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ABSTRACT
Despite an increasing number of climate simulations showing millennial-scale oscillatory regimes, such as Dansgaard-Oeschger
cycles, the mechanisms behind past abrupt climate changes remain elusive. Based on previous experiments that simulated such
variability under Last Glacial Maximum boundary conditions forced with fixed freshwater snapshots derived from the early last
deglaciation ice sheet history, this papers investigates the Atlantic Meridional Overturning Circulation (AMOC) oscillatory mecha-
nisms under different climate forcings (i.e., different levels of CO2 concentrations and varying orbital parameters). Our results
show that sea ice plays a key role as a pacer, regulating AMOC transitions between strong/interstadial and weak/stadial modes.
At lower CO2 levels sea-ice volume increases and the warm-mode duration is reduced through enhanced summer sea ice melt.
In contrast, higher levels of CO2 lead to thinner sea ice and, in turn, cooler North Atlantic subsurface temperatures and sup-
pressed oscillations. Orbital changes influence seasonality and localized sea ice dynamics, shortening or lengthening strong
AMOC periods based on obliquity variations. These simulations, performed with the HadCM3 general circulation model, show
that small climate changes can impact the existence and shape of oscillations in glacial climates, potentially explaining the vari-
ability in the periodicity and amplitude of Dansgaard-Oeschger cycles and transitions from weak to strong AMOC states.
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CRITICAL INSIGHTS SUMMARY
Sea Ice as the Silent Metronome of Abrupt Climate Change
Sea ice, long considered a passive responder, may in fact set the rhythm of Earth’s most dramatic climate shifts. New
simulations show how subtle shifts in sea ice cover can accelerate, dampen, or even prevent millennial-scale oscilla-
tions—such as Dansgaard-Oeschger cycles that punctuated the last ice age.

At the heart of these abrupt swings lies the Atlantic Meridional Overturning Circulation (AMOC), whose
strength determines how heat is distributed across the North Atlantic. By tweaking levels of atmospheric
carbon dioxide (CO₂) and Earth’s orbital configuration in a general circulation model, this study reveals that
sea ice controls whether the AMOC pulses between weak and strong modes, or locks into stability. Lower
CO₂ fuels thicker ice, shortening warm phases through increased melt, while higher CO₂ thins ice and sup-
presses oscillations. Likewise, orbital shifts alter seasonality, reshaping the timing and intensity of these
transitions.

These findings suggest that the climate’s “window of opportunity” for instability is narrower—and more sensitive
to background conditions—than previously thought. The interplay of ice, salt, and circulation creates a delicate bal-
ance where even minor changes can tip the system toward stability or chaos.

For researchers, this work sharpens the mechanistic link between sea ice and abrupt climate variability, offering a
framework to interpret paleoclimate records. Looking forward, it hints that future ice loss in a warming world could
suppress natural oscillatory modes but amplify the risk of abrupt, irreversible AMOC shifts. In 5–10 years, such
insights may underpin new climate risk assessments, bridging glacial histories with projections of future ocean tip-
ping points.
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1. Introduction

With increasing concern about a tipping point in the
AMOC linked to the unprecedented rate of increase in
atmospheric carbon dioxide [1], we can look to past
abrupt climate changes to gain a better understanding
of these potential ocean processes. During the Last
Glacial period (�115 to 11.7 thousand years ago [ka
BP]), millennial-scale variability in the form of rapid cli-
mate transitions between warm and cold regimes was
observed in surface air temperature proxy records of
Greenland but also experienced worldwide (e.g., [2–4]).
These abrupt climate changes, referred to as
Dansgaard-Oeschger (D-O) cycles, were transitions of
up to 10–15 �C in Greenland [5–7]. D-O cycles are best
documented during Marine Isotope Stage 3 (MIS3;
between 60 and 25 ka BP [8]), where they can be
observed in Greenland ice cores [9–11] and more glo-
bally in proxy records of the Tropics [12,13], North and
South America [13–16], and Eurasia [17,18]. There were
�25 occurrences of D-O cycles during the Last Glacial
Period, with a periodicity of �1500 years [19,20].

Despite decades of research on D-O cycles, uncer-
tainty remains as to the underpinning mechanisms and
drivers of these transitions. There is, however, a large
consensus that the AMOC plays a critical role in the cli-
mate transitions (e.g., [21–26]). The strength and struc-
ture of the AMOC is a key control on the North Atlantic
and Arctic climate. When the AMOC is strong (weak),
more (less) Atlantic heat is transported northward, caus-
ing regional warming (cooling) in the North Atlantic
and surrounding land masses [19]. AMOC strength is
dependent on the stratification of the North Atlantic
main convection site’s water column (i.e., the Labrador
Sea, Irminger Sea, and the Greenland, Iceland, and
Norwegian seas (or GIN seas) [27,28]).

Previous studies have shown that the AMOC
responds to freshwater input into the North Atlantic
from melting icebergs and ice sheets; for example, if
freshwater is discharged into the critical sites of ocean
convection, the circulation strength can be disrupted
(e.g., [29–36]). Iceberg discharge can release large
amounts of freshwater into these regions during
Heinrich events (e.g., [37]), but the timing of such
events does not match the records of abrupt AMOC
weakening [38,39]. Instead, the freshwater source
necessary to trigger AMOC tipping points may have
come from the background melt of the ice sheets of
the Last Glacial Period [40] while the iceberg discharge
provided a feedback mechanism to sustain the weak
AMOC mode [41].

The impact of ice sheet melt on the climate has
been investigated by multiple studies (e.g., [33,41–43]).
However, the sensitivity of abrupt climate changes in
the North Atlantic Ocean to changes in freshwater
fluxes and atmospheric climate forcings [44–49] needs
to be further constrained to find the cause behind

abrupt climate changes in the Quaternary. Climate
modeling groups have investigated what conditions are
required for oscillatory behavior in the AMOC in their
respective models. This initiative has become more and
more successful in recent years (e.g., [50,51], and
experiments referenced by [23]) under a wide range of
parameter values, boundary conditions, and forcings,
including pre-industrial or present-day conditions
(e.g., [52–54]), glacial (Last Glacial Maximum) conditions
(e.g., [50,55,56]) and MIS3 conditions (e.g., [57,58]).
Background climate and initial ocean state are thought
to be important for how responsive ocean circulation is
to a meltwater flux (e.g., whether AMOC is already
strong and deep or weak and shallow [59–62]); there-
fore, the choice of a model’s boundary conditions in
the palaeo setting (e.g., ice sheet geometry, atmos-
pheric trace gas concentrations, or orbital parameters)
can influence the ocean’s sensitivity to freshwater per-
turbation [55,58,63].

Barker and Knorr [64] infer from geological records
that some combinations of background conditions
(trace gases, orbital forcing, ice sheet geometries, ocean
gateways, etc.) create optimal environments for trigger-
ing millennial-scale climate variability, affecting their
frequency and/or amplitude. More specifically, such
conditions are thought to exist when both ice volume
and atmospheric CO2 concentrations are at levels mid-
way between full glacial and warm interglacial. When
the background climate is mid-glacial, CO2 concentra-
tions are not high enough to make the AMOC mono-
stable and strong [53,65,66], and the ice sheets are not
so large that they make the AMOC monostable and
weak [66]. The region in the parameter space where
the AMOC is multi-stable is called the “window of
opportunity.” The climate system may have entered
such a “window of opportunity” at MIS3, facilitating the
establishment of D-O cycles, or may have moved
through a “window of opportunity” during periods of
deglaciation, when ice sheets are melting away and
atmospheric CO2 is rising [64]. This “window of oppor-
tunity” can also move with respect to one variable—
e.g., CO2—with dependence on another—e.g., ice sheet
meltwater [67].

