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EarthOs climate and atmospheric gredouse gases varied dramatically on
millennial time scales duringpast glacial periods, providing an important test bed
for understanding the dynamical links thatwill control the response of the Earth
system to ongoing and future anthropogenic perturbations. The Dansgaard-
Oeschger (D-0) oscillations were charaerized by coupled, but contrasting,
temperature changes in Greenland and Antactica, accompanied by fluctuations in
the concentrations of atmospheric carbon dioxide (C€) and nitrous oxide (NO) as
recorded in ice cores. Abrupt changes the Atlantic Meridional Overturning
Circulation (AMOC) have often been invokedto explain the physical characteristics
of the D-O oscillations, but the mechanisms for the greenhouse gas variations and
their linkage to the AMOC have remained uncleaf™. Here we present simulations
with a coupled model of glacial climate ad biogeochemical cycles, forced only with
AMOC changes. The model simultaneously mroduces characteristic features of the
D-O temperature, CO, and N,O fluctuations. Despite gynificant changes in land
carbon, CO, variations on millennial time scalesare dominated by slow changes in

the deep ocean inventory of biologicallyequestered carbon and are correlated to



Antarctic temperature and Southern Ccean stratification. In contrast, O co-
varies more rapidly with Greenland temperadures due to fast adjustments of the
thermocline oxygen budget. The results suggestat ocean circulation changes were
the primary mechanismthat drove glacial CO, and N,O fluctuations on millennial
time scales, underscoring the importance afcean biogeochemistry for projections

of future climate change.

Our model simulates the coupled ocean-atmosphere-sea ice-biospher, sysheaing

a dynamic terrestrial vegéimn and carbon cycle modeind a three-dimensional ocean
general circulation modelitthh ocean ecosystem dynamics and cycling of nitrogen,
phosphorous, oxygen and carbon. The model uses a simple, energy-balance atmosphere
and was run under glacial conditions (metho@ee model is forced by varying idealized
freshwater perturbations tbe North Atlantic (Figure 1), mimicking surrounding ice

sheet fluctuations. We note that the simolasi are idealized, in that the true forcing

behind D-O cycles remains unknown. The moddtifa is thus arbitrary and was chosen

only to trigger AMOC variations.

In response to the forcing, sinking of NoAtHantic Deep Water (NADW) stops and the
AMOC rapidly spins down from 13 Sv (1 Sv =*18%s) at model year 0 to almost 0 Sv
after 100 years. Five sensitivity experimentgenbeen conducted to assess the influence
of the duration of the AMOC oscillationks four experiments the AMOC is switched
back on after 400, 700, 1100 and 1700 years, régphc In one experiment it remains

turned off (black lines, Figure 1). The modkldimatic response, including rapid cooling



in the North Atlantic and gradual warmingthe Southern Hemisphere, is caused by
reduced northward heat transport in th&aAtic as described in detail elsewleteis
gualitatively consistent witheconstructions but quantitagily underestimates the surface
air temperature changes over Greenlandfartdrctica, presumably owing to missing
atmospheric dynamics. The experiments weredesigned to repduce any particular
observed event. We choose D-O event 12 for the comparison in Figure 2 because the

duration of the preceding stadial phase cpwesds well to one of our experiments.

After the AMOC collapse (following year 0), maring®lproduction rapidly decreases
by 40% to less than 1.8 Tg N/yr during year 600 (Figure 1). Figure 3 showsthat N
production decreases almost everywherdéglobal ocean except for the North
Atlantic. The decrease is last in the low oxygen regions thfe eastern tropical Pacific
and the northern Indian Ocean, but iaiso noticeable in the North Pacific and
elsewhere. Decreased productiVignd better ventilation ahermocline waters lead to
increasing subsurface oxygen corteations, reducing Indo-Pacific® productior.
Simulated NO concentrations co-vary strongly wiireenland temperatures with little
time lag (~100 years), consistent with the paleo rétobdeled NO amplitudes are
15-40 ppbv, and larger over longer stadials. T$hia excellent agement with ice core
datd’ (Figure 2, inset) and consistenith the earlier finding of ref'{) that NO increase
is larger for longer interstaals. The amplitude of ourd® simulation is much larger than
that found in a previous study (10 ppbv) using a zonally averaged ocean.msdsbted
above, the simulated,® production changes show a straogal structure and, together

with the non-linear dependence ofproduction on oxygen concentrations, suggest



that a zonally averaged model leads tosesyatically biased underestimate. Sensitivity
tests showed that the simulated amplitudagsnsitive (< 5%) to parameter uncertainties
within their 1 range of the empirical #0 production equatidf and that it is only
moderately sensitive to the glaciatio of marine to terrestrial J production.

