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 A B S T R A C T

The global ocean circulation plays a pivotal role in the regulation of the Earth’s climate. The specific 
pattern and strength of circulation also determines how carbon and nutrients are cycled and via the resulting 
distribution of dissolved oxygen, where habitats suitable for marine animals occur. However, evidence from 
both geological data and models suggests that state transitions in circulation patterns have occurred in the past. 
Understanding the controls on marine environmental conditions and biodiversity requires a full appreciation 
of the nature and drivers of such transitions. Here we present stable millennial oscillations of meridional 
overturning circulation in an Earth system model of intermediate complexity, cGENIE, that appear to only 
occur in the presence of a circumpolar current. To demonstrate that a circumpolar current can act as a driver 
of stable oscillations, we adapt a simple ocean box model to include a delayed feedback to represent the 
effect of a circumpolar current on meridional overturning circulation. We investigate the millennial oscillatory 
solutions that arise in the box model by bifurcation analysis and show that the model can reproduce the same 
bifurcation structure observed in the Earth system model. Our results provide new insights into the nature of 
oscillations that could have occurred under certain continental configurations in the geological past, and also 
highlight the potential influence of the changing Antarctic circumpolar current speed on the stability of the 
Atlantic meridional overturning circulation.
1. Introduction

The ocean circulation plays a critical role in the Earth’s global 
climate system. Wind-driven currents acting over the first hundreds 
of metres impose the first-order pattern and magnitude of ocean heat 
transport, and therefore largely determine superficial climate and no-
tably the latitudinal gradient of temperature [1]. Upper-ocean currents 
also control equatorial and coastal upwelling position and strength, 
thus the spatial patterns of primary productivity and extension of oxy-
gen minimum zones [2]. The deep ocean circulation, on the other hand, 
is affected by density differences and is important for the redistribution 
of nutrients in the global ocean (and critically, their return back to 
the ocean surface) [3] as well as the sequestration of atmospheric 
carbon in the ocean interior [4]. Overturning circulation also controls 
the transport of oxygen equilibrated in surface seawater into the ocean 
interior (‘ventilation’) and, ultimately, the capacity of the ocean to host 
animal life at depth [5,6].

∗ Corresponding author.
E-mail address: andrew.keane@ucc.ie (A. Keane).

Abundant sedimentological, geochemical, and paleontological data 
demonstrate that the global ocean circulation has significantly varied 
through geological time. At the (multi-)million-year scale, it has var-
ied in response to continental rearrangement. For instance, Trabucho 
Alexandre et al. [7] propose that intense deoxygenation and the de-
position of organic-rich sediments developed in the mid-Cretaceous 
North Atlantic, around 100 million years ago, as a consequence of 
a specific ocean circulation pattern making this ocean basin act as a 
nutrient trap. A similar mechanism was suggested by Meyer et al. [8] 
to explain photic-zone euxinia expansion in the Paleo-Tethys ocean 
at the Permian-Triassic boundary. At a higher frequency, the ocean 
circulation, both shallow and deep, is also known to vary in concert 
with global climate. Today, vigorous deep-water formation takes place 
in the North Atlantic (and Southern) Ocean while limited ventilation 
is observed at similar northern latitudes in the Pacific Ocean [9]. 
During the Last Glacial Maximum, sediment core proxy data for ocean 
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ventilation suggest that the North Pacific Ocean was better ventilated 
at intermediate depths [9], while the Atlantic circulation was prob-
ably more sluggish (shallower and/or less vigorous) [10]. Similarly, 
Freeman et al. [9] used radiocarbon measurements to reconstruct the 
benthic–planktonic 14C age offset (i.e. ‘ventilation age’) during the 
last deglaciation and demonstrated a see-saw in the ventilation of the 
intermediate Atlantic and Pacific Oceans.

In order to assimilate the proxy database in a quantitative frame-
work and gain mechanistic understanding of the drivers of observed 
changes in ocean properties, (paleo)climatologists use
ocean-atmosphere general circulation models (GCMs) [11–13]. These 
models provide complex representations of ocean physics and dynamics 
and the coupling with the atmospheric component, sea ice, and possibly 
ocean biogeochemistry and land surface [14]. Models of the Coupled 
Model Intercomparison Project phase 6 (CMIP6), for instance, aim to 
offer a satisfactory representation of the climate system [15]. However, 
these models are computationally expensive and, consequently, are 
generally run for only a few hundred to a thousand years. Because 
this duration approaches the ocean mixing timescale, it is assumed that 
it allows the model to approximately reach deep-ocean equilibrium, 
i.e., the physical characteristics of the whole ocean (temperature and 
salinity), and thus ocean dynamics, are supposed stable from that point 
in time [11,16]. By doing so, it is also implicitly assumed that the 
ocean circulation does in fact eventually reach a stable steady state. 
Yet, various attempts to run global climate models for a longer time 
period demonstrated more complex behaviours of the ocean circulation, 
which sometimes exhibit regimes of stable self-sustained oscillations. 
Oscillations have notably been simulated in ocean-only GCMs [17,18] 
and ocean GCMs coupled to simple atmospheric components (Earth 
system models of intermediate complexity; EMICs) [19,20]. To our 
knowledge, the only studies reporting such self-sustained oscillations 
based on ocean-atmosphere GCM simulations are Refs. [21,22] using 
the fully coupled HadCM3 GCM, Ref. [23] using the MIROC4m GCM, 
Ref. [24] using the Max Planck Institute Earth system model and the 
last glacial CESM simulations of Vettoretti et al. [25]. The absence 
of further documentation of stable oscillatory regimes in other fully 
coupled GCMs is not surprising considering that a simulation duration 
of at least 6 thousand years seems to be required to identify stable 
oscillations, while a typical run-time for GCMs used to explore past 
(geological) climate states is typically only about 3 thousand years 
(e.g. [13,26,27]).

