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Glacial greenhouse-gas fluctuations controlled by
ocean circulation changes
Andreas Schmittner1 & Eric D. Galbraith2

Earth’s climate and the concentrations of the atmospheric green-
house gases carbon dioxide (CO2) and nitrous oxide (N2O) varied
strongly on millennial timescales during past glacial periods. Large
and rapid warming events in Greenland and the North Atlantic
were followed by more gradual cooling, and are highly correlated
with fluctuations of N2O as recorded in ice cores. Antarctic tem-
perature variations, on the other hand, were smaller and more
gradual, showed warming during the Greenland cold phase and
cooling while the North Atlantic was warm, and were highly corre-
lated with fluctuations in CO2. Abrupt changes in the Atlantic
meridional overturning circulation (AMOC) have often been
invoked to explain the physical characteristics of these
Dansgaard–Oeschger climate oscillations1–3, but the mechanisms
for the greenhouse-gas variations and their linkage to the AMOC
have remained unclear4–8. Here we present simulations with a
coupled model of glacial climate and biogeochemical cycles, forced
only with changes in the AMOC. The model simultaneously repro-
duces characteristic features of the Dansgaard–Oeschger temper-
ature, as well as CO2 and N2O fluctuations. Despite significant
changes in the land carbon inventory, CO2 variations on millennial

timescales are dominated by slow changes in the deep ocean invent-
ory of biologically sequestered carbon and are correlated with
Antarctic temperature and Southern Ocean stratification. In contrast,
N2O co-varies more rapidly with Greenland temperatures owing to
fast adjustments of the thermocline oxygen budget. These results
suggest that ocean circulation changes were the primary mecha-
nism that drove glacial CO2 and N2O fluctuations on millennial
timescales.

Our model simulates the coupled ocean–atmosphere–sea-ice–
biosphere system9; it includes a dynamic terrestrial vegetation and
carbon cycle model10, and a three-dimensional ocean general circula-
tion model with 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 (Methods).
The model is forced by varying idealized freshwater perturbations to
the North Atlantic (Fig. 1), mimicking surrounding ice-sheet fluctua-
tions. We note that the simulations are idealized, in that the true
forcing behind Dansgaard–Oeschger (D-O) cycles remains unknown.
The model forcing is thus arbitrary and was chosen only to trigger
AMOC variations.
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Figure 1 | Model simulations of glacial climate and greenhouse-gas
fluctuations. The five model sensitivity runs differ in the length (yellow,
400 years; green, 700 years; blue, 1,100 years; and red, 1,700 years) of the
simulated stadial (cold phase in Greenland). a, Time series of (from top)
freshwater forcing, AMOC, Greenland surface air temperature (SAT), ocean

N2O production (left scale) and atmospheric N2O concentration (right
scale). b, Time series of global fraction of preformed nutrients (left scale) and
corresponding changes in atmospheric pCO2

according to the simple theory22

(right scale), Antarctic SAT, and atmospheric CO2 simulated by the complex
model. Red lines correspond to the simulation shown in Figs 2 and 3.
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In response to the forcing, sinking of North Atlantic Deep Water
(NADW) stops and the AMOC rapidly spins down from 13 Sv
(1 Sv 5 106 m3 s21) at model year 0 to almost 0 Sv after 100 years.
Five sensitivity experiments have been conducted to assess the influ-
ence of the duration of the AMOC oscillations. In four experiments,
the AMOC is switched back on after 400, 700, 1,100 and 1,700 years,
respectively. In one experiment, it remains turned off (black lines,
Fig. 1). The modelled climatic response, including rapid cooling in
the North Atlantic and gradual warming in the Southern
Hemisphere, is caused by reduced northward heat transport in the
Atlantic, as described in detail elsewhere11,12. It is qualitatively con-
sistent with reconstructions but quantitatively underestimates the
surface air temperature changes over Greenland and Antarctica, pre-
sumably owing to missing atmospheric dynamics. The experiments
were not designed to reproduce any particular observed event. We
choose the time period from 50 to 45 kyr before present (BP) for the
comparison in Fig. 2 because the duration of the stadial phase corre-
sponds well to one of our experiments.

After the AMOC collapse (following year 0), marine N2O produc-
tion rapidly decreases by 40% to less than 1.8 Tg N yr21 during year
600 (Fig. 1). Figure 3 shows that N2O production decreases almost

everywhere in the global ocean except for the North Atlantic. The
decrease is largest in the low-oxygen regions of the eastern tropical
Pacific and the northern Indian Ocean, but it is also noticeable in the
North Pacific and elsewhere. Decreased productivity13 and better vent-
ilation of thermocline waters lead to increasing subsurface oxygen
concentrations, reducing Indo-Pacific N2O production14. Simulated
N2O concentrations co-vary strongly with Greenland temperatures
with little time lag (,100 years), consistent with the palaeorecord15.
Modelled N2O amplitudes are 15–40 parts per billion by volume
(p.p.b.v.), and larger over longer stadials. This is in excellent agreement
with ice-core data15 (Fig. 2 inset) and consistent with the earlier find-
ing15 that N2O increases are larger for longer interstadials, which gen-
erally follow longer stadials (see also Supplementary Note). After the
rapid contemporaneous increases in simulated Greenland tempera-
tures and N2O concentrations, they remain constant, in contrast to
observations, owing to the idealized forcing applied (Supplementary
Fig. 3) and the lack of atmospheric and ice-sheet variability. Despite
this difference, the simulated N2O concentrations and Greenland tem-
peratures remain highly correlated, consistent with the observations.

