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[1] More than a decade ago, ice core records from
Greenland revealed that the last glacial period was
characterized by abrupt climate changes that recurred on
millennial time scales. Since their discovery, there has been
a large effort to determine whether these climate events
were a global phenomenon or were just confined to the
North Atlantic region and also to reveal the mechanisms
that were responsible for them. In this paper, we review the
available paleoclimate observations of abrupt change during
the last glacial period in order to place constraints on
possible mechanisms. Three different mechanisms are then
reviewed: ocean thermohaline circulation, sea ice
feedbacks, and tropical processes. Each mechanism is
tested for its ability to explain the key features of the

observations, particularly with regard to the abruptness,
millennial recurrence, and geographical extent of the
observed changes. It is found that each of these
mechanisms has explanatory strengths and weaknesses,
and key areas in which progress could be made in
improving the understanding of their long-term behavior,
both from observational and modeling approaches, are
suggested. Finally, it is proposed that a complete
understanding of the mechanisms of abrupt change
requires inclusion of processes at both low and high
latitudes, as well as the potential for feedbacks between
them. Some suggestions for experimental approaches to test
for such feedbacks with coupled climate models are given.

Citation: Clement, A. C., and L. C. Peterson (2008), Mechanisms of abrupt climate change of the last glacial period, Rev. Geophys.,

46, RG4002, doi:10.1029/2006RG000204.

1. INTRODUCTION

[2] Beyond the limited range of historical and instrumen-
tal data, the geologic record has provided abundant evi-
dence of natural climate changes that are both abrupt and
large in magnitude. The most dramatic insights into this
aspect of climate system behavior have come from studies
of ice and sediment cores from the northern North Atlantic.
Ice core results from Greenland were the first to show that
significant changes in regional climate occurred in the past
over time scales of a few years to a few decades at most
[e.g., Alley et al., 1993; Taylor et al., 1993]. The most recent
and perhaps best studied of these events is the Younger
Dryas (YD), an abrupt return to near-glacial temperatures in
the high-latitude North Atlantic lasting roughly a millenni-
um during the last deglaciation (Figure 1). Rapid tempera-
ture excursions were also a characteristic feature of
Greenland climate during the last glacial period according
to ice core records. These excursions, which have come to be
known as Dansgaard-Oeschger or D-O events [Dansgaard et
al., 1984, 1993], recurred roughly every 1500 years and
show up as abrupt warmings over Greenland of as much as
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10°C followed by a somewhat more gradual return to cold
glacial conditions (Figure 1). Bond et al. [1993] showed that
D-O events in Greenland are closely matched by sea surface
temperature (SST) changes recorded in high—accumulation
rate sediments in the North Atlantic. Both the abrupt nature
of the cold-to-warm shifts that terminate the cycles and the
recurrence time scale (Figure 1) were found to be similar,
suggesting a linkage between oceanic and cryospheric
processes in this region. In addition, discrete layers of ice-
rafted debris found in subpolar North Atlantic sediments
[Bond et al., 1992], Heinrich events, were deposited period-
ically during the coldest phases of the D-O cycles (Figure 1)
and are thought to have originated from icebergs that came
out of the Hudson Strait [e.g., Hemming, 2004].

[3] Though the amplitude and timing of abrupt climate
change are best defined in the Greenland ice core records
for the last glacial period between about 80,000 and 15,000
years ago, a large number of records from around the world
show evidence of climate events with a similar temporal
behavior [e.g., Broecker and Hemming, 2001; Voelker and
Workshop Participants, 2002; Hemming, 2004]. The chal-
lenge is to determine whether the millennial variability that
clearly shows up as abrupt change in Greenland is actually
related to that at other locations around the globe or has the
same cause. This issue can be addressed from both an
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Figure 1. Comparison of (bottom) North Greenland Ice Core Project (NGRIP) ice core oxygen isotope

record (a proxy for air temperature) to (top) a typical deep sea sediment oxygen isotope record (a signal
dominated by global ice volume). The Mapping Spectral Variability in Global Climate Project
(SPECMAP) stack [Imbrie et al., 1984] is a composite record constructed from normalizing and
averaging a number of low-latitude planktic foraminiferal isotope records and is representative of the
resolution typically achieved in climate time series based on open ocean marine sediments with low to
moderate sedimentation rates (i.c., less than about 5—8 cm ka'). The high-resolution NGRIP record
[North Greenland Ice Core Project Members, 2004] spans the last 123,000 years and reveals pervasive
century- to millennial-scale variability not resolvable in typical marine records. The abrupt cooling of the
Younger Dryas and the rapid warmings that characterize the well-known Dansgaard-Oeschger interstadial
events are numbered. Heinrich events (labeled H1 to H6) are discrete layers of ice-rafted debris found in
marine sediment cores from a wide swath of the subpolar North Atlantic. They have been interpreted to
reflect the episodic discharge of massive numbers of icebergs from the Hudson Strait region.

observational and a mechanistic approach. From the obser-
vations, we can ask whether the events in different records
have the same timing, abruptness, and persistence. Many of
the records from the North Atlantic region have been
examined in this context [e.g., Alley et al., 1999; Hemming,
2004], but this is less true for other regions, particularly the
tropics. For the mechanistic approach, the question is
whether there are plausible physical mechanisms that can
link different regions, perhaps at a global scale, and what
drives such mechanisms to produce abrupt changes.

[4] At present, the favored paradigm for explaining the
abrupt climate events seen in ice cores and elsewhere
centers on freshwater input to the high-latitude North
Atlantic and its effect on heat transport into the region via
disruption of the meridional overturning circulation (MOC)
of the Atlantic [e.g., Rooth, 1982; Broecker et al., 1985;
Bond et al., 1993; Rahmstorf, 1995; Alley et al., 1999;

Ganopolski and Rahmstorf, 2001; Knutti et al., 2004]. It is
argued that freshwater discharges into the North Atlantic
Ocean from the surrounding landmasses abruptly weaken
the ocean thermohaline circulation (THC) in the Atlantic
and the delivery of heat from the tropics to the high latitudes
causing cold events in Greenland. The most obvious source
of this fresh water would be from periodic releases of
meltwater derived from the surrounding ice sheets.