The existence of regimes of stable self-sustained oscillations in ocean 
circulation has recently been demonstrated by Pohl et al. [3] for spe-
cific combinations of past continental configuration and climatic state 
using the EMIC cGENIE. The oscillations have been invoked to explain 
both the poorly-oxygenated oceans that pervaded several hundreds of 
millions of years ago [28], when marine life started diversifying in 
the marine realm [29], as well as enigmatic thousand-year scale cycles 
identified in marine sediments of the deep geological past [30]. Based 
on recent studies that pinpoint the tight coupling between marine redox 
conditions and marine biodiversity [6,31–33], the authors conclude 
that the simulated high-frequency variability in ocean redox condi-
tions would have constituted harsh conditions for the development of 
marine life at that time. The study by Pohl et al. [3] exemplifies the 
implications that such oscillations have for our understanding of the 
evolution of both global climate and marine biodiversity, but also high-
lights the need to better characterise the physical mechanisms causing 
these oscillations. It focused on the consequences of the resulting state 
transitions in ocean circulation for ocean oxygenation and the inter-
pretation of geological redox indicators, rather than on the underlying 
mechanisms of the oscillations. In addition, the experimental setup used 
by the authors, involving complex land mass shapes and configurations, 
as well as the presence in the model of a variety of climatic and 
biogeochemical feedbacks, creates challenges for a detailed analysis. 
As a result, the physical mechanisms causing the stable self-sustained 
2 
oscillations and state transitions in ocean dynamics in cGENIE remain 
to be fully elucidated.

Here, we analyse the mechanisms at play by combining a series 
of new Earth system model experiments conducted using an idealised 
ocean configuration, with a box model designed specifically to re-
produce and identify key characteristics of the cGENIE simulations. 
Experiments using cGENIE with the idealised continental configuration 
serve as a stepping-stone between results of oscillations in simulations 
using ‘‘real-world’’ continental configurations [3] and understanding 
gained through the analysis of simple ocean box models.

Box models have been often used to identify physical mechanisms 
of oscillatory behaviour in the ocean-climate system. Regarding vari-
ability of the meridional overturning circulation, two basic types of 
oscillatory behaviour have been identified. Overturning (or loop) os-
cillations can be found in a four-box model [34] and involve the 
advective propagation of a buoyancy anomaly along the overturning 
loop. Such variability is of centennial time scale when only the Atlantic 
is considered and millennial scale when the global overturning is con-
sidered [18]. Oscillatory variability may also be induced by convective 
processes. The basics of the behaviour can be understood from the so-
called ‘flip-flop’ oscillation [35], where oscillations between convective 
and non-convective states occur. The origin of the millennial time-scale 
oscillations, also referred to as ‘deep-decoupling’ oscillations or ‘flushes’ 
is, however, in more detailed models best explained by a box model 
which combines both advective and convective processes [36].

Here, we present a model that reproduces the oscillations obtained 
in the cGENIE Earth system model [3] in a very simple way, by 
embedding key climatic features in a simple 3-box model. The novel 
element is that a time delay is introduced, which serves as an efficient 
representation of the effects of a circumpolar current on the oceanic 
salt transport.

2. EMIC experiments

To gain insight into the existence of self-sustained oscillations in 
the ocean circulation, numerical simulations are conducted using an 
idealised setup of the EMIC cGENIE [37]. cGENIE consists of a reduced 
physics (frictional geostrophic) 3D ocean circulation model coupled 
to a 2D energy-moisture-balance atmospheric component plus sea-ice 
module. Although we do not show the results of it here, cGENIE also 
includes a state-of-the-art representation of marine biogeochemistry. 
Compared to CMIP6 Earth system models, the simplified climatic com-
ponent of cGENIE offers a rapid model integration time, permitting the 
model to be run for tens of thousands of years.

The adopted idealised cGENIE setup is ‘‘Drake World’’. This differs 
slightly from the classic MIT GCM implementation [38], but is primar-
ily characterised by a thin strip of land extending southwards to 45◦S 
and a 5-km deep flat-bottomed ocean everywhere else (Fig.  1(a)). The 
model uses a 36 × 36 equal-area horizontal grid, with 16 unevenly-
spaced 𝑧-coordinate vertical levels in the ocean. We apply idealised 
boundary conditions of zonally averaged wind stress and speed, plus 
a zonally averaged planetary albedo, following Vervoort et al. [39] 
and van de Velde et al. [40] (Fig.  1(b)). The solar constant is set to 
the modern value (1368 W m−2). The physical parameters controlling 
the model climatology follow Cao et al. [41]. Additional experiments 
are conducted using an alternative, idealised continental configuration 
with a strip of land extending from the North Pole to the South Pole 
(‘‘Ridge World’’ [3,38]) and everything else unchanged.

Fig.  1(c) shows the barotropic stream-function (units of Sverdrup, 
1 Sv = 106 m3 s−1), as a measure of the vertically averaged flow, 
in Drake World with atmospheric CO2 at 16 times the pre-industrial 
atmospheric level (PAL, 1 PAL = 280 ppm). As with all the following 
results, this shows the state of the model following spin-up (i.e. after 
all transient behaviour has died away). The most notable feature of 
the barotropic stream-function is the strong zonal flow in the southern 
channel, similar to the Antarctic Circumpolar Current observed in the 
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Fig. 1. cGENIE Drake World setup. (a) Model bathymetry. Landmasses (above sea 
level; a.s.l.) are shaded white. (b) Zonal wind stress field used as boundary condition. 
(c) Barotropic streamfunction (Sverdrup, 1 Sv = 106 m−3 s−1) simulated at 16 times the 
pre-industrial atmospheric CO2 concentration of 280 ppm. The boundary is periodic in 
the horizontal direction.

Earth’s modern continental configuration. It is a mainly wind-driven 
current that constantly transports water around the pole and persists 
also for the other levels of atmospheric CO2 considered here.

We find that when atmospheric CO2 forcing is varied in the model 
(from 4 to 16 PAL), ocean dynamics exhibits a complex response. 
Overall, we observe a gradual shift in the locus of deep-water formation 
from the (oceanic) North Pole (Fig.  2(a)) to the South Pole (Fig.  2(b)). 
Interestingly, during this shift we encounter two families of stable 
oscillations.

