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[1] Paleoclimate records from glacial Indian and Pacific oceans sediments document millennial-scale
fluctuations of subsurface dissolved oxygen levels and denitrification coherent with North Atlantic temperature
oscillations. Yet the mechanism of this teleconnection between the remote ocean basins remains elusive. Here
we present model simulations of the oxygen and nitrogen cycles that explain how changes in deepwater
subduction in the North Atlantic can cause large and synchronous variations of oxygen minimum zones
throughout the Northern Hemisphere of the Indian and Pacific oceans, consistent with the paleoclimate records.
Cold periods in the North Atlantic are associated with reduced nutrient delivery to the upper Indo-Pacific
oceans, thereby decreasing productivity. Reduced export production diminishes subsurface respiration of
organic matter leading to higher oxygen concentrations and less denitrification. This effect of reduced oxygen
consumption dominates at low latitudes. At high latitudes in the Southern Ocean and North Pacific, increased
mixed layer depths and steepening of isopycnals improve ocean ventilation and oxygen supply to the subsurface.
Atmospheric teleconnections through changes in wind-driven ocean circulation modify this basin-scale pattern
regionally. These results suggest that changes in the Atlantic Ocean circulation, similar to those projected by
climate models to possibly occur in the centuries to come because of anthropogenic climate warming, can have
large effects on marine ecosystems and biogeochemical cycles even in remote areas.
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1. Introduction

[2] Profound and rapid climatic changes characterized the
North Atlantic region during much of the last ice age, as
first revealed by oscillations in the oxygen isotope compo-
sition (d18O, a proxy for local air temperature) of Greenland
ice cores [Dansgaard et al., 1982; Oeschger et al., 1984].
These so-called Dansgaard-Oeschger (D-O) oscillations
were most likely associated with instabilities of the Atlantic
meridional overturning circulation, such that North Atlantic
Deep Water (NADW) subduction and northward oceanic
heat transport was reduced during cold (stadial) episodes

and enhanced during mild (interstadial) phases [Broecker et
al., 1985]. This interpretation is buttressed by numerous
model studies [Bryan, 1986; Schmittner et al., 2003] and
observational data [Charles and Fairbanks, 1992; Bond et
al., 1993; Sarnthein et al., 2001; Piotrowski et al., 2005].
Paleoceanographic records of sufficiently high temporal
resolution are still relatively sparse outside of the North
Atlantic [Voelker, 2002]. However, during the last decade a
more detailed picture has begun to emerge of the expression
of D-O oscillations in the Indian and Pacific oceans.
Assessing and understanding the remote impacts of the
Atlantic meridional overturning circulation is of particular
importance, given that projections of future climate change
show the possibility for substantial weakening or even
complete shut down of the circulation in the centuries to
come [Manabe and Stouffer, 1993; Schmittner et al., 2005a]
and given suggestions that such weakening has already
begun [Bryden et al., 2005].
[3] Correlations of fluctuations in the northeast Pacific

oxygen minimum zone with Greenland ice core d18O were
first identified about 10 years ago in records of alternating
laminated and bioturbated sediments in the Santa Barbara
Basin [Kennett and Ingram, 1995; Behl and Kennett, 1996].
Multiple records throughout the midlatitude and low-
latitude northeast Pacific [Cannariato and Kennett, 1999;
Zheng et al., 2000; Kienast et al., 2002; van Geen et al.,
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2003; Hendy and Kennett, 2003; Crusius et al., 2004; Ortiz
et al., 2004; Hendy et al., 2004; McKay et al., 2005] and the
Arabian Sea [Schulz et al., 1998; Schulte et al., 1999;
Reichart et al., 1998; Suthhof et al., 2001; Altabet et al.,
2002; Reichart et al., 2002; Higginson et al., 2004; Reichart
et al., 2004; Ivanochko et al., 2005] now reveal temporal
fluctuations of thermocline oxygen concentrations similar to

those from the Santa Barbara Basin, suggesting a tight
coupling of all these regions to the North Atlantic (Figure 1).
[4] The determination of leads or lags between the