Decreasing this ratio from 1/3 to4l¢auses only a 15%dection of the NO amplitude.

Methane variations on millennial time scalestify to changes in terrestrial systems
during D-O event§, which presumably also altered® production rates to some
degree. However, the history of®l changes recorded in ice cores is markedly different
than that of methan and the fact that our model caproduce the correct amplitude of
the glacial NO variations shows that changes in ocean sources could have dominated
glacial variability of atmospheric J® on millennial time scales, obviating the need to

invoke changes in the terrestriaisource***

The simulations also resolve a puzzling feature of #@ dbservations. Ref! notes that
for long D-O oscillations BD begins to increadegeforethe rapid warming in Greenland,
suggesting a lead and potentially a causiationship for the AMOC resumptions. The
simulations show a comparable lead, but experimental set-up precludegINeffects
on climate and hence, variations cannot influence the model AMOC. Rather, the
recovery of NO is related to the long-term adjosnt of the upper ocean nitrate and
oxygen inventories after the AMOC collapgdter the initial cecrease, upper ocean

nutrient levels and global productivityimab after year 600 (not shown), followed



closely by NO production. Most of this increase ocgin the North Alantic and Arctic

oceans, as nutrient inventories in these badowly adjust to the altered circulation.

In contrast to MO, simulated C@concentrations increase slowly by about 25 ppmv, on a
millennial time scale, after the AMOC shddwn (Figure 1) and decrease again only after
the AMOC has resumed, co-varying strongijhwAntarctic temperatre and ventilation

in the Southern Oce&h Despite an increase in terrestrial carbon on a millennial time
scale, atmospheric Gncreases due to a larger-amplituberease in thhmarine carbon
inventory (Figure S1 in the supplementarytenial). This occurs through a reduction in
the global efficiency of the oceanic biologl pump, a mechanism which can be most
clearly understood through the changéhie ocean preformed nutrient inventSryVhen
surface waters in regions with high nutrieohcentrations D principally the Southern
Ocean D sink into the ocean interiog tapacity of those unutilized (preformed)

nutrients to sequester carbon via thedgatal pump goes unrealized (Fig. S2). In
contrast, when nutrient-depleted waters fitwa subtropical Atlantic flow north to sink

as NADW, they entrain relatively little p@imed nutrients, thereby encouraging a higher
efficiency of the biological purdp. A recently proposed theory quantitatively links
atmospheric C@changes to changes in the preformed fractji R, of the global

nutrient inventory® , " pCQ, = 312 ppmv 4Pyf/Piot (Se€ methods).

Poref Piot IS closely correlated to pG@n our simulations (Fig. 1), increasing from 62% to
more than 72% on a millennial time scale. The simple theory yields gi&@ges of ~30
ppmv, somewhat overestimating the changjenulated by the complex model. The

discrepancy arises mostly from simulated changes in land carbarhich decreases



during the first 250 years, giving rise teetrapid initial increasin atmospheric C£by 5
ppmv, before reversing sign toagiually dampen the long term p&icrease (Fig. S1).
We note that the response qf i€ model-dependent, with pronounced sensitivities to
atmospheric forcing and the background clifiaté therefore remaining uncertain. In
contrast, the regularity dfe relationship between pG@nd Southern Ocean
temperatures through multiple D-O events gives strong support to our oceanic
mechanism, which is relatively insensitivebackground climate state. The response
time of G to the rapid atmospheric forcingtime order of decades to centufie¥ and
thus much shorter than that of the ocddrus, the millennial time scale of the observed
pCQ;, variations indicates an oceanic macism. Our model does not simulate wind
changes and associated precipitation variatiBetated vegetation changes, particularly
in the tropics due to shifts of the inteppical convergence zone are therefore not
represented in our simulations. In théuhe, carbon isotope measurements on pCO
might provide more direct constraints on thsttiies of oceanic vaus terrestrial carbon

pools.