The blue points in Fig.  2(c) show mean salinity for an ensemble of 
simulations in Drake World. Throughout this paper, we take the mean 
salinity across the southern channel, comprising all depths, longitudes 
and 45–90◦S. Because the simulations take a long time to run (around 
6 days for a 60-kyr long cGENIE simulation as shown in Fig.  2(c)), 
they are run in parallel for different atmospheric CO2 levels using the 
same initial conditions. As CO2 increases, the ocean transitions from 
a stable steady state with northern deep-water formation to a regime 
of stable oscillations between northern deep-water formation and a 
weakened circulation state (represented by the envelopes in Fig.  2(c)). 
This weakened state becomes stable near 8.5 PAL. Further increasing of 
CO2 gives rise to another regime of stable oscillations between a largely 
collapsed circulation state and strong circulation with southern deep-
water formation. Finally, the southern deep-water formation steady 
state becomes stable for higher levels of atmospheric CO2. Example 
time series of the oscillations are shown in Fig.  2(d). Although results 
are only shown here for salinity across the southern channel, these 
changes in ocean circulation have been shown to induce significant and 
global periodic changes in many other observables, such as deep-ocean 
ventilation and oxygenation (see Ref. [3], extended data Fig. 10).

An additional series of experiments was conducted on Ridge World, 
i.e., under identical boundary conditions but with the strip of land 
extending to the southernmost grid points. The results reveal a tran-
sition from a stable steady state with northern deep-water formation 
3 
Fig. 2. cGENIE results. Meridional overturning streamfunction for Drake World at (a) 
4 PAL and (b) 16 PAL. (c) Envelope of mean salinity (across the southern channel: 
comprising all depths, longitudes and 45–90◦S) simulated at various atmospheric CO2
levels, illustrating regimes of stable equilibria (where no envelope is visible) and stable 
oscillations (where the envelope can be seen), for Drake World (blue) and Ridge World 
(black). (d) Example time series of stable oscillations (legend indicates PAL) simulated 
using Drake World with transients (initial spin-up of 30 kyr) removed.

to one with southern deep-water formation. This transition is sudden, 
represented by the jump of black points in Fig.  2(c) near 4 PAL, 
and is akin to the classic ‘‘tipping point’’ behaviour of the Atlantic 
meridional overturning circulation observed in many studies [42–44]. 
However, importantly, this transition does not exhibit regimes of stable 
oscillations, at least not for the levels of CO2 tested. A primary question 
addressed in this paper is then: Why do these oscillations appear once 
the ocean has an open-ocean passage around the South Pole?

3. Simple box model

We begin with the simplified ocean box model from section 3 of 
Ref. [45], which consists of two polar boxes and one upper equatorial 
box, as illustrated below in Fig.  3. Assuming salt conservation, the 
model is written in terms of the salt content of the southern polar box 
(box 1) and the northern polar box (box 2). The model, as it appears 
in Ref. [45], represents only meridional transport and its behaviour 
corresponds to the meridional overturning circulation of Ridge World. 
In Drake World, on the other hand, the presence of a circumpolar 
current leads to the zonal transport of salt in the southern channel.

Here, we adapt the ocean box model to capture the effect of this 
zonal transport by including a delayed feedback term on the salinity of 
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Fig. 3. Boxes representing regions of the ocean with salinity variables 𝑆𝑖∈{1,2,3} with 
arrows representing meridional water flux of strength 𝑚 and zonal flux of the southern 
channel of strength 𝜎. Parameters 𝐹1 and 𝐹2 represent freshwater fluxes.

box 1. In particular, a parcel of water in the southern polar box will 
leave its position at time 𝑡, travel around the southern pole, and return 
to the same position at time 𝑡 + 𝜏. This creates a delayed effect on the 
average salinity in box 1. The model becomes a set of delay differential 
equations (DDEs) for the salinity variables 𝑆𝑖∈{1,2}:

𝑉 𝑆̇1 = 𝑆0𝐹1 + 𝑚
(

𝑆2 − 𝑆1
)

+ 𝜎
(

𝑆𝜏
1 − 𝑆1

)

(1)
𝑉 𝑆̇2 = −𝑆0𝐹2 + 𝑚

(

𝑆3 − 𝑆2
)

.

Parameter 𝑉  is the (equal) volume of the boxes and 𝑆0 is a reference 
salinity. Parameters 𝐹1 and 𝐹2 represent surface freshwater fluxes 
between the boxes due to atmospheric water vapour transport and 
wind-driven surface currents. The delayed variable 𝑆𝜏

1 = 𝑆1 (𝑡 − 𝜏) has 
delay time 𝜏 and 𝜎 is the feedback strength. In other words, we have 
water with salt density 𝑆1 leaving and salt density 𝑆𝜏

1  entering box 1 
with 𝜎 representing zonal flux. The variable 𝑚 represents the volume 
transport between boxes due to the density gradient across the ocean: 
𝑚 = 𝑘

[

𝛽
(

𝑆2 − 𝑆1
)

− 𝛼𝑇 ∗] . (2)

Parameter 𝑘 is a hydraulic constant, while 𝛽 and 𝛼 are salinity and 
temperature expansion coefficients, respectively. The model assumes 
a fixed temperature gradient 𝑇 ∗ between the northern and southern 
boxes. In Fig.  3, a positive 𝑚 corresponds to clockwise circulation. Note 
that here we only discuss the positive 𝑚 solutions, and therefore consign 
the negative 𝑚 equations to Appendix  A for completeness. Assuming 
that salt is conserved, we have 𝑆3 = 3𝑆0 − 𝑆1 − 𝑆2; see Appendix  B for 
a discussion of the validity of this salt conservation rule.

In this paper we take parameter values from Ref. [45] and let 
𝑘 = 23 × 1017 m3 yr−1, 𝛼 = 1.7 × 10−4 K−1, 𝛽 = 0.8 × 10−3 psu−1, and 
𝑆0 = 35 psu. We let 𝑉 = 3.5 × 1017 m3, which is approximately the 
volume of the southern channel in Drake World. Furthermore, we set 
𝐹2 = 1 Sv (106 m3 s−1) and 𝑇 ∗ = 0 K, and note that qualitatively similar 
results to those presented below are found when varying these pa-
rameters. Finally, we approximate delay times for each latitude within 
the southern channel using averaged zonal ocean speeds from cGENIE 
simulations across longitude and depth. The average of these delay 
times gives us a rough estimate for 𝜏 of about 1000 years. Therefore, 
we use similar values for 𝜏 in the results presented below.