The amplitude of our simulated N2O variability is much larger
than that found in a previous study (10 p.p.b.v.) that used a zonally
averaged ocean model8. As noted above, the simulated N2O produc-
tion changes show a strong zonal structure and, together with the
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Figure 2 | Example of millennial changes in climate and greenhouse gases
as recorded in polar ice cores from 45 to 50 kyr BP in comparison with model
simulation. a, Ice-core records; b, model. Light blue shading indicates the
stadial (cold in Greenland) phase following D-O interstadial 13 and
immediately followed by rapid warming into D-O interstadial 12. This
stadial coincides with an event of widespread ice-rafted debris in North
Atlantic sediments (Heinrich event H5). In a, Greenland observations
include d18O (ref. 28; temperature proxy) and N2O concentrations15;
Antarctic records include d18O (Dronning Maud Land29, grey, and Byrd17,
black), and CO2 (Taylor Dome30) on the age scale of ref. 24, shifted from the
GISP2 age scale by 1.8 kyr to synchronize with the NGRIP age scale
(Supplementary Information). In b, model output shows imposed North
Atlantic freshwater forcing, temperature changes over Greenland
(50u–30uW, 68u–78uN), atmospheric CO2 and N2O, and surface air
temperature over Antarctica (68u–78u S). Inset, amplitude of N2O changes
versus the duration of corresponding stadials, from two ice-core records
following ref. 15 (blue), and from four model simulations (orange).
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Figure 3 | Simulated ocean production of N2O. a, During the interstadial at
year 0; b, during the stadial at year 600; and c, the difference (year 600 minus
year 0).
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nonlinear dependence of N2O production on oxygen concentrations,
suggest that a zonally averaged model leads to a systematically biased
underestimate. Sensitivity tests showed that the simulated amplitude
is insensitive (,5%) to parameter uncertainties within their 1s range
of the empirical N2O production equation16, and that it is only mod-
erately sensitive to the glacial ratio of marine to terrestrial N2O pro-
duction. Decreasing this ratio from 1/3 to 1/4 causes only a 15%
reduction of the N2O amplitude.

Methane variations on millennial timescales testify to changes in
terrestrial systems during D-O events17, which presumably also
altered N2O production rates to some degree. However, the history
of N2O changes recorded in ice cores is markedly different from that
of methane15, and the fact that our model can reproduce the correct
amplitude of the glacial N2O variations shows that changes in ocean
sources could have dominated glacial variability of atmospheric N2O
on millennial timescales, obviating the need to invoke large changes
in the terrestrial N2O source15,18.

The simulations also resolve a puzzling feature of the N2O obser-
vations. Reference 15 notes that for long D-O oscillations, N2O
begins to increase before the rapid warming in Greenland, suggesting
a lead and potentially a causal relationship for the AMOC resump-
tions. The simulations show a comparable lead, but our experimental
set-up precludes N2O effects on climate and hence N2O variations
cannot influence the model AMOC. Rather, the recovery of N2O is
related to the long-term adjustment of the upper-ocean nitrate and
oxygen inventories after the AMOC collapse. After the initial
decrease, upper-ocean nutrient levels and global productivity climb
after year 600 (Supplementary Fig. 3), followed closely by N2O pro-
duction. Most of this increase occurs in the North Atlantic and Arctic
oceans, as nutrient inventories in these basins slowly adjust to the
altered circulation.

In contrast to N2O, simulated CO2 concentrations increase slowly
by about 25 p.p.m.v., on a millennial timescale, after the AMOC shuts
down (Fig. 1), and decrease again only after the AMOC has resumed,
co-varying strongly with Antarctic temperature and ventilation in
the Southern Ocean19. Despite an increase in terrestrial carbon on
a millennial timescale, atmospheric CO2 increases owing to a
larger-amplitude decrease in the marine carbon inventory
(Supplementary Fig. 1). This occurs despite a small increase in the
solubility of CO2 in the oceans4,19, through a much larger reduction in
the global efficiency of the oceanic biological pump, a mechanism
which can be most clearly understood through the change in the
ocean preformed nutrient inventory20. When surface waters in
regions with high nutrient concentrations—principally the
Southern Ocean—sink into the ocean interior, the capacity of those
unutilized (preformed) nutrients to sequester carbon via the bio-
logical pump goes unrealized (Supplementary Fig. 2). In contrast,
when nutrient-depleted waters from the subtropical Atlantic flow
north to sink as NADW, they entrain relatively little preformed nutri-
ents, thereby encouraging a higher efficiency of the biological
pump21. A recently proposed theory quantitatively links changes in
the atmospheric partial pressure of CO2 (pCO2

