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Large fluctuations of dissolved oxygen in the Indian and Pacific oceans
during Dansgaard-Oeschger oscillations caused by variations
of North Atlantic Deep Water subduction

Andreas Schmittner,' Eric D. Galbraith,>> Steven W. Hostetler,*> Thomas E. Pedersen,’
and Rong Zhang’
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[1] Paleoclimate records from glacial Indian and Pacific oceans)sediments document millennial-scale
fluctuations of subsurface dissolved oxygen levels and denitrificationseoherent 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 withyreduced nutrient delivery to the upper Indo-Pacific
oceans, thereby decreasing productivity. Reduced exportiyproduction 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 improveieeean 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 ¢ome because of anthropogenic climate warming, can have

large effects on marine ecosystems and biegeochemical cycles even in remote areas.
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1. Introduction

[2] Profound and rapid climati¢ changes characterized the
North Atlantic region during.mueh of the last ice age, as
first revealed by oscillations.in the oXygen isotope compo-
sition (6'®0, a proxy for local @it temperature) of Greenland
ice cores [Dansgaard.et al., 1982; Oeschger et al., 1984].
These so-called Dansgaard=Qeschger (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
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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 §'*0 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-lati-
tude northeast Pacific [Cannariato and Kennett, 1999;
Zheng et al., 2000; Kienast et al., 2002; van Geen et al.,
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Figure 1. High-resolution records from the last glacial
period (60—-25 kyr B.P.) from the (a.and b)iPacific and
(¢ 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 la) and Ivanochko et al"[2005] (NIOP site 905,
Figure 1d) record changes ih water column denitrification,
which is controlled by the mtensity of suboxia (<5 uM
oxygen) such that“high. values' of 6'°N indicate more
denitrification and, by, inference, lower oxygen concentra-
tions. Sediment color (cote MV99-PCO08, 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 le). All records are plotted on their original,
published age scales.

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
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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-Beolling- Allerod—
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 matehing). 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
temperatures*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
(eig., 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
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transported toward the ocean interior, and consumption,
which is controlled by biological production at the sunlit
surface and subsequent sinking of dead organic matter.
Because productivity depends on nutrient input to the photic
zone, both oxygen supply and consumption ultimately
depend on ocean circulation. In the so-called shadow zones
of the global ocean, i.e., the Arabian Sea in the northern
Indian ocean, and the eastern tropical North and South
Pacific, oxygen concentrations are so low (below about
5 uM, see Figure 2a) that specialized microbes use nitrate as
an electron acceptor instead of oxygen in order to reminer-
alize organic compounds. This process, called denitrifica-
tion, reduces nitrate to N, gas, and preferentially consumes
nitrate with the light isotope '*N, enriching the residual
nitrate in the heavy isotope '°N (thus imparting a higher
8'>N). Once the high §'°N nitrate wells up to the surface it
is incorporated in organic matter by plankton, remains of
which can be found in ancient ocean sediments. Thus

sedimentary §'°N records the strength of denitrification. In /Subi

locations proximal to denitrifying zones, bulk sedimenta

8'>N provides an excellent monitor of the extent of suboxia

in the past (e.g., Figures la and 1c).

[7] We use the UVic Earth System Climate Model
Version 2.7, which includes an improved version of a si
ocean ecosystem model with two phytoplanktgn classes
(nitrogen fixers and other phytoplankton), two nutrien
(NOj3 and PO,) as well as explicit representations OM

iy
fication in the water column and nitrogen fixation. Nitrog
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fixers are not limited by nitrate because they are able to fix
nitrogen from dissolved N, gas, but they have lower growth
rates than other phytoplankton. (A more detailed model
description is given in the Appendix.)

[8] Our model captures the main features of the observed
modern oxygen distribution (Figures 2a and 2b and 3a—3d).
For example, on the oy = 26.8 kg m > density surface
(Figures 2a and 2b), oxygen concentrations are highest
(>250 uM) in e high-latitude outcrop areas of the
Southern Ocean North Atlantic as well as in the
northwest Pacific intermediate waters are ventilated.

‘Pacific and Atlantic as well as in the
Ocean. Owing to insufficiently resolved

nics [Toggweiler et al., 1991; Aumont et al.,
rge et al., 2001] the model simulates very large

