location comes 
from the Greenland ice cores. During substages 5a and 5b, each of 
the 1-3 kyr oscillations in the subtropical records appears to have a 
subtle equivalent in the unsmoothed Greenland Ice Sheet Project 2 
(GISP 2) ice core fi180 record [Grootes et al., 1993; Grootes and 
Stuiver, 1997; Meese et al., 1994, Stuiver et al., 1995; Stuiver and 
Grootes, 2000] (Plate 1). 

Additional evidence that these variations have a counterpart in 
the North Atlantic comes from a detailed study of variations in dif- 
ferent types of lithic grains [Bond et al., 1999]. Bond et al. show 
that a 1-2 kyr cycle in the percentage of hematite-stained grains spans 
the entire interval from the Holocene through the latter half of sub- 
stage 5a. These grains probably derived from red beds in east 
Greenland, Svalbaard, or the Arctic Ocean and suggest millennial- 

scale changes in North Atlantic surface circulation during the latter 
half of substage 5a. At present, there are few marine records that are 
adequate to assess whether correlative SST variations occurred in 
the subpolar North Atlantic. Published records either do not have 
the temporal resolution (e.g., 8JPC and 980 records shown in Plate 1) 
or they utilize percent N. pachyderma (s.), which cannot capture the 
full range of SST variability beyond certain SST limits (e.g., V29- 
191 of McManus et al. [ 1994]). Although adequately resolved, the 
NEAP18K fi•80 record of the planktic foraminifera Globigerina 
bulloides does not exhibit variability of comparable frequency and 
amplitude throughout MIS 5 (Plate 1). This may be because G. bul- 
loides do not always faithfully record surface water variations in 
this region or because these variations did not occur at this site. 
However, the finding of apparently contemporaneous temperature 
oscillations in the ice core and subtropical surface records during 
substage 5a suggests that they are at least regional in extent. We pre- 
dict that comparable variability will be found in the subpolar North 
Atlantic throughout MIS 5. 

In contrast to results from North Atlantic records, which suggest 
that high-amplitude suborbital variability occurs when a modest ice 
volume threshold is crossed (equivalent to a lowering of sea level 
by 30 m [McManus et al., 1999], 40 m [Chapman and Shackleton, 
19991, and 45 m [Schulz et al., 1999]), our results suggest that there 
is no ice volume threshold for high-amplitude suborbital variability 
in the subtropical western Atlantic. Factors in addition to ice vol- 
ume must be important in setting the stage for suborbital variability 
in the subtropics. 

For example, latitudinal temperature gradients may respond 
rapidly to changing insolation and drive changes in large-scale 
wind fields with far-reaching influences. Such influences may in- 
clude changes in regional evaporation/precipitation patterns, in the 
strength, physical properties, and/or position of the Gulf Stream and 
other important boundary currents, and under certain conditions, in 
temperature and salinity in areas of deepwater production. Exactly 
why or how any of these changes would set a millennial oscillator 
in motion remains unclear. Recent modeling efforts have focused 
on the possibility of millennial oscillations of the E1Nifio-Southem 
Ocsillation (ENSO) cycle [e.g. Clement and Cane, 1999; Cane and 
Clement, 1999]. Although ENSO is largely a tropical Pacific phe- 
nomenon, it appears to have an almost global influence. Modeling 
also suggests that tropical surface salinity anomalies caused by mil- 
lennial oscillations in the ENSO cycle could impact deepwater for- 
mation in the North Atlantic region [Schmittner et al., 2000]. 

The occurrence of the same variability at locations near the axis 
of the Gulf Stream and in the subpolar North Atlantic suggests that 
variations in thermohaline circulation, which redistributes heat, 

may play be important for transmitting or amplifying suborbital cli- 
mate variability. There is some evidence for a link between longer 
suborbital (-4-10 kyr) variability and deep circulation during MIS 5 
on the basis of studies of the benthic 513C proxy for nutrient content 
[Chapman and Shackleton, 1999; Keigwin et al., 1994]. 

At site 1059 we were unable to produce a high-resolution benthic 
•3C record because the abundance of C. wuellerstorfi and other 
suitable benthic foraminifera was lowered by terrigenous dilution. 
However, nearly synchronous benthic •3C and planktic •80 oscil- 
lations at site 1059 provide evidence of a surface-deepwater linkage 
early in substage 5e (Plate 2; hatched intervals). The benthic fi•3C 
record from core 37JPC is more complete (Figure 2). As is true of 
other benthic •3C records from this region [Keigwin et al., 1994], 
4-10 kyr variability is evident, with episodes of weak NADW (low 
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Plate 2. Records from core 8JPC (purple), 980 (red), 1059 (blue), and NEAP 18K (green) for the deglaciation and substage 5e. From 
top to bottom; benthic fil3C records, IRD (lithic per gram) records from site 980 and 8JPC, N. pachyderma (s.) percentage records 
from site 980 and 8JPC, planktic fi180 records from site 980, core 8JPC, and NEAP 18K, planktic fi180 record from site 1059, and 
benthic fi180 records. Shaded and hatched intervals are discussed in text. Asterisks denote the deglacial benthic fi!3C minima dis- 
cussed in text. 
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benthic fi13C values) associated with planktic fi180 evidence for sur- 
face cooling (Figure 2). However, this and other records are not ade- 
quately resolved to assess whether the 1-3 kyr timescales variations 
that persist through MIS 5 are associated with changes in NADW. 