[s] A collection of paleochemical data, reviewed in
section 2.1.2, support the premise that the THC has indeed
undergone past changes in its intensity. However, it is not
necessarily clear whether these changes were the cause or
consequence of abrupt climate change. Furthermore, it is
not obvious that THC changes alone can explain the climate
changes recorded both within the North Atlantic and world-
wide [Wunsch, 2006]. Are there other possible mechanisms
that can explain the features of the observations? One such
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Figure 2. Spatial distribution of (top) sites with resolution
of 1-200 years during MIS 3 and (bottom) sites with
resolution of 200—500 years. Solid circles indicate sites
with evidence of clear D-O-type climate oscillations, while
open circles indicate locations where D-O cyclicity is
unclear or absent. Reprinted from Voelker and Workshop
Participants [2002], copyright 2002, with permission from
Elsevier.

mechanism is a feedback involving sea ice in the North
Atlantic. A number of papers have argued that the capacity
of sea ice to affect climate both through albedo and air-sea
heat exchange and also the ability of sea ice to rapidly
change its distribution make this a good candidate mecha-
nism for driving abrupt climate changes in the North
Atlantic and perhaps worldwide [Gildor and Tziperman,
2003; Timmermann et al., 2003; Kaspi et al., 2004; Li et al.,
2005; Wunsch, 2006; Denton et al., 2005]. Another possi-
bility that has been proposed is that processes in the tropics
play an important role in abrupt climate change [e.g., Cane,
1998; Cane and Clement, 1999; Clement et al., 2001;
Pierrehumbert, 2000; Seager and Battisti, 2007]. On the
basis of the simple reasoning that the tropics are the largest
source of interannual variability in the modern climate
system and are also the main source of heat and water
vapor for the global climate, the tropics would appear to be
critical.
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[6] In this paper, we first review and evaluate evidence
for abrupt climate change during the glacial period from the
paleoclimate record. We then review three different sets of
physical mechanisms that have been proposed, thermoha-
line circulation, sea ice feedbacks, and tropical processes, to
determine to what extent each can explain the main tempo-
ral and spatial characteristics of the observations. A final
section suggests a somewhat different approach to under-
standing abrupt climate change by looking at feedbacks that
could link these mechanisms on a global scale.

2. ABRUPT CLIMATE CHANGE OF THE LAST
GLACIAL PERIOD: EVIDENCE

[7] The most clear and well-established evidence of
abrupt climate change comes from Greenland ice cores
(Figure 1). That the air temperature and rate of ice accu-
mulation over the summit of the Greenland Ice Sheet can
change abruptly is perhaps surprising in itself, but the more
important issue is whether these climate events appear
outside Greenland with the same dramatic and abrupt
character.

[s] This issue was taken on by Voelker and Workshop
Participants [2002], who made maps of the distribution of
existing paleoclimate records with sufficient resolution in the
time period of marine isotope stage (MIS) 3 to detect D-O
events. Two maps were reconstructed (reproduced here as
Figure 2), one showing the distribution of existing records
with a resolution of <200 years, judged sufficient to identify
D-O-scale events, and the other of records with a resolution
of 200—500 years. The criteria used were that a record must
have seven or more data points during the ~1500 year
period of a D-O cycle to be included in the <200 year map
and from five to seven data points per cycle to be included
in the 200—500 year map. The quality of the age model for
each record was also evaluated depending on the nature of
the age control (e.g., "*C, U/Th, and thermoluminescence)
and the number of dated levels within the time period of
MIS 3. One of the most striking aspects of the Voelker and
Workshop Participants [2002] maps, but especially of the
<200 year map, is that while the analysis indicates that D-O
correlative events can be seen in regions all over the globe,
including the tropics and Southern Hemisphere, there is an
extremely disproportionate coverage of the North Atlantic,
with enormous spatial gaps throughout the rest of the globe.

[¢] Before going into our review of the records, we wish
to point out a few issues for the reader to be aware of. First,
we have not tried to apply a strict or concise definition of
abrupt climate change in this paper. Examples of abrupt
change from in and around Greenland (Figure 1) include the
Younger Dryas cold event and the D-O events of the last
glacial, as well as the Heinrich events recorded in North
Atlantic sediments. These events all exhibit transitions that
occur on decadal to centennial time scales and have recur-
rence time scales of roughly millennia. There is little reason
to expect that they will look identical in different records
because it is not clear to what extent these different types of
events are actually analogous to each other and also because
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different proxies are likely to record even the same event
differently [e.g., Hemming, 2004]. Another issue that con-
tinually plagues the evaluation of abrupt change comes from
limitations of the ability to date records precisely. In ice
cores, for example, annual layer counting is used to provide
absolute dating in calendar years down to a depth where
compaction or basal deformation blurs or eliminates the
visual layering [e.g., Alley et al., 1997]. Below that, dating
is usually based on a combination of techniques, including
ice flow models, the identification of previously dated time
markers (e.g., volcanic deposits), and synchronization to
variations in the Earth’s orbital parameters. In contrast,
marine sediments typically are dated using radiocarbon
methods back to approximately 45,000 years ago and then
calibration of the measured '*C ages to the calendar scale is
relied upon [e.g., Kitagawa and van der Plicht, 1998;
Hughen et al., 2004a]. Foraminiferal oxygen isotope strat-
igraphies correlated to an orbitally tuned standard [e.g.,
Imbrie et al., 1984] typically provide age control in older
sequences. Speleothems and lake sediments each have their
own dating methods and issues as well. Furthermore, differ-
ences in the temporal resolution between the different types
of archives can dramatically affect the ability to correlate the
respective climate proxies. The temporal resolution allowed
by ice cores is often an order of magnitude or more better
than what can be achieved in marine sediments, while
archives like speleothems may provide high temporal res-
olution but can experience discontinuous growth. Wunsch
[2006] has raised the above issues, suggesting that they
present serious limitations to the ability to determine wheth-
er millennial variability is correlated in records around the
globe.

[10] Thus, the definition of abrupt climate change will
remain somewhat vague in this paper, and we will focus on
the last glacial stage and temporal features in records that
include decadal to centennial-time scale transitions with
millennial-time scale recurrence. Where possible, the
detailed timing, abruptness, and persistence of specific
events at specific locations will be evaluated, and the
records will be interpreted to determine to what extent the
climate change or the proxy response is abrupt, but issues of
proxy calibration and age control will still be a severe
limitation.

[11] A final point we wish to make is that since our focus
is on mechanisms, the goal of this section is not so much a
comprehensive review of all the available climate records
that show abrupt change but rather an identification of the
records that place key constraints on the possible mecha-
nisms. A more comprehensive review is given by the
National Research Council Committee on Abrupt Climate
Change [2002].