igure 2. Oxygen concentrations on the oy = 26.8
opycnal surface corresponding to subpolar mode water.
This density surface is currently located between about 200
and 700 m depth at midlatitudes and low latitudes both in
present-day observations and in the model and deepens in
the stadial simulation by ~50 m (not shown). (a) General
patterns apparent in the observations [Levifus and Boyer,
1994] reproduced in the control simulation (b) including
higher oxygen concentrations in the Atlantic than in the
Pacific, highest oxygen concentrations at high latitudes, and
lowest values in the equatorial east Pacific, the northern
Indian Ocean, and the equatorial east Atlantic. Differences
between the model and the observations are caused by
model biases such as coarse resolution and underestimation
of the eastward flowing equatorial undercurrents, which
transport oxygenated waters into the oxygen-depleted
eastern equatorial regions. Thus modeled suboxic zones in
the eastern equatorial Pacific are overestimated. In the
Indian Ocean, suboxic conditions are found in the Bay of
Bengal rather than in the Arabian Sea. (c) At model year
800 after NADW formation stopped, oxygen concentrations
increased almost everywhere, and the volume of suboxic
water strongly reduced. (d) Higher oxygen concentrations
particularly pronounced north of about 20°S in the Indian
and Pacific oceans. Red symbols in (Figure 2d) show sites
of sediment cores in which increased subsurface oxygen
levels have been observed during stadials of marine isotope
stage 3 (circles) [Kennett and Ingram, 1995; Behl and
Kennett, 1996; Cannariato and Kennett, 1999; Kienast et
al., 2002; van Geen et al., 2003; Hendy and Kennett, 2003;
Ortiz et al., 2004; Hendy et al., 2004; Schulz et al., 1998;
Suthhof et al., 2001; Altabet et al., 2002; Ivanochko et al.,
2005; Pourmand et al., 2004; Reichart et al., 2004; Mix et
al., 1999; Schulte et al., 1999] or during the deglaciation
(crosses) [McKay et al., 2005; Zheng et al., 2000] and sites
of decreased productivity during deglacial stadials (trian-
gles) [Crusius et al., 2004; Mix et al., 1999].
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Figure 3. Zonally averaged oxygen concentrations (color scale) in the (left) Atlantic and (right) Indo-
Pacific. (a and b) Observations from Levitus and Boyer [1994]. Highest oxygen concentrations (blue
colors) are found in high-latitude surface waters and in deep waters of the North Atlantic. As NADW
propagates south, respiration of organic matter removes dissolved oxygen. The lowest concentrations
(orange colors) in deep waters are found in the North Pacific. (c and d) Results from the present-day
simulation with model version sNPs reproducing the observed pattern. Isolines of the eulerian meridional
overturning stream function in Figures 3c—3f illustrate the zonally integrated flow. Positive values (solid
lines) denote clockwise circulation; negative values (dashed lines) denote counterclockwise circulation.
Isoline difference is 2 Sv (1 Sv=10° m° s'). (e and f) Reduced NADW production leading to decreased
oxygen concentrations in the (g) deep North Atlantic and increased values in the upper ocean, particularly

in the (h) Indo-Pacific.

Bengal rather than in the Arabian Sea, apparently because of
an incorrect partitioning of thermocline nutrients between
the basins. The modeled distribution of oxygen in the deep
sea agrees well with observations (Figures 3a—3d). The
meridional overturning circulation creates large interbasin

differences in oxygen concentrations of deep waters. In the
North Atlantic, deep waters have high oxygen concentra-
tions (>250 uM) because they have been recently down-
welled from the high-latitude surface. In the North Pacific,
deep waters have very low oxygen concentrations because
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Figure 4. Simulation of a Dansgaard-Oeschger event with the standard model version (sNPs). (a) A
freshwater perturbation applied in the North Atlantic between 35° and 70°N (thin line, right scale)
causing a disruption of the overturning circulation in the Atlantic (solid line, left scale) and a slight
increase of the circulation in the North Pacific (dashed line, left scale). (b) Average upper ocean nutrient
(POy4) concentrations (solid line, left scale) and integrated export production (dashed line, right scale),
calculated as the sinking of particulate organic carbon across 120 m depth in the Indo-Pacific north of
35°S. (c) Average upper ocean oxygen (O,) concentrations (solid line, left scale) and volume of suboxic
water (dashed line, right scale) in the Indian and Pacific oceans. (d) Global rates of denitrification (solid
line, left scale) and nitrogen fixation (dashed line, left scale) and global mean nitrate concentration (dotted

line, right scale).

they have been isolated from the atmosphere for a long time,

during which respiration of
much of the original oxygen.

3. Simulations of Dansgaard-Oeschger Events

[v] Wind velocities were kept fixed in the simulation
shown in Figures 2—4 in order to isolate the effect of

organic matter has removed effect of changes in the wind-d

changes in the buoyancy-forced ocean circulation. The

riven circulation is addressed

in section 5. Changes in deepwater formation are triggered
by applying a perturbation to the surface freshwater balance

in the North Atlantic for 500

years (Figure 4) similar to

previous studies [Schmittner et al., 2003]. Deepwater for-
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mation in the North Atlantic ceases for ~1000 years as a
response to this freshwater forcing and subsequently returns
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to its initial state. The simulated response of the climate
system, characterized by strong cooling and increased sea
ice cover in the North Atlantic (particularly in winter) and
warming of thermocline waters in the Southern Hemisphere
(not shown), is consistent with paleoclimate proxy records
of stadial conditions [Schmittner et al., 2003].