The presence of a circumpolar current creates a delayed effect on 
the average salinity in the southern polar region. We acknowledge that 
a delayed feedback is not the only way to model the effect of the 
circumpolar current. For example, one could instead use multiple boxes 
to represent zonal flow across the southern channel. We suggest that a 
delayed feedback is a relatively elegant modelling approach, since it 
is mathematically concise, requiring only one additional term to the 
model, and allows for some simple physical interpretation. In the case 
of zero wind speed across the southern channel, there is no significant 
zonal flux, such that 𝜎 approaches zero and the delayed feedback effect 
becomes negligible. In the case of 𝜎 equal to zero, the model reverts to 
4 
representing only meridional flow and corresponds to the behaviour 
of Ridge World rather than Drake World. For non-zero wind speed 
across the southern channel, the wind speed drives the zonal flow and 
is, therefore, inversely proportional to the delay time 𝜏. The delayed 
feedback term does not change the steady-state solutions of the system, 
since 𝑆𝜏

1 = 𝑆1 for all steady states, such that the term vanishes. It may, 
nonetheless, affect the stability of a steady state. When 𝜏 is sufficiently 
small the delayed feedback may have a stabilising effect. For example, 
if 𝑆1(𝑡) experiences a positive perturbation away from its steady-state 
value, then 𝑆1 > 𝑆𝜏

1  such that the delayed feedback works to decrease 
𝑆1, since 𝑆̇1 ∝

(

𝑆𝜏
1 − 𝑆1

)

. However, if 𝜏 and 𝜎 are sufficiently large, 
this restoring behaviour of the delayed feedback may overshoot the 
steady state and instead promote oscillatory dynamics. This type of 
phenomenon is typical of delay-induced dynamics; see, for example, 
chapter 2 of Ref. [46]. Of course, we could use additional delayed 
feedback terms to represent the influence of further periodic flows, such 
as the surface gyres seen in Fig.  1(c). However, these surface effects 
would translate to delayed feedback terms with very small 𝜎 and 𝜏
values, resulting in negligible effects for the meridional overturning, 
and are, therefore, neglected. It is only the periodic flow in the southern 
channel that, due to the lack of land mass, possesses enough momentum 
to generate a deep flow with sufficiently long delay times, resulting in 
large 𝜏 values.

Clearly, the box model representation is very much highly sim-
plified compared to a dynamic 3D ocean circulation model. As such, 
we do not attempt to find quantitative agreement between the two 
models. Rather, we demonstrate that this simple model possesses sur-
prisingly rich dynamics and is sufficient for a qualitative reproduction 
of the interesting ocean circulation behaviour observed in cGENIE 
experiments.

In Ref. [45] the model without the delayed feedback was shown 
to exhibit, not only the typical bistability between upper (𝑚 > 0) 
and lower (𝑚 < 0) branches of solutions, but also a Bogdanov–Takens 
bifurcation. This means that instead of the upper branch losing stability 
at a fold bifurcation, it may for certain values of freshwater flux already 
lose stability at a Hopf bifurcation, which is always subcritical [47]. The 
resulting unstable periodic orbits terminate at homoclinic bifurcations. 
We now investigate the effect that the delayed feedback has on this 
bifurcation structure. As shown in Appendix  C, the analysis of model (1) 
is complicated by the delay term, such that we primarily rely on 
numerical methods. In the following section, solutions to the model 
and their stability properties are found using the continuation package 
DDE-Biftool [48–51].

4. Stable oscillations

The solutions to the box model shown in Fig.  4 demonstrate how 
the delayed feedback effect allows the existence of stable periodic 
orbits. Black curves show the steady-state solutions of 𝑆1 as parameter 
𝐹1 is varied, while the blue curves indicate the maximum of 𝑆1 for 
periodic solutions. Solid and dashed curves indicate stable and unstable 
solutions, respectively. In panel (a) the parameter 𝜎 is set to zero; that 
is, there is no delayed feedback effect. In this case, as 𝐹1 increases, 
the stable steady-state solution loses stability at a subcritical Hopf 
bifurcation, resulting in a branch of unstable periodic orbits. When the 
delayed feedback is active, the Hopf bifurcation may become supercriti-
cal, resulting in a branch of stable periodic orbits, as shown in panel (b). 
In this particular example, the stable periodic solutions lose stability at 
a fold of periodic orbits. The periods of the resulting stable oscillations 
have a millennial timescale as demonstrated by the example time series 
shown in panel (c).

Some readers familiar with control theory may not be surprised by 
the ability of the delayed feedback to stabilise the pre-existing periodic 
orbits. Curiously, the additional term in our model that represents the 
zonal flow takes the same mathematical form as Pyragas control [52]. 
This control method is used to stabilise unstable periodic orbits, as has 
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Fig. 4. Solutions of model (1) depending on freshwater forcing parameter 𝐹1. 
Solid/dashed curves represent stable/unstable solutions. Black are equilibria and blue 
are maxima of periodic solutions. White and black filled circles represent Hopf and 
fold bifurcations, respectively. (a) is without the delayed feedback (i.e. 𝜎 = 0), while 
(b) is with 𝜎 = 11 Sv. The delay time 𝜏 is set to 900 years. (c) shows an example time 
series with 𝜎 = 11 Sv and 𝐹1 = −0.208 Sv.

been demonstrated in many applications, for example, in semiconduc-
tor laser experiments [53]. To be precise, the delayed feedback effect 
in our model is not equivalent to Pyragas control. In the latter, the 
control is applied to all variables of the system (we only apply it to the 
salinity in one box) and the delay time is set equal to the period of the 
unstable periodic orbit to be stabilised. Nonetheless, the method may 
still be successful for other delay times, as investigated in Ref. [54]. 
In model (1) we find that the periods of the stable oscillations are 
generally at least twice the delay time.

Whether the delayed feedback induces a change in criticality of the 
Hopf bifurcation depends on the feedback parameters 𝜎 and 𝜏. Fig. 
5 illustrates this dependence, where curves of Hopf bifurcations are 
calculated in the (𝐹1, 𝜎)-plane for different values of 𝜏. The thick parts 
of the curves indicate that the Hopf bifurcation is supercritical. Notice 
that, depending on the feedback strength and delay time, it is possible 
that the system experiences multiple Hopf bifurcations as 𝐹1 increases.

