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Abstract:

The freshwater flux intensity is used as the main control parameter to destabilize the ThermoHaline
Circulation (THC): as it increases, the classical bifurcation scenario, thermal stable steady state,
millennial oscillation and haline stable steady state are reproduced in a 2D zonally-averaged ocean
model under mixed boundary conditions. Both bifurcations arise through global bifurcations leading to
an infinite period of the limit cycle. Here we highlight a centennial oscillation important for the instability
of the thermal phase of the millennial oscillation and which could be considered as a precursor to the
collapse of the THC. It is suggested that the existence or the absence of this centennial oscillation
leads to dramatic changes in the collapse time scale of the THC going from several thousand years to
only a few decades. This bifurcation scenario is shown to be sensitive to the value of the dissipation.
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1. Introduction
The Holocene climate is characterized by its remarkable stability during the last ten
thousand years compared to the climate of the last 250,000 years (DansgaartP93).
This relative stability has been detected in the analyses of ice core data which show a
strong variability of the last 123,000 years on a millennial time scale (GRIP Members,
1993; Alley, 2000; NGRIP Members, 2004). Strong episodes, called Dansgaard-Oeschger
events (DOE), make up a series of climate shifts with a cyclicity of about 34500 years
(Bondet al,, 1997; Grootes and Stuiver, 1997; Boeidal., 1999). They can be analyzed
in two phases: a rapid global warming of 5 to°@occurring in few decades followed
by slow cooling during several centuries. It has been conjectured very early that these
DOE are related to variations of the thermohaline circulation (Broeekal., 1990), the
two phases being respectively associated with strong and weak ThermoHaline Circulation
(THC hereafter). However, Wunsch (2000) has questioned the very existence of the mil-
lennial oscillation and has suggested instead that the millennial variability might be due to
the aliasing of the seasonal cycle in the observations. Schulz (2002) emphasized the non-
stationary character of the times series of oxygen isotopes as only a few DOE contribute
to the spectral peak of 1470 yr making the aliasing hypothesis unnecessary.
Independently of this discussion about the observations, the existence of multiple
equilibria of the THC was found by Stommel (1961). This study illustrated the abil-
ity of the THC to explain the two phases of the DOE. Later, a series of study (Thual
and McWilliams, 1992; Quon and Ghil, 1992; Cessi and Young, 1992) shows that the
2D thermohaline circulation was also able to generate these multiple equilibria solutions.
More recently, this theory was confirmed using ocean general circulation model in forced
(Rahmestortkt al., 2005) or coupled with an atmosphere configuration (Manabe and Stouf-
fer, 1988; 1999), as well as proxy data (McMarmtigal., 2004). However Cessi and Young
(1992) have shown that, in the limit of dominant vertical diffusion where temperature and

salinity are vertically uniform, the steady states exhibited in the 2D thermohaline circula-



tion were inexorably stable and thus do not fully explain ti@ED

The millennial oscillations have been reproduced in ocean models under mixed bound-
ary conditions, i.e. restoring on temperature and flux on salinity (Weaver and Sarachik,
1991; Weavetret al, 1993; Winton and Sarachik, 1993; Winton, 1993; 1995). Recent
works in 2D zonally-averaged and box models have shown, through the construction of
bifurcation diagrams, the existence of a window of millennial oscillations for intermediate
values of surface freshwater flux. Furthermore the period of this oscillation was shown to
depend on the distance to the bifurcation (Colin de Verdé¢r., 2006; CBS06 in what
follows). Colin de Verdiere (2007) also provides a conceptual dynamical system to gener-
ate these millennial oscillations, which highlights the importance of convection to restart
the phase of the strong THC as in Cessi (1996).