2.1. High Northern Latitudes

2.1.1. Records of Surface Change

[12] In many respects, the ice core records from Green-
land have become the de facto ‘“‘type-section” for late
Pleistocene climate change, in that they serve as the
measuring stick against which other climate records are
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inevitably compared. This is perhaps not surprising given
their continuity, their intensive study at high resolution, and
the simple fact that they were the among the first archives to
yield clear evidence of climate changes that were startlingly
rapid, including the aforementioned D-O events as well as
the Younger Dryas (Figure 1). Furthermore, the long Green-
land Ice Core Project (GRIP) [Dansgaard et al., 1993] and
Greenland Ice Sheet Project 2 (GISP2) [Grootes et al.,
1993] ice core records are virtually identical back to about
90,000 years B.P., giving confidence in their signals. The
new North Greenland Ice Core Project ice core has extended
the Greenland air temperature record back to about 123,000
years B.P. [North Greenland Ice Core Project Members,
2004] with the 6'%0,. data over its length presented as
50 year mean values. In younger intervals where the annual
layering is readily visible, large temperature changes, such
as the warming experienced at the end of the Younger
Dryas, have been shown to occur within decades or less
[Alley et al., 1993; Taylor et al., 1993]. The rapid warmings
in Greenland are also accompanied by equally abrupt
increases (50—100%) in the rate of ice accumulation [Alley
et al., 1993; Cuffey and Clow, 1997]. The D-O events in
Greenland recur on an approximately 1500 year time scale,
though this is an average value [Schulz, 2002; Rahmstorf,
2003], and the recurrence interval can vary greatly from
event to event (Figure 1).

[13] The first marine evidence for abrupt changes appar-
ently synchronous with those in Greenland came from
relatively high—accumulation rate sediment cores in the
subpolar North Atlantic. Here, records of SST, based on
abundance changes in a temperature-sensitive foraminifer,
showed that the Younger Dryas and D-O climate events in
Greenland were matched by corresponding SST changes of
at least 5°C [Bond et al., 1992, 1993]. Similar estimates
have been derived by Elliot et al. [2002], who identified
SST variations across D-O events of 3°C—5°C on Rockall
Plateau. At the high-latitude locations of these investiga-
tions, SST variations can most easily be explained by north-
south shifts in the position of the Polar Front. The initial
studies by Bond et al. [1992, 1993] were also able to
establish the temporal relationship between the temperature
oscillations in Greenland and Heinrich events, discrete
layers of ice-rafted debris (IRD) found in North Atlantic
sediments [Heinrich, 1988] inferred by Broecker et al.
[1992] and Hemming [2004] to reflect massive discharges
of icebergs from the Hudson Strait region. Heinrich events,
the timing of which is indicated in Figure 1, occurred during
the coldest intervals of the last glacial at roughly 6000 year
intervals. An extensive review of the origin, distribution,
and timing of Heinrich event layers is given by Hemming
[2004].

[14] In the subtropical North Atlantic, Sachs and Lehman
[1999] presented a proxy SST record from the Bermuda
Rise (33°N) for the time period between 60,000 and 30,000
years B.P. that clearly showed that abrupt temperature
changes associated with the D-O events in Greenland and
in the surrounding subpolar waters were experienced at this
more southerly location (see Figure 3). Their record, based
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Figure 3. Paleoclimate time series showing examples of
abrupt climate change during the last glacial period between
60,000 and 23,000 years ago. (top to bottom) Greenland Ice
Sheet Project 2 (GISP2) 6'°0 record [Stuiver and Grootes,
2000] showing D-O temperature variations over Greenland
(warm interstadial events are numbered); alkenone (U"37)
sea surface temperature record from Iberian margin
sediment core MDO01-2443 [Martrat et al., 2007]; GISP2
ice core record of atmospheric methane levels [Brook et al.,
1996], interpreted as a dominantly tropical wetland signal;
titanium (Ti) content of Cariaco Basin (southern Caribbean)
sediments, an index of regional hydrologic variability and
riverine runoff [Peterson et al., 2000]; reconstructed sea
surface temperature (SST) from Bermuda Rise sediments
[Sachs and Lehman, 1999]; and measured 6'°0 of the
thermocline-dwelling planktic foraminifer N. pachyderma
from sediments of Santa Barbara Basin, California [Hendy
and Kennett, 2000]. All time series are plotted on their
original published age models.

on alkenone (U"57) SST estimates, shows excursions of as
much as 4°C-5°C across stadial-interstadial transitions.
Keigwin and Boyle [1999] independently identified planktic
foraminiferal §'®*0 excursions in Bermuda Rise cores that
could be matched to every D-O event within MIS 3;
interpreting the 6'*0 variations as solely the result of SST
yielded an average of 4°C change across D-O events, a
number in excellent agreement with the alkenone estimates.
At approximately the same latitude to the east (37°N),
Shackleton et al. [2000] similarly showed that every D-O
event between 64,000 and 24,000 years ago could be
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identified in the planktic foraminiferal §'®0 record of a
core, MD95-2042, recovered off the southern margin of
Portugal. In a separate but nearby core, Bard et al. [2000]
found evidence for sea surface cooling and lower salinities
during the last three Heinrich (H) events (H1—H3) using a
combination of alkenone proxies in a core from the Iberian
margin. Depending on the alkenone calibration used, the
amplitudes of cooling during the Heinrich events were
estimated at 2°C—5°C. Unlike the longer Bermuda Rise
and MD95-2042 cores, this record spans only the past
31,000 years, and so it misses nearly all of MIS 3 where
the D-O events are most prominent. However, Martrat et al.
[2007] recently presented long alkenone SST time series
from the same region that clearly show temperature excur-
sions associated with D-O events of the last glacial (Figure 3),
as well as similar D-O-like variability over the past four
glacial-interglacial climate cycles. In the western Mediter-
ranean, in an impressive Alboran Sea record, Martrat et al.
[2004] documented rapid SST changes of up to 6°C from
alkenones that correlate to all of the D-O events of the last
glacial. Similar millennial-scale variability, though of lower
amplitude, also characterizes glacial MIS 6 sediments.
Taken together, these and other regional records indicate
that abrupt SST changes occurred synchronously over much
of the midlatitude to high-latitude North Atlantic during the
last glacial and that they were synchronous and correlative
with D-O events within the limits of time resolution and
available age control.

[15] One high-latitude quantity with clear climatic signif-
icance is the presence and extent of sea ice cover, but there
is currently scant evidence for how sea ice has changed in
the past. Sea ice is an important component of the climate
system because of its high albedo and because it interferes
with the exchange of gases and energy across the air-sea
interface. In addition, the processes of freezing and thawing
that accompany seasonal sea ice development play an
important role in the surface salinity and thus on the density
and stratification of water masses, vertical convection, and
deepwater ventilation [de Vernal and Hillaire-Marcel,
2000]. Attempts to reconstruct sea ice from marine sedi-
ments have usually relied on micropaleontologic proxies
since the presence of sea ice affects the distribution of
plankton living in the photic zone. Studies based on
dinoflagellate cysts [de Vernal and Hillaire-Marcel, 2000]
and diatoms [Kog¢ et al., 1993] have generally indicated
much greater sea ice extent in the high-latitude North
Atlantic during the Last Glacial Maximum, but little if
anything is known about sea ice fluctuations on millennial
time scales. Given recent ideas about sea ice’s potential role
in the generation of abrupt climate change, discussed in
more detail in section 3.2, the further development of sea ice
proxies and their application in spatial and down-core
reconstructions seems clearly warranted.