Fig.  6(a) is a bifurcation diagram, or more precisely an ‘‘attractor 
diagram’’, showing the amplitude of oscillations in terms of mean 
salinity (across the southern channel of Drake World) constructed from 
simulation results of cGENIE. We observe that as CO2 is increased 
the steady-state solution loses stability near 5 PAL. The amplitude 
5 
Fig. 5. Curves of Hopf bifurcations in the (𝐹1 , 𝜎)-plane. At a Hopf bifurcation the 
steady-state solution loses (or gains) stability and produces a branch of periodic 
solutions. Where the curves are thin/thick the Hopf bifurcation produces a branch of 
unstable/stable periodic solutions. The colours refer to different delay times 𝜏 shown 
in the legend.

growth near this bifurcation point resembles a square-root law, typical 
of a Hopf bifurcation [55]. The family of periodic solutions disappears 
at, what appears to be, another supercritical Hopf bifurcation near 8 
PAL. The bifurcation point must be very close to 8 PAL, since it was 
necessary to run the 8 PAL simulation for an extremely long time (up to 
120 thousand years) while the amplitude of the oscillations continued 
to decrease very slowly. Finally, the steady-state solution again loses 
stability after 8.5 PAL.

As illustrated in Fig.  5 we may choose parameter values so that 
the box model will pass through two supercritical Hopf bifurcations 
as 𝐹1 increases. Realistically, 𝐹1 is not the only parameter value that 
would change due to changes in atmospheric CO2. Parameters 𝐹2, 𝑇 ∗, 
𝜎 and 𝜏 would all be susceptible to influence from atmospheric changes. 
Nonetheless, we only consider varying 𝐹1 in an effort to keep the 
analysis simple and demonstrate qualitative changes in behaviour. Fig. 
6(b) shows that the effect of the circumpolar current is sufficient for 
reproducing a family of periodic solutions between two supercritical 
Hopf bifurcations. In the box model the steady-state solution finally 
loses stability at a subcritical Hopf bifurcation.

Fig.  7(a) is the same as Fig.  6(a), only for higher atmospheric CO2. 
Near 8.5 PAL we observe a jump to large-amplitude oscillations, as 
well as bistability between steady-state and oscillatory solutions. Both 
the jump to large-amplitude oscillations and bistability are reproduced 
by the box model in panel (b). Here, the steady-state solution loses 
stability in a subcritical Hopf bifurcation. The unstable periodic orbits 
become stable via a fold bifurcation of periodic orbits, before later 
losing stability at a period-doubling bifurcation.

The termination of the large-amplitude oscillations in Fig.  7(a) 
involves co-existing oscillatory solutions at 10 PAL and a gradual transi-
tion to a state of strong convection at the southern pole. These solutions 
are shown as filled blue circles in panel (a). Following these oscillatory 
solutions, for larger values of CO2, we only find steady-state solutions 
that correspond to 𝑚 < 0 solutions in the box model, which we do 
not consider here for simplicity. The re-creation of transitions between 
strong and weak convecting states in the box model would require 
upper and lower boxes, as well as the introduction of an additional 
convection timescale into the dynamics as in Ref. [36], and is therefore 
beyond the scope of model (1).
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Fig. 6. Amplitudes of oscillations with steady-state and periodic solutions shown in 
black and blue, respectively. (a) cGENIE experiments with varying atmospheric CO2. 
(b) Model (1) solutions while varying 𝐹1 with 𝜎 = 9.5 Sv and 𝜏 = 1100 years. 
Solid/dashed curves represent stable/unstable solutions. White filled circles represent 
Hopf bifurcations.

Fig. 7. Amplitudes of oscillations with steady-state and periodic solutions shown in 
black and blue, respectively. (a) cGENIE experiments with varying atmospheric CO2. 
Filled blue circles indicate solutions not captured by the box model. (b) Model (1) 
solutions while varying 𝐹1 with 𝜎 = 9 Sv and 𝜏 = 850 years. Solid/dashed curves 
represent stable/unstable solutions. White, black and grey filled circles represent Hopf, 
fold and period-doubling bifurcations, respectively.
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5. Discussion

The delayed feedback provides the simple box model with the 
capacity to mimic important qualitative behaviour observed in cGENIE 
experiments using an idealised configuration. It hence provides a sim-
ple mechanism for the occurrence of stable oscillations in the ocean 
circulation and its dependence on a zonal flow across the southern 
channel. The analysis, conducted using the numerical continuation 
software DDE-Biftool, highlights the need for each system parameter 
to be within a certain range of values in order for oscillations to be 
observed. For the cGENIE model, this implies that oscillations could 
easily be missed if, for example, the wind speed over the southern 
channel is too large (see Appendix  D for a discussion on the role of 
wind speed).

The results presented here provide a possible explanation for ob-
servations in cGENIE experiments using realistic continental configu-
rations of the geological past, where stable oscillations coincide with 
configurations having a large open ocean pole [3]. These cGENIE os-
cillations, which occur on the millennial timescale, could shed light on 
periods of high variability observed in high-resolution proxy data [30].

Despite some evidence of stable oscillatory behaviour in GCMs [22], 
the extended run-time of such models makes them ill-suited for the 
explorations through parameter space required when investigating pos-
sible causes and attributing factors of oscillatory behaviour. cGENIE, on 
the other hand, represents a very practical compromise for establishing 
connections between interesting dynamics and fundamental mecha-
nisms that drive them. As such, this study is conducted in a similar 
vein to some previous studies that have conducted parameter sweeps 
in order to identify possible bifurcations and regions of qualitatively 
different climate states (for example, see Refs. [56–58]).

The way that the stable oscillations presented here are generated 
by delayed feedback (in turn, by continental configuration) is different 
to previous studies of ocean models. In some past studies convection 
and associated deep-water flushes have been the driving mechanism 
for oscillations [35,36]. In other studies sea-ice dynamics are required 
as part of a feedback mechanism that generates oscillations [59–61]. 
One logical next step is to investigate how the delayed feedback inter-
acts with these other sources of oscillations. There is evidence from 
cGENIE simulations (not shown) of quasi-periodic behaviour, which 
could be the result of an interaction between multiple mechanisms for 
oscillations.

The simple box model with delayed feedback does not reproduce 
all dynamical features observed in the cGENIE experiments, such as 
the oscillations shown as blue filled circles in Fig.  7(a). Furthermore, 
although the simple model captures the millennial timescale of the 
stable oscillations, the period of the oscillations observed in cGENIE 
can easily exceed 10 thousand years (for example, the large-amplitude 
oscillations around 9 PAL in Fig.  2(c)), which is not found in the simple 
model. A further modelling possibility that would effect the timescales 
in the box model includes adding more boxes to the box model. Finally, 
deep-water flushes could be captured by a salinity delay due to a deep-
ocean adjustment to convective events, which would further increase 
the delay time of the model.