Multiple modeling groups have tested the impact of
atmospheric CO2 and orbital forcings over the course
of the Last Glacial Period on the occurrence of abrupt
climate changes. Climate simulations indicate that oscil-
lations often occur within a narrow range of CO2 con-
centrations (between 185 and 230 ppm [53,57,63,68]),
matching the range under which D-O cycles occurred
during MIS3. In addition, changes in Earth’s orbit are
known to drive glacial terminations throughout at least
the last 800,000 years [69,70]. Multiple studies have
demonstrated that changes in orbital configuration
(more specifically obliquity and precession) can impact
millennial-scale climate variability [55,58,71,72] and the
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periodicity of oscillations [29,55], with stronger boreal
seasonality being shown to lead to shorter periodicity.

Climate models are useful for validating the existence
of a “window of opportunity” hypothesis, although its
location in the parameter space may be model depend-
ent. For example, where Klockmann et al. [53] cannot
produce climate oscillations under glacial ice sheet lay-
out, Peltier and Vettoretti [56] can with Last Glacial
Maximum ice sheets. The oscillations presented by [50]
are triggered by meltwater fluxes, whereas Kuniyoshi
et al. [55] do not use freshwater forcing to obtain their
oscillations. There are instances of quasi-consistency
between models—for example, where oscillatory behav-
ior occurs within a similar range of atmospheric CO2 con-
centration—although other boundary and background
climate conditions are significantly different [68].
However, across models and climate experiments, the
characteristics of stadial–interstadial climate oscillations
vary considerably (see simulations listed by [23]). Not
only do simulated oscillations not always have compar-
able amplitudes and periodicities, it is also uncertain
whether they are even governed by the same mechan-
ism; as highlighted by [23], the precise controls on the
oscillations are hard to identify.

More than simply exploring the “window of oppor-
tunity,” models can be used to understand the underly-
ing mechanisms that explain why a specific climate
state is more or less susceptible to abrupt change,
which may have broader significance beyond the spe-
cific model structure and inputs. Previous mechanistic
studies have focused on the role of the AMOC and the
impact of changes in temperature and salinity on deep
water formation sites’ stratification and activity. Li et al.
[73], Dokken et al. [74], Vettoretti and Peltier [26], Li
and Born [75], and Sadatzki et al. [76], for example,
demonstrate the control of sea ice in the GIN seas on
the transition between cold and warm phases.
Vettoretti and Peltier [26] show with Last Glacial
Maximum simulations that Arctic and North Atlantic sea
ice governs the duration of the warm and cold regimes.
Advection of sea ice into AMOC convection sites in the
North Atlantic increases stratification and forces an end
to the warm regime, whereas the cold regime is termi-
nated by ocean heat loss in the same region. When in
a cold regime, sea ice concentration increases, insulat-
ing the surface ocean. Eventually, this leads to the
warmer waters melting the sea ice above it, starting
the transition to interstadial conditions [26,74]. Other
research groups have looked deeper into the control of
sea ice on salinity in oscillations (e.g. [56,57,77]).
Armstrong et al. [57] demonstrate how the seasonal
nature of sea ice can impact the salinity content of the
subpolar gyre. During the warm regime, freshening is
reduced in the subpolar gyre, increasing salinity,
whereas during the cold regime, sea ice freshening
dominates in the region, weakening convection. While
hypotheses are emerging on the mechanisms causing

AMOC oscillations and abrupt changes, there is not yet
an understanding of how D-O mechanisms are influ-
enced by orbital and CO2 forcings.

In this study, we investigate how and why the char-
acteristics of the climate oscillations simulated by [50]
(henceforth referred to as Rom�e22) are affected by dif-
ferent greenhouse gas concentrations and orbital con-
figurations. These simulations come from one of the
few studies, to our knowledge, that have successfully
modeled AMOC oscillations under Last Glacial
Maximum climate conditions [50,55,56,63]. Rom�e22 fol-
low the Paleoclimate Modelling Intercomparison Project
phase 4 (PMIP4) Last Glacial Maximum experimental
design (including 21 ka BP orbit, 190 ppm atmospheric
pCO2 [78]) with the GLAC-1D ice sheet reconstruction
[79–82] and associated boundary conditions. Crucially,
on top of the PMIP4 protocol, the simulations include
fixed patterns and amplitudes of meltwater inputs,
derived from the early deglacial GLAC-1D meltwater
history. Some of those meltwater scenarios, which are
constant in time, cause millennial-scale oscillations
between strong and nearly or completely collapsed
AMOC modes. Greenland surface temperatures cool
and warm by �10 �C with a periodicity of about
1,500 years. Rom�e et al. [83] identify a precise mechan-
ism for the Rom�e22 oscillatory behavior. The so-called
convection–advection oscillator hypothesis incorporates
fast North Atlantic ocean buoyancy changes as the con-
vection component and slow reorganization of global
salinity as the advection component. We explore how
changes in climate forcings affect the dynamics of D-O
cycles.

We test how the convection–advection mechanism
is affected by perturbations in the background CO2 and
orbit, by selecting one of the oscillating simulations
from Rom�e22 and altering atmospheric CO2 concentra-
tion and orbital configuration. We present the results of
the CO2 and orbit changes and the corresponding
impact on the convection–advection mechanism
(Sections 3.2 and 3.3). We discuss the implications on
AMOC stability (Section 4.1) and relevance to glacial
termination (Section 4.2).

2. Methods

2.1. Model description

We used the Hadley Centre Coupled Model version 3
(HadCM3), a coupled ocean–atmosphere–vegetation gen-
eral circulation model [84,85] with minor modifications
described by [86]. HadCM3 has an atmospheric resolution
of 2.5� latitude by 3.75� longitude with 19 vertical levels
starting at the surface and ending at 10hPa. The ocean’s
horizontal resolution is 1.25� by 1.25� with 20 vertical
layers from the surface of the ocean to �5500m deep,
with maximum resolution at the surface. The ocean vol-
ume stays constant throughout the simulations.

CRITICAL INSIGHTS IN CLIMATE CHANGE 3



Vegetation is represented by the dynamic vegetation
model TRIFFID (Top-down Representation of Interactive
Foliage and Flora Including Dynamics) coupled to the
atmospheric general circulation model and linked to the
land surface with MOSES 2.1 (or the Met Office Surface
Exchange Scheme).

2.2. Experimental design

Glacial simulations were run with Last Glacial Maximum
boundary conditions following the PMIP4 protocol for
21 ka BP [78] using the GLAC-1D ice sheet reconstruc-
tion [79–82]. All simulations were initialized from
Rom�e22’s Last Glacial Maximum control simulation,
which has no meltwater. The Last Glacial Maximum
control simulation was initiated from a previous set of
HadCM3 Last Glacial Maximum simulations with PMIP3
conditions (i.e., 190 ppm atmospheric pCO2, 21 ka BP
orbital configuration, and a Last Glacial Maximum ice
sheet [87]). It was then spun up for 3,500 years with the
PMIP4 Last Glacial Maximum conditions, and then run
for an additional 4,000 years for comparison to the
other simulations run by Rom�e22. We began our simu-
lations from year 1,000 of the additional 4,000 years.

Rom�e22 derived a transient meltwater history from
GLAC-1D’s reconstruction of the last deglaciation global
ice sheet evolution, and then selected six different
meltwater “snapshots” from fixed points in time along
this transient meltwater history. The total salt content
is also kept constant throughout the simulation by a
salinity correction algorithm. We have selected their
20.7 ka BP snapshot simulation to further investigate.
This simulation has consistent oscillations and a rela-
tively uniform distribution of the 0.084 Sverdrup (Sv;
1 Sv is equal to 1 million cubic meters per second)
meltwater forcing in the Arctic, GIN seas, and Western
North America. In this study, we refer to Rom�e22’s 20.7k
simulation as 20.7k_Rom�e22.

Our reference simulation, named REF, was performed
with the same boundary conditions as 20.7k_Rom�e22
(see Table 1). We chose to rerun 20.7k_Rom�e22 to test
the consistency of our results with those of Rom�e22.
After noting that there was consistency in the results,

we used REF as the primary simulation used to com-
pare to the sensitivity tests.