, in p.p.m.v.) to
changes in the preformed fraction (Ppref/Ptot) of the global nutrient
inventory22: DpCO2

~312|DPpref=Ptot (see Methods).
The quantity Ppref/Ptot is closely correlated with pCO2

in our simula-
tions (Fig. 1), increasing from 62% to more than 72% on a millennial
timescale. The simple theory yields pCO2

changes of ,30 p.p.m.v.,
somewhat overestimating the changes simulated by the complex
model. The discrepancy arises mostly from simulated changes in land
carbon, which decreases during the first 250 years, giving rise to the
rapid initial increase in atmospheric CO2 by 5 p.p.m.v., before revers-
ing sign to gradually damp the long-term pCO2

increase
(Supplementary Fig. 1; see Supplementary Information for a discus-
sion on uncertainties in land carbon simulations).

During the simulated shutdown of the AMOC, two factors con-
spire to cause the decreased efficiency of the biological pump, both
of which relate to the volumetric contributions of water mass

end-members to the ocean interior. First, diminished input of low-
preformed-nutrient NADW to the deep ocean causes the ocean
interior to gradually become more dominated by the high-
preformed-nutrient waters of the Southern Ocean. Second,
weakened Southern Ocean stratification, caused by reduced input
of salt to the deep waters via NADW, allows more rapid production
of waters with high preformed nutrients19.

Modelled pCO2
variations (Fig. 1) are ,25 p.p.m.v. for long D-O

oscillations, consistent with ice-core data23,24, and smaller for shorter
oscillations, in agreement with previous results19. The simulation of
small-amplitude pCO2

changes during short D-O oscillations, which
are likely to have been more influenced by terrestrial processes, can-
not currently be evaluated because of the coarse time resolution of
available pCO2

data, but may be testable in the future as higher reso-
lution data become available23. However, the simulated decrease of
pCO2

after the abrupt warming in Greenland is clearly faster than
observed (Fig. 2; see also ref. 23). This discrepancy points to processes
not captured by the model, such as the impact of wind-shift-induced
precipitation changes on vegetation and land carbon storage4 and/or
ocean–sediment interactions, and indicates that more work needs to
be done in order to fully reproduce the observed evolution of glacial
CO2 fluctuations on millennial timescales.

The simulations point to an important mechanistic contrast
between the oceanic control on these two greenhouse gases (CO2

and N2O), explaining how contrasting atmospheric histories15,23

can be generated through a unified oceanic process. The partial pres-
sure of CO2 gradually increases after the interstadial–stadial trans-
ition owing to release of carbon from the intermediate and deep
ocean, related to changes in the global effectiveness of the biological
pump19. The stadial decrease of N2O, on the other hand, is much
faster because it is controlled by adjustments of upper-ocean oxygen
cycling. Our results emphasize the role of ocean circulation and
biogeochemical cycling for atmospheric greenhouse-gas concentra-
tions. Given model projections of slowing AMOC25, and suggestions
that the current ocean sink for carbon is already decreasing26 and that
the ocean source of N2O might increase in the future9, further pro-
gress in understanding ocean biogeochemical cycles will be required
to refine the quantification of climate sensitivity to anthropogenic
forcing.

METHODS SUMMARY
A two-dimensional (vertically averaged) energy-moisture-balance atmospheric

model, including prescribed seasonally varying winds, provides a thermodyna-

mically consistent solution for land–ocean surface conditions, without the com-

putationally demanding requirements of a complex three-dimensional

atmosphere. The model is well tested, and the ocean biogeochemical tracer

distributions are in good agreement with observations when integrated under

present-day conditions9. To improve comparison with the palaeorecord, we

simulate aspects of the glacial climate by (1) prescribing land surface conditions

in the presence of Northern Hemisphere (Laurentide and Fennoscandian) ice

sheets27 (that is, albedo, topography, no vegetation), and (2) increasing the

outgoing long-wave radiation at the top of the atmosphere by 2.4 W m22 (a

simple approximation of reduced atmospheric greenhouse-gas concentrations).

See Supplementary Information for details of the simulation of the glacial back-

ground climate.

Marine N2O production was calculated from simulated oxygen concentra-

tions and oxygen consumption rates using an empirical formula (equation (8) of

ref. 16) that reflects both nitrification and denitrification pathways of N2O
production. N2O production increases nonlinearly with decreasing oxygen con-

centrations, with most production in the oxygen-depleted regions of the ther-

mocline in the eastern tropical Pacific and the northern Indian Ocean (Fig. 3).

Terrestrial N2O production and the stratospheric sink were assumed constant.

See Supplementary Information for more details of the N2O calculation.

The remineralized nutrient concentration is given by Premi 5 AOU 3 RP:O,

where AOU is the apparent oxygen utilization (AOU 5 O2
sat 2 O2), O2 is the

dissolved oxygen concentration in sea water, O2
sat is the temperature dependent

oxygen saturation concentration, and RP:O is a (constant) phosphorous to oxy-

gen ratio. The efficiency of the biological pump can be expressed as the biologic-

ally sequestered fraction of the total nutrient inventory, Premi/Ptot 5 1 2 Ppref/

Ptot.
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