[10] In agreement with a previous model study
[Schmittner, 2005], reduced supply of deep nutrient-rich
waters to the Indian and Pacific euphotic zones leads to a
decline of export production by about 30% in the stadial
simulation. Figure 4c shows that this is accompanied by a
strong increase of upper ocean oxygen concentrations. The
volume of suboxic water decreases dramatically, by about
80%. Consequently, global denitrification in the water
column is reduced by more than one half. Less denitrifica-
tion leads to higher N/P ratios in upwelling waters, reducing
the competitive fitness of nitrogen fixers and, hence global
nitrogen fixation decreases in tandem. The decrease in
nitrogen fixation is slightly less than that of denitrification,
such that the globally averaged nitrate concentration
increases by ~1.1 uM (i.e., ~4%). The response of the
suboxic zones and the nitrogen cycle (denitrification and
nitrogen fixation) might be overestimated by the model
because of the overestimation of the suboxic zones in the
eastern tropical Pacific in the present-day simulation. None-
theless, the response is qualitatively robust in different
model formulations, with changes wrought by the meridio-
nal overturning overwhelming other factors (see also sensi-
tivity experiments in the following section).

[11] Owing to the weakened meridional overturning cir-
culation, the interbasin difference in“deepwater/oxygen
concentrations is reduced dramatically during the stadial
(Figures 3e and 3f). Oxygen congentrations decrease
strongly in deep waters of the Atlantic and in the Southern
Ocean below about 1 km depth (Figures 3g and 3h)
because of reduced advection ,of NADW. Upper ocean
oxygen concentrations increase almost everywhere, partic-
ularly in the Northern Hemisphere of the Indian and
Pacific oceans (Figures 2d,/3g, and 3h). The model results
are consistent with available paleerecords from the Indian
and northeast Pacific astillustrated in Figure 2d. Note that
most paleorecords only, indicate the sign of the change and
cannot be used for a quantitative comparison. Simulated
oxygen variations near the’Santa Barbara Basin and in the
Arabian Sea show little (compared with the uncertainties
in the age models) time lag (200—400 years) between the
overturning and climate changes in the North Atlantic
(Figure 4) consistent with the proxy record. Simulated
transitions between stadial and interstadial conditions oc-
cur on multicentennial (300—400 years) timescales. This
timescale is consistent with, although somewhat slower
than, an estimate (200 years) from a high-resolution record
in the Arabian Sea [Higginson et al., 2004]. Additional
local factors, not accounted for in our idealized experi-
ment, may accentuate the rapidity of the transitions. For
instance, on the basis of faunal assemblages Reichart et al.
[1998, 2002, 2004] suggested that the mixed layer in the
Arabian Sea was deeper during stadial periods. These
mechanisms would have also contributed to better oxy-
genation of subsurface waters there. However, we cannot
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confirm this mechanism from our model results, which
show little changes in stratification.

[12] The model response also presents an explanation for
the millennial ice core record of atmospheric nitrous oxide
[Flueckiger et al., 2004] which shows lower concentrations
during stadials. Oxygen minimum zones are one of the
major sources of N,O [Gruber, 2004], and the dramatic
expansions of global suboxic waters under interstadial
conditions simulated here could have contributed to the
observed interstadial/increases in N,O, although there are
also important terrestrial and open ocean sources that might
have been involyed. We note that a new records of sedi-
mentary §'°N ffom the southeast Pacific suggests a tempo-
ral pattern of denitrification distinct from those from the
Northern Hemisphere [Martinez et al., 2006; Robinson et
al., 2007]: Given the much smaller amplitude of the model
response in'the Southern Hemisphere (Figure 2d), it seems
plausible that a different mechanism controls fluctuations of
the suboxie.zones there. This would not be inconsistent with
our simulations.

[13] The results presented above suggest that changes in
the ‘buoyancy forced ocean circulation can cause large
variations in subsurface oxygen levels via changing oxygen
demand, a mechanism so far neglected in hypotheses of
oxygen fluctuations on millennial timescales. Other mech-
anisms proposed for the observed increase in stadial oxygen
concentrations include changes in North Pacific Intermedi-
ate Water (NPIW) formation [Kennett and Ingram, 1995;
Behl and Kennett, 1996; Zheng et al., 2000] and changes in
wind-driven ocean circulation [Kienast et al., 2002; Hendy
and Kennett, 2003; Schulz et al., 1998; Suthhof et al., 2001;
Altabet et al., 2002; Ivanochko et al., 2005; Mikolajewicz et
al., 1997]. In order to quantify these effects we designed
five additional sensitivity experiments.

4. Ventilation Versus Consumption

[14] First, the freshwater perturbation experiment was
repeated with a model version with fixed interior oxygen
sinks, analogous to the approach of Meissner et al. [2005].
Thus oxygen demand does not change and the simulated
anomalies are exclusively due to changes in supply (venti-
lation including changes in air sea gas exchange). As shown
in Figures 5 and 6 both ventilation and consumption
changes are important. Increased ventilation dominates the
total oxygen response in the North Pacific (e.g., in the
vicinity of the Santa Barbara Basin), whereas consumption
changes are more important at low latitudes such as in the
Arabian Sea. Increases in ventilation seen in the North
Pacific and Indian oceans in Figure 6b are confirmed by
higher radiocarbon concentrations there by about 20%o (not
shown). Ultimately, they are caused by deepening of mixed
layers and steepening of isopycnals in the Southern Ocean
and North Pacific related to salinification of the upper ocean
and freshening of the deep sea owing to the missing injection
of salty NADW into the deep [Schmittner et al., 2007].