During the simulated shutdown of the AMQO@o factors conspire to cause the
decreased efficiency of the biological ppinboth of which relate to the volumetric
contributions of water mass end-members toottean interior. First, diminished input of
low-preformed nutrient NADW to the deep onezauses the ocean interior to gradually
become more dominated by the high-preformetitient waters of the Southern Ocean.
Second, weakened Southern Ocean straiificataused by reduced input of salt to the

deep waters via NADW, allows more rapicbduction of waters with high preformed



nutrient$®. A reviewer (R. Toggweiler) speculatedththis could provide a key piece in
the puzzle of glacial-interglacial pG®hange in the framework of réf) by illustrating

a mechanism for recurring small (~25 ppmv) p&@riations. These could have then
produced the full glacial-intergtial cycles through theirt@raction with the long term
adjustment between terrestrial weathering, volcanig l&{@ase, and calcium carbonate
sedimentation. Indeed, the modeled seqaat events arising from the AMOC
shutdown is consistent with deep ocean akegnvariations dung the first deglacial

stadial-interstadial oscillation (Heinrich Event 1 and Bolling-Alletdd)

Modeled pCQ variations (Fig. 1) are ~25 ppnfer long D-O oscillations, consistent
with ice core dat&?® and smaller for shorter oscillatis in agreement with previous
results®. The simulation of small-amplitude pGéhanges during short DO oscillations,
which are likely to have been more infleea by terrestrial paesses, cannot currently
be evaluated because of the codirse resolution of available pG@ata, but may be
testable in the future as higher resolution data become av#ilatbevever, the
simulated decrease of pg@fter the abrupt warming in €enland is clearly faster than
observed (Figure 2, see also fé¥. This discrepancy points processes not captured by
the model such as the impact of wind sméluced precipitatiochanges on vegetation
and land carbon storagand/or ocean-sediment intetiaos, and indicates that more
work needs to be done in order to fulgproduce the observedatution of glacial CQ

fluctuations on millennial time scales.



The simulations point to an important meak#a contrast between the oceanic control
on these two greenhouse gases, explaingvg contrasting atmospheric histofie€ can
be generated through a unified oceanic process; g@@dually increases after the
interstadial-stadial transition owing to rage of carbon from thetermediate and deep
ocean related to changes in the glatectiveness of the biological pufipThe stadial
decrease of O, on the other hand, is much fadiecause it is controlled by adjustments
of upper-ocean oxygen cycling. Our results enspteathe role of ocean circulation and
biogeochemical cycling for atmospheriegnhouse gas concentrations. Given model
projections of slowing AMO€, suggestions that the cant ocean sink for carbon is
already decreasiAand that the ocean source afNmight be increasing in the futre
further progress in understanding ocean biolgeoucal cycles will be required in order

to refine the quantificatimof climate sensitivity to anthropogenic forcing.
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Figure captions

Figure 1: Model simulations of glacial clate and greenhouse gas fluctuations. The five
model sensitivity runs differ in the lengbh the simulated stadial (cold phase in
Greenland). Time series of (from top )dfieshwater forcing, AMOC, Greenland surface
air temperature (SAT), ocean® production (left scale) and atmospherig©ON
concentration (right scaleglobal fraction of preformed nutrients (left scale) and
corresponding changes in atmospheric p@cording to the simple thedfyAntarctic

SAT, and atmospheric G@imulated by the complex model. Red lines correspond to the

simulation shown in Figures 2 and 3.