3.2. Termination II 

The subpolar North Atlantic records show clear evidence of 
surface oscillations during the MIS 6/5 transition (Plate 2). At the 
northwesterly site of core 8JPC our earlier study indicated that SST 
remained cool throughout the deglaciation [Oppo et al., 1997]. The 
higher-resolution data showing that percent N. pachyderrna (s.) al- 
ternated between-75 and 100% confirm this conclusion but also 

reveal two well-defined, modest (10-15% range) percent N. pachy- 
derma (s.) oscillations superimposed on an overall 25% decrease 
(-2øC warming) that began at the onset of deglaciation (Plate 2). 
At southeasterly site 980, dramatic percent N. pachyderrna (s.) 
(SST) oscillations that occurred during the deglaciation (17-18m) 
(Figure 3) cannot be distinguished from those that occurred earlier 
during glacial times. 

At site 980 (2179 m water depth) a benthic fi!3C minimum persists 
through Termination II, consistent with earlier observations from 
core 8JPC [Oppo et al., 1997] and other North Atlantic sites (Adkins 
et al. [1997] (Cd/Ca data) and Sarnthein and Tiedernann [1990]). 
The detailed data from core 8JPC provide a more complete history 
of deepwater circulation and variability during the deglaciation 
(Figure 4 and Plate 2). Relatively high benthic fi•3C values (-1%o) 
at core 8JPC indicate vigorous GNAIW production during an early 
deglacial ice rafting event (shaded interval near-130 ka). Lithic 
and faunal evidence suggest that an episode of IRD reduction and 
warming followed this event. This warm episode was associated 
with planktic and benthic fi180 evidence for ice sheet melting as well 
as low fi•3C values. The percent N. pachyderrna (s.) data and pub- 
lished faunal SST estimates from 8JPC suggest a 2øC rise at this time 
[Oppo et al., 1997] equivalent to-0.5%o decrease in fi180. Even as- 
suming the most extreme case that 1%0 of the total planktic fi180 de- 
crease since the onset of deglaciation (2.5%o) was related to early 
sea level rise, a full 1.0%o of the planktic fi180 rise must be explained 
by pooling of fresh water at the surface during this relatively warm, 
low4513C event. High benthic fil3C values follow this event (shaded 
intervals) and are associated with lithic evidence of moderate ice 
rafting. Benthic fil3C values return to low values following these 
events. Unlike the earlier low-•5•3C event, lithic evidence suggests 
significant ice rafting during the earlier part of the second of the two 
significant low4513C events (marked by asterisks on Plate 2). Later 
in the second event, just prior to the end of the deglaciation, surface 
waters warmed, and IRD delivery decreased rapidly, and planktic 
fi180 suggests significant meltwater delivery. 

Thus the data from 8JPC clearly demonstrate the occurrence of 
millennial-scale variations in SST, delivery of ice-rafted material, 
and intermediate-water fi•3C during the penultimate deglaciation. In 
order to evaluate the significance of these oscillations, it is useful to 
examine published data from Norwegian Sea site 644 (1227 m) 
[Fronval and Jansen, 1997] (Figure 7). If we assume that the end of 
the deglaciation was marked by nearly IRD-free sediments, then the 
first two warm events as denoted by low percent N. pachyderma (s.) 
occurred within the deglaciation. Each of these warm events was 
accompanied by low benthic fil3C values. If these two low-•S13C 
events are coeval with the longer of the three deglacial low-•5•3C 
events at site 8JPC (events marked by asterisks on Plate 2), then one 
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Figure 7. Records from site 644 [Fronval and Jansen, 1997]. From top to 
bottom; number of lithics per gram dry bulk sediment, percent N. pachyderma 
(s.), and benthic •5•3C. If the vertical line marks the end of the deglaciation, 
then the two preceding •5•3C minima may be correlative with deglacial •5•3C 
minima at core 8JPC (Plate 2). 

may consider the possibility that the low-•5•3C water originated in 
the Nordic Seas [Bauch et al., 2000]. The association of 10w4513C 
values with warmth suggests that warm, low-latitude surface and 
thermocline waters penetrated into the Norwegian Sea during these 
events. During the first of the two 10w-•S13C events, low planktic 
b•80 values in the subpolar North Atlantic suggest that the atmos- 
pheric heat release was sufficient to cause rapid deglacial melting, 
as discussed above. Lithie, faunal, and planktic fi•80 evidence also 
suggests that warming and deglacial melting occurred in the latter 
portion of the second low45•3C episode. 