[15] In order to further explore the role of changes in
NPIW formation a model version with a stronger response
of NPIW to the forcing in the North Atlantic has been
constructed. This was achieved through weakening the
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Figure 5. Sensitivity experiments. Five different experiments were performed in order to unravel the
influence of ventilatiensversus,oxygen consumption, stratification in the North Pacific, and changes in
wind-driven circulationten millennial oxygen variations: the standard experiment with strong North
Pacific stratification (SNPs; thick solid lines), the same experiment but with fixed oxygen consumption
(thick dotted lines), the same as the standard experiment but with weak North Pacific stratification
(WNPs, thin_solid lines), two runs with stadial wind stress anomalies from the GENESIS and GFDL
models applied during,years 0—1000 with model version wNPs (WNPs plus GENESIS wind (squares),
wNPs plus GEDL wind (crosses), and finally a simulation with the GFDL wind stress anomalies applied
to model sNPs (sNPs plus GFDL wind (circles)). (a) Freshwater forcing (thin dashed line) in the North
Atlantic for experiments with model version wWNPs, overturning in the Atlantic (solid line) and
overturning in the Pacific (dashed line). Oxygen concentrations in the (b) northeast Pacific in the vicinity

of the Santa Barbara Basin and (c) Arabian Sea.

background stratification in the North Pacific by manipu-
lating its surface freshwater balance. Specifically, a 0.1 Sv
freshwater input to the North Pacific north of 40°N, which
was used as a constant flux correction (and compensated for
in the rest of the world ocean) in the standard simulation
(sNPs), has been removed. This experiment is motivated by
reconstructions suggesting reduced stratification in the gla-
cial North Pacific [Keigwin, 1998]. Note that the Atlantic
overturning in the weak North Pacific stratification model
version (WNPs) is bistable. That is, both the NADW ““on”
and “off” states are stable steady states without perturbation
(in contrast to model version sNPs which is monostable

such that only the NADW “on” state is stable). Therefore,
in order to force NADW resumption, freshwater was
extracted from the North Atlantic after year 1000, increas-
ing linearly until year 1500 (Figure 5).

[16] In this model version there is a strong increase of
NPIW formation (Figure 5a) in response to weakened
NADW flow, consistent with the Atlantic-Pacific seesaw
mechanism [Saenko et al., 2004]. This experiment also
confirms an earlier study demonstrating that the response
of NPIW to perturbations of NADW is highly sensitive
to stratification in the North Pacific [Schmittner and
Clement, 2002]. However, despite the strong increase
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at model year 800 as in Figure 2d. (a) Total anomal
as Figure 2d). (b) Anomaly due to ventilation changes
(experiment with constant interior oxygen sink
(c) Anomaly due to consumption changes o values of
Figure 6a minus values of Figure 6b).

me

subsurface oxygen
er than in the
compare Figure 7a
of this experiment shows
m; in the North Pacific
ent sNPs. This suggests a

ect of increased mixed
oxygen concentrations in
model sNPs than in model
wNPs despite the larger changes in the meridional over-
turning circulation in they/North Pacific in model wNPs.
We conclude that the large oxygen response is robust with
respect to a different background stratification in the North
Pacific.

in NPIW formation, the response
concentrationsin the northeast &ac' ic
case without strong NPIW ch
with Figure 2d). Further anal
that the changes in oxygen
are similar to those in ex

nonlinear response in that th
layer depths and v i
the North Pacific is s

5. Influence of Wind-Driven Ocean Circulation
Changes

[17] Additional sensitivity experiments were designed to
quantify the role of wind-driven ocean circulation changes
by adding stadial wind stress anomalies computed from
Atmospheric General Circulation Models (AGCMs). Two
simulations with GENESIS [Thompson and Pollard, 1997],
each integrated for 20 years, were performed with monthly
SST and sea ice boundary conditions taken from the UVic
model version wNPs (see Figure 8), one using the end of the
control run (year 0 in Figure 4) and the other one using year
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800 of the stadial simulation. The differences between the
simulated monthly averaged wind stress fields from the two
GENESIS runs were then added as an anomaly (Figure 8b)
to the wind stress field used to drive the UVic model
between years 0 and 1300. In this simulation an anomalous
anticyclonic gyre over the North Pacific leads to increased
northeasterly winds over the Gulf of Alaska (Figure 8b)
increasing ocean convection and ventilation there. This
interpretation is /based on anomalous cold, fresh, high
A'"C (younger) more oxygenated waters there at
300-900 m dept shown) and consistent with in-
creased NPIW (Figure 5a). This anomaly is
advected south e mean circulation. Consequently,
the stadial ox crease in the vicinity of the Santa
Barbara Basi almost 50% larger compared to the
onstant winds (Figure 5b). This supports
nges in wind-driven ocean circulation can
changes in oxygen concentrations.
ulated response of wind stress changes in the

mode
cause’ of more stable background stratification (Figure 8c).
Some coupled models predict a cooling of the North Pacific

ikolajewicz et al., 1997; Zhang and Delworth, 2005] with
an increased Aleutian low as a response to a collapse of the

AO4 (mmol m™3) on 0y=26.8 isopycnal

D 20— ®
s0°s 14, :
50°E

e

150 110w Tow
Figure 7. Same as Figure 2d but for the different

sensitivity experiments.
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Figure 8. (a) Annual mean sea surface temperature (°C) of the control simulation at year 0, (b) stadial
anomalies at year 800 for model version wNPs (without GENESIS wind stress anomalies), and (c) sNPs
plus GFDL wind. Arrows show wind stress (Pa) for the control run (Figure 8a) and anomalies as obtained
from the GENESIS model (Figure 8b) forced with the SST anomalies shown in (Figure 8b) and
anomalies from the GFDL model (Figure 8c). Note that the length scale for the wind stress anomaly
(indicated by the arrow in the bottom left corner) in Figure 8b is only 20% of that in Figure 8a.