2.1.2. Records of Deep Ocean Change

[16] Rooth [1982] was the first to suggest that introduc-
tion of meltwater during deglaciation into the high-latitude
North Atlantic could have triggered the Younger Dryas
cooling by reducing the surface salinity and disrupting the
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thermohaline circulation. Broecker et al. [1985] further
developed this idea into the THC model that prevails
today, with the rapid warmings (interstadials) and coolings
(stadials) of the North Atlantic region interpreted to reflect
a vigorous and weak THC, respectively. Considerable
evidence exists to support the notion that the THC has
varied with time. This evidence comes primarily in the form
of sediment proxies that reflect either the paleonutrient
content of the deepwater column or in some way record
the strength or intensity of the deep flow. During the
Younger Dryas cooling, for example, 6'°C and Cd/Ca data
from benthic foraminifera suggest that an older and more
nutrient-rich water mass of probable southern origins
replaced North Atlantic Deep Water (NADW) [Boyle and
Keigwin, 1987; Keigwin et al., 1991; Marchitto et al.,
1998]. This inference is supported by measurements of
grain size in the sortable silt fraction of several North
Atlantic cores [e.g., McCave et al., 1995; Manighetti and
McCave, 1995], with reduced grain size interpreted to
indicate a weakening of deep currents associated with lower
North Atlantic Deep Water.

[17] On the basis of a collection of paleoceanographic
proxies from the North Atlantic, Clark et al. [2002] argued
that the THC has abruptly shifted between different
“modes” of operation, which include a modern mode
(strong overturning), a glacial mode (weak and shallower
overturning), and a Heinrich mode (an essentially complete
shutdown). In each of these modes, the sources of the
deepwater masses in the North Atlantic vary geographically.
Recent measurements of sedimentary 2*'Pa/>*°Th, inter-
preted as a kinematic proxy for the strength of the THC,
would seem to support the interpretation of multiple modes.
Using **'Pa/**°Th in sediments from a core near Bermuda
Rise, McManus et al. [2004] have argued that the meridi-
onal overturning of the Atlantic was nearly or completely
eliminated during the last of the massive iceberg discharge
events of the glacial, Heinrich 1 (H1) (~17,500 years ago),
and declined sharply during the Younger Dryas event. In a
separate study using 21Pa/% Th in a core from the Iberian
margin, Gherardi et al. [2005] found that similar reductions
in the MOC could be inferred at this location over the last
20,000 years, the same time interval spanned in the McManus
et al. [2004] study. Since **'Pa/**°Th can potentially be
biased by variations in particle flux and composition, the
observation of similar 2*'Pa/***Th patterns in different
sedimentary environments is important because it tends to
confirm that the ratio changes indeed record basinwide
changes in deep circulation. However, timing differences
between the two locations (i.e., western and eastern North
Atlantic basins) indicate that the story of **'Pa/***Th may
be more complicated than first thought. Broecker and
Barker [2007], for example, note that the apparent reduction
in deepwater production during the H1 event in the core
studied by Gherardi et al. [2005] occurred more than a
thousand years later than that found by McManus et al.
[2004]. This suggests differences between renewal rates in
the deep eastern and western basins, and perhaps location-
dependent differences between shallow and deep overturn-
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ing must be factored into understanding the history of the
MOC.

[18] The paradigm of fresh water (meltwater) stratifying
the surface ocean in the high-latitude North Atlantic and
serving as the driver for THC changes and abrupt climate
events is largely based on a reconstructed sequence of
events linked in time to the Younger Dryas cooling, specif-
ically the sudden eastward diversion of fresh water from
glacial Lake Agassiz directly into the North Atlantic via the
Great Lakes—St. Lawrence River system at the beginning of
the Younger Dryas [e.g., Clark et al., 2001; Teller et al.,
2002]. However, open issues remain, and a number of
studies have raised questions about the existence and
reported timing of freshwater diversion at the time of the
Younger Dryas [e.g., Lowell et al., 2005; Teller et al., 2005;
Moore, 2005; Broecker, 2006a]. Many of these concerns
seem to have been addressed in a recent study that applied
new proxies for freshwater sources (AMg/Ca, U/Ca, and
87S1/%°Sr) to planktonic foraminifera recovered from sedi-
ments at the mouth of the St. Lawrence estuary [Carlson et
al., 2007]. These new measurements seem to confirm that
routing of fresh water from western Canada to the St.
Lawrence River did indeed occur at the start of the Younger
Dryas, and they allow for calculation of an initial base
increase in freshwater flux of 0.06 = 0.02 sverdrups (Sv)
(where 1 Sv = 10° m® s™') and a maximum discharge of
0.12 £ 0.02 Sv. This estimate of initial discharge flux is in
good agreement with an earlier flux estimate of 0.07 Sv
made by Licciardi et al. [1999] for the Younger Dryas but is
considerably smaller than estimates made by Hemming
[2004] for freshwater inputs to the North Atlantic during
Heinrich events (0.15-0.3 Sv over 500 years and 1.0 Sv if
over 1 year, see Table 1).

[19] Though it is now reasonably well established that
variations in the THC accompanied the Younger Dryas and
at least the last of the Heinrich events, it is less clear
whether the abrupt D-O events recorded in Greenland ice
and elsewhere in surface records of the North Atlantic were
all accompanied by similar THC changes. Longer sediment
time series of some of the same paleonutrient proxies (e.g.,
benthic foraminiferal 6'>C) suggest that deepwater changes
characterized earlier Heinrich events and at least some of
the D-O events [e.g., Oppo and Lehman, 1995; Charles et
al., 1996; Keigwin and Boyle, 1999; Curry et al., 1999;
Hagen and Keigwin, 2002]. However, it is difficult to point
to any single record that provides compelling and unam-
biguous evidence of a direct, one-to-one link between THC
variations and all of the abrupt events of the last glacial. To
some extent, this likely reflects the fact that the three-
dimensional nature of the ocean’s deep circulation makes
it inherently more complex to reconstruct than the past
properties of the surface ocean, which is essentially a two-
dimensional problem. Evidence of past changes in the
shallow meridional overturning may possibly be missed in
deeper records and vice versa. Elliot et al. [2002], for
example, in their study of two sediment cores from off
southeastern Greenland and Rockall Plateau used benthic
86'3C variations to infer that Heinrich events were related to
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TABLE 1. Different Values of Freshwater Input to the North Atlantic for Heinrich Events Based on Observations and Values

Used in the Modeling Experiments Cited in This Review”

Total Freshwater Volume (km?)