Since the freshwater flux is known as an essential parameter to set the steady or vari-
able character of ocean model circulations, modifications of the water cycle (an expected
consequence of global warming) may be seen as threats to the present steady state of the
actual circulation. Josey and Marsh (2005) show that the sea surface salinity has changed
since mid-1970s due to the increase of the precipitation in the North Atlantic subpolar
gyre. During the last decade, modifications of salinity have also appeared at depth (Curry
et al,, 2003; Curry and Mauritzen, 2005). Given this freshwater change and the existence
of millennial oscillations, we raise the question of the stability of the present THC and
wonder if this change might be able to trigger glacial events.

We have performed a sensitivity analysis to better characterize the occurrence and the
nature of bifurcations as we vary the freshwater flux. CBS06 have found that two bifur-
cations, both defined as global bifurcation (an infinitely small modification in parameter
leads to the appearance of a finite cycle, Dijkstra, 2000) separate three regimes: thermally
dominant, oscillatory and salinity dominant. In this study, we show that the characteristic
of the first bifurcation is strongly linked to the existence of a centennial oscillation. This

has strong implications for the period of the millennial oscillation and the evolution of the



ocean circulation during the oscillation.

The 2D zonally-averaged model is described in Section 2. and this is followed by a
description of the different regimes occurring through the change of the freshwater flux
intensity. The nature of the two bifurcations are identified in Section 3. and is shown to
depend on the value of the dissipation (here a linear Rayleigh friction). A discussion of

the results is given in Section 4..

2. The ocean model

a. Dynamical system equations
The ocean model is a latitude-depth 2D ocean model similar to that used by CBS06

but written in Cartesian coordinates (Sévektal., 2006; SHB06 in what follows):

—py 0, P —ev =0, (1a)
—0,P —pg =0, (1b)
Oyv + O,w = 0. (1c)

wherey is the latitude,z is the vertical coordinatef? is the pressureyp (po) is the (ref-
erence) density,v, w) is the velocity, and; the gravity acceleration. The choice of the
linear friction coefficient = 1.45 x 10~* s! leads to a realistic overturningl15 Sv for

a typical North Atlantic thermohaline stratification and width. The dynamics correspond
to a very frictional system with a momentum balance between the meridional pressure
gradient and the linear friction, as in the Stommel (1961) box model. To some extent, this
approximation, compared to the classical 2D primitive equations, aims to represewits an
hocparameterization of the rotation.

A linearized equation of state for the seawater is used:

p=po[l —a(T—To)+ 5(S— S0, (2)
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wherea is the thermal expansion coefficiefit,(7;) is the (reference) temperature s
the haline contraction coefficient, asd.Sy) is the (reference) salinity.

Only the thermodynamic equations are prognostic:

or = —JW,T)+ Kyd’T + Kvo’T + Fr +Cr, (3a)

S = —J(,8)+ Ky02S + Kyd2S + Fs + Cs, (3b)

whereJ is the Jacobian operatay,is the overturning streamfunction definecuas- 0,1

andv = —0.v, Ky (Ky) is the horizontal (vertical) eddy diffusivity an@ the convec-

tion. The convection instantaneously mixes the temperature and the salinity downward
(conserving the heat and salt content) uéitp <= 0. Surface boundary conditions for
temperature and salinity differ ("mixed boundary conditions”) to take into account the ex-
istence of a feedback between the sea surface temperature (SST) and surface heat flux, but

its absence in the case of salinity. The surface forcing is then expressed as:

Fr = 7' [T*(y) — SST(y)], (4a)
Fg = %Fw, (4b)

appearing only in the uppermost model level of thickness 50 m; 7 is the restoring
time scale for temperature, and the restoring surface temperature and the freshwater flux

read:

T(y) = Ty [1+cos(my/y)], (5a)

Fw(y) = —Fosin[27m(y —yo)/(y1 — vo)], (5b)

where latitudey varies between southern and northern boundarigs=aty, andy = vy,
andy is the latitudinal extent parameter of the restoring surface temperature.