Atlantic overturning whereas others show a warming
[Mikolajewicz et al., 2007]. Paleoreconstructions tentatively
(given age uncertainties) seem to support warming
[Sarnthein et al., 2006] consistent with a weaker strat-
ification during glacial times [Keigwin, 1998]. However,
in order to account for the uncertainties additional experi-
ments were conducted in which wind stress anomaly fields
from the GFDL model [Zhang and Delworth, 2005] were
used, which simulates a cooler North Pacific and a cyclonic

wind stress anomaly there (Figure 8c). Note, however, that
the coupled GFDL model was only integrated for 60 years
and the deep ocean interior is far from equilibrium. Never-
theless, except for the North Pacific, both models broadly
agree in the simulated wind stress anomaly patterns, with
the GFDL model displaying generally somewhat larger
amplitudes than GENESIS.

[19] Figures 7c and 7d show the resulting oxygen anoma-
lies from simulations with GFDL wind stress anomalies
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Sites of records in the east Pacific arelindicated by the stars
(blue, site 1017, see Figure 1a; red, siten887; and green, a
site closer to the denitrification zonesyfor comparison with
records from the Arabian Sea, see Figure 1c). Solid lines
correspond to the standard simulation (sNPs), and dashed
lines correspond to model WINPs.

applied to both model yersions wNPs and sNPs. These
results confirm our earlier assessment that generally the
anomalies brought aboutyby changes in the wind-driven
circulation are considerably smaller than those resulting
from the buoyancy-driven circulation. Largest effects due
to the GFDL wind stress anomalies occur in the northeast
Pacific where oxygen increases are enhanced in model
version wNPs (compare Figure 7c with Figure 7a) consis-
tent with the results from GENESIS (Figure 7b). This
surprisingly similar response to the very different wind
stress anomalies from GFDL and GENESIS is due to a
similar response of the near surface ocean circulation along
the south coast of Alaska with enhanced westerly flow (not
shown) indicating nonlocal response. Both simulations
show increased convergence of surface flow and reduced
stratification in the Gulf of Alaska, warmer and more saline
surface waters, cooling and freshening between 200 and
800 m depth and a reduced vertical radiocarbon gradient, all
indications of increased downwelling, winter convection
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and ventilation of intermediate waters there. Interestingly
in model version sNPs the GFDL wind stress anomalies
lead to smaller oxygen increases (compare Figure 7d with
Figure 2d) demonstrating that the effect of the same wind
stress anomalies on subsurface oxygen concentrations can
depend qualitatively on the background stratification. The
reason is likely lower vulnerability to convection due to
more stable stratification.

[20] In the Indian Ocean the influence of wind stress on
subsurface oxygeniconcentrations (Figures 6¢ and 7) in our
simulations is negligible despite a reduced stadial Indian
summer monsoon.simulated by GENESIS as well as by
the GFDL maodel, “consistent with other model results
[Timmermann ‘et _al., 2005]. This indicates that changes
in wind-drivemycirculation did not have a large impact on
the observed stadial-interstadial oxygen oscillations in the
ArabiansSearcontrary to previous hypotheses [Schulz et al.,
1998;iSuthhof et al., 2001; Altabet et al., 2002; Ivanochko
etal., 2005], However, the fact that the simulated oxygen
minimum i the Arabian Sea is too weak is a matter of
concern, possibly affecting the reliability of the simulated
effectsyof monsoonal changes on subsurface oxygen con-
centrations there.

6. Estimating 6'°N Changes

[21] Our model does not include an explicit treatment of
nitrogen isotopes. However, a zero-order approximation to
8'N can be obtained by considering that water column
denitrification has the same effect on §"°N as on N* = NO;-
16¥PO, [Gruber, 2004]. We thus approximate §'°N = —N*.
This approach neglects all other processes affecting §'°N
such as variations in sedimentary denitrification and relative
nitrate consumption. However, it allows a first test as to
whether the simulated magnitude of denitrification changes
is consistent with the observed 6'°N amplitude. The model
predicts §'°N changes between 5%o close to the denitrifica-
tion zones and 1 in the North Pacific (Figure 9). This
amplitude is consistent with the observations which show
amplitudes of up to 2%o close to denitrification zones (e.g.,
in the Arabian Sea, Figure 1¢) and amplitudes of around 1%o
at sites farther downstream (e.g., along the California
Current, Figure la). In the southeast Pacific south of 30°S
the amplitude is smaller than 1%o suggesting that other
processes that are not considered in the model contribute to
the observed changes there [Robinson et al., 2007].