We then performed six further simulations with the
same meltwater forcing and paleogeography (including
ice sheets) as REF to assess how sensitive our oscilla-
tions are to small and large changes in atmospheric
CO2 and orbital parameters (Table 1). Three simulations
test changes in atmospheric CO2 concentration—specif-
ically a 10 ppm decrease (180 ppm), a 10 ppm increase
(200 ppm), and a 20 ppm increase (210 ppm)—keeping
the orbital configuration consistent with REF. These CO2

concentrations represent high and low concentrations
between 50 and 20 ka BP (atmospheric CO2 concentra-
tion dipped to approximately 180 ppm around 25 ka BP,
when ice sheets were at their largest extent; Figure 1d),
and happen to fall roughly within the “window of
opportunity” for climate oscillations identified by [68] in
a different set of simulations performed with HadCM3,
CCSM4 (Community Climate System Model 4), and MPI-
ESM (Max Planck Institute Earth System Model). The
other three simulations test the influence of changes in
Earth’s orbit, using triads of obliquity, precession, and
eccentricity parameters corresponding to 30, 21.5, and
10 ka BP, but keeping atmospheric CO2 concentration
consistent with REF. Conditions at 30 ka BP are closest
to MIS3, when D-O cycles were prevalent. We use
21.5 ka BP to investigate the impact of a small 500-year
shift in time from the 21.0 ka orbit of REF. The 10 ka BP
period was selected to explore how a high boreal sea-
sonality and higher level of summer insolation at 65�N,
the latitude of much Northern Hemisphere ice, would
impact our oscillations. Thus, in each simulation, all ini-
tial and boundary conditions remained the same as in
REF and 20.7k_Rom�e22 except for the condition tested
(i.e., either atmospheric CO2 concentration or orbital
configuration year; Table 1).

Because HadCM3 relies on stochastic parameteriza-
tion, we test the impact of stochastic variability on the
oscillating simulations by repeating two simulations
using exactly the same boundary conditions/forcings,
but introducing some slight noise to the initial condi-
tion—the REF simulation and Orbit_21.5k. They are
labeled REF2 and Orbit_21.5k2, respectively (see
Table 1). Thus, REF, REF2, and 20.7k_Rom�e22 are triplets

Table 1. Table of simulations showing the differences in boundary conditions and integration length. All other aspects of model
configuration are identical across the experiments.

Simulation Atmospheric CO2 (ppm) Orbital configuration year (ka BP) Integration length (years)

20.7k_Rom�e22 190 21 10,000
REF 190 21 6,000
CO2_180ppm 180 21 6,000
CO2_200ppm 200 21 6,000
CO2_210ppm 210 21 6,000
Orbit_10k 190 10 6,000
Orbit_21.5k 190 21.5 6,000
Orbit_30k 190 30 6,000
REF2 190 21 6,000
Orbit_21.5k2 190 21.5 6,000
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and Orbit_21.5k and Orbit_21.5k2 are twins. An analysis
of their differences is described in Section 3.4.

2.3. Defining AMOC modes

For this analysis, we define the different states of the
climate systems through several modes of North
Atlantic deep convection (as described by Rom�e22).
Because the AMOC regime does not change for a given
deep-water formation pattern, we call them strong (or
warm) and weak (or cold) corresponding to the
strength of the AMOC (defined as the maximum of the
Atlantic-basin meridional streamfunction at 26.5�N). We
prefer the use of the cold and warm terminology to
the stadial and interstadial terminology due to the use
of a quasi-idealized experimental design that was not
aimed to reproduce D-O conditions. The regions of
interest in the modes’ definition are given by the maps
in Figures 4e and 5f.

We follow Rom�e22’s definition of five separate
phases in our simulated oscillatory cycles correspond-
ing to three modes of North Atlantic deep convection
(cold, meridional, zonal) along with two transitionary
phases (warming, cooling). The cold phase occurs when
the system remains in a cold mode, characterized by
the a weak convection over the entire North Atlantic
(see fig. 7 of Rom�e22 and our Figure 2a). Following
Rom�e22, we define two separate warm modes, labeled
after the geographic disposition of convection in the
North Atlantic: the meridional mode, with the GIN seas
as the dominant location for convection and weaker
convection in the Irminger Sea (Figure 2b); and the
zonal mode with convection primarily occurring in
the Iceland/Irminger basins and weaker convection in
the GIN seas (Figure 2c). The warming phase corre-
sponds to the transition between the cold mode and
any of the warm modes, and the cooling phase occurs
between any of the warm modes and the cold mode.
Note that the shorter meridional phase is sometimes

Figure 1. (a and b) Earth’s orbital variation and (c) the impact on incoming solar radiation at the top of the atmosphere throughout the last 50,000
years [88]. The last 150,000 years are presented in the (Supplementary information Figure S1). (d) Atmospheric CO2 concentration throughout the last
50,000 years [89]. (e) Quantification of boreal seasonality strength, calculated as the anomaly between median June–July–August incoming solar radi-
ation and median December–January–February solar radiation, for the experiments testing orbital parameter changes and REF. (f) Incoming solar radi-
ation anomalies from REF for each latitude in each month of the year.
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referred to as an AMOC overshoot mode as it always
occurs after a warming phase. The system always trav-
els across the oscillatory cycle in the same order: a cold
AMOC, cold phase is followed by an AMOC recovery
during the warming phase, succeeded by the meridional
phase. Then a shift in North Atlantic deep convection
moves the system into the zonal phase before a final
AMOC weakening during the cooling phase brings the
system back to the cold phase. This oscillatory cycle
takes about 1,500 years (see Rom�e22 for more detail).

When simulations are not oscillating, we will talk of
cold,meridional and zonal states to describe the time spans
when the system is set in a certain mode. Although they
are different to the phases by definition, we will compare
the states and phases indistinctively when they correspond
to the same mode. For certain simulations, the three
modes defined previously are not enough to describe
all the AMOC states. We will therefore introduce
more generic terminology of “dominant” and “moderate”
AMOC modes. The dominant mode is attained when
the convection pattern resembles the zonal mode and
AMOC strength exceeds 14.5 Sv (Figure 2e). The moderate
mode is attained when the convection pattern resembles
a weaker zonal mode and the AMOC is less than or equal
to 14.5 Sv (Figure 2d). We use the term moderate because
the AMOC never drops below 10Sv for CO2_200ppm, CO2_
210ppm, and Orbit_10k, whereas in the cold mode the
AMOC weakens to below 10Sv.

To alleviate the challenges of comparing the REF simu-
lation in a particular mode and the simulations in which

the AMOC does not weaken below 10Sv, in these instan-
ces, we define REF in the same format as in the simulation
it is compared to. For instance, when comparing Orbit_10k
in the dominant mode to REF, we compare to the instan-
ces of REF where the AMOC is greater than 14.5 Sv.

To create composite descriptions of the different
modes in a simulation, the initial 1,000 years are excluded
to remove the early spin-up period when the AMOC is
adjusting to changes in climate forcing. Periodicity is
measured as the average total time of each mode.

3. Results

Six new sensitivity experiments are presented here to
understand the impact of CO2 and orbital configuration
on oscillatory-like behavior in our simulations (Figure 3). In
all simulations, there is an initial spin-up period where the
climate system adjusts to the updated climate forcings.
This is evident in the sharp decrease in AMOC strength
and Greenland surface air temperature, followed by an
abrupt increase in ocean circulation strength of �10–
15Sv in all simulations. All of the simulations are charac-
terized by oscillatory behavior except for the higher CO2

simulations (CO2_200pm and CO2_210ppm).