These equations are solved using a finite difference formulation (see Table 1 for the



model parameters values), on a uniform latitudinal grid lmnt-oniform vertical grid (15
levels of thickness varying from 50 m at the surface to 550 m at the bottom). No-normal-
flow conditions are used on all boundaries, resulting in zero streamfunction, and zero flux

conditions are applied to temperature and salinity except at the surface.

b. Multiple equilibria and millennial oscillation

Time integrations of the 2D model for different intensities of the freshwater flux re-
veal two different stable steady states (Fig. 1), as in Stommel (1961). Although the subject
of the present work focuses on the transitions from such steady states, we describe them
briefly here for completeness. For low values of the freshwater flux the steady state corre-
sponds to a thermally-driven stratification intensified in the 500 first meters (Fig. 2). This
temperature dominated stratification induces a northward (southward) surface (deep) mass
flux, with downwelling associated with convection in the northern region and a global up-
welling elsewhere.

For large freshwater flux the steady state corresponds to a stratification intensified in
the first 1000 meters (Fig. 2). The stratification is now salinity dominated and induces
a southward surface mass flux, a downwelling in the south and a northward upwelling
recirculation. Two secondary cells localized along the southern and northern boundaries
are characterized by northward surface mass fluxes, due to the inversion of the freshwater
flux gradient, hence of the salinity gradient, at the highest and lowest latitude.

These two steady states are respectively named thermal and haline steady state; their
parameters range of existence are respectively named the thermal and haline regimes.

Between these two regimes, time integrations of the 2D model show the periodic
variability (Fig. 1) found by CBS06. This variability appears as a nonlinear oscillation on
millennial time scale (Fig. 3), and the corresponding parameters range will be called the
millennial oscillation regime.

The first slow phase (the thermal phase), corresponding to the poleward surface circu-

lation occurring after the strong flush in the intensity of the circulation, has a circulation
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and a stratification close to those of the thermal steady &tage 3). The rapid inter-
phase after the thermal phase is due to a positive feedback which grows up toward the
haline local equilibrium. Depending on the parameter regime (notably on the intensity of
the freshwater flux), this feedback is an unstable salinity dominated centennial oscillation
(SHBO6) or the fully-studied positive salinity feedback (Marotzke, 1996). As it will be
discussed later in this study, the control of the instability of the thermal phase by one or
the other process is fundamental to set the timescale of the thermal phase.

The second slow phase (the haline phase) is characterized by an increase of the basin-
averaged temperature and a weak equatorward surface circulation. The circulation is close
to that of the haline steady state with a shallower circulation (Fig. 3). The deep ocean is
warmed by both the advection and diffusion from the tropical surface layer. This warming
slowly reduces the stratification and finally reactivates the convection in the north by a
static instability (CBS06 and Colin de Verdiere, 2007). This reactivation of the convec-
tion in the north triggers the outbreak of the thermal phase. Cold water is injected from
the surface, poleward pressure forces build up and the thermal circulation occurs. This
circulation pushes back the warm deep water towards the equator and reinforce the pole-
ward pressure forces. This leads to a circulation occurring as a flush which overshoots the
nearby thermal steady state (Fig. 3, upper right). There is a strong heat loss as the SST
is restored to the atmospheric temperature (Fig. 3, upper left). By so doing the thermal
horizontal gradient weakens and the overturning slows down.

However, the convection is not as crucial in our model as in idealized 2 degrees-
of-freedom model (such as Cessi, 1996; Colin de Verdiere, 2007) for the existence of
millennial oscillation. Actually, time integrations of our model sett®g0 at each time
step do provide millennial oscillation with mainly the same characteristics. In this latter
case, the reactivation of the thermal phase is due to the weakening of the stratification
until a large-scale instability of the meridional pressure gradient stops the haline phase.

Actually our 2D model, with much larger degrees of freedom>(n.—1=849), allows



instability of the haline phase through different processtjust convective one.