If inflow to the Nordic Seas during the two low-fi13C events was 
via the upper ocean, then it is likely that overflow waters exited the 
Nordic Seas as they do today and influenced the nutrient chemistry 
of the open North Atlantic. A bathymetric fi•3C transect reconstructed 
from cores south of the ridges suggests that this low-fi13C water in- 
fluenced the depth range between 1500 and 2000 m but may have 
been less of an influence in deeper waters [Oppo et al., 1997]. This 
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apparent restriction to intermediate depths may indicate that over- 
flow waters were less dense than today because of the strong influ- 
ence of surface meltwater. 

Under this scenario, during warm deglacial episodes, low-8•3C 
waters exited the Nordic Seas as overflow water and bathed the in- 

termediate-depth North Atlantic. During cold deglacial episodes, 
high-8•3C waters were produced south of the sills in a manner akin 
to that envisioned for the Last Glacial Maximum [e.g., Boyle and 
Keigwin, 1987; Labeyrie et al., 1992]. This is our preferred scenario. 

However, if the proposed correlation of the •3C events at site 
644 and core 8JPC is correct, then •3C values across the entire 

deglaciation were similar at the two sites, suggesting the possibility 
of continuous communication between the Nordic Seas and the mid- 

depth North Atlantic. Thus the Nordic Seas may have been the source 
of North Atlantic intermediate waters throughofit the deglaciation. 
This constant-source scenario is less appealing because it raises the 
related questions of why •3C values varied and why surface waters 
remained cold during intervals when high-•3C surface and ther- 
mocline waters entered the Norwegian Sea. It is possible that 8•3C 
variations reflect variations in isotopic exchange with the atmos- 
phere, which varies both as a function of SST and wind stress [Mook 
et al., 1974; Liss and Merlivat, 1986]. Perhaps during high-•3C 
episodes, heat associated with upper ocean inflow was channeled 
into the melting of sea ice, leaving the surface cold, while setting 
the stage for the subsequent episodes of ice sheet melting. Clearly, 
additional work is needed to test these hypotheses and the alternate 
interpretation that low deglacial •3C values reflect the complete 
absence of deepwater formation in the North Atlantic [Venz et al., 
1999]. Knowing which scenario is correct has important implica- 
tions for our interpretations of benthic •3C records from open At- 
lantic sites. 

This work confirms that deepwater geometry varied during Ter- 
mination II [Rasmussen et al. 1999; Lototskaya and Ganssen, 1999] 
and further demonstrates significant SST oscillations in the eastern 
subpolar North Atlantic. Previous investigations failed to find mul- 
tiple, large, Younger Dryas equivalent SST oscillations during Ter- 
mination II for two reasons. First, high-resolution studies of the 
penultimate deglaciation used cores from northwesterly locations, 
such as 8JPC, where SST remained relatively cold throughout the 
deglaciation [e.g., Oppo et al., 1997], or from more southerly re- 
gions that were not affected by the first cold event [Chapman and 
Shackleton, 1998; Cortijo et al., 1999]. Second, studies of sediments 

from the more sensitive region near Feni Drift were undertaken in 
cores that did not penetrate the full deglaciation [McManus et al., 
1994], or the records were not of sufficient resolution to resolve the 

oscillations [Ruddiman et al., 1980]. 

4. Summary 

We found isotopic evidence of 5-10 kyr surface variability in the 
subtropics and in the subpolar North Atlantic during the peak of the 
last interglaciation, broadly known as substage 5e, suggesting that 
an ice volume threshold for high-amplitude variability on this 
timescale does not exist. The finding of persistent 1-3 kyr variabil- 
ity throughout MIS 5 provides additional support for claims that 
variations on this timescale occur in the absence of large ice sheets 
[e.g., Keigwin and Jones, 1989; O'Brien et al., 1995; $irocko et al., 
1996; Alley et al., 1997; Bond et al., 1997; Campbell et al., 1998; 
Bianchi and McCave, 1999]. Factors in addition to ice volume must 
be important for setting the stage for high-amplitude suborbital 
variability in the subtropics and perhaps also in the subpolar North 
Atlantic region through a response of the thermohaline circulation. 
Although there is evidence for a surface-deepwater link on 5-10 kyr 
timescales, published records are not detailed enough to assess 
whether such a link occurs on shorter (1-3 kyr) timescales. However, 
the evidence of coupled surface-deepwater oscillations during Ter- 
minations I [Keigwin et al., 1991; Lehman and Keigwin, 1992] and 
II (Figure 7 and Plate 2), provides strong support that ocean-ice in- 
teractions and deepwater variability amplifies suborbital variability 
[Broecker et al., 1990] and that the penetration of low-latitude sur- 
face waters into the Nordic Seas is an important factor for deglacial 
melting of ice sheets. 
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