Results from our box model may also have implications for our 
understanding of future changes in the global ocean circulation. It has 
been reported that part of the Antarctic Circumpolar Current (ACC) 
is accelerating due to anthropogenic ocean warming [62]. This would 
correspond to a shortened delay time in the feedback of model (1). Fig. 
8 shows a curve of Hopf bifurcations that demonstrates the sensitivity 
of an example 𝑚 > 0 solution (𝐹1 = −0.22 Sv) to changes in the 
feedback. Interestingly, it is stable only for intermediate values of 
feedback strength and delay time. In both scenarios of increasing and 
decreasing delay time, the steady-state solution loses stability at a 
Hopf bifurcation. For the parameters used in Fig.  8, there are curve 
segments of supercritical Hopf bifurcations (bold), which give rise to 
stable oscillations, as well as, subcritical Hopf bifurcations (non-bold). 
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Fig. 8. Stability diagram of the steady-state solution at 𝐹1 = −0.22 Sv in the (𝜏, 𝜎)-plane. 
Non-bold/bold curves show subcritical/supercritical Hopf bifurcations.

The latter correspond to so-called ‘‘dangerous’’ bifurcations [63], where 
the system jumps suddenly and irreversibly to a remote state with an 
alternative circulation pattern. Therefore, the dynamics discussed in 
this paper could also be relevant in a modern context. Of course, the 
Drake Passage of modern continental configuration is smaller than the 
passage of the Drake World setup used here (Fig.  1(a)). Nonetheless, 
it is worthwhile to consider the possibility that changes in zonal flow, 
such as that of the ACC, could play a part in destabilising the meridional 
overturning circulation of the Atlantic Ocean.
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Appendix A. Model equations for negative 𝒎

In the original model, without the delayed feedback term and as 
described in Ref. [45], one set of equations is applied when the ocean 
flow is clockwise, while another set of equations is applied when the 
flow is counter-clockwise. The direction of the flow is determined by 
the model variable 𝑚, as defined in Eq. (2) above. Since the oscillatory 
dynamics that we are interested in occur for positive 𝑚, we only provide 
the model equations for the positive 𝑚 case in the main text above. 
When 𝑚 is negative, the meridional flux between the boxes (shown in 
Fig.  3) is reversed and Eq. (1) becomes: 
𝑉 𝑆̇1 = 𝑆0𝐹1 − 𝑚

(

𝑆3 − 𝑆1
)

+ 𝜎
(

𝑆𝜏
1 − 𝑆1

)

(A.1)
𝑉 𝑆̇2 = −𝑆0𝐹2 − 𝑚

(

𝑆1 − 𝑆2
)

.

Appendix B. Salt conservation approximation

The salt conservation rule used in the above analysis 
𝑆3(𝑡) = 3𝑆0 − 𝑆1(𝑡) − 𝑆2(𝑡) (B.1)

takes the same form as in previous studies of ocean box models [45,47] 
and has the significant advantage of reducing the model to a relatively 
simple set of two differential equations (i.e. Eqs. (1)). This rule can be 
interpreted as saying that any salt from the total 3𝑉 𝑆0 that is not in 
box 1 or box 2 must be in box 3. It can be derived by summing the 
equations of the full three box model, without the delay term,
𝑉 𝑆̇1 = 𝑆0𝐹1 + 𝑚

(

𝑆2 − 𝑆1
)

𝑉 𝑆̇2 = −𝑆0𝐹2 + 𝑚
(

𝑆3 − 𝑆2
)

𝑉 𝑆̇3 = 𝑆0(𝐹2 − 𝐹1) + 𝑚
(

𝑆1 − 𝑆3
)

to find
𝑆̇1 + 𝑆̇2 + 𝑆̇3 = 0

then integrating from 𝑡0 to 𝑡
𝑆1(𝑡) + 𝑆2(𝑡) + 𝑆3(𝑡) − 𝑆1(𝑡0) − 𝑆2(𝑡0) − 𝑆3(𝑡0) = 0

⇒𝑆1(𝑡) + 𝑆2(𝑡) + 𝑆3(𝑡) − 3𝑆0 = 0

⇒𝑆3(𝑡) = 3𝑆0 − 𝑆1(𝑡) − 𝑆2(𝑡).

However, once the delay term is included in the model, this calcu-
lation only holds when 𝑆𝜏

1 = 𝑆1. Otherwise, Eq. (B.1) serves only as 
an approximation. To derive a more precise salt conservation rule, we 
begin with the three box model with the delay term
𝑉 𝑆̇1 = 𝑆0𝐹1 + 𝑚

(

𝑆2 − 𝑆1
)

+ 𝜎
(

𝑆𝜏
1 − 𝑆1

)

(B.2)
𝑉 𝑆̇2 = −𝑆0𝐹2 + 𝑚

(

𝑆3 − 𝑆2
)

𝑉 𝑆̇3 = 𝑆0(𝐹2 − 𝐹1) + 𝑚
(

𝑆1 − 𝑆3
)

.

One might be inclined to compare our analysis in Section 4 with an 
analysis of model (B.2). However, numerical continuation of model (B.2)
proves awkward, since for 𝑆𝜏

1 = 𝑆1 (i.e. for all fixed points) the 
Jacobian of the system becomes singular and numerical continuation 
cannot be applied. Instead, we derive an updated salt conservation rule 
by summing Eqs. (B.2) to get 
𝑆̇1 + 𝑆̇2 + 𝑆̇3 = − 𝜎

𝑉
(

𝑆1 − 𝑆𝜏
1
)

. (B.3)

In order to find a salt conservation rule that is relatively easy to 
work with (e.g. without any derivatives or integrals) we apply the 
fundamental theorem of calculus to get 

𝑆1(𝑡) − 𝑆1(𝑡 − 𝜏) = 𝑑
𝑑𝑡 ∫

𝑡

𝑡−𝜏
𝑆1(𝑡′)𝑑𝑡′ (B.4)

and approximate the integral using the composite trapezoidal rule
𝑡
𝑆1(𝑡′)𝑑𝑡′ =

0.1𝜏 (𝑆1(𝑡) + 2𝑆1(𝑡 − 0.1𝜏) + 2𝑆1(𝑡 − 0.2𝜏)
∫𝑡−𝜏 2
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Fig. B.9. Same as Fig.  5 with more realistic salt conservation rule (Eq. (B.6)).