3.1. The reference simulation

The REF simulation is used as a benchmark for compari-
son between the new simulations presented here and

Figure 2. (a–c) December–January–February mixed-layer depth for REF averaged over each of the convection modes—cold, merid-
ional (merid), and zonal. (d–e) As for (a–c), but with Orbit_10k representing the state of convection when the Atlantic Meridional
Overturning Circulation (AMOC) is less than or equal to 14.5 Sv (d) and when the AMOC is greater than 14.5 Sv (e).
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the work of Rom�e22. In the REF experiment, oscillations
have a periodicity close to 1,500 years with an AMOC
strength spanning from �6 to 17 Sv. As the climate sys-
tem transitions into the oscillatory cycle, we can use a
diagram of mixed-layer depth in the Irminger Sea as a
function of mixed-layer depth in the GIN seas to iden-
tify the different phases of the cycle (Figure 4a). The
REF simulation follows the same cycle than identified in
Rom�e22 (cold–warming–meridional–zonal–cooling) in
roughly the same time (around 1,500 years).

3.1.1. The convection–advection mechanism
Rom�e et al. [83] introduced the convection–advection
oscillator mechanism to explain the millennial-scale
variability simulated in the HadCM3 Rom�e22 set of sim-
ulations. This simulation relies on the coupling between
the fast changes of stratification in the North Atlantic
and the slow global reorganization of salt content
through abrupt changes of the AMOC. By looking
at the global salt transport between the Atlantic and
the Pacific Ocean basins, we can first establish whether

the simulations here follow the same mechanism as the
simulations in Rom�e22.

Figure 5 shows the salt content budget of the six
sensitivity experiments and REF. Whilst in the cold
mode, salinity accumulates in the subtropical Atlantic.
Eventually, this high concentration of salt leaks into the
upper North Atlantic due to gyre circulation, reaching
high-latitude regions like the GIN seas (see [83] for sal-
inity tendencies). The leakage into the GIN seas causes
the salinity and density of the surface ocean to
increase. Stratification then decreases, allowing deep
convection to restart, passing a threshold and re-
invigorating the AMOC into the meridional mode. This
threshold can be seen in the density anomaly in the
GIN seas between 500 and 50 m (Figure 6b). Whilst
convection is strong, salinity is transported around the
globe to ocean basins that lost salt to the subtropics
during the cold mode (e.g., the Pacific Ocean; Figure 5).
As the subtropical Atlantic becomes depleted in salt,
salinity in the GIN seas begins to decrease alongside
surface density, causing stratification to increase again
until a threshold is crossed, whereby the AMOC weak-
ens abruptly. This circulation of salinity throughout the

Figure 3. Top row: maximum Atlantic Meridional Overturning Circulation (AMOC) strength at 26.5�N for the simula-
tions with changed CO2 concentration (a) and for the simulations with changed orbital configuration (b). Bottom row:
Surface air temperature (SAT) at NGRIP (North Greenland Ice Core Project; 42.32�W, 75.01�N) for the CO2 (c) and orbit
(d) simulations. Data are shown as 100-year rolling means. The 1,000-year spin-up period is shaded in gray.
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ocean basins is a key control in the change of stratifica-
tion in the sea basins and vice versa, oscillating with
the same periodicity as the AMOC (Figure 6a,b). We
also observe salinity changes in the Southern Ocean
due to the strengthening and weakening of the
Antarctic bottom water during the warm and cold
regimes (Supplementary Figure S2). However, these
changes are too weak to drive significant changes in
Antarctica Bottom Waters formation that could influ-
ence the mechanism [83]. In other simulations with
higher sensitivity to Antarctic bottom water, these salin-
ity changes could be more effective [90].

The transport of salt from the subtropical Atlantic to
the North Atlantic and Pacific is evident in the spin-up
period of each simulation and continues in the experi-
ments that oscillate fully from cold to warm regimes
(gray region in Figure 3). However, this mechanism
alone cannot explain the changes in the periodicity of
simulated AMOC oscillations relative to REF. For
instance, changes in the CO2 level or orbital configur-
ation are shown to impact the oscillatory pattern
shown in REF by increasing the speed of the oscilla-
tions, disrupting the shape and amplitude, or ceasing
oscillations all together (Figure 3). A faster mechanism
is also required to explain the centennial-scale, as
opposed to millennial-scale, oscillations present in
Orbit_10k (Section 3.3). We hypothesize that sea ice
impacts the pace of the convection–advection mechan-
ism, as the sea ice volume and transport controls the

salinity content in the GIN and Irminger seas. The
changes in CO2 concentration and boreal seasonality
provide new insight into the role of sea ice, including
the part it plays in controlling the speed at which the
AMOC can switch between warm and cold regimes.

3.2. Impact of CO2 on the oscillatory regime

Three sensitivity experiments were run to test the effect
of CO2 concentrations (180, 200, and 210 ppm). The
higher CO2 concentration simulations reach a dominant
AMOC steady state after the initial spin-up period and
remain in the dominant state for the rest of the simula-
tion besides for two small excursions into a moderate
state in the 200 ppm simulation (Figure 3a). The lower
CO2_180ppm simulation, on the other hand, oscillates
at a quicker pace than REF, with an overall weaker
AMOC that remains in a warm phase for a shorter
period of time. From these simulations, we determine
that CO2 concentration controls the strength of the
AMOC, whether oscillations can occur, and the duration
of the warm and cold phases.

3.2.1. Low atmospheric CO2 concentration
The CO2_180ppm simulation represents the lowest end
of atmospheric CO2 concentration during the last
50,000 years (Figure 1d). This lower CO2 simulation
oscillates with a periodicity �200 years shorter than REF

Figure 4. (a–d) and (f–h) Mixed-layer depth (MLD) in the Irminger Sea as a function of mixed-layer depth in the Greenland, Iceland, and Norwegian
(GIN) seas with the colors representing maximum strength of the Atlantic Meridional Overturning Circulation (AMOC) at 26.5�N. Red shading represents
the meridional phase, yellow shading is the zonal phase, and blue shading represents the cold phase. The red hatched region is the transition between
the cold and meridional phase (or the warming phase), and the blue hatched region is the transition between the zonal and cold phase (or the cooling
phase). (e) The map of the North Atlantic illustrates which locations are used to represent the GIN seas and the Irminger sea. The color of the location
corresponds to the color of the mode in which convection is strongest in the region.
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(Figure 3). The cycling between the cold, zonal, and
meridional phases still occurs in this simulation, as it
does in REF (Figure 4b), but the transitions between
the meridional and zonal phases are more abrupt and
less consistent between cycles. The length of the warm
phases decreases (by �300 years, on average) and
although the length of the cold phase increases (by
�100 years, on average), overall, the periodicity of the
simulation is shorter. This suggests that the lower CO2

concentration favors the warm phases of the oscillation
to the detriment of the cold phase, in accord with the
results of [58] and [91].

Lower surface temperatures in the CO2_180ppm
simulation (Figure 7a–c) lead to increased Northern
Hemisphere sea ice volume in every AMOC phase com-
pared to REF (�43� 105 km3 on average in the warm
phases; Figure 8). When CO2 concentration is lower, the
sea surface remains colder relative to the warmer and
higher CO2 climates (Figure 7a–c), allowing sea ice to
return more quickly from the warm modes (Figure
9b,c). In addition, the colder surface temperatures pro-
mote thicker sea ice in the Arctic and northern North
Atlantic (Supplementary Figure S3), resulting in warmer
subsurface temperatures under the sea ice

(Supplementary Figure S4a). As the AMOC strengthens,
enhanced convection in the GIN and Irminger seas
pushes sea ice southward and proximal sea ice melts.
However, because the sea ice volume is larger, it con-
tributes �4.2% more fresh water than REF (faster
decrease of sea surface salinity in Figure 6d) and more
sea ice transport (Figure 9d) to sites of deep water for-
mation during the warm modes. The rapid decrease in
salinity concentration from the melting sea ice paired
with the warmer subsurface temperatures decreases
upper North Atlantic density and increases stratification
of the water column, hindering the AMOC’s ability to
sustain its strength in the zonal phase and moving the
climate out into the cold phase again (following Paths
(a) and (b) in Figure 10). Thus, greater sea ice volume
and transport are linked to a shortened warm mode
compared to REF.