Average Rate of Input (Sv)

Observation-based estimates
Hemming [2004]

MacAyeal [1993] and Alley and MacAyeal [1994]
Licciardi et al. [1999]
Carlson et al. [2007]

Model experiments

Stouffer et al. [2006] 3 x 10°
Zhang and Delworth [2005] 1 x 10°
Vellinga and Wood [2002] 6 x 10°

~3 x 10* (assuming 1 year duration)
~2.5-5 x 10° (assuming 500 year duration)

1.0 (over 1 year)
0.15-0.3 (over 500 years)
~0.1

~0.07

0.06-0.12

0.1 (over 100 years)
0.6 (over 60 years)
19 (over 1 year)

*Note that the estimate of Licciardi et al. [1999] is an average value for the Younger Dryas.

large-scale reductions in deepwater production but found
that the cold stadial events in between were not associated
with recognizable decreases in the MOC at least at the water
depth of the two core sites (~2000 m). In contrast, Keigwin
and Boyle [1999] reported §'°C records from water depths
close to 4600 m at Bermuda Rise that look more D-O-like in
nature for at least a portion of MIS 3 but show no clear
indication of an amplified Heinrich-type signal. Vautravers
et al. [2004] present a benthic §"°C record from a Blake
Outer Ridge site at 3480 m water depth; at this location,
changes in the deepwater 6'°C proxy appear to be associ-
ated with some, but not all, D-O events. Although not in
itself a record of MOC changes, Hill et al. [2006] presented
evidence from a Gulf of Mexico core that earlier glacial
episodes of Laurentide Ice Sheet meltwater outflow from
the Mississippi River fail to match the timing expected if
meltwater diversion, in a situation analogous to the
Younger Dryas excursion, is to explain the abrupt events
during MIS 3.

[20] One of the more intriguing studies that addresses the
relationship between the MOC and abrupt climate events is
that of Kissel et al. [1999], who compiled bulk magnetic
parameter data from a suite of seven North Atlantic cores
ranging in latitude from 67°N to 33°N and covering
different water depths. Short-term variations in the magnetic
properties could be well correlated between cores and were
interpreted by Kissel et al. to reflect changes in the transport
efficiency of the magnetic particles by deep currents.
Though the age control is at least partly based on wiggle
matching, there is a fairly remarkable match between
magnetic parameters and the Greenland temperature record,
interpreted to indicate a weakening of current strength and
particle transport during cold stadial and Heinrich events.

[21] In some cases, sampling and resolution issues
complicate the interpretation of records. For example,
Piotrowski et al. [2005] used neodymium isotopes, which
can be applied as a conservative tracer of deepwater end-
members, to reconstruct circulation changes from cores in
the Cape Basin of the South Atlantic (~40°S). Their record
nicely shows that changes in the relative proportions of
northern-sourced North Atlantic Deep Water and southern-
sourced Antarctic Bottom Water occurred at this location
during some of the longer interstadial events of MIS 3 (e.g.,

interstadials 8, 12, and 14). However, the temporal resolu-
tion of the record is insufficient to show whether this
linkage persists for the shorter D-O events as well. In other
cases, the resolution is sufficient, but the time interval
studied does not encompass the entire glacial. Skinner and
Elderfield [2007], for example, recently presented the first
benthic foraminiferal Mg/Ca record with the resolution
necessary to see D-O variations in deepwater temperature.
Their record, from 2637 m water depth on the Iberian
margin, indicates a positive correlation between deepwater
temperature change and Greenland temperatures but only
spans the relatively short interval of Greenland interstadials
8 to 12 (~36,000 through 50,000 years ago) at present.
Although abundant data exist to support the hypothesis that
the Atlantic MOC was weaker during the Younger Dryas
and perhaps weaker still during earlier Heinrich events, it
can be argued that unequivocal evidence for a direct
relationship between D-O events and the MOC has yet to
emerge.

2.2. High Southern Latitudes

[22] Like their Greenland counterparts, Antarctic ice
cores contain probably the best and most complete records
of climate in the high-latitude Southern Hemisphere. How-
ever, slower ice accumulation rates tend to result in less
highly resolved records that make it more difficult to assess
the nature of millennial-scale climate events and especially
their timing relative to high-latitude North Atlantic changes.
Antarctic temperature variations (inferred from §'*0 and 6D
records) show a pattern of more gradual and less pro-
nounced warming and cooling events over the same period
that Greenland ice records the abrupt D-O events of the last
glacial. Blunier et al. [1998], nevertheless, identified an out-
of-phase behavior between temperature in the Byrd and
Vostok (Antarctic) and Greenland ice cores over several of
the longer-lasting interstadials (D-O events 8 and 12) and
argued that this interhemispheric coupling was the result of
THC variations. Underlying this interpretation is the prem-
ise that a vigorous THC draws heat from the Southern
Ocean and that a weakening or collapse of the meridional
overturning results in cooling of the North Atlantic and a
concomitant warming in the Antarctic region, a mechanism
that has come to be known as the ‘“bipolar seesaw”
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Figure 4. Comparison of Antarctic air temperature changes for the Byrd ice core, EDML ice core (from
in the interior of Dronning Maud Land), and EDC ice core (from Dome C) (as inferred from §'*0 and 6D
records) to the northern Greenland §'°0O record from the NGRIP ice core for the time interval 10,000—
60,000 years ago (reprinted by permission from Macmillan Publishers Ltd [EPICA Community Members,
2006], copyright 2006). All records are synchronized on the basis of their measured air bubble CH,
(methane) contents. This comparison reveals a one-to-one match between Antarctic warming events and a
corresponding cold stadial period in Greenland that has been attributed to the bipolar seesaw pattern in
temperature predicted from models of variations in the ocean’s meridional overturning circulation.
Antarctic isotope maxima (AIM) are noted on the figure, as is the Antarctic cold reversal (ACR).