oxygen fluctuations and those of Greenland temperature is
limited to the accuracy of radiocarbon dating (�200 years)
during the deglacial Heinrich event 1–Bølling-Ållerød–
Younger Dryas–Holocene oscillation [Kennett and Ingram,
1995]. Before this, the age models are even more poorly
constrained, and in many cases rely on extending the
observed correlation during the deglaciation to the older
sections (wiggle matching). Nonetheless, the widespread
coherence of the observations, combined with ancillary
data, convinced the authors of these works that the oceanic
changes were roughly coeval with the changes in Greenland
temperature. The higher stadial dissolved oxygen concen-
trations are paralleled by evidence for decreased export
production (Figure 1), suggesting that a mechanistic cou-
pling between biological productivity in these regions and
the North Atlantic contributed to the changes in subsurface
oxygen concentrations. Note that some productivity proxies
(e.g., total organic carbon) may also be influenced by
changes in preservation in the sediments where the relative
proportions of refractory and labile organic matter vary.
Unlike labile organic matter, refractory organic compounds
can be preferentially preserved under anoxic conditions in
sediments [e.g., Ganeshram et al., 1999].
[5] Identification of a unifying mechanism that explains

these joint responses, thus an implied underlying telecon-
nection, remains a challenge. Most hypotheses call for
changes in atmospheric circulation with attendant change
in the monsoons of the Indian Ocean region [Schulz et al.,
1998; Reichart et al., 1998; Suthhof et al., 2001; Altabet et
al., 2002; Reichart et al., 2002; Higginson et al., 2004;
Reichart et al., 2004; Ivanochko et al., 2005] and changes in
the trade winds or local winds in the Pacific [Mikolajewicz
et al., 1997; Hendy and Kennett, 2003; Hendy et al., 2004]
that ultimately affect ocean circulation and productivity in
the immediate vicinity of the subsurface oxygen minima.
Using a zonally averaged model Schulte et al. [1999]
suggested an oceanic teleconnection for the Indian Ocean.
Here we present for the first time detailed, three-dimensional
ocean simulations of oxygen and nitrogen cycling during
idealized D-O oscillations. Our results suggest a parsimoni-
ous and unifying explanation can be found in the impact of
the buoyancy-driven ocean circulation on productivity and
subsurface nutrient and oxygen distributions.

2. Present-Day Distribution of Dissolved Oxygen
in the Ocean

[6] Dissolved oxygen concentrations vary dramatically in
the ocean, particularly in the thermocline, where they span a
range from supersaturated to undetectable (Figures 2a, 3a,
and 3b). The saturation solubility of oxygen is higher in
cold seawater. Surface waters are near saturation with
respect to oxygen while, below, oxygen concentrations are
diminished by the respiration of organic matter. The sub-
surface distribution of oxygen is hence determined by a
balance between supply, which depends on the efficiency
with which oxygen-rich surface waters are mixed and

Figure 1. High-resolution records from the last glacial
period (60–25 kyr B.P.) from the (a and b) Pacific and
(c and d) Indian oceans indicating apparently synchro-
nous fluctuations of subsurface oxygen levels and
biological productivity with (e) Greenland climate. Nitrogen
isotopes from Hendy et al. [2004] (ODP site 1017,
Figure 1a) and Ivanochko et al. [2005] (NIOP site 905,
Figure 1d) record changes in water column denitrification,
which is controlled by the intensity of suboxia (<5 mM
oxygen) such that high values of d15N indicate more
denitrification and, by inference, lower oxygen concentra-
tions. Sediment color (core MV99-PC08, Figure 1b [Ortiz et
al., 2004]) and organic carbon content (core SO90-136KL,
Figure 1d [Schulz et al., 1998]) are interpreted to record
increased productivity during warm periods in Greenland,
which are shown by higher oxygen isotopes values
(Figure 1e). All records are plotted on their original,
published age scales.

PA3207 SCHMITTNER ET AL.: OXYGEN DURING D/O OSCILLATIONS

2 of 17

PA3207
