3.2.2. High atmospheric CO2 concentration
In contrast to CO2_180ppm and REF, the CO2_200ppm
simulation does not oscillate. During the spin-up period
(the first 1,000 years of simulation), the AMOC in CO2_
200ppm travels through the initial stages of the cold–
meridional–zonal cycle, first dropping into the cold

Figure 5. (a–e) Salinity budget anomaly from Last Glacial Maximum conditions in three ocean basins: North Atlantic, Subtropical Atlantic, and Pacific
Ocean. Maximum AMOC strength at 26.5�N is also shown (gray dashed line) to easily identify when the simulation is in a warm or cold regime. (f) Map
illustrating how the extent of each region is defined. CO2_210ppm and Orbit_21.5k are similar to CO2_200ppm and REF, respectively, and so are left out
of this figure for simplicity. Last Glacial Maximum conditions are defined by Rom�e22’s CTRL_LGM simulation with an AMOC strength at �15 Sv.

CRITICAL INSIGHTS IN CLIMATE CHANGE 9

https://doi.org/10.1080/29931495.2025.2557072
https://doi.org/10.1080/29931495.2025.2557072


phase, then rapidly transitioning through the warm
meridional phase and on to the zonal phase (Figure 4c).
Thereafter, CO2_200ppm mainly remains in a zonal
state, with an AMOC strength of �15 Sv. Nonetheless,
the CO2_200ppm simulation does show signs of instabil-
ity. Around �2,500 years into the run, AMOC weakens
by �2.5 Sv, instigating a transition to the cold state
(Figure 4c), but AMOC quickly recovers to the zonal
state after �700 years. This sequence occurs again on a
smaller scale �5,750 years into the run. During the first
period of instability and reduced AMOC strength, the
surface air temperature in the North Atlantic and
Greenland decreases by �4 �C. This temporary excur-
sion is reminiscent of the 8.2 kyr event (an abrupt cool-
ing of 1–3 �C that lasted �160 years in the Northern
Hemisphere [92,93]), raising the question of whether

some century-long AMOC perturbations could be intrin-
sic rather than forced by a meltwater pulse.

Adding an additional 10 ppm of CO2 to the atmos-
phere appears to safely stabilize the AMOC in a warm
state for the entirety of the CO2_210ppm simulation,
after the spin-up period. The AMOC remains at �15 Sv
from year 1,500 to the end of the simulation, surface
air temperature stays warmer than REF at most loca-
tions (Figure 7l,m), and there is the least Northern
Hemisphere sea ice volume in the dominant state com-
pared to the other CO2 sensitivity simulations and REF
(Figure 8).

The warmer surface temperatures in both simula-
tions lead to thinner and sparser sea ice (Figures 8 and
9b,c) compared to REF. The atmosphere–ocean heat
exchange increases, causing North Atlantic

Figure 6. (a) Maximum Atlantic Meridional Overturning Circulation (AMOC) strength at 26.5�N; (b) density anomaly between 500 and 50 m for the
Greenland, Iceland, and Norwegian (GIN) seas; (c) mean ocean temperature between 50 and 500 m depth in the GIN seas; (d) sea surface salinity in the
sea ice formation months (October to February) in the GIN seas for the length of one oscillation of the REF simulation. The color map is normalized to
the max AMOC strength in REF (a) as shown in the color bar. All data are shown as decadal means. CO2_210ppm and Orbit_21.5k resemble CO2_
200ppm and REF, respectively, and so are left out of this figure for simplicity.
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temperatures to decrease at depth (Supplementary
Figure S4j–m). Stratification in the North Atlantic, there-
fore, is lower, and simultaneously, salinity concentration
is consistently higher (Figure 6b,c) due to minimal sea
ice transport (Figure 9d). Because of these factors, it is
more difficult to pass the stratification threshold that
forces AMOC to weaken.

The shift from a cold–meridional–zonal cycle to a
dominant–moderate variability pattern is not only
obtained by changing the background CO2 concentra-
tion to 200 ppm, but also occurs when the orbital

configuration is modified as in Orbit_10k. We describe
these changes of behaviors in the next section.

3.3. Impact of orbital configuration on the
oscillatory regime

We performed three sensitivity experiments to test the
impact of orbital configurations throughout the last
50,000 years (Orbit_30k, Orbit_21.5k, and Orbit_10k). In
these simulations, the year of the orbital configuration

Figure 7. (a–i) Annual sea surface temperature anomaly from REF averaged for each Atlantic Meridional
Overturning Circulation (AMOC) mode (cold, meridional, and zonal). (j–n) Same as (a–i) but AMOC modes are
defined by “dominant” (greater than 14.5 Sv) and “moderate” (10–14.5 Sv) for CO2_200ppm, CO2_210ppm, and
Orbit_10k and REF is defined by “dominant” (greater than 14.5 Sv) and “moderate” (less than or equal to
14.5 Sv). There is no moderate mode for CO2_210ppm. For all, the solid line depicts March sea ice extent (15%
cover) and the dashed line depicts September sea ice extent.
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is changed from REF, and therefore includes differences
in the obliquity, eccentricity, and precession of the
Earth (Figure 1a,b). From these simulations, we deter-
mine that insolation changes due to the different obli-
quity lead to localized climate effects that have the
strongest impact on the AMOC regimes and, in turn,
the oscillating patterns (Figure 1f).

3.3.1. Low boreal seasonality (Orbit_21.5k)
Insolation at 21.5 ka BP is most similar to the REF experi-
ment. Boreal summer insolation in the Northern
Hemisphere at 21.5 ka BP is only �0.31W m−2 less than
the 21ka BP orbit. Precession is slightly closer to 90�, and
obliquity has decreased (Figure 1a,b). This orbital configur-
ation results in a weak boreal seasonality, also slightly
weaker than in REF (Figure 1e). Oscillations in the Orbit_
21.5k simulation have a similar amplitude to REF (Figures 3
and 4g). Surface temperatures are very comparable to REF
especially in the cold and zonalmodes (Figure 7d–f). In the
meridionalmode, the North Atlantic in Orbit_21.5k is �1 �C
warmer, potentially linked to the increased annual sea ice
volume (Figure 8a).

3.3.2. Strong boreal seasonality (Orbit_30k and
Orbit_10k)
The Orbit_30k simulation emulates the effect of an
orbital configuration from the end of Marine Isotope
Stage 3, a period when cycles between weak and
strong AMOC (D-O cycles) were common, on simulated
millennial-scale variability. The insolation is 20W m−2

higher than at 21 ka BP, but obliquity has decreased
from a median degree to a low point (from 23 to 22�).
Precession is at �220� and eccentricity has decreased a
small amount from REF (Figure 1a–c). As precession
nears 270�, the boreal seasonality increases in strength.
As shown in Figure 1e,f, Orbit_30k has the second
strongest boreal seasonality of the ensemble, after the
Orbit_10k simulation.

The oscillations in Orbit_30k have a shorter period-
icity and faster transition time from warm to cold
modes compared to REF (Figure 3). The AMOC briefly
passes through the meridional and zonal phases (in a
warm phase for �300 years on average compared to
�700 years for REF) before transitioning back into the
cold mode (Figure 4h) which lasts on average �60 years
longer than in REF. Despite the increase in Northern
Hemisphere insolation, North Atlantic sea surface tem-
peratures (Figure 7g–i) in the cold and meridional
phases and surface air temperature at the North
Greenland Ice Core Project (NGRIP) location in
Greenland (Figure 3) are �1–2 �C colder than REF
(Figure 7g–i).