+ 2𝑆1(𝑡 − 0.3𝜏) + 2𝑆1(𝑡 − 0.4𝜏) + 2𝑆1(𝑡 − 0.5𝜏)

+ 2𝑆1(𝑡 − 0.6𝜏) + 2𝑆1(𝑡 − 0.7𝜏) + 2𝑆1(𝑡 − 0.8𝜏)

+ 2𝑆1(𝑡 − 0.9𝜏) + 𝑆1(𝑡 − 𝜏)). (B.5)

Combining Eqs. (B.3)–(B.5) gives
𝑆̇1(𝑡) + 𝑆̇2(𝑡) + 𝑆̇3(𝑡) = − 𝜎

𝑉
(

𝑆1(𝑡) − 𝑆1(𝑡 − 𝜏)
)

= − 𝜎
𝑉

0.1𝜏
2

(𝑆̇1(𝑡) + 2𝑆̇1(𝑡 − 0.1𝜏) + 2𝑆̇1(𝑡 − 0.2𝜏)

+ 2𝑆̇1(𝑡 − 0.3𝜏) + 2𝑆̇1(𝑡 − 0.4𝜏) + 2𝑆̇1(𝑡 − 0.5𝜏)

+ 2𝑆̇1(𝑡 − 0.6𝜏) + 2𝑆̇1(𝑡 − 0.7𝜏) + 2𝑆̇1(𝑡 − 0.8𝜏)

+ 2𝑆̇1(𝑡 − 0.9𝜏) + 𝑆̇1(𝑡 − 𝜏)).

This leads to the updated salt conservation rule

𝑆3(𝑡) = 3𝑆0 − 𝑆1(𝑡) − 𝑆2(𝑡) −
𝜎
𝑉

0.1𝜏
2

(𝑆1(𝑡) + 2𝑆1(𝑡 − 0.1𝜏)

+ 2𝑆1(𝑡 − 0.2𝜏) + 2𝑆1(𝑡 − 0.3𝜏) + 2𝑆1(𝑡 − 0.4𝜏)

+ 2𝑆1(𝑡 − 0.5𝜏) + 2𝑆1(𝑡 − 0.6𝜏) + 2𝑆1(𝑡 − 0.7𝜏)

+ 2𝑆1(𝑡 − 0.8𝜏) + 2𝑆1(𝑡 − 0.9𝜏) + 𝑆1(𝑡 − 𝜏)). (B.6)

Eq. (B.6) may appear cumbersome, but replacing Eq. (B.1) with 
Eq. (B.6) in DDE-Biftool is very simple. It only takes several lines of 
code to define the additional delay times required for the new salt 
conservation rule.

We analyse the effect that this new rule has on the results presented 
above. To keep the comparison brief we show the equivalent of Fig.  5 
with the new salt rule, since this figure shows the main effect of the 
delayed feedback stabilising periodic orbits in a concise way.

Fig.  B.9 displays curves of Hopf bifurcations in the (𝐹1, 𝜎)-plane 
for different values of 𝜏 using model (1) with Eq. (B.6). Again, thin 
and thick curves indicate subcritical and supercritical bifurcations. We 
observe that, although there are some quantitative differences between 
Figs.  5 and B.9, the updated salt conservation rule does not impede the 
role of the delayed feedback in stabilising periodic orbits or changing 
the criticality of Hopf bifurcations from subcritical to supercritical.

Appendix C. Steady states of model (1)

Here we include calculations on the linear stability analysis of 
steady-state solutions to model (1). Due to the nature of DDEs, the 
characteristic equation is transcendental, which, in this case, limits the 
analysis to finding a pair of expressions describing the Hopf bifurca-
tions.
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First, we nondimensionalise the model by rescaling the dependent 
variables

𝑆̂1 =
𝑆1
𝑆0

,

𝑆̂2 =
𝑆2
𝑆0

,

𝑆̂3 = 3 − 𝑆̂1 − 𝑆̂2.

We rescale time, 𝑡, such that

𝑡 = 𝑘𝑡
𝑉
,

𝑆̂𝜏
1 = 𝑆̂1(𝑡 − 𝜏) with 𝜏 = 𝑘𝜏

𝑉
.

The parameters are rescaled as:

𝐹1 =
𝐹1
𝑘
,

𝐹2 =
𝐹2
𝑘
,

𝜎̂ = 𝜎
𝑘
,

𝛽 = 𝛽𝑆0,

𝑇̂ ∗ = 𝛼𝑇 ∗.

The resulting nondimensionalised model is
𝑑𝑆̂1

𝑑𝑡
= 𝐹1 +

[

𝛽
(

𝑆̂2 − 𝑆̂1
)

− 𝑇̂ ∗] (𝑆̂2 − 𝑆̂1
)

+ 𝜎̂
(

𝑆̂𝜏
1 − 𝑆̂1

)

𝑑𝑆̂2

𝑑𝑡
= −𝐹2 +

[

𝛽
(

𝑆̂2 − 𝑆̂1
)

− 𝑇̂ ∗] (𝑆̂3 − 𝑆̂2
)

.

To make further calculations easier, we rewrite the variables as
𝑆̂1 = 𝑆1,

𝑆̂21 = 𝑆̂2 − 𝑆̂1,

𝑆̂3 = 3 − 2𝑆̂1 − 𝑆̂21.

By letting 𝐹21 = 𝐹2 + 𝐹1, the model can be written as
𝑑𝑆̂1

𝑑𝑡
= 𝐹1 +

(

𝛽𝑆̂21 − 𝑇̂ ∗) 𝑆̂21 + 𝜎̂
(

𝑆̂𝜏
1 − 𝑆̂1

)

𝑑𝑆̂21

𝑑𝑡
= −𝐹21 + 3

(

𝛽𝑆̂21 − 𝑇̂ ∗) (1 − 𝑆̂1 − 𝑆̂21
)

− 𝜎̂
(

𝑆̂𝜏
1 − 𝑆̂1

)

.

For simplicity, we let 𝑇̂ ∗ = 0, as is done for the results in the main 
text, and solve for steady-state solutions, (𝑆̂∗

1 , 𝑆̂
∗
21), with 𝑆̂𝜏

1 = 𝑆̂1:

𝑆̂∗
21 = ±

√

−𝐹1

𝛽
,

𝑆̂∗
1 = 1 − 𝑆̂∗

21 −
𝐹21

3𝛽𝑆̂∗
21

.