Figure 2: Example of millennial changesciimate and greenhouse gases as recorded in
polar ice cores around DO event 12 (lefttamparison with model simulation (right).
Greenland observations inclut0 2° (temperature proxy) and,® concentratiorts.
Antarctic records includ&'®0 (Dronning Maud Larfd, grey, and Byrtf, black), and

CO, (Taylor Domé®) on the age scale 6% shifted by 1.7ky in order to synchronize with
the NGRIP age scale using the rapid meghaorease associated with DO 12. Model

output shows imposed North Atlantic fhegater forcing, temperature changes over

12



Greenland (50WV-30;jW, 68 N-78;N), atmospheric C&@and NO, and surface air
temperature over Antarctica (878 S). Inset panel: amplitude o8 changes vs. the
duration of corresponding stadiaflsym two ice core records following(blue), and from

four model simulations (orange).

Figure 3: Simulated ocean production efdN\during the interstadialt year O (top),

during the stadial at year 600 (center) areddtiference (year 600 minus year 0, bottom).

Methods

A two-dimensional (vertically averaged)ergy-moisture-balance atmospheric model,
including prescribed seasonally varyinghds, provides a thermodynamically consistent
solution for land-ocean surface conditiomghout the computationally-demanding
requirements of a complex three dimensi@talosphere. The model is well tested and
the ocean biogeochemical tracer distributions are in good agreement with observations
when integrated under present-day condifiolmsorder to improve comparison with the
paleo record, we simulate aspects ofglaeial climate by prescribing (1) land surface
conditions in the presence of northern rgrhiere (Laurentidand Fennoscandian) ice
sheet?’ (i.e. albedo, topography, no vegetatiand (2) decreasing the outgoing long
wave radiation at the top-of-the-atmosphere by 2.4 3Mdrsimple approximation of
reduced atmospheric greenhouse gas corat@nts. These changeesult in globally
averaged surface air being 3 K cooler thath@pre-industrial simulation. This is less
than the 4-7 K cooling estimated for the Last Glacial Maxiffubut consistent with

intermediate glacial conditiortiuring Marine Isotope Stade(60-25 ka before present).

13



Physically forced changes in marine anudstrial carbon cycles result in a modeled
glacial atmospheric C{roncentration of 255 ppmvbaut 25 ppmv lower than the
present-day solution, but significantly highlean the observed glacial concentrations
(180-220 ppmv). This discrepancy suggesas ginocesses not included in the model,
such as changes in aeolian iron supply andteractions with ocean sediments, are
important on those longer giatinterglacial time scalés Here we assume that these

processes are not important on millennial time scales.

Marine NO production was calculated from silated oxygen concentrations and
oxygen consumption rates using anpémoal formula (eq. 8 of ref?) that reflects both
nitrification and denitrication pathways of pO production. NO production increases
non-linearly with deaasing oxygen concentrations, wittost production in the oxygen-
depleted regions of the thermocline in theteastropical Pacificrad the northern Indian
Ocean (Figure 3). The model prediatglobal pre-industrial marine,® production of

3.7 Tg N/ yr, which is at the lower enfithe range of observation based estinfatésin
the OglacialO simulation, oceani® Nroduction is decreased B2% to 2.9 Tg N/yr due
to increased oxygen solubility colder water, consisté with marine sediment
evidencé. Terrestrial NO production, which is a poorlyaderstood function of soil
moisture and oxygenation, is not explicitly mtate Instead, to calculate the effect of
changes in marine production on atmosphesl© Noncentrations we assume a constant
terrestrial source twice the size of the oceanigrce at year 0 (as estimated for present
day), a constant atmospherietime of 120 years, initial XD concentrations of 250

ppbv, and an instantaneous leta between oceanic andrestrial sources and the
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atmospheric sink. Since we calculate atmospheii@ dffline its changes do not affect
modeled climate (in contrast to @€hanges). This is warranted because the radiative

effect of the resulting pO changes is small.

The remineralized nutrient concentratiga = AOU*Rp.o is estimated from the
apparent oxygen utilization AOU =,8'D Q, where @**is the temperature dependent
oxygen saturation concentration and assignai constant phosphorous to oxygen ratio
Rr.o0. The efficiency of the biological pymrcan be expressed as the biologically
sequestered fractioneR/Pot = 1 - RyredPiot Of the total nutrient inventory (remineralized

nutrients, Rm).
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