In the Orbit_10k simulation, summer Northern
Hemisphere insolation further increases to �469.5W
m−2, another 30W m−2 greater than the Orbit_30k
simulation. Obliquity is close to the highest value
(�24�), and precession is very close to 270�. Orbit_30k
and Orbit_10k have obliquity values at opposite ends of
the spectrum. Because of this, the pattern of incoming
solar radiation is different, impacting the seasonality
distribution. For instance, Orbit_10k has stronger incom-
ing solar radiation in the Northern Hemisphere in the
boreal summer months, as well as in the Southern
Hemisphere during the boreal winter months
(Supplementary Figure S5). Orbit_10k has the weakest
incoming solar radiation compared to Orbit_30k in the
mid- to high Northern latitudes during the boreal win-
ter months.

The periodicity of the oscillations in Orbit_10k is sig-
nificantly shorter than REF (�500 years). After the initial
spin-up, AMOC strength rapidly oscillates between �12
(moderate phase) and 18 Sv (dominant phase) and
Greenland temperature transitions between � −37 and
−43 �C, respectively, but note that each oscillatory cycle
varies in amplitude (Figure 3). During these quick oscil-
lations, the AMOC never reaches the meridional phase,

Figure 8. (a) Annual mean Northern Hemisphere (NH) sea ice volume anomaly from REF for each simulation. (b) As for (a), but in March. For both pan-
els, the anomaly is calculated as an average for the warm modes (inclusive of the zonal and meridional phases) for the simulations that exhibit full oscil-
lations (CO2_180ppm, Orbit_10k, and Orbit_21.5k). In contrast, for Orbit_10k, CO2_200ppm, and CO2_210ppm, the anomaly is calculated as an average of
when the AMOC is greater than 14.5 Sv for REF and the named simulations.
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and neither does it return to the initial cold phase
(Figure 4f). The ocean basins also have a smaller ampli-
tude of salt content change (Figure 5d).

The speed at which the oscillations occur, centennial-
scale instead of millennial-scale, implies that they do not
follow the convection–advection mechanism, as more
time is necessary to recirculate the salt between
ocean basins. Instead, we hypothesize that the AMOC in
Orbit_10k follows a pathway similar to the high CO2 sim-
ulations. The strong boreal seasonality at 10ka BP causes
substantial increase in sea ice area each winter as well as
substantial melt each summer. This is evident in the
large seasonal sea ice variability in the GIN and Irminger
seas (e.g., sea ice concentration increases from 25% in
boreal autumn to 95% concentration in spring in the
GIN seas during the moderate phase; Supplementary
Figure S6). However, it also results in thinner sea ice
throughout the year (Figure 9). As with CO2_200ppm and

CO2_210ppm, the thinner sea ice results in an increased
atmosphere–ocean heat flux and colder subsurface tem-
peratures in the North Atlantic, leading to consistently
low stratification and a warm AMOC (following Path (c);
Figure 10).

Unlike CO2_200ppm and CO2_210ppm, in Orbit_10k
sea ice extent reaches nearly the same maximum and
minimum aerial cover as for REF, despite not reaching
the same maximum and minimum high-latitude surface
air temperatures or AMOC strengths (Figure 9). We
hypothesize that the high sea ice concentration vari-
ability paired with the thin sea ice is the cause of the
centennial-scale oscillations not present in the high
CO2 simulations. This is evident from the increased
transport of sea ice in the GIN and Irminger seas during
the moderate phase (Figure 9d), leading to fresher con-
ditions in the convection sites and a weaker AMOC.
When transport decreases and new sea ice forms (sea

Figure 9. (a) Maximum Atlantic Meridional Overturning Circulation (AMOC) strength at 26.5�N; (b) March sea ice concentration (SIC) calculated between
50�N and 70�N; (c) sea ice thickness in March between 50�N and 70�N; (d) March sea ice transport defined as a zonal sum between 40�W and 0� at
60�N; and (e) annual surface air temperature (SAT) at the Greenland Summit for the length of one oscillation of the REF simulation. The color map is
normalized to the max AMOC strength in REF (a) as shown in the color bar. All data are shown as decadal means. CO2_210ppm and Orbit_21.5k are
similar to CO2_200ppm and REF, respectively, and so are left out of this figure for simplicity.
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ice concentration increasing; Figure 9), the AMOC is
able to recover into the dominant phase. We suggest
that in the case of Orbit_10k, the sea ice variability is
due to the strong boreal seasonality, but this requires
further investigation beyond the scope of this study.
The small excursions in CO2_200ppm are also related to
this process. Sea ice concentration is low and transport
is nearly 0 km3/yr throughout the simulation, except at
the two small dips into the moderate phase when sea
ice concentration and transport increases (Figure 9 and
Supplementary Figure S7; but monthly ocean velocity
was not available for CO2_200ppm during the first and
largest excursion into the moderate phase, so we could
not calculate sea ice transport to robustly confirm that
the same mechanism is followed as with the Orbit_10k
oscillations).

On the other hand, Orbit_30k moves through the
full oscillatory cycle similar to REF, just �350 years
faster. On average, the time spent in the cold phases is
actually longer (by �60 years) than for REF, but this is
more than compensated for by the shortening (by
�400 years) of the time spent in a warm AMOC regime,
very similar to CO2_180ppm. The colder sea surface
temperatures compared to REF (Figure 7g–i), due to the
decrease in annual incoming solar radiation in the high
latitudes compared to REF (Figure 1f), as well as the
low obliquity at 30 ka BP (consistent with previous
studies; e.g., [94]), sea ice volume accumulates in the
Arctic and northern North Atlantic, and becomes even
thicker than in CO2_180ppm and Orbit_10k (Figure 8
and Supplementary Figure S5). This contributes an even

larger amount of freshwater (�47� 105 km3 during the
warm phases) and sea ice transport to sites of deep
water formation when sea ice melts during the warm
phases (Figures 8 and 9d) and subsequently, sea sur-
face salinity decreases faster for Orbit_30k than
CO2_180ppm, producing a more rapid shift from the
zonal to cold phase.

3.4. Variation between simulations of the same
boundary conditions

Although the evolution of the oscillating simulations is
mostly deterministic, stochasticity influences the precise
shape and duration of the oscillations in our multi-
millennial simulation ensembles. Small differences can
be seen in the amplitude of AMOC changes, the dur-
ation of each phase, and the strength of deepwater for-
mation. In our repeated subsection of simulations using
exactly the same boundary conditions/forcings, we
observe even larger discrepancies between the sets of
triplets (i.e., REF, REF2, and 20.7k_Rom�e22) and twins
(Orbit_21.5k and Orbit_21.5k2).

The most remarkable difference between these sim-
ulations is that REF2 and Orbit_21.5k2 skip an oscillation
compared to REF and Orbit_21.5k. In REF2, the second
oscillation does not contain a cold phase (Figure 11).
Similarly, in Orbit_21.5k2 the first oscillation does not
contain a cold phase (Supplementary Figure S8). Rom�e
et al. [83] argue that 20.7k_Rom�e22 is close to reaching
equilibrium in the salt budget at the end of the zonal
phase, suggesting that this could, in rare cases, prevent

Figure 10. Update to the convection–advection mechanism. Path (a) represents the original convection–advection mechanism by Rom�e et al. [83],
whereas paths (b) and (c) are new to this study: possible pathway (b) whereby larger sea ice volume leads to a faster transition between warm and
cold Atlantic Meridional Overturning Circulation (AMOC) phases due to an increase in freshwater input; possible pathway (c) whereby less sea ice leads
to an increase in the atmosphere–ocean heat flux and a decrease in temperature throughout the water column in the North Atlantic (N. Atl), allowing
the AMOC to remain strong.
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the system from entering a positive feedback leading
to the abrupt deactivation of the North Atlantic deep
water formation. Instead, the AMOC stalls in an
extended warm phase, switching from a meridional
phase to a zonal phase, before a slight weakening com-
parable to CO2_200ppm and a recovery into a merid-
ional phase. At the end of the meridional phase, the
positive feedback is activated and the system switches
to a cold phase. The skipping of the cold transition
results in a 500-year offset between the Orbit_21.5k and
Orbit_21.5k2 cycles. There is less of an offset between
the REF and REF2 cycles by the end of the simulations
due to the longer warm regime in the second oscilla-
tion followed by an oscillation with a warm regime
700 years shorter.