[Crowley, 1992; Stocker et al., 1992; Stocker, 1998;
Broecker, 1998]. On the basis of further analysis of the
Byrd ice core, Blunier and Brook [2001] subsequently
argued that at least seven Antarctic warming events over
the glacial were matched by Greenland cooling, providing
further support for the so-called bipolar temperature seesaw.
Most recently, study of the new European Programme for Ice
Coring in Antarctica (EPICA) Dronning Maud Land (EDML)
ice core has yielded an Antarctic climate record with a
resolution comparable to Greenland [EPICA Community
Members, 2006]. With the enhanced resolution of the new
oxygen isotope record from EDML, it is now clearly
more evident that a one-to-one coupling exists between all
Antarctic warm events and their cold stadial counterparts
in the glacial D-O cycles of Greenland (Figure 4).
Furthermore, though not abrupt and considerably damp-
ened relative to Greenland, the amplitude of the Antarctic
warm events was shown by the EPICA Community
Members to be linearly related to the length of the
concurrent cold stadial event in Greenland, suggesting
that they all result from a similar reduction in the Atlantic
meridional overturning. In the absence of definitive sed-
iment records for THC changes during D-O events, the
EDML observations may well provide the most compel-

ling argument to date for a direct role of the deep ocean
circulation in abrupt climate change.

[23] Ice core records elsewhere in the Antarctic do show
some differences with respect to the EDML site, suggesting
that regional variability exists in a continent of this size. The
Taylor Dome ice core, recovered at a more coastal location
in the western Ross Sea sector, shows a pattern of deglacial
temperature change that was initially interpreted [Steig et
al., 1998] to be synchronous with that in Greenland (i.e.,
Bolling/Allerad warming and Younger Dryas cooling).
However, more recent correlations to other ice cores have
resulted in an altered age model [e.g., Mulvaney et al.,
2000] that brings its pattern of deglacial temperature change
more in line with that at sites in the Antarctic interior.
Nevertheless, the Taylor Dome record does show much
greater variability than other Antarctic records, perhaps a
consequence of its near-coastal location. Morgan et al.
[2002] and Jouzel et al. [2001] have also raised questions
about the bipolar seesaw concept based on deglacial tem-
perature changes across the last deglaciation in the Law
Dome and EPICA Dome C ice cores, respectively. At both
sites, the pattern of cooling does not match the timing of the
abrupt warming that occurred at the start of the northern
Bolling transition about 14,500 years ago, suggesting that
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considerable spatial heterogeneity in the record of temper-
ature exists. Finally, while the amplitude of climate change
in the Antarctic is generally dampened at best relative to
events in Greenland, rapid shifts in climate are not undoc-
umented for the region. At the site of the Siple Dome ice
core, near the edge of the Ross Ice Shelf, Taylor et al.
[2004] documented a dramatic rise in air temperature of
~6°C about 22,000 years ago. This sharp temperature
increase apparently occurred within a few decades and has
no obvious counterpart in Greenland nor within other
Antarctic sites.

[24] Land-based records of climate change from the
southern high latitudes are few and far between and suffer
from age controversies and a resolution generally too low to
preserve millennial-scale events, let alone abrupt changes.
In addition, few available land-based records extend beyond
the late glacial, and none that we can find are suitable for
revealing evidence of D-O equivalent events. Even records
that span the general time interval of the Younger Dryas
event are equivocal. On the basis of radiocarbon dating of
glacial deposits in the Southern Alps of New Zealand,
Denton and Hendy [1994] and Lowell et al. [1995] argued
for a glacial advance during the Younger Dryas in New
Zealand. South Island pollen records suggest that increased
moisture is more strongly indicated than cooling at this time
[Fitzsimons, 1997; Singer et al., 1998], while Turney et al.
[2003] interpreted pollen records from both the North and
South islands to indicate warming and an increase in
westerly airflow during the interval correlative with the
Younger Dryas chronozone. A more recent speleothem
study of northern South Island sites by Williams et al.
[2005] concluded that the Younger Dryas stadial was not
well defined in New Zealand and that at the millennial scale
a more convincing case can be made for an asymmetric
climate response between the two hemispheres rather than a
synchronous one. In southern South America, records are
similarly contradictory. In the midlatitudes of southern
Chile, glacial deposits have been used to argue for inter-
hemispheric synchrony in temperature during deglaciation
[e.g., Lowell et al., 1995]. In contrast, pollen records from
the same general area reveal no evidence for a cooling at the
time of the Younger Dryas [Bennett et al., 2000].

[25] Southern Hemisphere marine records are equally
scarce. In a sediment core off New Zealand, Pahnke and
Zahn [2005] found benthic foraminiferal §'°C evidence for
increases in intermediate water formation linked to Heinrich
events and periods of inferred minimum NADW production
in the North Atlantic. In the same core from Chatham Rise,
Sachs and Anderson [2005] identified coincident episodes
of increased surface productivity from concentration
changes in sedimentary biomarkers diagnostic of coccoli-
thophorids and diatoms. The sampling interval in both
studies averaged about 200 years, which combined with
bioturbation, makes it difficult to judge abruptness. There is
no clear evidence of D-O-like excursions in either record.
Off the Chilean continental margin, alkenone-based esti-
mates of SST made by Lamy et al. [2004] show evidence of
local millennial-scale SST changes of 2°C—3°C between
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8000 and 50,000 years ago and a timing similar to Antarctic
records, with warming of surface waters off Chile matching
the Antarctic warmings that coincide with Heinrich events.
Again, a sampling interval averaging 300 years makes it
impractical to judge abruptness. More recently, Kaiser et al.
[2005] extended the alkenone SST record of Lamy et al.
[2004] back to 70,000 years and presented an improved age
model for this site, which together reinforce the conclusion
that millennial-scale SST variability at this midlatitude
(41°S) location exhibits a distinctly Antarctic behavior.

[26] In summary, the relatively small number of existing
high-latitude climate records from the Southern Hemisphere
reveal potentially complicated regional patterns of climate
change, and few, in truth, possess the length, temporal
resolution, and age control needed to provide hard con-
straints on changes occurring around the time of the abrupt
events in Greenland. The most obvious exception is the
remarkable new EDML ice core record from the Antarctic
(Figure 4), which appears to show a dampened but out-of-
phase temperature pattern for all D-O events consistent with
the bipolar seesaw hypothesis. Regardless of what one may
conclude from the apparent climate patterns cited here, it
is clear that the Southern Hemisphere remains woefully
undersampled.