7. Discussion and Conclusions

[22] Our simulations show that changes in the buoyancy-
driven ocean circulation associated with a reduction of
NADW have a large effect on subsurface oxygen concen-
trations in the Indian and Pacific oceans. Additional sensi-
tivity experiments that address the influence of changes in
wind stress and North Pacific Intermediate Water formation
on the stadial-interstadial oxygen fluctuations indicate that
these effects are also significant, but somewhat smaller than
the changes brought about by the thermohaline circulation.
However, owing to the simplified treatment of the effect of
wind changes though our asynchronous coupling strategy
this only presents a first-order assessment of changes in
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ocean circulation due to changes in momentum transfer. Not
considered in our experiments were changes in atmospheric
advective transport of heat and moisture and their influence
on the buoyancy fluxes. Therefore it will be highly desirable
to test if our results are robust in synchronously coupled
atmosphere-ocean general circulation models. The ampli-
tude of the atmospheric wind stress response is larger in
higher-resolution models (compare e.g., the 3.75° x 3.75°
GENESIS with the 2° x 2.5°C M2.0 GFDL model in
Figure 8) and might still be underestimated by the GFDL
model. Thus higher-resolution simulations are needed to test
convergence of results with resolution.

[23] A weakness of the model is its simulation of equa-
torial dynamics. The equatorial undercurrent (EUC) which
delivers oxygenated waters and nutrients [Zsuchiya, 1981;
Toggweiler and Carson, 1995] from the western tropical
Pacific to the margins of North and South America, is
typically underestimated in coarse resolution models
[Toggweiler et al., 1991; Aumont et al., 1999; Large et
al., 2001]. Hence the extent of the suboxic zones is
overestimated and one large suboxic water mass centered
along the equator is simulated in contrast to the real world,
in which two suboxic water masses displaced north and
south of the equator are separated by higher oxygen waters
along the equator (Figure 2). In the default version of the
UVic model maximum zonal velocities in the EUC core
are only 10 cm s~ ' and thus underestimated by 1 ordes of
magnitude compared to observations and high-resolution
models (~1 m s™' [e.g., Behringer et al., 1998y Lu et al.,
1998]). Thus our simulations of denitrification and suboxic
zones are subject to uncertainty and should be.regarded
only as a first coarse estimate. They need'to be repeated
with a model with improved representation of equatorial
dynamics and suboxia. Another uncertainty is associated
with the simulated nutrient delivery intosthe low-latitude
thermocline. Several studies [Joggweiler et al., 1991;
Toggweiler and Carson, 1995y Sarmiento et al., 2004]
suggest that tropical Pacific mutrients are mainly supplied
through Subantarctic Mode Water (SAMW), which origi-
nates in the Southern Ocean, flows north in the South
Pacific and enters the EUC.in the western tropical Pacific.
Many coarse resolution ocean circulation models, on the
other hand, simulate excessive upwelling of deep water at
low latitudes, supplyinguthe low-latitude euphotic zone
with nutrients though this pathway rather than via SAMW
[Toggweiler et al., 1991]. This is particularly the case in
models with high diapycnal mixing in the pychnocline
[Gnanadesikan, 1999]. In contrast, the model version we
used here has low diapycnal diffusion in the pelagic
pycnocline (2 - 107> m? s~ ') and its simulated ventilation
of the upper and intermediate ocean is consistent with
observed distributions of radiocarbon, CFCs and other
tracers (A. Schmittner et al., Future changes in climate,
ocean circulation, ecosystems and biogeochemical cycling
simulated for a business-as-usual CO, emission scenario
until year 4000 AD, submitted to Global Biogeochemical
Cycles, 1997, hereinafter referred to as Schmittner et al.,
submitted manuscript, 2007).

[24] As a result, only about one third (4 Sv) of North
Atlantic Deep Water (after being transformed to Circumpo-
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lar Deep Water in the Southern Ocean and flowing into the
Indian and Pacific oceans) upwells at low latitudes in this
model, whereas most NADW (10 Sv) returns to the surface
in the Southern Ocean [Schmittner, 2005]. If sinking in the
North Atlantic is suppressed in the model, this upwelling
and corresponding nutrient delivery to the Southern Ocean
surface is reduced, causing a decrease in nutrient concen-
trations in the area of SAMW formation [see Schmittner,
2005, Figure 3g] and hence reducing nutrient delivery to the
tropics via SAMW., Direct upwelling of deep water at low
latitudes is also reduced when NADW is suppressed in the
model, adding to_the decline in nutrient supply and produc-
tivity there. We acknowledge, however, that the complex
dynamics of Southern Ocean circulation may not be well
resolved insthis,model, and that additional processes there
may modulate the North Atlantic—driven signal we have
focusedson here.

[25] #The results shown in this paper have all been
performediby a model with preindustrial background cli-
mate. We have repeated some experiments with a model
version with a colder (glacial) background climate (not
shown)” which confirm the results reported above and
suggest they are robust also for a glacial climate.