We propose that the differences in the evolution of
the twin and triplet experiments are caused by the com-
peting influences on ocean density of sea ice volume
(which decreases North Atlantic salinity; Figure 10b) and
thickness (which decreases subsurface temperatures;
Figure 10c) and the standard convection–advection pro-
cess of the depletion of salinity through ocean transport
(Figure 10a). Because 20.7k_Rom�e22 and its siblings (REF
and REF2) are operating in a very narrow “window of

opportunity,” variability in the sea ice thickness can
determine whether the AMOC completes a full oscillatory
cycle or returns to the zonal mode. In this case, less sea
ice transport occurs compared to a full cold–meridional–
zonal–cold cycle (Supplementary Figure S9g) and the
oscillating pattern temporarily shifts to a shorter oscilla-
tion similar to Orbit_10k. During these oscillations, there
is minimal change in the stratification in the GIN seas
compared to a full cycle, but sea ice concentration still
reaches a similar minimum and maximum as in the
other cycles and sea surface salinity remains high
(Supplementary Figure S8). Because sea ice is a stochastic
and highly sensitive system, its feedbacks do not always
dominate the climate trajectory, hence the stratification
threshold from salinity reorganization and freshening
from sea ice migration (as in the convection–advection
mechanism [83]) is sometimes crossed first, allowing the
AMOC to return to the cold phase, whereas in other
cases, sea ice is thinner, allowing the convection sites to
stay saline enough to reach the opposing stratification
threshold and forcing the AMOC to return to the zonal
phase.

In this section, we showed that stochastic variability
can be responsible for modification in the duration of

Figure 11. Top row: Maximum Atlantic Meridional Overturning Circulation (AMOC) strength at 26.5� . Bottom row:
Surface air temperature (SAT) at NGRIP (North Greenland Ice Core Project; 42.32�W, 75.01�N). The original REF and
Orbit_21.5k simulations are shown in the bolder colors, and the corresponding repeat simulations are shown in the
paler colors. Data are shown as 100-year rolling means. The 1,000-year spin-up period is shaded in gray.
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one individual oscillating cycle. It cannot, however,
modify the periodicity of several cycles by an order of
magnitude, nor can it change the long-term mode of
variability of a simulation.

4. Discussion

4.1. Controls on AMOC stability

Developing a robust understanding of earth system
changes induced by climate forcings in complex mod-
els is difficult due to the wide variety of initial climate
conditions and the potential non-linearity of responses
across different models and different model experi-
ments. Although multiple abrupt climate change events
are positively correlated with transitions in the AMOC,
how the AMOC is impacted by external forcings and
the resultant response of the climate is still largely
unknown. In this section, we have tried to capture and
identify the impact of glacial-period changes in orbit
and CO2 on the ability of the AMOC to remain in or
transfer between different modes of stability.

Previous studies [64,95,96] have visualized the stabil-
ity of the AMOC with respect to external forcing, such as
freshwater forcing, in the form of a bifurcation diagram.
From our simulations and those of Rom�e22, we can offer
a similar view inspired by classical bifurcation diagrams
(Figure 12). For example, examining Rom�e22’s simula-
tions with different meltwater forcings, we determine
that as meltwater increases, the AMOC moves from a

monostable, strong AMOC regime (e.g., Rom�e22’s 21.5k
simulation) to an oscillating regime (e.g., Rom�e22’s 20.7k
and 19.4k simulations) to an excitable weak AMOC
regime (e.g., Rom�e22’s 18.2k simulation). A monostable,
weak AMOC is not found by Rom�e22. However, other
previous studies have demonstrated collapsed and unre-
coverable AMOCs with high freshwater fluxes (e.g., [97]),
and we can hypothesize that with higher meltwater
fluxes we would have reached this regime. In this study,
and previous studies such as [53], lowering atmospheric
CO2 concentration forces the AMOC along the bistability
curve in the same direction as elevated freshwater (e.g.,
ice sheet meltwater) discharge to the oceans. Our CO2_
210ppm simulation represents the monostable, strong
AMOC; the CO2_200ppm simulation fits the profile of an
excitable strong AMOC regime; the system moves into
the oscillatory regime from REF and remains there with a
CO2 concentration of 180 ppm. This study does not
include simulations with an atmospheric CO2 concentra-
tion lower than 180 ppm, so it is uncertain whether the
AMOC would move further on, eventually to a mono-
stable, weak AMOC. However, Klockmann et al. [53] do
demonstrate that this behavior can be obtained with low
CO2 simulations under pre-industrial conditions.

How the forcing of boreal seasonality (e.g., through
insolation changes) moves AMOC through this bistability
curve is more complex. As the strength of boreal season-
ality changes, the AMOC does not move in or out of the
oscillatory regime. Instead, as the boreal seasonality
strength increases, the oscillations decrease in periodicity
and as the Orbit_10k simulation demonstrates, begin to
oscillate in a warm (i.e., interstadial) mode. However,
how the periodicity is impacted (i.e., the length of time
spent in a warm/strong AMOC phase and a cold/weak
AMOC phase, relative to REF) is not purely dependent on
boreal seasonality alone, but controlled by the combin-
ation of the independent orbital parameters. For
instance, despite both simulations having stronger bor-
eal seasonality, Orbit_30k has a longer cold mode than
REF whereas Orbit_10k does not reenter the cold mode.
We put this down to the differences in obliquity, which
impact how the insolation is distributed across the globe,
creating contrasting localized effects (i.e., the higher
incoming solar radiation in the high latitudes of Orbit_
10k than in Orbit_30k; Figure 1f, resulting in variations in
the sea ice thickness distribution; Supplementary Figure
S3) and leading to different patterns of oscillatory behav-
ior. In conclusion, changes in orbital forcing should not
be considered a simple forcing but a way to deeply mod-
ify the shape of the bifurcation diagram.

4.2. Glacial terminations and the “window of
opportunity”

Barker and Knorr [64] suggest four possible scenarios
for how the AMOC could recover during a glacial

Figure 12. Bistability curve of Atlantic Meridional Overturning
Circulation (AMOC) stability modes according to strength of forcing
(e.g., ice meltwater flux or atmospheric pCO2); a schematic view. The
stability modes, separated by a dashed gray line, are labeled as such: a
monostable and strong AMOC (e.g., CO2_210ppm); an excitable, strong
AMOC that occasionally gets pulled into a weaker mode (e.g., CO2_
200ppm); an oscillating AMOC (e.g., REF, CO2_180ppm, and the orbit
simulations); an excitable, weak AMOC that occasionally gets pulled into
a stronger mode (e.g., Rom�e22’s 18.2k simulation); and a monostable
and weak AMOC (e.g., P185 and P149 from Klockmann et al. [53]). The
gradient shape around the curve represents the range of possible
AMOC variability within each mode.
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termination: an increase in North American ice sheet
height (producing stronger winds and thus a stronger
AMOC [42,98–100]), an AMOC recovery during a
bistable window from an external forcing like a nega-
tive freshwater event, an increase in CO2 concentration
that outpaces the rate of ice sheet decline, or a CO2

increase that reaches the needed interglacial threshold.
Our high CO2 simulations demonstrate from a mechan-
istic perspective the validity of the latter two situations.