2.3. Tropics

[27] One of the first sites far removed from the North
Atlantic to show a complete record of abrupt D-O equiva-
lent events during the last glacial is the extraordinary Site
893, drilled by the Ocean Drilling Program in Santa Barbara
Basin off southern California (Figure 3). Here, stable
isotope and microfossil analyses reveal a remarkable corre-
lation between sea surface conditions and basin ventilation
in Santa Barbara Basin and the climate record from Green-
land, with a clear record of the Younger Dryas and every
D-O event preserved in multiple proxies [e.g., Behl and
Kennett, 1996; Hendy and Kennett, 1999, 2000; Hendy et
al., 2002]. Though itself not a tropical location, the high-
resolution climate records yielded from Santa Barbara Basin
provided a major impetus in the mid-1990s to extend the
search for evidence of abrupt climate change outside of the
immediate circum—North Atlantic region. A number of
important records have subsequently emerged from the
tropics and near tropics that clearly indicate that the low
latitudes were intimately involved in abrupt climate change.

[28] In central Florida, a pollen study of Lake Tulane
sediments by Grimm et al. [1993] revealed a series of six
peaks of Pinus (pine) pollen that within the limits of
radiocarbon dating appeared to be coeval with the Heinrich
events in the North Atlantic. These authors interpreted the
Pinus peaks as representing cool-wet periods during the
glacial. Recently, a more in-depth study of pollen and plant
macrofossils from new cores recovered in Lake Tulane
[Grimm et al., 2006] confirmed that lake levels were higher
and climate was wetter during the Pinus-rich intervals but
confirmed also that Florida temperatures were actually
warmer, not cooler, during these phases. Grimm et al.
[2006] speculate that a reduction of the THC before and
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during Heinrich events reduced northward heat transport
and resulted in retention of warmth in the subtropical
Atlantic and Gulf of Mexico.

[20] In the tropical Atlantic, the Cariaco Basin, an anoxic
basin located off the northern coast of Venezuela, provided
some of the first indications that the Younger Dryas and the
complete set of D-O oscillations in Greenland could be
traced event for event to the tropics [e.g., Hughen et al.,
1996, 2000, 2004b; Peterson et al., 2000; Haug et al., 2001;
Lea et al., 2003; Peterson and Haug, 2006]. Here, high
sedimentation rates (40—50 cm ka') and minimal to no
bioturbation enable sampling at close to annual resolution
[e.g., Black et al., 1999]. Correlations between Greenland
6'®0 and sediment color in Cariaco Basin (which is largely
a function of organic matter content) imply that surface
productivity along the Venezuelan coast varied in lockstep
both in timing and abruptness with Greenland temperature
variations, presumably in response to variations in trade
wind strength and upwelling. Mg/Ca data from surface-
dwelling foraminifera in a piston core record spanning the
last 25,000 years [Lea et al, 2003] indicate an abrupt
warming of ~3°C at the onset of the Belling and an equally
abrupt decrease in SST of 3°C—4°C during the Younger
Dryas, both synchronous within +30—90 years of their
correlative changes in Greenland air temperature. The
measured amplitude of the Younger Dryas SST signal in
Cariaco is as large as the local glacial-interglacial signal. In
the same sediments, measured variations in the bulk Ti
(Figure 3) and Fe contents have been interpreted to reflect
dry conditions and reduced river runoff from northern South
America during the Younger Dryas and cold stadial periods
of the last glacial and wet conditions and increased runoff
during warm interstadial times [Peterson et al., 2000; Haug
et al., 2001]. Results of molecular and isotopic biomarker
studies spanning the last deglaciation confirm rapid changes
in drainage basin vegetation in response to changing hydro-
logical conditions [Hughen et al., 2004b]. These abrupt
changes in the local precipitation regime are best explained
by latitudinal shifts in the position of the Intertropical
Convergence Zone (ITCZ) in the Atlantic, with the ITCZ
farther south on average at times when the North Atlantic is
cold [e.g., Peterson and Haug, 2006].

[30] Numerous land-based records from the circum-
Caribbean region are consistent with the evidence from
Cariaco Basin for a dry Younger Dryas and support the
interpretation that the ITCZ shifted southward at this time
(see Peterson and Haug [2006] for a review). Few records
from this region are as highly resolved or long enough,
however, to confirm the association of pronounced wet/dry
cycles with D-O events inferred from Cariaco Ti and Fe
records. Schmidt et al. [2004] used coupled Mg/Ca and
foraminiferal 6'®0 measurements in a low-resolution
Caribbean core to show that Caribbean salinities increased
during the last glacial period as a whole. In a later study
using a higher sedimentation rate sequence from the Blake
Outer Ridge in the western subtropical Atlantic, Schmidt et
al. [2006] used similar techniques to show that surface
salinity varied across a series of four D-O cycles in MIS 3,
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with reduced salinity associated with warm interstadials and
higher salinity occurring during the intervening cold stadials
in a pattern consistent with the Cariaco record.

[31] Farther south over the South American continent,
longer records are available, though they tend to show the
opposite hydrologic trends, implying abrupt, latitudinal
shifts in the past footprint of rainfall over tropical South
America. In the Salar de Uyuni record from the Bolivian
Altiplano, wet conditions (e.g., high lake levels) were found
to be generally coincident with dry conditions near Cariaco
Basin and cold stadial events at high northern latitudes
[Baker et al., 2001]. Farther to the east, periods of speleo-
them growth in Brazilian caves from south of the present-
day rain forest (~10°S) reflect episodic wet phases in a
semiarid region that can be accurately dated using uranium/
thorium methods. In these caves, speleothem growth
occurred at times of Heinrich layer deposition in the North
Atlantic, when conditions in and around Cariaco Basin to
the north were dry [Wang et al., 2004]. Pulses of terrigenous
sediment input to marine cores off northeastern Brazil [4rz
et al., 1998] also appear to line up in time with the (cold)
high-latitude Heinrich events; both the offshore and speleo-
them records from northeast Brazil are thus consistent with
a southward ITCZ shift. Farther south yet, in subtropical
southern Brazil (~27°S), a continuous speleothem oxygen
isotope time series from Botuvera Cave spanning the last
116,000 years [Cruz et al., 2005] shows dominant variabil-
ity in the frequency band of orbital precession. Although
this record does show evidence of millennial-scale varia-
tions in rainfall, the amplitude of the signal is greatly
dampened, and individual excursions cannot be related to
D-O or Heinrich events in any obvious way. In a higher-
growth-rate stalagmite from the same cave system, however,
Wang et al. [2006] have produced a high-resolution record
spanning the last 36,000 years. This record reveals a much
more striking correlation with Greenland, with dry condi-
tions associated with warm interstadial events (3 through 7)
in the latter portion of MIS 3. Since this site would appear to
be too far south to be directly explained by ITCZ shifts,
Wang et al. [2006] suggest that the antiphased pattern of
rainfall between here and northern South America was the
result of asymmetries in the Hadley circulation that accom-
panied changes in ITCZ mean position.