[26] In summary, our results demonstrate that changes in
the buoyancy-driven ocean circulation alter the fertility of
the surface ocean, causing strong variations of export
production, subsurface oxygen concentrations and denitri-
fication intensity over broad geographic regions and with
very little time lag. Changes in wind-driven upwelling
represent a secondary source of variability only. Our find-
ings suggest that ocean ecosystems and biogeochemical
cycles respond sensitively to changes in circulation similar
to those projected by climate models to occur in the future.
Indeed, such changes may already be underway: the buoy-
ancy contrast between surface and upper intermediate
waters has been increasing over large swaths of the ocean
over the last several years, a likely consequence of warming
surface waters. Net primary production estimated for these
regions from satellite-based determinations of chlorophyll
content imply that export production is decreasing as a
result of the diminishing nutrient input to the upper ocean
that is, in turn, a consequence of the increased stratification
[Behrenfeld et al., 2006].

Appendix A: Model Description

[27] The physical model is based on the University of
Victoria Earth System Climate Model [ Weaver et al., 2001]
version 2.7. Briefly, it includes a global, three dimensional
ocean model with tidal mixing scheme and low diapycnal
mixing in the pycnocline with diffusivities in the open
ocean of 2 - 10> m* s~ ', It also includes a state of the
art dynamic-thermodynamic sea ice model and a simple,
two dimensional energy balance model of the atmosphere
with prescribed winds. A detailed description and evalua-
tion against observations of the model version used here can
be found elsewhere (Schmittner et al., submitted manu-
script, 2007).

[28] The marine ecosystem model (Figure Al) is an
improved version of Schmittner et al. [2005b] and includes
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Figure Al. Schematic of ecosystem model compartments and interactions. See text for explanation.

interactive cycling of nitrogen, phosphorous and oxygen. It
is based on seven prognostic variables and embedded within
the ocean circulation model. The inorganic variables include
oxygen (O;) and two nutrients; nitrate (NO3) and phosphate
(PO4), which are linked throughyexchanges with the bio-
logical variables by Redfield stoichiometry (Rp.y = 1/16,
Ro.ny = 170/16, Rp.p.=/170). The biological variables
include two classes of phytoplankton, nitrogen-fixing Diaz-
otrophs (Pp), and otherphytoplankton (Py), as well as
zooplankton (Z) and particulate detritus (D); all biological
variables are expressed in units of mmol nitrogen per m.
Although very simple, this ecological structure captures the
essential dynamic of competition for phosphorus highlighted
by Tyrell [1999], in which phytoplankton capable of rapid
growth using available nutrients (Py) are pitted against slow
growers capable of fixing their own supply of nitrogen (Pp).

[29] Each variable changes its concentration C according
to the following equation:

aC
- =T+S Al
5 L +5 (A1)

where T represents all transport terms including advection,
isopycnal and diapycnal diffusion, and convection. S

U

sinking

dD/dz

v
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denotes the source minus sink terms, which describe the 656
biogeochemical interactions as follows:

S(PO4) = (MDD + /L;PO + ’}/ZZ — JOP0 — JDPD)RP:N

S(NO3) = (uDD + /L}EP() —+ "‘/ZZ — J()P() — MNJDPD)

- (1= 0.8RoNTYT)

SOxX

S(Po) = JoPo — 1fPo — G(Po)Z — upyP?

S(PD) = JDPD — G(PD)Z — ,uPPD
S(Z) = 11[G(Po) + G(Pp)|Z — 1,Z — i, 7*

S(D) = (1 = 7,)[G(Po) + G(Pp)|Z + upPp + 1pyPp

+ p,2* — ppD — wpdD/ 0z

S(02) = Fy, — S(PO,)
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Figure A2. (right) ‘Surface distributions of nutrients in the control simulation compared to (left)
observations from the World; Ocean Atlas 2001. N* = NO; — 16*PO,4 + 3 indicates the influence of
denitrification and mitrogen fixation [Gruber and Sarmiento, 1997]. Units are mmol m—>. The model
captures the major features of the observed surface nutrient distributions such as high values at high
latitudes andwin_the eastern equatorial Pacific. Denitrification in the eastern equatorial Pacific is
overestimated as indicated by too low values of N*. However, the general distribution of N* in the
observations, €.g., higher values in the warm pool of the west Pacific and east Indian Ocean as well as in
the subtropical North Atlantic and lower values in the east and North Pacific and Southern Ocean, are

reproduced by the model.

Grazing of phytoplankton by zooplankton is denoted by
G(P,) and calculated as described by Schmittner et al.
[2005b]. The fraction +, is ingested, whereas (1 — 7;)
represents sloppy feeding, which is directly converted to
detritus. The function J, = J(I, NO;, PO,) provides the
photosynthetic growth rate of nondiazotrophic phytoplank-
ton, determined from irradiance (/), NO3 and POy,

J(I,NO3,PO4) = min(Jor, Jomaxtn, Jomaxttp),  (A9)
The maximum, nonlimited growth rate is dependent on
temperature (T):

Jomax = abcr (A]O)

such that growth rates increase by a factor of ten over the
temperature range of —2° to 34°C. We use a = 0.11 day
for the maximum growth rate at 0°C which was tuned to
optimize surface nutrient concentrations. Under nutrient-
replete conditions, the light-limited growth rate Jo; is
calculated according to

J O max al
2
[ mes + (1))

where « is the initial slope of the photosynthesis versus
irradiance (P-I) curve. The calculation of the photosynthe-
tically active shortwave radiation / and the method of
averaging equation (Al13) over one day is given by

Jor = (Al1)

1/2
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Observations

NOz (mmol/m?)