Because no other variables have been changed,
from the CO2_200ppm and CO2_210ppm simulations we
were able to isolate the impact of an increase in CO2

similar to the 10 ppm rise in atmospheric CO2 that
occurs between Heinrich Stadial 1 (a cold period
between �18.5 and 14.7 ka BP characterized by weak
ocean circulation [101–105]) and the Bølling-Allerød
Warming (an abrupt warming �14.7 ka BP in Greenland
[106–108]). The constant ice sheet geometry in our
experiments, however, is not an unreasonable approxi-
mation for the relatively slow and minor North
American ice sheet evolution reconstructed between 21
and 17 ka BP [82,109]. Thus, our simulations demon-
strate that an addition of only 10 ppm of CO2 can be
enough to move the AMOC from a bistable to a mono-
stable strong regime, reaching the needed interglacial
threshold. Once CO2 levels reach a certain point, e.g.,
near-interglacial levels, the AMOC bifurcates to a steady
interglacial state. Reversing the direction of CO2

change, our atmospheric CO2 experiments also show
how only a small change in CO2 concentration could
move the climate from a more stable regime to within
the “window of opportunity.”

Moreover, we have demonstrated one way in which
background climate state can condition the ocean to
be more vulnerable to tipping across density thresh-
olds, triggering and controlling the nature of unforced
AMOC oscillations, but the nuances of this relationship
between background climate and AMOC oscillation
become clearer when we compare our results to previ-
ous work. For example, Malmierca-Vallet et al. [68]
empirically identified a similar atmospheric CO2

“window of opportunity” for AMOC oscillations in three
different models under different background climates
and boundary conditions: �185 to 230 ppm. Notably,
230 ppm, the top end of their window, is higher than
ours (< 200ppm). Additionally, 185 ppm, the bottom
end of their window, is higher than our lowest CO2

simulation (180 ppm), though we do not have enough
simulations to identify a comprehensive range.
Notwithstanding the differences in the trigger for the
oscillations [50,57], the contextual differences in the
experimental designs—i.e., dissimilarity in initial and
boundary conditions, such as the meltwater flux in ours
and the ice sheet geometry—are likely key in explain-
ing this difference between the CO2 threshold for oscil-
lation in our results and the earlier work.

The impact of boundary and initial conditions on a
“window of opportunity” for AMOC oscillation are clear-
est when comparing simulations run with the same
model. For example, although our Orbit_30k simulation
and the HadCM3 simulations presented by [68] share
the same orbital forcing (from 30 ka BP), our glacial
maximum ice sheets are much larger than the mid-
glacial sized ice sheets [110] implemented by [68]. The
larger glacial maximum ice sheets tend to produce
stronger winds over the North Atlantic and thus a
stronger AMOC, suppressing oscillations from being
triggered at higher atmospheric pCO2.

The important role of the background climate state
in influencing the characteristics of triggered oscilla-
tions is further confirmed when comparing our Orbit_
30k simulation with the full 30 ka BP experiment of
Armstrong et al. [57], which includes the 30 ka BP orbit,
200 ppm atmospheric CO2, and the mid-glacial “ICE-5G”
ice sheet of Peltier [110]. The previously published
oscillations are of similar periodicity to our Orbit_30k
simulation, both around 1,200 years. However, the
amplitudes of the oscillations differ between the two
studies. The AMOC in the simulation presented by [57]
ranges in maximum strength from 6 to 12 Sv, whereas
the AMOC oscillations in our Orbit_30k run span a
larger amplitude from 6 to 18 Sv. Considering that in
our other simulations, as well as previous studies (e.g.,
[53]), AMOC strengthening correlates with higher
atmospheric CO2, it is interesting that Armstrong et al.
[57]’s maximum AMOC strength is lower than ours
even though their atmospheric CO2 concentration is
10 ppm higher, suggesting that in this case, the above-
described influence of ice sheet size/geometry on the
AMOC overrides the smaller impact of atmospheric
CO2. The similarity in the shape and periodicity of the
oscillations, despite the impact of differences in ice
sheet size and CO2 concentration on the amplitude,
hints at the importance of the orbital control on insola-
tion patterns compared to other forcings during this
time period.

In our other orbit simulations, the Orbit_10k simula-
tion has the strongest boreal seasonality and the Orbit_
21.5k simulation has the weakest boreal seasonality
(with REF only stronger by a difference of less than 1W
m−2 in seasonal insolation). The change in periodicity of
our simulations is consistent with the findings of both
[29] and [55], and for our simulations, we explain this
with the changes in sea ice relative to REF. The Orbit_
10k simulation displays oscillations of the shortest peri-
odicity (only �500 years). The Orbit_30k simulation,
which has the second strongest boreal seasonality, has
oscillations �1,200 years in length. The warm–cold cycles
in REF and Orbit_21.5k are �1,500 years in length.
However, unlike [29], where oscillations under high obli-
quity were not observed, we do find oscillations in
Orbit_10k, the simulation with the highest obliquity—
but, as a reminder, these centennial-scale oscillations are
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much shorter in amplitude and less D-O-like than the
other oscillatory behavior in our results, but can still be
a natural mode of variability in the ocean system [111].

Previous studies, including [64] and [58], demon-
strate that the combination of changes between atmos-
pheric CO2 and ice volume control the sensitivity of
AMOC to other climate perturbations, such as orbitally
induced changes in insolation. These studies have not
found any AMOC mode changes under peak glacial or
interglacial conditions, but they have produced AMOC
oscillations under intermediate conditions (i.e., between
glacial and interglacial states) with changes in orbit,
atmospheric CO2 concentration, and ice volume.
Although we observe very different variations in the
oscillatory behavior in our simulations, they are only
tested under one background climate. It would be
interesting to further test our results against other
background climates.

5. Conclusion

In this study, we present six new simulations from the
Hadley Centre general circulation model version 3
(HadCM3), with four of the simulations oscillating under
glacial climate conditions. These simulations are sensitiv-
ity experiments branching from Rom�e22’s 20.7k simula-
tion with Last Glacial Maximum conditions and a
constant meltwater flux derived from the GLAC-1D ice
sheet reconstruction of the early deglaciation. We tested
the impact of different atmospheric CO2 concentrations
and orbital forcing on the oscillations and their respect-
ive mechanisms of AMOC millennial-scale variability [83].

Our results showed that raising CO2 concentrations
from 190 to 200 and 210 ppm prevents the periodic
AMOC oscillations from occurring, whereas decreasing
atmospheric CO2 to 180 ppm shortened the duration of
the warm (or interstadial) phase, by �200 years, and led
to an overall shorter periodicity of the oscillation. In
addition, we observe that when boreal seasonality
increases (equivalent to conditions at 30 ka BP), the
duration of the warm, interstadial phase decreases.
However, the simulation with the strongest boreal sea-
sonality (equivalent to conditions at 10 ka BP) remains
in a relatively warm, interstadial state with centennial-
scale AMOC oscillations between 12 and 18 Sv. We
hypothesize that this contrasting response is due to dif-
ferences in obliquity (with obliquity low at 30 ka BP
and high at 10 ka BP) impacting sea ice thickness.

We show that the sensitivity of the mechanism for
AMOC millennial-scale variability to changes in climate
forcings (atmospheric CO2 and orbital configuration) is
primarily controlled by sea ice conditions. This effect is
overlaid on the convection–advection mechanism
described by [83], and can modify the periodicity, the
amplitude and the shape of the oscillations. This is
mostly due to the effect of Northern Hemisphere sea

ice volume on the freshening or the thermal insulation
of convection sites. We add two new branches to the
convection–advection mechanism to explain the new
AMOC behavior demonstrated in this study, where the
AMOC skips the cold, weak phase (as was the case for
10 ka BP orbital conditions and at higher levels of CO2)
and where increased sea ice volume results in a faster
transition out of the warm, strong phase (as was the
case for 30 ka BP orbital conditions and at a lower CO2

level). In either case, sea ice thickness during a particu-
lar AMOC phase can determine the salinity concentra-
tion in the GIN and Irminger seas and therefore
whether the AMOC reaches a stratification threshold in
the direction of weakening or strengthening. The
impacts of changes in CO2 concentration and orbital
insolation forcing on our AMOC oscillations demon-
strate the importance of the role of sea ice thickness in
controlling the speed at which the AMOC can switch
between warm and cold regimes. Furthermore, these
impacts demonstrate how even small changes to the
background climate condition can significantly impact
the AMOC’s ability to oscillate.
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