3. Characterization of the bifurcations

A distinctive characteristic of the millennial oscillation is the evolution of its period as
a function of the freshwater flux intensity (Fig. 5). Before discussing the properties of the
millennial oscillation we should first define the two bifurcations surrounding the millen-
nial oscillation regime. The thermal bifurcation is defined as the bifurcation between the
regime of the thermal steady state and of the millennial oscillations. The haline bifurcation
is defined as the bifurcation between the regime of haline steady states and of millennial
oscillations. For both bifurcations the period of the millennial oscillation increases as the
distance to the bifurcation decreases and its limit value goes to infinity. Such bifurcations
are both called global bifurcation, however the two bifurcations have different behavior.
For the thermal bifurcation the period increases to infinite as a —1.7 power law of the bi-
furcation distance (Fig. 5). For the haline bifurcation, the period follows a logarithm law
(Fig. 5) which is characteristic of a homoclinic bifurcation (homoclinic orbit to a simple
saddle, Strogatz, 1994). Although these two laws emerge from the dynamical system pro-
posed by Colin de Verdiere (2007), CBSO06 did not observe the bifurcation with a period
going to the infinite for the first bifurcation, a difference which prompted the present study.

How can we understand the bifurcation with a period going to infinity?, i.e. the in-
crease of the time spent during a periodic trajectory near a bifurcation? The infinite period
is due to trajectory that slows down because of the remnant attractor of what could be
called aghostof a steady state, an effect calleth@ttleneck In other words, closer to the
bifurcation, the higher is the attraction of the ghost of the steady state and the slower is the
trajectory around the ghost of the steady state. At the bifurcation, the trajectory cuts the

steady state and the slow-down becomes infinite, hence also the period.



a. Thermal bifurcation

To better understand this millennial cycle and more particularly the two bifurcations,
we analyse phase portraits of the basin-averaged temperature. This phase portrait is de-
fined as the second time derivative as a function of the first time derivative and is performed
for different values of the freshwater intensity around the two bifurcations. These plots
allow us to see how the cycle is modified to reach a stable steady state.

For the thermal bifurcation, several time integrations are performed for different in-
tensities of the freshwater flux (Fig. 6). The existence of a high frequency (centennial time
scale, Fig. 4, right) during both thermal stable steady state and thermal phase is revealed.
The mean temperature and the circulation maximum show that the increase of the period
is controlled by the time spent during the thermal phase (Fig. 7).

The phase portrait reveals that the millennial cycle trajectory is always present in our
range of parameters, but it intersects the zero Valfl&,(...=d; Tnean=0, i.€. NO evolu-
tion of the dynamical system) for the low values of the freshwater flux intensity, meaning
that there is a stable fixed point (first two columns of Fig. 6). This fixed point evolves
as a stable spiral fixed point, meaning that the attraction of the stable steady state occurs
through an oscillatory mode. For higher value of the freshwater flux, the stable steady
state disappears through a Hopf bifurcation: the stable spiral fixed point becomes an un-
stable fixed point but is not associated with a limit cycle of centennial period (as fully
described by Sévellest al., 2006). This bifurcation of the thermal steady state defines the
bifurcation with a period going to infinity. At this point, the trajectories correspond to the
millennial oscillations with centennial oscillation during the thermal phase. This resulting
homoclinic orbit shows that the attraction is purely exponential whereas the expansion is
oscillatory (Fig. 6). These characteristics have been defined as the Shilnikov-type phe-
nomena of a homoclinic bifurcation (Shilniket al., 1998; 2001) and leads to a 3 degrees
of freedom oscillation.

The oscillatory expansion shows the importance of the centennial variability to desta-



bilize the thermal phase and set the period of the oscillat@mthe one hand, the period

of the millennial cycle close to the bifurcation is controlled by the time spent in the ther-
mal phase, which is controlled by the instability of the centennial cycle (Fig. 7). On the
other hand, the millennial cycle period does not change sufficiently far from the bifurca-
tion, and does not exhibit anymore higher frequencies in the thermal phase. As expected
from SHBOG6, the increase of the freshwater flux intensity leads to a more and more un-
stable thermal phase (Fig. 7), controlling to some extent the decrease of the millennial
cycle period:P,,x\;* (whereP,, is the millennial cycle period). the growth rate of the
centennial cycle instability, and a power law coefficient).