Figure A3. Nitrate versus phosphate’from (top) observa-
tions interpolated on the modelgrid and from (bottom) the
control simulation of the model. The greentline corresponds
to N* = 3. Blue symbols denote ‘suboxic water (O, <
10 uM). The good linear correlation between NO; and PO,
in the observations is well reproduced’by the model as well
as the fact that most grid points have a lower N* then 3
(above the green line). Owing to overestimated denitrifica-
tion in the model some gridspoints display very low N*,
which is not observedin/the real ocean.

Schmittner et al. [2005b]. Nutrient limitation is represented
by the product of Jonax and the nutrient uptake rates, uy =
NO3/(kny + NO3) and up = PO4/(kp + PO,) providing the
respective nutrient uptake rates.

[30] Diazotrophs grow according to the same principles as
the other phytoplankton, but are disadvantaged in nitrate-
bearing waters by a lower maximum growth rate, Jpmax,
which is zero below 15°C:

Ipmax = cpmax [0, a (b — b15°C)] (A12)

The coefficient ¢ handicaps diazotrophs by dampening the
increase of their maximal growth rate versus that of other
phytoplankton with rising temperature. We use ¢p = 0.5,
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such that the increase per °C warming of diazotrophs is 50%
that of other phytoplankton. However, diazotrophs have an
advantage in that their growth rate is not limited by NO;
concentrations:

JD(Ia PO4) = min(JD]aJDmaqu)7 (A13)
although they do take up NOj if it is available (see term 5 in
the right-hand side of equation (A3)). The N:P of model
diazotrophs is equal to other phytoplankton (16:1).
Although there is evidence that the best studied diazotrophs
of the genus Trichodesmium can have much higher N:P [e.g.,
Sanudo-Wilhelmy et al'; 2004], the more abundant unicellular
diazotrophs are uncharacterized [Montoya et al., 2002] and
for simplicity of.interpretation we opted to keep the N:P of
both phyteplankton groups identical. However, we will
develop a ‘model version with increased N:P ratios of
diazotrophs and estimate the sensitivity of the model
response torthe uncertainty associated with this parameter
during the project.

[31]. The first-order mortality rate of phytoplankton is
linearly dependent on their concentration, Po,. DOM and
the microbial loop are folded into a single fast remineral-
ization process, which is the product of P, and the
temperature-dependent term p*p = pp - b7, Diazotrophs
do not undergo this fast remineralization, but die at a
linear rate.

[32] Detritus is generated from sloppy zooplankton feed-
ing and mortality among the three classes of plankton, and
is the only component of the ecosystem model to sink. It
does so at a speed of

wp=7md ' +4x1072d'z, (A14)

increasing linearly with depth z from 7 m d ™" at the surface
to 220 m d ' at 5 km depth, consistent with observations
[Berelson, 2002]. The remineralization rate of detritus is
temperature-dependent and decreases by a factor of 5 in
suboxic waters, as O, decreases from 5 M to 0 puM:

fip = fpob’[0.65 4 0.35 tanh(O, — 6)] (A15)
Remineralization returns the N and P content of detritus to
NO;3 and PO,. Photosynthesis produces oxygen, while
respiration consumes oxygen, at rates equal to the
consumption and remineralization rates of POy, respec-
tively, multiplied by the constant ratio Rp.p. Dissolved
oxygen exchanges with the atmosphere in the surface layer
(Fy) according to the OCMIP protocol.

[33] Oxygen consumption in suboxic waters (<5 puM) is
inhibited, according to

r92 = 0.5[tanh(O, — 5) + 1] (A16)

but is replaced by the oxygen-equivalent oxidation of
nitrate,

ri03 = 0.5[1 — tanh(O, — 5)]. (A17)
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(a) observat

Denitrification consumes nitrate at a rate of 80% of the
oxygen equivalent rate, as NOs is a more efficient oxidant
on a mol per mol basis (i.e., one mol of NO5 can accept 5¢~
while 1 mol of O, can accept only 4¢). Note that the model
does not include sedimentary denitrification, which would
provide a large and less time-variant sink for fixed nitrogen.
Because sedimentary denitrification would not change the
qualitative dynamics of the model’s behavior, but would
slow the integration time, it is not included in the version
presented here.

[34] The model is integrated for several thousand years
until it approaches equilibrium. The global nitrate inventory
is variable and its equilibrium value depends on the growth
rates of diazotrophs (not shown). The model captures the
basic features of the observed phosphate versus nitrate
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distributions (Figures A2 and A3). The distribution of 769

diazotrophs (Figure A4) is reasonably consistent with

770

observations and similar to the more complex model of 771

Moore et al. [2004]. The pattern and strength of nitrogen
fixation in the Pacific is similar to observation-based
estimates [Deutsch et al., 2001, 2007] with maxima in the
northern and southern tropical/subtropical Pacific and a
minimum along the equator. In summary, despite a few
shortcomings, the model represents major features of the
observed oxygen, phosphate and nitrate distributions.
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