[32] As one surveys the growing literature on abrupt
climate change in the rest of the tropics outside the Atlantic,
it is apparent that changes in the hydrologic cycle emerge as
a dominant theme in all ocean basins. In the Pacific Basin,
Stott et al. [2002] used foraminiferal Mg/Ca and 6'%0 from
sediments from the western Pacific warm pool to delineate
between SST and salinity change. They identified a first-
order salinity signal that appeared to vary in accord with the
Greenland D-O cycles with a pattern interpreted to be
analogous to that produced by the modern El Nifio—Southern
Oscillation. More saline El Nifio—like conditions (reduced
east-west equatorial temperature gradient in the Pacific)
were found to correlate with cold stadials at high latitudes,
suggesting a shifting of tropical convection away from the
western Pacific, while warm interstadials showed decreased
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(La Nina—like) salinity patterns. The magnitude of the
reconstructed salinity change across stadial-interstadial
events is on the order of 1-2%o. Though the time scales
are different, El Nifio—like conditions during cold episodes
are consistent with the observations of Koutavas et al.
[2002] for the eastern Pacific, who inferred relaxed trade
winds and a southward shift of the Pacific ITCZ during the
Last Glacial Maximum. Another study from the eastern
Pacific is that of Ortiz et al. [2004], who describe evidence
for productivity variations that mirror D-O events in a high-
deposition-rate core from near the coast of southern Baja
California. This record, which spans the last 52,000 years,
shows evidence of low productivity during cool stadial
intervals and high productivity during warm interstadials
of MIS 3. Ortiz et al. note that one possible explanation for
these variations is a shift between the modern balance of El
Nifio—La Nifla conditions, with cold intervals characterized
by more El Nifio—like conditions with a deep nutricline and
lower surface production.

[33] In the far western Pacific, Rosenthal et al. [2003] and
Dannenmann et al. [2003] used coupled 6'%0 and Mg/Ca
data from Sulu Sea sediments to show that millennial-scale
880 events during the deglaciation (e.g., Younger Dryas)
and last glacial (D-O events) were primarily the result of
changes in surface water salinity. They attribute this vari-
ability to the east Asian monsoon and its influence on the
balance between surface water contributions from the South
China Sea and western Pacific warm pool. Within the dating
uncertainties that one faces when comparing records on
independent age scales, the Sulu Sea record indicates that
times of fresher surface conditions in the Sulu Sea coincide
with similar conditions in the western Pacific warm pool
[Stott et al., 2002] and also with intensifications of the
summer east Asian monsoon as recorded in the Hulu Cave
record from China [Wang et al., 2001] and thus by inference
with warm interstadials in the Greenland ice core records
(Figure 5). Wang et al. [1999] noted millennial-scale fluc-
tuations in South China Sea sediments that they similarly
posited to variations in the east Asian monsoon.

[34] Moving west over land to regions directly affected
by the Indian/Asian summer monsoon, dry conditions have
been found to correlate with cold periods in the high
northern latitudes (e.g., the Younger Dryas and Heinrich
events and cold stadials of the last glacial). This relationship
has been documented in a number of speleothem §'°0
records covering a variety of different time windows and
well dated by U/Th methods. In a Holocene-age speleothem
from southern Oman, Fleitmann et al. [2003] found that
early Holocene decadal to centennial variations in monsoon
precipitation were in phase with temperature variations
recorded in Greenland ice, indicating that monsoon intensity
during this interval was tightly linked to high-latitude
conditions. A decreasing monsoon intensity after about
8000 years ago, in contrast, appears to have been more
sensitive to changing large-scale summer insolation pat-
terns. From the western Himalayas of India, Sinha et al.
[2005] produced a speleothem 'O record from Timta
Cave that spanned the last deglaciation. Their record shows
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a clear increase in summer Indian monsoon precipitation
during the Bolling/Allerad warm period and a sharp decrease
during the Younger Dryas event that immediately followed.
This deglacial pattern of change is similarly recorded in
speleothems from Hulu Cave [Wang et al., 2001] and
Dongge Cave [Yuan et al., 2004; Kelly et al., 2006], located
some 1200 km apart in eastern subtropical (~32°N) and
south central (~25°N) China, respectively. The Hulu Cave
and Dongge Cave records span all and/or portions of the last
glacial as well, while the Dongge record additionally covers
the last full interglacial (equivalent to MIS 5) and the
penultimate deglaciation (e.g., Termination II). During the
last glacial, both cave sites show clear evidence of hydro-
logic changes correlative to the Greenland D-O events
(Figure 5), with increased precipitation from a stronger east
Asian monsoon falling during warm interstadial times.
Another key record of glacial monsoon variability comes
from cave deposits of Socotra Island, located off South
Yemen near the entrance to the Gulf of Aden in the western
Arabian Sea. Though covering only the time period from
42,000 to 55,000 years ago, the speleothem §'*0 record of
Burns et al. [2003] is the most highly resolved monsoon
time series spanning this interval (Figure 5) and bears a
striking relationship to that of Greenland climate, again with
increased precipitation coinciding with high-latitude warm-
ing. The high-resolution sampling of this record also allows
for an assessment of abruptness; for example, the largest
shift in speleothem §'%0, which occurred at the onset of
interstadial 12, appears to have occurred in 25 years or less.
Burns et al. interpret their record as evidence for changes in
ITCZ position over the Arabian Sea, with southward shifts
during cold stadial intervals reducing the northward pene-
tration of monsoon rains during the East African—Indian
summer monsoon. At any one location like Socotra Island,
the apparent abruptness of the inferred hydrologic changes
could simply be due to the fact that small latitudinal shifts in
convective activity and precipitation place that location
either under or out of the influence of summer monsoon
rainfall. However, the observation that similar hydrologic
changes occur at locations as geographically widespread as
South Yemen, India, and southern and eastern China tends
to suggest that large-scale changes in the strength of the
Indian and east Asian monsoon systems are involved.

[35] In marine records from the Arabian Sea, correlated
millennial-scale changes in proxies for upwelling and sur-
face productivity, and for ventilation within the mid-depth
oxygen minimum zone, have been similarly attributed to
variations in the strength of the southwest (summer) Indian
monsoon. The prevailing pattern is one of evidence for a
stronger monsoon and increased upwelling and surface
productivity during warm interstadials (Figure 5), coupled
with an intensification of the oxygen minimum zone as
measured by elevated total organic carbon contents of
sediments [e.g., Schulz et al., 1998] and by records of
denitrification derived from sediment §'°N [Altabet et al.,
2002]. This interpretation of a stronger summer monsoon at
times of high-latitude warmth is consistent with the speleo-
them-based reconstructions of monsoon precipitation, and
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