Given these last results, we conclude that the bottleneck effect, part of the infinite
period is due to the time spent near tigostof the thermal steady state. At the Hopf
bifurcation the expansion of the steady state is z&re(), and thus the millennial cycle
period is infinite P,,=cc). This is a typical way to obtain infinite period at the bifurcation.

The decrease of the time spend in the thermal phase with the increase of the freshwater
flux reaches a saturation value. At this point, as described in SHBO06, the instability is
no longer controlled by the centennial oscillation but by the positive salinity feedback
(Marotzke, 1996). In this regime, the instability time scale is quicker than the period of
the centennial oscillation (set by the mean advection along the overturning). This explains
why we lose track of the centennial frequency in the thermal phase for high value of the

freshwater flux intensity.

b. Haline bifurcation

For the haline bifurcation, the time evolution of the mean temperature and of the cir-
culation intensity reveals that the increase of the period near the second bifurcation is
due to the increase of the time spent in the haline phase (Fig. 8). When the freshwater
intensity increases, the millennial cycle is modified and in the neighborhood of the zero
poiNt (02 T1ean=0; Trmean=0) a centennial stable limit cycle appears during the haline phase.

This variability corresponds to a salinity dominated perturbation (Fig. 4, right) passively
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advected by the mean flow. This bifurcation defines the homiachbifurcation of the
millennial oscillation into a haline limit cycle. As for the thermal bifurcation, we have de-
termined that the homoclinic orbit shows a purely exponential attraction but an oscillatory
expansion (Shilnikoet al,, 1998; 2001) and leads to a 3 degrees of freedom oscillation (as
for the thermal bifurcation). Then, if the freshwater flux intensity continues to increase,
the amplitude of the limit cycle decreases until it becomes a stable steady point. The am-
plitude decreases following a square root law (Fig. 9, bottom), and the period does not

change {140 yr), as expected for a supercritical Hopf bifurcation (Strogatz, 1994).

c. Influence of the linear friction coefficient

In order to test the importance of the previous results, we have performed further in-
tegrations using different values for the linear friction coefficient (Table 1), since this is a
rather poorly known parameter in 2D models. This coefficient summarizes the parameteri-
zation of the 3D rotating dynamics in a zonally-averaged latitude-depth approximation and
has a potentially important influence on the ocean adjustment to thermohaline changes.
Using it as a control parameter allows us to test the relevance of the afore-mentioned bi-
furcations structure of such millennial oscillations and to test the governing mechanisms.

The first result is that the linear friction coefficient has an impact on both thermal and
haline steady states. In both cases the intensity of the circulation is weaker for larger linear
friction coefficient (Fig. 10).

The second result is the impact of the linear friction coefficient on the millennial
oscillations. Although these oscillations exist under different values of the linear friction
coefficient, their period changes (Fig. 10). Most importantly, the thermal bifurcation with
an infinite period behavior disappears for high values of the linear friction coefficient. This
regime explains why the CBSO06 study carried out with higher dissipation did not observe
centennial oscillations.

As discussed in section 3.a., the period of the millennial oscillation around the ther-

mal bifurcation is controlled by the growth of the centennial oscillation. This means that
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understanding the disappearance of the centennial osmilldtrough change of the linear
friction coefficient can explain the disappearance of the bifurcation with an infinite period
behavior of the millennial cycle.