To consider the stability of the steady states, we linearise the system 
around (𝑆̂∗

1 , 𝑆̂
∗
21):

⎛

⎜

⎜

⎝

𝑑𝑆̂1
𝑑𝑡

𝑑𝑆̂21
𝑑𝑡

⎞

⎟

⎟

⎠

=

(

−𝜎̂ 2𝛽𝑆̂∗
21

−3𝛽𝑆̂∗
21 + 𝜎̂ 3𝛽 − 3𝛽𝑆̂∗

1 − 6𝛽𝑆̂∗
21

)(

𝑆̂1

𝑆̂21

)

+

(

𝜎̂ 0

−𝜎̂ 0

)(

𝑆̂𝜏
1

𝑆̂𝜏
21

)

.

As derived in Ref. [46], the characteristic equation of a linear system 
of 𝑛 DDEs
𝑑
𝑑𝑡

𝐱(𝑡) = 𝐀𝐱(𝑡) + 𝐁𝐱(𝑡 − 𝜏), 𝐱 ∈ R𝑛,

is given by
det {𝜆I − 𝐀 − 𝑒−𝜆𝜏𝐁}.
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By evaluating at the steady state, noting that the model is designed 
for 𝑆̂21 > 0, and letting

𝑎 =
√

−𝛽𝐹1,

𝑏 = 𝛽𝐹2,

the characteristic equation becomes

det

(

𝜆 + 𝜎̂ − 𝜎̂𝑒−𝜆𝜏 −2𝑎
3𝑎 − 𝜎̂ + 𝜎̂𝑒−𝜆𝜏 𝜆 + 4𝑎 − 𝑏

𝑎

)

= 0.

We are specifically interested in Hopf bifurcations. Therefore, we 
set 𝜆 = 𝑖𝜔̂, where 𝜔̂ corresponds to the nondimensionalised frequency 
of oscillations around the steady state. By separating the resulting 
expression into real and imaginary parts, we find the following pair 
of expressions:
0 = 6𝑎3 + 2𝑎2𝜎̂(1 − cos(𝜔̂𝜏)) − 𝑎𝜔̂(𝜔̂ + 𝜎̂ sin(𝜔̂𝜏)) − 𝑏𝜎̂(1 − cos(𝜔̂𝜏)),

0 = 2𝑎2(2𝜔̂ + 𝜎̂ sin(𝜔̂𝜏)) + 𝑎𝜔̂𝜎̂(1 − cos(𝜔̂𝜏)) − 𝑏(𝜔̂ + 𝜎̂ sin(𝜔̂𝜏)).

These expressions can be verified with the Hopf bifurcations found 
numerically in the main text. However, using them for further analysis 
is impractical and at this point it makes sense to rely on numerical 
techniques.

Appendix D. Oscillation dependence on wind speed

The wind speed in cGENIE is physically related to the delay time 
in model (1). In particular, the zonal flow across the southern channel 
(i.e. the circumpolar current) is primarily wind-driven. Therefore, the 
wind speed across the latitudes of the southern channel in cGENIE 
strongly effects the average zonal flow velocity of the circumpolar 
current. Concurrently, in model (1) the delay time represents the 
transportation time of water around the southern pole, averaged across 
all depths and latitudes of the southern channel. For each latitude, 
the transportation time is inversely proportional to the average zonal 
flow velocity. Hence, there is an inverse relationship between the 
wind speeds across the southern channel in cGENIE and the average 
transportation time, represented by the delay time in model (1).

To highlight the sensitivity of the stable oscillations to model pa-
rameters of cGENIE, we show that the oscillations begin to disappear 
as the wind speed over the southern channel is slightly increased. Fig. 
D.10(a) shows the amplitude of the stable oscillations in the cGENIE 
model, in terms of mean salinity (across the southern channel), of the 
solution at 6 PAL. The horizontal axis represents the wind speed, across 
the southern channel, as a factor of the wind speed used in the rest of 
the paper, as illustrated in Fig.  1(b). In other words, the solution with 
wind speed equal to one corresponds to the same 6 PAL solution shown 
in Figs.  2 and 6. As the wind speed is increased we observe that the 
amplitude of the oscillations decreases and appears to be approaching 
zero.

Since the circulation around the pole is wind-driven, the wind speed 
determines the velocity of the flow, and therefore determines the delay 
time associated with the delayed feedback in the box model. To demon-
strate this relationship between wind speed of the cGENIE model and 
the delay time of the box model, we consider the box model solution 
shown in Fig.  6(b) at 𝐹1 = −0.21 that approximately corresponds to 
the cGENIE oscillation at 6 PAL. In Fig.  D.10(b) we observe that as the 
delay time is decreased, the amplitude of the oscillations decreases until 
reaching zero at a Hopf bifurcation.

Data availability

The code for the version of the muffin release of the cGENIE Earth 
system model used in this paper, is tagged as v0.9.58, and is assigned 
a DOI: 10.5281/zenodo.14606515. Configuration files for the specific 
experiments presented in the paper can be found in the directory: genie-
userconfigs/PUBS/submitted/Keane_et_al.PhysicaD.2025. Details of the 
9 
Fig. D.10. Amplitudes of oscillations with steady-state and periodic solutions shown 
in black and blue, respectively. (a) cGENIE experiments for 6 PAL with varying wind 
force strength across the southern channel as a factor of the strength used throughout 
the paper. (b) Model (1) solutions while varying 𝜏 with 𝜎 = 9.5 Sv and 𝐹1 = 0.21 Sv. 
White filled circle represents Hopf bifurcations.

experiments, plus the command line needed to run each one, are given 
in the readme.txt file in that directory. All other configuration files 
and boundary conditions are provided as part of the code release. A 
manual detailing code installation, basic model configuration, tutorials 
covering various aspects of model configuration, experimental design, 
and output, plus the processing of results, is assigned a DOI: 10.5281/
zenodo.1407657.

We also provide code for the numerical continuation of model (1): 
https://github.com/andrewkeane/kpdr_oscillations. It demonstrates the
calculation of curves of steady-state solutions and Hopf bifurcations 
using the Matlab-based software DDE-Biftool.
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