SHBO06 show that the existence of centennial oscillations (see their equation 34) is
controlled by the ratio between the response time scale of the THC to the salinity forcing
and the THC time scaler¢/7sr < 1). The former is a typical time scale of the circula-
tion such as a measure of the renewal time scale based on the transport and the volume of
the basin. The latter is a typical time scale of the freshwater forcing: a measure of how
fast the atmospheric freshwater is injected into the oceanic mixed layer. As they show in
their study the first time scale is proportional to the square root of the linear friction co-
efficient intensity and to the inverse of the square root of the freshwater forcing intensity
(rsr o +/e/F, wheree could be related to /- the inverse of the proportional factor
between the overturning and the buoyancy torque — in their study). The second time scale
is proportional to the linear friction coefficientq{ o ). Note that the renewal time scale
of the thermal steady state of our 2D model evolves also following the linear friction co-
efficient @ max o 1/¢, Fig. 10). It follows that the condition of the existence of centennial
oscillation is governed by the square root of the freshwater forcing multiplied by the linear
friction coefficient ¢o/7sr o< /Foe). This last result demonstrates that the existence of
the centennial oscillation, and thus the bifurcation with an infinite period behavior, is not
only controlled by the freshwater intensity but also by the friction coefficient.

Therefore it is not surprising that the increase of the linear friction coefficient, with
a low freshwater flux intensity, exhibits the same kind of bifurcation (with an infinite pe-
riod behavior) as the increase of the freshwater flux intensity, with a low linear friction
coefficient. Actually, as for the freshwater flux intensity, a low value of the linear fric-
tion coefficient leads to a stable spiral steady state during the thermal phase, and it is
the stability of this spiral steady state that controls the period of the millennial oscilla-

tion. Nevertheless for higher values, when the centennial oscillatory direction of the spiral
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steady state disappears, the thermal bifurcation with anit@fperiod behavior does no
longer appear.

As previously discussed in section 3.a. and in SHBOG6, this modification in the thermal
bifurcation corresponds to a control of the thermal phase instability by the centennial oscil-
lation or by the positive salinity feedback. This result rationalizes the difference between
our study and CBSO06.

The last result is the impact of the use of horizontal Laplacian diffusioy, () for
viscosity instead of the linear friction in (1a). In this context, the millennial oscillations
regime exists only for unrealistic value of freshwater flux intensify>3 m yr—! (with
v=3x10" m? s7!). This result could explain why some previous studies report only sta-
ble steady states (Thual and McWilliams, 1992; Quon and Ghil, 1992; Cessi and Young,
1992).

4. Discussion

The stability of the ThermoHaline Circulation (THC) has been discussed here in a 2D
zonally-averaged model. A particular attention was made to characterize the precursor of
the collapse of the THC due to an increase of the freshwater flux. The link between the
possible collapse of the THC and the millennial oscillation was also investigated through
sensitivity experiments of the influence of freshwater flux on circulation.

In this work we have taken a particular attention to characterize the bifurcations
between the stable thermal and haline steady state regimes and the oscillation regime.
Colin de Verdiereet al. (2006) had found that these bifurcations were global bifurcations,
the oscillations appearing through the bifurcation at finite amplitude. Consequently, small
changes in the freshwater flux led to dramatic changes in the circulation dynamics. Such
bifurcations have been rationalized with the dynamical system of Colin de Verdiere (2007;
its Figs. 9 and 10 should be compared to our Figs. 5 and 10).

In the present experiments, the existence of global bifurcations for the thermal bifur-
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cation is directly related to the existence of the centerwsalllation. As explained by
Sévellecet al. (2006), the existence of the centennial oscillation is linked to the low value
of friction coefficient and freshwater flux. Here the values corresponding to the realistic
circulation intensity lead to this centennial oscillation. This centennial oscillation occurs
as the destabilization of the thermal phase and is an important part of the millennial oscil-
lation sketch (consistent with the Shilnikov-type bifurcation). We thus interpret that, for
the present circulation under realistic regime, the centennial oscillation is a precursor of
the collapse of the THC.

Our study on the sensitivity of the friction coefficient highlights the importance of
the ratio between the THC time scale and the response time scale of the overturning to
the salinity forcing. In our idealized model, this ratio sets the thermal bifurcation type
from an infinite period bifurcation to a finite one. Then, in this study, the collapse of the
circulation could occur in thousand of year or in less than one hundred years. Thus if
the THC is sufficiently slow compared to the ocean surface feedback, this will lead to a
dramatic change in few decades. Given the range of uncertainty of the collapse time scale
in such a simple model (which takes into account a small subset of climate feedbacks),
we should pay a particular attention to the position of the present climate in the proper
bifurcation diagram, if we want to predict any of its change.

Following Sévelleet al. (2006), this centennial oscillation becomes strongly damped
in two hemispheres when the freshwater flux is symmetric with respect to the equator.
This leads to the question of the appearance of the millennial oscillation in a two hemi-
spheres configuration. However, even if stable, internal mode of the thermohaline circula-
tion could be excited under stochastic forcing (te Raa and Dijkstra, 2003). In this context,
Mikolajewicz and Maier-Reimer (1990) and Myseakal. (1993) have shown that the cen-
tennial oscillation in two hemispheres could be triggered by atmospheric noise. Mysak
et al. (1993) have also shown that in presence of this atmospheric noise the millennial

oscillation could be sustained in two hemispheres. In these cases, although this millennial
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oscillation is an internal oceanic mode, its appearanceosigly linked to the existence
of an external source of energy (coming from atmospheric synoptic processes).

We can speculate that the present climate is related to what we have previously called
the stable thermal steady state. However we have no certitude that the present circulation
corresponds to a stable steady state or to an extremely long thermal phase of a millennial
oscillation. If the present circulation corresponds to a thermal steady state, an increase of
the freshwater flux intensity (due to global warming and sufficiently slow to consider the
ocean circulation as adjusted) will result in a global bifurcation: that is, the appearance of
a millennial cycle with glacial event (haline phase). In the other case, if the present circu-
lation corresponds to a thermal phase of a millennial oscillation, two sub-cases appear. In
the first sub-case, the present climate is far enough from the second bifurcation (the haline
bifurcation), and an increase of the freshwater flux intensity will result in a decrease of the
ratio between the times spent in the thermal phase and the haline phase. This corresponds
to a dramatic increase in the duration of glacial events and the time spent in the present
circulation could be reduced from several thousand years to only few hundred years. In
the second sub-case, the present climate is close to the haline bifurcation: an increase of
the freshwater flux intensity will lead to a switch in a stable glacial steady state (the stable
haline steady state).

Our model and configuration allowed us to conduct sensitivity experiments in a broad
parameter range. We have thus been able to check the robustness and describe the bifur-
cation occurring through changes in the freshwater flux intensity. In particular, we have
shown the importance of centennial oscillation to set the time scale of the circulation shut-
down. Although our configuration has overlooked many aspects of the ocean circulation
which could have a role in the collapse of the THC (the Antarctic Circumpolar region, the
wind forcing, the three-dimensional geometry, the geostrophic turbulence or the air-sea in-
teraction for instance), this study and the existence of a strong signature of the centennial

variability in the North Atlantic (Stocker and Mysak, 1992) highlight that the role of the
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centennial variability should be addressed in future workdiction of THC collapse.
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Figure 1: Bifurcation diagram for the 2D ocean model. For eagberiment, the crosses
denote either the stable steady-state value or the minimum and maximum values if it is an
oscillation. The vertical dashed lines denote the bifurcation points (from left: two global
bifurcations and the Hopf bifurcation).
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Figure 2: Left (right), thermal (haline) steady state chimazed by a strong stratifica-

tion of the temperature and salinity in the first 500 (1000) meters, the former (latter) one
dominate the density stratification. The induced circulation is intensified at the surface
with a northward (southward) mass transport and a downwelling in the north (south). The
haline circulation is also characterized by two weak secondary cells, localized in the south
and the north, both inducing northward surface flux. The solid, dashed and dotted lines
correspond respectively to positive, negative and zero anomalies: contour interval is re-
spectively 2C, 0.5 psu and 1 Sv from (left) 4 to 2@, 35 to 37 psu and 0 to 15 Sv; (right)

4t0 25C, 29 to 36 psu and-10 to 3 Sv.
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Figure 3: Time integration of the 2D ocean model for a freskewdiux intensity of

105 m yr!. (top left) The basin-averaged temperature during an oscillation exhibits two
phases: a rapid cooling, followed by a slow warming (denoted by the vertical solid lines
and the letters T and H respectively). (top right) The maximum circulation exhibits the
same two phases corresponding respectively to a positive and negative cell separated by a
flush occurring after the rapid cooling. The dotted lines correspond to the two snapshots
plotted. Left (right) snapshot during the cooling (warming) phase of the temperature,
salinity and meridional overturning circulation are close to the thermal (haline) steady
state: strong stratification of the 500 (1000) first meters and northward (southward) sur-
face flux. The solid, dashed and dotted lines respectively correspond to positive, negative
and zero anomalies: Cl is respectiveRC2 0.5 psu and 1 Sv from (left) 4 to 2@, 35 to

37 psu and 0 to 15 Sv; (right) 4 to A5, 31 to 37 psu and-4 to 3 Sv.
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Figure 4: (left) Temperature, salinity (both in terms of dgnsand meridional overturning
anomaly snapshots, of a phase and a quarter period later, of the oscillation occurring during
the thermal bifurcation of the millennial oscillation. (right) As left for the limit cycle
occurring close to the haline bifurcation. The period of this centennial oscillation are
respectively 187 and 138 yr for a freshwater flux intensity of 94 and 185t ¥ihe solid,

dashed and dotted lines respectively correspond to positive, negative and zero anomalies:
Clis respectively %1076 (5x10°7) and 0.5 (102) Sv.
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Figure 6: Time integration of the model for 6 different valoéshe freshwater flux around

the first bifurcation. The maximum of the meridional overturning circulation (first row)
and the mean temperature (second), show the appearance of the millennial oscillation and
of higher frequency oscillation during the temperature steady state and phase. The phase
portrait for the entire cycle (third row) and a blow-up around the zero value (fourth) show

a stable spiral fixed point moving into an unstable spiral fixed points, then the trajectories
follow the millennial stable cycle. The increasing freshwater flux increases the instability
of the spiral fixed point.
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Figure 7: Millenial oscillations characteristics as a fuoietof the freshwater flux ampli-
tude: period (top left), time spent in the thermal (top right) and haline phase (bottom right)
during a millennial oscillation, growth time scale of the thermal phase instability (bottom
left).
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Figure 8: As in Fig. 6 for the second bifurcation. The diagratmsw, trough the modifi-
cation of the freshwater flux intensity, the appearance of an oscillation during the haline
phase of the millennial cycle, then the appearance of a stable limit cycle which becomes

weaker and weaker until it becomes a stable point (corresponding to the stable haline
steady state).
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modification of the linear friction coefficient. (left) Millennial oscillation period as a func-
tion of freshwater flux intensity and linear friction coefficient. The first bifurcation behav-
ior strongly depends of the linear friction coefficient: for the two series of experiments
with the highest friction, the first bifurcation is no longer a bifurcation with an infinite
period behavior.
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Table 1: Parameters used for the 2D model time integrations.

m M @zoj

28

15

4500 m

5120 km

10°N

60°N

10> m?s!
1074 m?s!
9.8 ms?

1027 kg n13
2.2x1074 K1
7.7x107* psu?
66 days

60 — 200 cm yr!
13.5C

76°
1.45x1074s7!

2.90,7.25,18.4910 *s!

number of gridpoints in latitude
number of gridpoints on the vertical
ocean uniform depth

zonal basin extent

southern boundary position
northern boundary position
horizontal tracer diffusion
vertical tracer diffusion

gravity acceleration

reference density

thermal expansion coefficient
haline contraction coefficient
temperature restoring time
freshwater flux intensity
restoring temperature amplitude
restoring temperature extent
linear friction coefficient

other linear friction coefficients
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